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Abstract
Directed energy deposition (DED)processes apply bothmaterial feedstock and energy for a layer-by-layer deposition, resulting
in the formation of metallic parts. While DED excels in coatings, functionally graded materials, and repair, additional surface
finishing is frequently needed in order to meet project requirements. This is usually due to low dimensional accuracy and poor
surface quality. Chemopolishing, electropolishing, and abrasive processes (e.g., magnetic field-assisted finishing (MAF)) are
fine-finishing operations that have been used for post-processing similar parts. Although most of these processes require
their own specific processing equipment, MAF can be adapted to a machining center used for milling and grinding. This
study involves a machining center and describes the investigation of process chains employing milling, grinding, and MAF
for post-processing 316L stainless steel parts manufactured via DED. Parameters considered encompass shape deviation,
roughness, microstructure, residual stress, material removal rate, processing time, cutting forces, and specific energy. Results
show the post-process chain corrects surface errors without microstructure or hardness changes. Residual stress varies:
milling leads to tensile stress, grinding leads to compressive stress, and MAF has minimal impact. Performing milling and
grinding operations between DED and MAF minimizes polishing time. Furthermore, grinding reduces material removal in
MAF, thereby decreasing the time required for polishing and overall specific energy consumption. This study also showed
the feasibility of post-processing—from cutting to fine finishing—of DED parts using a machining center with one-time
chucking. This concept will help save overall production time and improve part accuracy during post-AM processing.

Keywords Finishing · Additive manufacturing · Surface roughness · Milling · Grinding · Magnetic abrasive finishing

1 Introduction

AISI316L stainless steel (SS) has been ubiquitously employed
in the medical [1, 2], nuclear [3, 4], oil and gas [5], and food
industries [6, 7] due to its inherent proprieties (e.g., corrosion
resistance, mechanical proprieties, biocompatibility) [8, 9].
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The material contains 66% Fe, 19% Cr, 9% Ni, 3% Mo,
and 2% Mn with Si and C (the “L” in 316-L stands for low
carbon content), and it is typically non-ferromagnetic [10].
Those characteristics make this alloy one of the most studied
materials in metal additive manufacturing (AM) [11].

There have been significant advances during the last
decades in the manufacturing technology for near net shape
metallic component production throughAM techniques [12]:
powder bed fusion (PBF) and directed energy deposition
(DED) standing out [13]. Both have similar manufactur-
ing characteristics (metal added layer-by-layer); however,
while thermal energy is applied in PBF for selective melt-
ing or fusion in certain regions of the powder bed, DED
shows a combination of both material feedstock (powder or
wire) and energy (i.e., laser) for the layer-by-layer deposi-
tion and, consequently, part formation [14]. PBF methods
are more commonly used compared to DED, since PBF gen-
erates components with better tolerances while producing
parts with greater geometric complexity [15]. Nevertheless,
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DED technologies have been highlighted due to their appli-
cations such as coatings [16], functionally graded materials
[17, 18], repairing or remanufacturing of damaged com-
ponents [19, 20], and the possibility of adding features to
preexisting parts [21]. Some advantages of DED are the
potential for manufacturing directionally solidified [22] and
single-crystal structures [23], microstructure control from
changing process parameters and raw-materialmixtures [24],
and deposition of external layers with more noble mate-
rial/mechanical properties than the substrate [25].Despite the
distinct features inAM technology (e.g., singularmicrostruc-
tures and properties due to their high cooling rates [26]),
dimensional accuracy and surface quality are some of its
critical limitations [27]. Therefore, additively manufactured
(AMed) parts have a common need for post-processing oper-
ations (e.g., surface finishing methods, including material
and non-material removal) in order to meet the strict per-
formance requirements of high-end components, such as
enhanced form accuracy and surface roughness.

Table 1 shows several post-process operations that are
used for finishing AMed 316L SS components. For pris-
matic components, milling is a feasible option due to the
efficiency of correcting geometric/dimensional errors and
surface roughness reduction with a high material removal
rate. Similarly, turning is a viable process for cylindrical
parts. Grinding can be used as a finishing process on smooth
surfaceswith fine dimensional and geometric tolerances. The
use of these methods in machining and turning centers is
viable for post-processing external surfaces, including flat,
cylindrical, and complex components (complexity is lim-
ited by the machine’s degrees of freedom). Nevertheless,
even with the implementation of auxiliary systems in the
machines and the development of specific tools with high
technological/economic demands, there is a technical limi-
tation to post-processingwhen dealingwith complex internal
features, such as wiring conduits, micro-vanes, and confor-
mal cooling channels.

Chemopolishing (CP) [52], electropolishing (EP) [39],
and abrasive processes (e.g.,magnetic field-assisted finishing
(MAF) [28]) are fine-finishing operations that have been used
for post-processingAMedparts. These procedures cangener-
ate components with textures ranging from sub-nanometer to
micrometer scale, promoting surface functionalization (e.g.,
fluid flow, cell adhesion, wettability, corrosion resistance,
among others). CP and EP processes chemically remove
material, but MAF mechanically removes material through
abrasives pressed against the target surface and equipped
with magnetic tools suspended in a magnetic field, gener-
ating less hazardous waste. Moreover, MAF operations can
be integrated in machine centers, eliminating the need for
dedicated abrasive finishing setups, specificNC programs, or
different workpiece fixtures for each process [58]. The pol-
ishing tool requires neither compensation nor dressing, with

self-adaptability and controllability, being additional advan-
tages in MAF [59]. Nevertheless, low material removal rate
(MRR) is one of the disadvantages.

Although it is possible to use abrasive processes such as
a polishing step after DED due to the high initial roughness
values (e.g., Ra > 20 μm and Rz > 100 μm) and shape
irregularities in the range of hundreds of micrometers, long
post-processing times and high costs are required for achiev-
ing a surface roughness scales ranging from sub-nanometers
tomicrometers. In cases such asMAF, the process cannot cor-
rect geometric and dimensional errors because of the physical
nature of the process (a pressure-copy operation). Therefore,
an intermediate post-processing step between deposition and
polishing may be necessary for correcting geometric and
dimensional errors. Nevertheless, depending on the parame-
ters and tools used, milling has a limitation when producing
parts with a high-level surface finish (e.g., roughness at
nanometer levels). Thus, adding abrasive processes such as
grinding (bonded abrasives) andMAF(loose abrasives)when
processing DED-produced metallic parts holds the potential
to improve productivity and part quality. Despite this, each of
those abrasive operations has limitations and technological
challenges.

Regarding the scientific challenges posed by grinding,
adequate dressing, cooling, and workpiece fixing device are
fundamental for ensuring process efficiency. In regards to
MAF, magnetic particle size, magnetic field, magnetic pole,
rotation (cutting speed), and feed are essential variables that
must be properly controlled for an effective process. Due to
the nature of abrasive processes, the choice of abrasive type
and size has a direct impact on the surface finish and must be
carefully selected based on the workpiece material, desired
material removal rate, and roughness.Accordingly, the devel-
opment of some guidelines (based on technical criteria) can
assist users in making appropriate decisions when deter-
mining strategies and optimal cutting conditions for these
operations.

In the typical manufacturing sequence of metallic parts
for medical applications such as 316L SS, the sequence
often involves deposition (e.g., DED), followed by rough-
ing and/or semi-finishing through milling and/or grinding.
Nevertheless, the subsequent steps in manual polishing are
not very productive and require a significant labor effort.
Therefore, studies are needed to propose a manufacturing
chain that eliminates or shortens these milling steps while
reducing or eliminating the need for manual operations.
One potential approach is to use a combined strategy that
incorporates milling, grinding, and MAF. A significant pro-
ductivity improvement and a reduced need for manual labor
may be attained by this integrated approach inmetallic medi-
cal device manufacturing. Table 2 provides a comprehensive
summary of DED, milling, grinding, and MAF processes,
elucidating the respective advantages and drawbacks asso-
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Table 2 Summary of DED, milling, grinding, and MAF processes and the main contributions/limitations of this study

Process Main comments Strengths Weakness

Overall DED Selection of parameters to ensure
productive production of parts
with favorable geometry and
mechanical performance

3D Near Net Shape
components

Dimensional tolerance and
surface finish

Milling Operation is versatile (different
types of cutters are applicable for
the fabrication of different
specimen geometries and
materials)

Efficiency of correcting
dimensional errors and
surface roughness reduction
with a high material removal
rate

Milling marks on the surface,
which can compromise the
functionality and lifespan of
the part

Grinding The use small diameter grinding
(under explored in the existing
literature) wheels may be
potential substitutes or
complements to milling
operations in machining centers

Grinding can be used as a final
machining process to produce
components with smooth
surfaces and fine tolerances
and to remove milling mark

The implementation of
peripheral and auxiliary
systems in the machine are
necessary to achieve the
desired efficiency

MAF Process can be integrated in
machine centers, eliminating the
need for dedicated abrasive
finishing setups

The milling/grinding marks can
be smoothed, and the surface
quality improved

High level of specific energy
and less material removal
compared to milling and
grinding

Main contributions A combined strategy that incorporates milling, grinding, and MAF

of this study The exploration of use of small diameter tools for grinding in machining centers

Integration of MAF operation into a machine center, replacing manual polishing operations

The viability of post-processing—from cutting to fine finishing—of DED

parts using machining centers

The feasibility of high-speed MAF

Limitations As a fundamental study, only flat surfaces were studied

of this study Due to technological-economic constraints, exclusive use of static dressing prevented

modifying superabrasive electroplated quill surfaces, leading to a detrimental impact

on ground part surface quality

ciated with each technique. Furthermore, it outlines the
principal findings and constraints of this study.

The post-processing chain needs to be selected based
on the desired MRR, surface geometry (form accuracy,
surface roughness, and texture), and other design parame-
ters. Although milling is an effective method for correcting
geometrical errors on the surface, marks which can com-
promise the functionality and lifespan of the machined part
are inevitable. Grinding as an intermediate post-processing
step after milling may improve surface quality. Also, the use
of small-diameter grinding wheels, whether conventional or
superabrasive, may be potential substitutes or complements
to milling operations in machining centers. Thus, this study
will discuss the use of small-diameter tools for grinding in
machining centers. This approach aims to replace rough and
finish milling procedures with abrasive tools, thus allow-
ing rough and semi-finishing processes to be performed in
machining centers with an abrasive tool and fine finishing to
be performed with the MAF process. High-speed polishing
can be another alternative for desiredsurface characteristics.

Nevertheless, the impacts on the surface and limitations of
each post-processing step should be better clarified in the
process chain of AMed metallic parts.

This study involves a machining center and describes the
investigation of process chains employing milling, grind-
ing, and MAF for post-processing 316L stainless steel parts
made through DED. A combined strategy of post-processes
was studied for finishing flat components in sequence, with
shape deviation, surface roughness, microstructure, residual
stress, and MRR as evaluated parameters. Processing time
and specific energyweremeasured andanalyzed for eachpro-
cess chain. This manuscript is organized as follows: Sect. 2
presents the development of the post-processing sequence
in machining operations (milling, grinding, and MAF) per-
formed in a high-speed machining center—the capabilities
and limitations of each operation are presented. Section3
reports the methodology that was applied. Results are pre-
sented in Sect. 4 and discussed. Finally, Sect. 5 provides
conclusions.
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2 Post-processing AMed DED parts
bymachining

This section is divided into two subsections. The first subsec-
tion discusses various prospective post-processing alterna-
tives alongwith their respective advantages and limitations. It
also entails the presentation and discussion of outcomes from
exploratory grinding and milling experiments conducted on
machining centers. The subsequent subsection outlines the
approach employed to incorporate the MAF process into
machining centers.

2.1 Possible post-DED processing operations
in machining centers

A trade-off between processing conditions and part qual-
ity has driven AM machine-tool manufactures to improve
AM equipment. A common process chain includes milling
after DED in order to correct dimensional and geometrical
errors. As such, machine-tool manufacturers have incorpo-
rated AM capabilities into three and five-axis machining
centers [60–62]. Machining centers combining DED with
other machining/polishing processes can be used to repair
high-value-added tooling parts, build functionally graded
materials, and control geometric accuracy, among other cor-
rections. This led to users being challenged to design effective
AM processing conditions and post-AM process chains that
enable the delivery of AM parts. If a DED-produced part
requires a smoothly finished surface, the part needs to be
included in a finishing stage. An alternative is the use of abra-
sive finishing technologies, such as grinding and/or polishing
after milling. Those processes require additional equipment
such as grinders and dedicated abrasive finishing setups. Not
only does the additional equipment and processing lead to
increasing production costs, extended processing times, and
added labor costs, but the part accuracy is also impacted by
moving the part for the required processing. Full knowledge
of the post-processing impacts on the workpiece is required
for designing a process chain that maximizes its advantages
while minimizing its limitations.

Figure1 shows a flowchart of possible post-processing
alternatives for producing mirror-like surfaces. Due to the
particularities of the AM process and conditions, each pro-
cess will deliver the part with a certain degree of roughness
changing from few microns to hundreds. The low surface
and dimensional quality of AMed parts may be associated

Fig. 1 Flowchart of possible post-DED process operations

with several factors, such as deposition bead morphol-
ogy/geometry, balling phenomenon (liquid material does not
adhere to the adjacent substrate because of surface tension),
or presence of semi-fused powders adhered to the surface [63,
64]. Regarding AM, the parameters must be chosen as ade-
quately as possible in order to avoid internal defects (e.g.,
porosity), imperfections (e.g., heterogeneity in mechanical
properties), and lamination while maintaining fair productiv-
ity. After deposition, geometric and dimensional deviations
and surface roughness should be minimal. In such cases, less
post-processing time is required to increase the part’s sur-
face quality and dimensional accuracy. Traditionally, milling
followed by polishing (Route 1) or milling followed by
both grinding and polishing (Route 2) can smooth the part’s
surface while providing sufficiently high form accuracy
for prismatic components. Despite milling operations being
versatile, different types of cutters are applicable for manu-
facturing different specimen geometries andmaterials,where
productivity and part quality are affected by experimen-
tal conditions, and the milled surface shows visible cutting
marks, which are intrinsic to the process. Route 3 includes
only grinding.Althoughgrinding is traditionally an operation
for the final finishing of components [65], its effectiveness
is deeply linked to the grinding conditions, grinding wheel,
and its conditioning (dressing) [66]. In some cases, the imple-
mentation of peripheral and auxiliary systems are necessary
in order to achieve the desired efficiency in the machinery.
Thesemay vary frommonitoring (e.g., acoustic emission), to
fixing, cooling, balancing, and dress systems, as well as the
development of new grinding wheels—all of these demand-
ing high technological and economic resources. The main
disadvantage of Route 3 is the lower material removal rate of
grinding compared tomilling. Both operations are performed
in machining centers; superabrasive electroplated quills can
be used as alternatives for increased material removal rate,
but there is a significant impact on roughness. Polishing parts
right after AM (DED) (Route 4) is a costly, time-consuming,
and uncommon practice as the printed surface roughness val-
ues need to be reduced to sub-micrometer scales, depending
on component application. Several polishing processes can
be used (e.g., CP, EP, MAF), and a roughness reduction of up
to 99.9%maybe achievedwith the application of polishing as
post-process, depending on the quality of the part received
from AM and the desired final characteristics (i.e., rough-
ness at nanometric levels). Nevertheless, a long processing
time is required for such reduction (up to 4h). Although
polishing can smooth surfaces from nano-to-sub-micrometer
scale, an intermediate post- processing step between deposi-
tion and polishingmay be necessary for correcting geometric
and dimensional errors while shortening the polishing time
needed to reach target surface roughness values.

In this research, a series of experiments were conducted
using a three-axis CNC machine center (Hermle, C800U—
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German machine) in order to explore the grinding process
using small-diameter wheels in machining centers. Vertical
spindle surface and tangential grinding tests were analyzed
with different types of grinding wheels made of diamond
(referred to as D), cubic boron nitride (cBN—referred to as
B), and alumina (Al2O3—referred to as A). Several grinding
conditions were evaluated, where the grinding parameters
were determined based on the manufacturers’ recommen-
dations. Spindle rotation ranged from 4000 to 15,000 rpm,
which allowed a cutting speedbetween4 and45m/s. The feed
ranged from 5 to 1000mm/min. Depth of cut varied between
5 and 30 μm. Figure2 shows the surface roughness after the
DED-316L SS grinding post-processes. Using superabrasive
electroplated quills (tools 1–3 used in a lateral configuration),
the final roughness was around 4 μm Ra . Such high values
can be justified by the geometry of the tools, grain distribu-
tion via the electroplating process, grain size (equivalent to
150–180μm), and inability to dress by single-point dressers.
Although the superabrasive grinding wheel has a high mate-
rial removal capacity, it is not recommended to be dressed
by static dressers, which negatively affect roughness. This
dressing limitation can be overcome through conventional
wheels, thus impacting cutting ability and final roughness.
The use of tools in a vertical configuration (surface grind-
ing) generated parts with lower roughness compared to a
lateral configuration. Thus, cup-type grinding wheels were
used,which canbe found inmanufacturers’ inventories due to
their common utilization in the industry for sharpening steel
tools. Consequently, this variant of grinding wheel stands as
a plausible alternative for implementation within machining
centers (3 to 5 axes). These centers necessitate the fabrica-
tion of both a rod and a flange to facilitate coupling with the
mandrel and the machine shaft. The electroplated diamond
grinding wheel (tool 6) provided better surface quality to the
parts compared to the other electroplated tools, with rough-
ness levels close to 0.3 μm Ra . However, as this wheel is

Fig. 2 Surface roughness after different grinding post-processes of
DEDed 316L SS

electroplated superabrasive, dressing with static tools (e.g.,
single-point dressers) is still a limitation for its application (as
previously discussed). Final roughness was around 0.1 μm
Ra though tool number 8 in a vertical configuration. Such a
level can be justified by a combination of factors, such as tool
geometry (cup-type grinding wheel), grain size, and dressing
capacity by single-point dressers. Thus, a series of grinding
experiments was carried out to explore the possibility of con-
ducting this process in machining centers. Depending on the
process parameters, especially the tool’s specifications and
its surface condition, the resulting roughness values are quite
varied, ranging from 4 to 0.1 μm Ra . It is up to the oper-
ator to define which grinding wheel and condition should
be used, depending on the technical criteria of the project.
Some guidelines explored and defined by the tests can help
in decision-making, such as defining the abrasive grain (type
and size), binder, tool geometry, orientation (vertical or lat-
eral configuration), grinding parameters, and dressing.

Grinding is rarely adopted after building a part through
AM. Directed deposited energy (DEDed) metallic compo-
nents do not have tight dimensional and geometrical toler-
ances to match practical requirements, and errors can range
up to 300 μm. This will require multiple grinding passes
for corrections, which can be costly and time-consuming
(Route 3—Fig.1), as the depths of cut are limited to microm-
eter ranges. An intermediate post-processing operation (e.g.,
milling) between the deposition and grinding process may
be necessary in order to overcome this challenge (Route
2—Fig. 1), adopting depths of cut at millimeter ranges. In
such cases, grinding can be used as a final machining pro-
cess in order to produce components with smooth surfaces
and fine tolerances, as well as removing milling marks.
Vertical spindle grinding in machining centers will require
the implementation of auxiliary systems for dressing the
wheel, either through static tools or rotatory dressers in the
case of superabrasive wheels. Regarding the use of cutting
fluid, pumps installed in machining centers are usually less
powerful than those industrially commercialized in dedi-
cated grinder machines. Therefore, if the coolant system
(pump/nozzle) is not efficient, it can result in greater ther-
mal damage to the ground component.

After defining the most suitable grinding wheel to be used
in the proposed process chain, the subsequent step is the
determination of the milling conditions based on the selected
tool material and geometry.

Milling experiments were carried out using the Hermle
C800U German machine center in order to explore their
DEDed 316L SS post-processing capacity. A 20-mm diam-
eter end-mill tool (R390-11 T3 08M-PM 1030 insert code)
was used for milling. Milling conditions were determined
based on the manufacturers’ recommendations, which were
spindle rotation (n), 4215; cutting speed (vc), 265m/min (4.4
m/s); depth of cut (ap), 0.4 mm; and feed per tooth ( fz),
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Fig. 3 Detailed of the
developed MAF tool

0.08, 0.12, and 0.2 mm/tooth (referred to as M1, M2, and
M3, respectively). The ap used for milling was 0.4 mm,
forty times greater than the one recommended for grinding.
Although milled parts have reached low roughness values
(0.2–0.3 μm Ra), the surface features periodic tool marks.

Considering that this study also tends to contribute to the
definition of processes, tools, and favorable conditions for
316LSScomponents production atmicro/nanometric rough-
ness levels, as well as the most suitable grinding wheel and

end-mill tool, the next step is the development of the polish-
ing tool.

2.2 Integration of MAF inmachining center

The next step in the development of the proposed process
chain for DED parts was the integration of fine-finishing
operations in amachining center.Magnetic abrasive finishing
(MAF) has shown the ability to smooth AMed part surfaces
by means of an abrasive pressed by a flexible iron-particle

Fig. 4 Surface topographies
after different post-processes
and influence of spindle rotation
on surface roughness over
polishing time
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brush in a magnetic field [67]. MAF has been incorporated
in a machining center by simply exchanging the cutting tool
with a tool consisting of permanent magnets that suspend
the particle brush [68]. As such, it may be useful to combine
MAF and DED in a single machining center.

Figure3 shows a tool consisting of permanent magnets
developed for incorporating MAF in a machining center
(Hermle C800U was used to carry out the tests). Three mag-
nets (∅22×10mm) were coupled inside a polylactic acid
(PLA) case, with the case preventing the magnets from oscil-
lating during polishing at high rotational speeds. This tool
was assembled into the machining center. A mixture of mag-
netic particles and abrasives was attached to the magnet and
formed a particle brush along the magnetic field lines. The
measured magnet flux density at the magnet center was 544
mT.

Reducing polishing time is a key strategy of combined
post-DED processing. Prior to fully implementing MAF in a
post-DED process chain, the feasibility of high-speed MAF
was tested using a DED sample with a milled surface. Sur-
face topographies of the sample centers after each processing
step are shown in Fig. 4. While milling marks were still vis-
ible after polishing with a spindle speed of 500 rpm, the
smoothed surface was free of milling marks when using a
spindle speed of 2000 rpm. Translating the particle brush
over the surface at faster speeds enabled more material to be
removed in a shorter time, but the aggressive contact of the
particle brush facilitated the creation of pits on the polished
surface, increasing the roughness Sz . Those pits can also be
associated with defects arising from the deposition process.

Figure5 shows the surface topographies after 300s. Both
cases produced a smoothlyfinished surface at the center of the
workpiece. Nevertheless, the workpiece edges were not fully
polished in either case, and the unpolished region was wider

at a spindle speed of 2000 rpm when compared to 500 rpm.
This can be associated with the “edge effect” (different mag-
netic flux density at the center and edge of the magnet) and
the rotational movement of themagnetic brush (different cut-
ting force at the center and edge of the magnet due to relative
velocity and centrifugal force in circular motion) [69]. Under
these conditions, magnet diameter (∅22mm) was greater
than the workpiece surface area (15L×20 W mm). Once
themagnet neared theworkpiece, some particles—especially
those located near the area corresponding to outside the
workpiece—were attracted by the steel substrate and formed
particle chains with the steel substrate rather than rotating
with the magnet, as shown in Fig. 3c. As a result, the pol-
ished area was reduced only because particles near the inner
region of themagnet participated in the polishing action. This
trend was more obvious at higher spindle rotational speeds.
As such, it was concluded that increasing spindle speed leads
to an increased material removal rate, but reduced polished
area.

To realize high-speed MAF, the magnetic field that con-
trols the particle-brush behavior must be modified in order
to satisfy the following requirements:

1. Focus the magnetic field toward the target surface area.
2. Avoid direct contact of the particle brush with the steel

substrate to prevent particle-brush breakup.

Apole tip (1020 steel,∅12×5mm) (the end face is smaller
than the target area) was attached to the magnets in order to
satisfy the first requirement. As for the second requirement,
aluminum dummy blocks were placed beside the workpiece
in order to disrupt the direct contact of the particle brush
with the steel substrate without disturbing the magnetic field

Fig. 5 Micrographs of
workpiece surface after
polishing
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Table 3 DED conditions

Material (chemical composition - wt.%) 316L SS (18.1 Cr; 14.4 Ni; 2.4 Mo; 0.6 Si; <0.05 V, C, Nb, Cu, Ti, P, Al, S; Bal. Fe)
Workpiece 15 × 20 × 8 mm3, 12 × 12 × 8 mm3 316L SS (after DED: 15.15±2.96 μm Ra , 105.39±12.39 μ Rz

0.49±0.46 Rsk , 3.84±1.30 Rku , 160.45±22.49 μ Pt )

DED

Machine BeAM (manufacturer based in France)-Modulo 250 (5 axis)

Laser Continuous Nd:YAG (1070 nm), 0.75 mm laser spot diameter, 350 W

Powder Feeder: disk groove (1.3 mm depth and 15mm width), 6.5 g/min powder flow rate

Deposition strategy Zig-zag (90° rotation among the layers)

Protective gas Argon (3L/min nozzle and carrier gases, 6L/min shield gas)

Focal distance 3.5 mm

Overlapping (�x) 0.25 mm

Layer height (�z) 0.2 mm

Feed rate (v f ) 2000mm/min

Referred to as DED

at the polishing area. The efficacy of these modifications
on the particle-brush behavior at increased spindle speeds
(∼6000 rpm) was tested by a particle-brush-stability test.
New workpieces were deposited with dimensions equal to
12L×12 W×8H mm. Thus, all particles formed a particle
brush that covered the polished area. Increasing the spin-
dle speed created greater centrifugal force on the particles.
This caused two major effects in the particle-brush forma-
tion: a funneling effect near the pole tip and an enlargement

of the particle-brush diameter, some ofwhich slides along the
sides of the sample. As a result, fewer particles engaged with
the workpiece surface, thus diminishing polishing perfor-
mance. These trends are more obvious above spindle speeds
of 4000 rpm. Beyond this value, the tool also showed wob-
bling motion, which could be caused by eccentricity in the
system. As such, a spindle speed of 2000 rpm was chosen
for MAF in this study.

Fig. 6 a 316L SS powder (reconstructed volume and PSD), b representative part, c surface topography, d microstructure, and e schematic of
part-fabrication process using DED
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After defining themost suitable tools and their conditions,
the subsequent step was the evaluation of each post-process
on surface finishing characteristics. Material removal rate,
processing time, and specific energy were also evaluated.

3 Experimental procedures

The initial segment of this section pertains to the materials
and methods employed for DED deposition. Subsequently,
the tools and parameters utilized in the milling, grinding, and
MAF processes are elucidated. Concluding this portion, the
approach taken to analyze force, specific energy, and surface
characteristics (e.g., shape deviation, roughness, microstruc-
ture, hardness, and residual stress) will be delineated.

3.1 Additive manufacturing: powder properties
and DED parameters

Table 3 shows the chemical composition of the gas atomized
316LSSpowder provided byLPWTechnology (investigated
by spark optical emission spectrometry (S-OES)—Anacom
Scientific, B2ADV, equipment manufactured in Brazil).
Particle-size distribution (PSD) of the powder, predomi-
nantly spherical, is between 40 and 120μm—sieve analysis:
Dv(10) = 57 μm, Dv(50) = 82 μm, and Dv(90) = 119 μm
(see Fig. 6a). Powder/sample porosity was investigated byX-
ray computed microtomography (μ-CT) (Zeiss Xradia Versa
XRM-510—American equipment, 0.80 μm pixel size, filter
HE#1, 1000 views) with 10W at 160 kV. The powder’s feed-
stock internal porosity (before deposition) and samples (after
DED) are 0.07% and 0.00003%, respectively. The powder
was dried prior to DED (1h, 110 °C). Samples were man-
ufactured with 15 × 20 × 8 mm3 and 12 × 12 × 8 mm3

(Fig. 6b) using the parameters listed in Table 3. Figure6c
and d show the surface topography and microstructure after
DED. A zig-zag deposition strategy with 90° rotation among
the layers was adopted, and a schematic part-fabrication pro-
cess can be seen in Fig. 6e.

3.2 Milling, grinding, andMAF conditions

The milling, grinding, and MAF processes were selected
to be part of the proposed process chain for mirror-like
surface part production by AM through DED technol-
ogy. The machining experiments were carried out using a
three-axis CNC machine center (Hemle, C800U—German
machine). Table 4 shows the operational conditions. Milling
and grinding conditions were determined based on the
manufacturers’ recommendations and preliminary tests (see
Sect. 2). A 20-mm diameter end-mill tool (R390-11 T3
08M-PM 1030 insert code) was used for milling (same
tool reported in Sect. 2.1). A straight cup grinding wheel
(101.60×50.80×31.75 mm, ACR FE 38A80 k) was used
on a vertical spindle surface configuration for grinding. The
choice of this grinding wheel was due to the lowest rough-
ness achieved among the tested tools and is reported in
Sect. 2.1—seeFig. 2, tool 8.Before the grinding experiments,
this grindingwheelwas dressedwith a single-point stationary
dresser, adopting the following parameters: 32 dressing over-
lap ratio (Ud ), 10 μm dressing depth (ad ), 6000 rpm rotation
(n)—which allowed a cutting speed of approximately 32m/s,
150mm/min traverse rate (vt ), and 0.025 mm/rot crossfeed
(Sd ). These parameters were defined through preliminary
tests in order to minimize the roughness of the part. During
the milling and grinding tests, an ester-based semi-synthetic
fluid was used with a 42L/min flow rate and a concentration
of 6%. ForMAF, the tool developed in Sect. 2.2 was adopted,
having alumina abrasive (1 μmmean size; 0.1 g), iron parti-
cles (60 μm mean size; 0.9 g), and hydraulic oil (Hydra XP
32; 0.4mL). Themeasuredmagnet flux density at the pole tip
center was 428 mT. The feed rates in MAF were the same as
those adopted in M1 milling condition (v f =1012mm/min)
and G1 grinding condition (v f =200mm/min), respectively.
The iron particles were replaced in the end of each polish-
ing test (after 90 passes with a 1012mm/min feed rate and
36 passes with a 200mm/min feed rate). After each mea-
surement, 0.1 mL of slurry (mixture of abrasive and oil) was
added to the flexible brush.

Table 4 Operational conditions
for milling, grinding, and MAF

Milling Grinding MAF

n (rpm) 4218 3000 2000

vc (m/min) [m/s] 265 [4.4] 958 [15.9] -

ap (mm) 0.4 0.01 -

fz (mm/tooth) 0.08 0.2 - -

Workpiece-pole - - - 2

Tip clearance (mm)

Magnet feed (mm) - - - 24mm

v f (mm/min) 1012 2531 200 200 1012

Process name M1 M3 G1 MAF(Vf200) MAF(Vf1012)
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3.3 Force, specific energy, shape
deviation/roughness measurements,
metallographic preparations, microhardness,
and residual stress measurements

A piezoelectric dynamometer (Kistler, type 9257BA - Swiss
equipment) with a 2 kHz sampling frequency was used for
measuring the radial force (Fr ), feed force (Ff ), and axial
force (Fa) during processing. It selectedmeasurement ranges
of ±0.5 kN in the X- and Y-directions and ±1 kN in the Z-
direction. Measured force data were used to calculate the
specific energy (u) for each machining process, according to
Eq.1:

uM,G,MAF = Fc.vc
MRR

(1)

where Fc is the cutting force, vc is the cutting speed, and
material removal rate (MRR) is the volume of removed
material (Vrem) divided by the processing time (tc). Vrem
was calculated by the difference in mass (before and after
post-processing) divided bymaterial density—8gcm−3 [70].
Material removal was measured using a precision scale (0.1
mg resolution, JINGHUA Instruments, FA2104N—Chinese
equipment).

The specific energy for DED (or volumetric energy den-
sity) was calculated according to Eq.2 [71]:

uDED = P

v f .d.h
(2)

where P is the laser power, v f is the feed rate (deposition
speed), d is the laser diameter, and h is the layer thickness.
The uDED represents the total energy absorbed by themolten
pool during deposition [71].

A relationship between specific energy and equivalent
chip thickness (heq ) for each post-process was created.
Although chip thickness in milling varies according to the
rotational angle of the tool, the heq for milling is based on

Woxén’s fundamental conditions, which can be calculated,
as a simplified version, according to Eq.3 [72]:

heq−M = A

lc
(3)

where A is the chip area and lc is the active cutting edge
length.

Regarding grinding and MAF, the heq values were calcu-
lated according to Eq.4:

heq−G,MAF = MRR

b.vc
(4)

where b is the width of cut and vc is the cutting speed.
The shape deviation (primary profiles, Pt—total height)

was measured using a stylus-roughness tester (Taylor Hob-
son, Talysurf 50—Britain equipment). Directions parallel
and perpendicular to the feed/build direction were analyzed.
Five parallel profile lines (with a 2mm gap between each
one)were evaluated (10mmevaluation length). Awide range
gauge (ruby ball point with 500 μm tip radius) was used to
measure form deviation.

The same stylus-roughness tester described above was
used to measure surface roughness. The contact stylus sen-
sor (pick-up) was changed to the one suitable for measuring
roughness, and a diamond inductive conisphere point with a
2 μm tip radius gauge was used. Five parallel profile lines
(4mm evaluation length for milled/ground/MAF samples)
were evaluated and averaged for roughness measurements.
Regarding the roughness of DEDed samples, scans were
takenwith amagnification of ten and stitched together, result-
ing in a total evaluation area of 3831 × 3837 μm2.

The topographies and 3D surfaceswere characterizedwith
a confocal microscope (Olympus LEXT 4100—American
equipment). After each process, the samples were ultrason-
ically cleaned (in isopropyl alcohol for 10 min) for mass
loss, shape deviation, and roughness measurements. Metal-
lographic investigations were performed through a scanning
electron microscope (JEOL IT-200—American equipment).
Samples were cut using wire electrical discharge machin-

Fig. 7 Scheme of residual stress
measurement a and principal
stress and strain directions b
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Fig. 8 Primary profile after
DED, DED+milling (M1) and
DED+milling(M3)+grinding
(G1)

ing (WEDM), inlaid in Bakelite, sanded, polished, and
electrolytically etched with oxalic acid (H2C2O4). Vickers
microhardness tests were performed with a hardness tester
(Buehler Model 1600 6300—Canadian equipment) follow-
ing the ASTM E384 standard [73], a 0.5 N load, and 15s
dwell time. Indentations were made from 50 μm of the post-
processed surfaces up to 250 μm (in a 50 μm interval). The
indicated hardness values correspond to the arithmetic mean
of the 60 measured values.

An X-ray diffractometer (Rigaku brand, model Automate
II—Japanese equipment) was used for residual stress (RS)
measurements, working at 20 mA and 10 kVwith a radiation
source of chromium (Cr) with a Kα filter of vanadium—
wavelength (λ) equal to 229 nm [74]. The samples were
positioned horizontally (referred to as 0° - transverse to
feed direction) and vertically (referred to as 90° - same feed
direction) in the equipment. Figure7a shows the schematic
configuration of the RS measurements. No surface prepara-
tion was applied prior to measurements as to check RSs on
the top surface layer after each respective process. The sin2

(ψ) method was adopted with 7 ψ angles between 0 and
60°—ψ being the inclination of the diffraction plane and
the plane of the sample—polar or zenith angle in the spheri-
cal coordinate system, according to Fig. 7b. The scan ranges
(2θ ) varied between 126–132° and 118.84–139.04°, with a
sampling width of 0.04° and 0.1°, respectively. The austenite
peak 220was set for the diffraction peak. The ISO-inclination
method was used for measurement, using a Savitzky-Golay
filter for smoothing. The adopted Young’s modulus (E) and
Poisson’s ratio (ν) were 200 GPa and 0.29, respectively.

4 Results and discussion

To begin, the section will outline the repercussions of the
operations on the surface characteristics of the samples,
including shape deviation, roughness, microstructure, and
residual stress. Subsequently, attention will shift toward an
analysis of key process output parameters, includingmaterial
removal rate, processing time, and specific energy consump-
tion.

4.1 Surface finishing characteristics

Figure8 shows the primary profiles of DEDed, milled
(DED+M1), and ground surfaces (DED+M3+G1). Table 5
shows the geometric deviation (Pt ) results after each process.
The values after MAF are statistically similar to the values
from the previous post-process, as MAF does not change
straightness (a pressure-copying process does not correct
geometric errors). There is no significant difference between
the Pt values measured in the direction parallel and perpen-
dicular to the feed/build direction. High straightness errors
were found for parts after DED due to AMprocess character-
istics (e.g., deposition beadsmorphology and geometry). The
results suggest that a minimum offset for machining should
be near 0.2 mm for correcting geometric and dimensional
errors. After three milling passes (ap=0.4 mm), geometric
deviations from the DED were completely removed (the ini-
tial value of 160μmwas reduced to around 5μm Pt ). Due to
the higher level of precision during the finishing of the work-
piece, the ground surfaces were straighter (4μm Pt ) than the
milled surfaces. Moreover, the standard deviation for ground

Table 5 Straightness of surface in μm after each post-process

Process DED DED+milling DED+milling+grinding DED+milling+MAF* DED+milling+grinding+MAF*

Global mean 160.45 5.23 4.20 5.20 4.22

Std. dev ±22.49 (14%) ±0.67 (13%) ±0.36 (9%) ±0.66 (13%) ±0.41 (9%)

*Average between 200 and 1012mm/min
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Fig. 9 Initial surface condition
after milling (M1) and grinding
(G1)

surfaces is the lowest (9%), showing good process repeata-
bility.

Figure9 shows the surface topographies after two process-
chain sequences: (a) DED + milling (M1) and (b) DED +
milling (M3) + grinding (G1). The intent was to produce a
smoother surface for the MAF process in a shorter machin-
ing time. The roughness parameters Rsk and Rku are used
to characterize the surface roughness distribution, providing
additional information about the shape and concentration of
irregularities. These parameters describe surface features that
the Ra and Rz values do not capture. Therefore, a combina-
tion of different parameters (Ra , Rz , Rsk , and Rku) has been
presented to obtain a more comprehensive understanding of
the surface characteristics. The surface profile after milling
(M1) had periodicmarks resulting from themilling operation
( fz=0.08 mm/tooth; ap=0.4 mm). The profile after grinding
(G1) also had someperiodicity due to the randomcharacteris-
tic of the abrasive tool’s cutting edges and the conditions used

( f =0.067 mm/rev; ap=0.010 mm). The milled surface was
rougher than the ground surface. The initial roughness val-
ues (15.15±2.96 μm Ra , 105.39±12.39 μm Rz after DED)
were reduced in 2.1 s to 0.21±0.02 μm Ra and 1.55±0.14
μm Rz after milling (M1) and in 10.8 s to 0.13±0.03 μm Ra

and 1.16±0.26 μm Rz after grinding (G1). The high DEDed
surface roughness values may be linked to several factors,
such as deposition bead morphology, the geometry balling
phenomenon (liquid material does not adhere to the adja-
cent substrate because of surface tension), and the presence
of non-fused powders adhered to the surface. A 99% sur-
face roughness improvement was achieved in approximately
12s of post-processing time with milling (DED+M1) and
grinding (DED+M3+G1) as post-processes.A positive skew-
ness was obtained for milled surface (M1=0.22±0.19 Rsk),
while negative skewness was obtained for the ground sur-
face (G1=−0.44±0.15 Rsk). Milled (DED+M1) and ground
(DED+M3+G1) surfaces were polished with MAF with

Fig. 10 Impact of magnet feed
rate and number of passes during
MAF on surface roughness of
M1 and G1 samples
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Fig. 11 Impact of magnet feed rate and number of passes during MAF on surface topography of M1 and G1 samples

different magnet feed rate: conditions MAF(Vf200) and
MAF(Vf1012), in 259 and 128s, respectively. The polish-
ing experiments were performed until the surface roughness
reached around 0.6 μm Rz (∼0.07 μm Ra), which seems to
be the characteristic roughness for the conditions used in this
study. Those roughness limits were investigated after polish-
ing of milled samples (DED+M2). Ninety MAF passes were
performed using a feed rate of 200mm/min (roughness was
measured at every 30 passes). Roughness reached the limit
after 30 passes (∼260s polishing time).

Figure10 shows the changes in roughness Rz and skewness
Rsk with polishing time. Figure11 shows the representative
topographies of the surfaces after finishing through each of
the four different process chains: DED+M1+MAF(Vf200),
DED+M3+G1+MAF(Vf200), DED+M1+MAF(Vf1012), and
DED+M3+G1+MAF(Vf1012). All surfaces were smoothed
to a similar level regardless of the process chain. Neverthe-
less, changes in the roughness and skewness with time were
noticeably different for process chain DED+M1+MAF with
distinct feed rates. As the feed rate increased from 200 to
1012mm/min, the particle brush tended to selectively remove
the material from the peaks of surface undulations. This
resulted in the greater reduction of roughness and skewness.
In contrast, the faster magnet feed rate in the process chain
(b) DED+M3+G1+MAF (1012 versus 200mm/min) did not
improve surface roughness asmuch as the other process chain
(DED+M1+MAF). This can be associated with pit creation.
Pit generation is inevitable in high-speed MAF. This is not
only an MAF issue but a common one to loose-abrasive
processes. Further studies on eliminating pit generation in
high-speed polishing are essential to further extend theDED-
produced part applications in the industry. The lower magnet
feed rate (DED+M3+G1+MAF(Vf200)) completely altered
ground surface (G1) to a MAF surface. This could have
been because the ground surface in this chain was slightly
smoother than that in MAF(Vf1012).

Figure12 shows a topological map of the Rsk-Rku val-
ues. Regarding kurtosis parameters (Rku), mean Rku values
showed that the height distribution was spiked (Rku > 3).
Despite sample surface topography and roughness (Ra , Rz)
after deposition and post-processes with different operations
being totally different, the morphology of all surfaces is sim-
ilar in terms of distribution of the peaks and valleys. The
analysis of the Rku parameter alone can lead tomisinterpreta-
tion of surface topographic features. Therefore, the combined
analysis of several parameters (i.e., Ra , Rz , Rsk , and Rku)
helps to properly interpret the surface profile. Regarding the
skewness parameter (Rsk), while DEDed andmilled samples
showed positive Rsk values, ground and polished surfaces
showed negative Rsk values. A positive degree of symme-
try on the height distribution of peaks and valleys indicates
profiles with high peaks or valleys filled in, while nega-
tive degrees indicate profiles with removed peaks or deep
scratches [75]. Thus, a positive skewness (Rsk > 0) for the
DED and milled samples can be associated by the presence
of unmelted and partially melted powder particles adhered to
the surface, as well as the feedmarks generated by the cutting
tool during machining, respectively. The negative skewness
(Rsk < 0) for the ground and polished samples indicates
surfaces had their peaks smoothed due to the interaction of

Fig. 12 Rsk -Rku topological map of each respective process
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Fig. 13 Microstructure of the
cross-section
DED+M1+MAF(Vf200) surface

abrasive grains on the part surface, pointing to higher sur-
face quality. Therefore, the surface shape left by DED can be
altered through the application of post-processes. The high
data dispersion of the DED samples was associated with the
variability of the deposition process.

Figure13 shows microstructures of the near-surface and
centers of the DED workpieces after polishing. As shown
in Fig. 6, columnar and equiaxial (cellular) structures are
present in the workpiece, and these microstructures are com-
monly observed in DED-produced parts due to high cooling
rates (from 103 to 105 Ks−1) [27, 76]. Such microstruc-
tural components are similar to those reported by [77–79].
No major differences were seen between DED+M1+MAF
and DED+M3+G1+MAF surfaces. Moreover, there were no
major changes detected between structures near the surface
and center of the workpieces, as shown in Fig. 13. This con-
firms that MAF is capable of smoothing the DED-produced
workpieces with no observable changes in their microstruc-
tures. Moreover, no significant microstructural change was
found (e.g., formation of white layer, burning, or cracks)
near the milled/ground surfaces. Therefore, no near-surface
microstructure alterations in the vicinity of the processes
were observed. The 214±6 HV microhardness obtained for
all conditions remained statistically similar along the ana-
lyzed subsurface profile—ranging from 50 to 250 μm. Such
values are similar to those reported by [80]. Thus, the micro-
hardness in the subsurface regionwas also not affected by the
milling/grinding/MAF processes for the tested conditions.

Figure14 shows the residual stress (RS) of the surfaces
after DED, milling, grinding, and MAF. The DEDed sam-
ple presents compressive RS, which is associated with the

temperature gradient of the melt pool (i.e., �T around the
laser reduces the material strength and promotes the expan-
sion of the layer, inducing compressive residual stress on the
top surface layer) [81]. Such initial compressive stress state
of DEDed-316L SS is also reported by [82, 83]. This com-
pressive state is associated with deposition parameters (i.e.,
laser power and feed rate). Future analysis of the residual
stress depth-profile can indicate how the temperature gradient
affects the stress distribution curves along with the interior
of the part. The RS on the outer layer left by DED can be
altered through the application of post-processes. Despite
the fact that milled samples showed tensile RSs, ground sur-
faces showed compressive RSs. The parameters (e.g., cutting
speed, feed, and depth of cut) and their effects (e.g., cutting
forces and temperatures) are also responsible for this differ-
ence in the RS ofmilled and ground surfaces. Comparatively,
the ap used for milling was 0.4 mm, while for grinding,
it was 0.01 mm, which can lead to higher heat generation
for milled surfaces compared to ground samples. Milling
induced a tensile RS on the top surface layer due to plastic
deformation, thermal gradients, and metallurgic alterations
in the subsurface structure (i.e., in the primary and secondary
deformation zones during chip formation) [84]. On the other
hand, grinding introduced compressive RS on the top sur-
face layer due to inhomogeneous plastic deformation caused
by the mechanical interaction of abrasive grains, thermal-
plastic deformation, and phase transformation [85], with the
former two being the main factors [86]. The compressive
RS of ground samples is also an indicator of the cutting
fluid efficiency, as high temperatures generate tensile RSs.
Thus, changes in the tensile stress state of milled samples to

Fig. 14 Residual stresses for
DEDed, milled, ground, and
polished specimens
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Fig. 15 a Material removal rate of each respective process and b material removal evolution of the samples under different polishing conditions

compressive RS after grinding positively affect mechanical
proprieties, such as fracture resistance, corrosion resistance,
and fatigue life. The MAF process does not change the RSs.
The magnetic force (i.e., finishing force) acting on the iron
particles is not enough to alter the subsurface structure (i.e.,
RS). For this purpose, iron particles should be replaced by
magnetic spheres, as demonstrated by [28]. There is no sig-
nificant difference between the RS values measured with the
samples positioned at 0° and 90°, indicating no directionality
of the results. This statement is not valid for ground samples
(i.e., RS in the transverse direction, 0°, is different from those
obtained in the grinding direction, 90°). This may be asso-
ciated with the plastic deformation distributions in different
directions over the ground surface, sliding-plowing actions,
and the effects of part deformation and contraction levels in
different directions (parallel and perpendicular to the wheel)
[87].

4.2 Material removal rate, processing time,
and specific energy

Figure15a shows the material removal rate (MRR) of each
post-process. Milling presented the highest material removal
capacity (as mentioned in Sect. 2.1), up to 200 times higher
than grinding. This behavior is explained by the high mate-
rial removal in a short processing time compared to other
post-processes. After MAF (see Fig. 15b), it was was mea-
sured a material removal between 4.5 and 5.7 mg (for all
polishing conditions), which is estimated to correspond to
the removal of 2.3–3.5 μm in thickness. Ground samples
showed less material removal during polishing when com-
pared to milled ones. As such, the MAF process is more
efficient for polishing rough surfaces. This can be associ-
ated with the abrasive grain behaviors in workpiece surface
contact areas (ease of removal in the largest peaks and diffi-
culty in accessing the bottom of the deepest valleys). MAF
had the lowest MRRs, as is the nature of the polishing pro-
cess. Nevertheless, polishing is fundamental for increasing

the surface quality of DEDed parts. A reduction of the pol-
ishing time (e.g., increasing the magnet feed rate) directly
impacts MRR. The highest material removal rate is obtained
in conditions in higher magnet feed rate conditions, with an
advantage for the DED+M1+MAF(Vf1012) process chain.
The active processing time for manufacturing surfaces with
DEDwas 691.2 s in this process sequence, whereas tc forM1
was 2.1 s in 3 passes, and MAF(Vf1012) required 128.1 s in
90 passes. Therefore, the entire processing sequence took
821.4 s (approximately 13.7 min), and the post-processing
time was only 130.2 s. The DED+M3+G1+MAF(Vf1012)
process chain took 9.5 s longer.

Figure16 shows the regions of each post-process on the
heq -u diagram, indicating the range of equivalent chip thick-
ness (heq ) and the specific energy (u) for each post-process.
The heq value for milling was calculated according to Eq.3,
and heq values for grinding and polishing were according to
Eq.4. The calculated heq values for milling, grinding, and
MAF were 74.3 μm, 2 nm, and 0.04–0.46 nm, respectively.
Specific energy reduced as chip thickness increased. This is
due to the cutting forces (machining power) and depth of cut
involved in each process. The smaller those parameters, the
smaller are the heq values, resulting in a scaling effect. As
such, the values of energy spent for cutting are higher, while

Fig. 16 Specific energy vs. equivalent chip thickness for M1, G1, and
MAF
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the energies related to plowing and sliding are lower. On the
other hand, u increased as roughness was reduced. Regard-
ing specific energy of the processes, milling (M1) resulted
in lower u values (each pass consumed 3±0.8 J/mm3) in
order to achieve 1.55±0.14 μm Rz (0.21±0.02 μm Ra).
Due to the cutting action of the abrasive grains, each grind-
ing (G1) pass consumed 110±2.8 J/mm3—about 42 times
more energy compared to milling—reaching 1.16±0.26 μm
Rz (0.13±0.03 μm Ra). The main purpose of the grinding
process was to modify surface characteristics and improve
surface quality. Thus, the process did not remove much
material, and consequently, the removal rates implemented
in this study (discussed above) are lower than the typical
rates used in grinding. Likewise, heq values are also signif-
icantly lower. MAF has low-efficiency due to less material
removal compared to other post-processes and the sliding-
plowing (usl -u pl ) actions. Assuming that the specific cutting
energy (uc) is constant of 13.8 J/mm3 for steels [65], the
ratio of uc needed by the chip removal to u per pass is
2±2% in MAF (this value in accordance with the literature
[88]). Thus, 98% of the energy is consumed for usl and u pl

in the case of DED-316L SS finishing. Comparatively, the
ratio is 13% for grinding. Although a high u was spent dur-
ing the polishing (1398±933 J/mm3 in MAF(Vf200) and
955±798 J/mm3 in MAF(Vf1012)) and a high usl ratio, the
milling/grindingmarks were smoothed, and the surface qual-
itywas improved—0.55±0.09μm Rz and 0.06±0.01μm Ra

in MAF(Vf200) and 0.67±0.09 μm Rz and 0.08±0.01 μm
Ra in MAF(Vf1012). The u in MAF showed high data scat-
tering due to the low material removal values per pass and
the sensitivity of the material removal measurement.

Figure17 shows the total specific energy of each process
(calculated using Eqs. 2 and 1). Regarding milling and grind-
ing, it is the sum of three passes. For MAF, it is the sum of
36 passes with a 200mm/min feed rate and 90 passes with a
1012mm/min feed rate. Note that the case with grinding under
slow feed rate (DED+M3+G1+MAF(Vf200) successfully
smoothed the surface in shorter polishing time (129s) (50%

Fig. 17 Total specific energy of each respective process chain

of the time in the case without grinding (DED+M1+MAF
(Vf200))). The total u for process chains DED+M1+MAF
(Vf200), DED+M1+MAF(Vf1012), DED+M3+G1+MAF
(Vf200), and DED+M3+G1+MAF(Vf1012) were 11611,
9390, 8373, and 8199 J/mm3, respectively. Thus, the selec-
tion of different process chains impacts not only the charac-
teristics of the obtained surface but also the overall specific
energy. MAF has a significant impact on the specific energy
for all process chains (95.5–99.7%), and a reduction of the
polishing time (e.g., increasing the magnet feed rate) has
a direct impact on the overall specific energy. Because of
the high level of specific energy in polishing, the impact of
adding grinding on the overall specific energy was still small
(330 J/mm3, corresponding to approximately 4%of the total).
Nevertheless, adding grinding to the process chain reduced
the overall specific energy needed to producemirror-like sur-
faces,with energy being spent in the additional grinding steps
instead.

Overall, this study highlights the significance of under-
standing manufacturing processes in tailoring effective post-
processing techniques for achieving desired geometry and
surface functionalities in AM-produced parts. Table 6 shows
a summary of all results. In general, post-processing pro-
cedures brought changes to the surface characteristics of
316L stainless steel samples created through DED. Sur-
face quality improved, as seen in reduced shape deviation
and roughness, with no impact on microstructure and hard-
ness. Moreover, grinding could shift residual stress from
tension (post-milling) to compression, and MAF has min-
imal impact. Each operation had a specific material removal
capacity, generating distinct cutting forces that influenced
the specific cutting energy. This study also showed the feasi-
bility of post-processing—from cutting to fine finishing—of
DED parts using a machining center with one-time chuck-
ing. Nevertheless, the study does have some weaknesses: it
exclusively examines flat surfaces, features low sensitivity
in material removal measurements per MAF pass, and con-
centrates solely on the residual stress of the top surface. To
address these limitations, future research could explore com-
plex geometries, employ higher-resolution precision scales
(such as 0.01 mg), and analyze residual stress profiles across
varying depths, respectively.

5 Conclusions and outlooks

This study proposed a combined strategy of post-processing—
from cutting to fine finishing—of 316L stainless steel parts
made through DED using a machining center with one-time
chucking. The main findings of this study are as follows:
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Table 6 Summary of the main results of this study

Strategies adopted DED DED+M1 DED+M1+ DED+M1+ DED+M3+ DED+M3+G1+ DED+M3+G1+
MAF(Vf200) MAF(Vf1012) G1 MAF(Vf200) MAF(Vf1012)

Roughness Rz (µm) 105.39 1.55 0.39 1.1 1.16 0.67 0.59

Rsk(µm) 0.49 0.22 −0.24 −0.2 −0.44 −0.96 −0.52

The milled surface was rougher than the ground surface

A positive skewness was obtained for milled surface, while negative

skewness was obtained for the ground surface

All surfaces were smoothed to a similar level regardless of the

process chain

As the feed rate increased from 200 to 1012mm/min, the particle

brush tended to selectively remove the material from the peaks of

the surface undulations, resulting in the greater reduction of

roughness and skewness

Microstructure Cellular and columnar structures, 214 HV. No significant

and hardness microstructural/hardness change was found near the

milled/ground/polished surfaces

Residual stress state Compressive Tensile Compressive

While milled samples showed tensile residual stress, the ground

surfaces showed compressive stress.

The MAF process does not change the stress state

Total specific energy u (J/mm3) 31 39 11,611 9,390 369 8,373 8,199

The ground samples showed less material removal during

polishing when compared to the milled ones

Milling resulted in lower specific energy values.

Each grinding (G1) pass consumed about 42 times more energy

compared to milling.

MAF has a significant impact on the specific energy for

all process chains (95.5–99.7%)

• The post-DED process chain ofmilling and grinding, fol-
lowed by MAF, is capable of correcting surface errors of
the produced parts with no observable changes in their
near-surface microstructure and hardness. Nevertheless,
the residual stress can be altered through the applica-
tion of post-processes. With the conditions used, milling
induced tensile residual stress, while grinding introduced
compressive residual stress. The effect of MAF on resid-
ual stress was not as significant as milling and grinding.

• Grinding and MAF processes have demonstrated suc-
cessful integration into vertical machining centers, offer-
ing the possibility of concurrent utilizationwithin a single
apparatus for post-processing DED-316L with one-time
chucking. As such, the precise selection of appropriate
grinding wheels, dressing techniques, cooling mecha-
nisms, and fixation systems becomes pivotal in ensuring
the attainment of satisfactory grinding outcomes. In the
case ofMAF, themagnetic field and forces,magnetic pole
geometry, and spindle rotation are all intricate technical
prerequisites that exert a transformative influence on the

flexible brush, thereby directly impacting the interactions
among magnetic particles on the specimen’s surface.
This, in turn, significantly affects the polishing efficacy.
Hence, the careful choice of those attributes becomes
imperative, contingent upon the specificmaterial removal
conditions and surface geometry parameters (includ-
ing shape accuracy, roughness, and surface texture) as
stipulated during the design phase of the fabricated com-
ponent.

• The equivalent chip thickness in polishing is one hun-
dredth of its thickness in grinding and one millionth in
milling. Polishing took up most of the processing time
and specific energy. A post-DED process chain with a
reduced polishing time helps reduce both.

• Conventional grinding wheels permit the utilization of
static dressers featuring a single tip, fliesen, or conglom-
erate design (easily installablewithinmachining centers),
yielding components manufactured via DEDwithmicro-
level roughness. The adoption of superabrasive wheels,
in contrast to conventional ones, presents a potential
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avenue for enhancing material removal rates, albeit at
the expense of surface quality. Nevertheless, the imple-
mentation of effective dressing systems (such as laser,
touch dressing, and rotary dressers) becomes imperative
to modulate the aggressiveness of the grinding wheel.
This modulation, in turn, offers the prospect of aug-
menting the surface quality of the resulting components.
However, for each of these alternatives, the incorporation
of peripheral and ancillary systems into the machinery
becomes indispensable, necessitating substantial techno-
logical and economic resources.

• While grinding consumes approximately 42 times more
specific energy than milling, and MAF expends 10 times
more specific energy than grinding, abrasive processes
play a fundamental role in producing components with
superior surface quality. This, in turn, enhances the
longevity, durability, and overall functionality of the
product. For instance, when considering the application
of 316L stainless steel in the biomedical field, sur-
face roughness significantly influences the mechanisms
governing the osseointegration of implants, as well as
corrosion resistance.

• Grinding enabled the removal of milling marks; thus, the
DED part surface processed with milling followed by
grinding showed negative skewness and lower roughness
than surfaces processed with milling only. As a result,
grinding slightly reduced the material removal rate in
polishing but helped reduce the time needed for polishing
and the overall specific energy.

• High-speedMAFaccomplished by increasing the spindle
rotational speed and feed rate is feasible, and this signifi-
cantly contributes to the increased material removal rate
and overall reduction of specific energy. Nevertheless, an
excessive increase in the particle-brush rotational speed
reduces the number of particles engaged with the work-
piece surface, diminishing polishing performance. This
factor limits the improvement of the process-chain effi-
ciency.

As future proposals:

• Understanding the characteristics of each process helps
post-AM manufacturing process choices that impart
desired surface functions, in addition to producing
desired geometries. Studying the effects of post-AM
processing on physical/mechanical properties (e.g., cor-
rosion, wear, fatigue strength) is critical to improving the
overall reliability of AM parts. This fundamental study
(only flat surfaces were studied) will serve as a basis for
future work involving complex geometries and/or inter-
nal channels that are difficult to access using traditional
manufacturing processes. Additional investigations will

be conducted in order to reduce the processing time for
finishing AM part surfaces.
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