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1. Introduction

The State-of-the-Art review establishes Cold Spray
(CS) as a solid-state coating technology uniquely
suited for temperature-sensitive materials, thanks
to its ability to deposit metallic particles at
supersonic velocities without melting. While
extensively applied to metallic substrates, recent
developments have expanded its application
toward polymer-based composites, where
traditional thermal spray techniques fail due to
substrate degradation and poor adhesion.
However, the shift from metallic to polymeric
substrates introduces substantial challenges, most
notably the lack of metallurgical bonding between
polymeric substrate and metallic coating. In such
cases, coating adhesion relies almost entirely on
mechanical
significantly influenced by substrate morphology,
particle velocity, and surface treatment.

The literature highlights key cold spray
parameters: gas pressure, gas temperature, stand-
off distance, powder feed rate, and traverse
velocity as critical determinants of deposition

interlocking, a mechanism

success. For polymers like Carbon Fiber Reinforced
Polycarbonate (CFR-PC), the optimal process
window is narrow; excessive kinetic energy can
cause substrate erosion or fiber exposure, while
insufficient energy leads to poor bonding and
Furthermore, the  complex
mechanical response of hybrid substrates like CFR-
PC (with ductile polycarbonate matrix and rigid
carbon fibers) leads to heterogeneous bonding

delamination.

behavior.

The literature elaborates techniques for surface
conditioning (e.g., grit blasting, plasma activation)
and the use of interlayers to improve adhesion.
However, this research deliberately avoids
interlayer usage to assess the feasibility of direct
deposition. This makes the investigation both
novel and industrially relevant, as it aims to
minimize process complexity and maintain
substrate integrity.

Thus, this study builds upon and extends the
current state of the art by conducting a systematic
parametric  study spanning 44  distinct
combinations to identify the critical conditions
under which viable aluminum coatings can be
directly deposited onto CFR-PC substrates using
High Pressure Cold Spray (HPCS). The study aims



to characterize coating adhesion, microstructure,
and functional performance (microhardness,
electrical conductivity).

2. Guidelines

2.1. Methodology

The experimental work involved the deposition of
pure aluminum powder (particle size distribution
shown in thesis Figure 28, Table 1) onto CFR-PC
substrates fabricated via Large Format Additive
Manufacturing (LFAM), Figure 1 illustrates the
working principle of Fused Granulate Fabrication
(FGF) additive manufacturing. The CFR-PC
material (DAHLTRAM® C-250CF with 20%
carbon fiber, details in thesis Table 2) presented a
heterogeneous surface for deposition.

An Impact Innovations 5/11 HPCS system (thesis
Figure 25), utilizing pre-heated nitrogen as the
process gas, was employed for the depositions. The
spray gun was manipulated by an ABB 6-axis
industrial robot (thesis Figure 27) for precise
control of scanning parameters. A total of 44
distinct parameter sets were tested, systematically
varying key parameters such as gas pressure (6-30
bar), gas temperature (150°C-400°C), powder feed
rate (2.08-20.75 g/min), stand-off distance (20-30
mm), traverse velocity (primarily 30 mm/s),
number of layers (1-6), and substrate surface
preparation (milled, grit-blasted and as-built).

The resulting coatings were characterized through:
Microstructural Analysis (Optical Microscopy and
Scanning Electron Microscopy), Flattening Ratio (&
= w/h thesis Figure 46), Microhardness (Vickers
HVo1), Electrical Conductivity (Eddy current
method), and Adhesion Strength (pull-off tests,
ASTM D4541).
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Figure 1. Basic working principle of fused
granulate/pellet fabrication (adopted from thesis
Figure 22).

2.2. Experimental Design
Strategy

The experimental design was guided by strategic
variation of process parameters to explore the
interplay between thermal energy input, particle
momentum, and deposition response. Each run
was tracked using a standard set numbering
scheme and classified based on visual inspection,
microstructural integrity, and
mechanical/electrical performance. Special care
was taken to isolate the effect of each parameter by
controlling the others, allowing clear identification
of trends across the 44 configurations. This
rigorous approach ensured reproducibility and
provided a foundation for future modeling efforts.

3. Key Findings and Discussion

3.1. Coating Deposition and
Bonding Mechanism

Successful deposition of aluminum coatings onto
CFR-PC substrates was achieved under specific
process windows. The primary bonding
mechanism was identified as mechanical
interlocking, with negligible chemical or
metallurgical bonding. No strong bonding is
expected between metal atoms and atoms in a
polymer macromolecule, a finding also supported
by literature. Initial experiments faced challenges
like delamination and substrate erosion at high
energy inputs.
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Grit blasting of the CFR-PC substrate, intended to
enhance adhesion, showed potential adverse
effects like embedded alumina particles at the
interface, which could disrupt uniform bonding
(Figure 2).

Figure 2. SEM micrographs showing the interface
between aluminum coating and CFR-PC substrate
for Set No. 32 (no treatment, left) and Set No. 33
(grit-blasted substrate, right), illustrating potential
issues with grit blasting (adapted from thesis
Figure 31).

3.2. Influence of Process

Parameters

Gas Temperature and Pressure: These two
parameters were critical. Higher gas temperatures
(up to 400°C) and higher gas pressures (up to 20
bar) generally improved particle deformation,
substrate softening, embedding, and densification.
Optimal coatings were often formed at moderately
high temperature and pressure combinations (e.g.,
15 bar/400°C or 20 bar/300-350°C). Figure 3 shows
the effect of gas temperature on penetration of
particles on polymeric substrates; Increasing
temperature softens the substrate and increases
particle penetration. Increasing gas pressure has a
similar effect, but using very high gas pressure and
temperature can result in erosion and degradation
of the substrate. Figure 4 shows erosion of
substrate under high gas pressure.
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Figure 3. Effects of nitrogen gas temperature on
the penetration depth of 27-umdiameter Cu
particles on various polymeric substrates
(adopted from thesis Figure 10).

Figure 4. cold-sprayed aluminum on epoxy-based

CFRP under high-pressure conditions resulted in

fiber fracture and matrix loss (adopted from thesis
Figure 13).

Powder Feed Rate: This parameter significantly
influenced coating build-up and adhesion. Feed
rates in the range of 4.15 g/min to 8.3 g/min were
optimal. Table 1 lists parameter sets exhibiting the
highest consistency in substrate adhesion, even
though no parameter set with 100% consistency in
substrate adhesion was developed in this thesis.
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Table 1. Parameter sets the highest consistency in
substrate adhesion. (adopted from thesis table 8
and 9)

set 32 400 15 8.3
set 32a 400 15 6.2
set32b 400 15 4.15
set34 300 20 8.3
setdd 350 17.5 8.3
3.3. Coating Properties

Microhardness: Coating microhardness (HVo.)
ranged from 23 HVoi to 31 HVoi. Hardness
generally increased with increasing gas pressure
due to higher particle deformation and
densification especially at lower temperatures
(Figure 5).

Set 34 (20 bar, 300°C) showed one of the highest
hardness values (30.94 HVo.). Higher temperatures
reduce hardness due to thermally activated
mechanisms like dislocation recovery and grain
boundary movement (Figure 6) also known as
thermal softening. The hardness loss is more
significant at higher pressure (20 bar), showing
that materials processed under high pressure
might be more sensitive to softening at elevated
temperatures.

Hardness vs Pressure at 300°C and 350°C
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Figure 5. The trend of pressure effect on coating
microhardness at constant temperatures of 300°C
(blue line) and 350°C (red line) (adapted from
thesis Figure 35).
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Figure 6. Temperature effect on hardness at
constant pressure 15 bar and 20 bar (adapted from
thesis Figure 34).

Electrical Conductivity: Values ranged from 16.51
MS/m (43.8% of bulk Al) to 24.18 MS/m (64.1% of
bulk Al for Set 34: 20 bar, 300°C). Conductivity
generally increased with gas temperature (at 15
bar), peaking around 350°C (Figure 7); this
indicates that elevating the temperature enhances
the mobility or availability of charge carriers in the
system.

At 300°C, increasing pressure also led to increased
conductivity (thesis Tablel1). Higher density and
better inter-particle bonding are key factors in
increasing electrical conductivity in coating.

Electrical Conductivity vs Temperature at 15 bar
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Figure 7. Electrical conductivity vs. gas
temperature at a constant pressure of 15 bar
(adapted from thesis Figure 38).

Higher pressure enhanced the conductive behavior
of the gas at 300°C. In contrast, at 350°C, the effect
of pressure on electrical conductivity appears to be
nonlinear (Figure 8), conductivity is higher in
lower pressure.
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Electrical Conductivity vs Pressure at 300°C and 350°C
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Figure 8. Pressure effect on electrical conductivity
in constant temperature of 300°C (blue) and 350°C
(red) (adapted from thesis Figure 39).

Adhesion Strength: Measured adhesion strengths
were promising, with a maximum average of 5.82
MPa for Set 32b (15 bar, 400°C, 4.15 g/min feed
rate). All failures were adhesive at the coating-
substrate interface. Lower feed rates at high
temperature/pressure generally showed better
adhesion. Figure 9 shows that at constant pressure
and temperature, increasing feed rate has a non-
linear effect on adhesion strength, higher feed rate
decreases adhesion strength at first but when the
feed rate is increased further from 6 g/min to 8
g/min, the adhesion strength begins to rise again.
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Figure 9. Adhesion strength vs feed rate in
constant temperature (400°C) and pressure
(15bar) (adapted from thesis Figure 45).

Microstructure and Flattening Ratio:
Microstructural analysis showed characteristic
deformed Al particles (Figure 10). Flattening ratios
(e) ranged from 2.52 to 2.75. Higher e values,
indicating greater particle deformation, were
observed under conditions promoting higher
impact energy.

Figure 10. Representative optical micrograph of
the cold-sprayed Al coating for sample Set 32 (15
bar, 400°C, 8.3 g/min) showing deformed particles
(adapted from thesis Figure 49).

3.4. Limitations and
Challenges

Despite achieving quasi-successful deposition
under optimized conditions, several limitations
were encountered. At high gas temperatures and
pressures, substrate erosion and degradation were
observed due to excessive kinetic energy and heat.
Grit-blasted  surfaces introduced embedded
alumina particles, which interfered with bonding
and led to inconsistent adhesion performance.
Additionally, the deposition window was found to
be very narrow, and considerable effort is required
to identify it.

4. Conclusions

This thesis successfully demonstrated the
feasibility of depositing pure aluminum coatings
on additively manufactured carbon fiber-
reinforced polycarbonate (CFRP-PC) substrates
using  high-pressure cold spray without
interlayers. The key conclusions are:



Mechanical Interlocking as
Dominant Bonding Mechanism:
Convincing evidence was seen to
suggest that adhesion is primarily
achieved through the mechanical
anchoring of deformed Al particles
into the CFR-PC substrate surface. No
significant chemical or metallurgical
bonding was observed.

Critical Role of Process Parameters:
Gas temperature, gas pressure, and
powder feed rate are critical
parameters that must be carefully
optimized. A specific process window
(e.g., temperatures of 300-400°C,
pressures of 15-20 bar, and moderate
feed rates) was identified for achieving
adherent and functional coatings.

Achievable Functional Properties:
Under optimized conditions, the Al
coatings exhibited microhardness
values suitable for protective layers,
electrical conductivity up to 64% of
bulk aluminum, and adhesion
strengths reaching approximately 6
MPa. These properties indicate
potential for functionalization of CFR-
PC for various applications.

Process Limitations and Challenges:
Substrate erosion at high energy
inputs, substrate degradation at
elevated temperatures and coating

delamination at non-optimal
conditions remain significant
challenges. = Surface  preparation

methods like grit blasting require
careful consideration due to potential
introduction of defects.

5. Viability for Polymer Composite
Metallization: Despite the challenges,
cold spray proves to be a promising
technique for the surface metallization
of CFR-PC, offering a solid-state
process that minimizes thermal
damage to the polymer matrix. This
supports  the development of
lightweight, functionalized composite
materials for advanced engineering
applications.

Future work could focus on further optimizing
adhesion through advanced surface texturing or
thin, compatible interlayers, exploring a wider
range of polymer composites, and conducting
detailed long-term performance evaluations (e.g.,
thermal cycling, fatigue).
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