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HIGHLIGHTS

e Spreading tests with blade tool on
Ti6Al4V, AlSi10Mg, PA6 and PA6 Black.

e Internal and wall friction properties
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assessed by three methods.

o Spreadability indices depended on ma-
terial and spreading speed.

e Metals were more speed-sensitive and
less variable than polymers.
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ABSTRACT

The quality of Powder Bed Fusion (PBF) parts relies on the quality of deposition of each powder layer. Despite
powder spreadability being a key factor, no standard definition or universal Spreadability Index is currently
available. Literature indices are typically based on static layer features, such as density and surface quality, or on
dynamic behaviour, such as avalanche angle. Density-based indices are mainly used for metal powders, while
surface-based indices are common for polymers, although they are often treated as equivalent. This study
compares density- and surface-based spreadability for two metals, Ti6Al4V and AlSi10Mg, and two polymers,
PA6 and PA6 Black, spread at 50, 75, and 100 mm/s. Powder layers were characterised by imaging, laser
profilometry, and gravimetry. Three spreadability indices were computed, while surface parameters were ob-
tained from profilometry maps as a reference. Images and profilometer scans were processed by wavelet
transform to generate power spectra and extract a characteristic wavelength from the dominant peak. Layer
density was calculated by weighing the collected powder and using the pocket area with the tool-surface gap to
define the layer volume. The influence of spreading speed was strongly index- and material-dependent. For
Ti6Al4V, Slimg, SIprof, and Slgens varied by 10%, 37%, and 3%, respectively; for AlSi10Mg by 20%, 0%, and 24%;
for PA6 by <1%, 20%, and 14%; and for PA6 Black by 13%, 25%, and 3%. These results show that spreadability
rankings depend on the selected index and, in some cases, on spreading speed.
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B.N. Dose et al.
1. Introduction

Industrial applications of Additive Manufacturing (AM) are growing
rapidly, driven by the environmental benefits associated with the po-
tential reduction of material waste and lower energy demand than
traditional subtractive manufacturing (SM) processes [1,2]. Among AM
processes, Powder Bed Fusion (PBF) is one of the most widely studied
and industrially relevant techniques. PBF is an AM technique based on
powdered material. In PBF, a laser beam (PBF-LB) or electron beam
(PBF-EB) is used to heat a layer of powder [3], causing the particles to
partially or fully melt and bond together. Depending on the material and
process conditions, building of parts may occur through sintering,
typically employed for polymeric materials [4], or through complete
melting, as commonly occurs for metallic alloys [5].

The PBF process is prominent due to the wide variety of materials
that can be employed, including polymeric materials [6] and metal al-
loys [7], and the capability to produce complex geometries and intricate
parts in a single process [8] at reduced design costs. Complex compo-
nents can be produced directly from a digital models obtained by
Computer Aided Design (CAD) [9]. AM techniques, in particular PBF,
can streamline the supply chain by removing intermediate processing
steps, reducing transport time, and enabling more decentralised pro-
duction, thereby improving sustainability [10].

The quality of the final PBF components strongly depends on the
quality of each spread powder layer [11,12]. Such dependence is mainly
linked to the layer's density and surface properties, whose relative
importance may vary depending on the part building mechanism. In
melting-based processes, powder-bed density is frequently investigated
because it influences material availability and the formation of the melt
pool [13,14]. Conversely, in sintering-based processes, where the spatial
arrangement of the particles is more closely retained during part
building, local variations in bed height and surface irregularities may
have a stronger influence on the quality and mechanical performance of
the final component [15,16].

The characteristics of the produced layer and its quality, as well as
the dynamic behaviour of the powder during spreading, are influenced
by the material's properties [17], environmental conditions, such as
temperature [18], and process parameters, such as spreading tool speed
[19] and shape [20,21]. Layer quality is also strongly affected by par-
ticle morphology, since spherical particles generally provide higher
packing density during spreading [22,23], whereas non-spherical par-
ticles tend to exhibit lower packing efficiency [21]. In general, spread-
ability refers to a powder's ability to spread into a homogeneous,
uniform layer suitable for PBF processes [24]. However, spreadability is
not yet standardised, and there is no universally accepted index for
assessing layer quality quantitatively [25]. The literature offers several
methods for evaluating spreadability, each using different measurement
techniques. A first class of methods is based on powder-layer density.
Layer density is generally calculated as the ratio between the mass of
powder contained in the deposited layer and its geometric volume.
Density-based spreadability indices commonly normalise this value with
respect to a reference powder density, such as tap density (ASTM
B527-24) [26]. However, the definition of the layer volume itself is not
unique. When spreading is performed over a flat surface, the theoretical
layer height may be related to a characteristic particle size, such as dgg
[24]. In contrast, other approaches rely on the experimentally measured
average layer height [27]. Alternatively, a pocket of uniform depth
carved on a flat surface is employed to simulate the spacing generated by
the tray's movement in an actual commercial machine. In this case, the
height is determined by the pocket depth and the gap between the
spreading tool and the underlying surface [13].

Since in situ measurement of layer density can be challenging,
surface-based spreadability metrics have also been extensively investi-
gated. These methods generally quantify surface irregularities using
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parameters directly or indirectly related to roughness and make use of
non-intrusive acquisition of information on the powder-bed surface.
Image-analysis methods, for example, can identify macroscopic defects
and quantify their severity according to their size and position within
the layer [28]. Optical profilometry can also be employed to charac-
terise surface topography. Yim et al. [29] used 3D optical measurements
to acquire height data of the entire surface and calculate surface
roughness (S,). Other approaches include electron-optical imaging in
PBF-EB systems, where backscattered-electron signals can be used to
reconstruct layer topology [30], and X-ray transmission imaging, which
has been employed to estimate local effective powder depth and eval-
uate surface uniformity [31]. Sehhat et al. [32] used a laser profilometer
to measure line roughness, R,, at the centre of a spread powder, which
was related to the surface quality [32]. In other studies, shadows were
generated by applying grazing light to the layer surface, and the layer
image was analysed to obtain information on surface quality related to
the shadow length [33]. Zinatlou et al. [18,34] assessed layer quality
using grazing-light images (converted to grayscale) and wavelet analysis
of line profiles to obtain power spectra; the dominant peak defined the
characteristic wavelength pl. Spreadability was quantified as SI =
dso/pl, where a higher SI indicates better surface quality. It was also
found that spreadability can be associated with the powder particle
Bond number [29,30], which accounts for the relevance of interparticle
forces at the particle level. It is defined as

Bo :FIP/W (1)

where Fpp is the interparticle force, and W is the particle weight. A
system with Bo > 1 is dominated by interparticle forces; the opposite is
true for Bo < 1. Shear testing was used to estimate the Bond number for
polymeric powders quantitatively.

Despite extensive efforts reported in the literature to quantify pow-
der spreadability using different indices, the coherence of the various
approaches has not been systematically studied. Density- and surface-
based parameters are often considered equivalent spreadability in-
dicators [35], although they may describe different aspects of the
powder layer. Powder layer density is commonly correlated with the
final part density in PBF, particularly in sintering-based techniques [22].
However, product quality also depends on buildability and geometrical
consistency, which may be affected by the continuity between consec-
utive layers and, therefore, by layers' surface characteristics [36].
Additionally, the powder layer's density is not able to return local
characteristics of the layer crucial for the correct assessment of the
spreadability. For example, small but deep flaws, or long but shallow
flaws, may result in negligible changes in the powder layer's density but
cause substantial defects on the final item, especially if the flaws are
positioned in areas where the laser will interact with the powder. These
apparently small defects may cause brittleness of the item, or they may
accumulate in the subsequent layers, increasing the severity of the
defect [37]. On the other hand, the surface analysis is useful to identify
the characteristics of the interface between two consecutive layers and
has the advantage of being potentially used as a monitoring tool of the
process. However, the surface analysis is not sufficient to determine the
internal characteristics of each layer. In fact, it is challenging to derive
from surface characterisation only information such as the layer void
fraction or the particle arrangement. The risk is to obtain layers with an
assumed satisfactory interface corresponding, however, to a poor bulk
density, which may result in poor mechanical properties in the final
item. Moreover, comparisons among different spreadability metrics are
commonly performed across separate experiments, materials, or
spreading conditions, making it difficult to determine whether dis-
crepancies among indices arise from the measurement principle itself or
from differences in the investigated powder bed.

This work investigates the differences between density- and surface-
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based spreadability indices for polymeric and metallic powders and
assesses whether direct mathematical or statistical correlations exist
among them. Powder layers of two metallic materials, Ti6Al4V and
AlSilOMg, and two polymeric materials, PA6 and PA6 Black, were
spread at 50, 75, and 100 mm/s and characterised through density
measurements, grazing-light shadow imaging, and laser profilometry.
Unlike similar research in the literature, the simultaneous application of
these complementary techniques enables a direct comparison of their
ability to discriminate between materials and spreading conditions. In
particular, density-based and surface-based descriptors are evaluated
concurrently, allowing their mutual consistency and sensitivity to ma-
terial and process conditions to be assessed without the confounding
effect of independently produced powder beds. In addition, the new
modified grazing-light image-analysis approach is applied together with
density measurements and laser profilometry to extract quantitative
information from the same powder bed. This combined application en-
ables a direct comparison of surface heterogeneity and layer filling
under identical spreading conditions, while retaining the potential for
rapid and non-intrusive process monitoring.

2. Materials and methods
2.1. Powders and properties

In this work, four powders specifically produced for PBF-LB pro-
cesses were tested. Materials consist of two metal powders and two
polymeric powders. The metal powders are Ti6Al4V and AlSi10Mg fine
powders, both produced by Renishaw plc. Polymeric powders are two
polyamides: PA6 (Sinterline® by DOMO Chemicals GmbH, Germany) and
PA6 Black powder (BASF 3D Printing Solutions GmbH, Germany). The
latter is made of polyamide particles coated with carbon black fines. The
main physical properties of the four powders are reported in Table 1.
The bulk density of the metal powders was measured using an FT4
Powder Rheometer (Freeman Technology, Tewkesbury, UK) at the Uni-
versity of Leeds. For the polymer powders, bulk density was measured
using an envelope and density analyser (GeoPyc 1365, Micromeritics,
Norcross, Georgia, USA) at the University of Salerno. Table 1 shows that
metal powders have particle densities roughly 2-4 times higher than
polymer powders. Particle densities were reported by manufacturers.
Diameter percentiles in Table 1 were extracted directly from the pow-
ders' Particle Size Distributions. In the case of polymeric powders, PSDs
were obtained through a Malvern Instruments-Laser diffraction method
in a wet environment following Mie theory (Mastersizer Hydro 20008,
Malvern, UK) at the University of Salerno; metal powders' PSDs were
measured through an Anton Paar-Laser diffraction method in a dry
environment following Mie theory (QICPIC/L-RODOS/L, M5, Anton Paar
GmbH, Austria) at the University of Leeds.

The shape and geometry of the powders were examined using SEM
analysis. Hitachi TM3030Plus (Hitachi, Tokyo, Japan) was used for the
metal powders at the University of Leeds, and FESEM LEO 1525 (Carl
Zeiss SMT AG, Germany) was used for the polymer powders at the Uni-
versity of Salerno [34]. Ti6Al4V powder particles appear as highly
spherical with sporadic satellites on the surface, as shown in Fig. 1la.
AlSi10Mg powder particles are mainly spherical and elongated, with
some fines often appearing as satellite particles adhering to the surface
of the coarser ones (Fig. 1b). Among the polymer powders, PA6 particles
are very irregularly shaped and range widely in size. Many of them are

Table 1

Physical properties of powder used as experimental materials.
Materials pp [kg/m®] py [kg/m®] dyo [pm] dso [um] doo [um]
Ti6A14V 4510 2430 16 33 52
AlSi10Mg 2660 1389 27 40 59
PA6 1130 525 15 46 91
PA6 Black 1370 690 40 74 129
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elongated and have sharp, angular shapes (Fig. 1c). PA6 Black particles
have smoother oval shapes, without many fines (Fig. 1d).

2.2. Methodology and analysis

2.2.1. Flow properties

Internal shear tests and wall shear tests were conducted for each
powder to evaluate its internal cohesion and adhesion to the contact
wall, corresponding to two system properties involved in the powder
spreading process.

2.2.1.1. Internal yield loci and flow function. An Anton Paar MCR 302
WESP (Anton Paar GmbH, Graz, Austria) was used to perform shear tests
at different consolidation conditions and at room temperature. The
annular trough of the shear tester, with an internal volume of approxi-
mately 19 em®, was filled with the powder and then levelled. The filled
trough was placed in the shear tester holder, and the test was then
started. A vaned lid was lowered onto the powder surface in the trough
to begin the measurement. Alternated pre-shear and shear steps were
performed to measure static yield loci and derive the flow function of the
powders, as the unconfined yield strength, f,, versus the major principal
stress, o1, and the corresponding cohesion at different consolidation
stresses. The normal stresses during the pre-shear steps were set at 1, 2,
4, and 8 kPa. Cohesion, C, angle of internal friction, ®;, dynamic angle of
internal friction, ®@,, and unconfined yield strength, f., were derived as a
function of major principal stress, o1, under different consolidation
conditions and used to extrapolate cohesion at major principal stress
similar to spreading conditions, with low normal loads. Shear tests were
conducted on every powder, performing three repetitions for each
condition.

2.2.1.2. Wall friction. The Anton Paar MCR 302 WESP was also used to
perform wall shear testing on each powder. For the wall friction test, the
procedures for filling, levelling, and placing the filled trough in the shear
tester were the same as those described for the internal shear test in
Section 2.2.1.1. However, instead of using a vaned lid, an annular
aluminium coupon attached to the lid was used to measure wall friction.
An aluminium coupon was chosen as representative of the wall of the
pocket bed employed during the spreading tests. Tangential stresses at
steady state were measured at specified increasing normal stresses
specified as 0.4, 0.8, 1.2, 1.6, and 2 kPa, to calculate the wall yield locus
of each powder and their respective adhesion, 7,4. Three repetitions
were performed for each powder.

2.2.2. Spreading testing

The experiments were carried out using the spreading device
developed at the University of Leeds [13], with the pocket-bed surface
setup. This device includes a rack that holds the spreading tool fixed in
place, and a moving platform controlled by a step motor and a screw for
one-directional movement. It can be used with both flat and pocket bed
surfaces by attaching a specially shaped plate to the moving platform
[13]. The pocket bed is an aluminium plate with a carved rectangular
area, rounded at the corners. The rectangle measures 35 mm by 50 mm
and has a depth of 100 pm (Fig. 2b). While the camera acquisition
allowed the acquisition of the entire pocket bed surface, the laser only
allowed the acquisition of the surface properties in a rectangular area of
about 50 x 20.25 mm, as shown in Fig. 2c.

In the experiments, a 60° steel blade (Fig. 2d) was chosen as the
spreading tool, a V-shaped knife with an angle of 60° between the two
blades' sides and the horizontal plane. Tests were performed at 21-23 °C
and 28-45% relative humidity, using spreading speeds of 50, 75, and
100 mm/s. These speeds were chosen to match the order of magnitude of
spreading speeds used in commercial PBF machines. Each speed-mate-
rial combination was repeated three times. To ensure consistent mea-
surements and avoid jamming [38], the blade to bed gap was selected
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Fig. 2. Experimental setup: a) spreading table with acquisition devices; b) detail of the pocket bed in the spreading table; ¢) pocket bed's area acquired by
photography in blue and profilometry in red; d) cross-sectional profile of the blade spreading tool. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

during preliminary set-up calibration and was maintained at a value
greater than or equal to 3dsy for Ti6Al4V, AlSil0Mg, and PAS6.
Accordingly, a gap of 151 pm was used for these powders. For PA6
Black, a smaller relative gap of 176 ym, corresponding to approximately
2.4dsp, was found during the set-up calibration to be sufficient to obtain
a consistent and complete layer.

2.2.3. Acquisition methodologies

The spread layer was characterised using various methods, each
requiring a different acquisition technique.

The first set of data was collected using a 24 MP camera, the D3300
(Nikon, Japan), with a 105 mm macro lens, the /2.8 DG MACRO HSM
(Sigma, Japan). This setup captured high-resolution images of the spread
powder layer for image analysis. In this step, an LED beam projector was
placed at a 45° angle to shine across the surface of the spread layer.
Surface roughness, hit by grazing light, created shadows, whose length

depends on the height and width of peaks and on the size of the asso-
ciated particle clusters, helping to assess surface quality. The captured
image was then converted to grayscale so that pixel intensity could be
used for image analysis. The image pixel covered an area of about 9 pm
size and was therefore smaller than the average particle size.

The second acquisition procedure used a laser profilometer to scan
the spread powder layer (Scancontrol 2960-25 v48-15, Micro-Epsilon-
Messtechnik GMBH & CO. KG, Germany). The laser is positioned
vertically above the setup and is oriented perpendicular to the spreading
direction. So, defining as x the horizontal spreading direction, y the
horizontal direction orthogonal to it and parallel to the blade and z the
vertical direction to the blade, the profilometer allows the acquisition of
a line composed of 1280 points of z values over 20.25 mm in the y di-
rection. This vertical dimension is obtained from the 2D rendering
internally made by the profilometer's acquisition software, hence is
affected by the transformation of the bins into pixels, resulting in a
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stretched y dimension. For this reason, the vertical dimension of the bins
shouldn't be calculated by the rendered image without knowing the
stretching factor. The stretching factor was calculated comparing the
scanning map with the actual layer image, and it was found to be equal
to 1.12. These profiles were collected while moving the spreading device
at approximately 2.7 mm/s in the x direction, covering the whole 50 mm
length of the spread layer. The spread powder layer was scanned starting
from the edge of the pocket at the aforementioned speed. Each scan
recorded 2630 profiles, with 1280 points per profile, producing bins of
19.0 pm x 14.1 pm (x x y) and therefore approximately three times
larger than the images' pixel size, with an expected loss in resolution of
the layer profile from the profilometer. Profiles were normalised over a
reference surface. The reference surface was obtained in each test by
calculating the moving average along each row of the profile (in the
spreading direction). This process allowed the removal of any potential
interference from the pocket bed tilting in a direction orthogonal to the
spreading, without altering the reciprocal positions of peaks and valleys
in the spreading direction.

The final step was to weigh the powder layer to calculate bed density.
Excess powder was first removed, leaving only the material inside the
pocket. This powder was carefully collected in a tray and weighed on an
analytical scale. The layer volume was taken as the pocket area multi-
plied by the sum of the pocket depth and the blade-surface gap set for
the test.

2.2.4. Data processing

2.2.4.1. Image analysis. Images acquired by the camera were processed
to obtain a power spectrum referred to the characteristic wavelengths
appearing in the distribution of shadows in the image of the spread
layer. The image is cropped to remove any portion outside the pocket.
Subsequently, the image was converted from RGB to grayscale. The
derived pixel intensities were taken as the parameter to be analysed
[39]. From the two-dimensional matrix reporting the grey level of each
pixel, vectors corresponding to the grey levels in pixel rows were
extracted. For this analysis, the rectangular image was divided into 4000
horizontal rows, each spanning the full length in the spreading direction.
Each row was processed with a wavelet transform (Wavelet Toolbox,
MATLAB®) to generate a power spectrum, using the Morlet mother
wavelet. The scale and shift factors of the wavelet transform were
automatically determined by the Wavelet Toolbox in the function's
routine, achieving the most suitable overlapping between the original
and the processed signals [15,34]. The Morlet mother wavelet was
selected after a calibration step, resulting in the most reliable mother
wavelet to faithfully represent the original signals. An overall power
spectrum was then obtained by cumulating the single spectra from each
stripe, representing the overall characteristics of the entire image. The
resulting spectrum was analysed by extrapolating its main peak and
width. Distances between points in the spreading direction were used to
calculate relevant wavelengths starting from spatial frequencies pro-
vided by the procedure.

2.2.4.2. Profile analysis. Profiles acquired by the profilometer were
analysed using a two-dimensional matrix of surface heights over the bed
surface. Vectors representing these heights along stripes in the spreading
direction were extracted from the 2D matrix using an approach similar
to that adopted for image analysis. An interquartile range (IQR) filter
was applied to remove outliers caused by random reflections from the
laser interacting with the metal plate and blade. The scan was
segmented into 1280 vertical stripes aligned with the spreading direc-
tion. The height values in each stripe were processed, as in the image
analysis, to compute a power spectrum per stripe. An overall spectrum
was then obtained by cumulatively combining the stripe spectra and
analysed using the same procedure.
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2.2.4.3. Surface roughness. The standard surface roughness, S,, was
used as a reference for surface quality. The standard definition assumes
that the zero plane coincides with the mean plane of the surface. In this
study, profilometer heights were referenced to a zero plane at the pocket
bottom; therefore, a shift was required [40]. The data were re-

referenced to the mean surface plane z, computed as the outlier-free
average of all height samples in the scan matrix shown as follows:

1 M N
Sq=—— |2i5 — 2| @
VN 2 2
Where M and N are respectively the number of columns and rows of
the height matrix, z is the mean plane of the surface, and z;; are the
height points of the matrix.

2.2.4.4. Root mean square height. Root mean square height is a surface
parameter employed in the calculation of superficial Skewness and
Kurtosis [40]. In analogy to Eq. (2), this parameter needs to be shifted
according to the average plane and discretised on the points of the scan
matrix:

q_\jlvll—l\li

i=1 j

’Mz

]
-
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2.2.4.5. Skewness. The skewness parameter measures the symmetry of
the profile. A Sy index equal to 0 indicates a symmetric distribution of
height in the profile and an even number and similar amplitude of peaks
and valleys, whilst a positive skewness refers to profiles with high peaks
and shallow or few valleys, and a negative skewness refers to profiles
presenting deep valleys or scratches and removed or low peaks [40].
Shifting and discretising, the equation can be rearranged as:

M

N
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=1 j=1
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2.2.4.6. Kurtosis. The kurtosis parameter describes the sharpness of the
probability density of the profile. A Sy, index larger than 3 indicates a
leptokurtic distribution, characterised by many high peaks and deep
valleys, while an index smaller than 3 indicates a platykurtic distribu-
tion, characterised by smoothed peaks and valleys [40]. The equation,
shifted and discretised, is expressed as:

M
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2.2.4.7. Amplitude density distribution. The amplitude density distribu-
tion estimates the probability density function of the ordinate z(x,y)
within the surface where the profile is defined [41].

The amplitude density distribution was combined with kurtosis,
skewness, and S, parameters to provide a reference in surface quality,
following a standard approach usually employed in tribology.

2.2.5. Indices

2.2.5.1. Image analysis spreadability index. An image analysis spread-
ability index, SIing, was used, similar to the one suggested by Zinatlou
et al. [18]. It is defined as

dSO

Shyme = —2 ©
" Pling

Where ds, is the 50th percentile of the tested powder Particle Size

Distribution (PSD), and pl is the characteristic wavelength extracted as

the peak wavelength of the power spectrum produced after the wavelet

transform processing. In this work, the characteristic wavelength was
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extracted from the overall wavelet, as described in Section 2.2.4.1. It is
hypothesised that in the layer image, the variations in grey levels are
related to the shadows of surface undulations. Therefore, the charac-
teristic wavelength identified by the wavelet transform should be larger
than or equal to the particle size. Therefore, it is expected that Sl
mostly ranges between 0 and 1 and cannot be larger than 1. Smoother
layers produce smaller shadows, resulting in a lower pl and higher index.
Consistently an increase in this index is associated with increasing sur-
face quality.

2.2.5.2. Profile spreadability index. In analogy to Sling, in this work, a
similar index was calculated from the surface profile map. This
profilometry-derived index, SI,, is defined, by analogy with Eq. (6), as
follows:

dso

SIprof = i ;
pro

)

In this case, a value of pl,,, was extracted from the profile power
spectrum. The characteristic wavelength represents the spacing between
surface peaks. Owing to discretisation, the wavelet analysis is limited by
the profile bin size, which lies between djy and dso for all materials
except PA6 Black. Consequently, similarly to what happens for SI;,,,
Shyrof > 1 (L, < dso) would occur only if the layer surface was mostly
composed of sub-ds, particles aligned at the same height. Under these
constraints, the profilometry-based spreadability index, SI,.f, is ex-
pected to range from O to 1.

2.2.5.3. Density-based spreadability index. Also, a density-based
spreadability index, Slns, was adopted. As suggested by Mehrabi
et al. [13], it is defined as:

Spread layer density
Reference bulk density

Slgens = ®

The spread layer density is defined as the mass of the spread layer
divided by its volume. While the mass was unambiguously measured by
weighing the powder deposited to form the layer, the layer volume may
be defined differently. In this work, the volume of the powder layer was
defined as

V= Spocket' (W + 5) (9)

where Sk is the surface area of the carved pocket, equal to 1736 mm?
in the device employed for the experiments, w is the carved pocket
depth, and § is the gap between the working plate and the blade rim. The
total distance (w + 6) was 151 pum for Ti6Al4V, AlSi10Mg, and PA6, and
176 pm for PA6 Black. According to Sl index, powder spreadability
increases as the spread layer density approaches the powder bulk den-
sity, which is assumed to represent the maximum layer density. Bulk
densities of Table 1, measured with FT4 and GeoPyc, were used as
reference bulk densities to evaluate this index. Under heavy compaction,
bulk densities may exceed the reference values used, but this is unlikely
with a spreading process as the one tested. Therefore, it can be assumed
that also Sl ranges between 0 and 1, and it increases with layer
quality in terms of density.

3. Results
3.1. Flow properties comparison

All powder materials were tested for powder flowability by shear
testing. Several papers in the literature have proven a limited relevance
of Powder flowability to powder spreadability [13,15], which is likely to
be due to the different characteristics of the controlled powder shear in
shear testing and the complex powder dynamics occurring in the powder
spreading process. Nevertheless, shear testing provides bulk parameters
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which are used to discuss some of the spreading results obtained in this
work. Bulk properties and powder flowability obtained with shear
testing depend on many particle and powder properties combined (e.g.
particle size, PSD, particle shape, interparticle forces, particle surface
quality, etc.), and differences or similarities in bulk properties may
depend on such combinations.

The flow functions of all powders, plotted in Fig. 3, indicate that for
the reported range of 1, all are free-flowing powders according to the
Jenike classification [42]. Except for AlSi10Mg and PA6 Black, at o7 of
1837 Pa and 2009 Pa, respectively, the powders' flow functions fall into
the transition region between the easy flowing and free flowing regimes.

C and o7 were measured at different pre-shear conditions [43] and
reported in Table 2, with respective unconfined yield strength, f, static
angle of internal friction, ®;, and dynamic angle of internal friction, ®,.
In order to assess the C in conditions similar to the spreading flow regime
of the first layer, 0; was calculated assuming dynamic conditions of a
heap of powder sliding on the underlying base and named as C;. For the
calculation, the normal stress, 6,, was assumed to be equal to the hy-
drostatic pressure of the pile P = pgh, where p is the bulk density of the
powder reported in Table 1 and h is the average height of the pile during
the experiments, set at about 0.015 m. The dynamic angle of internal
friction, ®,, reported in Table 2, was employed to identify the Mohr
circle representing the stress status of the sliding heap. The major
principal stress 6; was calculated from the Mohr circle and its relative C
was calculated from the regression line of C versus 0.

The adhesion, 7,4, and wall friction angles, ®,,, were determined
from the wall yield loci and are reported in Table 3. In order to assess the
adhesion 7,4 at stress conditions similar to the spreading flow regime of
the first powder layer, the adhesion was calculated at ¢ equal to the
hydrostatic pressure of the heap and named as 7,q,.

For each powder, the extrapolated adhesion and cohesion values
were compared to examine the balance between two competing be-
haviours during spreading. Adhesion reflects the tendency of the powder
to remain attached to the spreading surface, representing the limiting
shear stress that keeps the powder attached to a surface at very low
normal stresses, as it occurs in the spreading process. Cohesion, instead,
is the internal shear stress, also at very low normal stresses, generated by
powder shear, as it occurs within the powder just in front of the moving
blade. It can be hypothesised that lower values of the cohesion to
adhesion ratio should be related to better spreading behaviour under
process conditions. Results on the cohesion and adhesion of powders,
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Fig. 3. Flow functions of Ti6Al4V, AlSi10Mg, PA6, and PA6 Black, calculated at
pre-shear normal stresses equal to 1, 2, 4, and 8 kPa.
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Table 2
Internal shear testing results for Ti6Al4V, AlSi10Mg, PA6, and PA6 Black.

Material YieldLoci o) [Pa]  f. [Pal  C[Pal &[] @ [°]
1 1549 47 14 30.1 31.3
! 2 2856 94 26 31.4 326
Ti6Al4V 3 5504 259 72 31.6 32.8
4 10,913 663 194 29.2 32.1
1 1544 29 8 31.0 305
) 2 2902 266 76 30.3 32.2
ASi1OMg 4 5581 353 99 31.4 32.7
4 11,012 283 79 31.8 30.6
2 1786 40 7 36.7 38.7
PAG 3 3549 70 9 36.6 37.2
4 7119 90 12 355 35.8
5 14,194 135 16 35.7 35.7
1 1837 200 50 36.8 39.4
2 3533 273 68 36.9 387
PAG Black 4 7115 321 81 36.6 37.7
4 14,135 301 85 36.5 37.0

Table 3
Wall shear testing results for Ti6Al4V, AlSi10Mg, PA6, and PA6 Black.

7qq [Pa] D, [°]
Ti6AL4V ~16.32 18.9
AlSi10Mg 13.68 17.9
PAG6 10.21 25.8
PAG Black 63.72 20.8

extrapolated at zero consolidation stress to be relevant to the spreading
process, are reported in Table 4 together with their ratio. Inspection of
the Table shows that in every case adhesion is larger than cohesion.

Also, the effective angle of internal friction, is an interesting
parameter for the spreading process as it is an indirect measure of the
resistance to steady shear flow of the powder in which frictional and
cohesive interparticle forces are effectively combined and, for prevailing
friction as for the free-flowing material tested, generally it is not much
dependent on the consolidation stress and it is not much different from
the internal friction angle. The values reported in Table 2 confirm this
hypothesis. In contrast, the larger values of ®; and ®, found for the two
polymers are likely to be mostly attributed to the lower sphericity of the
particles of these materials. Extrapolated values at zero consolidation
are also reported in Table 4.

3.2. Spreading experiment conditions

The testing conditions could not be fully controlled during the
experimental campaign. However, room temperature and relative hu-
midity were recorded at the beginning and end of each test and reported
in the Supplementary Material. These measurements provide context for
any day-to-day variability. Inspection of the recorded values indicates
that temperatures remained stable across all materials, near 21-22 °C
with negligible drift between the start and end readings. Also, relative
humidity changed slightly within each test run: metals and PA6 oper-
ated mostly in the 28-36% RH range, while PA6 Black was tested at a
higher, steady humidity near 44-45%. The observed variations in

Table 4

Normal stress and major principal stress at low load conditions, dynamic angle
of internal friction, powder cohesion and adhesion with aluminium contact wall
at room temperature, calculated at stress status similar to spreading flow regime
of the first powder layer, and their ratio.

on [Pa] o1 [Pa] @[] 74 [Pa]  Cs[Pa]l  Ci/7eq [-]
Ti6Al4V 357.57 765.48 32.00 106.37 6.81 0.064
AlSil0Mg 204.39 428.04 31.77 79.63 0.99 0.012
PA6 77.25 191.99 38.27 47.60 5.19 0.11
PAG6 Black 101.53 254.99 39.44 102.22 33.211 0.32
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temperature and relative humidity were small enough to be considered
unlikely to introduce substantial bias in comparisons between tests
performed with the same powder for the metals and PA6 Black. How-
ever, because PA6 is highly hygroscopic, even the observed humidity
variations may have affected its behaviour.

3.3. Acquisitions and apparent quality

Fig. 4 to Fig. 7 show the images (panes a and b), profilometer scans
(panes c and d), pixel intensity distribution of images (pane e), height
distribution of scanning (pane f), and power spectra comparison (pane
g) of the layers obtained for Ti6A14V, AlSi10Mg, PA6, and PA6 Black at a
spreading speed of 50 mm/s, the lowest spreading speed tested. The
images were captured without flat-field correction and grey-level nor-
malisation. The aperture was 4.1 for every acquisition, while the ISO
was automatically set to 100 for polymeric powders and to 400 for metal
powders. Camera exposure was varied, with 0.25 s for PA6, 2.5 s for PA6
Black, 0.01 s for Ti6Al4V, and 0.0125 s for AlSi10Mg. White balance was
low and negligible considering the mainly monochromatic acquisitions.
In Fig. 4 to Fig. 7, 2-D representations of profilometer scans are images
in grey scale in which the grey level is proportional to the local height
detected by the profilometer. In order to account for the different bin
dimensions 19.0 pm x 14.1 pm (x x y), to be compared with photo-
graphic images, these plotted images were stretched in the x direction by
a factor 19.0/14.1 and resized in order to match the same length as the
photographic images. The stretching procedure is finalised only for the
2D representation of the surface scan. It does not affect the data pro-
cessing described above in Section 2.2.4, where it appears that only pixel
and bin size in the x direction are relevant and, when necessary, were
appropriately used with their real values.

Comparing the photographic images and the scanning representa-
tion, some differences between them are caused by the different nature
of the acquisition. While the camera image relies on the shadows created
by the grazing illumination in the spreading direction, the laser profil-
ometer measures local bed heights. Therefore, the photographic images
tend to highlight height variations in the spreading direction, detecting
as bright areas the downward slopes in the spreading direction and as
darker areas the upward slopes in the spreading direction. Surface scans
instead represent as bright areas the peaks and as darker areas the val-
leys without any preferential direction, which may explain, together
with the different pixel resolution, the slightly larger granularity of the
scanned height images than the grazing light photographic images. The
differences associated with grey levels in the two different image rep-
resentations are visible in the grey level distribution plotted in Fig. 4 to
Fig. 7, in panes e) for the grazing light images and panes f) for the
scanned height images. The former are generally asymmetric due to the
complex interaction between grazing light and surface roughness to
produce shadows, in spite of quite symmetrical distributions of local
surface height detected by the laser scan technique.

Inspection of Fig. 4 to Fig. 7 indicates that the metal powders in Fig. 4
and Fig. 5 provide smoother surfaces than the polymer powders in Fig. 6
and Fig. 7. In particular, the Ti6Al4V powder showed the smoothest
spread layer. Inspection of the enlarged portion of the surface repre-
sentations reported in panes b and d of Fig. 4 to Fig. 7 reveals that some
large agglomerates are visible for PA6 and PA6 Black. In contrast, the
two metal powders show only small, compact agglomerates composed of
a few particles. Despite the significant difference in resolution between
images acquired under grazing illumination and profilometer scans, all
results indicate that polymers exhibit larger surface textures than
metals. The much larger density of the metal particles, combined with
slightly better flow properties of the same materials discussed above in
Section 3.1 can justify a better ability of the metal powder to settle and
explain differences between the surface quality of metal and polymeric
powders [44].

The images and scans obtained at all the other spreading speeds
investigated are shown in the Supplementary Material. At 75 mm/s,
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there are only slight differences with the 50 mm/s results, except for
Ti6Al4V, where the surface appears noticeably rougher. At 100 mm/s,
visible stripe-shaped irregularities appear on the Ti6Al4V layer, running
perpendicular to the spreading direction. These stripe patterns are also
faintly visible for PA6 and AlSi10Mg. For PA6 Black, instead, some
unfilled spots are clearly visible at the highest spreading speed tested.
The vertical-stripe pattern can be attributed to elevated powder mois-
ture, driven by the ambient relative humidity. A previous study reported
the same pattern of vertical stripes. It showed that fine powders are
highly sensitive to moisture: at higher moisture levels, spreading pro-
duced stripe-like surface irregularities that degraded the quality of the
final 3D part [45]. Further studies are needed to assess the causes of the
vertical stripes that may possibly depend on slip-stick phenomena in the
powder shearing induced by the blade edge or on the avalanching of
powders in the powder heap in front of the blade.

3.4. Power spectra analysis

Wavelet transforms were applied to images acquired under grazing
illumination and to 3D profilometer scans, yielding an image-based and

a scan-based power spectrum for each test. The power spectra of the
tested materials at 50 mm/s are shown in panels g of Fig. 4 to Fig. 7. The
metal powders exhibited multimodal spectra within the range of the
unimodal peak of the power spectra obtained by image analysis. Also,
polymer powders showed multimodal spectra with less clearly defined
peaks, and the maximum peak still fell within the same wavelength
range as the prevailing wavelengths identified by the image analysis.
The characteristic wavelength was then taken as the dominant peak in
each spectrum, even when multiple peaks were present. The main peak
is relative to the most relevant pattern present on the layer surface. It
was considered a representation of the average dimension of the most
present agglomerates and flaws. This assumption was corroborated by
validations, where an image analysis software tool (ImageJ, V 1.54,
National Institutes of Health, Bethesda, MD, USA) was employed to
manually measure a subset of the visible agglomerates, revealing di-
mensions in the same order of magnitude as the power spectrum peak
wavelength. The positions of the maximum peaks differed between the
image and laser-scan power spectra.

Fig. 8 shows power spectra for Ti6A14V at different spreading speeds,
with each panel comparing the image-based and profilometer-based
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spectra. Corresponding plots for the other materials are provided in the
Supplementary Material. In Fig. 8, every spectrum shows a peak around
140 pm, which is related to the combination of the profilometer's
acquisition rate and bed advancement speed.

Differences in peak positions in wavelet power spectra from image
analysis and scanning profiles may depend on the different abilities of
these two procedures to describe surface shapes. Indeed, surface scan-
ning acquires the height values of surface positions, allowing for
different z positions of subsequent peaks or valleys. Instead, image
analysis does not distinguish the heights of subsequent peaks or valleys,
assigning them similar pixel intensities. Therefore, the wavelet peaks
shown in the profilometry powder spectrum weigh the distances be-
tween subsequent peaks and valleys by their intensity; on the other
hand, in image analysis, shade intensity is not directly related to the
height of peaks and valleys but depends mostly on the length of the
shadows projected from particles and agglomerates. Such differences
might justify the broader peaks in the wavelet power spectrum obtained
with profilometry, which can be considered to reflect a wider range of
height wavelengths describing the surface profile than the light intensity
fluctuations detected in an image. Even if derived from a less detailed
characterisation of the surface, it should be recognised that in principle

profilometry power spectra have a more direct physical meaning than
image-based power spectra. Nevertheless, both procedures will be
further considered as the purpose of this work is to understand the
feasibility of different methods to provide information relevant to the
understanding of the layer quality, also in view of on-line process
application, for which the image-based analysis is undoubtedly easier to
apply.

The average peak wavelength measured for all materials at each
spreading speed is reported in Table 5. For multimodal spectra, only the
highest peak was considered.

It is reasonable to hypothesise that the characteristic wavelengths in
the spectra reflect the size of clusters and agglomerates formed during
spreading, given the particle sizes and the samples analysed. However,
the prevailing wavelengths obtained from image-based and profilometer
analyses often differ, likely due to the above hypothesised reasons.
These differences propagate to the SI, producing noticeable discrep-
ancies even under similar spreading conditions (included in Table 5).
This effect is most pronounced in bimodal spectra with similar peak
intensities. Under these conditions, the peaks occur at comparable
wavelengths, but the dominant peak may vary from one test to another.
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Fig. 8. Power spectra obtained from image analysis (in blue) and profilometer analysis (in red) of Ti6Al4V powder at: a) 50 mm/s; b) 75 mm/s; ¢)100 mm/s. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5

Wavelet power spectra peak wavelength (PW), profilometry roughness values
Sa, skewness values Sgy, kurtosis values Sy, greyscale images roughness values
G,, skewness values G, kurtosis values Gy, spreadability indexes, and Inertia
number for the different materials spread at different speeds.

Spreading speed
Material 50 mm/s 75 mm/s 100 mm/s
Ti6Al4V Image PW, pm 111.3 + 4.6 1254 £15.6  119.1 + 4.6
Profilometry PW, 231.9+90.5 265.1 +£87.0 335.0+0.7
pm
Sa, HmM 14.8 £ 0.8 15.7 £ 0.9 16.1 + 1.6
Ssk —0.025 + —0.003 + —0.063 +
0.042 0.020 0.026
Sku 2.81 + 0.02 2.77 + 0.02 2.78 + 0.01
G, 26.8+1.1 24.4+£43 25.6 £1.2
Gk 0.027 + 0.111 + —0.062 +
0.037 0.165 0.079
Gku 2.82 + 0.03 3.02 + 0.37 2.95 + 0.09
Slimg 0.297 + 0.266 + 0.277 £+ 0.01
0.012 0.031
Slprof 0.155+0.05 0.136 +0.05  0.0985 +
0.00022
Sldens 0.66 +0.07  0.68+0.03  0.66 = 0.03
I 0.28 0.43 0.57
AlSi10Mg Image PW, pm 140.0 £ 5.4 146.4 £ 5.7 172.7 +£18.1
Profilometry PW, 413.0+0 413.0+0 413.0+0
pm
Sa, pm 18.6 + 0.6 19.7 £ 0.4 21.0+ 1.4
Ssk 0.025 + 0.001 + 0.043 + 0.031
0.022 0.021
Sku 2.79 £ 0.02 2.80 £ 0.01 2.77 £ 0.02
G, 320+ 1.5 32.6 £ 0.9 285+ 25
G 0.486 + 0.418 + 0.270 + 0.067
0.040 0.077
Giu 2.90 + 0.06 2.79 + 0.05 3.02 + 0.07
Slimg 0.29 + 0.01 0.27 + 0.01 0.23 + 0.03
SIprof 0.10+0 0.10+0 010+ 0
Sldens 0.72 + 0.06 0.63 + 0.06 0.55 + 0.02
I 0.34 0.52 0.69
PA6 Image PW, pm 370.7 £ 25.7 398.4 +28.1 397.4 £ 27.7
Profilometry PW, 950.3 + 65.8 953.2 + 950.3 + 65.8
pm 110.2
Sy, pm 20.7 £1.7 20.9 £ 0.6 19.7 £ 1.2
Ssk —0.036 + —0.010 + —0.043 +
0.026 0.025 0.044
Sku 2.78 £0.01 2.79 £ 0.02 2.79 £+ 0.02
G, 14.9 + 2.0 173+ 1.1 153 + 2.3
Ggk —0.457 + —0.647 + —0.439 +
0.135 0.066 0.219
Giu 3.68 + 0.13 3.57 £ 0.21 3.65 + 0.45
Slimg 0.12 + 0.01 0.12 + 0.01 0.12 + 0.01
STprof 0.05+0 0.04 + 0.01 0.05+0
Sldens 0.43 + 0.04 0.37 + 0.02 0.43 + 0.06
I 0.40 0.59 0.79
PA6Black  Image PW, pm 3109+13.1 330.2+68.5 349.5 + 42.7
Profilometry PW, 907.8+70.9  1142.0 + 1001.9 +
pm 45.2 152.4
Sa, HmM 20.0 +£0.1 20.1 £ 0.3 20.7 + 1.4
Ssk 0.105 + 0.099 + 0.087 + 0.010
0.011 0.007
Sku 2.76 + 0.02 2.76 + 0.01 2.77 + 0.02
G, 26.6 + 2.6 27.3 +3.3 20.8 + 4.6
Gk 0.155 + 0.255 + 0.027 + 0.130
0.111 0.201
Gru 2.44 + 0.10 2.47 + 0.05 2.61 + 0.15
Slimg 0.24 + 0.01 0.23 + 0.05 0.21 + 0.02
Slprof 0.08 £ 0.01 0.06 £ 0 0.08 £ 0.01
Sldens 0.36 + 0.01 0.36 + 0.01 0.35 + 0.01
I 0.51 0.76 1.01
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3.5. Roughness-based results

The scans mentioned in Section 3.3 were analysed, and the S, was
calculated. Table 5 reports the average surface roughness expressed in
um, calculated from all the experiments performed. Comparison of S,
values between different materials confirms the qualitative observation
of the surface images, and indicates that the heavier metals, Ti6Al4V in
particular, tend to generate smoother surfaces driven by the settling
effect of the weight not balanced by similar changes of the surface
interparticle forces indirectly estimated by equivalent bulk flowability.
On the other hand, based on data in Table 5, using 50 mm/s as the
baseline, roughness S, rises with the spreading speed for metal powders,
indicating that faster spreading generally yields a rougher spread pow-
der layer. From 50 to 100 mm/s, roughness increases of about 9% for
Ti6Al4V and 13% for AlSi10Mg. Polymeric powders, instead, do not
show significant changes in roughness, just a small increase of ~4% for
PA6 Black. In this case, the different dependence on spreading speed
between polymeric and metal powders may be related to the increasing
importance of particle momentum as spreading speed increases, while
cohesive interparticle forces remain unchanged. Cohesive forces limit
relative particle motion, whereas the greater mass of the metal particles
may increase their momentum and promote more independent and less
uniform settling after blade passage [46]. Standard deviations tend to
increase with the spreading speed for most powders, indicating higher
run-to-run variability at faster spreading speeds.

Regarding the raw results of S, reported in Table 5, it should be
recognised that the average particle size and the width of PSDs may
affect powder roughness and produce larger S,, as the displacement of
single particles or groups of a similar number of particles on the surface
may produce different changes in the surface height. For this reason, to
compare results of different powders characterised by different particle
sizes, the indices derived from the image- and profilometer-analyses are
normalised on dsp, which represents a characteristic parameter of
powders' PSD, reducing the effect of particle dimensions on the results.

Previous studies support the same overall trend. Yim et al. [47] re-
ported an increase in roughness for metal powders as the spreading
speed increased from 50 to 200 mm/s. Sillani et al. [48] observed a
similar increase in roughness between 50 and 200 mm/s for eight
polymer powders. In the present work, the smaller changes may be
related to the narrower speed range investigated. In addition, the results
may have been influenced by powder hygroscopicity and by sensitivity
to small variations in moisture content [49].

3.6. Density-based results

Bulk density values for all powders are listed in Table 1. To measure
the powder layer density, the weight of the spread powder and the
volume of the tray were recorded. The powder weight was measured
using an analytical scale. The volume was considered uniform and
calculated as the pocket surface area multiplied by the distance between
the blade edge and the bottom of the pocket. The density-based results
are expressed using the Slj.,;, defined in Eq. (8). Results are presented in
Table 5.

The results showed that Ti6Al4V had the highest layer Slgs, fol-
lowed by AlSi10Mg, PA6 Black, and finally PA6. Ti6Al4V was also less
affected by increasing spreading speedcompared to the other powders.
Higher Slj.,s values for heavier material confirm the positive effect of the
particle density on compact and more regular settling of particles [44].
In this case, also the particle size, which is larger for powders with lower
indices, may have a role. In fact, the distance left between the surface of
the generated layer and the edge of the blade is intrinsically related to
the particle size. It should increase with it, defining a worse layer filling
capacity by powders with larger particles.
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3.7. Inertial number

The effect of spreading speed can also be analysed using the inertial
number [50], I, which can be associated with the spreading process and
is defined as follows:

I=— ﬂ (10)
P/p

Where the shear rate, y, can be defined as the ratio between the

spreading speed v and the allowed gap h:

=% an

d and p are the particle size and density, and P is the vertical stress
(hydrostatic pressure) applied to the forming layer. Results indicate that
higher I are associated with poorer layer quality, more jamming phe-
nomena, larger agglomerates, higher roughness, and lower layer density
[18,51]. To analyse results in terms of I, Eq. (10) can be rearranged as

= _7dso 12)
P/
Shear rate, y, can be defined as:
1%
y = 1
r S+w (13)

where v is the spreading speed, and 5 + w is the distance between the
blade and the bottom of the pocket bed. dsp and p, are the median

particle size and density. Combination of (12) and (13) leads to the
following:

d ’p
I— oy v as

So+w

During the experiments, it was not possible to directly measure the
hydrostatic pressure P or the shear stress during spreading. However, it
is known that the pressure and shear stress acting on particles in the gap
are quite low—typically in the range of a few hundred Pascals [15,18].
These stress levels can vary depending on the mechanical properties of
the powder, such as its stiffness or resistance to deformation. Table 5
shows the approximated inertial number for each powder and spreading
speed, assuming that the hydrostatic pressure P = p,-g(6 +w). This
latter assumption, tend to somewhat underestimate the results obtained
in DEM simulations of similar systems that show the occurrence of force
chains between the blade and the layer bottom [52]. Still, it is reason-
ably of the same order of magnitude. Also, it makes the inertial number
independent of the particle density, which cancels out in the ratio under
the square root in Eq. (14), making the inertia number dependent, in our
tests, only on the particle size and on the blade velocity. PA6 Black
exhibited higherl, because of the larger ds, with respect to the other
powders.

The results reported in Table 5 highlight that, I increases with
spreading speed for every powder. However, the spreadability indices
do not decrease proportionally with I, and the ranking of the materials
according to I does not consistently coincide with the ranking obtained
from the spreadability indices. PA6 Black had the highest calculated I
and showed unfilled areas at high spreading speed, whereas Ti6A14V
developed visible vertical stripe patterns despite having the lowest
calculated I among the tested powders at the same spreading speed.
These observations indicate that the adopted definition of I captures the
effects of spreading speed and particle size but does not fully describe
the spreading behaviour. The assumed hydrostatic pressure may also be
underestimated because the additional normal stress generated beneath
the blade is neglected. Moreover, cohesion and adhesion are not
included in the classical formulation of I. For fine particles, these forces
may oppose inertia-driven rearrangement and therefore limit the ability
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of I alone to represent the spreading behaviour. Specific tests should be
carried out to evaluate these effects, which go beyond the purpose of the
present work.

3.8. Indices comparison

Based on the calculated indices reported in Table 5, it is difficult to
identify a direct relationship among the indices obtained under the same
experimental conditions. Although most of the indices suggest better
spreadability for the metal powders, they do not provide a single and
fully consistent ranking of the materials. This is expected because each
index describes a different feature of the spread layer. Some indices are
more sensitive to density, whereas others are more related to surface
characteristics. It can be noted that powders made of denser particles
showed a more pronounced change in the density index with spreading
speed. At higher speeds, the greater particle mass of the metal powders
may enhance momentum effects and alter the amount of material
retained in the pocket. Accordingly, the layer mass changed more for the
metal powders than for the polymeric powders, which were less dense
and already showed poorer packing at lower spreading speeds. On the
other hand, the image analysis was able to capture the changes in the
layer surface but was not able to correlate with the overall packing of the
layer. Unfortunately, the profilometer analysis suffered from poor res-
olution due to the device, leading to very similar indices inadequate for
classification. For this reason, a combined approach based on both
density-related and surface-related metrics is recommended to achieve a
more complete and reliable evaluation of spreading performance. The
layer density analysis combined with image analysis can be an adequate
solution to collect both packing, density and surface information. On the
other hand, the proposed image analysis method is affected by lighting
and camera positioning. Introducing different angles for the lighting and
positioning the light source in different sides of the layer may result in
more complete results. The topography analysis may be a good alter-
native to image analysis. Still, it is challenging to combine an adequate
resolution of the device, non-intrusivity, and a sample large enough to
be representative of the entirety of the powder layer. Moreover, it would
be impractical to perform in a single analysis both surface and density
assessment. However, the combination of two parallel methods, one for
density and one for surface assessment, would provide a more
comprehensive evaluation of the spread layer. It would also be sug-
gested that the selected methods guarantee the analysis of the same
portion of the layer, similarly to the aforementioned analysis techniques.

Fig. 9 compares all indices across materials and conditions and shows
a common trend: surface quality and layer density decline as spreading
speed increases, consistent with previous studies [47,48]. Every
spreadability index decreases with speed for Ti6Al4V. A similar result
was showed for AlSilOMg in every index but Si,,, which showed
negligible variations. Polymeric powders (PA6 and PA6 Black) follow
this trend within the error bars, although its mean at the highest speed
appears shifted; given PA6's strong hygroscopicity and sensitivity to
small changes in temperature and humidity [28,53], this variability is
expected and does not contradict the trend.

3.9. Indices statistics

The Pearson correlation analysis was performed on the indices to
evaluate their mutual statistical relationship, including the analysis
controlling for the spreading speed. The analysis results are reported in
Table 6. Pearson correlation analysis revealed that the relationships
among the three spreadability indices were strongly material dependent.
For Ti6Al4V, no significant pairwise correlation was initially observed,
although SIgens and SI,of showed a relatively strong positive association
(r = 0.620). After controlling for spreading speed, this relationship
increased to r = 0.739 and became statistically significant p = 0.036,
suggesting that the different sensitivity of the indices to the process
condition may partially obscure their agreement. A different behaviour
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Fig. 9. Indices comparison at increasing spreading speeds for: a Ti6Al4V, b AlSi10Mg, ¢ PA6, and d PA6 Black.

Table 6

Statistical analysis on the indices correlation evaluating Pearson r and p value,
assessing the influence of spreading speed on the relationship by introducing the
same parameters calculated by controlling spreading speed.

Material Indices Pearson r P Partial r, Py
Ti6Al4V Sldens — SIprof 0.620 0.075 0.739 0.036
SIdens — Slimg 0.084 0.829 0.088 0.837
STprof — Slimg 0.377 0.317 0.215 0.609
AlSi10Mg SIdens — STprof n.a. n.a. n.a. n.a.
SIdens — Slimg 0.713 0.031 0.024 0.956
Slprof — Slimg n.a. n.a. n.a. n.a.
PA6 SIdens — STprof —0.577 0.104 —0.577 0.134
SIdens — Slimg 0.783 0.012 0.862 0.006
STprof — Slimg —0.574 0.106 —0.635 0.091
PAG6 Black Sldens — STprof —0.263 0.495 —0.399 0.328
SIdens — STimg 0.896 0.001 0.882 0.004
STprof — Slimg —0.086 0.826 —-0.210 0.618

was observed for AlSi1OMg. Slgens and Sl were significantly corre-
lated, with r = 0.713 and p = 0.031, but both indices also showed strong
negative correlations with spreading speed, with r = —0.867 and
—0.814, respectively. Accordingly, their partial correlation became
negligible after controlling for speed showing r = 0.024, indicating that
their apparent agreement was predominantly associated with their
common response to the spreading speed.

Conversely, a strong and speed-independent agreement between
SIgens and Slimg was observed for both polymeric powders. For PA6, their
correlation increased from r = 0.783 to a partial correlation of r = 0.862,
whereas PA6 Black showed similarly high coefficients before and after
controlling for speed, with r = 0.896 and 0.882, respectively. No sta-
tistically significant correlation with spreading speed was detected for
either polymer. Overall, these results indicate that the different
spreadability indices cannot be regarded as interchangeable measures of
powder-bed quality. Their agreement, as well as their sensitivity to
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spreading speed, depends on the investigated material and on the
physical feature of the deposited layer captured by each measurement
technique.

4. Discussion

Measured flow properties indicated that both metal and polymeric
materials are free-flowing powders. These powders also exhibited high
overall spreadability and are characterised by wall adhesion to the
aluminium surface that exceeded internal cohesion. These results also
suggest a higher tendency for the powder to adhere to the contact sur-
face rather than agglomerating in front of the blade and can explain the
limited tendency of the material tested to produce long linear flaws in
the spreading direction.

Powder flowability results between the materials tested suggested a
concurrent effect of the effective shear forces indicated by the effective
angle of internal friction and of the gravity forces, related to the particle
density, favouring metal over polymers. Visual inspection showed that
metal powders possessed lower apparent surface roughness and higher
sphericity than polymer powders, which may explain the reduced in-
ternal friction. However, S, limitedly changed during the testing of
polymer powders. For powder layers, S, primarily depends on the par-
ticle arrangement and their relative positioning, particularly of particles
in the upper layer. Metal powders, being more spherical, having a lower
effective angle of internal friction, and containing denser particles with a
lower interparticle-force-to-weight ratio than the polymeric powders
(Fig. 1), tend to form smoother surfaces. Their greater particle mass may
also make S, more sensitive to spreading speed through momentum
effects.

Power spectra derived from images were predominantly unimodal,
whereas profilometer spectra were frequently multimodal. This diver-
gence reflects the fundamental nature of the data acquisition methods.
In image analysis under grazing light, pixel intensities serve as wavelet
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inputs, where bright regions are downward slopes and dark regions are
upward slopes. Profilometry, instead, records absolute heights, so it is
more sensitive to the actual amplitudes of peaks and valleys. Further-
more, while image analysis under grazing light offers superior in-plane
resolution, laser profilometry provides height profiles valid also in the y
direction, which, however, were not used in this work; the specific
impact of resolution is further detailed in Appendix A. Despite these
differences, every test showed that the profilometer and image spectra
shared at least one peak within a similar wavelength band and a com-
parable spectral range. This result indicates that both methods capture
the fundamental spacing between peaks and valleys. However, results
also show that image power spectra tend to shift the prevailing wave-
lengths towards lower values than profile power spectra, indicating that
the grazing light may produce similar grey level intensities for large and
small changes of the bed height and, thereby, enhancing the role of the
shorter wavelengths in the wavelength distribution.

Additionally, each method possesses inherent constraints. Profil-
ometry may be hindered by the available resolution and powder's
reflectivity. On the other hand, image analysis may be sensitive to
lighting angle; suboptimal illumination may fail to produce satisfactory
shadows or contours necessary to detect the flaws caused by z-position
differences or light propagating parallel to the features. The high
reflectivity of polished metal surfaces may produce single particle light
reflections that may also affect the results, further promoting the rele-
vance of shorter wavelengths. In general, however, comparing the
dominant peaks from profilometry and imaging provides additional
insight into layer quality. For instance, image power spectral analysis
may highlight agglomeration effects at the level of the particle scale,
whereas profilometry power spectral analysis might more reliably reveal
large-scale surface flaws related to the presence of agglomerate material
in front of the blade. The good correlation found for image-based
flowability indices and density-based indices for polymers tends to
support this view.

Ultimately, the ranking of spreadability depends on the specific
index employed. This result confirms that each analytical method probes
a distinct aspect of powder behaviour. Therefore, combining at least one
density-based parameter with one surface-based parameter provides a
more complete representation of powder spreading performance, inde-
pendently from the powder's material. Despite the inability to define a
univocal ranking, metal powder showed generally better spreadability
indices. As mentioned above, this result may depend on the internal
shear characteristics of powder such as the effective angle of internal
friction (®,.), reported in Table 4 and representing the effective shear
resistance during powder flow, as well as on the particle density that
favours the settling of the heavier particles. The spreadability results
shown in Table 5, also demonstrated a qualitative association with the
cohesion to adhesion ratio (C;/7,4,) values reported in Table 4. However,
the present dataset does not allow the independent effects of cohesion
and adhesion to be separated. A full understanding of the role of this
ratio in powder spreading and final layer quality therefore requires
additional studies using systems in which cohesion and adhesion can be
varied independently.

5. Conclusion

In this work, the spreadability of two metal powders and two poly-
meric powders was evaluated using complementary surface- and
density-based approaches. Surface topography was characterised by
grazing-light image analysis and laser profilometry, while the mass of
the deposited powder was used to determine the spread-layer density.
The resulting dimensionless indices describe different physical aspects
of the powder layer and should therefore not be treated as inter-
changeable. Their combined use provides complementary information
on surface quality and layer packing. The key findings are summarised
as follows.:
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Metal powders generally demonstrated superior spreadability
compared to polymeric powders across all spreadability indices.
For the tested powders, spreadability can be explained by the relative
values of the effective angle of internal friction (®,) combined with
the effect of the different particle densities. However, characterisa-
tion of powder flowability also suggests that the cohesion-to-
adhesion ratio (C;/7,4,) may play a significant role in powder
spreadability.

Surface roughness parameters in metal powders exhibited a higher
sensitivity to spreading speed than those in polymeric powders. This
behaviour may be associated with the greater particle mass of the
metal powders and the resulting momentum effects during
spreading.

Both image- and profilometer-based spectra covered comparable
wavelength ranges. However, profilometer spectra were more
frequently multimodal, reflecting their higher sensitivity to absolute
height amplitudes. On the other hand, image power spectra enhance
the agglomeration analysis at the particle level, producing well-
correlated image-based and density-based spreadability indices.

e Overall, increasing spreading speed tended to reduce spreadability,
but the magnitude and monotonicity of this effect depended on the
material and the selected index, and some variations remained
within experimental uncertainty.

All four powders exhibited wall adhesion greater than internal
cohesion under the extrapolated low-stress conditions. The cohesion-
to-adhesion ratio ranged from 0.012 to 0.32, indicating material-
dependent differences in the relative importance of these two
contributions.

These results suggested that the different characterisation methods
capture distinct facets of powder layer morphology. Consequently, a
hybrid analytical approach is recommended for a comprehensive un-
derstanding of powder spreading behaviour. Future research will focus
on correlating peak wavelengths and the physical dimensions of surface
agglomerates and clusters. Nonetheless, indices derived from power
spectra remain highly effective for evaluating surface quality when
comparing different process conditions for the same material. A full
understanding of the role of the cohesion-to-adhesion ratio in powder
spreading and final layer quality requires additional studies using sys-
tems in which cohesion and adhesion can be varied independently.
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Appendix A. Appendix

The effect of image resolution on the power spectra was assessed by artificially reducing the resolution of one image for each material obtained at
50 mm/s. For each image, the horizontal resolution was reduced from 5739 to 1913 pixels by averaging groups of three adjacent pixels along each
row. The reduced-resolution images were then analysed using the same wavelet procedure as the original images. The reduction in resolution shifted
the dominant peak towards larger wavelengths, as shown in Table 7

Table 7
Comparison of power spectra's peak wavelengths shift with artificially
reduced resolution.

Original Peak Shifted Peak
Ti6Al4V 108.7 pm 123.6 pm
AlSi10Mg 124.9 pm 152.1 pm
PA6 345.0 pm 366.0 pm
PA6 Black 282.2 pm 299.4 pm

The shift appears to be larger in metal powders compared to polymeric ones. A secondary effect of the resolution is lowering the power of the peak
and producing multiple crossings between the graphs, as shown in Fig. 10.
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Fig. 10. Effect of artificial decrease in resolution of layers images on image analysis power spectra at a fixed spreading speed of 50 mm/s: a) Ti6Al4V; b) AlSi10Mg;
c) PA6; d) PA6 Black.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.powtec.2026.123301.
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