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ABSTRACT

Metal-based Directed Energy Deposition (DED) is considered one of the variations of additive manufacturing with
the highest potential, particularly for space industry and in-orbital manufacturing. The technology however still
faces various challenges, many of which can be traced back to poor control and understanding of the powder
delivery. Velocity distribution of powder particles at the DED nozzle outlet has a key influence on the results of
any predictive model of powder stream and yet remains largely disputed. Certain numerical studies highlighted a
possible influence of powder particle size on the velocity condition at the nozzle exit, yet no experimental studies
confirmed this effect. The experimental campaign described in this paper quantifies this relation between powder
particle size and velocity distribution at the nozzle outlet and a strong decrease of particle speed with particle size
is observed. Moreover, smaller particles are observed to travel at speeds higher than the mean carrier gas speed
suggesting powder particle segregation within the nozzle as one of the mechanisms driving speed differences at

the nozzle outlet.

1. Introduction

Additive manufacturing (AM) is regularly referred to as a disruptive
technology due to the wide range of new possibilities it is opening up
across a variety of different fields [1]. The demand for high-performance
and low-weight structures make this technology particularly interesting
for the aerospace sector [2]. Directed Energy Deposition (DED) above
all the other variations of AM is considered to have the most significant
potential for space industry and in-orbital manufacturing due to no im-
posed limitation on the size of the manufactured objects and its ability
to operate in microgravity [3,4].

The state of DED technology however doesn’t yet match the high
performance objectives dictated by the space industry. Among the more
acute drawbacks of DED are the relatively poor dimensional accuracy,
lack of fusion and other recurring structural defects. While the end result
of DED process is a complex interplay of various factors, it is generally
agreed that the inherently stochastic nature of the powder stream lies
at the heart of these drawbacks [5-7]. Increased accuracy of the blown
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powder dynamics is therefore considered a crucial ingredient of next-
generation DED simulation models [8].

A variety of different approaches has been employed in the past two
decades to simulate the powder stream in DED. Analytical approaches
typically assume an idealized Gaussian distribution of powder particles
along the powder stream and compute particle trajectories by extrapola-
tion of the nozzle passages [7,9,10]. Numerical approaches on the other
hand usually rely on computational fluid dynamics (CFD) to resolve a
two-phase flow problem involving a dispersed second phase with the
additional transport equation for the powder phase [11-14]. In either
case the powder stream behaviour is largely governed by the velocity
distribution of powder particles exiting the nozzle, making the powder
velocity boundary condition a crucial point of any model.

Early modelling approaches assume a uniform powder speed at the
nozzle outlet that matches that of the carrier gas and particle divergence
angles that vary within the range of estimated values [15-17]. Some of
the more recent numerical approaches extended the simulated domain
to include a certain length of the DED nozzle inner walls upstream of the

Received 23 January 2025; Received in revised form 22 July 2025; Accepted 31 August 2025

Available online 10 September 2025

0264-1275/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/matdes
http://orcid.org/0000-0003-1486-6406
http://orcid.org/0000-0002-1280-4159
http://orcid.org/0000-0003-0780-9745
http://orcid.org/0000-0002-0465-9342
http://orcid.org/0000-0002-8452-9993
mailto:tijan.mede@imt.si
https://doi.org/10.1016/j.matdes.2025.114680
https://doi.org/10.1016/j.matdes.2025.114680
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Mede, A. Jeromen, E. Govekar et al.

ot

Signal A= SE2 9 Nov 2023 9:31:39
FIB Probe Current Actual= 0.0 pA
Ext3 FIB Lock Mags = No CcDe

100 um EHT = 15.00 kv
TrackZ=On M= 8%81um W= 1144mm B502% C213%
Stage at M= 600 mm  Stage atZ=40.909mm  Stageat T= 0.0°

Beam Blanked = o

|

Fig. 1. SEM image of the AP&C Spherical APA Ti-6Al-4V powder prior to sieving.

outlet [13,18,6,19] and thus attempted to avoid the need for experimen-
tal evaluation of the powder boundary conditions. A boundary condition
further upstream nevertheless needed to have been assumed and simi-
larly as in previous approaches a uniform powder velocity matching that
of the carrier gas was applied. CFD-based numerical results of these stud-
ies indicated that the powder speed at the nozzle outlet diminishes with
the powder particle size on the account of the loss of momentum of
the larger powder particles through the plastic collisions with the in-
ner nozzle walls, while the smaller particles with sufficiently low Stokes
numbers follow the carrier gas streamlines and avoid the loss of momen-
tum through particle-wall collisions. The simulated dynamics of these
studies however depend heavily on the law of particle interaction with
the nozzle walls [6] which had to be assumed. This effect of the pow-
der particle size on the powder velocity distribution at the nozzle outlet
has also never been experimentally validated and remains a numerically
elaborated concept. Concurrently various other models assume the pow-
der velocity to be independent of the particle size [20,7].

An original approach is thus developed and utilised to measure the
powder particle velocity at the nozzle outlet of a commercially available
DED deposition head and analyse the powder velocity dependence on
the powder particle size.

2. Experiment
2.1. Powder preparation & analysis

AP&C Spherical APA Ti-6Al-4V powder (Fig. 1) was used for this
experiment. Prior to experimental runs the powder was analysed and
treated as described in the following paragraphs.

Sphericity of the utilized powder particles was first analysed using
an Xradia microXCT-400 high resolution 3D X-ray imaging system with
a resolution of 2 um. A sample of 2460 powder particles was scanned for
the analysis. Applying a proprietary segmentation algorithm, individual
powder particles were identified and used to calculate particle sphericity
values. Distribution of particle sphericities can be observed in Fig. 2,
while mean sphericity was evaluated at ¢ = 0.88 and median sphericity
was evaluated at @™ = 0.89.

The Ti-6Al-4V powder was then separated into different size frac-
tions using sieving. The sieving was performed using the HAVER EML
315 digital plus test sieve shaker and a set of HAVER & BOECKER Nex-
opart ¢250 mm x 55 mm stainless steel mesh sieves (45 um, 63 pm,
75 um, 100 pm, 125 pm, 150 pm, 200 pm). In order to verify that the
powder separation procedure was successful, samples of several hun-
dred particles were taken from each size fraction and analysed under
a Thermo Fischer Scientific Apreo 2 SEM microscope. Distributions of
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Fig. 2. A histogram of the particle sphericities for the analysed sample of AP&C
Spherical APA Ti-6Al-4V particles.
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Fig. 3. Histograms of powder particle size distributions for individual size frac-
tions after the digital analysis of SEM images. Contributions of individual par-
ticles to the size distributions are weighted by the particle volumes to filter out
the contribution of extremely small particles.

Table 1

Table with mean powder particle diameters Ee "
and shares of total volume of powder particles
within the fraction bounds V;, for each pow-
der size fraction (marked by the lower bound
L and upper bound U) respectively.

Size fraction d,, Vo,

< 45 pm 45.48 pm 0.99
45-63 um 56.83 um 0.99
63-75 um 69.98 um 0.99
75-100 pm 91.12 pm 0.99
100-125 pm 116.31 pm 0.99
125-150 pm 144.91 pm 0.95

equivalent powder particle radii d,, were obtained from the digital SEM
images, assuming perfect particle sphericity. In order to filter out the
contributions of the extremely small powder particles and numerical
artefacts of image processing (which are numerous in terms of quantity
but negligible in terms of volume), the contributions of individual par-
ticles to the distributions were weighted by particle volumes (assuming
perfect particle sphericity). Histograms of weighted equivalent particle
radii distributions are shown in Fig. 3.

Table 1 summarizes the results of the powder separation procedure
analysis. The column Eeq lists the mean equivalent particle diameter
(henceforth also referred to as the mean particle size) for each individual
powder size fraction. The column Vy, lists the share of total volume of
powder particles within the bounds +10% of that fraction for each size
fraction:

3
ZM if (09-L<d<1.1-U)
Vo = 47(0.5%d)} ’ M
D
where d is the equivalent diameter of the individual powder particles,
L is the lower bound of the individual size fraction and U is the upper

bound of the individual size fraction.
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Fig. 4. Fraunhofer COAX 12V5 discrete coaxial deposition head used for the
powder particle velocity measurements at the nozzle outlets. Only two nozzle
outlets (of the total four) can be observed in this cross-section. For more details
on the deposition head geometry refer to Appendix A.

2.2. Powder velocity measurements

The powder velocity measurements were performed on a commer-
cially available Fraunhofer COAX 12V5 discrete coaxial deposition head
with four nozzles. Construction details of the deposition head are sup-
plied in Fig. 4 and Appendix A. A constant volumetric flow rate O, = 5
L/min of the Argon carrier gas was used for all the measurements. The
powder was supplied by a GTV PF 2/2 powder feeder at a constant rate
of 0.5 rpm of the feed disc, resulting in a powder mass flow rate of m
= 1.7 g/min. No shielding gas was applied during the execution of the
experiments and the laser beam was switched off.

The velocity of the particles below the DED deposition head was mea-
sured optically. For this purpose, powder streams from the two opposing
nozzles were illuminated with a laser light plane (Fig. 5) generated by
a line laser (Coherent StingRay-660) with a power of 50 mW and a
wavelength of 660 nm. The vertical laser light plane with a thickness
of approximately 0.3 mm was aligned with the axis of the two nozzle
outlets and with the axis of the DED deposition head (Fig. 5). The out-
put power of the line laser was modulated with a 30 kHz square wave
signal between 0% and 100%. Images of the illuminated particles were
captured by a monochrome digital camera (Point Grey GS3-U3-23S6M)
positioned perpendicular to the laser light plane (Fig. 5). The camera
was equipped with a 75 mm focal length lens (Navitar MVL75M1) and a
45 mm extension ring containing a bandpass filter with a central wave-
length of 650 nm and a half maximum width of 40 nm to minimize
the influence of ambient illumination. The images were captured at 80
frames per second, a resolution of 1920 x 1200 pixels with 8 bits and
an exposure time of 0.2 ms. The size of the square image pixels corre-
sponded to a length of 9.03 um. In order to obtain a sufficiently large
sample of particle traces, 50,000 images were taken for each individual
powder size fraction.

Materials & Design 259 (2025) 114680

Deﬁosition
ead

Camera

. Vertical
“ light plane

Fig. 5. Schematic representation of the experimental setup.

2.3. Post-processing

Sets of images that were obtained for each individual powder size
fraction measurement were post-processed with a Python-based script
that was developed in the scope of this project to extract powder par-
ticle velocities (Fig. 6). A sensitivity analysis of the key measured vari-
ables to the parameters of image processing is described in Appendix B.
Grayscale images obtained during the experimental runs feature dashed
traces of passing particles that result from the particles reflecting the
modulated laser source illumination. After thresholding the grayscale
images (sensitivity analysis in Fig. 16), Hough transformation is applied
in order to identify straight lines. The Hough transformation results in
a multitude of line candidates for each particle trace as the thresholded
traces a have a width of several pixels. The line candidates representing
the same particle trace are identified by performing hierarchical clus-
tering in the space consisting of the upper and lower coordinates of the
line candidates (sensitivity analysis in Fig. 17). A single trace line rep-
resentative of the corresponding particle path is identified in each line
cluster by calculating the medians of the two end points of all the line
candidates in the corresponding cluster.

Once the particle traces are identified, their speed is evaluated. The
commonly adopted approach of evaluating the particle speed from the
length of the trace [5,21,13] is susceptible to errors due to particles
moving into- or out of- the illuminated domain during the camera ac-
quisition time and consequently resulting in a shorter illuminated trace
on the recorded image. In order to avoid this error, particle speed is eval-
uated from the period length and the frequency of the laser light source
modulation. The period length is computed from the auto-correlation
function of the binary image value along the identified trace line.

In order to assure the analysis result reflects the powder boundary
conditions at the DED nozzle outlets, only a subset of powder particle
traces sufficiently close to the nozzle outlet were considered for the ve-
locity estimation. Only particle traces with the vertical coordinate of
the central point y, < y,,,, = 2 mm were filtered out for the powder
particle velocity analysis (sensitivity analysis in Fig. 18).

3. Results & analysis

This section summarizes the results of the measurements of powder
particle velocity by analysing particle speed v and particle divergence
angle 6 (see Fig. 4, detail A). Approximating functions are fitted over the
measured data in an attempt to model the observed influence of particle
size on the powder velocity.

3.1. Powder particle speed

Measured particle speed distributions at the DED nozzle outlet are
displayed in Fig. 7. Curves in the plot represent Gaussian kernel den-
sity estimations (KDE) of the measured speed distributions for each
respective powder particle size fraction applying Scott’s Rule bandwidth
estimation. The speed distributions appear Gaussian-like and exhibit a
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Fig. 6. The left side of the image shows an example of the obtained image from
the high-speed camera. The added annotations mark the coordinate axes, diver-
gence angle 0, the central point of a trace and the vertical limit of the domain,
where the boundary conditions were measured y,,,.. The right side of the im-
age depicts a schematic process chart of the image post-processing procedure.
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Fig. 7. KDEs of measured particle speed distributions for individual powder
particle size fractions.
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Fig. 8. Measured values of mean particle speed v as a function of particle size
d . with 95% confidence intervals (in blue) and a fitted exponential function (in
red).

strong dependence on the powder particle size, which is further detailed
in the following paragraphs.

Mean powder particle speeds v with 95% confidence intervals for
each individual powder size fraction are plotted against the mean parti-
cle size within corresponding powder size fractions in Fig. 8. The mean
particle speeds exhibit a quasi exponential decrease with the mean parti-
cle size. As an approximative model, an exponential function was fitted
to the speed measurements data and the quality of the fit was evalu-
ated by computing the coefficient of determination RZ(7) = 0.99. The
function and the values of its parameters are included in Fig. 8.

The standard deviations o, of measured particle speeds with 95%
confidence intervals for each individual powder size fraction are plot-
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Fig. 9. Measured standard deviations of particle speed ¢, as a function of particle
size d, with 95% confidence intervals (in blue) and a fitted exponential function
(in red).

ted against the mean particle sizes within corresponding powder size
fractions in Fig. 9. Interquartile Range (IQR) method was used to re-
move speed outliers from the measured dataset for the calculation of ¢,,.
Outliers are defined as the speed measurement instances that fall out-
side of the range, defined as 1.5 times the IQR above the upper quartile
(Q3) and below the lower quartile (Q1). The dataset exhibits a rapid,
non-linear decrease of ¢, with the mean particle size. An exponential
function was fitted over the measured data to approximate the speed
standard deviation dependency on powder particle size. The coefficient
of determination for the fitted exponential function is R*(s,) = 0.95.
The function and the values of its parameters are included in Fig. 9.

The fitted models for v and ¢, can now be used to generate idealized
Gaussian distributions of powder particle speed at the nozzle outlet and
evaluate the quality of fit with the actual measured particle speed dis-
tributions. Fig. 10 displays the modelled speed distributions and KDEs
of measured particle speed distributions as well as corresponding coeffi-
cients of determination that evaluate the quality of fit for each individual
powder particle size fraction.

3.2. Powder particle divergence angle

Interquartile Range (IQR) method was used to remove 6 outliers
from the measured dataset before analysing the powder particle diver-
gence angles. Outliers were defined as the # measurement instances that
fall outside of the range, defined as 1.5 times the IQR above the upper
quartile (Q3) and below the lower quartile (Q1).

The distributions of powder particle divergence angles 6 at the DED
nozzle outlet for each respective powder size fraction are presented in
Fig. 11 as a function of mean particle size. Curves in the plot represent
Gaussian kernel density estimations of the measured divergence angles
applying Scott’s Rule bandwidth estimation. Divergence angle distribu-
tions exhibit Gaussian-like shape. Mean values and standard deviations
of divergence angles are analysed in the following paragraphs.

Mean values of the powder particle divergence angles 8 with 95%
confidence intervals for each individual powder size fraction are plotted
against mean particle sizes of corresponding powder size fractions in
Fig. 12. 9 values display minimal variation around the zero angle. A
zero-value constant function is thus considered sufficient to approximate
the dependence of 8 on powder particle size as shown in Fig. 12.

The standard deviations of the powder particle divergence angles o,
with 95% confidence intervals for each individual powder size fraction
are plotted against mean particle sizes of corresponding powder size
fractions in Fig. 13. The measured instances of ¢, are dispersed around
the value 4° and a relatively weak negative correlation between the di-
vergence angle and particle size is observed. As an approximative model,
a linear function was fitted to the 5, measurements and the quality of the
fit was evaluated by computing the coefficient of determination R*(c,)
= 0.58. The fitted function and the values of its parameters are included
in Fig. 13.
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Fig. 10. The modelled particle speed distributions (in solid lines) and KDEs of measured particle speed distributions (in dashed lines) for individual powder particle
size fractions. Values of coefficients of determination R?> measuring the quality of the fit between the modelled and measured speed distribution for each particle

size fraction are also displayed.
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Fig. 13. Measured standard deviations of particle divergence angle as a func-
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function (in red).

The fitted models for 6 and o, are used to generate idealized Gaus-
sian distributions of powder particle divergence angles at the DED noz-
zle outlet and evaluate the quality of fit with the measured particle
divergence angle distributions. Fig. 14 exhibits the modelled divergence
angle distributions and KDEs of measured particle divergence angle dis-
tributions as well as corresponding coefficients of determination that
quantify the quality of fit for each individual powder particle size frac-
tion.

4. Discussion

The utilized Ti-6Al-4V powder was shown to be highly spherical with
the mean and median particle sphericity close to 0.9 (Fig. 2). X-ray to-
mography 3D images as well as SEM microscopy images of the powder
exhibit well-rounded particles with occasional instances of smaller satel-
lite particles attached to the surface of larger particles and rare instances
of elongated particles. The powder sieving procedure was shown to pro-
duce a good segregation of powder particle size distributions with well
separated values of corresponding mean particle sizes (Table 1). The
particle size distributions of individual size fractions exhibit some over-
lap at the edges of distributions (Fig. 3). On one hand, the existence of
a smaller fraction of powder particles below the lower threshold of re-
spective powder size fractions could be attributed to imperfect sieving,
where not all of the powder particles small enough to fit through a sieve
were forced through it. On the other hand, the existence of a smaller
fraction of powder particles above the upper threshold of respective
powder size fractions could be attributed to elongated particles, which
can, if correctly oriented, pass through sieve apertures smaller than their
equivalent spherical diameter. Nevertheless, the powder sieving pro-
duced good results that allowed powder particle velocity distributions
to be analysed against mean particle sizes of individual fractions. While
the minor overlap of particle size fractions could be expected to have a
effect on the spread of measured powder particle velocities, the magni-
tude of that effect is considered marginal.

The powder particle velocity measurements presented in this paper
are performed by analysing planar images of particle reflections during
the camera acquisition time, necessarily introducing an error due to non-
zero powder particle velocity perpendicular to the image plane. This is
an established approach to measuring powder particle velocities in DED
powder stream [13,22,18,23,24] and it is generally assumed that the
error due to out-of-plane particle velocities is sufficiently small to be ne-
glected. Smurov et al. [22] estimated this error in a conical-like particle
flux with 18° angle relatively to the substrate to about 5%. As no vari-
ation in the particle divergence angle was taken into account, this error
should be considered the upper limit for the out-of-plane velocity error -
at this particular divergence angle of the powder stream. In the present
study this error was measured using a secondary high-speed camera,
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Fig. 14. The modelled particle divergence angle distributions (in solid lines) and KDEs of measured particle divergence angle distributions (in dashed lines) for
individual powder particle size fractions. Values of coefficients of determination R? measuring the quality of the fit between the modelled and measured divergence

angle distribution for each particle size fraction are also displayed.

oriented perpendicularly to the first one, that enabled reconstruction of
3D particle trajectories and calculation of out-of-plane velocity contri-
bution to the 3D particle velocity magnitude as described in Appendix C.
As depicted in Fig. 20, the ratio of out-of-plane particle speed to in-plane
particle speed remains below 0.1 for all the particle size fractions. The
contribution of the particle out-of-plane speed to the three-dimensional
velocity magnitude is thus below 0.5%. While a two-camera setup pro-
vides this marginal improvement in the accuracy of recovered particle
3D trajectories, it also introduces uncertainties. These stem from parti-
cles moving into or out of the focal plane and from larger confidence
intervals, as the necessary coupling limits the number of trajectories
that can be recovered. The single-camera experimental setup was thus
judged more accurate.

It is shown in section Results & analysis that the dependence of mean
powder particle speed v and standard deviation of powder particle speed
o, on particle size can be relatively accurately modelled with exponen-
tial functions. In the case of divergence angles, linear functions were
shown to suffice to describe the relatively weak dependence of mean
values @ and standard deviations o, of particle divergence angles on the
particle size. Gaussian distributions of particle speeds and divergence
angles were shown to produce an excellent fit with the measured distri-
butions when applying the fitted models for v, o, 6 and op.

Moreover, the observed trend in mean powder particle speed with
the particle size (Fig. 8) appears to fit with the hypothesis that larger par-
ticles exit DED nozzle at lower average speeds compared to smaller par-
ticles. The current state-of-the-art publications presume that this trend
is produced by larger particles with sufficiently high inertia loosing en-
ergy through plastic rebounds and friction during collisions with the
nozzle inner walls, while the smaller particles with lower Stokes num-
bers follow the carrier gas streamlines and at least partly avoid the loss
of energy through collisions with the nozzle walls [13,18,6]. No direct
evidence of this mechanism of particle speed segregation was however,
detected in the present experimental campaign. The recorded standard
deviation of divergence angles in fact exhibits a weak negative corre-
lation with powder particle size (Fig. 13). It is possible that this trend
is, at least in part, driven by the particle size relative to the roughness
of the nozzle’s inner surface. Kovalev et al. [25] observed a decrease in
particle divergence angles with decreasing wall roughness. Increasing
particle size at constant wall roughness should, at least theoretically,
produce a similar effect.

While the relative trends in particle speeds appear to fit with what
might be expected from the hypothesized mechanisms of powder-fluid-
wall interaction, the absolute values of the powder particle speeds reveal
a notable discrepancy. Reader will note that the mean particle speeds for
the smaller powder particles (Fig. 8) are considerably higher than the
mean carrier gas speed, which can, considering the volumetric flow rate

O, = 51/min of the Argon carrier gas and assuming an incompressible
fluid, be estimated at Eg ~ 12 m/s (for the geometric details of the DED
deposition head described in Fig. 4). Reynold’s number of the pipe flow
within the nozzle channels is below the laminar-transient flow threshold
(Re = 1413 < 2300), meaning that Poiseuille flow can be assumed. The
parabolic fluid velocity profile of Poiseuille flow allows the derivation
of maximum carrier gas speed as u;"‘”‘ = 2u, ~ 24 m/s, which matches
well with the highest measured values of particle speed (Fig. 10).

Powder particles that continuously bounce off inner nozzle walls
should be expected to feature the carrier gas mean axial speed as they ef-
fectively continuously traverse the entire channel velocity profile. The
fact that the smaller particles used in this study move at a consider-
ably higher axial speed (Appendix D) than the mean carrier gas speed
appears to indicate that these particles were concentrating in the cen-
tral nozzle area with higher mean carrier gas speed. An analysis of the
powder particle passages through the nozzle outlet indeed supports this
claim as consistently narrower distributions of powder particle locations
are observed with diminishing particle size (Appendix E, Fig. 23), but
suggests particles must have been in advection-dominated (rather than
wall collision-dominated) regime. The particle Stokes numbers vary be-
tween St = 6000 for the smallest particles and .St ~ 20000 for the largest
particles, putting the studied powder particles firmly in the inertia-
dominated regime. However, using the approach of Sommerfeld [26],
the critical particle diameter d.,., beyond which a two-phase flow is dom-
inated by wall collisions can be determined by calculating the diameter
beyond which particle relaxation path is longer than the channel diame-
ter. The critical particle diameter, as proposed by Sommerfeld, depends
on the particle’s transverse velocity, the distribution of which is known
in our case for each powder size fraction. In Appendix F, the distribu-
tions of d,, are analysed for all powder fractions and their corresponding
distributions of transversal particle speeds. It is shown that while the
mean critical diameter for each size fraction is well below the actual par-
ticle sizes (suggesting that the particle dynamics is dominated by wall
collisions), a smaller portion of the particles up to the size of d ~ 70 pm
moves at a low enough transverse speed to feature a relaxation path
which is shorter than the nozzle inner diameter (Fig. 24). This fits well
with the observed data, where particles from the three smallest powder
size fractions appear to exceed the mean carrier gas velocity. These re-
sults suggest that portions of grains from the three smallest powder size
fractions should be in advection-dominated regime and could concen-
trate in the high velocity region of the nozzle cross-section.

In summary this analysis suggests that speed variation with the pow-
der particle size in DED powder stream indeed exists and is at least partly
driven by grain segregation within the DED nozzle. While this does not
necessarily negate the energy losses of plastic collisions of larger parti-
cles with the nozzle inner walls as a driving mechanism of this effect, no
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direct evidence of it was observed during this experimental campaign.
It should however be noted that the observed relation between powder
particle size and speed has been demonstrated at the given set of car-
rier gas volumetric flow rate and powder mass flow rate values. While
nothing in the present study suggests otherwise, the validity of these
findings across the entire spectrum of DED processing parameters is yet
to be confirmed.

5. Conclusions

The experimental campaign performed in this study is aimed at
analysing the effect of particle size on the particle velocity distribution
at the DED nozzle outlet. A novel experimental approach was utilised
and powder was separated into different size fractions prior to the high-
speed camera experimental runs which allowed us to measure separate
velocity distributions for individual powder size fractions. The measured
powder velocity distributions were analysed in relationship to the car-
rier gas velocity to offer a deeper insight into the particle-laden flow in
DED processes beyond the narrow scope of the utilized machine. In or-
der to render these results useful for further analysis and facilitate direct
comparisons with other measurements, a meticulous analysis of the uti-
lized powder and a thorough description of the experimental setup and
post-processing are included in the paper. The main conclusions of this
paper can be summarized as follows:

1. Separating the powder into size fractions prior to running the ex-
periments produced excellent results that allowed us to isolate the
effect of grain size on powder velocity.

2. A strong negative correlation between the powder particle size and
its speed at the DED nozzle outlet was observed.

3. Smaller powder particle fractions were observed to move at average
axial speeds exceeding the mean speed of the carrier gas by concen-
trating in the central high-velocity area of the nozzle cross-section.

4. Spatial grain separation within the nozzle is suggested as an alterna-
tive mechanism driving size-dependent particle speed differences.
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Appendix A. Deposition head details

Additional dimensional details of the Fraunhofer COAX 12V5 DED
deposition head are provided in Fig. 15.
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Fig. 15. Dimensional details of the Fraunhofer COAX 12V5 deposition head.
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Fig. 16. Sensitivity analysis of measured mean particle speed v and standard
deviation of divergence angle o, to the image intensity threshold with 95%
confidence intervals.

Appendix B. Sensitivity analysis

A sensitivity analysis of the key measured variables to the parameters
of image processing was performed in order to set the image processing
parameters to correct values and ensure no additional artefacts are in-
troduced to the results by the image processing. The sensitivity analysis
was performed on the 75-100 pm powder fraction with base values of
image processing parameters: y,,,, = 2 mm, image thresholding value = 25
and clustering distance threshold value =300.

The influence of image thresholding value (see section Post-processing)
on measured mean particle speed v and standard deviation of divergence
angle o, is analysed in Fig. 16. It can be observed that varying the image
thresholding value within a reasonable interval around the grayscale
value 25 (which was the utilised value for thresholding) produces only
minor fluctuations of the measured variables.

Hierarchical clustering of line candidates for each particle trace (see
section Post-processing) forms flat clusters so that the original obser-
vations in each flat cluster have no greater a cophenetic distance than
clustering distance threshold value. The clustering was performed it the
parametric space consisting of coordinates of the two limiting points of
each line candidate. The influence of the clustering distance threshold
value on measured mean particle speed v and standard deviation of di-
vergence angle o, is analysed in Fig. 17. It can be observed that varying
the distance threshold value within a reasonable interval around value
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Fig. 18. Sensitivity analysis of measured mean particle speed v and standard
deviation of divergence angle ¢, to the vertical threshold of filtered particle
traces y,,,. with 95% confidence intervals.

300 (which was the utilised clustering distance threshold value) pro-
duces only minor fluctuations of the measured variables.

The influence of the vertical threshold distance of filtered particle
traces from the nozzle y,,, . (see Fig. 6) on measured mean particle speed
v and standard deviation of divergence angle o, is analysed in Fig. 18.
It can be observed that the interval y,,, <1 mm is marked by strong
fluctuations and large confidence intervals of both measured variables.
In the range 1 mm< y,,,, <2 mm, the fluctuations of the measured val-
ues stabilize and the confidence intervals diminish due to a significant
increase in the available sample size. The vertical threshold distance of
filtered particle traces from the nozzle y,, =2 mm is hence chosen as
appropriate.

Appendix C. Particle out-of-plane velocities

A secondary camera was also utilized in the experimental setup de-
scribed in section 2.2, which allowed us to estimate the measurement
error due to out-of-plane velocity of powder particles. The secondary
camera was placed at the same distance as the primary camera, but it
was oriented perpendicularly to the first one (and parallel to the laser
light plane) as depicted in Fig. 19. During the execution of the exper-
iment, the two cameras were triggered to capture images in unison,
which allowed the use of these pairs of images to reconstruct 3D trajec-
tories of the passing powder particles. Initial calibration was performed
to assure image scales and offsets were aligned. Identification of particle
traces and evaluation of particle speed was performed in each image sep-
arately as described in section 2.3. Identified particle traces from both
images were then paired by finding trace pairs with matching vertical
coordinates of the starting and ending points. Certain discrepancy was
allowed in matching the vertical coordinates in order to account for the
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Fig. 19. Schematic representation of the experimental setup.
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Fig. 20. Distributions of the ratio of the out-of-plane particle speed v,, to in-
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0.25 4 Particle size fraction
> — A
G 0.20 1 000-045um
S ——— 045-063um
g 0.15 4 —— 063-075um
> — _
2 0.10- 075-100um
T —— 100-125um
& 0.05 A —— 125-150um
0.00 - T T T T T T
5 10 15 20 25 30 35

Particle axial speeds vax [m/s]

Fig. 21. KDEs of measured particle axial speed v, distributions for individual
powder particle size fractions.

—— Exponential fit: V,, = 13.69e7°92% + 9,08
@ Measured mean particle axial speed

=
N
L

=
w
L

-
=
L

Mean particle axial speed V., [m/s]
= -
o N
! N

60 80 100 120 140
Particle size [um]

Fig. 22. Measured mean values of particle axial speed v,, as a function of par-
ticle size d, with 95% confidence intervals (in blue) and a fitted exponential
function (in red).

imperfections in the camera calibration, non-homogeneous reflection of
light and artefacts of the trace recognition algorithm.

Fig. 20 represents the measured distributions of the ratios of particle
out-of-plane speed to particle in-plane speed v,,/v;, for each powder
size fraction respectively. In-plane speed refers to the magnitude of
particle velocity perpendicular to the axis of the primary camera and
out-of-plane speed refers to the magnitude of particle velocity parallel
with the axis of the primary camera. The distributions of v,,/v;, are
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Fig. 23. Distributions of measured x-coordinates of particle positions at the nozzle outlet for each powder particle size fraction.

largely contained within the [-0.05,0.05] interval, with the smaller par-
ticle size fractions extending into the [-0.1,0.1] interval. At ratio Uop /v; »
= 0.1, the contribution of the particle out-of-plane speed to the three-
dimensional velocity magnitude is roughly 5%.

Appendix D. Particle axial speeds

Particle axial speeds v,, at the DED nozzle outlet are analysed in
this appendix, where axial speed refers to the component of particle ve-
locity parallel to the nozzle axis (Fig. 4). Fig. 21 represents the KDEs of
particle axial speed distributions for individual powder size fractions.
Very similar distributions to those in Fig. 7 can be observed with some-
what diminished absolute speed values. Fig. 22 depicts the mean axial
particle speeds as function of the powder particle size. Again, a very
similar trend to that observed in Fig. 8 can be observed with marginally
diminished absolute values of speed.

Appendix E. Particle positions at the nozzle outlet

Particle positions close to the nozzle outlets were analysed to provide
additional evidence of particle segregation inside the nozzle. This was
achieved by filtering out the particle traces with the vertical coordinate
(y.) of the central point of the trace within y,,, =2 mm of the nozzle
outlet (Fig. 6). Trajectories of these particle traces were extrapolated to
the nozzle outlet, where the horizontal (x) coordinate of the trajectory
was recorded. The procedure was repeated for all of the powder par-
ticle size fractions and KDEs of the resulting distributions are plotted
in Fig. 23. Distributions of particle horizontal positions at nozzle out-
lets exhibit two distinct sets of peaks - one for each of the two observed
nozzles. A increasing dispersion of the curves is consistently observed
with increasing particle size. This supports the claim of smaller particle
exhibiting higher concentrations in the central area of the nozzle cross
section.

Appendix F. Critical particle diameters

Using the approach of Sommerfeld [26], the critical particle diame-
ter d,,, beyond which a two-phase flow is dominated by wall collisions
can be determined by calculating the diameter beyond which particle
relaxation path is longer than the channel diameter. Sommerfeld pro-
posed to estimate the transversal speeds as a fraction of axial speeds.
This is however not needed in this analysis, as the transversal speeds of
individual particle traces are known. Since Sommerfeld’s critical parti-
cle diameter depends on the transversal speed and since each particle
fraction exhibits a different spectrum of transversal speeds, the critical
particle diameter is presented as a distribution of values (corresponding
to the distribution of transversal speeds) for each particle size fraction as
shown in Fig. 24. While the mean critical diameter for each size fraction
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Fig. 24. Distributions of critical particle diameters [26] for each powder particle
size fraction and corresponding to the actual distribution of transversal speeds
in that powder fraction.

is well below the actual particle sizes, the smaller powder particle frac-
tions exhibit a part of the critical diameter distributions that is beyond
the actual particle sizes. This means that a fraction of the powder parti-
cles moved with a sufficiently low transverse speed for their relaxation
path to be shorter than the inner diameter of the nozzle.

Appendix G. Supplementary material

Supplementary data associated with this article can be found in an
online repository at https://osf.io/s5nkj/ with identifier DOI https://
doi.org/10.17605/0SF.I0/S5NKJ. Due to repository size considera-
tions, only a subset of captured images was uploaded for each experi-
mental run.

Data availability
A ‘Data Availability’ statement is included in the paper.
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