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Epoxy vitrimers, distinguished by their unique combination of the mechanical strength typical of ther-
mosets with the reprocessability of thermoplastics, represent a promising class of materials for advanced
technological applications. To optimize their performance in high-demand environments, surface func-
tionalization of vitrimers and vitrimeric composites is crucial to enhance their durability and reliability in
harsh conditions. This research work aims at studying the feasibility of metallising vitrimer-based com-
ponents through cold spray technology. Aluminium coatings were applied under varying process param-
eters, inlet gas temperature (7 = 150 —450 °C) and standoff distance (SoD = 70 mm-100 mm), to evaluate
their impact on deposition quality and substrate behaviour. The deposition processes were performed on
non-reinforced vitrimeric substrates as well as on vitrimeric matrix substrates reinforced with carbon fibre
fabric. The results suggest that successful metallization occurs when the substrate temperature exceeds the
topology freezing transition temperature (Tv ~ 170 °C), enabling the ductile behaviour necessary for
effective adhesion. At 7= 300 °C and SoD = 100 mm, pure vitrimer coatings exhibited an average thick-
ness of 50 £+ 10 ym with minimal substrate deformation (grooves < 4% of panel thickness), while lower
temperatures (7 = 150 °C) resulted in brittle fracture and poor adhesion. Surface roughness increased
from Sa = 0.15 & 0.05 um for uncoated substrates to Sa = 6.59 um after coating. In contrast, composite
substrates demonstrated enhanced stability due to fibre reinforcement, which constrained excessive sub-
strate flow. At the best process conditions (7 =300 °C and SoD = 100 mm), composite panels achieved
homogeneous coatings with Sa = 4.513 um. However, excessive temperatures (7 = 450 °C) led to substrate

erosion and fibre damage in both pure vitrimer and composite panels.

Keywords coatings, cold spray, composites, inorganic, polymer

matrix, vitrimers

1. Introduction

The demand for customized materials reflects the evolving
needs of industries requiring components that can withstand
tougher conditions (Ref 1). Composite materials, by combining
different fibres and matrices, are usefully used for customized
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applications due to their versatility and properties (Ref 1). The
thermoset-based composites are the most widely used for high-
end applications due to their mechanical strength, fibre
compatibility and thermal stability (Ref 2); nevertheless, the
difficulties associated with the reprocessing of thermosets and
the increasing emphasis on more rigorous recycling regulations
have led to a growing focus on thermoplastic matrices (Ref 3,
4). These materials, in fact, offer several advantages, including
the ability to be remelted and moulded, the necessity of lower
processing temperatures, and the capacity to facilitate faster and
more flexible production methods (Ref 5-7).

Though high-performance thermoplastics like PEEK, PAI,
and PI continue to be developed, they often struggle to meet the
stringent performance benchmarks set by thermosets, especially
in the most demanding conditions. In this context, a third class
of polymers, known as covalent adaptable networks (CANs), is
emerging as a promising alternative for use in high-perfor-
mance composites (Ref 8). These materials combine the
durability and strength of thermosets with unique features like
flexibility, shape retention, and self-repair. Their dynamic
covalent bonds enable re-moulding and recycling, similar to
thermoplastics (Ref 9); among all the CANs, vitrimers are
especially promising for use as polymer matrix in composites
(Ref 10).

To fully leverage vitrimers and vitrimeric composites for
high-demanding applications, it may be necessary to function-
alize their surface to ensure performance in harsh environments.
For example, while the bulk of a composite might provide
structural strength, the surface may require enhanced resistance
to wear, corrosion, or extreme temperatures. This is particularly


http://orcid.org/0000-0002-2225-965X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-025-11108-6&amp;domain=pdf

important in aerospace components, such as turbine blades or
fuselage panels, which must withstand both mechanical stresses
and environmental challenges (Ref 11, 12).

Different techniques are used to functionalize the surfaces of
composite materials, but several challenges remain. For exam-
ple, vapour deposition techniques can create thin, uniform
coatings but are costly, slow, and limited to small workpieces
due to the need for vacuum chambers. These techniques also
often face difficulties with adhesion to composite materials,
particularly non-metallic substrates like polymers (Ref 13).
Traditional thermal spray methods also present significant risks
to composites, as their high temperatures can lead to thermal
degradation, distortion, or damage to the polymer matrix (Ref
14). In this context, cold spray (CS) technology has emerged as
an excellent alternative for metallizing composites, especially
for temperature-sensitive materials such as polymers and
polymer matrix composites (Ref 15, 16). Unlike thermal
methods, cold spray utilizes kinetic energy instead of thermal
energy to deposit metallic particles, avoiding damage of heat-
sensitive substrates (Ref 17, 18). Additionally, cold spray does
not require harmful chemicals or high vacuum chambers,
reducing both environmental impact and operational costs (Ref
19-21).

Recent research has focused on metallizing composite
surfaces using CS to achieve different metallic coatings (Ref
22-25). Works by Che et al. (Ref 26) and Sturgeon et al. (Ref
27) demonstrated successful deposition of thick metal coatings
on various polymers and CFRP composites. While adhesion on
thermoplastic-based materials seem guaranteed through the
mechanism of mechanical interlocking (Ref 28), challenges
persist with thermoset matrices, where particle adhesion is less
effective, and substrate erosion is a significant issue. Several
solutions were proposed in the literature with the scope to
overcome this issue for thermosets (Ref 29, 30). For instance,
the authors (Ref 31) investigated the development of a
composite sublayer for the cold spray metallization of CFRC,
with the particles embedded onto the carbon fibre-reinforced
structure during the infusion process. Sun et al. proposed of
using malleable Sn powder to develop an interlayer material
with dendritic Cu powder to facilitate deposition on epoxy
substrate (Ref 32). The results showed melting of Sn particles
and severe substrate erosion at a gas temperature of more than
573 K. In this approach (Ref 33), a novel two-step process for
cold spray metallization of carbon fibre-reinforced plastic was
developed: the former was performed to artificially expose
carbon fibres at the carbon fibre-reinforced plastic surface, in
the second step, a uniform Sn coating was deposited on the
eroded surface. Further research was conducted by the authors
proposing a methodology that integrates the manufacturing of
glass reinforced epoxy composites with functionalized surface.
Particularly, the authors deposited metallic powder on the first
fabric layer of the dry preform before the infusion and fixed the
particles using adhesive spray, obtaining different thickness
value of the metallized substrate (Ref 24). The last researches
are focused differently on deriving a way to impart improved
surface features on thermoplastics (TP). This approach involves
the insertion of a TP layer over the thermoset substrate for fibre-
reinforced composite manufacturing, as proposed by the
authors (Ref 34-36).

Additionally, a biphasic Cu-epoxy sublayer was developed
for metallizing CFRP structures by embedding the Cu-epoxy
biphasic layer onto the CFRP surface; the cold spray deposition
of diverse powders including Cu, Al, Zn and Sn was carried out

(Ref 37). In this work (Ref 38), aluminium and zinc powders
were mixed with tin to investigate the effect of mixing on
deposition efficiency of the coating. The mixed metal powders
were cold sprayed on CFRP with a low-pressure cold spray
system at various conditions. It was found that the addition of
aluminium or zinc resulted led to increased deposition effi-
ciencies compared to pure tin.

Despite the growing body of research on metallizing
composite materials through CS, no studies have yet investi-
gated the metallization of vitrimer-based composites. Since
vitrimers exhibit structural stability similar to thermosets at low
temperatures and thermoplastic-like ductility upon heating,
determining whether these materials can achieve effective
metallization through cold spray without the use of interlayers
or additional surface preparation techniques remains a chal-
lenge. It is essential to determine the range of parameters within
which vitrimers exhibit sufficient ductility to allow the
embedding of impacting particles through mechanical inter-
locking, without exhibiting cracking behaviour characteristic of
thermosets. Furthermore, it is important to evaluate whether
they can effectively retain the particles while preserving their
structural integrity and functional properties. Building on these
premises, the objective of this research is to experimentally
evaluate the feasibility of cold spray metallization for epoxy
vitrimer-based components. To this end, an epoxy vitrimer was
synthesized by appropriately modifying a commercial epoxy
system, and its chemical and physical properties were system-
atically analysed. Both pure vitrimer panels and vitrimer-based
carbon fibre-reinforced panels were produced and metallized
using cold spray with aluminium powders. Surface analyses
were conducted to characterize the samples and evaluate the
influence of the fibres on CS deposition process.

2. Materials and Methods

2.1 Production of Vitrimer-Based Substrates

The resin formulation in this study consists of a blend
bisphenol A diglycidyl ether (DGEBA) epoxy resin, with
tetrahydro-methyl phthalic anhydride (THMPA) functioning as
the hardener, and 2.4,6-tris(dimethylaminomethyl)phenol act-
ing as the catalyst. All materials were supplied by Huntsman
Corporation. To enhance the vitrimeric properties of the epoxy
system, anhydrous zinc acetate (Zn(Ac),) was introduced as a
transesterification catalyst to alter the conventional resin
formulation.

The formulation was prepared with a stoichiometric epoxy-
to-acyl ratio of 1:1, and Zn(Ac), was added at 10 wt.% based
on the total acyl content.

The manufacturing process began with hand-mixing the
epoxy resin and Zn(Ac), powder, followed by the addition of
the cross-linking anhydride. The mixture was then processed in
a planetary centrifugal mixer under vacuum at room temper-
ature. Afterwards, the amine accelerator was added, and the
mixture was further mixed to ensure homogeneity.

For both the pure resin panels and the composites, the
resulting mixture was cast into Teflon moulds. The composite
panels were reinforced by hand-laying carbon fibre fabric (3 K
T300 Twill 2 x 2, from Toray) onto the resin. The panels were
then subjected to a two-stage curing process: an initial cure at
120 °C for 1 h and 30 min, followed by a secondary cure at
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140 °C for 2 h. The final panels measured 100 mm x 100 mm,
with a thickness of 3 mm. The manufacturing process is
illustrated in Fig. 1.

2.2 Experimental Characterization of the Vitrimer-Based
Panels

Thermogravimetric analysis (TGA) was performed using a
TA Instruments Q500 to determine the thermal stability range
of the polymer, following the guidelines of ASTM E1131. The
measurements were carried out under an inert atmosphere by
flowing nitrogen gas, with a heating rate of 10 °C/min, starting
from room temperature and reaching up to 800 °C. At 600 °C,
the material’s weight loss was analysed.

The polymer’s thermal characteristics were further examined
via differential scanning calorimetry (DSC) using a Discovery
DSC instrument from TA Instruments. Specimens, each
weighing approximately 10 mg, were sealed in aluminium
pans before analysis. The test involved two cycles of heating
and cooling between 0 and 250 °C at a constant rate of 10 °C/
min in a nitrogen environment. Key parameters, including the
glass transition temperature (Tg) and reaction enthalpy, were
obtained from the resulting DSC curves in compliance with
ASTM D3418.

Dynamic mechanical analysis (DMA) was conducted using
a TA Instruments Q800 in single cantilever (SC) mode.
Rectangular samples with dimensions of 25 mm in length,
5.5 mm in width, and roughly 2.5 mm in thickness were
analysed. The thermal behaviour of polymers was assessed over
a temperature range from 30 to 180 °C, applying a heating rate
of 3 °C/min, a strain amplitude of 15 um, and a frequency of
1 Hz. The data were interpreted in line with ASTM D790,
which outlines the flexural properties of reinforced and
unreinforced plastics.

Creep behaviour was also evaluated using the same DMA
Q800 instrument fitted with a tension film (TF) clamp.
Specimens measuring 10 mm x 5.5 mm x 2 mm were tested
across a temperature range of 70-245 °C, with measurements
taken at 25 °C intervals. These tests were designed to monitor
strain variations as the material shifted from the glassy state to
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Fig. 1 Manufacturing process of vitrimeric epoxy resin
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the rubbery state. A constant stress of 0.1 MPa has been
applied to the samples at each temperature step, for 45 min.
The analysis of the creep curves enabled the determination of
the topology freezing temperature (Tv) of the vitrimers, above
which their mechanical behaviour exhibits a distinct transition,
deviating from the characteristics of a thermoset polymer.

2.3 Gold Spray Deposition

The coating was produced using AISil0Mg powders with an
average particle size of 25 um, supplied by LPW South Group,
which were chosen for their compatibility with composite
materials based on prior experiments conducted by the authors
(Ref 39, 40). Figure 2 illustrates the particle size distribution of
the powders employed in this research. A low-pressure cold
spray system (DYMET 423) was utilized for the particle
deposition, employing nitrogen as the carrier gas, and a
cartesian robot controlling the spray gun and ensuring a
consistent and repeatable deposition.

The gun traverse speed and the gas pressure values were
kept constant in all the experiments. Particularly, the former
was set to 1 mm/s in agreement with previous work (Ref 40);
the pressure parameter was set to 6 bar, which is the standard
pressure value used in low-pressure cold spray processes (Ref
41). Moreover, as reported in literature, the gas pressure has
minimal influence in cold spray deposition on polymer-based
materials (Ref 26, 42, 43). The powder feed rate was set to
0.2 g/s, in agreement with literature (Ref 44). A single layer of
particles was applied to the composite panel using the four
previously mentioned spraying conditions, resulting in metal
tracks measuring 50 mm in length.

It is important to note that only the standoff distance (which
is the distance between the target surface and the exit nozzle)
and temperature were varied in this experimentation. Particu-
larly, the standoff distance is of great importance because low
values lead to a higher thermal exposure and a pressure force
due to the powder collision during the additive growth (Ref 31,
45, 46). These results were obtained by tuning the effect of the
standoff distance, transverse speed of the nozzle, and temper-
ature of the carrier gas on the deposition efficiency (DE) in
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Fig. 2 SEM micrograph and cumulative powder distribution (in volume percentage) of the AlSilOMg powders used in this study

Table 1 Process parameters selected for the cold spray deposition of AlISi10Mg powders on vitrimer-based substrates

Carrier Inlet gas pressure (P) Powder feed rate, Gun traverse speed, Gas temperature (7), Standoff distance (SoD),
gas (bar) g/s mm/s °C mm
Nitrogen 6 0.2 1 150 70
100
300 70
100
450 70
100

order to overcome delamination and erosion, and thus to
improve DE. The authors (Ref 45) found that a good coating
formation up to 400 microns can be obtained by setting a
standoff distance higher than 100 mm.

Concerning the inlet gas temperature, its effects was
examined by detecting the induced heating on the target
surface. For this purpose, a k-type thermocouple was used to
measure the substrate temperature as the CS parameters were
varied. The measured temperature values, combined with the
insights from the creep curves of the vitrimer, facilitated the
selection of process parameters for studying deposition under
conditions both below and above Tv. In fact, as vitrimers react
to temperature variations, it is crucial to understand if the hot
carrier gas used during deposition affects the substrate’s
response. Proper management of process parameters, such as
gas temperature and standoff distance, is vital for achieving
high-quality coatings. While thermoplastics required CS depo-
sition to occur above their Tg to achieve effective deposition,
vitrimer-based composites may also require consideration of
their Tv. The adopted process parameters, presented in Table 1,
were chosen accordingly.

To determine the optimal side of the composite panel for
coating, confocal surface analyses were performed due to the
differing surface characteristics resulting from contact with the
Teflon mould during manufacturing, which could significantly
influence the cold spray deposition, as proved in earlier studies
(Ref 40). The findings from the confocal microscope analysis
of the vitrimeric panel, specifically comparing the back face (in

contact with the Teflon mould) and the front face, are presented
in Fig. 3.

Figure 3(a) shows that the back face morphology is
characterized by deep craters and grooves, significantly larger
than the mean diameter of the feedstock particles. These
features do not facilitate particle adhesion upon impact.
Literature suggests that for effective particle interlocking, the
valleys in the polymer substrate’s surface texture should be
comparable in size to the feedstock powder diameter (Ref 40).
Analysing the arithmetical mean height (Sa) values, it is
possible to assess that this back face is rougher (Sa = 3,45 +

0,80 pum) while the front face appears smoother (Sa = 0.15 +
0,05 pm). Similarly, for the composite substrates, the rough-
ness of the back face is characterized by Sa = 24.192 + 0.20
um, while the roughness of the top face is Sa = 7.080 £ 0.70
um. Consequently, the powders were cold sprayed onto the
front face of the panel to leverage the smoother surface.

2.4 Panels Characterization

To assess the surface characteristics of the coated substrates,
confocal analyses were performed using a laser scanning
microscope Olympus OLS5100. The analyses provided topo-
graphical maps of the surface, allowing for a comprehensive
evaluation of surface roughness. Measurements were taken
from multiple locations on each sample to ensure accuracy and
representativeness. Key roughness parameters, including aver-
age roughness (Sa) and peak-to-valley height (Sz), were
calculated. In addition to roughness analysis, the morphology
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Fig. 3 Confocal microscopy images of the bare surface prior to CS deposition: (a) a rough back surface, and (b) a smooth top surface

of the surface was thoroughly examined to assess the distribu-
tion of the coating on the vitrimeric substrates. Furthermore,
Hirox microscope analyses (Hirox ST-AS) were utilized to
measure the width of the coating tracks. The results obtained
were then analysed and compared to enhance understanding of
how the process parameters affect the characteristics of the
coatings.

3. Results and Discussion

Figure 4 shows the TGA curves of the studied materials.
The residue at 600 °C increases for the Vitrimer one due to the
presence of the Zinc Acetate. The thermal degradation of
vitrimeric polymer, starts at a lower temperature due to the
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presence of zinc acetate, which degrades at around 300 °C, as
shown in Fig. 4. A 5% weight loss is found at 358 °C for the
standard epoxy system; this temperature reduces when zinc
acetate is added to the vitrimeric formulation as reported in
Table 2.

The curing behaviour and Tg of the systems are presented in
Fig. 5. The curing process is depicted in Fig. 5(a) for standard
epoxy system and the vitrimer, based on the first scan of the
DSC thermograms. Two exothermic peaks are observed: the
first, around 140 °C, corresponds to the curing esterification
reaction, while the second, between 180 and 230 °C, is
associated with the homomeric ring-opening polymerization
of excess epoxy groups. Zinc acetate plays a dual role by
influencing the primary cross-linking reaction and activating a
secondary reaction within the 180-230 °C temperature range.
During the second heating ramp (Fig. 5b and d), the absence of
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Fig. 4 Thermogravimetric analysis (TGA) curves comparing the thermal degradation of Standard Epoxy (solid black line) and Vitrimer (dotted
black line). The weight percentage (left y-axis) and the derivative weight loss rate (right y-axis, red curves) are plotted against temperature (°C).
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Table 2 Results of TGA and DSC analyses

Description Temperature of 5% weight loss, °C  Residue at600 °C, wt.%  Tg, DSC, °C  Reaction enthalpy, J/g  Tpeak, °C
Standard epoxy 358 7.8 111.2 216.6 £ 1.2 130 £ 5
Vitrimer 305 16.8 943 2703 £2.0 139 £ 2
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Fig. 5 Differential scanning calorimetry (DSC) analysis comparing standard epoxy and vitrimer. (a) First heating scan showing exothermic
peaks associated with the curing reaction. (b) Second heating scan illustrating the glass transition temperatures (Tg) of the fully cured systems

exothermic peaks confirms the complete conversion of the
polymer. The Tg for the standard epoxy systems is measured at
111 °C. However, in the vitrimeric formulation the Tg
decreases due to reduced cross-linking density. The thermal
behaviour of both analysed systems, as determined by TGA and
DSC experiments, is summarized in Table 2.

The viscoelastic behaviour of Epoxy standard system, with
temperatures up to 180 °C, is presented in Fig. 6 and
summarized in Table 3. DMA experiments were conducted
within the linear viscoelastic deformation range to verify the Tg
and elastic modulus of the cross-linked samples.

For the standard epoxy, the addition of =zinc acetate
significantly influences the material’s mechanical properties.
The storage modulus at room temperature increases by 31%.
Similarly, the dissipation capacity, represented by the loss
modulus (E”), shows a substantial enhancement with the
addition of zinc acetate, increasing by + 51%. This results in an
improvement in the loss factor, with the highest increase
of + 16% observed in the vitrimeric formulation.

At higher temperatures (170 °C), the loss modulus of the
vitrimeric system significantly surpasses that of the non-
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Table 3 Results of DMA analysis at 35 °C and 170 °C
@35 °C @170 °C
T,, pmas °C E’, MPa E”, MPa Tanéd (-) E’, MPa E”, MPa Tand (-)
Standard epoxy 105.6 £ 1.1 1899 + 33 22.1+03 0.0116 £ 0.0002 5.14 0.02 0.004
Vitrimer 101.0 £ 0.7 2484 + 47 334 +£03 0.0135 £ 0.0003 11.89 3.08 0.259
de/dt rearrangement and stress relaxation (Ref 10, 47). Consequently,
[%/min] " |+ Standard Epoxy epoxy vitrimers can flow like a viscoelastic fluid under external
0.35 :]\)’;m:f " forces, with viscosity decreasing according to an Arrhenius-
03 - 2 type law as temperature rises. The higher concentration of zinc
/ acetate in vitrimer results in a greater strain under constant load,
025 1 / A confirming the influence of metallic ions on the system’s
0.2 1 / Vitrimatic thermoreversible properties.
0.15 2 transition Following the CS deposition, using the aforementioned
o1 - A process parameters, the coatings obtained on the pure vitrimer
, Glass = are shown in Fig. 8.
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Fig. 7 Creep curves at different temperatures of the standard epoxy
(back diamond shape), vitrimeric system (dotted red line) and a
standard  thermoplastic ~ system (dashed-dotted line) (Color
figure online)

vitrimeric one, indicating enhanced polymer mobility induced
by the zinc acetate catalyst.

Creep experiments provide clear evidence of the vitrimeric
behaviour of the standard system, attributed to thermoreversible
cross-linking rearrangements under constant load (Fig. 7). The
non-vitrimeric formulation exhibits stable behaviour, with
negligible strain increase even at elevated temperatures,
demonstrating typical thermosetting properties. No molecular
flow is observed, even above Tg.

In contrast, the vitrimeric formulation shows a pronounced
increase in strain under constant load at temperatures exceeding
Tg. The presence of zinc acetate significantly catalyses the ester
interchange reaction, leading to noticeable creep behaviour at
high temperatures. Above 170 °C, a substantial molecular flow
is observed, corresponding to the Tv. Vitrimers undergo rapid
exchange reactions above their Tv, leading to molecular
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good CS deposition was not possible. Specifically, considering
the creep curves in Fig. 7, deposition at temperature
T1 =150 °C is carried below the vitrimer’s transition temper-
ature. Under these conditions, the vitrimer behaves in a brittle
manner, similar to a thermosetting polymer. At the shortest
standoff distance (Fig. 8a), some particles adhere to the
substrate, following a crack formation and filling mechanism
commonly reported in the literature (Ref 48). Particles become
trapped within the cracks on the polymer surface, forming a
coating that is, however, uneven and weakly adhered. As the
standoff distance increases (Fig. 8b), the impacting particles no
longer have enough energy to crack the polymer, resulting in
complete non-adhesion.

At higher temperatures (7, = 300 °C), which exceed the
vitrimer’s Tv, the material transitions from brittle to ductile
behaviour. This transition allows the substrate to deform under
particle impact, promoting the formation of a more uniform and
adherent coating (Ref 49). The deposition mechanism hypoth-
esized in this case is mechanical interlocking, which is typical
of CS deposition on thermoplastic substrates. At a lower
standoff distance (Fig. 8c), excessive vitrimer flow creates a
depression that alters the substrate’s shape in areas where the
heated carrier gas contacts it. This mechanism can be furtherly
observed in Hirox macrographs shown in Fig. 9(a). Compared
to the average surface plane, the deposition forms a valley



T1=150°C

T2=300°C

T3=450°C

SoD2=100m

Fig. 8 Confocal images of the pure vitrimer coated panels carried out at: (a) 77 = 150 °C, SoD; = 70 mm; (b) 77 = 150 °C, SoD, = 100 mm;
(c¢) T, = 300 °C, SoD; = 70 mm; (d) 7> = 300 °C, SoD, = 100 mm; (e) 75 = 450 °C, SoD; = 70 mm; (f) 75 = 450 °C, SoD, = 100 mm

600 microns deep (over 25% of the panel’s thickness) which
risks compromising mechanical properties. This effect is due to
the high temperature of the impinging gas, which produces a
strong shot peening effect as particles impact the softened
polymer at high velocity, potentially causing substrate erosion
and defects. By increasing the standoff distance (Fig. 8d), this
mechanism is avoided, enabling a successful deposition. This
occurs because the material flows very little, allowing high-
velocity particles to bond with the polymer substrate through a
mechanical interlocking mechanism (Ref 26). In this instance,
the groove created by the spraying process is negligible,
representing only about 4% of the panel thickness (Fig. 9b).
However, as the temperature increases further, the substrate
completely melts for both tested standoff distances (Fig. 8¢ and
f). This results in an even deeper depression due to the
excessively high temperature.

The Hirox microscope analysis in Fig. 9 also allows for the
assessment of the track width. As the standoff distance
increases, the track width decreases by 57%. This change is
attributed to the shape of the carrier gas flow impacting the
surface. With a greater standoff distance, more particles are
present in the peripheral area of the flow, striking the substrate
at non-perpendicular angles. Consequently, these particles do
not have a sufficient perpendicular velocity component to
exceed the critical speed, preventing them from adhering to the
substrate and forming a coating.

To better understand the influence of the fibres, it is
important to examine the coatings produced with the same
process parameters used for the pure vitrimer on composite
substrates (Fig. 10).
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SoD1=70mm

T1=150°C

T2=300°C
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Fig. 10 Confocal images of the composite coated panels carried out at: (a) 77 = 150 °C, SoD; = 70 mm; (b) 7; = 150 °C, SoD, = 100 mm;
(c¢) T, = 300 °C, SoD; = 70 mm; (d) 7> = 300 °C, SoD, = 100 mm; (e) 75 = 450 °C, SoD; = 70 mm; (f) 75 = 450 °C, SoD, = 100 mm

It can be observed that when the lowest temperature is
selected (Fig. 10a and c), only a small number of particles can
be seen on the vitrimer substrate. In fact, as assessed for the
pure vitrimeric panels, this temperature is actually lower than
the vitrimer’s Tv; therefore, the vitrimer is able to deform
enough to accommodate the impinging particles properly. As a
result, cracks could form on the surface resulting in poor
adhesion. On the other hand, when higher temperatures are
employed and Tv is reached a rather homogeneous coating can
be observed on the entire surface. Specifically, when a lower
standoff value is used (Fig. 10c), the coating appears even
thicker and more uniform. When the distance of the nozzle
from the substrate is low, the combined effect of the ductile
matrix accommodating the impacting particles and the stiffen-
ing of the panel due to the presence of fibres leads to a more

homogeneous coating where the particles are able to deform
and produce the coating. On the other hand, for the highest
standoff value (Fig. 10d), only the areas among the fibres
appear to be coated. These areas are indeed richer in vitrimeric
matrix, which becomes ductile at high temperatures. The
particles, for such high standoff values, do not seem to have
enough energy to effectively adhere to the surface. With a
further increase in temperature (Fig. 10e and f), substrate
erosion is observed for both standoff distances considered. In
contrast to deposition on pure vitrimer, no depressions are
observed in the substrate due to the presence of the fibres, as
evidenced by the Hirox analysis presented in Fig. 11.

The decrease in track width, measured using Hirox
microscopy, indicates a 25% reduction as the standoff distance
increases. This lesser reduction in track width, compared to the
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Fig. 11 Results from Hirox observations of the composite coated panels carried out at: (a) 7, = 300 °C SoD; = 70 mm; (b) 7, = 300 °C
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pure vitrimer case, may be attributed to the higher rigidity of
the composite substrate.

The results from the visual inspection can be further
confirmed by observing the height acquisitions of the surfaces
of the coating, presented in Fig. 12, for the pure vitrimeric
panels, and Fig. 13 for the composite panels. Upon analysing
Fig. 13(e), it can be observed that under the most severe
conditions, the fibres are exposed due to the elevated temper-
ature attained by the panel. In the absence of the protective
vitrimeric matrix, the fibres become prone to damage (Ref 50).

Table 4 presents the quantitative results for the primary
surface roughness parameters, obtained from confocal analysis.

It is noticeable that for pure vitrimeric panels, all process
parameters result in higher Sa values compared to uncoated
surfaces presented in Fig. 3. This indicates that even in cases
where the coating is not successfully produced, the surface still
experiences damage and the formation of cracks, leading to an
increase in the depth of the surface valleys. Under the optimal
deposition conditions (72 = 300 °C, SoD1 = 70 mm), the
composite substrates exhibit lower roughness compared to the
uncoated composite substrate. This difference is a result of the
presence of the coating, which creates a more uniform surface
(as shown in Fig. 10c), in contrast to the uncoated panel, which
is characterized by irregularities caused by the fibres. The
substantial increase in roughness observed during deposition at
T5 may be indicative of substrate damage. This phenomenon is
consistent with findings in the literature, which suggest that a
significant rise in roughness during deposition on long-fibre-
reinforced materials can signal underlying substrate erosion
(Ref 33).

To further examine the effect of deposition on vitrimeric
substrates, Fig. 14 shows a cross section of a coating segment
applied to the pure vitrimer. The measured average thickness of
the coating is 50 4+ 10 um. Additionally, the deposition
process has slightly modified the panel’s surface morphology.
Beyond the coating’s penetration into the panel, the shot
peening effect has caused some deformation of the substrate,
making it less smooth and more irregular. Despite this, the
resulting coating is uniform and continuous, with no visible
distinction between the powders, which appear fused together.

We can therefore draw some conclusions regarding the
deposition on vitrimer-based substrates. For both reinforced
and non-reinforced panels, it is advisable to perform deposition
above the vitrimer transition temperature. This enables the
polymer to flow and better accommodate the impact of
incoming particles. However, without fibre reinforcement, at
low standoff distances, the polymer can flow excessively,
forming deep valleys that damage the substrate. This effect is
considerably less pronounced than in traditional thermoplastic
polymers, where the material behaviour changes more linearly
with temperature, as evidenced by creep curves in Fig. 7.

For deposition on pure vitrimeric panels, precise substrate
temperature control is therefore essential. Fibre reinforcement
alleviates this effect by constraining the polymer’s flow through
a mechanical restriction, allowing successful deposition even at
shorter standoff distances. Conversely, at greater standoff
distances, this stiffening effect can hinder deposition, as
particles lack the energy to penetrate deeply and only adhere
to vitrimer-rich areas where fibres lie deeper in the panel. A
general outline of the deposition window for vitrimer-based
substrates is shown in Fig. 15.

Examining the lower section of the sketch, it is evident that
when the substrate temperature is below the vitrimer transition

temperature, bonding does not occur. Instead, crack formation
is promoted due to the shot peening effects caused by particles
impacting the epoxy-based surface. This phenomenon applies
equally to both pure polymers and fibre-reinforced variants.

As the gas process temperature increases, particle adhesion
becomes feasible if the substrate temperature exceeds Tv. For
this reason, the gas temperature must be carefully adjusted to a
critical value, denoted Tc in Fig. 15, to ensure that the target
polymer reaches the appropriate temperature for effective
deposition. Notably, Tc is influenced by the standoff distance:
shorter standoff distances require lower values of Tc, whereas
greater distances necessitate higher values.

If the gas process temperature increases beyond this critical
range, the erosion temperature (7, as shown in the figure) may
be reached. At this point, the substrate begins to melt, resulting
in significant surface damage, such as deep depressions and
grooves. Like Tc, Tero depends on the standoff distance:
shorter distances lower Tero, while greater distances increase it.

These temperature-dependent mechanisms remain consistent
for both pure polymers and vitrimer-based composites. In the
latter case, the reinforcing fibres restrict extensive flow of the
vitrimer matrix, effectively broadening the deposition temper-
ature window and enhancing process flexibility.

4. Conclusions

This study investigated the feasibility of metallizing vit-
rimer-based composites using the CS technique, focusing on
the interplay between process parameters and material
behaviour. Pure vitrimer and fibre-reinforced vitrimer panels
were produced and coated with aluminium powders, with inlet
gas temperature and standoff distance being the primary
variables. Based on the findings, the following conclusions
can be drawn:

e The results confirm that vitrimer-based substrates can be
effectively metallized using cold spray technology, pro-
vided the process parameters are carefully optimized. This
capability introduces new opportunities for functionalizing
vitrimer surfaces while avoiding thermal degradation.

e Optimizing CS deposition on vitrimer-based substrates re-
quires precise control of substrate temperature and stand-
off distance. Cold spray deposition achieves the best
results when conducted above the vitrimer topology freez-
ing transition temperature (Tv = 170 °C). At these tem-
peratures, vitrimer transitions from brittle to ductile
behaviour, enabling improved particle adhesion through
mechanical interlocking. Excessive substrate heating or
overly short standoff distances can result in substrate
deformation, especially in pure vitrimer panels. Coatings
produced on pure vitrimeric substrates at T = 300 °C and
standoff distance SoD = 100 mm showed minimal sub-
strate deformation (grooves < 4% of the panel thickness)
and uniform coating thickness averaging 50 £+ 10 um. In
contrast, temperatures below Tv resulted in brittle fracture
and poor adhesion, while excessive temperatures
(T =450 °C) caused substrate erosion and deep depres-
sions (> 25% of the panel thickness).

e In vitrimer-based composites, the presence of fibres alters
the deposition dynamics compared to pure vitrimer. Fibre-
reinforced vitrimer panels exhibited enhanced substrate
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Fig. 12 Confocal acquisition of the surface of the pure vitrimeric coated panels: (a) 7; = 150 °C, SoD; =70 mm; (b) 77 = 150 °C,

SoD, = 100 mm; (¢) 7, =300 °C, SoD; =70 mm; (d) 7> =300 °C, SoD, = 100 mm; (e) 73 =450 °C, SoD; =70 mm; (f) 75 =450 °C,
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Fig. 13 Confocal acquisition of the surface of the composite coated panels: (a) 7; =150 °C, SoD; =70 mm; (b) 7 = 150 °C,
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Table 4 Main Surface parameters of the coated panels

T]'SOD] TI-SODZ Tz-SODl Tz-SODz T3-SOD1 T3-SOD2
Sa Sz Sa Sz Sa Sz Sa Sz Sa Sz Sa Sz
Pure Vitrimer  2.251 38.178 1.407 27.421 6.486 69.659 6.596 74318 5.452 56.990 5.818 63.079
Composite 10.595 99.363 1.633 30.180 4.513 54.070 16.743 148.759  45.807 327.664 26.940 324.219
C:);t‘ez\hlﬁ;i;—gr&'; § Uncoated Vitrimer
Fig. 14 Cross section of the coating on pure vitrimer at 7, = 300 °C and SoD, = 100 um
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Fig. 15 [Illustrative sketch of the deposition windows for: (a) vitrimer-based composites; (b) unreinforced vitrimers

stability under cold spray conditions, reducing excessive
substrate flow and deformation. At T = 300 °C and SoD =
100 mm, the depth of grooves in composite substrates
was negligible compared to pure vitrimer substrates (less
than 2% of panel thickness versus 25%).

¢ Hirox microscopy and confocal analyses revealed that for
vitrimeric substrates the standoff distance plays a critical

Journal of Materials Engineering and Performance

role in controlling coating width and depth. An increase
in the standoff distance from SoD = 70 mm to SoD = 100
mm results in a 57% reduction in track width for pure vit-
rimer substrates. In contrast, composite substrates exhibit
a smaller decrease (25%), owing to the greater rigidity of
the substrate, which promotes the adhesion of particles
that do not impact perpendicularly on the surface.



e Surface roughness increases following cold spray deposi-
tion across all tested parameters, even in cases where a
complete coating is not achieved. Coated pure vitrimer
panels exhibited an increase in surface roughness, with a
maximum roughness value (Sa) of 6.596 um at
T =300 °C, SoD = 100 mm, compared to
0.15 &+ 0.05 um for the uncoated substrate. For composite
panels, Sa values decreased from 7.080 £ 0.70 um to
4.513 yum under the optimal process conditions
(T =300 °C, SoD = 70 mm), due to the improved surface
uniformity resulting from the presence of the coating. This
indicates that the process significantly affects substrate
morphology, potentially introducing cracks or deep val-
leys.
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