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Abstract

Cold spray is a solid-state deposition technology with great potential for coating and repair
applications. This study examines the compliance of the cold spray repair process with a
qualification and testing framework based on the requirements set by the European Union
Aviation Safety Agency (EASA). As part of this effort, the case study of a repair of a Main
Landing Gear (MLG) aluminium component is investigated to demonstrate the applicabil-
ity of the proposed framework. This framework integrates mechanical and microstructural
evaluations, including bond strength, hardness profiling and microstructural characterisa-
tion according to relevant ASTM and ISO standards. Experimental results from post-repair
testing indicated promising performance, while ongoing testing is aligning reasonably with
expected benchmarks and showing compliance with the EASA requirements.

Keywords: aircraft repair; additive manufacturing; cold spray; qualification testing

1. Introduction
Cold spray (CS) is a solid-state deposition process which has drawn significant atten-

tion for a wide range of applications. Due to the solid-state nature of the process, which
prevents thermal damage to the substrate often associated with conventional thermal spray
or welding processes, the CS technology proves to have great potential as an additive repair
method [1]. The working principle of cold spray is that a supersonic gas stream is used to
accelerate powder particles to velocities ranging from 300 to 1500 m/s and propel them
towards a substrate [2,3] as illustrated in Figure 1. Upon impact, these particles undergo
plastic deformation and bond with the substrate through a combination of mechanical
interlocking and metallurgical bonding mechanisms [4]. Cold spray can be applied to a
wide range of materials, including aluminium, titanium, nickel, and stainless steel, making
it suitable for repairing a variety of components, including worn-out turbine blades and
machine parts in industries such as aerospace, automotive, and marine [1,5–8].
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Figure 1. Illustration of the cold spray deposition process.

Previous studies demonstrated the potential of CS technology as an additive repair
method and provided initial guidance for ad hoc developments, although extensive analysis
and modelling were still required to address specific cases [1–11]. However, due to the lack
of universal understanding on the CS bonding mechanism [4,12] as well as the governing
process parameters and interdependencies, the current state-of-the-art contains a significant
gap when it comes to the prediction of the CS repair performance and quality. The quality
of a CS deposit in a repair application is determined by many different process parameters,
including the particle velocity and temperature at impact, key parameters which are
controlled indirectly mainly by gas pressure and temperature [13–16]. In addition, the
feedstock powder characteristics, including particle size and morphology, are critical for
deposit quality [15]. Moreover, the geometrical design of the repair is another important
factor that governs how the load is transferred from the substrate to the cold spray deposit
at the repair region and back to the substrate.

Since CS-enabled repair processes aim to restore components while ensuring compli-
ance with regulatory standards, well-defined repair recipes and qualification frameworks
are essential, particularly in highly regulated sectors such as aviation [17]. This study
focuses on non-structural repairs using CS and employs an aircraft bracket as a case study
to demonstrate the applicability of a qualification framework. The proposed framework
integrates mechanical testing and microstructural evaluations, including bond-strength
assessment, hardness profiling, and microstructural characterisation, all conducted in ac-
cordance with relevant ASTM and ISO standards. The subsequent certification process,
which will be built on the qualification basis established by the present testing campaign,
lies outside the scope of this study.

2. Materials and Processes
2.1. Qualification Methodology

This section identifies specific requirements and compliance methods as a qualification
framework for cold spray repair applications in the aviation MRO industry based on the
relevant EASA regulations. In particular, the investigated use case concerns the CS repair
of a typical aircraft component which is an aluminium alloy wire bundle support bracket,
located in the MLG area, damaged by pitting corrosion (Figure 2).

The goal of the proposed framework is to ensure that cold spray repairs do not
compromise aircraft safety or airworthiness. EASA Certification Specification for Large
Aeroplanes (CS-25) [18] and Part 21—Airworthiness and Environmental Certification [19]
are employed, focusing on material suitability and durability.
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Figure 2. Images of the aircraft MLG bracket (AA 6013-T6), which has been employed as a use case:
(a) bracket damaged by pitting corrosion around the indicated hole; (b) bracket repaired with CS.

In particular, for the present use case, the mapping of the identified means of compli-
ance with relevant mechanical and microstructural evaluations as outlined in ASTM/ISO
standards is the following:

• CS-25.603—bond/adhesion test in accordance with ASTM C633 [20];
• CS-25.603—metallography and microscopic analysis in accordance with ASTM E3 [21],

ASTM E2109 [22];
• CS-25.603—hardness measurement in accordance with EN ISO 6507 [23];
• CS-25.603, CS-25.609—environmental durability by thermal cycling in accordance

with ASTM D6944 [24];
• CS-25.603, CS25.609—corrosion testing in accordance with ASTM B117 [25] /ASTM

G85 [26].

2.2. Design of Experiments

Gas temperature, pressure and stand-off distance (SOD) are among the most important
parameters that determine the particle velocity at impact and, consequently, the CS repair
performance and quality. A sensitivity analysis using conducted measurements with a
particle image velocimetry technique indicated how the particular CS system responds
to a variation in pressure, temperature and SOD, as illustrated in Figure 3. These results
were used to optimise the experimental effort in terms of a reduced testing matrix. For the
present testing campaign, 3 pressure levels (10, 14, 20 bar) and 2 temperature levels (400 ◦C,
600 ◦C) were chosen, resulting in a total of 6 experimental conditions. All experiments were
performed with an SOD of 20 mm.

2.3. Experimental Set-Up

A series of coupons were prepared for mechanical and microstructural testing with
the use of a Titomic D623 (Heerenveen, The Netherlands) CS machine by spraying Titomic
LPP K-10-01 (Al/Al2O3) powder on AA 6013-T6 substrates under varying pressure (10, 14,
20 bar) and temperature (400 ◦C, 600 ◦C) conditions. As substrate material, brackets retired
from in-service aircraft were used. The brackets were treated by grit blasting and surface
cleaning with isopropyl alcohol before spraying as per MIL-STD-3021.

2.3.1. Bond Strength Test

The bond strength was evaluated through the adhesion strength pull-test method
according to ASTM C633. Standard circular deposits with a 25 mm diameter were prepared
with the use of spraying masks on the brackets. The test specimens were manufactured by
cutting a square section around the sprayed area out of the bracket and then glueing the
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coupons to two identical cylindrical loading fixtures with the use of the epoxy HTKUltra
Bond 100 (Hamburg, Germany). An in-house developed jig was used to ensure alignment
during the bonding, as illustrated in Figure 4.

Figure 3. Particle velocity response of the system for (a) varying pressure and temperature (SOD at
30 mm) and (b) varying SOD, pressure and constant temperature (400 ◦C).

Figure 4. CS repair test specimen preparation according to ASTM C633.

The bonding strength was then measured by pull-off tests using a 200-kN tensile load
machine, STEP Lab EA200 (Treviso, Italy) at the crosshead speed of 0.02 mm/sec. Before
testing the CS coupons, the bonding agent was tested on unsprayed test specimens, and it
was observed that the epoxy failed at 75 MPa.

2.3.2. Metallography and Microscopic Analysis

The samples for microstructural observations were cut from the brackets with a SiC
cutting wheel. The samples were then mounted in an epoxy resin. Automated planar
grinding was used. The samples were ground in steps with increasingly fine grit, up to
4000, and then polished with a 1 µm abrasive slurry in preparation for microscopy.

The following aspects were analysed using optical microscopy in accordance with
ASTM E3, ASTM E2109:

• Porosity, by digital image analysis in MATLAB R2024a (Mathworks, Natick, MA, USA)
(binary thresholding to identify pores) on images from optical microscopy.
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• Adhesion of the coating and coating defects and any other irregularities such as voids,
inclusions, etc.

2.3.3. Hardness Measurements

Microhardness measurements were performed after the microscopic imaging. The
measurement of hardness was carried out in accordance with EN ISO 6507. A loading time
of 10 to 15 s was applied. The locations of the 7 hardness measurements per cross-section
and the sequence of numbering from the coating side (locations X1–X5) to the substrate
(locations X6–X7) are shown in Figure 5.

Figure 5. Locations of microhardness testing on cross-section 3-1 of bracket #3 (locations X1–X5 in
coating side, locations X6–X7 in substrate).

3. Results and Discussion
3.1. Bond Strength Results

The bond strength test yielded stresses at failure, varying from 34 to 54 MPa, averaging
47 MPa, which is above the average value reported in the literature [27,28]. The failure
surfaces from adhesion tests were examined to determine the failure mode. It was found
that all the test specimens (with the exception of specimen #10-3, which failed due to a
manufacturing defect during the application of the adhesive epoxy) consistently failed
adhesively at the epoxy layer (see some examples in Figure 6). The latter implies that
the adhesion strength of the CS layer is higher than the stresses recorded at failure and
validates the CS bond strength as sufficient for the investigated repair.

Figure 6. Results of bond strength test according to ASTM C633. Coupon #10-3* failed at a lower
load due to poor application of the adhesive epoxy.
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3.2. Microscopic Analysis Results

All the inspections performed on the cross-sections indicate that a CS coating was
successfully deposited at the areas to be repaired. The CS coatings follow the contours
of the substrate material and no significant coating defects such as cracks, delamination,
or inclusions were found. Figure 7 shows cross-section 13-1 in which a flat surface and
thickness restoration were obtained. For this cross section only 0.6% of the total linear CS
bond line length was affected by a single minor crack (probably due to poor removal of the
pitted area of the previous step and not induced by the CS), i.e., 99.4% of the bond line was
free of defects.

Figure 7. Microscopic analysis general observations and CS bond line quality.

Moreover, preliminary results from cross-sections cut from two different brackets
yielded a porosity rating up to 0.4% (as illustrated in Figure 8), which is lower or comparable
to porosity ratings for relevant Al/Al2O3 CS coatings on various substrates [28–30].

Figure 8. Porosity rating results according to ASTM E3/ASTM E2109.

3.3. Hardness Measurements Results

Preliminary results indicate that the CS deposit hardness is approximately 70–80 kg/mm2

(HV0.1) according to EN ISO 6507. The detailed results from hardness measurements on
cross-section 3-1 are denoted in Table 1, and the corresponding indentations are shown in
Figure 5. The CS deposit microhardness results are reasonably comparable to observed
data for relevant Al/Al2O3 CS coatings on various substrates [28,31,32].
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Table 1. Hardness values of CS deposit and substrate of bracket #3, cross-section 3-1.

Mass (g) 100 Deposit Substrate
Location X1 X2 X3 X4 X5 X6 X7

HV (Kg/mm2) 72.3 79.1 74.8 81.1 76.9 139.2 144.3

Dim. y (µm) 51.8 49.7 51.6 47.1 49.1 36.5 36.0

Dim. x (µm) 49.5 47.1 48.0 48.5 49.1 36.5 35.7

HV Average (Kg/mm2) 76.8 141.7

4. Ongoing and Future Work
Ongoing testing is focusing on the environmental durability of the CS repaired com-

ponents. Preliminary thermal cycling testing has been conducted in an environmental
chamber according to ASTM D6944. Two repaired brackets underwent 30 cycles between
55 ◦C/−28 ◦C without detection of any damage in the repaired surface during NDT inspec-
tion. Moreover, planned corrosion testing aims to investigate the corrosion resistance of the
CS repairs. Samples will be subjected to a neutral salt spray test according to ASTM B117,
simulating environmental exposure to moisture and salt. Regular inspections and metal-
lographic cross-sections are planned to assess corrosion damage. Future work includes
additional measurements during mechanical and microstructural evaluations to investigate
the effect of the process conditions on the resulting CS performance.

5. Conclusions
This study evaluates the compliance of cold spray repairs for non-structural aircraft

parts within an EASA-aligned qualification and testing framework, using bond-strength
tests, hardness profiling, and microstructural characterisation following relevant ASTM
and ISO standards. Experimental results from post-repair testing of a typical aircraft
component indicated promising performance while ongoing testing is aligning reasonably
with expected benchmarks and showing compliance with the EASA requirements. Further
insights on the effect of the process conditions on the resulting CS performance are part of
future work.
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