
Influence of the particle morphology on the spray
characteristics in low-pressure cold gas process

Yannik Sinnwell*1, Anton Maksakov1,2, Stefan Palis2

Sergiy Antonyuk1

1Institute of Particle Process Engineering, University of Kaiserslautern-Landau (RPTU),
Gottlieb-Daimler Straße 44, 67663 Kaiserslautern, Germany

2Institute of Electrical Engineering, TU Clausthal, Leibnizstraße 28, 38678
Clausthal-Zellerfeld, Germany

Abstract

This study investigates the influence of particle morphology on spray character-
istics in low-pressure cold gas spraying (LPCGS) by analyzing three copper powders
with distinct shapes and microstructures. A comprehensive morphology analysis
was conducted using both 2D and 3D imaging techniques. Light microscopy com-
bined with image processing quantified particle circularity in 2D projections, while
X-ray micro-computed tomography (µCT) enabled precise 3D reconstructions to
determine sphericity, surface area, and volume distributions. The results showed
significant variations in the particle morphology of the investigated feedstock copper
powders, with irregularly shaped particles exhibiting lower circularity and spheric-
ity compared to more spherical feedstocks. These morphological differences had a
direct impact on the particle velocity distributions and spatial dispersion within the
spray jet, as measured by high-speed particle image velocimetry. Irregular particles
experienced stronger acceleration and exhibited a more focused spray dispersion,
whereas spherical particles reached lower maximum velocities and showed a wider
dispersion in the jet. These findings highlight the critical role of particle mor-
phology in optimization of cold spray processes for advanced coating and additive
manufacturing applications.

Keywords: Low-pressure Cold Spray; Particle Morphology Analysis; CT Image
Analysis; High-Speed Particle Image Velocimetry.

1 Introduction

The low-pressure Cold Gas Spraying (LPCGS) process is a solid-state coating technique
that uses a high-velocity gas stream to accelerate powder particles toward a substrate
to deposit them. In contrast to thermal spray methods, LPCGS operates at relatively
low temperatures (T < 600°C) and low pressures (p < 15 bar), allowing particles to
adhere without melting [8, 54, 75, 51, 19]. This preserves the original material properties

Manuscript submitted on March 27, 2025.
*Corresponding author: yannik.sinnwell@mv.rptu.de

1

mailto:yannik.sinnwell@mv.rptu.de


of the feedstock, making it suitable for a variety of applications, including coating [42, 2],
repair [18, 1] and the additive manufacturing [5, 48] of materials, such as metals, poly-
mers and ceramics [22].
In cold spray, a compressed gas (usually air, nitrogen, or helium) is used to accelerate
powder particles through a specially designed nozzle, typically a Laval nozzle [55, 16],
over which the gas expands, achieving supersonic velocities. The powder particles are in-
troduced into the gas stream and accelerated to velocities in the range of 200-1200 m·s−1,
depending on the material and process parameters (pressure p and temperature T of the
gas), as well as the nozzle geometry). During impact on the surface, the particles deform
plastically and bond due to mechanical interlocking and adiabatic shear instability in
contact [21, 27].
The process is largely governed by impact energy, and successful deposition occurs when
particles reach a material-dependent critical impact velocity vcrit [21, 6]. It is mainly
governed by material properties, such as the ultimate tensile strength, the material den-
sity, the temperature of the contact partners and the specific heat capacities of their
materials [6, 7, 59]. Furthermore, the particle shape influences the critical velocity, as
this determines the stresses and deformations resulting from the impact [50].
The impact velocity of the particles is directly related to the velocity of the particles in
the spray jet. The acceleration of the particles, and thus their velocity in the spray, is
primarily determined by the drag force in Eq.(1), which is particularly dependent on the
size and the shape of the particles (cf. [30, 31]).

ρp · Vp ·
dvp
dt

= FW = cw(Rep,Ψ) · Ap ·
ρg
2

· (vg − vp)
2 (1)

A similar relationship exists between the impact velocity of the particles and the drag
force experienced during penetration through the gas stagnation zone above the sub-
strate, which results in a reduction in velocity [28, 55]. The velocities of the particles
in the spray jet and their impact velocity on the substrate can be analysed using nu-
merical simulation. Euler-Lagrange Computational Fluid Dynamics (CFD) simulations
are utilised for this purpose as summarized in the review of Yin et al. [76]. The review
also provides a summary of the literature relating to the experimental analysis of spray
properties when using different particle morphologies. Wang et al. [71] performed CFD
simulations considering the shape of the particles and demonstrated that as the degree
of sphericity decreased, the particle stream became wider while the spherical particles
became more focused. Varadaraajan and Mohanty [66] showed the effect of expansion
ratio on the gas flow, particle velocities and deposition efficiency by numerical simulation
assuming the spherical particle shape and experiments with the stainless steel powder.
Lupoi and O’Neill [39] conducted CFD simulations of 20 µm copper particles in the gas
flow of a Laval nozzle, showing that the gas and particle velocities increase towards the
centre of the spray. Furthermore, it was demonstrated that the particles change their
trajectory at the central exit of the nozzle and become more radially distributed in the
spray. The deflection of particles was attributed to the high gas turbulence experienced
at the nozzle exit, although this analysis was conducted for a single particle size.
In particular, the prediction of the particle behavior of irregularly shaped particles proves
to be challenging. In our previous works [12, 13, 58, 2], numerical simulations were con-
ducted to evaluate particle impact velocities and temperatures and to define the deposi-
tion operating window for various materials. Smaller particles accelerate rapidly, nearly
reaching the gas velocity within the nozzle. However, they experience significant deceler-
ation above the surface due to the gas stagnation region. In contrast, larger particles fail
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to attain high velocities because of their greater inertia. This results in a characteristic
velocity maximum within a narrow particle size range, highlighting a pronounced particle
separation effect within the spray. The critical impact velocity, computed using the model
proposed in [6], indicates a narrow deposition window for the selected process parameters
and materials. The results emphasize that even minor variations in particle size and
shape [12, 45, 61, 29] can significantly alter impact velocities. Furthermore, studies on
the spreading behavior of gas-particle sprays [13] have shown that particle size strongly
influences spray width and, consequently, the minimum deposition area impacting the
resolution of structure generation.
To quantify the influence of particle morphology on spray behavior, different optical in-
line measuring systems are used, which allow the analysis of particle velocity, particle
position and size [20]. The most common measurement methods are based on interaction
with laser light. These include scattered light-based methods and backlight illumination
methods. Scattered light methods make it possible to analyze the particle speed and size
in a range of 100 to 1500 m · s−1 and a particle size range of 10 to 300 µm [24, 44]. Com-
pared to methods that work with backlight illumination, the spatial resolution is very low
due to the punctual measurement method and no particle positions can be determined.
In comparison, the backlight illumination method enables a high spatial resolution and
can therefore determine not only the particle speed and size but also their position in the
spray jet. Furthermore, this method employs a wider measuring range for both particle
velocity and size (2 to 2000 m · s−1 and 5 µm to 2 mm) [35, 34, 49]. In this work, a High
Speed Particle Image Velocimetry (H-PIV) system with a backlight illumination imaging
method (shadow imaging) is used. The particles are detected through the local extinction
of a uniform laser light field, and telecentric imaging is used to ensure a good depth of
field for accurate particle tracking [34]. In order to further develop the cold gas process
into an autonomous and precise manufacturing process, the relationship between the par-
ticle morphology and the spraying behavior must therefore be investigated. Model-based
optimization of the cold gas process parameters has already been carried out for this
purpose [72]. In the future, these models should take into account the morphological
influence of the particle systems.
A number of authors have already dealt with the influence of particle size and morphology
on the properties of sprayed coatings [73, 60, 43, 26]. It has been demonstrated that both
the particle shape and size have an effect on the deposition efficiency and the adhesion
of the coating layer to the substrate. For example, irregularly shaped particles have been
shown to exhibit a higher deposition efficiency (DE) than spherical particles, but perform
worse in terms of adhesion to the substrate. In addition, layers with spherical particles
result in a lower coating porosity than layers with irregularly shaped particles [74, 50].
A review of the extant literature indicates that the velocity and trajectory angles of par-
ticles are influenced by a range of particle properties and their interactions with the gas
phase. To specifically investigate the role of particle morphology, this study employs a
feedstock material with identical chemical composition, differing solely in particle mor-
phology. The primary objective is to quantify the impact of particle morphology on
the velocity distribution and spatial particle distribution within the spray jet. This is
achieved using high-speed particle image velocimetry (H-PIV), with process gas temper-
ature and the distance from the nozzle exit as key variables. Additionally, the parameter
study is complemented by a detailed 2D and 3D image-based morphological analysis of
the copper particle systems examined [52, 70].
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2 Materials and Methods

2.1 Morphological analysis of the feedstock powders by means
of 2D and 3D image analysis

In this study the particle velocities and trajectories of three different copper powders: I)
Carl Roth Copper Powder (CuCR), XCu ≥ 99.7 %, 1 < dp < 63 µm; II) Sigma Aldrich
Copper Powder (CuSA), XCu ≥ 98.0 %, 1 < dp < 25 µm and III) Fisher Scientific Cop-
per Flake (CuTSF), XCu ≥ 99.0 %, 1 < dp < 45 µm, were investigated. The CuCR and
CuTSF powders were sieved with a cutoff mesh size of 25 µm and the undersize grain was
used for further investigations to equalize the particle size range of all feedstock powders
in order to highlight the influence of the particle morphology in the spray experiments.
The particle systems were selected for their similar material composition and particle
size range, while exhibiting variation in shape and overall morphology, as evidenced by
the SEM images presented in Figure 1. All powders have a unimodal particle size dis-
tribution. The particle size distribution (PSD) is obtained by means of laser diffraction
with a Retsch Horiba particle size analyzer [11, 10, 68]. The particle size distributions
are presented in Figure 1d, and the characteristic values of the particles are given in Ta-
ble 1. The solid densities of the powders shown in Table 1 were quantified using helium
pycnometry (Micro Ultrapyc 1200e, Quantachrome).
The CuCR particles have a predominantly spherical structure with some smaller satel-
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Figure 1: Scanning electron microscope images of the copper feedstock powders (a)-(c)
and their volume-based cumulative particle size distribution (d).
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lite particles adhering to their surface. Like the CuTSF material, the CuSA powder
shows more irregular particle shapes with open-pored surface defects, which are more
pronounced in the CuTSF material and resemble a sponge-like structure. The parti-
cle size distributions demonstrate that the studied materials exhibit comparable particle
sizes, with a slight decrease in particle size from CuTSF to CuCR to CuSA particles.
Looking at the densities of the powder material, the CuCR and CuTSF powders show a
high agreement with bulk copper, whereas the CuSA material shows a slight deviation
in the form of a lower density. In view of the surface defects visible in the SEM images,
this can be attributed to closed pores in the material (cf. Fig. 1b). To quantify the

Table 1: Size range and material density of the feedstock copper powders.

D10,3 D50,3 D90,3 Solid density
µm kg ·m−3

CuCR 9.27 ± 0.02 16.13 ± 0.06 27.01 ± 0.27 8759.1 ± 0.007
CuSA 7.46 ± 0.10 11.91 ± 0.27 18.57 ± 0.73 8417.5 ± 0.005
CuTSF 9.49 ± 0.30 16.61 ± 0.45 28.22 ± 0.36 8829.2 ± 0.031

morphology, the particle shape distribution of the respective powders is analyzed. Differ-
ent imaging methods are used for this purpose, as they allow the elucidation of particle
shape, surface morphology in combination with the size distribution [40, 53]. Firstly, the
particle shape is quantified using light microscopic images (Leitz Orthoplan, Germany).
The images are then processed in MATLAB® via segmentation and binarization. The
regionprops function is used to calculate the circularity Ψ2D based on the projection area
A of the particles. The circularity Ψ2D describes the roundness of an object’s projection
region A by relating the object’s region-equivalent circle perimeter to its actual perimeter
u [32]. Equation (2) is used to compute the object’s circularity. It includes a correction
term r to remove the bias that causes circularity values to be too high for relatively small
objects as a result of the underestimation of the perimeter calculation by the connection
of pixel centers by straight lines [67].

Ψ2D =
4 · π · A

u2
·
(

1 − 0.5

r

)2

with r =
u

2 · π
(2)

The results of the 2D shape analysis are displayed as kernel density contour plots in
Figure 2, taking into account the circularity Ψ2D and the projection area related par-
ticle diameter. In order to obtain a representative result, it is ensured that at least
2000 individual particles are analyzed as described. The shape distribution results indi-
cate the following decrease in particle projection area circularity: CuCR Ψ2D,50 = 0.89,
CuSA Ψ2D,50 = 0.76 and CuTSF Ψ2D,50 = 0.71. With regard to the width of the shape
distribution, the CuSA and especially the CuTSF powder show a significantly wider
distribution than the CuCR powder. The latter has a comparatively low density distri-
bution width with a high probability density for high circularities. These findings are in
agreement with the represented particle collectives in the SEM images in Figure 1. All
distributions demonstrate a slight tendency to decrease in form factor for larger particle
diameters (see Fig. 2).
Since the circularity Ψ2D is calculated on the basis of the projection area of the particles

and therefore only provides a two-dimensional representation, a three-dimensional shape
descriptor is also determined by means of X-ray micro-computed tomography using a
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Figure 2: Number-based probability density maps of the circularity index Ψ2D of the ana-
lyzed feedstock powders. The horizontal lines indicate the 10th, 50th and 90th percentile
of the circularity distribution. The color scale at the right of each graph represents the
range of kernel densities.

TomoscopeL® from Werth Messtechnik GmbH. For the measurements, the powders are
uniformly dispersed in epoxy resin and, after curing, images are taken with a voxel size
of 470 nm, which corresponds to the maximum resolution of the setup. The scans are
uniformly performed with an acceleration voltage of 150 kV an 8 µA current with 1000
steps to a full probe rotation at an integration time of 8000 ms. This allows for the
reconstruction of individual particles with high resolution to determine the complex 3D
structure of the raw powders (see Fig. 1). The subsequent image processing with FijI [57]
and 3D Slicer [23] includes voxel scaling of the images, noise suppression by applying a
Gaussian blur filter with a radius of σ = 2 in all spatial directions, and transformation of
the image data into .nrrd format for further processing with 3D Slicer. The segmentation
of the copper particles is performed using Otsu’s thresholding method [47]. In a next
step, the resulting segment of copper particles is labeled by applying the ’split segments
to islands’ function. The resulting 3D reconstruction of the particle collective for CuCR
is shown in Figure 3. The labeled objects allow quantification of individual particle prop-
erties, such as volume, particle surface area, and other metrics. The computation of the
object’s surface is based on the Marching Cube algorithm, which generates a triangulated
surface mesh by identifying the boundaries where voxel intensity values change [38]. Due
to the discrete nature of the voxel grid, the generated mesh includes jagged edges. To
account for this, a Laplacian smoothing algorithm is applied [46]. The surface area is
then computed by the triangular mesh as the sum of the resulting vertices surfaces and
since it marks the boundary of the object, the enclosed volume can be calculated using
numerical integration methods. The particle shape is described with the sphericity def-
inition by Wadell [69], which relates the surface area of the volume V equivalent sphere
with the actual surface S of the particle:

Ψ3D =
(36πV 2)

1
3

S
. (3)

Figure (3) shows an exemplary particle reconstruction as a closed surface mesh (yellow
particle) with its Oriented Bounding Box (OBB). The individual colors of the particle
meshes indicate the different labels necessary for the computation of the labeled particle
properties (surface area S and volume V ).
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Figure 3: Exemplary CT image based 3D reconstruction of the investigated feedstock
powder CuCR.
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Figure 4: Number-based probability density maps of the Wadell sphericity index Ψ3D of
the analyzed feedstock powders. The horizontal lines indicate for the 10th, 50th and 90th
percentile of the sphericity distribution.
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The analysis of the Wadell form factor shows a consistent trend with the results of
the 2D form factor analysis. The CuCR powder has a median sphericity index Ψ3D,50

of 0.96, followed by CuSA with Ψ3D,50 = 0.88 and CuTSF with Ψ3D,50 = 0.76 (cf. Fig-
ure (4)). Compared to the 2D analysis, the measured sphericity show a narrower distri-
bution width, which is due to the capture of the complete particle structure by the 3D
data (cd. Table 2). A detailed comparison of the form factor distribution of the 2D and
3D analysis shows an increase in the form factors for the 3D analysis for the lower edge of
the distributions at Ψ10 for all particle systems. The same trend can be observed in the
opposite direction for the upper edge of the distribution at Ψ90. In contrast, the median
values of the form factors do not show a trend across particle systems and deviate less
strongly between the 2D and 3D analysis. For CuCR the Ψ50 values are identical, for
CuSA the 3D value increases slightly and for CuTSF it decreases. This is particularly
evident when comparing the data for CuTSF. The deviation from the 2D analysis is espe-
cially high for the diameter distribution. Compared to the distribution of the projection
area equivalent sphere diameter, the distribution of the volume equivalent sphere diame-
ter is significantly narrower and the determined diameters are smaller. All distributions
show a slight tendency to decrease in form factor for larger particle diameters (see Fig. 2
and Fig. 4). Furthermore, the density plots show the number distribution of the particle
systems. This explains the high densities in the range of low equivalent diameters, which
differs from the volume-related particle size distribution in Figure 1d.

Table 2: Comparison of the experimentally determined 2D and 3D particle shape de-
scriptor distributions displayed as 90th, 50th, and 10th percentile.

CuCR CuSA CuTSF
2D 3D 2D 3D 2D 3D

Ψ90

Ψ50

Ψ10

0.97
0.89
0.64

0.99
0.96
0.78

0.89
0.76
0.46

0.97
0.88
0.67

0.88
0.71
0.43

0.90
0.76
0.54
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Figure 5: Representation of the particle surface over the projection area calculated using
the volume equivalent sphere diameter. For comparison, the dependence of the surface
area on the projection area is shown with S = 4 · A according to Cauchy’s theorem.

In addition to form factor analysis, Cauchy’s theorem can be employed to examine
the investigated particle systems. According to Cauchy’s theorem, the average area of
the parallel projections of a convex body into the plane is equivalent to one-fourth of
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its surface area [17]. As illustrated in Figure 5, the surface area of the particle systems
is plotted against the projection area of a volume equivalent sphere. For reference, the
course according to Cauchy’s theorem is shown. The position of the data points indi-
cates the increasing irregularity of the particle systems from CuCR via CuSA to CuTSF,
suggesting that the particles have increasingly concave areas in their surface morphology.
This can be observed by examining the SEM images in Figure 1. When the morphology
of the CuTSF particles is compared with the CuCR and CuSA particles, it can be seen
that they have a predominantly porous structure (cf. Fig. 1). In addition, a large propor-
tion of the CuTSF particles have a flake shape. This morphology cannot be adequately
represented by the projection area evaluation. The discrepancy between the two methods
in determining the equivalent diameter can be attributed to the porosity of the CuTSF
particles. This can be taken into account when calculating the volume of the particle
reconstructions, as the volume-related equivalent diameter shows comparatively low val-
ues. Corresponding results can be found in the literature when comparing 2D and 3D
measurement methods [9, 36, 37, 56]. If the measured particle surfaces are plotted over
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Figure 6: Plots of the reconstructed particle surface against their volume. For compar-
ison, the surface against the volume plots of ideal geometric bodies (tetrahedron, cube
and sphere) are shown as dotted lines. The black solid line represents the fit to the ex-
perimental data.

the respective particle volume and the course of the fit is compared with that of ideal
symmetrical bodies, it can be determined that a large number of the particles are within
the range of these bodies (cf. Figure (6)). The sphere, the cube and the tetrahedron
serve as symmetrical reference bodies because they cover a wide range of S/V ratios and
sphericity (Φsphere=1.0; Φcube ≈ 0.806; Φtetrahedron ≈ 0.671). In the case of the CuCR
and CuSA powders, the majority of the tomographed particles lie between the surface-
volume-line plot of the sphere and the tetrahedron. The CuTSF particles, on the other
hand, show a stronger deviation from the reference bodies in the direction of higher S/V
ratios. This can be attributed to the fact that some of the particles have concave shape
features that cannot be reproduced by the convex reference bodies. The shape and size
analysis of the particle systems used shows that they are a suitable choice for quantifying
the influence of morphology on the behavior in the spray jet.
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2.2 Experimental setup: Cold gas spraying with high speed
particle image velocimetry (H-PIV)

The spray experiments are performed with the previously characterized feedstock pow-
ders on a LPCGS setup developed at the institute for the purpose of substrate surface
microstructuring [13, 3, 65, 78, 15]. The setup in Figure 7 is operated with nitrogen as
carrier gas at a pressure of 9 bar and a temperature range of T = 25°C to 200°C. Aerosol
generation is performed with a ring dosing powder feeder (Topas SAG 409, Topas GmbH,
Germany) pressurized in a stainless steel tank. The dosing ring feeder operates with a
powder container from which the feedstock powder is transferred to the rotating dosing
ring via a screw conveyor. During rotation, the applied powder is transported to a venturi
nozzle where it is dispersed with the carrier gas. Dosing via a rotating ring allows for
uniform and pulse-free conveying of the powder, resulting in a constant particle load in
the aerosol. The rotating speed of the dosing ring is kept constant for all powders and
experiments. The resulting powder mass flows are shown in Table 3. In a subsequent

Figure 7: Illustration of the functional principle of the LPCGS setup and the measuring
procedure during the parameter variation of the process gas temperature T and the
distance of the measuring window from the nozzle outlet h.

step, the aerosol is heated by a tube heater before it is expanded over the Laval nozzle,
where the particles are accelerated in the divergent area of the nozzle and in the free
jet as long as the ambient gas velocity vg exceeds the particle velocity vp (cf. Figure 7).
The axial exit velocity of the gas vg,exit is mainly governed by the pressure difference
between the inlet and outlet of the Laval nozzle, as well as the inlet temperature Tin (cf.
Equation (4)) [33].

vg,exit =

√
TinR

M
· 2κ

κ− 1
·
(

1 − pout
pin

κ−1
κ

)
(4)

In addition to the differential velocity, the particle acceleration is determined by the
drag coefficient cw, which is a function of the particle Reynolds number Rep and the
particle sphericity Ψ [30, 25, 31]. The nozzle geometry used is a special design with a
throat diameter of 0.8 mm and an outlet cross section of 1.5 mm with a total length
of 30 mm, which allows an optimal acceleration of particles in the size range of 1 -
10 µm [16]. The influence of particle shape is known to increase with the Reynolds
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number of the particles [30]. Considering the correlation between the Reynolds number,
size, and relative velocity of the particle, it can be inferred that particle shape has a greater
impact on the movement of particles within the jet for larger particles that exhibit higher
relative velocities with respect to the gas. Previous simulations of this Laval nozzle [14]
have shown that spherical steel particles within the size range of 1 to 25 µm achieve
maximum particle Reynolds numbers in the throat of the nozzle used, spanning from
20 to 980. These simulations further demonstrated that the change in the shape of the
particles with a size range of 10 to 25 µm exerted the most significant influence on the
particle velocity [14, 4]. During the spray experiments, an H-PIV system (HiWatch HR2,

Table 3: Powder mass flows ṁ of the feedstock powders at constant dosing ring speed ω.

CuCR CuSA CuTSF
Ring speed
ω / rpm 1.64 ± 0.07
Mass flow
ṁ / mg s-1 3.88 ± 0.39 2.85 ± 0.33 2.51 ± 0.14

Oseir Ltd., Finland) is used to determine the particle velocity and spatial distribution
in the spray jet. The measurement principle is based on the obscuration of laser pulses
by passing particles in the measurement field (8x6 mm2 with 400 µm field depth). The
measuring window of the H-PIV system is positioned parallel to the direction of flow of
the nozzle stream. The measuring system is aligned so that the spray cone is aligned with
the zero line of the measuring window in the lateral position (cf. Fig. 8a). When the
back-illuminated image sensor (Complementary Metal Oxide Semiconductor (CMOS)) is
exposed individually, the shadowing of the laser pulses leads to the formation of shadow
triples in the image (cf. Fig. 8a). Based on the selected pulse duration and interval
length, the particle velocity and position can be calculated from the generated image
data. Furthermore, the triplets allow the characterization of the particle diameter in
the size range of 5-1000 µm. By adjusting the laser interval and pulse duration down
to the nanosecond range, particle velocities up to 2000 m/s can be tracked [34]. The
measurements were taken with a pulse duration of 80 ns and a pulse interval length of
800 ns. As described in Figure 7, the H-PIV measurements are performed at varying
distances from the nozzle exit h in 10 mm intervals up to a maximum distance of 50 mm.
The indication of the distance to the nozzle h, refers to positioning of the 8 mm edge of the
8x6 mm measuring field closest to the nozzle, as illustrated in Figure 7. When specifying
the nozzle distance h, the analysis of particle velocities in a range from h + 6 mm is
therefore considered. For accurate positioning, the HiWatch HR2 system is placed on a 3-
axis positioning stage. The particle velocity is output in both magnitude and components
of the vector, namely the axial velocity component vax and the lateral velocity component
vlat (cf. Fig. 8b). This allows the calculation of the particle trajectory angle α with
respect to the zero line of the measurement range in the lateral position. To complete
the parameter study, the measurements are supplemented by a carrier gas temperature
variation from 25°C over 100°C and 200°C.
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Figure 8: Representation of an H-PIV image with the characteristic shadowing triplets
in a) and schematic representation of the particle trajectory angle in b).

3 Results and Discussion

3.1 Analysis of the H-PIV measurements

The analysis of the H-PIV measurements enables the determination of the velocity, size,
and position of the particles, as well as their correlation with the previously described
morphological properties. The results of the parameter study for the investigated particle
systems are shown in Figure 10 as an example for a process gas temperature of T = 100°C.
The determined data points are shown as a plot matrix, with the respective measured
quantities on the diagonal. For completeness, the plot-matrices of parameter variation at
T = 25°C and T = 200°C are shown in the Appendix Fig. 13 and Fig. 14.
Given that the particle impact velocity is a critical factor determining the deposition
efficiency and deformation of particles in the cold gas process, the quantification of the
particle velocities in the spray cone is of particular interest. The particle velocity distri-
butions and spatial distributions measured during the parameter variation are presented
in Figure 9 as box plots, with the data illustrated over the distance to the nozzle outlet h
for each case. The outcomes for the copper powders utilized are presented in a column-
by-column manner, with increasing process gas temperatures from top to bottom. The
median of the velocity distribution (cf. Figure 9a) demonstrates a dependence on the noz-
zle distance h for all particle systems. The highest velocities are observed for irregular
particle systems (CuTSF, CuSA) at low distances h. This phenomenon can be attributed
to the influence of the drag coefficient, which is higher for irregularly shaped particles
and thus leads to a higher acceleration of the particles [41]. Conversely, this phenomenon
also pertains to the deceleration of the particles if the velocity of the surrounding gas
is lower than that of the particles. Furthermore, the particle velocity data in Figure 9a
are showing a wider distribution with decreasing sphericity. This can especially be seen,
when comparing the velocity distributions of CuCR and CuTSF. In addition, the curve
of the particle velocity over the nozzle distance shows a less constant course for particle
systems with low sphericity. As in the case of higher acceleration in the nozzle, particles
with an irregular shape are decelerated more quickly when the velocity of the surround-
ing fluid decreases with increasing distance from the nozzle exit (cf. Figure 9a). This

12



CuCR CuSA CuTSF

T
 =

 2
5
°
C

T
 =

 1
0
0
°
C

T
 =

 2
0
0
°
C

P
ar

ti
cl

e
v
el

o
ci

ty
v

p
/ 

m
s-1

Distance from nozzle h / mm

(a) Particle velocity distributions

Distance from nozzle h / mm

CuCR CuSA CuTSF

L
at

er
al

 p
o
si

ti
o
n

p
 /

 m
m

T
 =

 2
5
°
C

T
 =

 1
0
0
°
C

T
 =

 2
0
0
°
C

(b) Particle location distributions

Figure 9: Representation of the velocity and spatial distributions of the particles for
the investigated parameter space, displayed as a box plot. The median value of the
distribution per parameter set is shown as a red line in the box plots. The top of the box
indicates the 75th percentile of the distribution and the bottom of the box indicates the
25th percentile of the distribution. The whiskers indicate the 95th and 5th percentile of
the distribution.
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phenomenon elucidates the pronounced decline in median particle velocity observed for
CuSA and CuTSF. Conversely, the spherical CuCR particles exhibit a more constrained
velocity distribution, demonstrating reduced reliance on the distance to the nozzle h.
Nevertheless, the maximum attainable particle velocities are diminished, and the distri-
bution of particle velocities is more confined in general. The findings from the analysis
of the measurement data at 100°C are transferable to the measurements at T = 25°C
and T = 200°C. As the process gas temperature is increased, the overall particle velocity
also increases, due to the increase in gas velocity [14]. This influence can be observed
more strongly for irregularly shaped particles, which can be explained by the growing
influence of the shape with increasing velocity or Re-number [30]. Nevertheless, the rise
in temperature does not result in substantial changes in the spatial distribution of the
particles in the jet (cf. Fig. 10, Fig. 13 and Fig. 14). As demonstrated in Figure 10, a
clear distinction can already be made between the examined particle systems with regard
to the variables investigated. Specifically, differences in particle velocity and focusing,
defined as the spatial disposition of the particles, can be determined.

In addition to the velocity distribution of the particles, the spatial distribution of the

Figure 10: Display of H-PIV measurement and analysis data as a plot matrix at a gas
temperature of T = 100°C. The corresponding measured quantities are shown on the
diagonal. The respective scatter plots show the entirety of the measurement data under
variation of the particle material (marker color) and the distance to the nozzle h.

particles within the spray is also crucial for optimizing the production process, since it de-
termines the final structure resolution. Consequently, it is imperative to seek the highest
attainable resolution by focusing the particle stream, as this is instrumental for enhancing
the efficiency of the production process. The degree of focusing is contingent upon the
geometric parameters of the Laval nozzle, particularly the outlet diameter [63, 62, 64].
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To achieve the smallest possible jet width and thus focus the particles, the throat diam-
eter must be adjusted accordingly. However, this adjustment imposes constraints on the
manufacturing process due to the inherent limitations of the process. The nozzle utilized
in the experimental phase, with an outlet diameter of 1.5 mm and a throat diameter
of 0.8 mm, is positioned at the lower end of the nozzle size range. In this regard, the
analysis of the particle position within the spray cone demonstrates a notable correlation.
When plotting the particle positions against the distance to the nozzle h in Figure 9b,
it becomes observable that the distribution width is found to be strongly dependent on
the particle morphology. Taking the particle position distribution at T = 100°C and at a
distance of h = 0 as an example, the difference in the measured spray width between the
spherical CuCR and the aspherical CuSA and CuTSF powders is 30%. Consequently, an
increasing focusing of the particle beam can be observed for particles exhibiting higher
irregularity. This finding presents the potential prospect of manipulating the spray res-
olution in a targeted manner through the systematic selection of the particle system.
Meanwhile, these findings can be established for all nozzle spacings and particle systems
at the investigated process gas temperatures. Even at low nozzle distances h of 0 to
20 mm, there are strong differences in the focusing of the particles in the copper particle
systems investigated. As this range corresponds to the working range of cold gas spray-
ing, it can be assumed that the particle morphology has an influence on the focusing in
the spray beam, which should be transferred to the structure resolution in typical cold
gas spraying applications.
Furthermore, the H-PIV data can be used to determine the particle trajectories based on
the components of the velocity vector as shown in Figure 8b. The direction of movement
of the particles can thus be determined in relation to the deviation of the zero line in lat-
eral position. The particle trajectory vector can be utilized to ascertain the angle to the
zero line of the measuring range, employing trigonometric relationships. As the zero line
corresponds to the axis of symmetry of the Laval nozzle, a statement can be made about
the focusing of the particles in the spray jet, which in turn determines the production
resolution of the process. Figure 11 illustrates the relationships between the velocity of
particles and their position or trajectory angle. It is evident from the graph that particles
reach their maximum velocities at the center of the jet, while the lowest velocities are
observed in the edge areas (cf. Figure 11a and 11c). The data presented here were eval-
uated in a parameter study with a distance to the nozzle of h = 0, thereby representing
the behavior of particles immediately after exiting the nozzle. The decrease in particle
velocities at the edge of the spray cone can be attributed, in part, to the flow conditions
in the nozzle, where the gas velocity decreases towards the wall [16, 12, 13]. Further-
more, the turbulence increases from the center of the jet to its outer hull, which also
influences the particle trajectories [77]. Moreover, the illustration enables the analysis of
the trajectory angle dependence from the particle position (Fig. 11b). As the distance
to the symmetry axis of the spray cone, delineated by the zero line in lateral position,
increases, the particles’ trajectory angle exhibits a marked increase relative to particles
that are centered within the spray jet. The data points demonstrate a uniform increase
in the angles towards the edge; no area with a sudden increase is discernible. Moreover,
particles exhibiting a lower trajectory angle demonstrate higher velocities (Fig. 11c). The
measurements also show that these particles, located at the centre of the jet, have larger
diameters (Fig. 11d). Conversely, particles of smaller size demonstrate faster response to
changes in gas flow conditions due to their comparatively lower inertia and exhibit the
highest trajectory angles. These relationships are consistent with the outcomes previously
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Figure 11: Relationship between the particle velocity and the position in the spray jet
(a), as well as the trajectory angle (c), at the nozzle outlet h = 0 at a process temperature
of T = 25°C. In (b), the absolute trajectory angle is plotted against the lateral position
and in (d) the particle diameter is plotted against the particle trajectory angle.
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obtained from the simulations of this nozzle [2]. The findings underline the significant
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Figure 12: Representation of the spray width in dependence of the nozzle distance h at
T = 100°C in (a) and the resulting spray cone angels in (b) for the investigated process
the investigated process gas temperatures at the nozzle inlet.

effect on the distribution of the particles in the spray jet, as demonstrated in Figure 12.
When the spray widths, as measured from the spatial particle distribution (cf. Fig.9b),
are analyzed and plotted against the distance to the nozzle, a linear relationship becomes
evident. Based on this relationship, the spray cone angles for the respective particle sys-
tem are calculated. A further examination of the dependency of the spray angles for each
particle collective reveals a clear dependency on the morphology (Fig. 12b). However, the
analysis did not reveal any discernible temperature dependence for the examined particle
systems within the considered temperature range.

4 Conclusion

In the present study, the impact of the morphology of copper microparticles on their spray
characteristics during the low-pressure cold gas process was investigated. Employing
2D and 3D imaging methods enabled the precise quantification of the particle’s shape
and size. Static image analysis facilitates the measurement of the shape and size of
particle systems with minimal effort. The validity of this method was assessed by X-ray
tomographic imaging of the particle collectives. The technique allows for the accurate
determination of the surface area and volume of the particles. A comparison of the 3D
X-ray with the 2D image analysis demonstrates that the 2D method provides a reliable
indication of the particle shape and size. However, 3D reconstruction of particle collectives
provides extended structural data, especially for particle systems with porous structure
and concave surface topography, which cannot be sufficiently quantified by 2D methods
(cf. CuTSF in Fig.2 and Fig.4).
In order to analyze the influence of the particle morphology on the spray behavior, H-
PIV measurements were carried out in the free jet. For this purpose, the process gas
temperature and the measuring position were varied based on the outlet position of
the Laval nozzle. The H-PIV measurements allow for the quantification of the particle
velocity as well as their movement direction and size. The increase in temperature results
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in an increase in particle velocity, particularly for irregularly shaped particles, while the
spatial distribution of particles within the jet remains unaffected. As the distance from
the nozzle increases, particle velocity decreases, with this effect becoming notably more
pronounced as the particle shape deviates further from a sphere. The radial distribution
of particles within the spray cone is governed by particle size: smaller particles tend to be
deflected toward the edges of the cone, whereas larger particles are concentrated near the
center of the jet due to their inertia. However, the distribution of particles by diameter
becomes significantly narrower as their sphericity decreases. The analysis of the obtained
data revealed a clear correlation between the increase in particle irregularity and the
corresponding increase in velocity and focusing within the jet. The results obtained in
this study can be used for the further optimization of the low-pressure cold gas process
in a range of applications, including repair, coating and additive manufacturing (AM)
methods.
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A Appendix

Figure 13: Display of H-PIV measurement and analysis data as a plot matrix at a gas
temperature of T = 25°C. The corresponding measured quantities are shown on the
diagonal. The respective scatter plots show the entirety of the measurement data under
variation of the particle material (marker color) and the distance to the nozzle h.
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