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Abstract: Surface texture characterization of components built using additive manufacturing (AM)
remains a challenge. The presence of various asperities and random roughness distributions across
a surface poses several challenges to users in selecting an appropriate cut-off wavelength (λc),
evaluation length (ln), and measurement area. This paper investigates a modified framework for
surface texture characterization of AM components. First, the surface asperities in an AM component
were identified through scanning electron microscope (SEM) analyses. The maximum diameter
(ϕm) of the surface asperities were determined through image processing and were used as cut-off
for surface texture evaluation. Second, another set of surface texture results were extracted using
standard measurement procedures per ISO 4287, 4288, 25178-1, -2, and -3. Third, the investigative
measurement framework’s effectiveness and suitability were explored by comparing the results with
ISO standard results. Last, the effects of using non-standard cut-off wavelength, evaluation length,
and measurement area during surface texture characterization were studied, and their percentage
deviations from the standard values were discussed. The key findings prove that (a) the evaluation
length could be compromised instead of cut-off, (b) measurement area must be 2.5 times the maximum
asperity size present in the surface, and (c) it is possible to identify, distinguish, and evaluate specific
features from the AM surface by selecting appropriate filters, thereby characterizing them specifically.
The investigations and the obtained results serve as valuable data for users to select appropriate
measurement settings for surface texture evaluation of AM components.

Keywords: additive manufacturing; surface texture characterization; surface roughness; surface
measurement; profile and areal roughness measurement

1. Introduction

Additive manufacturing (AM) has gained more attention due to its ability to man-
ufacture complex geometries. AM can build components with sizes ranging from a few
microns to a few meters [1]. The primary reason for this flexibility is that there is no
component-specific tooling required for the build process. As a result, AM techniques
have substantially reduced the number of steps in the production process and time to
market [2]. However, parts manufactured using AM techniques have poor surface quality.
Poor surface quality due to various asperities poses many challenges in surface characteri-
zation [3]. With the recent developments and capabilities of surface metrology instruments,
complex geometries in AM components can be measured [4]. The measurement techniques
adopted to characterize complex AM geometries range from conventional contact stylus
profilometers to non-contact areal topography measurement systems, such as confocal
microscopes [5], chromatic confocal microscopes [6], focus variation microscopes [7], and
X-ray computed tomography (X-CT) [8].
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The primary issue is that the as-built AM components consist of a wide range of
surface asperities. Some of the asperities that give rise to large surface texture values
are loosely attached particles [9], partially melted particles, balling melts, semi-welded
structures [7], staircase effects, and melts zones [10,11]. Each asperity varies in its size and
shape and thus poses measurement difficulties.

Apart from this, challenges arise while adopting standard measurement procedures
for roughness measurements (as per ISO 4288-Section 7 [12] for profile and ISO 25178-2,
3 [13,14] for areal surface texture, respectively) on AM components. Several standard
measurement procedures were applied to as-built metal AM components, and their surface
characteristics were evaluated. The difficulties and the suitability of the focus variation
technique were highlighted. The ability to separate single powder particles using material
ratio and spectral density analysis was also highlighted [15]. The difference in surface
texture results due to changes in measurement area is evident in the as-built and post-
processed conditions [16]. Due to the miniature designs of AM components (branched fuel
nozzles [17], cooling channels [16], rocket injectors [18], overhanging and lattice structures),
the evaluation length (ln) for texture characterization is insufficient. Due to this reason,
many researchers adopted non-standard cut-off wavelength (λc) and evaluation length for
measurements. For example, an open porous AM structures’ surface roughness was quan-
tified using modified equations of profile surface texture parameters due to an insufficient
evaluation length [8]. On analyzing AM surfaces, it was found that an area of 2.5 mm ×
2.5 mm area was enough to characterize the areal surface texture parameters as compared
to the 8 mm × 8 mm area proposed by ISO 25178. From the analysis performed, a λc of
2.5 mm was sufficient to measure AM surfaces having Ra values that require a λc of 8 mm.
However, the implications of using such a non-standard cut-off and the deviations in profile
roughness measurements were left unexplored [7]. It was also found that measurements
were performed that were non-conforming to ISO 4288 recommendations (specifies λc
8 mm and ln 40 mm for roughness 10 µm < Ra ≤ 80 µm) by using a λc of 2.5 mm and ln of
12.5 mm for Ra > 10 µm due to insufficient sample length [19].

A two-axis profilometer was used to scan a rectangular surface area (1 mm × 5 mm),
non-conforming to ISO 25178, to determine the areal surface texture parameters [6]. Pro-
file surface texture of AM overhanging structures was investigated using non-contact
measurements by applying a λc and ln of 0.8 mm and 4 mm, respectively, for Ra of 15 µm–
25 µm [20]. Due to part complexity, curved internal surfaces of direct metal laser sintered
(DMLS) components were characterized before and after surface finishing by measuring
non-standard areas (3 mm × 1 mm and 5 mm × 1.5 mm) [21]. Selective laser sintering (SLS)
and selective laser melting (SLM) of surfaces with Ra > 10 µm were characterized using
confocal microscopy (with λc of 1 mm) and a contact stylus (with λc of 2.5 mm and ln of
12.5 mm) to develop an auto-correlation function [5]. A multi-scale analysis of the as-built
AM surface was characterized using 3.22 mm × 1 mm, before and after heat treatments for
comparison [22].

It is understood from the above review that researchers encounter measurement
difficulties due to insufficient evaluation lengths and measurement areas in complex AM
components to characterize surface textures using ISO standards. Therefore, measurements
have to be performed with certain modifications in the guidelines defined by ISO standards.
If the measurements performed do not conform to ISO standards, some important questions
must be addressed before the results can be accepted with certainty. The following points
highlight the challenges, issues, and questions encountered in industrial and academic
domains while characterizing AM surfaces.

(1) Challenges in measuring as-built AM component surface (issues in selecting the
appropriate cut-off wavelength and evaluation length). What proper evaluation
length and cut-off filter to use for measurement in case of insufficient measurement
length?

(2) Will the results be affected by using different measurement cut-off and evaluation
lengths than suggested under ISO 4288?
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(3) How to interpret the resulting surface roughness obtained by using cut-off and
evaluation length suggested by ISO?

(4) What is the deviation in the resulting roughness values obtained by selecting non-
recommended cut-off, evaluation length, and nesting index values contrary to ISO
standards?

(5) Is it possible to obtain useful measurable information from scanning electron micro-
scope (SEM) analysis on the as-built AM surfaces?

By addressing the above questions, this study aims to provide appropriate answers to
users on (a) the effect of using non-standard measurement settings during as-built surface
characterization, (b) the measurement settings (cut-off, evaluation length, or measurement
area) that can be compromised without significant changes in the results, and (c) select the
appropriate settings to understand surface features of interest.

This study proposes a modified measurement framework to characterize the surface
texture of as-built AM components using profile and areal surface texture analysis to
address the above points. A survey conducted in 2017 showed that parameters Ra, Rq, and
Rz (for profile) and Sa, Sz (for areal) are widely adopted to quantify surface textures [23].
Therefore, for characterizing AM surfaces in this study, profile and areal surface texture
parameters were limited to Ra, Rq, Rz, and Sa, Sz, respectively. First, the AM surfaces were
subjected to qualitative analysis (SEM imaging) to understand the surface asperities. Image
processing techniques were used to identify different surface asperities based on the SEM
images’ size variations. The maximum diameter (ϕm) values were determined and used
to calculate the cut-off during surface roughness measurements. The resulting roughness
and waviness of the surface were analyzed accordingly. Second, the surface was measured
using standard profile and areal surface texture characterization procedures specified by
ISO 4287 [24], ISO 4288, and ISO 25178-1, -2, and -3. The resulting profile surface texture
parameters were studied by calculating the percentage deviation from the standard results.
The standard value is selected based on the recommendation laid under ISO 4288. Last,
the suitability of the investigative framework for AM surface texture characterization is
discussed.

2. Manufacturing and Measurement Techniques
2.1. Manufacturing Method and Materials

In this investigation, components manufactured from four different materials and
four different AM techniques were selected to characterize their surface textures. Different
materials and AM processes were selected to validate the feasibility of the investigative
measurement framework. The details of the AM techniques, their process parameters, and
the post-processing done on the as-built components are given in Table 1. The components’
build orientation was 90 degrees, and their side surfaces were considered for all the
measurements.

2.2. Qualitative Analysis

SEM (JSM5600LV, JEOL, Japan) images were taken at different magnifications to
understand the surface morphology. From the SEM images, asperities present in the as-
built AM surface were identified and explained based on their size differences. Additionally,
the ϕm of each irregularity (loosely attached powders, partially melted powders, and semi-
welded structures) was extracted using a suitable image processing technique. However, it
should be noted that SEM images are difficult to calibrate and size measurements from the
images also possess difficulties due to imaging artifacts.
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Table 1. Summary of manufacturing methodology.

AM Technique Material Process Parameters Post-Processing
Technique

SLM Al-Si-10Mg

Power: 200 W
Layer thickness: 25 µm

Powder size: 10 µm
H:15 × W:15 × T:3 mm

NIL

DMLS IN625

Power: 200 W
Layer thickness: 50 µm
Powder size: 10–55 µm
H:25 × W:25 × T:3 mm

Heat-treated (1 h; 870 ◦C)

EBM Ti-6Al-4V

Power: 750 W
Layer thickness: 50 µm
Powder size: 25–50 µm
H:25 × W:25 × T:3 mm

Heat-treated (1 h; 930 ◦C)

LENS Co-Cr alloy

Power: 1000 W
Layer thickness: 250 µm
Powder size: 25–100 µm
H:15 × W:15 × T:3 mm

NIL

2.3. Quantitative Analysis

Profile surface texture measurements (contact profilometer—2 µm diamond tip radius
and 60◦ tip angle) (SJ-400, Mitutoyo, Japan), and areal surface texture measurements
(laser scanning—2 µm spot diameter) (Talyscan 150, Taylor-Hobson, UK) were used to
quantify the surfaces under study. All the major industrial and academic questions (refer
to Section 1) were addressed by examining the roughness profile at various λc and ln’s.
The outcomes from each case are elaborately discussed. The waviness of AM components
is often ignored during surface quantification. Nevertheless, in this study, the resulting
waviness and roughness topography at each filtering condition are presented, and the
method proposed to understand the resulting topography is explained.

2.4. Investigative Measurement Framework

The existing measurement procedure to evaluate profile surface texture per ISO 4288 is
that, during profile surface texture analysis, the surface under investigation is tested using
a contact/non-contact based profilometer by visually estimating a specific Ra and selecting
λc/ln accordingly. The Ra results from the initial measurement would then be analyzed,
and a suitable λc/ln was selected based on the results obtained. The suitable λc/ln specified
in ISO standard is followed throughout to perform the profile surface texture analysis. In
the areal surface texture analysis, ISO 25178-2 and ISO 25178-3 do not specify any fixed
area or cut-off. Hence, the cut-off wavelength values from ISO 4288 were used as length
and width for areal surface roughness measurement. Since a Gaussian filter was used
by default in the measurement systems, which transmits 90 % at a selected λc [21], it can
effectively capture features of interest in the roughness or waviness profile.

The existing ISO measurement framework is modified to overcome the above-mentioned
challenges.

The steps to be followed in the investigative framework are shown in Figure 1. Steps
1 to 5 in the investigative framework are in addition to the existing ISO standard mea-
surement procedures and form the basis for selecting cut-off values. In the investigative
framework, prior to performing the surface texture analysis, surface morphology (SEM
image) of the as-built AM components must be understood. Identification and measure-
ment of the surface asperities present on an AM component through SEM analysis aids in
selecting the proper filtering conditions (λc and ln) and the measurement area for surface
texture analysis.
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Figure 1. Investigative measurement framework.

Step 1: First, perform SEM analysis of the surface. Identify the asperities present and
categorize them.

Step 2: Perform an image analysis and measure the size of asperities that are of interest.
Step 3: Quantify the size (ϕm) distribution of each type of asperity individually.
Step 4: Based on the results obtained, use the suitable ϕm particularly of interest to

select λc (2 *ϕm = λc) for surface roughness measurements. Select ln to be at least five times
the cut-off (λc). During areal measurements, always select the sides (length) of the square
area five times the cut-off wavelength selected from the above steps to capture sufficient
asperities effectively.

Step 5: Measure the profile and areal surface roughness of the component using the
contact/non-contact profilometers.

Step 6: After the measurements: (a) for profile surface texture analysis, perform
leveling operation and apply the selected λc value from step 4 to obtain the profile waviness
and roughness results; (b) for areal surface texture analysis, perform the form and noise
removal operation first and apply the λc value from step 4 for filtering.

Step 7: After filtering, waviness and roughness profile/areal topography were ob-
tained. The resulting roughness profile/areal topography contains wavelengths less than
the λc value, and the waviness profile/areal topography contains wavelengths larger than
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the λc value. This indicates that the resulting profile/areal surface topography results
contain the errors majorly due to particular wavelengths in the respective roughness (wave-
length errors less than λc) and waviness (wavelength errors greater than λc) profile/areal
surfaces. (Note that determining the accurate size distribution of asperities might be limited
due to overlapping asperities in AM components, SEM resolution, and image analysis
technique. However, the user can follow any technique apart from SEM image analysis
that might be more accurate and suitable to determine the size distribution of the asperities
present in the surface. This technique is only efficient if the interest lies in specific types
of asperities rather than multiple types of asperities. However, categorizing the asperities
based on size and selecting a suitable λc can help understand each asperity separately.)

Figure 2 shows the effect of applied λc and the resulting output topographies. Initially,
the AM surface is measured, and a profile/topography is obtained. The resulting surface
is known as an S-F surface. The S-F surface contains errors largely due to loosely at-
tached particles, partially melted particles, balling melts, semi-welded structures, staircase
effect, etc.
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The suitable ϕm found from SEM image processing is selected and used to calculate
and apply a high pass filter (λc = 2 × ϕm). The high pass filter removes the higher
wavelengths above the selected filter value from the surface. The resulting topography will
have the presence of wavelengths lower than the selected filter value.

3. Results and Discussion

The components built using various AM techniques are subjected to qualitative and
quantitative measurements, as discussed in Section 2. The maximum diameter of the
asperities present on the surface is quantified from SEM analysis. Cut-off wavelength and
evaluation length values for profile and areal surface texture measurements are selected
based on the asperities’ maximum diameter. The results obtained from each measurement
condition are analyzed and discussed.

3.1. Scanning Electron Microscope (SEM) Analysis

The surface morphology of as-built AM components from four different AM tech-
niques is shown in Figure 3. Irregularities such as loosely attached powders, partially
melted powders, balling melts, semi-welded structures, staircase effect, and melt zones
due to heat treatment are identified based on the size difference, nature of the irregularity
(loose powder or partial melts) [8,18]. Currently, these irregularities are of high interest
to researchers working in AM domain. Mostly the data available in SEM analysis are
under-used or not given much attention. Figure 3 shows the asperities, such as loosely
attached particles (SLM, DMLS, LENS), partially melted powders (SLM, DMLS, EBM,
LENS), balling melts/semi-welded structures (SLM, DMLS, EBM), staircase effect (SLM,
DMLS, LENS) and melt zones due to heat treatment (DMLS, EBM) identified in the surfaces
under investigation. (Note that categorizing each type of irregularity may vary from user to
user, some asperities in AM components overlap on each other and are difficult to separate.
This is considered a challenge in this technique.)
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Size Distribution of Surface Irregularities

SEM images provide clear visual evidence of the asperities present on any surface.
SEM images of AM components can be used to understand the shape and size of each type
of asperity present on the surface. The ϕm of the asperities are identified through image
processing using ImageJ (open-source image processing software). Five SEM images are
analyzed. Figure 4 shows the steps followed to determine ϕm. Raw SEM images were
converted into an 8-bit image, and the outlines were enhanced via a built-in function in the
software ImageJ. Figure 4b shows the resulting image after enhancing the outline of the
asperities present. Figure 4c shows the method of ϕm measurement of a single structure.
Since most of the asperities present are irregular in shape, ϕm is calculated by drawing
a circle with a diameter as shown in Figure 4d equal to the largest length available in a
single structure. Asperities present in five different SEM images are measured using this
technique, and the frequency of occurrence was obtained for each type of asperity.
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Figure 4. Image processing steps to determine the maximum diameter of asperities. (a) raw SEM
image; (b) post-processing to determine the edges; (c) definition of maximum diameter; and (d)
measuring the maximum diameter of asperities.

From the image processing analysis, the various types of asperities identified in each
AM process and their frequency of occurrence are shown in Figure 5. The frequency of
smaller-sized asperities in all the AM techniques is high (five times more) than larger-sized
asperities.

The calculated maximum diameter of each type of asperity present in an AM surface
is given in Table 2. It can be noticed that the standard deviations of the results in Table 2
are high. This is because the size of asperities present in the component depends mainly on
the AM process conditions. The measurement values (ϕm) can be used to calculate filtering
values in profile and areal surface texture measurements to filter out each type of asperity
from the AM surface. The following section will explain the significance of measuring ϕm
of asperity present on the surface.
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size variations in the similar type of asperities present on the AM surface and (b) method used to measure the
size of asperities. Note 2: The flexibility to apply the absolute ϕm value as cut-off (λc) was limited due to the
machine’s measurement software constraints. E.g., in surface roughness measurements, for >90 % transmission in
a Gaussian filter, 2*ϕm = 34.3 µm should be applied to analyze loose particles in SLM, 2*ϕm = 271.5 µm should be
applied to analyze partial melts. Hence, the values are rounded-off. The next possible λc value available in the
measurement software was applied 2*ϕm = 34.3 µm, was rounded off to 80 µm as (next closest option available in
the software). The results to be discussed in upcoming sections are limited to the conditions above. Nevertheless,
if advanced measurement analysis software allows the user to select λc values specifically, this limitation can be
eliminated.

3.2. Profile Surface Texture Analysis

The profile surface texture parameters Ra, Rq, and Rz were calculated using Equa-
tions (1)–(3) as specified in Section 4.2 of ISO 4287. ISO 4288 specifies a λc of 8 mm and
ln of 40 mm to measure a surface with a roughness of Ra 10 µm and above. Due to strin-
gent design strategies, in most cases, the components do not have sufficient evaluation
length (Equation (1)) or transverse length (lt) due to stylus pre and post-travel lengths
(Equation (2)). Hence, a λc and ln of 2.5 mm and 12.5 mm, respectively, are selected. There-
fore, in this study, a λc of 2.5 mm and ln of 12.5 mm are taken as the reference values
and compared to the percentage deviation of roughness values at other sampling and
evaluation lengths. Ten repeated readings are taken along the surface, and the roughness
results with the standard deviation in the measurement are provided in Table 3.

ln = λc ∗ 5 (1)
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lt = λc ∗ 5 +
(
λc

2

)
Spre

+

(
λc

2

)
Spost

(2)

Table 3. Reference line roughness parameters of different AM techniques.

Profile Surface Texture
Parameters Ra Rq Rz

Technique ΛC/ln (mm) Arithmetic Mean ± SD (µm)

SLM 2.5/12.5 16.24 ± 1.40 23.31 ± 1.88 123.24 ± 9.23
DMLS 2.5/12.5 6.94 ± 0.24 9.29 ± 0.67 54.32 ± 5.69
EBM 2.5/12.5 20.48 ± 0.64 25.46 ± 0.80 120.63 ± 6.67
LENS 2.5/12.5 11.48 ± 0.69 14.77 ± 0.81 65.58 ± 9.82

3.2.1. Profile Surface Measurements—Effect of Various Cut-Off Wavelength and
Evaluation Length

Profile measurements were taken for various λc and ln on different AM-built surfaces.
A total of ten repeated measurements were taken along the surface. The roughness results
obtained and the standard deviations for each set of measurements (Case 1 to 7) are given
in Table 4. For a λc of 8 mm and ln of 12.5 mm, the minimum transverse length would be
20.5 mm (from Equation (2)). Therefore, for SLM and LENS surfaces, λc/ln of 8/12.5 was
not performed due to insufficient length. The resulting profile surface texture parameters—
Ra, Rq, and Rz, were reported for all other conditions. These results were compared to the
results obtained using standard λc and ln as mentioned in ISO 4288, and the percentage
deviation between each condition was calculated.

Table 4. Profile surface texture results for various cut-off wavelengths and evaluation lengths.

S. No

Profile Surface
Texture Parameters Ra Rq Rz

Technique ΛC/Ln Mm Arithmetic Mean ± SD (µm)

1

SLM

0.025/0.125 0.62 ± 0.28 0.75 ± 0.31 2.41 ± 1.00
2 0.08/0.4 3.08 ± 0.62 4.05 ± 0.87 14.86 ± 4.28
3 0.25/1.25 9.05 ± 2.54 11.22 ± 3.09 42.12 ± 10.71
4 0.8/4 11.64 ± 1.71 0.82 ± 2.56 61.4 ± 13.31
5 0.8/12.5 14.65 ± 1.51 19.65 ± 2.50 160.50 ± 20.17
6 2.5/4 19.44 ± 3.08 29.09 ± 4.95 156.39 ± 31.45
7 8/12.5 NA NA NA

1

DMLS

0.025/0.125 0.36 ± 0.20 0.47 ± 0.25 1.61 ± 0.89
2 0.08/0.4 1.25 ± 0.34 1.56 ± 0.42 4.56 ± 2.37
3 0.25/1.25 3.08 ± 0.57 3.97 ± 0.84 16.02 ± 3.19
4 0.8/4 6.19 ± 0.68 7.98 ± 0.97 38.12 ± 4.95
5 0.8/12.5 5.78 ± 0.60 7.95 ± 0.94 69.45 ± 9.68
6 2.5/4 6.85 ± 0.71 9.22 ± 1.62 60.51 ± 17.62
7 8/12.5 7.32 ± 0.39 9.71 ± 0.55 80.88 ± 11.67

1

EBM

0.025/0.125 0.33 ± 0.06 0.42 ± 0.10 1.36 ± 0.27
2 0.08/0.4 1.93 ± 0.38 2.44 ± 0.36 8.85 ± 1.05
3 0.25/1.25 7.40 ± 1.41 8.95 ± 1.50 34.30 ± 6.12
4 0.8/4 15.74 ± 0.67 19.06 ± 0.58 83.25 ± 4.68
5 0.8/12.5 16.68 ± 0.62 20.65 ± 0.69 126.29 ± 8.08
6 2.5/4 20.34 ± 1.37 25.84 ± 1.48 138.55 ± 9.11
7 8/12.5 22.28 ± 0.63 27.88 ± 0.80 173.75 ± 16.61

1

LENS

0.025/0.125 0.095 ± 0.02 0.131 ± 0.04 0.396 ± 0.13
2 0.08/0.4 0.44 ± 0.14 0.58 ± 0.18 2.16 ± 0.95
3 0.25/1.25 4.83 ± 4.29 5.98 ± 5.24 22.74 ± 19.13
4 0.8/4 4.38 ± 0.72 5.76 ± 0.94 24.97 ± 4.25
5 0.8/12.5 4.22 ± 0.85 9.80 ± 1.27 89.79 ± 17.11
6 2.5/4 11.91 ± 2.15 18.03 ± 1.71 84.20 ± 26.36
7 8/12.5 NA NA NA
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3.2.2. Percentage Deviation from the Reference Value

Figure 6 is obtained by comparing the roughness results in Tables 3 and 4 with the
roughness results obtained using standard λc and ln. The percentage deviation of the
results obtained for cases 1 to 7 was calculated by comparing the results in Table 3 (λc
and ln selected from ISO 4288) and Table 4 (λc and ln selected from the investigative
framework). From Figure 6, it can be concluded that the smallest percentage deviation in
roughness results was obtained for case 6 (X-axis) (λc/ln: 2.5/4). Therefore, this answers
questions 1 and 2 in Section 1 for an AM component, ln can be compromised, whereas λc
should not be changed. In case 7 (Figure 6b,d), the percentage deviation is substantially
larger for Rz (DMLS, EDM) than Ra and Rq because the surface is filled with smaller sized
irregularities with smaller wavelengths than the λc value of 8 mm. Applying a λc of 8 mm
on a surface with smaller sized irregularities will include all the short and long wavelengths
in the roughness profile itself rather than separating it as roughness and waviness errors.
Therefore, for an accurate roughness measurement of AM components, the λc should be
selected based on the size of asperities present on the surface, and ln can be compromised
to the next smallest length available.
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3.3. Areal Surface Texture Analysis

The raw topography of AM components obtained using laser point interferometry
is shown in Figure 7. The areal surface texture parameters Sa and Sz are calculated using
equations given in ISO 25178.

An issue arises while applying a suitable filtering value to analyze these surfaces.
Usually, the filter is applied to separate the longer (understood as waviness) and shorter
(understood as roughness) wavelengths from the measured data. Applying an improper
filter will result in false quantifications. Therefore, the following sections discuss the effects
of using various filtering values and their results.
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Areal Surface Measurements—Effect of Various Filtering Conditions

ISO 25178 recommends that the measurement area be a square rather than a rectangle
to get more accurate filtering results. After filtering the leveled topography, roughness and
waviness topographies are obtained using a suitable λc value from the investigative frame-
work. The surface texture parameters obtained by applying various cut-off wavelength
values are given in Table 5.

Table 5. Areal surface texture evaluation for various filtering conditions.

S. No Technique λc
(mm)

Sa (µm) Sz (µm)

Arithmetic Mean

Waviness Roughness Waviness Roughness

1

SLM

0.025 22.9 1.25 212 58.9
2 0.08 20.9 4.89 143 157
3 0.25 15.7 11.7 50.6 210
4 0.8 6.78 18 0 162

1

DMLS

0.025 5.96 0.576 61.7 16.2
2 0.08 4.93 2.47 31.7 33.3
3 0.25 3.52 4.6 12.8 47.8
4 0.8 1.99 5.71 0 58.6

1

EBM

0.025 20.2 0.767 128 27.5
2 0.08 18.5 4.01 102 59
3 0.25 13.3 11.6 39.9 99.4
4 0.8 5.71 18.9 0 145

1

LENS

0.025 19.1 0.226 125 7.73
2 0.08 18.8 1.22 108 27
3 0.25 17.8 5.24 0 80.3
4 0.8 12.7 13.4 0 127

For example, if a λc of 0.025 mm is applied to the areal surface texture measurement,
this would transmit wavelengths less than 25 µm at 50 % transmission amplitude and
above [25] and, at the same time, gradually attenuate wavelength errors of more than
25 µm. Hence, the resulting texture topography would essentially contain errors larger
than 25 µm. Therefore, in this way, one can separate the loosely attached particles from
partially melted and semi-welded structures on the surface and use them for analysis. If
one needs to analyze the semi-welded structures in the surface separately, then a filter
of 0.25 mm should be selected for DMLS surface (0.25 mm selected from Table 2 as two
times ϕm of semi-welds is ~250 µm). The resulting texture topography will effectively
capture irregularities less than 250 µm, and waviness topography will capture irregularities
greater than 250 µm (at more than 90 % transmission amplitude). Since the interest is
now on semi-welded structures, as most semi-welded structures are greater than 150 µm
(from Figure 5a), the resulting waviness topography should be analyzed for surface texture
parameters rather than roughness topography.
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The resulting waviness and roughness areal surface topography of SLM specimen at
various filtering conditions is shown in Figure 8. (Note that the discussions will be limited
to analysis of the surface topography from the resulting contours. Future work will include
an in-depth analysis of the Gaussian filter’s effectiveness and transmission amplitude
in the resulting contours). Figure 8a shows that the waviness topography is similar to
the leveled raw profile shown in Figure 7a. For a filter of 0.025 mm, all the irregularities
with a wavelength greater than 25 µm (loose particles, partially melted and semi-welded
structures) will be significantly present in the waviness profile, and the wavelengths less
than 25 µm would be significantly present in roughness topography.
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The waviness and roughness topography obtained by increasing the nesting index
to 0.08 mm is shown in Figure 8b. In this case, all the irregularities with a wavelength
greater than 80 µm are present in the waviness topography (partial melts and semi-welded
structures), and wavelength less than 80 µm (loose particles) are present in roughness
topography. Therefore, it can be said that the roughness topography indicates the presence
of loose particles (wavelengths less than 80 µm), and the waviness topography indicates
the presence of partial melts and semi-welded structures (wavelengths greater than 80 µm).
Increasing the nesting index to the next larger value of 0.25 mm will have the same effect
mentioned above on waviness and roughness topographies.

In Figure 8c, the roughness topography would contain loose particles and partial melts;
the waviness topography would contain the wavelengths due to semi-welded structures
alone. The roughness topography in Figure 8d shows almost all the irregularities in the
roughness topography as all the structures in the surface under study are significantly
smaller than 800 µm. Waviness topography contains wavelengths greater than 800 µm
(considered as a form error).

A different set of filtering values were applied to the DMLS surface, and the resulting
topographies are shown in Figure 9. Waviness topography (Figure 9a) is similar to the lev-
eled raw profile as shown in Figure 7b as it contains all the irregularities with wavelengths
greater than 25 µm. Roughness topography (Figure 9b) contains errors due to the presence
of loose particles (size < 80 µm). Roughness topography (Figure 9c) contains errors due to
the presence of loose particles, partial melts, and semi-welded structures (size < 250 µm).
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The only type of irregularity identified in the EBM surface is balling melts of approx-
imately 80 µm. The same effect of varying the filtering values applies even to the EBM
surface. Roughness topography (Figure 10b) contains the wavelengths of irregularities
due to balling melts (size < 80 µm). One such limitation is that laser scanning cannot
distinguish each ball melt separately as the balling melts in the surface entirely overlap.
Therefore, roughness topography (Figure 10c) contains the complete irregularities due to
balling melts not exceeding 250 µm in size, and the shape of balling melts can be seen.
There is no presence of a staircase or any other defect in the obtained topography.
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The same methodology for filtering the surface is applied to the LENS surface, and
the resulting topographies are shown in Figure 11. Similar trends are observed in the LENS
surface for all the filtering conditions. The LENS surface consists of only partially melted
and some loosely attached particles. The roughness topography (Figure 11c) gives the best
results after filtering all other wavelengths from the surface.
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The above investigations show that selecting a proper λc plays a significant role in
determining the resulting waviness and roughness. For an AM component, if the size
distribution of each type of asperity is known, the above results show that the textural
variations arising from each type of asperity present on the surface can be identified and
quantified separately.

4. Comparison of Surface Texture Results from the Investigated Framework with
Standard ISO Results

A comparison is made between the profile and areal surface texture parameters
obtained by following the ISO framework and the investigative framework. Table 6
compares the profile surface texture parameter results. Profile surface texture parameter
value of Ra = 6.94 ± 0.24 represents the combined roughness errors due to loose particles,
partial melts, and staircase effect. However, it does not give clear insight or distinguish
the errors due to short wavelengths (loose particles and partial melts) and errors due to
long wavelengths (staircase effect). To overcome these issues or to analyze the errors due
to loose particles, select a suitable λc (in this case, 0.08 mm). If loose particles and partial
melts together are of interest, select λc, and ln based on the steps given in Figure 1. The
resulting values of Ra 1.25 ± 0.34 µm (errors due to loose particles and partial melts) and
3.08 ± 0.57 µm (errors due to loose particles, partial melts, and staircase effect) clearly
distinguish the errors due to the presence of a particular type of asperity that is of interest
on the surface.
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Table 6. Comparison of profile surface texture parameters from ISO and investigative framework.

Profile Surface Texture
Parameter Ra Rq Rz

Technique λc/ln
mm

Arithmetic Mean ± SD
(µm)

DMLS
(ISO framework) 2.5/12.5 6.94 ± 0.24 9.29 ± 0.67 54.32 ± 5.69

DMLS
(investigative framework)

0.08/0.4 1.25 ± 0.34 1.56 ± 0.42 4.56 ± 2.37
0.25/1.25 3.08 ± 0.57 3.97 ± 0.84 16.02 ± 3.19

Figure 12a shows the areal surface texture results obtained by following the ISO
framework. An area of interest is measured, and its surface topography is obtained.
The raw topography is leveled, and a λc of 2.5 mm is applied to filter the surface. The
resulting roughness and waviness topographies and their areal surface texture parameters
are analyzed. Considering the types of asperities present in a DMLS surface, as per ISO
recommended λc of 2.5 mm, it can be understood that the roughness topography obtained
will include errors due to the presence of all three distinct types of asperities such as loose
particles, partial melts and staircase effects. Therefore, it is impossible to quantify or predict
the errors due to particular types of asperities from the surface topographies obtained by
following the ISO measurement framework.
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Moreover, it can be seen from the waviness topography that waviness Sa value
2.02 µm < roughness Sa value 6.2 µm, which indicates that the errors present in roughness
topography are more significant than the errors in waviness topography (usually, waviness
topography has larger errors). This also reinforces that maximum wavelength errors have
passed into roughness topography rather than waviness topography. This is because
the size of irregularities present in the DMLS component is less than the cut-off applied
according to ISO standards. Nevertheless, Figure 12b shows the resulting topographies
obtained by following the investigative measurement framework. λc values are selected
based on the steps mentioned in Figure 1. To separately analyze the errors due to the
presence of asperities that is of interest, nesting index values of 0.08 mm (size of loose
particles ~20 µm in Table 2, so 2*ϕm = 40 µm) the next possible λc 0.08 mm is applied,
and the roughness topography is analyzed. In this filtering condition, the errors due
to partial melts and staircase effect will be removed as the λc value applied is less than
the staircase size. If a λc of 0.25 mm is applied, the resulting roughness topography will
include the errors due to loose particles, partial melts, and the staircase effect, as shown in
Figure 12b. Therefore, by adopting the investigative measurement framework, it is possible
to distinguish, identify and quantify the errors due to a particular asperity of interest.

5. Conclusions

In this research work, a modified measurement framework is investigated for profile
and areal surface texture characterization of as-built additive manufactured components.
The investigative framework was applied on surfaces built from four different AM tech-
niques. The following were the key findings from this investigation.

(1) Scanning electron microscope analysis provided a better understanding of the type of
surface asperities present in an AM component.

(2) The maximum diameter (ϕm) of each type of asperity can be used as a cut-off value
for profile and areal surface texture characterization.

(3) Changing the λc values used for profile surface texture leads to significant percentage
deviations in the resulting profile surface texture parameters. Minimum deviations
were noticed by reducing the evaluation length. Therefore, if the users experience
insufficient sample length for measurement, it is recommended to maintain the λc
suggested by ISO and compromise the evaluation length.

(4) The length and width of the evaluation area for the areal surface texture analysis
of AM surface should be five times the selected λc. If there is an insufficient area to
measure, select the length and width of the area to be at least twice the λc selected.

(5) To characterize the AM surface texture, smaller measurement areas (2 mm × 2 mm or
even less, but not below the size of large irregularities present) are sufficient.

(6) By measuring the size of asperities present on the surface and applying them as λc, it
is possible to analyze the surface texture from short wavelengths (loose particles, par-
tially melted particles) and long wavelengths (balling melts, semi-welded structures,
and staircase effect) separately.

Some of the major challenges and limitations in this work include categorizing the
type of surface asperities present in AM components based on visual observation, mea-
surement accuracy of asperities through image analysis, and the percentage transmission
of wavelengths in roughness/waviness topography. Notwithstanding the limitations, the
above findings address all the questions (in Section 1) arising during AM surface texture
measurements. The significance of this study helps to eliminate user speculations on
selecting a particular measurement setting for roughness evaluation, improves confidence
to select the appropriate measurement area for roughness evaluation, and improves aware-
ness of the changes in the roughness results due to changes in measurement settings. This
helps resolve the discrepancies observed while applying standards originally formulated
for conventional surfaces on non-uniform AM surfaces. The work performed also proves
that the investigated framework can characterize different materials and AM techniques.
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Nomenclature

Profile Surface Texture Parameters General Terms
Ra Arithmetic mean deviation of the assessed profile ϕm Maximum diameter
Rq Root mean square deviation of the assessed profile SEM Scanning Electron Microscope
Rz Maximum height of the profile DMLS Direct Metal Laser Sintering
λc Cut-off wavelength SLM Selective Laser Melting
ln Evaluation length EBM Electron Beam Melting
lt Transverse length LENS Laser Engineered Net Shaping
Vs Stylus velocity AM Additive Manufacturing
Spre Stylus pre-travel length
Spost Stylus post-travel length
Areal Surface Texture Parameters
Sa Arithmetical mean height of the scale limited surface
Sz Maximum height of the scale-limited surface
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