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Abstract
The solid-state additive manufacturing (AM) process cold spraying (CS) offers advantageous properties such as melt-free 
near-net-shape part fabrication and high deposition rates. Compared to other metal-based AM processes such as the powder 
bed fusion of metals (PBF-LB/M) or directed energy deposition (DED) processes such as laser metal deposition (DED-
LB), CS features lower part resolution. One solution to increase the achievable level of detail is spraying onto removable 
molds. No study exists that investigates the general feasibility and manufacturing boundaries, from which design guidelines 
could be derived. In this paper, the applicability of material extruded and thermally bonded polymer (MEX-TRB/P) shapes, 
which is especially suitable for flexible low-cost production of small batches, as molds for cold spray additive manufacturing 
(CSAM) is investigated. For this purpose, material extruded thermoplastics are examined regarding their suitability for the 
CS process. Furthermore, geometrical and thus constructive restrictions of this new approach “Cold Spray Forming” (CSF) 
are analyzed using an industry-relevant use case. It was shown that the feasibility of this approach could be determined by 
the material value hardness of the sprayed polymer substrates.

Keywords  Cold spray forming · Cold spraying · Multi-material · Rapid tooling · Material extrusion of polymers · 3D 
printing

1  Introduction

Metal additive manufacturing (AM) processes gain further 
importance, as evidenced by the 10.7% increase in system 
sales in 2021 [1]. Cold spraying (CS) is a less established 
process compared with powder bed-based processes (e.g., 
the laser-based powder bed fusion of metals, PBF-LB/M), 
but the number of systems sold has also been growing in 
recent years, as can be seen from the Australian manu-
facturer Speed3D [1]. The process offers material deposi-
tion rates of typical 2–7 kg/h. CS is similar to the directed 
energy deposition (DED) processes, such as wire arc addi-
tive manufacturing (WAAM), which is now in some cases 

an alternative to conventional manufacturing methods [2]. In 
this context, structures like walls made up of high strength 
materials such as 2.4856 (or INCONEL 625®, Alloy 625) 
are now being successfully built using WAAM [3, 4].

However, CS cannot be clearly assigned to the DED pro-
cesses, as the sprayed particles remain in a solid state. This 
characteristic is also the main feature of this process from 
which the advantages over other comparable technologies 
are derived: since the particles remain in the solid state, 
there are no phase changes, and the properties of the feed-
stock powder can be largely obtained in the sprayed lay-
ers. Solely the plastic deformation on impact with the sub-
strate, respectively, the already sprayed particles, leads to an 
increase in hardness (it is work hardened) of the deposited 
material as well as a lower oxygen content [5] compared to 
the feedstock powder. The fact that the particles remain in a 
solid state and do not have to be melted for bonding makes 
the process particularly interesting for multi-material appli-
cations, as the probability of unfavorable phase formation in 
the material transition zone is decreased. In this approach, 
two or more materials are combined in one part to exploit 
the advantageous properties of both materials.
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The CS process as an additive manufacturing method 
(then referred to as “CSAM”) is limited in terms of its 
resolution: the build-up of freestanding geometries is 
difficult, and the focal point typically has a diameter of 
3–10 mm. The layer thickness varies depending on the set 
powder feed rate, deposition efficiency and gun traverse 
speed, but usually ranges between 0.1 and 1 mm. Two 
approaches have been used in industry and research to 
overcome this limitation and will be described in more 
detail throughout this paper: first, the use of advanced path 
planning with compensation strategies to counteract the 
sloped track edges of the process, and second, the use of 
metal base parts/molds that either remain in the part or are 
chemically dissolved or removed by machining.

At NASA, an example of a multi-material part sprayed 
onto a shape-giving base structure was recently pub-
lished: a copper alloy GRCop-42 liner manufactured by 
PBF-LB/M provides a high conductivity for cooling. 
Afterwards, the nickel alloy “NASA HR-1” is sprayed as 
a structural jacket to obtain a high strength to withstand 
the pressure during subsequent operation of the final com-
bustion engine [6].

However, the combined materials do not have to be met-
als in CS. Polymers and metals can be combined, for exam-
ple, as an insulator and conductor for electric applications. 
In this paper, the combination of metal powder and poly-
mer substrates is studied for a specific purpose, namely to 
encounter the aforementioned low resolution of the process, 
using polymer molds. These are to be manufactured using 
the 3D-printing method “material extrusion of polymers 
with thermal reaction bonding” (MEX-TRB/P), to achieve 
a high degree of geometric freedom. This process is often 
referred to as fused filament fabrication (FFF). After spray-
ing, the molds must be removed, comparable to the lost-
mold process in casting technology. For that, the polymers 
processed by means of MEX-TRB/P must also be qualified 
for CS.

Due to a higher achievable complexity, parts like the 
PBF-LB/M-manufactured liner mentioned by Gradl et al. [6] 
could then also be produced almost completely by the cold 
spray forming (CSF) method presented in this study. This 
approach adds several degrees of freedom and design capa-
bilities compared to conventional metallization processes, 
such as electroplating for example. This is because, unlike 
most coating processes, CSF also allows variations in the 
volume of the applied material on the mold, by adjusting 
the spray parameters (e.g., feedrate or gun traverse speed). 
The term cold spray forming itself was first used by Wong 
et al. to generally describe an early approach of CSAM [7]. 
Since CSAM as well as its nomenclature have evolved and in 
accordance with conventional spray forming [8, 9], it is sug-
gested to use the term CSF for CSAM on molds or mandrels 
to create near-net-shape parts.

2 � State of the art and research gap

In the state of the art, CS per se and on polymers are 
briefly discussed and, in addition, the MEX-TRB/P process 
is briefly described.

2.1 � Cold spraying process and additive approaches

CS uses kinetic energy for the deposition process. There-
fore, the particle velocity is a crucial parameter. It must 
exceed the so-called critical velocity. Below this mate-
rial-dependent level, no material is applied, but erosion is 
occurring. The particle velocity is mainly influenced by

•	 Carrier gas type
•	 Pressure of the total gas flow
•	 Temperature of the total gas flow
•	 Design of the used nozzle
•	 Morphology and density of the sprayed particles

As soon as the powder particles hit the substrate mate-
rial, which is metal for the majority of applications, they 
deform plastically and create dense layers with the subse-
quently impinging particles. The bonding mechanisms are 
a combination of metallic bonding and mechanical inter-
locking and are currently still the subject of research and 
scientific discourse [10–13].

The sprayed-on tracks typically have a Gaussian pro-
file. Particles at the edge of the nozzle are slower than in 
its center, so that the application efficiency already var-
ies across the width of the exit opening [14]. The width 
of the tracks (typically 3 − 8 mm) depends on the outlet 
opening as well as the distance of the nozzle from the 
substrate. The Gaussian distribution continues through the 
built-up layers, so without appropriate build-up strategies, 
the material deposition will peak at one point, where no 
further deposition is possible.

Wu et al. [15] as well Pattison et al. [16] have already 
presented strategies to compensate falling edges. The 
approach of Wu et al. allows the build-up of walls per-
pendicular to the substrate plane. Here, the robot-guided 
gun and thus the nozzle are tilted towards the substrate at 
a defined angle and offset to the track center in to com-
pensate the Gaussian profile by angled spraying. Despite 
the ingenuity of this approach, it has drawbacks, which is 
why it is not suitable for all part shapes and thus use cases:

•	 Overspray: during the tilted spraying of the slanted 
edges, the impact angle is not 90° and thus not optimal.

•	 Resolution: the thinnest buildable structure results from 
the minimal track width, which in turn depends on the 
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diameter of the nozzle opening and the standoff dis-
tance, plus the two compensation tracks on each side.

•	 Path planning: the two compensation paths on each side 
of the sprayed tracks must be executed at a tilted angle. 
This results in practical difficulties for robot path plan-
ning, such as passing through singularities or just in 
increased programming effort for complex shaped bod-
ies or overhangs.

In the case of the aforementioned example of the rocket 
engine, it does not seem feasible to use this approach due 
to its shape, which contains thin walls and overhangs.

Another approach to the realization of more complex 
structures is CS onto base parts or molds. Despite its 
potential, little research exists on this approach. Examples 
can be found in Cavaliere [17], Lenling et al. [18], as well 
as in one patent of Dindl et al. [19]. In Lenling et al. steel 
tubes were successfully fabricated with an Al alloy core, 
which was subsequently dissolved with a NaOH solution 
[18]. The patent by Dindl et al. describes the production 
of gun barrel liners, which are also to be realized with 
a solvable core [19]. In an article by Yin et al. in Cava-
liere’s book [17], the use of molds is reviewed with some 
examples such as a bracket. Figure 1 shows the function 
principle of this approach.

Furthermore, when spraying on molds, care must be 
taken to ensure that their geometrical features do not lead 
to cracked surface layers. This is particularly the case for 
angles that lead to an unacceptably strong deviation from 
the ideal impact angle. Figure 2 shows the problem.

So far, the approaches have been limited to metal 
molds. With increasing part complexity, these are costly 
to manufacture and difficult or nearly impossible to remove 
in the case of undercuts. Thus, the use of additively manu-
factured solvable polymer molds seems to be a promising 
approach.

2.2 � Rapid tooling

According to the DIN EN ISO/ASTM 52900 [20] standard, 
the term “rapid tooling” describes the application of addi-
tive manufacturing for the production of tools to reduce lead 
times compared to conventional tool production. Therefore, 
this term is accurate for the application of the MEX-TRB/P 
process described in this paper.

The functional principle of MEX-TRB/P is that a ther-
moplastic polymer filament is conveyed through a heated 
nozzle. The melted string is then applied to a build plate, or 
the previous layer, according to the contour of the respec-
tive layer of the build job. The process is limited to thermo-
plastics. Due to its simplicity, low investment and operat-
ing costs, the process is attracting a high number of users 
in both the industrial and private sectors. Materials such 
as acrylonitrile butadiene styrene (ABS) or polylactic acid 
(PLA) can already be processed on entry-level 3D printers. 
High-performance thermoplastics such as polyether ether 
ketone (PEEK), on the other hand, require technically more 
sophisticated printers that have a heated build chamber, to 
achieve sufficient part qualities.

The use for MEX-TRB/P for the rapid tooling of molds 
for CSF is promising—despite the limitation of the process 
to thermoplastics—since these are more suitable as sub-
strates for CS than thermosetting polymers. That is because 
thermoplastics are susceptible to thermal softening—just 
like metals. This occurs at temperatures exceeding the glass 
transition temperature of the thermoplastic polymer [21].

2.3 � Cold spraying on polymer substrates

Due to the low process temperatures in CS, it is generally 
possible to deposit metals on thermoplastic polymers (cf. 
previous section). So far, the metallization of these poly-
mers has mainly been pursued with the aim of depositing a 
conductive layer, e.g., by Chen et al. [22] who coated PEEK 
with pure copper (Cu).

Fig. 1   Schematic representation of the state of the art of spraying 
onto solvable cores

Fig. 2   Problem representation of cracked surface layers
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Several other examples for polymer metallization 
already exist in the literature, although the results are het-
erogeneous. The review of 13 publications from recent 
years [21, 33] shows that 59% of the analyzed combina-
tions of metal powder and polymer substrates were suc-
cessfully sprayed. In some publications, several combina-
tions of metal powder and polymer substrates are analyzed 
so that their number exceeds the number of literature ref-
erences. According to the authors’ definition, a material 
deposition is only considered successful if it exceeds more 
than one sprayed layer. Often only a particle embedment 
occurs as described by Che et al. [21]. This means that 
solely individual particles have penetrated the substrate 
surface and locked in there.

However, in 88% of the successfully sprayed combina-
tions of metal powder and polymer substrates, adjusted 
parameters were used for the initial layers. This means, for 
example, that Cu was sprayed onto the polymer substrate at 
a lower pressure and temperature, compared to a metallic 
substrate, to avoid erosion. The use of adapted parameters, 
which are reduced compared to CS of metals, therefore, 
seems to be crucial for the successful spraying on polymers.

Furthermore, it must be noted that all polymers consid-
ered in the publications are conventional sheet materials, 
thus not 3D printed.

2.4 � Problem statement and novel approach

All identified publications regarding CS on molds have in 
common that, on the one hand, metallic and conventional 
machined molds are used and, on the other hand, the aimed 
geometries of the sprayed parts are relatively simple.

The CSF method presented in this paper is intended to be 
both more cost-effective by the use of 3D-printed thermo-
plastic polymers and to allow greater flexibility in the molds 
produced and thus greater complexity in the sprayed parts as 
well as easier removal of the mold.

To achieve this objective, thermoplastic polymers for 
MEX-TRB/P must be identified to provide a suitable basis 
as a substrate/mold for CSF.

3 � Materials and methods

The approach is structured as follows: after a pre-selection of 
relevant polymers (filaments) and a metallic powder for CS, 
the material deposition on the respective substrate was inves-
tigated, whereby specially designed test setups were used. 
Subsequently, process-related restrictions were determined 
based on a 3D-printed Test Artifact. Finally, the results were 
validated by manufacturing an industrially relevant use case.

3.1 � Cold spraying equipment and metal powder

The experiments were carried out on a high-pressure CS sys-
tem Plasma Giken PCS-100. The powder feeder is a POG-
2030 from the same manufacturer. Nitrogen 5.0 was used as 
the propellant gas. The tests were all carried out with a WC-Co 
nozzle to prevent degradation of its internal geometry and thus 
a loss of particle velocity.

Spherical Cu powder from the manufacturer M4P mate-
rial solutions GmbH with a nominal particle size distribution 
(PSD) of − 45/ + 15 µm was used. The PSD was addition-
ally determined using the software Fiji (ImageJ) for a graphi-
cal analysis of the Scanning Electron Microscope (SEM). 
The SEM was a Hitachi TM3030Plus. The result is shown 
in Table 1. In addition, micrographs were obtained using an 
Olympus BX53M optical light microscope.

The material was selected, because it offers a wide param-
eter window and, in particular, can be sprayed successfully 
at low pressures and temperatures. In addition, preliminary 
tests had shown that Cu combines well with other materials, 
which makes it a suitable material for the investigation of the 
entirely new approach. Figure 3 shows two images of the used 
Cu powder. The particles are mostly spherical but a few satel-
lites were observed on their surfaces.

3.2 � Polymer selection for the rapid tooling of cold 
spray molds

Eleven 3D-printed polymers were used as a substrate for spray-
ing. Furthermore, a control group consisting of four conven-
tionally manufactured polymer plates was additionally tested.

The samples were fabricated on two different MEX-TRB/P-
printers: For PEEK an Intamsys FUNMAT HT Enhanced was 
used, which offers a heated enclosure and build plate as well 
as sufficient nozzle temperatures of up to 450 °C. The remain-
ing materials were fabricated on a Zortrax M300. All samples 
were printed with 100% infill. The examined filaments and the 
associated data are listed in Table 2.

The materials were selected according to the following 
aspects: establishment as a filament material and thus print-
ability (e.g., PLA), hardness (e.g., PC-ABS), temperature 
resistance (e.g., PEEK), price (e.g., ABS), and solubility (e.g., 
Polyvinyl acetate, PVA). The selection intends to cover a mate-
rial spectrum as wide as possible. Since the intended applica-
tion is the fabrication of lost molds, particular emphasis was 
placed on solvable polymers, such as PVA, which can be eas-
ily dissolved with water. ABS also offers a simple solvability 

Table 1   M4P Cu particle size distribution

Material d10,2 in µm d50,2 in µm d90,2 in µm
M4P pure Cu 16.0 21.0 43.7
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using acetone. Some materials can only be dissolved using 
rather aggressive chemicals: e.g., PEEK can only be dissolved 
completely in concentrated sulfuric and nitric acid.

The PEEK specimens also had to be heat treated after 
printing. This was carried out according to the specifications 
of the filament manufacturer Intamsys.

The surface roughness of the printed PEEK specimens (of 
the later sprayed top surface) was additionally determined 
and resulted in an average Sa of 52.1 µm over an area of 
150 mm2. These measurements were performed on a Key-
ence VK-X3000 laser scanning microscope.

Since the hardness of the substrate has a major influence 
in CS, especially with deviating material pairings [34], 
(coating material is different from substrate) this parameter 
was investigated for all 3D-printed samples. The measure-
ment of the Shore D hardness was carried out with a Sau-
ter HDD 100–1 test instrument, mounted on a lever test 
rig Sauter TI-DL. These measurements were performed at 
room temperature of 21 °C and at an elevated temperature 
of 100 °C. For this purpose, the specimens were heated in an 
oven and tested immediately after taking them out. Figure 4 
shows the determined Shore D hardness values at 21 °C and 

Fig. 3   SEM images of the used pure Cu powder

Table 2   Overview of analyzed polymers

Polymer type Supplier reference Supplier Glass transition 
temperature 
in °C

Specified shore D 
hardness as specified 
by the supplier at room 
temperature

Measured shore D 
hardness (3D printed) at 
21° C

Filament 
cost in €/
kg

Acrylonitrile butadiene 
styrene (ABS)

Z-ABS Zortrax 107.89 69.2 69.13 39.37

Acrylonitrile butadiene 
styrene (ABS)

Z-ULTRA​ Zortrax 106.4 73.4 71.47 61.78

Acrylonitrile butadiene 
styrene (ABS) + Poly-
carbonate (PC)

Z-PCABS Zortrax 118 N/A 77.83 62.37

High Impact Polystyrene 
(HIPS)

Z-HIPS Zortrax 98.68 73.2 68.13 61.87

Polyvinyl acetate (PVA) HELIOS Support Form Futura N/A N/A 73.17 129.67
Polyvinyl acetate (PVA) ATLAS Support Form Futura 60.2 N/A 59.6 113
Polyvinyl acetate (PVA) AquaSolve Form Futura 60.2 N/A 71 105.67
Polyvinyl acetate (PVA) Z-Support Zortrax N/A N/A 56.47 199.99
Acrylonitrile butadiene 

styrene + (x-%) carbon 
fiber

ABS-Carbon Kimya 95 72.2 76.47 114

Polyether ether ketone 
(PEEK)

PEEK Intamsys 143 85 85.50 719.98
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at 100 °C. The three materials shown on the right side of the 
diagram are the control group consisting of commercially 
available sheet polymers.

3.3 � Polymer qualification for cold spray forming

In order to ensure a high degree of comparability and a 
time-efficient test procedure, a carrier plate was milled from 
aluminum alloy EN-AW 5083. This setup allows mount-
ing of up to 45 samples. Five parameter sets were tested 
on three materials per experiment. Therefore, 15 samples 
were required of each polymer to obtain three comparable 
specimens for each parameter set. For each set, single tracks 
with three passes (= layers) were sprayed. Figure 5 shows a 
carrier plate with positioned samples. Before spraying, all 
samples were cleaned, to ensure a grease-free surface.

The chosen parameters are listed in Table 3. The process 
window for Cu is rather large, especially when considering 
the temperatures of the exiting gas stream at the standoff 
distance (SOD), which differ within a spectrum of 100 °C. 
The temperatures of the exiting gas stream were measured 
with a data logger MCR-4TC of Japanese company T&D 
and type K sheath thermocouples. Only the gun tempera-
ture and pressure were varied. The powder gas flowrate—an 
important parameter as proven in [35] was set constant at 
300 standard liters per minute (SLM). The feedrate was set 
on 3 rpm, which resulted in 87.6 g/s for the Cu powder used 
and the powder gas flowrate applied. A SOD of 30 mm was 
chosen. The traverse speed of the robot was set to 100 mm/s.

3.4 � Determination of the constructive limits 
of 3D‑printed molds

A test part, inspired by the published NIST artifact [36], 
was designed using the computer-aided design software Sie-
mens NX12 to examine the achievable level of detail of the 

Fig. 4   Measured shore D hardness at 21 ℃ and 100 °C

Fig. 5   Carrier plate for efficient testing

Table 3   Applied parameters

Track 1 2 3 4 5

Gun temperature in °C 300 300 400 500 500
Gun pressure in Mpa 3 5 4 3 5
Resulting total gas 

stream temperature 
in °C

90.91 131.23 139.01 139.48 196.26
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sprayed molds. Figure 6 shows the designed Test Artifact 
with dimensions 120 mm × 100 mm × 6 mm (W × L × H). 
The limits at which the surface layer is no longer closed, and 
thus the geometric boundary conditions are exceeded, are to 
be determined. Furthermore, the featured design methods of 
fillets and chamfers are to be tested to determine their suit-
ability for enabling closed cover layers in CS.

The Test Artifact is intended in particular to determine 
the angular transition above which the material coating and 
its top layer is no longer closed (cf. state of the art) and thus 
unusable. This was evaluated by qualitative investigation of 
the following criteria: material deposition beyond the initial 
coating, and existence of cracks on the top layer.

When spraying the Test Artifact, 40 layers were applied 
with the initial coating parameters of Track 5 (cf. Table 3) 
and 20 additional layers with metal powder/metal substrate 
parameters for Cu on Cu. Thus, the pressure was adjusted 
to 4 MPa and the temperature to 850 °C, whereas the other 
values were maintained. The single tracks of the layers were 
sprayed adjacent to each other at a distance of 5 mm. Here, 
a path planning strategy already presented in Ref. [37] was 

used: according to this strategy, the reversal points, and thus 
the areas of reduced robot speed caused by deceleration and 
acceleration during turning, are not placed on top of each 
other, but are offset from each other. In this way, excessive 
material build-up in the corners is avoided.

4 � Results and discussion

4.1 � Material deposition

A material deposition that went beyond embedding one par-
ticle layer could only be achieved with 3D-printed PEEK 
and conventional PEEK sheet material. All five sets of 
parameters applied resulted in material deposition on the 
surrounding aluminum substrate.

For all other polymers, only the initially impinging par-
ticles could be embedded in the substrate. As mentioned in 
the state of the art, this effect has already been described and 
does not represent a CS material deposition [21].

The particles were shot into the substrate, but they cannot 
induce plastic deformation in the particles hitting the sub-
strate subsequently. Figure 7 shows three printed specimen 
pins with only an initial material deposition and no further 
build-up. The remaining seven pin types of the unsuccess-
fully coated materials look almost identical and are, there-
fore, not featured.

The embedding of the particles during the initial deposi-
tion can be seen under the microscope. The particles have 
penetrated the substrate, but have retained their sphericity. 
The micrograph in Fig. 8 shows a cross-section through a 
specimen pin made of ABS processed by MEX-TRB/P.

The absence of plastic deformation of the particles 
results in the impossibility of material deposition by means 
of CS. In order to obtain an indication of the sprayability 
of the polymers as a substrate, the hardness (Shore D) was Fig. 6   Designed test artifact to examine the limits of CS on polymers

Fig. 7   Three examples of only 
initial coated specimen pins 
with no further material deposi-
tion
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used. This material parameter, as already mentioned, has 
a great influence in CS: On the one hand, the hardness of 
the substrate must be sufficiently high to be able to induce 
plastic deformation of the particles. On the other hand, 
it must not be too high so that initial penetration of the 
particles remains possible. When looking at the hardness 
of all printed polymers (cf. Fig. 4), it is noticeable that the 
only successfully coated material, PEEK, has the highest 
value of about 85.5 Shore D within the extruded materials.

In the control group of specimens, all materials exhibit 
a similarly high or even higher hardness than PEEK. How-
ever, it was not possible to generate a material deposition 
on any of these materials. The explanation for the epoxy 
impregnated cotton laminate has already been provided 
by Che et al. [21]: this belongs to the thermosets and not 
to the thermoplastic materials. The latter shows similar 
behavior to metals in CS, as they soften due to the temper-
ature introduced in the process, thus allowing penetration 
of the particles. Thermosets, on the other hand, exhibit 
brittle behavior and do not soften under the influence of 
heat, making them unsuitable for CS.

Nylon 66 (hereafter PA66) is also a thermoplastic and 
could not be coated despite its high Shore D hardness. 
The explanation for this lies in the severe decrease of the 
Shore D hardness at elevated temperatures: it decreases 
from 92.3 at room temperature to about 77 at a tempera-
ture of 100 °C. In comparison, the 3D-printed PEEK only 
drops from a Shore D hardness of 84.9 (at 21 °C) to 80.2 
(at 100 °C). Table 3 shows that even at the lowest selected 
parameter set, the temperatures reach almost 100 °C, so 
the hardness has already decreased significantly for this 
specific polymer.

The PEEK substrate does not appear to be subject to 
degradation, but this aspect will not be considered further 
here, as the condition of the polymers as a mold to be dis-
solved is of secondary importance.

4.2 � Model presentation of the polymer spray 
behavior

In order to categorize the described effects, a model rep-
resentation was worked out for this purpose, which shows 
the processes of particles impacting the substrate surface. 
The models are shown in Fig. 9. The previously described 
non-induced plastic deformation of the impacting particles 
appears to be due to insufficient bearing of the initially 
embedded particles.

4.3 � Cold spray forming process restrictions

Three Test Artifacts were successfully sprayed, and shown 
in Fig. 10.

The geometric feature of the angular transition indicates 
that from a flatter angle greater than 150° (cf. Fig. 2) the sur-
face layer becomes closed, as indicated by the white arrows 
in a.

The holes and the standing pins with chamfers and fillets 
could not be oversprayed with a closed top layer on any Test 
Artifact. Therefore, no statement can be made about their 
different effects.

The letters in the Test Artifacts were evenly sprayed. In 
b, it can be seen that these were also well reproduced in the 
subsequently detached plate as a negative. Since the Test 
Artifact has no undercuts, the material application could 
be detached by hand without having to dissolve the PEEK 
mold. The surface structure of the individually deposited 
polymer strings, which is typical for MEX-TRB/P, is also 
clearly visible in the detached material deposition.

However, the surface layers are not completely closed in 
some areas: in addition to distributed defects in the form of 
holes, the deposited material cracked off at several positions. 
Here, the Test Artifacts show differences in direct compari-
son with each other. The cause for the deviating material 
application quality is assumed to be the fluctuating print 
quality. These qualitative differences occurred despite the 
use of the same filament and the same printing parameters. 
The most common defect here is the under-extrusion of the 
material as shown in c), which leads to an incomplete, yet 
filigree material deposition with CS.

4.4 � Validation of cold spray forming using 
an industry‑relevant use case

As already mentioned in the introduction using the exam-
ple of the NASA rocket liner, CS is used in particular in 
the aerospace industry. A base body of a rocket liner was, 
therefore, built in this context to validate the findings for an 
industry-relevant use case. To achieve this purpose, a PEEK Fig. 8   Micrograph of the embedded particles in ABS
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mold was 3D printed and sprayed, considering the results 
presented so far. Figure 11 shows the finished liner with a 
height of approx. 200 mm and a base diameter of 135 mm.

The rapid tooling of the PEEK mold via MEX-TRB/P 
took about 28 h, while the actual CSF process took only 
about 55 min. The mold was clamped upright on a rotary 
table. The gun was moved up and down according to the 

Fig. 9   Model representation of the three identified effects in spraying 
of polymers

Fig. 10   Sprayed Test Artifacts
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shape of the mold, maintaining a constant SOD of 30 mm. 
The robot path was programmed so that the rotation speed 
of the rotary table varied dynamically, depending on the 
position of the gun. This made it possible to achieve a con-
stant tangential speed of 115 mm/s and thus a constant 
material thickness. For this purpose, the rotational speeds 
of the table were varied between 144.8°/s for the smallest 
diameter of the mold and 105.4°/s for its largest diameter. 
Several materials were sprayed: Cu, CW106C, a composite 
of CW106C/2.4668 (or INCONEL 718®, Alloy 718) and 
2.4668. The material transition can be taken from Fig. 12. 
The initial focus was to apply a uniform crack-free Cu depo-
sition as a base layer for the subsequent materials. This was 
successfully applied. In the subsequent layers of the other 
materials, an increasing porosity becomes apparent, which in 
this context can be attributed to non-ideal parameters. Apart 
from this, the demonstrator showed the potential of CSF also 
for other materials and their combinations. To dissolve the 

PEEK, either acids, as described previously in Sect. 3, or a 
heat treatment (which is necessary anyway for 2.4668), can 
be applied, in which the PEEK is molten out.

5 � Conclusion and outlook

It has been shown that the use of molds produced by rapid 
tooling via MEX-TRB/P for CS is not only possible, but also 
a promising novel approach to overcome the limited level of 
details of this process. The term “Cold Spray Forming” or 
short “CSF” was introduced.

Except for PEEK, material deposition of Cu could not be 
achieved for any of the investigated polymers. The explana-
tion for this lies in the sufficient hardness of PEEK, espe-
cially under elevated process temperatures, which exceeds 
the hardness of the other thermoplastic materials.

Despite the fluctuating print quality of the developed Test 
Artifacts, three reliable conclusions could be drawn regard-
ing the geometric limits:

•	 The print quality has a major influence on the quality 
of the subsequently sprayed layers; even small areas of 
under-extrusion lead to cracks that propagate through to 
the top layer of the build-up.

•	 The critical angle for the transition to geometrical fea-
tures is approximately 150°. Smaller and thus steeper 
transitions lead to cracks in the surface layer.

•	 It became apparent that the surface texture of the printed 
shapes continued into the sprayed-on layers, resulting in 
the possibility to spray even finer elements than the let-
tering provided in the presented Test Artifacts.

The findings were validated based on a use case, which 
could be sprayed with a completely closed surface.

To advance the approach of CSF further, the geometric 
limits of the sprayability must be determined more precisely, 
the chemical and/or thermal dissolution of the molds needs 
to be validated, and the quality of MEX-TRB/P fabricated 
PEEK parts has to be improved. Furthermore, CSF can be 
combined with existing additive strategies for cold spray 
(such as those of Wu et al. [15]). In addition, design meth-
ods to derive molds from finished part design have to be 
developed.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40964-​023-​00521-9.
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