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Abstract

Achieving high dimensional accuracy in the build direction remains a critical challenge in
laser-based powder bed fusion of metals (PBF-LB/M), particularly for taller components.
This study investigates the application of the standardized Z-artefact defined in ISO/ASTM
52902:2023 to evaluate and correct vertical dimensional deviations in AlSi10Mg parts.
Benchmark artefacts were produced without Z-scaling and measured using a structured
light 3D scanner. A linear trend of increasing undersizing with build height was observed
across two build jobs, indicating a systematic Z-error. Based on the reproducible average
deviation, a shrinkage compensation factor of 1.0017 was derived and applied in a third
build job using the same processing parameters. This correction reduced the root mean
square error (RMSE) from over 100 um to below 25 um and improved the achievable ISO
tolerance grades from IT 9-11 to IT 5-9. The approach proved effective without requiring
changes to process parameters. However, local surface features such as elevated edges
and roughness remained dominant sources of deviation and are not captured in step
height-based evaluations. Overall, this study demonstrates a practical, standard-compliant
method to improve vertical dimensional accuracy in PBF-LB/M, with potential applicability
to industrial quality assurance and future extension to more complex geometries.

Keywords: vertical dimensional accuracy; laser powder bed fusion (PBF-LB/M); benchmark
artefact; ISO/ ASTM 52902; shrinkage compensation; additive manufacturing qualification;
3D-scanning

1. Introduction

Laser-based powder bed fusion of metals (PBF-LB/M) is one of the most promising
additive manufacturing (AM) technologies for producing complex metallic components.
AM processes are increasingly adopted in key industries such as aerospace, automotive,
and medical engineering due to their unique capabilities, particularly in the production
of highly customized or functionally optimized parts that cannot be manufactured easily
by conventional means [1]. The benefits of AM extend across multiple levels: from direct
product-level advantages such as the use of lattice structures, to process chain simplifica-
tion through part consolidation, to accelerated product development, and ultimately to
strategic business transformation by enabling entirely new value creation models [2]. These
multi-level benefits highlight the growing importance of PBF-LB/M as a manufacturing
technology in industrial contexts.

With the growing industrial use of PBF-LB/M, expectations regarding part quality
have risen significantly. A key focus lies on internal defects such as porosity, lack-of-fusion
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voids, and cracks, all of which are known to act as stress concentrators and may lead to
premature failure of components [3]. To meet these quality demands, mechanical prop-
erties and surface quality are critical performance factors. Studies have shown that parts
produced via PBF-LB/M can exceed the properties of equivalent cast materials, and more-
over, improved surface finish and dimensional conformity have been reported compared
to cast counterparts [4]. As technical capabilities advance, repeatability and reliability
become key, especially in the context of qualification and certification. In aerospace and
other safety-critical industries, certification relies heavily on physical validation and often
requires full-scale component testing due to the high costs of conventional qualification
strategies [5]. However, the certification of metal AM parts remains challenging. Persistent
issues include process variability, lack of traceability standards, and limited availability of
application-specific norms and regulations [6]. These factors currently hinder the efficient
qualification of AM components and highlight the need for robust, repeatable processes as
well as comprehensive standards to ensure safe and cost-effective adoption.

Although PBF-LB/M is capable of producing complex metal parts with high structural
integrity, maintaining tight dimensional and geometrical tolerances remains a significant
challenge. One of the main reasons is the localized and intense thermal input, which
leads to complex thermal histories within the part. This results in residual stresses and
part deformation due to the temperature gradient mechanism (TGM) [7]. The buildup of
residual stresses during laser scanning cannot be avoided entirely and has been linked
to dimensional deviations, distortion, and even cracking [7,8]. In addition to thermally
induced effects, dimensional accuracy is influenced by multiple factors across the digital-
to-physical process chain. These include the STL generation, slicing, scan strategy, and
powder consolidation during layer formation [9,10]. Even slight inaccuracies at these stages
can accumulate, particularly in non-planar or inclined geometries [9,11]. While strategies
like scan vector optimization can reduce residual stress, they may introduce new challenges
such as local overheating and porosity [8]. Post-processing techniques like machining
and abrasive finishing are used to improve the dimensional accuracy and surface finish
of AM parts [12]. Studies on post-processing induced modification of dimensional and
form accuracy of PBF-LB/M components are limited in the literature, and the existing
post-treatment operations using laser source, chemicals, and mechanical forces exhibit
limitations in ensuring desired geometrical accuracy in PBF-LB/M components [11].

It is therefore necessary to evaluate and improve the dimensional accuracy of PBF-
LB/M parts in the as-built state. In several studies, simplified test geometries such as pins,
cubes, and upright or flat bars are used to investigate the orientation- or position-dependent
dimensional accuracy [9,13-15]. Combinations of different geometry elements are also
often used to evaluate different aspects simultaneously. Liu et al. [16] used pyramid-like
step models. Fotovvati et al. [17] combined squares, rods, walls, and tubes of different
sizes. Brenner and Nedeljkovic-Groha [18] used cylindrical pins with truncated cone steps.
Giganto et al. [19] designed different artefacts with inward-facing pockets and outward-
facing pads as well as staircase-shaped surfaces. Montero et al. [20] presented an artefact
design containing an array of features that can be used to determine a relative coordinate
system for measurement. In a recently published review study, Maleki et al. [21] categorize
seven groups of geometries and artefacts used for dimensional accuracy evaluation: single
struts, lattice structures, thin walls, bulk geometries, holes and internal channels, complex
geometries, and comprehensive build plates. There are several comprehensive review
articles on such geometric benchmark artefacts in the literature, indicating a great variety
and high interest in this type of dimensional accuracy studies and providing advice on the
design of the artefacts [21-24].
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A basic concept is the trade-off between evaluating the entire build volume and
minimizing time and material consumption. While a balanced approach is desirable,
smaller and faster test builds are often preferred due to the relatively high time and
material costs associated with PBF-LB/M processes [25]. This leads to rather flat artefact
designs that allow for dimensional accuracy evaluation in the XY plane, but rarely along
the z-axis. Studies on artefacts with high build heights are scarce [20,21,26,27] or deal with
AM processes other than PBF-LB/M [28].

In order to meet the challenges in a structured manner, standardization was driven for-
ward [6,29], and the standard ISO/ASTM 52902 was introduced for the general description
of benchmarking artefacts for evaluating the performance of AM systems. The standard
defines several types of artefacts designed to verify specific aspects of AM performance,
including accuracy, resolution, surface texture, and part labeling. The most significant
update from the original 2019 version to the current 2023 revision is the addition of a
dedicated artefact for the evaluation of the accuracy in the z-direction [30]. However, there
is currently only a limited number of studies addressing the application and practical
relevance of the artefacts defined in ISO/ASTM 52902. A literature search conducted in
the Scopus database [31] (latest search date: mid-July 2025) using the query string 52902
AND (artifact OR artefact OR “test piece” OR benchmark) yielded 27 documents. Among
these, only a subset explicitly discusses the use of the artefacts and procedures described
in ISO/ASTM 52902. Most studies base the characterization of surface roughness on the
guidelines of the standard [32-37]. Berez et al. [32] and Krasniqi et al. [34] additionally use
linear and circular artefacts for the accuracy assessment of the PBF-LB/M process in the
XY plane as well as resolution artefacts but do not perform height measurements in the
z-direction. Grabe et al. [35] use an adapted linear benchmark geometry to evaluate the
accuracy of the Multi-Jet Modeling (MJM) process when printing a photopolymer in x-, y-,
and z-directions. Monzén et al. [36] measure the heights of resolution pin artefacts from
copper fabricated via a filament-based material extrusion process called Atomic Diffusion
Additive Manufacturing (ADAM). Spitaels et al. [37] adapted a geometrical benchmark test
artefact from [25] for Fused Deposition Modelling (FDM) with PLA, while Flier] et al. [38]
adapted it to vat photopolymerization. Both studies investigated the dimensional accuracy,
including step heights of staircase features. To the authors” knowledge, the z-axis artefact
introduced in ISO/ASTM 52902:2023 [30] (hereinafter: Z-artefact) has not yet been investi-
gated in any published research. Given the current lack of systematic investigations into
the dimensional accuracy of AM systems in the build direction, this new Z-artefact offers
the first standardized approach for analyses along the build height. It fills an important
gap in the existing set of artefacts, which primarily focus on evaluations perpendicular
to the build direction. Its simple geometry, a solid body with vertical walls and staircase
features, makes it easy to measure using optical or tactile systems. The standard provides
detailed specifications for datum planes to ensure reproducibility and comparability, which
is essential for industrial applicability and for establishing consistent quality benchmarks
in industrial AM processes. Optionally proposed flatness assessments of the side surfaces
offer additional insights, even at high build heights.

In this study, we fabricate and evaluate the Z-artefact as specified in ISO/ASTM
52902:2023, using the PBF-LB/M process with AlSi10Mg as build material. AISi10OMg is a
widely used and industrially relevant alloy in additive manufacturing. According to the
material database of commercially available finite element (FE) software, it has the highest
coefficient of thermal expansion (CTE) among common PBE-LB/M alloys such as Ti-6Al-4V,
In718, and 316L [39]. This makes it particularly susceptible to thermal shrinkage, which is
central to this investigation. Multiple artefacts from different build jobs were measured
repeatedly to investigate reproducibility and assess systematic height deviations in the
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artefacts. Based on the measurement data, we propose a practical correction approach using
a scaling factor to compensate for build height errors and demonstrate that this method sig-
nificantly improves vertical dimensional accuracy. Our findings underline the potential of
this standardized artefact to support process optimization, which contributes to improved
part quality, reduced post-processing effort, and higher profitability by minimizing scrap.

2. Materials and Methods
2.1. Test Specimen Fabrication

AlSil0Mg powder with a particle size distribution of 20-63 um, according to the
supplier’s data sheet [40] (Nikon SLM Solutions AG, Liibeck, Germany), was used in this
study. The powder consisted of a blend of virgin and used powder in condition 2B, as
defined in VDI guideline 3405, Part 2.6 [41].

For the fabrication of the artefacts, a commercially available SLM®125 PBF-LB/M
system from Nikon SLM Solutions with a silicone rubber recoater lip was used. The system
is equipped with an image-based Layer Control System (LCS) that monitors the quality of
powder spreading for each powder layer. The main processing parameters are given in
Table 1. No heat treatment or other post-processing steps were performed.

Table 1. Main PBF-LB/M process parameters for AlSil0Mg.

Parameter Volume Border
Laser power (W) 350 300
Scan speed (mm/s) 1650 730
Hatch distance (mm) 0.13 -
Stripe rotation angle after each layer (°) 67 -
Layer thickness (1m) 30
Baseplate temperature (°C) 150
Inertization Ar 4.6 (oxygen content < 500 ppm)

The build jobs were prepared using the software Magics 25.04 (Materialise NV, Leuven,
Belgium). As a default, no scaling of the CAD model in the build direction (shrinkage
compensation factor SCF, = 1.00) was applied, as the PBF-LB/M process is generally as-
sumed to inherently compensate for vertical shrinkage through the recoating and remelting
mechanism during layer-by-layer fabrication [27]. The artefacts were oriented so that their
outer edges were aligned at a 45° angle relative to the recoater movement, which was
bidirectional along the y-axis. No remelting of horizontal surfaces was applied. It should
be noted that in addition to the Z-artefacts, the build jobs also included other parts that are
not related to this study.

The medium-sized artefact variant proposed in ISO/ASTM 52902:2023 was selected
for this study. It features 16 steps with 5 x 5 mm? horizontal surfaces and a total height of
99.5 mm, including a 2 mm base section (Figure 1a). This variant was chosen as it efficiently
utilizes the available build volume of the SLM®125 system. A fundamental design aspect
is the uneven spacing of the step heights, which are not necessarily multiples of the layer
thickness. The tops of the steps can therefore be located between the individual layer
heights. Note: the artefacts used in the first two build jobs (labeled A to D) exhibit a minor
deviation from the ISO/ASTM 52902:2023 geometry. The four tallest steps were arranged in
reverse order, while their nominal heights remained unchanged. This design variation has
no influence on the intended purpose or the evaluation of the z-axis performance, but the
standardized design will be used for further build jobs in this study. It should also be noted
that an inconsistency was identified in ISO/ASTM 52902:2023 regarding the nominal height
of the second-highest step: while the technical drawing in the standard specifies 94.0 mm,
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the corresponding value in the tabulated data is 94.5 mm. In this work, the tabulated value
of 94.5 mm is used.

(5 x 5 mm?)
Reference plane

iz’x 10 mm

(a) (b)

Figure 1. (a) AlSilOMg examples of the Z-artefacts according to ISO/ASTM 52902:2023 [30] on
the baseplate matted with scanning spray for optical measurement; (b) schematic measurement
profile path.

2.2. 3D Scanning and Evaluation

The Z-artefacts were measured using two optical systems: a structured light 3D
scanner (Keyence VL-550, Keyence Co., Osaka, Japan [42]) and an optical 3D profilometer
(Keyence VR-5200, [43]). The 3D scanner was used in low-magnification mode with
the super fine measurement setting, offering a measurement accuracy of £10 um and
a repeatability of 2 um. Each baseplate with the artefacts attached to it was scanned
from 12 directions using a 30° stage rotation between each view. These single scans were
automatically merged by the Keyence VL-550 V2.3.8.85 software to generate a complete
3D model of the assembly. Prior to the measurements, the 3D scanner was calibrated
using the certified Keyence calibration board OP-88145. To verify the system performance,
20 repeated measurements were conducted using the Keyence calibration ball gauge VL-
B1 for the xy-directional validation and the Keyence standard ceramic block OP-88275
for the z-direction. The deviations from the certified reference values remained below
10 pm in all directions. For detailed surface analysis, the 3D profilometer was operated
in high-resolution mode (80x magnification) without Z-stitching, enabling the analysis
of individual step topographies with the best possible measurement accuracy (height:
£2.5 pm, width: £2.0 um) and repeatability (height: 0.4 um, width: 0.5 um). The maximum
height surface roughness Sz was evaluated using an L-filter with a cutoff wavelength of
0.8 mm as in [11], but using larger measurement areas of 4 x 4 mm?. Due to the limited
working distance, only steps 4 to 7 could be captured using the 3D profilometer. To prevent
light reflections, the baseplate and the artefacts were coated with a thin layer of the scanning
spray (“induscan spray”, Dentaco GmbH, Essen, Germny) [44]. According to the supplier,
the coating thickness is less than 5 um.

Each artefact was scanned three times using the 3D scanner, and the data were pro-
cessed in the Keyence VL-550 software using a predefined analysis template to ensure
user-independent and reproducible evaluation. The step heights analysis was carried out
by defining the top surface of the base of the artefact as the reference plane and performing
a profile measurement along the centerline of the stair geometry (see Figure 1b). At each
step, a best-fit line was applied to the measured profile. The midpoint of each fitted line
was evaluated as the vertical distance to the reference plane, corresponding to an averaged
step height. Local height deviations, such as elevated outer edges, were excluded from the
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analysis. To assess manufacturing repeatability, two identical build jobs were performed,
each containing two artefacts, as exemplified in Figure 1a).

Step height errors were obtained by subtracting the nominal heights from the measured
values. Negative errors correspond to undersized steps relative to the CAD model, while
positive errors indicate oversize. The complete dataset of uncompensated build jobs
(SCF, =1.00) includes four artefacts (A to D) with three repeated measurements, resulting
in 192 values in total. To quantify the overall vertical dimensional accuracy, the root mean
square error (RMSE) was calculated for each artefact based on the 16 step height errors and
three repetitions:

1
RMSE = \/;Z?_l(hi —hcap,)’, M

where }; is the measured step height, hcsp ; is the corresponding nominal height, and n = 48
is the total number of measurements per artefact. To support statistical interpretation, the
RMSE is reported together with the 95% confidence interval (95% CI), which is calculated
from the mean value & 1.96 times the standard error of the same data. Unlike the RMSE,
which is always positive, the 95% CI retains the sign of the underlying deviation.

The analysis of the first two build jobs focuses on identifying systematic error trends.
If a linear deviation along the z-axis is observed, an adjustment of the SCF, may be consid-
ered. Should this correction strategy show promising potential for improving dimensional
accuracy, a third build job will be carried out to validate its effectiveness.

To illustrate the differences in resolution and surface detail between the two optical
measurement systems, Figure 2 shows false color height plots of a representative step
surface captured with the 3D profilometer (80x magnification, Figure 2a) and the 3D
scanner (Figure 2b). The 3D profilometer measurements reveal finer topographical features
such as elevated edges, individual scan tracks, adhering powder particles, and local recesses.
In contrast, the 3D scanner smooths the surface topography due to its lower resolution but
still provides sufficient detail for evaluating the dimensional accuracy.

s w= Maximum

= height .
4 Sz =270 pm - B
55
X> 25
T Q) -G

= Q
3 £ 4
=2 R &
=

Figure 2. Surface topography of an exemplary 5 x 5 mm? step captured with different optical systems:
(a) 3D profilometer VR-5200 (80x magnification, high-resolution mode); (b) 3D scanner VL-550 (low
magnification, super fine measurement mode). The maximum height Sz is 270 um, averaged from

2

4 x 4 mm~ measurement areas on several step surfaces. Elevated edges (red borders in (a)) were

excluded from the evaluation.

ISO/ASTM 52902:2023 suggests checking the flatness of the vertical side faces of the
artefact as an optional evaluation. In this study, we analyze the flatness of the rear wall,
which is the largest and most informative surface, with an area of approximately 1826 mm?.
The evaluation is performed using the flatness analysis function of the Keyence VL-550
software. The flatness of this vertical surface directly influences the dimensional accuracy
perpendicular to the build direction, i.e., in the XY plane. Only if the flatness deviation is
small does a constant scaling offer a reasonable prospect of correcting potential dimensional
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inaccuracies in the XY plane. Furthermore, a significant curvature would indicate that
simple linear scaling is not sufficient and that alternative correction strategies would be
needed, which are not addressed in this work.

3. Results
3.1. Unscaled Artefacts

From the first two build jobs, which were conducted without any scaling in the build
direction (SCF, = 1.00), a total of 192 step height measurements were obtained using the
3D scanner (Keyence VL-550). These include 16 steps on each of the four artefacts (A to D),
with three repeated scans per artefact. Figure 3 presents the corresponding absolute step
height errors for all individual measurements.

o F- - FCRENRRPRNEREN AR RN RNy
e RN ¢ g ¢ * .
§ 604 « % ¢ - k3 o $
s —80 .Q ’:s: . \"‘t s ® %
£ -100 Sus $ 4 s
oD i R4 ¢
‘% 120 - >
< 1 4 » *
Q. -140 ] . g + * L 3 PS
& 160 - < . A TN *s
-180 4 . s .
-200 - hd
1 ‘2 ‘ 3‘4‘5 ‘ 6 ‘ 7‘8 ‘ 9 ‘10‘11‘12‘13‘14‘15‘16 1 ‘ 2‘3‘4‘5‘6‘ 7‘ 8‘9‘10‘11‘12‘13‘14‘15‘16 1 ‘2‘3‘4‘5 ‘ 6 ‘ 7‘8‘9 ‘10‘11‘12‘13‘14‘15‘16 1 ‘2‘3‘4‘5|6 ‘ 7‘8 ‘ 9 ‘10‘11‘12‘13‘14‘15‘16
A B C D

Figure 3. Absolute step height errors of steps 1 to 16 of each unscaled Z-artefact (A and B from build
job 1, C and D from build job 2). For each individual step, three measurement repetitions are shown.

The three lowest steps exhibit considerable variation, with deviations between —62 pm
and 16 um. As the step height increases, the errors tend to decrease approximately linearly
into the negative range, reaching values below —160 pum at the highest steps. The repeata-
bility of the measurements is high, as indicated by the low dispersion among the three
repetitions per step. The largest observed scatter is 19 um, occurring at step 2 in artefact
D. Notably, 83% of all measurement triplets deviate by less than 10 um, and 52% show
deviations below 5 pm.

Based on the results presented above, the vertical dimensional accuracies were quan-
tified as RMSEp = 104 um (95 % CI: —105 to —76 um), RMSEg = 101 um (95 % CI: —100
to —67 um), RMSEc = 103 pm (95 % CI: —103 to —74 um), and RMSEp = 101 pum (95 % CIL:
—100 to —69 um). The RMSE values are very similar across all Z-artefacts, indicating a
highly consistent dimensional performance between the two build jobs and among the
individual artefacts. Figure 4 shows the same step height errors as in Figure 3, but now
presented as boxplots relative to the nominal step heights. Each boxplot represents a total
of 12 relative step height error values, derived from Z-artefacts A to D with three repeated

measurements each.
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Figure 4. Boxplots with median lines of the relative step height errors for all 16 steps of unscaled
artefacts A to D. Each boxplot represents 12 values obtained from Z-artefacts A to D and three
repeated measurements per Z-artefact. One outlier value (diamond symbol at step 7) is present.

A greater spread is observed in the lower steps, as indicated by the larger boxes and
whiskers. From step 4 onward, the relative step height errors converge around an average
of —0.168%, with a 95% confidence interval ranging from —0.173% to —0.163%.

3.2. Z-Scaled Artefacts

The observed systematic undersizing in the z-direction suggests potential for opti-
mization. A compensation strategy based on a modified shrinkage factor (SCF,) appears
promising to reduce the global dimensional deviation while maintaining repeatability.
To achieve this, two additional artefacts (E and F) were fabricated in a third build job.
A scaling factor of SCFz = 1.0017 was applied during the pre-processing, based on the
highly reproducible average undersizing of —0.168% observed in steps 4 to 16 of the initial
(unscaled) artefacts. The standardized design of the artefacts from ISO/ASTM 52902:2023
was used for this build job. Figure 5 shows the absolute step height errors for all individual
measurements from the Z-scaled (SCFy = 1.0017) artefacts E and E.

45
30-
i * *
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154, ¢ % *

Step height error (um)

] °n L . %%
30 S ¢
302 ot T ~¢ e et

1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 |10|11|12|13|14|15|16 1 | 2 |3 | 4 |5 | 6 | 7 | 8 | 9 |10|11|12|13|14|15|16
E F

Figure 5. Absolute step height errors of the 16 steps of the Z-scaled artefacts E and F (SCFz = 1.0017)
from build job 3. For each step, three repeated measurements are shown.
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All step height errors are centered around zero, ranging from —40 um to 34 pm.
While a slight overcompensation is observed at the lower steps, a minor tendency toward
undersizing remains at the highest steps. In Figure 6, absolute step height errors (black)
and relative errors (red) are shown as boxplots and individual data points for both unscaled
and the Z-scaled artefacts. The boxplots for the Z-scaled artefacts show that the error value
of zero is within their interquartile ranges, indicating that the majority of the measured
deviations are close to the nominal values. The average relative error is —0.005% (median:
—0.026%) after Z-scaling.

100 0.6
e 50 L0.3 o
\g]_ L * ; é/
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b ] 3
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1.00 1.0017

Z-scaling factor SCF, (-)

Figure 6. Boxplots with median lines and data points of all measured step height errors for the
unscaled artefacts A-D (SCFz = 1.00) and the Z-scaled artefacts E and F (SCFz = 1.0017), shown as
absolute errors (black) and relative errors (red).

The vertical dimensional accuracies were substantially improved to values of
RMSEEg =21 um (95 % CI: —16 to —6 um) and RMSEg = 24 um (95 % CI: —15 to —3 pum),
which are smaller than one layer thickness. This demonstrates that the applied scaling fac-
tor effectively compensates for the systematic z-direction error. By applying the Z-scaling
factor, the achievable International Tolerance (IT) grades according to the ISO 286-1:2019
guideline [45] improved from 9 <IT < 11 (artefacts A to D) to 5 < IT <9 (artefacts E and F),
with individual step tolerances improving by 1 to 5 IT grades depending on the step height.
It should be noted that this assessment is based on averaged step height deviations and
does not account for local surface effects such as elevated edges or roughness peaks, which
may exceed the evaluated tolerances under both unscaled and scaled conditions.

3.3. Flatness of Vertical Side Faces

As specified in ISO/ASTM 52902:2023, the Z-artefact offers additional optional mea-
surement features, such as the form of the vertical surfaces. Height maps were created
to visualize the deviation of the surfaces perpendicular to the z-direction in Figure 7a—f.
The diagram in Figure 7g presents the mean values and standard deviations of the flatness
tolerances of Z-artefacts A to F.

The rear wall exhibits a concave curvature, with positive deviations at the top and
bottom and negative deviations in the center. It is noticeable that the largest positive form
deviation occurs at the very bottom of the surface (orange to red color), extending up to a
height of approximately 8 mm. Including these deviations, the flatness mean values range
between 110 pm and 145 um, as shown in Figure 7g. When the first 8 mm are excluded,
the flatness improves, with mean values ranging between 73 pm and 91 pm. The largest
standard deviations, 33 um for artefact B and 16 um for artefact F, also decrease when the
bottom section is excluded.
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Figure 7. (a—f) Height maps of the rear wall surfaces of Z-artefacts A to F. (g) Mean values with error
bars (£1 x standard deviation) of the flatness tolerances of Z-artefacts A to F from three repeated
measurements (1 = 3). White columns represent the entire surface area; gray columns represent the
surface area excluding the lower region of z < 8 mm.

4. Discussion
4.1. Repeatability and Systematic Error Trends

By producing two identical artefacts in each build job and repeating the 3D-scanning
process three times, high measurement and manufacturing repeatability between and
within build jobs were demonstrated. Although the 3D scanner specifies a repeatabil-
ity of 2 um, this applies to ideal ceramic gauges. The textured, spray-coated surfaces
of PBF-LB/M parts are more challenging, yet 52% of all triple measurement repetitions
show deviations of less than 5 pm, demonstrating high repeatability under practical condi-
tions. The limited resolution of the 3D scanner did not compromise the reliability of the
dimensional accuracy evaluation in this context.

A linear progression of undersizing, at least above a certain build height, indi-
cated a systematic Z-error trend for AlSilOMg. This finding was also reported by
Yasa et al. [27], who identified thermal shrinkage as the cause, which can be compensated
for. Silva et al. [46] also observed slightly undersized staircase heights, but attributed this
to positioning errors of the machine’s z-axis or surface roughness. However, Lu et al. [47]
report on an experiment with a PFB-LB/M system in which the position error of the plat-
form over a distance of 150 mm is approximately 4.5 pm, which is two orders of magnitude
smaller than the z-deviations determined by Silva et al. Therefore, it is more likely that
the undersizing is due to shrinkage caused by a coefficient of thermal expansion (CTE) of
AlSi10Mg of 23.5 ppm/°C, valid between room temperature and 350 °C [48].

The RMSE values across all unscaled artefacts range narrowly between 101 pm and
104 pm, indicating consistent vertical dimensional performance with the potential for
improvement through shrinkage compensation.

4.2. Effectiveness of Z-Scaling Compensation

The application of a Z-scaling factor (SCFz = 1.0017) led to a substantial improvement
in vertical dimensional accuracy. This value was obtained for AlSi10Mg under the specific
process conditions used in this study and may not be directly applicable to other material—-
machine combinations. The SCF7 value was derived from the relative step height errors
from step 4 onwards, which have a narrow 95% confidence interval of —0.173% to —0.163%.
Therefore, the sensitivity of the method to slight variations in the SCFy is considered to be
low. The RMSE values for the Z-scaled artefacts E and F were reduced by 75% to 21 um and
24 um, respectively, resulting in an average relative error of only —0.005%. The achievable
IT grades improved from IT 9-11 to IT 5-9. To illustrate the degree of accuracy achieved
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in the general manufacturing context, reference is made to an IT 10 requirement for the
blanking process of parts for medical technology applications [49].

However, local surface topography features such as adhering powder, elevated edges
(up to 80-90 um) as well as high surface roughness (S5z ~ 270 pm) exceed the remaining
step height deviations after compensation. These irregularities, clearly visible in the
3D profilometer topography (Figure 2a), are significantly larger than the average step
height errors and may lead to misleading conclusions if IT grades are interpreted without
considering local surface deviations, which are not captured in the step height evaluation.
By adjusting the process parameters and using remelting scan strategies, edge effects and
roughness can be reduced, thereby improving the flatness of horizontal surfaces [9,50,51] or
directly improving the dimensional accuracy [9,52]. However, even the reduced elevated
edges reported in the literature after process parameter optimization are typically larger
than the step height errors observed for the Z-scaled artefacts in this study. In contrast,
Zhang et al. [13] found no significant influence of process parameters such as scan speed,
hatch distance, and laser power on the vertical dimensional accuracy of Ti6Al4V samples. In
this study, the approach was to leave the process parameters (see Table 1) unchanged and to
achieve an improvement in vertical dimensional accuracy solely through a geometry scaling
factor. This is particularly advantageous for the production of parts in regulated industries
where approved process parameter sets are used, which might otherwise have to undergo
a costly re-qualification procedure [53]. Other possible causes of local quality problems in
components are irregularities in the powder bed. Uneven powder distribution, such as
grooves and streaks, can lead to microstructural defects, increased surface roughness, and
deviations in dimensional accuracy [54,55]. We reviewed the LCS images for all layers of
all build jobs and found uniform and consistent powder distribution. Based on this, we
consider the influence of irregularities in the powder bed on the Z-deviations observed in
this study to be negligible.

4.3. Limitations

Despite the overall improvement, some limitations of the Z-scaling approach were
identified. In some of the lower steps, there was slight overcompensation, while in the
highest steps, a slight tendency toward undersizing remained.

Since the layer heights are intentionally not exact multiples of the layer thickness,
discretization errors of up to £0.5 times the layer thickness (£15 pm in this study) can occur
during slicing. ISO/ASTM 52902:2023 explicitly recommends verifying how the slicing
software handles these effects and incorporating this into the evaluation. An analysis of the
sliced build job files for the unscaled artefacts revealed that most step levels, including the
reference level, were positioned at +10 pum relative to the ideal CAD geometry, while steps
4 and 12 were rounded to —5 um. Consequently, these two steps have a discretization error
of —15 um relative to the reference plane. For all other steps, the effect of discretization is
uniform and does not contribute to the measured deviations in step height errors.

Another potential factor influencing the observed scatter is the presence of additional
parts, not related to this study, in the build jobs. These parts were flatter but had a
considerable cross-sectional area, which increased the scan time per layer and prolonged
the local dwell time between layers. It is to be expected that longer solidification times
can lead to greater shrinkage in the vertical direction [52]. In build jobs 1 and 2, the
Z-artefacts accounted for only ~16% of the total layer area up to step 2, increasing to 26%
at step 3 and 88% at step 4, after which the adjacent parts were completed. In build job 3,
adjacent parts with constant cross-sections were finished between steps 10 and 11, where
the artefacts made up ~44% of the layer area. Layers with larger exposure areas may have
allowed for a longer cooling time, while shorter layer cycles may have limited cooling
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and slightly increased residual heat. Although this effect is secondary compared to the
systematic Z-deviation, it may contribute to the increased scatter observed in the lower
levels of uncompensated artefacts. Morvayova et al. [56] demonstrated in a numerical and
experimental study that adjacent parts can cause an uneven heat distribution across the
baseplate, leading to increased dimensional errors, particularly in parts located near the
baseplate edges. In our study, the artefacts were likewise positioned close to the edge of
the baseplate. It may therefore be assumed that the presence of adjacent parts contributed
to the observed variation in dimensional accuracy, especially at the lower step heights.

Regarding the improvement of horizontal dimensional accuracy (perpendicular to the
build direction), a linear scaling approach in the XY plane appears to offer only limited
potential and was therefore not pursued further in this study. The flatness analysis revealed
a concave curvature of the artefacts along the height of the structure. This type of deviation
is unlikely to be corrected by scaling, as such adjustments would merely stretch or compress
the existing geometry in the XY plane without correcting the underlying distortion. The
observed curvature is presumably caused by thermal deformation during the PBF-LB/M
process. More advanced approaches such as finite element simulations may be necessary
to predict and compensate for such effects. The feasibility of these methods was already
demonstrated several years ago at technology readiness level (TRL) 5-6 [57]. Nevertheless,
the correction of dimensional deviations that may not be sufficiently addressed through
scaling is beyond the scope of this study.

The rotation around the z-axis of all Z-artefacts in this study was set to 45° relative to
the recoater movement (y-direction, bidirectional) and the shielding gas flow in negative
x-direction. The influence of the part rotation and related direction-dependent effects on
possible anisotropic material behavior was not investigated but is expected to be minor due
to the applied rotating stripe scan strategy, which is intended to reduce direction-dependent
behavior in the XY plane [58].

To enable accurate optical measurements, the artefacts were coated with scanning
spray. The influence of the spray layer thickness on the step height measurements was
neglected, as it is smaller than the 3D-scanner’s measurement accuracy and negligible
compared to the surface roughness (Sz = 270 um, Figure 2a), which is approximately two
orders of magnitude greater.

4.4. Implications for Qualification and Future Research

The results underscore the value of artefact-based AM process evaluation in accor-
dance with ISO/ASTM 52902:2023. The dedicated Z-artefact enables systematic evaluation
of vertical accuracy and the identification and correction of systematic build errors. By
combining this standardized geometry with a practical compensation approach, this work
presents a methodology that contributes to dimensional quality assurance and is poten-
tially relevant for qualification strategies in regulated applications. The Z-artefact may also
serve as a standardized test specimen in the context of Factory Acceptance Testing (FAT),
Site Acceptance Testing (SAT), Process Qualification (PQ), and revalidation procedures as
defined in ISO/ASTM TS 52930:2021 [59], which are highly relevant for industries with
strict quality requirements.

Further studies should investigate whether the presented method can be transferred
to more complex and application-oriented geometries. In particular, free-form surfaces,
topology-optimized structures, and lattice geometries, which are characteristic of AM,
should be given greater consideration. Corresponding benchmark artefacts have already
been proposed in the literature [21,24,60,61], but their dimensional behavior and suitability
for systematic correction strategies remain largely unexplored. The cross-sectional changes
typical of complex geometries can lead to additional thermally induced deformations
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in the XY plane [62,63], which have also been observed in test artefacts [64]. In larger
builds, anisotropic thermal behavior may further influence dimensional deviations. While
Z-directional shrinkage appeared approximately linear in this study, curvature effects in
the XY plane may increase nonlinearly with build height. Such effects should be taken into
account when designing artefacts based on ISO/ASTM 52902:2023 for broader applicability.

An additional potential design modification to reduce the influence of elevated edges
could be the addition of chamfers to the edges of horizontal surfaces where height mea-
surements are taken. To investigate the robustness and transferability of the concept,
experiments should also be conducted under different environmental conditions and with
different PBF-LB/M systems. Further investigations into thermal deformations and the
interactions of adjacent parts on the baseplate require thermal and thermomechanical
modeling and simulation.

5. Conclusions

This study demonstrates the effectiveness of a standardized, benchmark artefact-
based evaluation method for detecting and correcting deviations in build height in laser-
based powder bed fusion of metals (PBF-LB/M). Using the reference artefact defined
in ISO/ASTM 52902:2023 for the evaluation of the z-axis and AlSi10Mg as the building
material, the following key results were achieved:

1.  High measurement and manufacturing repeatability was confirmed in two build jobs,
with 52% of all three times repeated measurements showing deviations of less than
5 pum.

2. Above a certain height range, systematic undersizing in the build direction was
observed, indicating a linear trend due to thermal shrinkage.

3. By applying a shrinkage compensation factor in the z-direction (SCFz) of 1.0017, the
achievable IT grades based on averaged step height values were improved from
IT 9-11 to IT 5-9. However, this classification does not take into account local dimen-
sional deviations such as elevated edges or surface roughness, which may exceed the
specified tolerances.

4.  The remaining deviations ranged from —40 pm to 34 um, with a root mean square
error (RMSE) below the 30 um layer thickness, which underscores the effectiveness of
the correction strategy.

5. Limitations in improving the vertical dimensional accuracy arise from layer discretiza-
tion, local surface effects (e.g., roughness, elevated edges), and possible thermal
variations due to the arrangement of adjacent parts in the build volume. Layer dis-
cretization errors are intentionally introduced and should be carefully considered
during evaluation. To mitigate elevated edge effects without modifying process pa-
rameters, a design-based suggestion has been proposed. The thermal influence of
adjacent parts should also be taken into account, which could be further investigated
through simulation.

6. The approach does not require any changes to process parameters and is therefore
suitable for regulated industries that rely on prequalified parameter sets.

7.  The standardized Z-artefact is suitable for detecting and correcting build-height-
dependent dimensional deviations and may support Factory Acceptance Tests (FATs),
Site Acceptance Tests (SATs), and Process Qualification (PQ) in the context of qualifi-
cation and revalidation processes in regulated AM environments.

8.  Further studies should address application-oriented geometries, transferability to
other systems and materials, and thermomechanical simulations to investigate the
effects of thermal deformation.
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PBF-LB/M  Laser-based Powder Bed Fusion of Metals
RMSE Root Mean Square Error

AM Additive Manufacturing

MM Multi-Jet Modeling

ADAM Atomic Diffusion Additive Manufacturing
FDM Fused Deposition Modelling
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