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A B S T R A C T

This study investigates post-processing of additively manufactured (AM) low-alloy 42CrMo4 steel (AISI 4140)
produced by powder bed fusion � laser beam (PBF-LB). While the PBF-LB process produces tempered mar-
tensite by in-situ heat-treatment, resulting in superior mechanical properties, finishing by grinding remains
critical for use in precision components such as automotive gears. The grindability of the AMmaterial is com-
pared to conventionally produced steel and reveals comparable results to most of the grindability criteria
tested. However, higher wheel wear is observed when grinding the AM material. This is likely due to the lack
of machinability-enhancing inclusion treatment common in conventional steelmaking.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

The fabrication of precision components by depositing material
layer-by-layer instead of by conventional material-conversion pro-
cesses (e.g., forming and casting) and/or material-removal (subtrac-
tive) processes offers advantages such as near-net shape material
conversion and minimizing/avoiding machining � enabling a more
flexible production chain [1]. While the increased precision of metal
additive manufacturing (AM) in recent years reduced the required
amount of post-processing [2] to meet dimensional tolerance, the
requirements for functional surfaces necessitate a well-understood
post-processing, ranging from machining [3�5] to finishing [6�9].
Despite the importance of grinding as a surface-finishing post-proc-
essing operation, only a few studies have been dedicated to investi-
gating grindability of AM materials. Recent investigations include
diamond grinding of AM SiC [10], micro grinding of Ti6Al4V produced
by powder-based fusion using electron beam (PBF-EB) [11], grinding
of Ni-based superalloys [12] and austenitic stainless steels [13,14],
both produced by powder-based fusion using a laser-based system
(PBF-LB) and using direct-energy deposition [15].

Kirsch et al. compared the grindability of conventional stainless
steel (cast, rolled, annealed, and quenched) with PBF-LB-produced
steel that had varying defect sizes and densities [13]. The grindability
assessment included measuring grinding forces and surface rough-
ness. In pendulum-grinding mode, the dense AM material exhibited
about 40 % higher specific tangential force than conventional steel,
which was attributed to the difference in hardness. However, in
creep-feed mode, the forces were similar, indicating that hardness
alone cannot fully explain the differences in grindability. Pendulum
grinding revealed the influence of microstructural features such as
defects and material texture. The results for surface roughness were
comparable. However, larger cracks and voids observed on the
ground surfaces of AM materials indicated that the achievable finish
is influenced by residual porosity. This porosity is independent of the
grinding method and is linked to the material density.

Another study provided comprehensive insights into surface
integrity and mechanical properties of ground 304 L stainless steel
processed by PBF-LB [14]. Here material anisotropy and microstruc-
tural heterogeneity were regarded as the main factors affecting the
grindability. Grinding improved surface quality and fatigue life by
removing “lack-of-fusion” defects near the as-built surface.

This study builds upon a successful development of PBF-LB pro-
cess for fabricating 42CrMo4 steel (AISI 4140) � achieving micro-
structural and mechanical properties (defect-free with a fine,
martensitic microstructure with high density, >99.8 %) superior to
those of the conventionally-produced material. Specifically superior
tensile strength, impact toughness, and elongation exceeding ASTM
standards were reported [16]. Another advantage of the PBF-LB pro-
cess is its in-situ heat treatment of the material yielding tempered
martensite directly in as-printed state. This is especially attractive
since it potentially eliminates the need for additional hardening and
tempering [16]. This indicates that the AM material in focus here is
not only suitable, but also takes full advantage of PBF-LB to achieve
properties that meet or exceed those of conventionally-produced
alloys. This process is therefore potentially suitable for 3D-printing of
precision components such as automotive gears, which, however,
require grinding to meet the quality demands for functional surfaces.

Although the manufacturing community has started to address
grindability of AM materials, available research is limited to a few
materials, namely stainless steels and Ti-/Ni-based alloys. Structural
low-alloy steels in hardened conditions have not been studied so far.
In addition, previous studies focused on AM materials with aniso-
tropic microstructures and with printing defects. Defect-free materi-
als with limited anisotropic properties due to small grains with
limited crystallographic texture as reported for the alloy investigated
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Table 2
Composition (in wt.%) of the 42CrMo4 workpieces fabricated via con-
ventional route and AM.
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here [16] have not been addressed so far. Therefore, this research
aims to address a significant gap in the available research on the
grindability of low-alloy structural steel fabricated by AM.

2. Experimental

PBF-LB was carried out using an EOS M290 machine equipped
with a Yb-fibre laser. Pre-alloyed, inert-gas atomized powder sup-
plied by Sandvik OspreyTM was used as the feedstock 42CrMo4 mate-
rial. The 10£35£100 mm3AM blanks were printed using constant
laser power (170 W), hatch spacing (0.07 mm), layer thickness
(0.02 mm) and laser speed (1012 mm/s). During laser exposure, a
5 mm stripe scan pattern, a 0.003 mm hatch offset, and a 678 scan
rotation angle were used. During processing, an oxygen level of
»0.1 % was maintained within the building chamber using Argon gas.
The AM material did not undergo any additional heat treatment. Its
top surface exhibited a layer of hard, untempered martensite approx-
imately 100 µm deep, as previously reported by Hearn et al. [17]. This
layer was removed prior to grinding tests to ensure homogeneous
microstructure and consistent test conditions. The conventional
material was quenched and tempered � with rolling direction per-
pendicular to the grinding direction (see Fig. 1).
Fig. 1. Schematic of workpieces used for the grinding tests with relationship between
grinding, building, and rolling directions.

Ca Sib Mnb Pc Sa Crb

Conv. 0.403 0.29 0.81 0.006 0.030 0.96
AM 0.348 0.39 0.78 0.012 0.006 1.00

Nib Cub Cob Mob Cac Oa

Conv. 0.20 0.18 0.015 0.16 0.0032 0.0017
AM 0.14 0.038 0.011 0.24 <0.0005 0.0127

Analysis techniques.
a Combustion analysis.
b X-ray spectrometry.
c Optical emission spectrometry.

Fig. 2. LOM and SEM (high magnification inserts) micrographs of conventional and AM
material.
Grinding tests were performed on a Blohm Planomat HP 408 sur-
face grinder using a synthetic grinding fluid (Quakercool 2920 EVC)
at 8 % concentration. A Norton Quantum Prime grinding wheel
(5NQNX60H16VS3X, diameter ds ¼ 400 mm, width bs ¼ 30 mm) was
used. Single-point dressing was employed with dressing depth ad ¼
0.025 mm and dressing overlap ratio Ud ¼ 5.4.

Workpieces were mounted on a dynamometer (Kistler 9139AA)
which was fixed onto the machine table. It measured the normal Fn
and tangential Ft forces for six different workpiece speeds vw (Table 1)
at constant wheel speed vs ¼ 30 m/s, depth of cut ae ¼ 0:01 mm, and
active grinding wheel width bd ¼ 10 mm. For each test, the arithme-
tic mean of the forces from three grinding passes was determined.
Based on these results, the specific energy was calculated as:

eG ¼ Ft ¢ vs
vw ¢ ae ¢ bd ð1Þ

The grinding parameters (Table 1) were varied to obtain different
aggressiveness numbers [18] calculated by:

Aggr ¼ vw
vs

� � ffiffiffiffiffi
ae
ds

r
ð2Þ
Table 1
Workpiece speeds used to obtain six different levels of grinding
aggressiveness typical for: finishing (Aggr ¼ 1:7� 16:7Þ, semi-fin-
ishing (Aggr ¼ 16:7� 50Þ, and rough grinding
(Aggr ¼ 50� 111:1Þ.

Condition 1 2 3 4 5 6

Aggr 1.7 8.3 16.7 50.0 83.3 111.1
vw [mm/s] 10 50 100 300 500 667
For the analysis of the workpieces’ compositions, samples were
analyzed using X-ray spectrometry, optical emission spectrometry,
and combustion analysis. Microstructural inspection included etching
of metallographic samples using Nital (2 %) and imaging using light
optical (LOM) and electron microscopy (SEM). Post-test analysis of
surface integrity comprised residual stress measurements using a dif-
fractometer with a CrKa X-ray source (30 kV, 9 mA) and use of the
modified sin2x method. Stepwise electrochemical etching was used
to obtain stress depth profiles.

3. Results and discussion

3.1. Material characterization

The chemical analyses of the workpieces are summarized in
Table 2. The printed AM material exhibits a notably higher oxygen
(O) content due to oxide layers on feedstock powders, which have a
much larger surface area compared to equivalent bulk material [19].
The conventional material, however, contains higher levels of sulfur
(S), copper (Cu) and calcium (Ca). Higher levels of sulfur and calcium
indicate efforts to machinability/grindability enhancements by inclu-
sion control via Ca-treatment and introduction of sulfides during
the conventional steelmaking process. Higher levels of copper likely
stem from recycling.
Before grinding, workpieces underwent characterization to deter-
mine their initial hardness and microstructure (see Fig. 2). The con-
ventional material contained a tempered martensitic microstructure
with some banding along the rolling direction. The average Vickers
hardness was 299 § 16 HV1. In contrast, the AM-material contained
finer tempered martensite (see Fig. 2b). Its average Vickers hardness
was 437 § 13 HV1, i.e. approximately 46 % greater than that of its
conventionally produced counterpart.
Polished samples (without etching) were examined using SEM
with backscattered electron imaging and energy-dispersive X-ray
spectroscopy to identify non-metallic inclusions. The conventional
material contained elongated MnS inclusions that were aligned with
the rolling direction and presence of oxide particles (see examples in
Fig. 3a). In contrast, the AM-produced material exhibited no MnS par-
ticles due to the lack of significant amounts of sulfur in that material
(Table 2). Instead, this material only contained spherical oxide inclu-
sions (Fig. 3b). The composition of oxide inclusions in the tested
materials differed, with the conventional material featuring traces of
Ca (due to Ca-treatment), while the AM material’s oxides did not
have these characteristics according to EDS analyses.

Sulfide inclusions are generally considered to have favorable
properties for the grindability/machinability of materials as they pro-
vide a lubricating effect and reduce friction and wear on tools. In con-
trast, the abrasiveness of hard oxide inclusions tends to negatively



Fig. 3. MnS and oxide inclusions in the conventional material and oxide inclusions in
AM-produced material.

Fig. 4. Specific grinding energy eg and arithmetic mean-height roughness Ra vs.
aggressiveness number Aggr. Error bars show the ranges of the three measurements.

Fig. 5. Normal (Fn) and tangential ðFtÞ grinding forces and grinding-force ratio m vs
amount of material ground per mm width of grinding wheel. Grinding (GD), rolling
(RD), and build direction (BD) are indicated.
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impact tool wear [2,20]. However, the hardness of oxide inclusions
can be reduced through Ca-treatment [21]. Hence, the non-metallic
inclusions present in the AM material differ from those found in the
conventionally-produced material in terms of type and resulting
properties. This difference may affect the wear of the grinding wheel.
Based on the preceding discussion, it appears that the inclusions in
the AM material are disadvantageous compared with the inclusions
in the conventional material.

3.2. Grindability testing

Grindability is a term to describe the ease of grinding a work
material using a specific combination of abrasive and grinding condi-
tions. This work evaluated grindability based on the following
criteria:

� Mechanical: Specific grinding energy and forces (relating to mate-
rial flow stress, strain, strain rate, hardness, etc.);

� Tribological: Force ratio and wheel wear (relating to work material
microstructures, non-metallic inclusions);

� Surface integrity: Surface roughness and residual stresses (relating
to thermo-mechanical effects).

The first set of tests shown in Fig. 4 was aimed at comparing the
grindability independent of the effect of changing wheel topography
due to wheel wear. For this purpose, the wheel was dressed prior to
each test followed by grinding just enough material to overcome the
initial transient behavior of the freshly dressed wheel and to reach a
steady grinding condition. The specific grinding energy curves are
shown in Fig. 4a. Materials with low specific grinding energy are eas-
ier to grind than those with high specific energy, meaning they have
better grindability. Here, the measured specific energies for grinding
both materials were similar with a slight trend of lower values for
the AM material (differences below 7 %). The grinding direction in
relation to the build direction shows no influence on the resulting
specific energy. Typically, anisotropic properties of AM materials
tend to result in an anisotropic response during post-processing [2].
Such effects are unlikely to have been observed here since the mate-
rial has very limited crystallographic texture and anisotropic proper-
ties, as investigated by Hearn et al. [16].

Similar specific grinding energies are noteworthy considering the
differences in average hardness of the workpieces. However, hard-
ness alone does not fully capture how a material behaves during
grinding; factors such as strain hardening and elongation to fracture
can play a substantial role and influence the forces.

The surface finish was evaluated based on the arithmetic mean-
height roughness Ra, see Fig. 4b. At lower grinding aggressiveness,
roughness values were all similar. At higher aggressiveness, the AM-
materials resulted in slightly lower Ra values. The differences are
small and there is often experimental scatter in roughness measure-
ments.

Fig. 5 shows the grinding forces and the grinding force ratio m ¼ Ft
=Fn for conventional and AM materials as material-removal pro-
gressed (no re-dressing). Both materials showed the typical initial
decrease in forces (due to wheel break-in) followed by a slow but
steady increase in normal and tangential forces. While the increase in
tangential forces is slight, the normal forces increase relatively more
as the grinding progresses.
When comparing the two materials, it is apparent that the forces
increase more rapidly for the AM material, this is especially pro-
nounced for the normal force.

The pronounced increase in normal force suggests a progression
of wear at the grit level causing dulling and a gradual increase in the
wheel/workpiece contact area. This effect appears to be more pro-
nounced for the AM material (higher normal forces for AM material),
suggesting a higher rate of wheel wear. Grit dulling is also suggested
in Fig. 5b where comparatively lower force ratios as grinding time
progresses indicate gradual dulling of the grinding wheel [22], again
this effect is more pronounced for the AMmaterial.
Wheel wear was also quantified using the G-ratio, which is the
volume of material ground away divided by the volume of wheel
worn away. Measurements of wheel wear were performed using the
razor-blade technique after the grinding tests shown in Fig. 5. The
conventional material had a G-ratio of 500, while the AM-produced
material had a G-ratio of 388, indicating that grinding of the AM
material results in almost 30 % higher wheel wear. This result is con-
sistent with the Fn, Ft , and m measurements (see Fig. 5). Both suggest
lower grindability (i.e., more wheel wear) in the case of AM material.
These differences are likely the results of the inclusion characteristics
outlined earlier (Fig. 3), which indicated comparably unfavorable
inclusion properties for the AMmaterial.

In contrast, differences in bulk workpiece hardnesses are unlikely
to have significantly affected wheel wear, given the similar specific
energies for both materials (i.e. similar forces on the grits). Further-
more, the relatively low hardness of the steel matrix (tempered mar-
tensite) compared to the Al2O3 grits minimizes its potential for
attritious (abrasive) wheel wear.

The impact of inclusions on tool wear was also observed when
machining with geometrically defined cutting edges where it has
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been established that sulfur-induced manganese sulfide (MnS) inclu-
sions have lubricating effects [2,21]. Moreover, oxide inclusions soft-
ened through modification by Ca-treatment are reported to reduce
tool wear [21]. Such modified inclusions may also form protective
layers on the tool surface, acting as diffusion barriers and mitigating
tool wear [23]. A combination of some of these effects may contribute
to the lower wear in grinding the conventional material.

Fig. 6 shows the residual stress profiles after grinding under fin-
ishing (Aggr ¼ 1:7) and rough-grinding conditions (Aggr ¼ 111:1).
Surface stresses for finishing are compressive for both materials.
However, the compressive stress for AM material shifts to tensile at
about 0.2 mm below the surface, while the conventional material
reaches stress-free state. The presence of internal residual stress in
the AM material is typical for such as-built components and is associ-
ated with the thermal history and temperature gradients during the
AM process [2]. Finish grinding notably shifts the AMmaterial’s stress
from tensile to compressive. This is likely the result of mechanical
effects (plastic deformation during chip formation, plowing, and rub-
bing) that govern residual stress development. Such compressive
residual stresses are favored as they enhance the fatigue properties of
components [24]. In contrast, rough grinding yielded tensile surface
stresses in both materials, with thermal effects dominating the devel-
opment of residual stress. It is important to note also that inherent
residual stresses present in AM-produced material can be relieved,
but this requires the development of a tailored heat treatment.
Fig. 6. Depth profiles of residual stresses parallel to grinding direction.
4. Conclusions

This study addresses the research gap in grinding as a post-proc-
essing finishing operation for additively manufactured (AM) low-
alloy structural steel, with a focus on steel produced by powder bed
fusion - laser beam (PBF-LB). The grindability of this steel was investi-
gated and compared to that of conventionallyproduced material.
Despite differences in microstructure and mechanical properties, the
characteristics of the grinding process were comparable in terms of
most of the tested grindability assessment criteria, such as specific
grinding energy and surface integrity. However, the AM material had
poorer grindability in terms of wheel wear due to unfavorable inclu-
sion properties. Grinding-process adaptations, such as adjusting
dressing intervals to accommodate varying wheel-wear rates, may
be necessary. Nevertheless, grinding is a viable post-process for fin-
ishing PBF-LB low-alloy structural steels. Future work will investigate
surface modifications and thermal treatments to examine how mar-
tensite characteristics and grain size affect grindability as well as
fatigue life, focusing on applications such as gear grinding.
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