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A B S T R A C T   

Polymer Laser Sintering (LS) is a powder-based Additive Manufacturing (AM) process known for its ability to 
produce highly complex geometries. The powder-based nature of the process means it intrinsically produces 
components with characteristic surface topographies abundant with features, as well as relatively high surface 
roughnesses, when compared with traditional polymer processing techniques such as Injection Moulding. There 
are a number of factors which influence the resultant surface topography of LS components and consequently 
affect their functional performance, particularly when subject to dynamic contact. However, little work has been 
carried out to date to fully understand these surface determining mechanisms. The scope of this research was to 
comprehensively characterise the surface topography of LS PA12 specimens and to specifically understand how 
resultant roughness is a function of applied energy density; XY location across the powder bed; part surface 
orientation; measurement technique and roughness descriptor. Results showed that the roughness profiles of top 
and bottom surfaces of cube-shaped samples were distinct in both size and shape. Top surfaces had positive 
Skewness values and were therefore dominated by asperity peaks, whereas bottom surfaces were neither entirely 
featureful of peaks nor valleys. Moreover, micro-CT analysis provided insight into how the sub-surface micro-
structure was affected by part orientation and applied energy density. Resultant binary images revealed the 
upward-facing section of a cylindrical LS PA12 specimen orientated 45◦ with respect to the powder bed to be less 
dense than the downward-facing section of the same sample. This work provides a benchmark for future Polymer 
Powder Bed Fusion (PBF) studies, specifically when characterising the friction and wear properties of resultant 
samples.   

1. Introduction 

Today, Additive Manufacturing is well established within industry, 
where its adoption continues to grow [1,2]. A plethora of layer-wise AM 
techniques exist, and a variety of materials can be processed, including 
ceramics, metals, polymers and composites [3,4]. 

Polymer Laser Sintering is a Powder Bed Fusion processing technique 
that has become increasingly widely adopted due to its ability to build 
functional end-use components without the requirement for support 
structures [5]. While LS can be used to process a variety of polymers, this 
work will focus on Polyamide-12 (also referred to as Nylon-12) as it is 
the most well-established polymer for Laser Sintering [6] due to its wide 
processing window [7] and relatively good recyclability [8]. In addition, 
some resultant tensile properties of LS PA12 parts, notably stiffness and 
tensile strength are comparable with those obtained via Injection 
Moulding [6,9]. 

Despite extensive research having already been carried out to 

characterise the mechanical properties of LS PA12 components, an 
incomplete understanding of part quality continues to hinder the further 
adoption of LS within industry [2,10,11]. Therefore, additional research 
is still required to thoroughly understand the functional performance of 
LS PA12 components. Given the importance of surface finish in many 
end-use applications, particularly when LS polymer components are 
subject to dynamic contact, and the limited literature available, this 
work will focus on comprehensively characterising the resultant to-
pographies of LS PA12 surfaces. 

1.1. Characterisation of LS surfaces 

1.1.1. Roughness parameters 
Laser Sintered surfaces are primarily characterised through rough-

ness, either 2- or 3-dimensionally. Gadelmawla et al. [12] produced an 
exhaustive catalogue of parameters that describe surface roughness. 
Details of several widely-adopted roughness parameters are given in 
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Table 1. 
Amplitude parameters describe how a surface profile changes in the 

vertical direction and are most frequently used to characterise surface 
topographies. They can also be sub-categorised as to whether they pri-
marily describe the size or shape of surface peaks and valleys. The most 
frequently observed size descriptors in polymer LS literature are the 
Arithmetic Mean Height [13–17], Root Mean Square (RMS) [14] and 
Maximum Peak-to-Valley Height [13,14,16] parameters. 

Amplitude probability density functions are used to describe shape, 
specifically the symmetry and sharpness of a surface profile through 
Skewness and Kurtosis, respectively, as can be seen in Fig. 1. 

Furthermore, amplitude probability density functions can differen-
tiate between surface profiles that are different in shape, but have the 
same resultant Arithmetic Mean Height [12]. For non-Gaussian profiles, 
such as LS PA12 surfaces, roughness shape descriptors may therefore be 
equally, or even potentially more, useful than size descriptors for 
correlating surface topography with functional performance. 

At present, and to the best of the author’s knowledge, the use of 
amplitude probability density functions to comprehensively character-
ise polymer Laser Sintered surfaces has yet to be observed within 
literature. 

1.1.2. Characterisation methods 
Numerous techniques for characterising AM surfaces have been re-

ported in the literature. The most common roughness determining 
method is Contact Profilometry (CP) [13,14,16,19–22]. However, more 
recently, alternative areal surface metrology techniques have gained 
popularity. These include: Focus Variation (FV) [16,23–25] Confocal 
Microscopy (CM) [16,26], GelSight [13,27] and X-Ray Computed To-
mography (XCT) [28,29]. These techniques are mostly non-contact and 
quick to execute with vertical resolutions within the nanometer range 

[30,31]. Launhardt et al. [16] compared Arithmetic Mean and 
Maximum Peak-to-Valley Height results obtained using Contact Profil-
ometry and optical measurement methods when characterising LS PA12 
surfaces. They found the optical results measured by Focus Variation 
were the most similar in terms of trend with the results collected by 
Contact Profilometry. 

1.2. Factors affecting LS surfaces 

Many factors intrinsically affect the resultant surface roughness of 
Laser Sintered PA12 components. These factors can largely be cat-
egorised as powder properties [32,33], processing parameters [34,35] 
and/or surface orientation effects. 

1.2.1. Powder properties 
Schmid et al. [36] demonstrated the sensitivity between powder 

production technique, resultant particle morphology, sintered part 
properties and surface quality. More specifically, particle size, shape 
[37] and size distribution all impact a powder’s ability to flow [33]. 
Powders should have good flowability to allow for the consistent 
deposition of both thin and homogeneous layers [38]. Additionally, it is 
common practice to reuse powders to improve the economic feasibility 
of LS. The quantities in which recycled and virgin material are present 
within a powder is known as its refresh ratio. It is well established that 
refresh ratios of ≥ 50% virgin material should be employed when good 
surface quality, free from the ‘orange peel’ effect, is required [39–41]. 

1.2.2. Processing parameters 
With regards to processing parameters, Sachdeva et al. [14], Mavoori 

et al. [42] and Bacchewar et al. [43] all used optimisation design of 
experiment methodologies to identify which processing parameters had 

Table 1 
Descriptions of the roughness parameters used within this study.  

Surface Roughness 
Parameter 

Abbreviation Description Mathematical Definition 

Arithmetic Mean 
Height 

Sa The average of the distribution of surface heights per unit sampling area. Sa =
1
A

∫ ∫

A
|Z(x,y)| dxdy  

Root Mean Square 
(RMS) 

Sq The standard deviation of the distribution of surface heights [12] per unit sampling area. 
Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
A

∫ ∫

A
{Z(x, y)}2 dxdy

√

√

√

√

Maximum Peak-to- 
Valley Height 

Sz The sum of the maximum peak height and maximum valley depth within the surface area evaluated. Sz = maxZ− |minZ|

Skewness Ssk Describes whether the distribution of bulk material within a surface profile is above or below the mean 
plane. If a profile has a negative Skewness value, valleys are a more dominant feature than peaks within a 
profile, and vice versa. 

Ssk =
1

Sq3
1
A

∫ ∫

A
Z3(x,y)

dxdy  
Kurtosis Sku Describes the sharpness of a surface height distribution [18]. Profiles with Sku > 3, are leptokurtic and 

have relatively many points of major maxima and minima. Whereas platykurtic distributions (Sku < 3) 
have relatively fewer points of major maxima and minima per sampling area [12]. 

Sku =
1

Sq4
1
A

∫ ∫

A
Z4(x,y)

dxdy   

Fig. 1. Example profiles with extreme (A) Skewness and (B) Kurtosis distributions.  
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the greatest effect on the resultant roughness of LS Polyamide surfaces. 
They found laser power, bed temperature and build orientation to be the 
most influential processing parameters, respectively. Despite the dif-
ferences, it is clear that these factors should be considered in any study 
in this area. 

1.2.3. Surface orientation 
Part orientation is user-defined and directly influences the resultant 

roughness of LS surfaces. More specifically, Schmidt et al. [36] and De 
Pastre et al. [29] observed that top and bottom surfaces built parallel to 
the powder bed had smaller resultant Sa and Sq values than side surfaces 
of the same samples. 

Furthermore, Schmidt et al. [36] also identified top surfaces to have 
greater resultant Sa and Sq values than bottom surfaces despite them 
having the same surface orientation with respect to the powder bed. 
Also, Zhu et al. [44] and Triantaphyllou [45] both demonstrated that 
Skewness could be used to distinguish between upward- and 
downward-facing surfaces built by High Speed Sintering (HSS) and Se-
lective Laser Melting (SLM), respectively. 

Surfaces orientated non-parallel to the powder bed will contain 
layer-wise discontinuities intrinsic to the Laser Sintering build process. 
This ‘stair-stepping’ effect [43] is a function of both processing param-
eters and powder properties, and exacerbated by re-entrant features, 
such as partially sintered powder particles. Both Launhardt et al. [16] 
and Zhu et al. [44] prescribed that surfaces that contain re-entrant or 
undercut features cannot accurately be characterised by Contact Pro-
filometry and optical line-of-sight surface metrology techniques. 

With the exception of amplitude probability density functions, prior 
efforts have been made to isolate the aforementioned variables that 
influence the surface topographies of LS PA12 components. However, 
these resultant surfaces are intrinsically sensitive and thus a complex 
function of both process and evaluation. Therefore, this work aimed to 
comprehensively characterise the surfaces of Laser Sintered PA12 
specimens in a single study and thus systematically elucidate both 
processing parameters and evaluation methods with resultant roughness 
size and shape descriptors. 

More specifically, resultant surface roughness and sub-surface 
microstructure were characterised as a function of applied energy den-
sity; XY location across the powder bed; part surface orientation; mea-
surement technique; roughness descriptor; and percentage porosity. 

2. Material and methods 

2.1. Material 

Polyamide-12, specifically PA2200 supplied by EOS GmbH, was 
used, as it is the most well-documented polymer for LS. A refresh ratio of 
50% virgin and 50% once-used material, mixed by rotary tumbling for 
approximately 20 minutes, was chosen to best emulate conventional 
practice. All samples were produced from the same batch of powder. 

2.2. Specimens 

An EOS Formiga P100 system, programmed with the processing 
parameters listed in Table 2, was used to perform the Laser Sintering 
process. Different laser powers (18 W, 21 W and 24 W) were selected to 
vary the magnitude of applied energy density to each tier of the build to 
28.8 mJmm−2, 33.6 mJmm−2 and 38.4 mJmm−2, respectively. No 
contour scan was included. These resultant energy density values were 
calculated using Eq. (1) below, 

Energy Density =
Laser Power

Beam Spacing × Scan Speed
(1) 

The build layout can be seen in Fig. 2, different specimen geometries 

Table 2 
Processing parameters used.  

Processing parameters Value 
Laser power (W) 18, 21 and 24 
Beam spacing (mm) 0.25 
Scan speed (mm/s) 2500 
Bed temperature (oC) 170 
Layer thickness (mm) 0.1 
Build volume dimensions (XYZ) (mm × mm × mm) 170 × 220 × 290  

Fig. 2. Laser Sintering build layout.  
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were designed depending on the respective analysis they were intended 
for. More specifically, 16 × 16 × 16mm cube-shaped specimens were 
produced for Contact Profilometry; 8 × 8 × 8mm cube-shaped speci-
mens were produced for Focus Variation; and 5 × 6mm (DxL) 
cylindrical-shaped specimens were produced for micro-CT. 

Once Laser Sintered, compressed air was used to remove loose 
powder particles from each surface of each specimen. Efforts were made 
to ensure this process was repeated consistently. 

2.3. Methods 

Specimens were characterised using metrology techniques of 
increasing geometrical dimensional capability, from 2-dimensional 
profile to 3-dimensional areal and volume-based analysis methods. 
This was to better understand how the size of evaluation region effects 
the accuracy in characterising the true non-Gaussian topographies of LS 
PA12 surfaces. 

2.3.1. Characterisation 

2.3.1.1. Roughness parameters 
. This investigation evaluated the size and shape of roughness profiles 
using the descriptors: Sq, Sz, Ssk, Sku and equivalent R-parameters. 
Detailed descriptions of all these parameters are given in Table 1. In this 
investigation RMS roughness was selected as the primary parameter for 
describing the size of measured surface profiles. Statistically, Sq is more 
sensitive to large deviations from the mean line than Sa [12], so is more 
capable of characterising asperity tip detail. 

2.3.1.2. Contact profilometry 
. Contact profilometry was performed using a Mitutoyo Surftest SJ-400 
to measure 2-dimensional surface profiles and compute their R-rough-
ness parameters. Measurements were recorded over an evaluation 
length of 4 mm at a transverse speed of 0.5 mm s-1, using a stylus with tip 
radius and angle of 2 μm and 60◦, respectively. Gaussian filtering with a 
cut-off length of 0.8 mm was applied. 

2.3.1.3. Focus Variation microscopy 
. Areal surface roughness was measured by Focus Variation (FV) mi-
croscopy, specifically using an Alicona InfiniteFocusSL system. During 
FV, a vertical array of images was captured, where the distance between 
each image was equal to the vertical resolution of the scan. To extract 
depth information, each pixel within each image was compared with 
neighbouring pixels to gain a measure of local contrast [23]. The size of 
the region selected to evaluate local contrast is better known as lateral 
resolution. The determined relative contrast of each pixel was then 
compared with the relative contrast of each pixel with the same X and Y 
coordinates throughout the vertical image array. Finally, the Z-location 
of each pixel with the greatest relative contrast with respect to the length 
of the vertical image array was used to compute the Z-coordinate of the 
scanned surface. A typical areal FV scan of a LS PA12 surface is shown in 
Fig. 3. 

In this investigation a ×5AV objective lens was used with a vertical 
resolution of 550 nm and the smallest lateral resolution required to 
generate a complete scan. The specimen surfaces were illuminated with 
a coaxial polarised ring light before a 3.7 × 3.7 mm area was scanned. 
Surface roughness information was then obtained from each scan using 
an evaluation area of 2.5 × 2.5 mm without any applied filtering. 

2.3.1.4. Micro-CT 
. Small scale XCT, more commonly referred to as micro-CT, was utilised 
to better understand the relationship between part orientation, applied 
energy density, surface roughness and sub-surface microstructure. 

Sub-surface microstructure is a term frequently used within litera-
ture, particularly within the context of polymer tribology [15,46,47], 
however to the best of the authors’ knowledge no explicit definition for 
sub-surface depth currently exists. In this investigation the sub-surface 
region of interest was chosen to include material within a depth of be-
tween 4 and 5 times the measured Sz of the surface, as well as the surface 
itself, of the sample cross-section being examined. This corresponded to 
a depth of 1 mm from the asperity peaks of each sample. 

A Skyscan 1172 was used to scan the cylindrical specimens. This was 
achieved using an accelerating voltage of 40 kV; 148 μA source current; 
295 ms exposure time; reconstructed voxel size (or image pixel size) of 
4.18 μm; 180◦ rotation with a step size of 0.7◦ and no filtering. In total 4 
specimens were scanned, 3 vertically orientated parts each built using 
different laser powers (18 W, 21 W and 24 W), as well as a 21 W part 
built at 45◦ with respect to the powder bed. 

Post-scanning, NRecon and CTAn was used for reconstruction and to 
generate binary images, respectively. 

3. Results 

3.1. Profile analysis 

Figs. 4–7 provide a comparison between the resultant roughness of 
the top and bottom surfaces of specimens built at 18 W, 21 W and 24 W 
and evaluated by Contact Profilometry. For each applied laser power 3 
different specimens were evaluated. 

As shown in Fig. 4, there was a distinct difference between the 
resultant Rq of top and bottom surfaces. More specifically, top surfaces 
had greater Rq roughness magnitudes than bottom surfaces from the 
same samples. This relationship between part surface orientation and 
resultant Rq was independent of applied laser power, as shown in 
Table 3. 

However, the variability in results obtained by Contact Profilometry 
were relatively large, as indicated by range bar lengths in Fig. 4 and 
computed mean range values presented in Table 3. Moreover, no distinct 
relationship between the variability in results, applied laser power or 

Fig. 3. A typical FV scan.  
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part surface orientation could be determined. 
Resultant Maximum Peak-to-Valley Height, Rz, results are shown in 

Fig. 5, again a distinct difference in the size of top and bottom surface 
roughness profiles was observed. Similar to Fig. 4, top surfaces had 
greater resultant roughness magnitudes than bottom surfaces of the 
same samples. 

Furthermore, Rz is analytically sensitive to anomalous peaks and 
valleys, so significant variability, as represented by range bar length, 
was intrinsically expected. 

Distinction in profile shape, specifically symmetry as characterised 
by Skewness, of top and bottom surfaces was not observed in Fig. 6. 
Independent of part surface orientation, resultant Rsk values centred 

Fig. 5. A comparison of Rz results collected by Contact Profilometry of top and bottom surfaces of specimens built at different applied energy densities.  

Fig. 4. A comparison of Rq results collected by Contact Profilometry of top and bottom surfaces of specimens built at different applied energy densities.  
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around zero, which suggested LS PA12 surfaces were Gaussian with 
symmetrical topographies, relative to the mean planes of these surfaces. 

Fig. 7 shows the resultant Kurtosis results of specimen surfaces 
measured using Contact Profilometry as a function of part surface 
orientation and applied laser power. Resultant mean Rku results were all 
less than the critical value of 3, which suggested that all top and bottom 

surfaces were dominantly platykurtic and thus relatively non-spiky. 
The lack of definition in profile shape, as measured by Contact 

Profilometry and characterised by both Skewness and Kurtosis, is dis-
cussed in greater detail in Section 4.2. 

3.2. Areal analysis 

Areal analysis of LS PA12 surfaces by Focus Variation also 
augmented understanding of how resultant roughness varied across the 
powder bed. The layout of Figs. 8–11 are partly illustrative with respect 
to the exact positioning of parts across the powder bed, and therefore not 
perfectly to scale. 

Variation in surface roughness, specifically Sq, across the powder bed 
can be seen in Fig. 8, where maximum and minimum values from each 
individual surface data set have also been included to highlight the 
variability of Focus Variation within this study. 

For both top and bottom surfaces, it can be seen in Fig. 8 that Sq 
remained relatively constant, independent of applied energy density and 
location across the powder bed. More specifically, the mean Sq values of 

Fig. 7. A comparison of Rku results collected by Contact Profilometry of top and bottom surfaces of specimens built at different applied energy densities.  

Table 3 
Overall mean resultant Sq and corresponding range values of top and bottom 
surfaces of specimens built at 18W, 21W and 24W and evaluated by Contact 
Profilometry.   

18 W 21 W 24 W  
Mean 

Sq (μm) 
Mean 
range 
value 
(μm) 

Mean 
Sq (μm) 

Mean 
range 
value 
(μm) 

Mean 
Sq (μm) 

Mean 
range 
value 
(μm) 

Top 17.57 2.76 17.38 1.56 17.25 2.02 
Bottom 14.45 2.06 14.22 2.80 15.16 2.38  

Fig. 6. A comparison of Rsk results collected by Contact Profilometry of top and bottom surfaces of specimens built at different applied energy densities.  
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Fig. 8. A comparison of mean Sq results (including range bars) of top and bottom surfaces measured by Focus Variation of specimens built across the powder bed 
with different applied energy densities. 

Fig. 9. A comparison of mean Sz results collected using FV of top and bottom surfaces of specimens built across the powder bed with different applied en-
ergy densities. 
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Fig. 10. A comparison of mean Ssk results collected using FV of top and bottom surfaces of specimens built across the powder bed with different applied en-
ergy densities. 

K. Nar et al.                                                                                                                                                                                                                                     



Polymer Testing 106 (2022) 107450

9

top surfaces built at laser powers of 18 W, 21 W and 24 W were 22.61 
μm, 22.07 μm and 23.16 μm, respectively. Similarly, the mean Sq values 
for bottom surfaces were 21.06 μm, 23.35 μm and 23.13 μm, 
respectively. 

The difference between maximum and minimum bar heights for each 
surface is equivalent to range bar length. Top surface variability 
increased with laser power, mean differences between maximum and 
minimum bar heights for all top surfaces built at 18 W, 21 W and 24 W 
were 0.66 μm, 0.85 μm and 1.68 μm, respectively. However, this cor-
relation was not observed for bottom surfaces of the same samples. 

As shown in Fig. 9, no significant variation in Maximum Peak-to- 
Valley Height roughness, independent of applied laser power, across 
the powder bed was observed. 

When analysing the shape of LS PA12 surfaces it can be seen in 
Fig. 10 that the Skewness values of top surfaces were almost all positive 
(p-value = 0.025). Comparing this with a significance level of α = 0.05, 
it can be asserted with statistical confidence that the top surfaces of the 
LS PA12 components analysed had a positive Skewness. Therefore, these 
top surfaces were peak dominated because the bulk of the material that 
made up these surfaces existed mostly below each respective mean 
plane. 

Furthermore, increasing the applied laser power from 18 W to 21 W 
and 24 W also increased the resultant top surface mean Skewness of each 
tier of samples from 0.273 to 0.321 and 0.352, respectively. 

However, bottom surfaces of the same samples had resultant Skew-
ness values that were neither entirely positive nor negative, as can be 
seen in Fig. 10. No correlation was observed between Skewness, location 
or applied energy density. This is discussed in greater detail in Section 
4.1. 

In the samples analysed and presented in Fig. 11, no statistically 

significant correlation (p-value > α) between Kurtosis with location, 
part surface orientation or applied laser power was seen. An opaque 
reference plane at the critical Kurtosis value of 3 was also included in 
Fig. 11 to highlight the lack of distinction. 

3.3. Volume analysis 

Fig. 12 includes binary images of cross-sections of cylindrical sam-
ples analysed using micro-CT to highlight how the sub-surface micro-
structures of LS PA12 components are affected by applied laser power 
and part orientation. The cross-sections presented are from the middle of 
each specimen in its longest direction, though percentage porosity re-
sults were mean values computed from 4 cross-sections evenly distrib-
uted throughout each specimen’s resultant scan volume. 

Resultant percentage porosities of the vertically built samples at 
applied laser powers of 18 W, 21 W and 24 W were 32.02%, 24.56% and 
28.24%, respectively. 

Also, a specimen built at 21 W, but orientated at 45◦ with respect to 
the powder bed was scanned, intrinsically this allowed both upward- 
and downward-facing surface and sub-surface sections to be analysed. 
This can be observed in the binary cross-sectional image labelled 21 W 
045◦ in Fig. 12, where a distinction between the upward- and 
downward-facing sections of the specimen can be clearly seen. The 
downward-facing section of the 21 W 045◦ sample had a significantly 
smoother surface with less sub-surface porosity than the upward-facing 
section of the same sample. More specifically, using personal judgement 
to divide the 21 W 045◦ sample binary image into two distinct sections 
allowed each to be further analysed, this divide can be seen in Fig. 13. 
Resultant percentage porosities of the upward- and downward-facing 
sections were computed to be 32.79% and 21.81%, respectively. 

Fig. 11. A comparison of mean Sku results collected using FV of top and bottom surfaces of specimens built across the powder bed with different applied en-
ergy densities. 
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Fig. 12. Binarised Micro-CT images of specimens built with different applied energy densities and orientations.  

Fig. 13. Divided and binarised sections of the 21 W 045◦ sample.  
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4. Discussion 

4.1. Resultant LS PA12 surfaces 

As shown in Section 3.2, the lack of variation in surface roughness, 
including both size and shape parameters, across the powder bed pro-
motes the suitability of using LS (specifically the EOS Formiga P100) to 
produce parts in greater quantities within individual builds, whilst 
guaranteeing consistent surface topographies on comparable surfaces. 
More specifically, no specific regions of the powder bed were identified 
as locations which resulted in parts with significantly higher or lower Sq 
roughness values. 

However, mean Rq results obtained using Contact Profilometry did 
show top surfaces to have greater resultant magnitudes than bottom 
surfaces of the same samples, an observation shared by Schmidt et al. 
[36]. Therefore, part surface orientation should be considered when 
Laser Sintering functional PA12 components. 

Maximum Peak-to-Valley Height roughness data presented in Figs. 5 
and 9 was in good agreement with Contact Profilometry and Focus 
Variation results collected by Laundhart et al. [16] who also measured 
the Rz and Sz of LS PA12 samples. However, LS PA12 surfaces are 
abundant with defects [48] therefore Maximum Peak-to-Valley Height 
descriptors, which intrinsically are determined by the single most 
defective feature present within a surface, cannot accurately charac-
terise entire profiles or areas. 

When comparing the shape of top and bottom surface profiles 
measured by Focus Variation and described by Skewness an apparent 
difference was observed. Top surfaces had dominantly positive Skew-
ness values, whereas the Ssk of bottom surfaces were neither entirely 
positive nor negative. Work by De Pastre et al. [29] also asserts that top 
surfaces of LS PA12 specimens are peak dominated when evaluated by 
Focus Variation, but also when measured by Coherence Scanning 
Interferometry and XCT after the application of both S- and L-filtering. A 
potential explanation as to why top surfaces have positive resultant 
Skewness values could be explained through the mechanism of powder 
particle adhesion. Upon the top layer being sintered, powder particles in 
the following pass of material could adhere to the former top surface. So, 
the adhesion between the original top surface and powder particles in 
the subsequent layer forms the new top surface of the component. This is 
best illustrated in Fig. 14, where the grey and orange profiles represent 
the original and new top surfaces, respectively. 

Furthermore, this mechanism of top surface modification through 
exterior powder particle adhesion should theoretically be affected by 
applied energy density which determines the magnitude of residual heat 
energy in the original top surface, as well as the thickness of the sub-
sequent powder layer. The former was observed within this study, in 
Section 3.2 increasing laser power also increased the magnitude of the 
resultant mean positive Skewness. The latter, layer thickness, was 
observed by Bacchewar et al. [43] to be the most influential processing 

parameter (excluding part surface orientation) to affect the roughness of 
upward-facing surfaces. More specifically, greater layer thicknesses 
should increase the height of asperity peaks as well as the volume of bulk 
material below the mean plane of the top surface and therefore the 
positivity of resultant Skewness values. Furthermore, in Section 3.2 it 
was demonstrated that increasing applied energy density also increased 
the variability in repeat readings obtained by Focus Variation. Theo-
retically, increasing applied energy density should promote the mech-
anism of powder particle adhesion and thus the number of surface 
irregularities within a topography. Consequently, evaluating these sur-
face topographies becomes more difficult and variability in resultant 
roughness data is expected to increase. 

This hypothesised mechanism of top surface powder particle adhe-
sion has been investigated further in unpublished work, where a distinct 
difference in resultant top surface Skewness was observed in specimens 
built with and without additional finish layers. More specifically, LS 
PA12 specimens built without additional finish layers were found to 
have negative resultant top surface Skewness values and were therefore 
valley dominated. Whereas top surfaces built with additional finish 
layers were again found to have positive resultant Skewness values. 

Unlike top surfaces, the layer of powder beneath the original bottom 
surface is still subject to applied energy during the initial layers of the 
build. This exposure to heat energy could result in the partial coales-
cence, rather than adhesion, of exterior powder particles with the 
original bottom surface. This mechanism of partial coalescence of 
exterior powder particles should therefore have a less distinct effect on 
the resultant Skewness of a surface when compared with the mechanism 
of adhesion. The magnitude of applied energy density and layer thick-
ness should therefore determine how much heat the exterior powder 
particles beneath the original bottom surface are exposed to. Again work 
by Bacchewar et al. [43] supports this hypothesis, when analysing 
downward-facing surfaces they found laser power, as well as layer 
thickness and build orientation, to be the significant parameters influ-
encing Ra. 

For both Contact Profilometry and Focus Variation, no discernible 
link between Kurtosis roughness results, applied energy density and part 
surface orientation could be established. This means that either the 
sharpness of resultant LS PA12 surfaces are entirely random, or surface 
metrology techniques of greater sophistication than those used in this 
study are required to characterise Kurtosis. 

4.2. Difference in areal and profile results 

Analysing range bar magnitudes in Figs. 4 and 8 allowed the vari-
ability of Contact Profilometry and Focus Variation surface metrology 
methods to be compared. Rq results obtained by Contact Profilometry 
had greater variability than 3-dimensional RMS results obtained using 
Focus Variation. This suggests that areal measurements are more 
appropriate than 2-dimensional profiles when computing roughness 

Fig. 14. An illustration representing the proposed mechanism of top surface modification through exterior powder particle adhesion.  
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results because evaluation areas better represent the total surface area of 
the component being examined. 

The difference in measured profile and areal roughness size results 
was significant, with resultant Sz values being approximately double 
that of equivalent profile magnitudes. A complete understanding as to 
why such a contrast in roughness size magnitudes measured by Contact 
Profilometry and Focus Variation occurs is still unclear. De Pastre et al. 
[29] suggested that optical effects when measuring translucent samples 
and asperity peak removal through scratching could both serve as 
possible explanations. 

The ‘Smoothing Effect’ intrinsic to Contact Profilometry should also 
be considered. The finite geometry of the stylus tip results in micro- 
valley volume not being captured, as well as the over-evaluation of 
micro-peak volume. As a result, the volume distribution of the surface 
shifts away from the bulk of the specimen and towards the asperity tips. 
Consequently, a peak dominated surface profile with a positive Skew-
ness could be incorrectly characterised by Contact Profilometry as 
having a symmetrical material distribution (Ssk ∼ 0). This may help to 
explain why top surface Skewness results in Fig. 6 obtained using Con-
tact Profilometry were centred around zero. In addition, tip angle as well 
as tip radius should be considered when interpreting results collected 
using Contact Profilometry. In this investigation the stylus tip had a 
radius of 2 μm and a tip angle of 60◦, which meant that the tip size 
effectively doubled to a radius of 4 μm at only a distance of 4.6 μm from 
the tip point itself. 

4.3. Resultant part sub-surface microstructures 

The effectiveness of using micro-CT to characterise sub-surface 
microstructure was highlighted in Figs. 12 and 13. 

Also, computing percentage porosities confirmed what was seen 
visually in Fig. 12, where the primary porosity inducing mechanisms 
transitioned from incomplete consolidation to excessive partial sintering 
of exterior powder as applied laser power increased. These mechanisms 
were apparent in the samples built vertically at applied laser powers of 
18 W and 24 W, respectively. Whereas the specimen constructed at 21 W 
was subject to a synergistic balance of both mechanisms, thus why it had 
the lowest resultant percentage porosity. 

Furthermore, after analysing the upward- and downward-facing 
sections of the 21 W 045◦ specimen in Fig. 13, it can be asserted that 
sub-surface microstructure, as characterised by percentage porosity, is a 
function of both applied energy density and part orientation. Visual 
analysis of Fig. 13 also suggested the surface roughness in terms of size 
of upward-facing surface sections to be larger than downward-facing 
surface sections. This supplements the Contact Profilometry results 
presented in Section 3.1. Further work should be carried out to 
explicitly correlate the surface roughness of LS PA12 components with 
sub-surface microstructure, specifically percentage porosity. 

5. Conclusions 

In this investigation, Contact Profilometry, Focus Variation and 
micro-CT were used to better understand how LS PA12 surfaces and sub- 
surfaces are a function of applied energy density; XY location across the 
powder bed; part surface orientation; measurement technique; rough-
ness descriptor; and percentage porosity. 

It was shown that the resultant roughness profiles of top and bottom 
surfaces of LS PA12 components are distinct in both size and shape. Top 
surface roughness profiles were dominated by asperity peaks and greater 
in amplitude than bottom surfaces, which were neither entirely fea-
tureful of peaks nor valleys. Therefore, when describing the topography 
of LS surfaces both size and shape descriptors should be used, for PA12 
Sq and Ssk were determined to be the most appropriate. Furthermore, 
build location across the powder bed, had no observable effect on 
resultant part roughness parameters. In addition, micro-CT highlighted 
part orientation also significantly effects resultant sub-surface 

microstructure. Binarised scan imagery confirmed upward-facing sec-
tions had greater amplitude roughness’s and porosity than downward- 
facing sections. 

For the first time amplitude probability density functions were used 
to characterise Laser Sintered PA12 surfaces to describe the symmetry 
and shape of their resultant topographies. Now an insight into LS surface 
Skewness is known, surface orientation could be selected to optimise 
resultant part functional performance. More specifically, an under-
standing of whether a surface will be peak or valley dominated could 
correlate with the probability of microcrack initiation and thus forecast 
the onset of surface fatigue, and why particular friction and other wear 
mechanisms occur when these surfaces are subject to dynamic contact. 

This research serves as foundational work and will be referred to, as 
well as advanced, when comprehensively characterising the functional 
performance of LS polymer components in future studies. 
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