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ARTICLE INFO ABSTRACT

Handling Editor: Prof. R. Leach Laser Powder Directed Energy Deposition (LP-DED) is a promising Additive Manufacturing (AM) technology that
offers the opportunity of repairing and revamping damaged or outdated parts and molds. Notwithstanding, it
should be considered that the low surface quality of the produced parts makes post-processing operations
necessary in order to meet the industrial requirements, and these operations strongly depend on the accuracy of
the produced parts. In this paper, firstly an artifact for the LP-DED process, including classical features with and
without curvatures, is proposed. Then, the dimensional accuracy and geometrical tolerances of the features are
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evaluated, limited to AISI 316L stainless steel.
The findings of this work showed that the dimensional and geometrical tolerances of the LP-DED process are

comparable with those of sand casting. On the other hand, tolerances are lower compared to Laser Beam Powder
Bed Fusion (LB-PBF) technologies but are similar to those observed in Electron Beam Powder Bed Fusion (EB-

PBF).

1. Introduction

Additive Manufacturing (AM) technologies are nowadays used in
several sectors, from biomedical to aerospace [1-3], from automotive to
repair [4-6], from navy to robotics [7,8]. AM technologies include
several processes which differ from each other for the material used
(polymeric, ceramic and metallic) and for the joining mechanism which
is used to bond the material to form a part [9-11]. Considering the metal
AM processes the major classification concerns the material addition
method [9]. In this context, it is possible to identify two process families
that are the Powder Bed Fusion (PBF) and the Directed Energy Deposi-
tion (DED) [6,9,12]. PBF processes are mainly classified as Laser Beam
Powder Bed Fusion (LB-PBF) and Electron Beam Powder Bed Fusion
(EB-PBF), based on the energy source used to melt the metal powders
[10]. DED processes are classified as Powder Directed Energy Deposition
(P-DED) and Wire Directed Energy Deposition (W-DED), based on the
feedstock material.

These metal AM families are used for different applications. The
main application of PBF processes is the production of high-value
components, such as turbine blades [2,13], dental and orthopedic
prostheses [14,15], waveguides [16] and lightweight structures [5,11].
On the contrary, DED processes are mostly used for repair and
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maintenance applications [6,17], surface modification [18] and Func-
tionally Graded Materials (FGMs) [19].

Despite AM technologies are currently used for the production of
final components, the main reason that curbs the growth of industrial
applications is related to the quality of the obtained parts [20]. In fact,
one of the main characteristics required by industries is the quality of the
produced components [21], which can mainly be defined in terms of
mechanical and geometrical requirements [22]. Focusing the attention
on geometrical requirements, the quality, in accordance with the ISO
286-1, ISO 2768-1, ISO 2768-2 and ISO 21920-2 standards, is defined
by surface roughness, dimensional accuracy, and geometrical tolerances
[23-26]. The information regarding the component quality is very
useful for defining and managing the material allowance necessary
during the machining operations that are needed to achieve the tech-
nical requirements of the component design [27].

From a literature review, it is possible to observe that the studies on
the evaluation of the geometrical quality are mainly focused on PBF
processes. In detail, the surface roughness is mostly analyzed by varying
the orientation of the surface, such as using horizontal, vertical and
tilted surfaces [28-32] and by varying the process parameters [31,
33-35]. The investigation of surface roughness is performed on both
actual manufactured components and specific artifacts. However, from

Received 28 December 2022; Received in revised form 4 August 2023; Accepted 15 October 2023

Available online 20 October 2023

0141-6359/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:gabriele.piscopo@polito.it
www.sciencedirect.com/science/journal/01416359
https://www.elsevier.com/locate/precision
https://doi.org/10.1016/j.precisioneng.2023.10.006
https://doi.org/10.1016/j.precisioneng.2023.10.006
https://doi.org/10.1016/j.precisioneng.2023.10.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2023.10.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Piscopo et al.

the review by Townsend et al. [28], emerges that 90 % of character-
ization works in the literature are based on an artifact. The application
of an artifact during process manufacturing development has to be
preferred since it allows catching the capabilities of the process for
different geometries prior to optimizing it [28].

Analogously, regarding dimensional accuracy, most studies analyze
different features [36] along with the different building orientations of
the same features [37,38], and the effect of process parameters [38-40].
Again, the dimensional accuracy of PBF processes is evaluated on final
parts [41,42] or benchmark artifacts [36,40].

Regarding DED processes, studies in the literature are mainly focused
on the evaluation of the surface roughness. It is noticeable that the
surface roughness, Ra, typically ranges between 25 pm and 35 pm [22]
and is comparable to that obtainable in EB-PBF [12]. In fact, by
comparing DED and EB-PBF, even if the waviness is longer in DED, since
the laser spot and the layer thickness are 10 times higher, the super-
imposed roughness is similar, because it is primarily influenced by
adhered powder particle size [43], that is comparable in both processes.
In general, smaller is the powder size, lower is the roughness value.
Analogously to powder bed processes, the dimensional accuracy is
dependent on the optimization of process parameters [44]. In addition,
in the surface quality of DED parts is also influenced by the powder flow,
and it is a rule of thumb to deposit in the powder stream focal plane [45,
46]. Overall, studies in the literature suggest that components produced
by the DED process are characterized by a dimensional accuracy in the
order of few millimeters [22,47,48]. However, these studies are mostly
based on individual features, usually cuboid geometries, or a component
produced by a specific DED technology and system, and therefore cannot
be generalized to other DED geometries or DED processes, as is possible
by using a reference artifact. Thus, it emerges the need to evaluate the
dimensional accuracy or geometrical tolerances of the DED process
using an appropriate artifact and a systematic procedure [28,49,50].
This is confirmed by Izadi et al. [44], who emphasise the need to define
and use a systematic protocol in order to obtain satisfactory results.

In order to design an artifact for the DED process, it is useful to first
discuss the reference geometries already adopted in the literature for
metal additive manufacturing processes. A review on the artifacts used
in the literature to evaluate the dimensional and geometrical capabilities
of AM processes was presented by Rebaioli and Fassi [51]. Analyzing the
benchmark artifacts used in the literature, it is possible to point out that
most of them are focused on the evaluation of the feasibility and the
accuracy of small features, that are difficult if not impossible to repro-
duce by DED. For example, from this perspective Kruth et al. [52]
analyzed and compared on different LB-PBF systems the process limi-
tations in producing small holes, in the range 0.5 mm-5 mm of diameter,
and thin walls, with a variable thickness between 0.25 mm and 1 mm.
Analogously, the study of Castillo [53] used a benchmark artifact
characterized by thin walls, inclined surfaces, through holes and narrow
and high pin features. An artifact including curved surfaces, thin walls,
small holes and cooling tubes was proposed by Abdel Ghany and
Moustafa [54]. The same approach was taken by Vandenbroucke and
Kruth [55], who proposed two artifacts to evaluate respectively the
accuracy and the feasibility of producing small details in LB-PBF process.
Moylan et al. [56] and Moylan et al. [57] designed two benchmark ar-
tifacts to be produced using both LB-PBF and EB-PBF processes, char-
acterized by overhang features, rectangular and circular bosses and
holes with small dimensions. Once again, the artifacts were specifically
designed for the characterization of the process capabilities and the
definition of the minimum feature spacing.

Later, Gruber et al. [58] using an artifact performed a comparison on
dimensional tolerances among different PBF processes and also the
P-DED process, and concluded that LB-PBF process is the most accurate.
Nevertheless, the authors performed the analysis using a benchmark
designed for PBF processes, including thin walls, narrow cavities, and
internal channels not producible by DED. Noteworthy, it should be
considered that the lower accuracy of DED with respect to PBF is
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balanced by a higher production rate [59].

In this work, the capabilities of the DED process in terms of dimen-
sional and geometrical tolerances are investigated using a specifically
designed artifact, with the aim of bridging the gap in the existing liter-
ature. The purpose is improving the knowledge and the Technology
Readiness Level (TRL) of the DED process. In particular, the attention is
focused on the DED processes that use a laser as energy source and metal
powder as feedstock material. It is possible to refer to these processes as
Laser Powder Directed Energy Deposition (LP-DED).

1.1. Artifact design

The benchmark artifact designed for this work consists of different
classical features that were selected in order to evaluate both the ac-
curacy and the geometrical capabilities of the LP-DED process. The
artifact is designed based on the assumption of using the LP-DED process
for repair and mold redesign applications [6,17]. In these applications,
material is deposited onto a prepared surface to restore the component
or add solid features, followed by machining of the repaired volume to
meet the part design requirements. The focus is therefore on the toler-
ances of the deposited geometries to define the minimum allowance for
machining operations. The classical features have been selected to allow
the evaluation of flatness, straightness, circularity, parallelism, cylin-
dricity, angularity and profile tolerances. The range of feature di-
mensions is defined considering as lower bound the minimum
producible feature size and as upper bound the typical volume of a
repair. Specifically, it is possible to state that the minimum dimension of
a massive sample ranges between 2.5 and 5 times the dimension of the
laser beam. Obviously, this aspect could also be applied, with appro-
priate considerations, to the other metal AM processes. In fact, as for the
other metal AM processes [60], there is a relation between the minimum
dimension and the energy beam.

In detail, the features used in the artifact can be classified into five
groups that are cubes, cylinders, pyramids, cones and hemispheres. The
selection of these geometries follows what is recommended in ISO
1101-2017 standard which defines the tolerances on these geometries.
A characteristic dimension (L) is defined, that all groups have in
common.

e cube (CU): the characteristic dimension (L) is the length of the edge;

e cylinder (CY): the characteristic dimension (L) is the diameter of the
base and the height is equal to the diameter;

e pyramid (PY): the characteristic dimension (L) is the length of the
square base edge and the height is equal the base edge;

e cone (CO): the characteristic dimension (L) is the diameter of the
base and the height is equal to the diameter;

e hemisphere (HS): the characteristic dimension (L) is the diameter

Fig. 1 shows the characteristic length of each group and the defini-
tion of geometrical tolerances.

Three different values of the characteristic dimension (L) are 20 mm,
15 mm, and 10 mm, that fit into different ISO ranges. Consequently, a
total of 15 features are included. The above mentioned features are ar-
ranged on a square base plate, thick enough to prevent distortion during
deposition. The location of the features and the minimum distance be-
tween them are set to avoid interference with the deposition head and to
allow for an easier 3D scan inspection.

Fig. 2 shows the CAD representation of the designed artifact used in
this work. This simple design is suitable for DED processes as all the
features can be easily produced, allows the process limit to be tested
when approaching smaller volumes or sharp points, allows the distor-
tion to be assessed in relation to the size of the feature or to the gradient
of the deposited volume along the height, which in DED leads to
significantly different thermal histories. The artifact can also be easily
scaled if larger deposition volumes are of interest.
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Fig. 1. Definition of characteristic length and geometrical tolerances for each group.

Figs. 2. 3D CAD geometry of the benchmark artifact.

1.2. Artifact production and measurement

The evaluation steps can be summarized in the artifact production,
the features measurement and data analysis. In the following para-
graphs, the material, the equipment, the tool and the procedure used in
the experimental investigation are described.

1.3. Material and production system

The artifact was produced in AISI 316L stainless steel by using the
Laserdyne 430 system by Prima Additive (Collegno, Italy). More in
detail, the Laserdyne 430 system is equipped with a fiber laser with a
maximum power of 1000 W and the laser beam has a top hat distribution
and a diameter of 2 mm in the focal plane. The deposition head has 4
injection nozzles that generate a 4 mm powder flow spot on the same
focal plane. The building volume is 585 x 408 x 508 mm°. MetcoAdd
316L-D gas atomized powder supplied by Oerlikon Metco Inc. (Troy, MI,
US) was used, with particles size ranging from 45 pm to 106 pm.

The features were deposited on a 210 x 210 x 10 mm® AISI 316L
substrate adopting a three-axis configuration. Standard process param-
eters for AISI 316L stainless steel were set, which are listed in Table 1. A
constant Z axis increment of 0.5 mm was programmed for the deposition
process. The powder particles were delivered to the working area using a
constant flux of argon of 6 L/min. Argon was also used as shielding gas
for the laser beam.
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Table 1
Standard process parameters of 316L stainless steel used for samples production.
Process parameter Value
Contour Filling
Laser power (W) 650 500
Travel speed (mm/min) 850 850
Powder feed rate (g/min) 11.1 11.1

The features were deposited from the biggest dimension to the
smallest one, and the order used during the deposition was cube, pyra-
mid, hemisphere, cylinder and finally cone.

1.4. Measurement and analysis

After production, samples were measured using the structured light
scanner ATOS compact produced by Carl Zeiss GOM Metrology GmbH
(Braunschweig, Germany). The maximum resolution of the scanner is
0.021 mm and the linear measurement error is less than 0.02 mm ac-
cording to the acceptance test of VDI/VDE 2634 guideline part 3 [61].
To reduce the reflectivity of surfaces, specimens were coated with a thin
layer of talc powder before scan. The application of this layer of talc
powder does not influence the measurement results because the powder
size is lower than scanner accuracy [62]. For each feature, the acquired
point cloud, after removal of spurious data, was elaborated using the
software GOM Inspect 2021 to compare the actual and the nominal
geometries.

The dimensional accuracy of DED features was then evaluated in
terms of IT grade according to the ISO 286-1 standard. For a given
nominal dimension, the IT grade provides the manufacturing tolerances
that define how precise is the manufacturing process. The IT grade is
calculated based on the n value, that is the tolerance unit. In particular,
for the generic k-th dimension, the corresponding tolerance unit ny is
given by equation (1):

1000 ® | Dy uom — Dy
W=———">""

; (€]
where Dy pom in the k-th nominal dimension, Dy is the k-th measured
dimension and i is the tolerance factor which depends on the ISO
nominal dimension range, and is tabulated in Ref. [23]. The result of the
elaboration is a distribution of the ny values for each dimensional range.
In order to define the maximum dimensional error of the LP-DED system
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the ny value corresponding to the 95th percentile of that distribution is
used to determine the IT tolerance grade.

2. Results and discussion

After the production, the surfaces of the building platform were
cleaned using isopropyl alcohol. As illustrated in Fig. 3, visual inspection
showed that all the features were produced without macroscopic
defects.

After cleaning operations and coating with talc powder, the artifact
was fixed on a manually indexable table and was then measured using
the ATOS Compact Scan 2 M. The whole geometry of the artifact was
reconstructed from 100 different views from various angles. The views
were registered by using reference points (markers) located on the
substrate surface, thus obtaining the point cloud of the actual geometry
(Fig. 4).

For each feature, the respective point cloud was extracted for further
evaluation.

Firstly, the results in terms of dimensional deviations and tolerances
are described and compared with the conventional manufacturing pro-
cesses and with other AM processes. Then, the geometrical dimensioning
and tolerancing (GD&T) rules are applied in order to quantify the
geometrical error of the samples.

2.1. Dimensional deviations and tolerances

The actual and the nominal geometries of the artifact were firstly
compared in order to analyze the dimensional deviations and tolerances.
The point cloud and the CAD model were aligned by using the automatic
pre-alignment tool in GOM Inspect, followed by a more accurate
alignment by a best-fit procedure to minimize the overall error on each
feature. Fig. 5 shows the colored deviation map of the actual geometry
with respect to the nominal one. The substrate does not present a sig-
nificant distortion, being the flatness error less than 0.2 mm. In general,
the expected height of the features is obtained on constant cross-section
geometries and on hemispheres regardless of the characteristic dimen-
sion, but pyramids and cones were not successfully completed. It is a
matter of fact that vertexes are critical in a layerwise production and the
higher layer thickness in LP-DED amplifies this issue. Consequently, the
upper part of pyramids and cones was not deposited. This experimental
evidence proves that geometries with dimensions lower than 2.5 times
the laser spot diameter, roughly 5 mm for the used equipment, cannot be
successfully produced, thus confirming the design assumptions.

A negative deviation between —0.1 mm and —0.8 mm is observed on
the lateral surfaces of almost all the features. In particular, the highest
deviations are obtained in non-constant cross-section features that are

Fig. 3. LP-DED produced artifact.
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pyramids, cones and hemispheres.

As further analysis, each feature was analyzed separately. In detail,
at the base of each feature, a plane normal to the building direction was
created (base plane). The height of the constant cross-section features
was evaluated by selecting evenly spaced points on the top surfaces and
measuring the average distance from the corresponding base planes. The
height of the non-constant cross-section features was evaluated by
selecting the highest point of each feature and measuring its distance
from the base plate. To analyze the lateral deviations, each feature was
cut with m section planes parallel to the base plane; for each section k (k
=1,2, ...m) the circular or square fitting geometry was obtained and the
actual diameter Dy or edge length Ej was extracted (Fig. 6). The distance
between two consecutive section planes (k and k+1) was set to 0.2 mm
in order to minimize the systematic interaction with the constant Z
increment of 0.5 mm. It is worth to note that for constant cross-section
features the nominal diameter or nominal edge length is the character-
istic dimension of the feature itself, whereas for non-constant cross-
section features the nominal diameter or nominal edge length is variable
as a function of the Z level. At the end of the measurement phase, a total
of 3100 values were extracted.

Fig. 7 illustrates the results of the average dimensional deviations
obtained on the lateral and on the height of each feature group produced
by LP-DED.

Results confirm that smaller dimensional deviations are obtained on
cubes and cylinders. These features are characterized by a similar
average lateral deviation of —0.49 + 0.12 mm and an average deviation
on the height of —0.11 + 0.13 mm. The lateral deviation is independent
on the characteristic length and can be easily compensated by offsetting
the deposition path, thus counter-balancing the error. On the other
hand, the deviation on the height falls in the typical range of metal AM
processes tolerances. Pyramids and cones show the largest deviations,
on average —1.12 + 0.14 mm on the lateral and —2.00 + 0.36 mm on
the height. The average lateral deviation on hemispheres is —1.00 +
0.13 mm and the deviation on the height is 0.21 + 0.05 mm. The errors
on the height are the consequence of the lack of deposition at vertexes.
The lower lateral dimensional accuracy of pyramidal, conic and hemi-
spheric features is attributed to the staircase effect that is an intrinsic
error of AM processes on curved and inclined surfaces [63]. Moreover, a
deeper analysis of the slicing algorithm of the AMXpress plugin of the
MasterCam software tool revealed that the deposition path is computed
considering the section in the middle of two subsequent layers [64]. The
combined effect of the slicing algorithm, that underestimates the ma-
terial to be added in half of the section, and the offset found on
constant-section features, is the reason of the larger deviations.

All the 3100 measurements were then collected according to the
nominal dimension basic sizes of ISO 2768 standard. The number of
tolerance unit n; was calculated according to equation (1), and the IT
tolerance grade was evaluated considering the 95th percentile of n; for
each range of ISO basic sizes. The IT grade representative of the
dimensional accuracy of the LP-DED system is thus determined for the
analyzed dimension range of features. Results reveal that the overall
quality (TOT) strongly depends on the basic size considered. In detail,
IT16 is obtained for basic sizes up to 18 mm. For larger sizes, the
tolerance grade decreases to IT14 and the process results more accurate
for larger dimensions. Since the shape of the feature has a significant
effect on the dimensional deviations, a further analysis is deepened by
evaluating the accuracy (95th percentile of n) of each feature, and the
obtained results are illustrated in Fig. 8.

It emerges that pyramidal and conical features exhibit the worst
accuracy, with an almost constant tolerance grade of IT16 in the
analyzed range.

Considering the constant cross-section feature families, that are
cubes and cylinders, the IT14 tolerance grade is attributed to all the
basic sizes, determining the best accuracy results. Hemispherical fea-
tures show intermediate results: the IT16 is obtained for ranges up to 18
mm and IT15 for larger basic sizes.
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To clarify the LP-DED process positioning on metal AM processes, it
is possible to state that the accuracy of the LP-DED process is lower than
the one obtained in PBF processes, where either using a specific artifact
[36] or test components [65,66], a maximum tolerance grade of IT13 is
obtained. Table 2 compares the IT tolerance grade of the LP-DED process
with IT grade values presented in the literature for other metal AM
processes. It is worth noting that the dimensional accuracy of the
LP-DED is closer to the one of conventional sand casting processes, in
which the typical accuracy ranges from IT16 to IT18 [67].

2.2. Geometrical tolerances
Based on the features produced in this work, the form, the orienta-

tion, and the location tolerances were evaluated as in Table 3.
Fig. 9 illustrates the geometrical tolerances measured on the cubes.
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As expected, better results are obtained if smaller areas are considered.
In detail, considering flatness, LP-DED parts show a 0.56 mm wide large
tolerance zone, which covers the entire surface of each cube face, and a
small tolerance zone (9 x 9 mm?) that is 0.34 mm wide. Analogously,
the parallelism ranges from 0.45 mm to 0.69 mm, and the perpendicu-
larity from 0.34 mm to 0.47 mm, with better results if lateral surfaces
and smaller features are considered. The surface profile measured on top
surfaces is of about 0.45 mm and it is almost independent from the
characteristic length.

It is worth noting that the control of the CNC machine axes ensures a
high accuracy on deposition trajectory, and consequently the shape
deviation is mainly caused by the irregularities in the deposited tracks,
such as partially sintered particles, variations in the track width related
to acceleration/deceleration of axes or changes in the powder metal
flow, or presence of local agglomerates on the surface. Thus, errors on
lateral surfaces are typically lower. In addition, it is observed that the
cross-sections of the cube slightly diverge as the height increases, and
this effect may contribute to the larger tolerance found at higher char-
acteristic length. On the contrary, the tolerances on the top surfaces are
larger since these surfaces are affected by the thermal history and de-
viations occurred in previous layers, and the z-increment is pre-
programmed and not real-time adapted to the actual height reached
on previous deposited layers. This is limited to the DED system used in
the experimental campaign and, more in general, to DED systems in
which an adaptive control for height compensation is not present.

The tolerances evaluated on cylinders are illustrated in Fig. 10.
Again, it is clear that the characteristic length affects the straightness
tolerance, and the trend is comparable to the flatness measured on
cubes. It is reasonable, since the straightness relies on the axis deviation
from the ideal axis line and, being the axis evaluated from the external
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Table 2
Comparison of IT tolerance grade of sand casting and metal AM processes.
ISO basic sizes (mm)  IT grade
LB-PBF EB-PBF Sand casting LP-DED
6-10 IT 11 [36] IT 13 [36] IT16-IT18 [67] IT 16
IT 13 [65]
10-18 IT 12 [36,65] IT 13 [36] IT16-IT18 [67] IT 16
18-30 IT 11 [66] IT 13 [36] IT16-IT18 [67] IT 14
IT 12 [36]

surface, it suffers from the same errors that characterize the external
surface of the feature. In general, geometrical tolerances range from 0.1
mm to 0.43 mm, with the exception of the perpendicularity of the cyl-
inders axes with respect to the base plane, where an error less than 0.11
mm is observed. On all the cylindrical features a circularity error of
about 0.30 mm is measured. Finally, the cylindricity error is of about
0.37 mm. Again, this value is similar to flatness measured on cubes and
this is justified by the fact that both, flatness and cylindricity, are related
to the deposition path accuracy.

Finally, the geometrical errors measured on the other geometries are
shown in Fig. 11, specifically pyramids, cones, and hemispheres. All in
all, it is confirmed that geometrical errors increase with the character-
istic dimension of the feature. The flatness of pyramids and the circu-
larity of cones and hemispheres, which describe the lateral surfaces of
the features, similarly range between 0.38 mm and 0.52 mm. Analo-
gously, the angularity error measured on pyramids, which is related to
the inclination of the lateral surfaces, ranges between 0.42 mm and 0.58
mm. These values are comparable with the tolerances obtained on the
lateral surfaces of cubes and cylinders. The perpendicularity of the axis
of the cone is also congruent to the values obtained for constant cross-
section features. Additionally, pyramids, cones and hemispheres show
a similar geometrical surface profile error with values that range be-
tween 0.79 mm and 1.08 mm, attributed to the stair stepping generated
by the non-adaptive slicing, that emphasizes the geometric errors when
the surface normal tends to be parallel to the building direction.

The findings are consistent with the typical tolerances of the EB-PBF
process [36,58,68], however LP-DED tolerances are almost twice with
respect to the LB-PBF tolerances [36,58,69]. However, it should be
observed that the PBF measurements are based on artifacts, which, as
previously introduced, are usually designed with fine details or small
features, thus caution should be exercized in generalizing the findings.
Table 4 compares the geometrical tolerances of LB-PBF and EB-PBF
available in the literature, with the geometrical tolerances of the
LP-DED process obtained in this work. Reasonably, the geometrical
tolerances measured on LP-DED are comparable to tolerances in per-
manent mold casting, gravity and low pressure die casting which are
some of the most accurate casting processes [70]. More specifically, in
terms of surface profile errors, the values obtained in this work fall
within grade 7 of general surface profile tolerances for casting compo-
nents, which corresponds to investment casting or metallic permanent
mold processes [71].

3. Conclusion

Additive Manufacturing technologies allow complex geometries to
be produced, saving time and cost compared to conventional
manufacturing systems. The laser Powder Directed Energy Deposition
process is rapidly growing thanks to its powerful capability in terms of
repair, remanufacturing and surface modification applications. How-
ever, the quality of the components is still a problem and a definition of
the geometrical and dimensional performances of the process is needed.
This work aims to quantify the dimensional capabilities of the LP-DED
process and investigate different how different geometries affect
dimensional and geometrical errors. To this purpose, a 316L stainless
steel artifact is designed by varying the characteristic length of classical

222



G. Piscopo et al.

Precision Engineering 85 (2024) 217-225

Table 3
Identification of geometrical tolerances evaluated on each feature.
Cube Cylinder Pyramid Cone Hemisphere
Form Flatness x x
Straightness x
Cylindricity x
Circularity x x x
Orientation Parallelism x
Perpendicularity X x x
Angularity X
Location Surface profile x x x x
12 a) 12
ECU10 ECuUl5 ECU20 PY10 PY15 PY20
1.0 1.0 —
£ Eo [
£ 0.8 E 0.8
[0y [
o o 0.6 a a2 I
g 06 g
5} )
o 04 o 04 1 1 1 1 1
02 02— - - - .
0 - -
Flatness Parallelism  Perpendicularity ~ Surface profile Flatness Angularity Surface profile
Fig. 9. Geometrical tolerances measured on cubes.
b) 12
W CO10 ECO15 MCO020
1.0
12
CcY10 Cy15 ECY20 =
0.8
1.0 13
] 0.6
€ &
£ 0.8 g
® © 04
© 06 =
©
5 0.2
° 0.4
0
0.2 1 | Circularity Perpendicularity Surface profile
Straightness Circularity Cylindricity Perpendicularity o 12
. . . HS10 HS15 HS20
Fig. 10. Geometrical tolerances measured on cylinders. 10
geometries resembling DED features. E 0.8 - —
Findings limited to the analyzed characteristic length range reveal °
that. % 06 1 1
)
) © 04 .
e the IT tolerance grade of the LP-DED process varies between IT15
and IT17, and lower IT value is obtained for larger basic size; 02— - - - - —
e the IT tolerance grade strongly depends on the geometry of the
feature. For constant cross-section geometries, an IT15 is obtained. 0 Circularity Surface profile

For non-constant cross-section, where the stairstepping is distinct,
the tolerance grade ranges between IT16 and IT17 with lower IT
value for larger dimensions of the feature; larger features are less
affected by the vertex effect, that is geometries smaller than 2.5 times
the laser spot diameter cannot be successfully produced;
considering geometrical tolerances, surface profile error is about 1
mm, angularity error is about 0.3 deg, and other geometrical toler-
ances are lower than 0.6 mm; higher errors are associated with larger
geometries.

Summarizing the results, it is possible to conclude that for small basic
size the LP-DED process is much less accurate than the PBF processes,
however this gap significantly decreases when larger basic sizes are
considered.
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Fig. 11. Geometrical errors measured on: (a) pyramid, (b) cone and
(c) hemisphere.

The procedure used in this work could be easily generalized to others
directed energy deposition processes, such as Laser Wire - Directed
Energy deposition (LW-DED) or Plasma Wire — Directed Energy Depo-
sition (PW-DED). In fact, the relatively simple shapes are suitable for all
the DED processes. Obviously, the minimum value of the characteristic
dimension of each feature has to be related to the specific process. Based
on the results obtained in this work, a suitable starting value is
approximately 2.5 times the dimension of the energy source spot size or
wire diameter, depending on the process used. In addition, the size, the
spacing and the position of each feature could be adjusted taking into
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Table 4
Comparison of geometrical tolerances of permanent mold casting and metal AM
processes.
LB-PBF EB-PBF Permanent mold LP-DED
casting
Flatness 0.10 0.30-0.50 0.40-0.60 [71] 0.34
[58] [58]
0.12
[69]
Straightness 0.10 [68] 0.27-0.40 [71] 0.15
Cylindricity 0.15 0.32 [58] 0.37
[58]
Circularity 0.14 0.30
[69]
Parallelism 0.22 0.19 [68] 0.60-0.90 [71] 0.45-0.69
[69]
Perpendicularity ~ 0.15 0.10-0.50 0.60-0.90 [71] 0.11-0.34
[58] [58]
0.17
[69]
Angularity 0.08 0.40-0.60
[69]
Surface profile 0.09 0.13 [36] 0.76-0.86 [71] 0.45-1.08
[36]

account two main aspects, which are (i) the accessibility of the deposi-
tion head to the working area avoiding collision, and (ii) the spacing
required by the measurement system used during the analysis. For
example, when structured light systems are used, it is necessary to verify
that the projection of the shadow of a feature does not affect the illu-
mination of the nearby feature.
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