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Abstract

This report investigates the damage behavior of cold spray repairs subjected to low velocity impact
(LVI) loading, with a focus on their potential application for aircraft cowling inlet lip repairs. Cold spray
technology is increasingly considered as a promising alternative to traditional thermal spray and Laser-
clad technologies due to its ability to significantly reduce repair costs, decrease residual tensile stresses
in parts and decrease turn-around time during maintenance and overhaul. Unlike conventional thermal
sprayingmethods, cold spray operates at temperatures below themelting point of the feedstock powder,
allowing particles to remain in the solid state throughout the deposition process. As a result, it avoids
the formation of heat-affected zones, preservesmaterial properties, and induces favorable compressive
residual stresses. These advantages make cold spray particularly suited for both structural and non-
structural aerospace repairs. However, insufficient research exists to verify the quality of cold spray
repairs on aircraft components to obtain the technology certified.

The primary objective of this research was to identify and characterize the dominant damage mecha-
nisms that occur in cold spray coatings and repairs under LVI conditions. Six types of cold sprayed
aluminum alloy coupons were evaluated, including both flat coatings and double curved blend-out re-
pairs and cold spray depositions of AA1XXX and AA2024. The depositions were applied using either
a robotic system or a manual gun. All specimens were subjected to controlled impact loading via
drop weight and/or quasi static indentation tests. The results were analyzed using high-speed camera
imaging, optical microscopy, and scanning electron microscopy of both surface and cross-sectional
features.

Key output parameters such as dent depth, dent width, absorbed energy, and crack formation were
analyzed and compared across different coupon types and impact energies. Results show that:

• Deposition geometry plays a critical role in how the material deforms under impact.
• The ductility of the deposition and substrate materials (e.g., AA1XXX vs. AA2024) influences
both energy absorption and crack resistance for varying impact location.

• Coarse-grit surface preparation enhances bonding and increases resistance to delamination com-
pared to finer surface treatments.

• Barely visible impact damage does not apply to cold spray depositions as a dent is always visible.
However, the substrate (non-impact side) showed different crack thresholds and damage mech-
anisms compared to the cold spray deposition. The substrate cracked more severely compared
to the cold spray deposition.

• Manual gun-sprayed depositions exhibit non-uniform properties, leading to variable crack thresh-
olds across the repair area.

To compare performance independently of thickness, the impact data was normalized by the deposi-
tion thickness. This revealed that thin coatings (like AA1XXX on top of AA2024) show lower energy
absorption per millimeter compared to blend-out repairs.

In conclusion, the study highlights the critical influence of deposition material, geometry, thickness,
and surface treatment on the performance of cold spray repairs under impact. It demonstrates key
differences between robotic and manual spray systems, particularly in terms of uniformity and damage
treshodls. The results show that cold spray depositions are able to withstand low velocity impact and
can thus be used to repair dents in cowling inlet lips. The insights contribute to the ongoing research
to integrate manual cold spray gun systems into aerospace repairs.
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1
Introduction

In the aerospace sector, the substantial costs associated with replacing damaged components have
caused continuous research into advanced repair methodologies. One increasingly attractive solution
is additive manufacturing (AM), which facilitates reconstruction of material layers following the removal
of damaged sections, effectively restoring components to their original geometry and the ability to create
new parts from scratch. Cold spray technology is an additive manufacturing technology which has
received more and more attention the last few years, due to its promising use as a repair method.
Cold spray utilizes high-velocity powder particle acceleration to deposit materials onto a substrate at
supersonic speeds. The supersonic deposition results in bonding between the powder particles and
the substrate, allowing for successive layering to rebuild damaged areas. Unlike conventional thermal
spray processes, cold spray operates below the melting temperature of the feedstock material. As
the particles remain in the solid state during deposition, little to no heat-affected zones are formed
and residual tensile stresses are reduced. This helps to preserve the material’s original mechanical
properties and minimizes oxidation, thermal distortion, and residual tensile stress.

Another advantage of cold spray over traditional thermal spraying is that cold spray enables the forma-
tion of dense depositions of several millimeters thick. The resulting material properties of the deposition
are largely influenced by the spraying parameters, such as gas temperature and pressure, stand-off
distance, and surface preparation. Factors like surface roughness and the presence of a passive oxide
layer play a critical role in determining the adhesion strength of the deposition [1].

To certify a new repair technology like cold spray, a lot of research is required to ensure the quality of
the repair. Due to the little existing research on the mechanical properties of cold spray depositions,
the technology has not been fully certified. Small repairs on main landing gear brackets have been
approved and performed as repairs but this does not give the approval for repairs on other components.
The lack of knowledge on the properties of cold spray repairs is a bottleneck towards proving the quality
of cold spray repairs and obtain certification from Original Equipment Manufactures (OEMs) for large-
scale repairs. Extensive research is required to understand cold spray behavior including:

• Mechanical properties: The impacting particles generate a high degree of plastic deformation,
which influences the microstructure and mechanical properties of the material.

• Adhesion and bonding: Understanding the dominant bonding mechanism between the substrate
and particles and particle-particle bonding.

• Loading: Predicting the behavior of cold spray repairs for different types of loading which an
aircraft is subjected to.

• Process control: The cold spray is highly sensitive to changes in process parameters and requires
extensive research for every material [2].

New interest from the aerospace sector is shown in cold spray by industry leaders such as, General
Electric, Airbus and Pratt & Whitney, with the goal to get the repairs certified. Airlines conducting their
own maintenance, such as KLM, stand to gain substantial advantages from adopting and allowing cold

1
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spray repairs. By repairing components such as engine cowling inlet lips, rather than replacing them,
airlines can considerably reduce costs, extend component life, and promote more sustainable use of
materials. For example, a new cowling inlet lip for a GenX engine costs €500.000. Versatility and the
ability to address a wide range of damage—from minor pitting to significant wear—are essential in the
highly regulated aerospace industry, where even small material loss can disapprove components for
service. Cold spray technology offers the essential capabilities and therefore presents a promising
solution for repairing damage, such as that found on cowling inlet lips. Furthermore, the operational
convenience of portable cold spray equipment significantly enhances its practical value. These devices
allow for rapid, on-site repairs, substantially reducing aircraft downtime from typically two days required
for component replacement to approximately two hours. Instead of disassembling and transporting
damaged parts to hangars, mobile cold spray machines enable efficient, localized repairs within hours,
optimizing resource utilization and operational efficiency [3].

1.1. Engine Cowling inlet lip
Through a step-by-step approach, this research aims to investigate the repair of the cowling inlet lips,
illustrated in Figure 1.1, using cold spray technology and assess its effectiveness as a viable repair tech-
nology. Damage to engine cowlings, such as that caused by impacts from foreign objects like small
stones or gravel, serves as a practical case study for evaluating the potential of cold spray as an effec-
tive repair solution. Impacts typically cause localized plastic deformation, creating dents in aluminium
cowling inlet lips. Such surface irregularities can disrupt airflow over the cowling inlet lip, potentially
damaging the engine and its performance and causing further operational problems. Since cowling in-
let lips are not primary structural components, their repair requirements are less complex, making cold
spray a particularly suitable solution in these early stages of the development of the process. The tradi-
tional cowling inlet lip repair method involves removing and replacing damaged sections with precision
cut pieces of new or spare cowlings inlet lips, a time-consuming and costly process that requires exten-
sive equipment and aircraft downtime. In contrast, portable cold spray equipment allows for precise,
efficient, and localized repairs which can be produced while the aircraft is at the gate. By eliminating
the need to remove and transport cowling inlet lips, cold spray significantly reduces downtime, costs,
and logistical complexity associated with traditional repair methods.

Figure 1.1: Cowling of KLM engine
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1.2. Aim of Thesis Project
To advance the approval process for cold spray repairs in the aviation industry, it is essential to conduct
research on the behavior of cold spray repairs under operational conditions. When repairing dents
caused by impact, it must be considered that the repaired area may be subjected to another impact
and is damaged. Currently, no knowledge exists regarding the behavior of cold spray repairs under
impact loading, forming the basis for this research. Key questions arise: What happens to a cold spray
repair when it is impacted again? Does it compromise the integrity of the cowling inlet lip? Or, more
critically, could the repair detach entirely and pose a risk to the engine? The damage mechanisms
occurring play a critical factor in assessing the behavior of the cold spray and thus the reliability of
the repair method. Additionally, there is a lack of knowledge regarding the quality differences between
repairs applied by robotic systems and those applied manually. Therefore, this research also includes
a comparison of the damage mechanisms observed in cold spray repairs produced by robotic spraying
versus manual spraying.

This master thesis project is the final part of the Master program Materials Science and Engineering
from the TU Delft. The main focus of this thesis was to understand the dominant damage mechanisms
in cold spray repairs which are subjected to low velocity impact. The research of this master thesis
was done in collaboration with the Faculty of Aerospace Engineering, TU Delft, KLM Engineering and
Maintenance, Airbus and Titomic Europe.

1.3. Structure of Thesis
This thesis is organized into seven chapters following the standard academic reporting structure. Chap-
ter 2 provides an extensive review of existing literature and the current state-of-the-art on damage
mechanisms in cold spray repairs due to impact. The chapter identifies critical research gaps, laying
the foundation for the research objectives of this thesis. Chapters 3 and 4 explain the experimental ap-
proach, including the materials selected, the test setups used, and the analytical methods used for data
evaluation. Chapter 5 presents the experimental results obtained, which are critically analyzed and dis-
cussed in Chapter 6. Finally, Chapter 7 summarizes and concludes the research findings, explicitly
addressing the initial research objectives based on the insights gained from the results and discussion.
Following the conclusions, recommendations for research directions related to damage mechanisms
in cold spray repairs are proposed in Chapter 8.

Figure 1.2: Cold spraying a cowling



2
State of the Art

This section outlines the current state-of-the-art of the academic work done on cold spray, this in order
to prepare for the experimental work done during this thesis. The section starts with the fundamental
principles of cold spray and its advantages over traditional thermal spraying. Secondly, the bonding
mechanism of the powder particles with the substrate is discussed, along with the microstructure and
mechanical behavior or cold spray upon loading. Impact testing will be discussed after, followed by two
methods which try to predict cold spray behavior. Lastly, the main conclusions from the found literature
are presented, leading to to the research gaps and research objects for thesis. A short outline of the
thesis approach is also given.

2.1. Cold Spray
Cold spray deposition is an additive manufacturing technology that is categorized as a thermal spraying
process, in which a gas jet accelerates the powder particles to a supersonic speed. At high enough
velocities, the powder particles plastically deform and bond with the substrate as they impact the sub-
strate. Reaching the critical velocity is of importance, as particles at lower velocities will bounce off
from the substrate and no bonding will take place. With excessively high velocities, the particles erode
the substrate rather than bond to it [4].

Compared to other thermal spraying processes, cold spray differs because it is driven by kinetic en-
ergy. Traditional thermal spraying processes, like plasma spray and high veclocity oxy-fuel (HVOF) are
electric and chemical driven, respectively (thermal energy). During the kinetic process of cold spray,
the powder particles are kept in the solid state, since the melting temperature will not be reached, pre-
venting microstructural changes due to melting. The bonding of the particles and the substrate (and
between particles) is achieved by severe plastic deformation of the powder particles. Cold spray can
deposit different materials such as metals, ceramics or polymers, but is limited to depositing ductile
materials because the powder particles need to be able to deform plastically to bond with the substrate.
Aluminum alloys such as, AA2024, AA6061, and AA7075 are among the most extensively researched
materials for cold spray applications, particularly in the aerospace sector. These alloys are commonly
used in structural and non-structural aircraft components due to their favorable combination of mechan-
ical properties and corrosion resistance. AA2024, AA6061, and AA7075 are suitable for load-bearing
structures and AA6061 and AA7075 have moderate resistance against corrosion. In addition to metal-
lic alloys, cold spray has also been applied to materials reinforced with carbides or oxides, extending
its utility to more wear- and heat-resistant coatings. Ceramic materials such as CoCrAlY, often used
as thermal barrier coatings in engines, and more brittle compounds like titanium dioxide (TiO2) have
also been successfully investigated for cold spray deposition [1].

Cold spray has advantages over traditional thermal spraying processes such as:

• The temperature remains below melting temperature of the powder particles. Thus the material
entering the cold spray machine (almost) equals the material that comes out of the machine,
keeping the material in solid state.

4
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• Themicrostructure of the powder particles is enhanced due to the severe plastic deformation upon
impact of the powder particles on the substrate. The plastic deformation induces work hardening
and dynamic and static recrystallization, causing grain refinement and enhancing mechanical
properties.

• No (or very little) heat affected zones (HAZ)s are created in the deposition.
• At the same time, compressive residual stresses are induced due to the severe plastic deforma-
tion, improving the mechanical properties.

• Minimal to no oxidation occurs on the sprayed particles as the temperature is kept relatively low
compared to traditional thermal spraying.

• Thicker depositions with higher bond strength can be produced due to lower tensile residual
stresses induced by the process.

• Lower porosity, cold spray can reduce the porosity to below 1%. Traditional thermal spraying has
a porosity around 5% [1].

From an operational point of view, cold spray has some more advantages over thermal spraying:

• No combustion fuels are needed.
• The spray pattern of the nozzle is small, requiring less to none masking of the sprayed part.
• The cold spray can also be used as an additive manufacturing method in which free-standing
forms are built up or repaired from scratch.

• Cold spray machines exist in portable configurations, allowing the operator to take the repair
method to the aircraft, reducing the time an aircraft is out of operation [1, 4].

2.1.1. Deposition process
In the deposition process of cold spray, powder particles ranging from 5 to 100 µm are accelerated to
supersonic velocities (> 1500m/s) through compressed air, helium or nitrogen. The compressed gas
is injected into two separate tanks, the gas heat tank, the gas running through is called the process
gas and the powder feedstock tank in which the gas is called the carrier gas, see Figure 2.1. Both gas
streams, the process and carrier gas come together in the nozzle. The powder particles are heated
by the process gas, inducing thermal softening, but stay below melting temperature. The nozzle has a
converging section, in which sonic velocity is reached due to the reduction in cross-section area and a
diverging section, in which supersonic speed is reached due to the cross-section expansion, pressure
change and heated gas stream. The supersonic speed is required to get to the critical velocity vc; the
particle velocity needed to ensure bonding. If the velocity stays below the vc no adhesion will take
place, the particles bounce off the substrate. Velocities surpassing vc will also not result in bonding,
the particles will erode the substrate if v >> vc. The powder particles reach the supersonic velocity of
1500 m/s at the end of the nozzle and the particles are bombarded onto a substrate, around 10 - 50
mm away from the nozzle tip [5]. However the exact velocity at the tip of the nozzle depends on several
process parameters and the pressure system.

Figure 2.1: Cold spray deposition process [6]
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Nozzle
The nozzle is the most critical component in the cold spray system. The nozzle provides the required
kinetic and thermal energy necessary for the powder particles to bond with the substrate. The critical
velocity, vc must be reached within the nozzle to achieve bonding. The nozzle is divided into three
regions in which the gas is accelerated from subsonic to supersonic velocity, classified by the Mach
number [7]:

• Converging section: the gas is accelerated from subsonic to near sonic (M<1).
• The throat: the smallest cross-sectional area in which the flow gets to sonic conditions (M=1).
• Second diverging region: gas flow reaches supersonic speed (M>1).

Following the principle of thermodynamics and fluid dynamics:

PV = nRT (2.1)

The reduction in cross-sectional area and the drop in pressure in the converging section cause an
increase in velocity as the mass flow remains constant. In the diverging section, the air can expand
again due to the increase in cross-sectional area. The pressure and density drop, further accelerating
the powder stream to supersonic velocity [4]. Figure 2.2 shows the effect of changing nozzle geometry
on the velocity and temperature of the gas and particle stream.

Figure 2.2: Particle and gas behavior in the nozzle [4].

The spray angle, the standoff distance and nozzle traverse speed affect the porosity and deposition
efficiency of the process. Too high values will result in non-uniform deposition and thus porosity, as
lower values decrease the mechanical properties of the deposition. The most used spray angle found
in literature is 90 degrees, which minimizes porosity and transfers the highest amount of momentum
and thermal energy [8].

Powder properties
The size, geometry and mechanical properties of the feedstock powder plays an important role on the
deposition quality and the tuning of the process parameters. In general, larger particles reduce the
critical velocity, but excessively large particles may not reach the critical velocity because they can not
be accelerated enough. However, as stated by Champagne, particles that are too small ’do not have
enough momentum to penetrate through the gas stagnation zone that is created between the nozzle
and substrate due to the impingement of the supersonic jet ahead of the substrate’ [1]. Small particles
do accelerate easier and undergo more plastic deformation, enhancing bonding with the substrate.
Smaller particles also reduce the distance between the particles themselves, decreasing the porosity.
The optimal particle size is between 20 and 60 µm [9]. A non-uniform particle size distribution could
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result in thickness differences of the deposition, causing differences in the mechanical properties of the
deposition. The non-uniform distribution also influences the flowability of the powder, causing problems
within the nozzle. The particle shape has an influence on the drag forces acting on the particle. Less
spherical particles achieve higher velocities compared to perfectly spherical particles. However, non-
spherical particles tend to stick together, resulting in agglomerates which are more difficult to deposit.
Non-spherical particles also have a higher surface area, increasing the oxide content [1]. Several
AA2024 powder particles are visualized the Figure 2.3 below, taken by the author during this research.

Figure 2.3: AA2024 cold spray particles - 1300x.

2.1.2. Bonding mechanism
The bonding mechanism of cold spray makes the technology unique compared to other thermal spray-
ing techniques. By understanding the bonding mechanism of the deposition with the substrate, the
behavior of the cold spray can be further understood and optimized. However, it is still unclear which
bonding mechanism is dominant in cold spray. Three main phenomena seen in the bonding are metal-
lurgic bonding, mechanical interlocking, and adiabatic shear instability. For bonding to occur between
metals, the oxide layer on the substrate must be broken. Oxide layers grow on the metal substrate
and powder particles as soon as the metal is exposed to air. To remove the severity of the oxide layer,
the substrate should be roughened right before deposition. However, milliseconds after the surface
is grit-blasted, a thin oxide layer is formed. This thin oxide layer must be broken before bonding can
occur. The supersonic impact of the particles on the substrate rupture the thin oxide layer, allowing
for clear contact between the surfaces, which is the basis for metallurgic bonding, this can be seen
in Figure 2.4. As particles impact the substrate, they plastically deform, inducing shear stresses and
localized heating, setting the right conditions for metallurgic bonding. Mechanical interlocking can be
enhanced by pre-roughening the substrate surface, creating peaks and valleys which help the powder
particles to interlock and bond [4].

The adiabatic shear instability (ASI) theory explains the occurrance of the localized heating for the bond-
ing. As the powder particles plastically deform upon impact, the temperature rises locally, disrupting
the oxide layer and enabling a clear contact between the particles and deposition (jetting). The heat
generated also softens the material, promoting the movement of dislocations and releasing stresses.
As the strain rate exceeds 104s−1, the thermal softening increases and adiabatic shear instability is
reached. After another layer of particles are impacted, the heat increases further and the viscous flow
eliminates the stresses, creating perfect conditions for high-quality bonding [10]. Moreover, the rapid
cooling at the interface leads to a finer microstructure in collaboration with recrystallization of the in-
terface. The orientation difference of the ultra-fine grains causes bridging connections between local
contact points. The connections result in interlocking recrystallized grains, which promotes the bonding



2.1. Cold Spray 8

of the particles [11].

Figure 2.4: Bonding Mechanism. (a) impacting particle, (b) oxide layer breakage due to severe deformation, (c) extrusion of
oxide layer, (d) jetting formation [12].

2.1.3. Microstructure and Mechanical behavior of cold spray depositions
Cold spray depositions produce a tight multi-layer structure of flat particles with a characteristic mi-
crostructure, see Figure 2.5. The grains are elongated due to the adiabatic shear instability and exhibit
a random crystallographic structure, inherent to a large amount of plastic deformation and dislocation
movement. The elevated temperatures of the adiabatic shear instability drive recrystallization, rearrang-
ing the large number of dislocations into a tight network. This lowers the energy stored in the grains
and further refines the grains. The grain refinement due to plastic deformation and recystallization is a
key factor in enhancing the mechanical properties of the cold spray deposition [13].

Figure 2.5: Cold spray deposition grain morphology, a) before impact, b) during impact, c) after multiple impacts [14]

Residual stresses
Residual stresses are formed in cold spray deposition due to the large amount of plastic deformation,
affecting the quality of cold spray deposition. The residual stresses are dependent on the strain due
to the impact and thermal or hardness mismatch between the substrate and deposition. Upon impact
of one particle, tensile stresses are formed around the interface between the substrate and particle,
as compressive stresses are present in the upper part of the particle. The plastic deformation of the
particle is the highest around the interface, as the bonding mechanism takes place over there. The
Langrangian-Euler method can be used to model cold spray deposition and analyse the stresses aris-
ing after deposition. As can be seen in Figure 2.6, σx is primarily compressive and changes into tensile
throughout the depth of the depositions. The tensile stresses are highly concentrated in the middle
section of the deposition near the interface and around the upper edges of the interface. Plastic defor-
mation takes place most severely around the edges, resulting in high effective strain. The compressive
strains are thus most present in the interface region as tensile strains are present near the top of the
particle.
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Figure 2.6: Bonding mechanism of a particle. (a) Stress distribution upon particle impact (b) Strain distribution upon particle
impact [15].

As a new layer of particles impact the previous deposited particles, the stress distribution changes
slightly. The layers which are deposited first will have the most plastic deformation as multiple layers
of particles impact upon them. The change in residual stresses due to a new layer of particle depo-
sition is seen in Figure 2.7. The tensile stresses (red) increase around the interface as a new layer
is deposited, however the overall residual stresses decrease as more plastic deformation occurs by
adding a new layer. The plastic deformation causes surface expansion, transforming tensile stresses
into compressive stresses (blue), enhancing the micro hardness of the overall deposition [13, 15].

Figure 2.7: Residual stresses upon (a) Single particle deposition, (b) Single deposition layer, (c) Two deposition layers, (d)
Three deposition layers, (e) Four deposition layers [15].

Mechanical properties
The adhesion strength for cold spray deposition is increased with increasing deposition thickness. How-
ever, there is a limit to this, as thickness’ exceed 4.3mm, for Ti-64 for example, the adhesion strength
decreases. This is caused by stress reliefs around the substrate-deposition interface, which loosens
the mechanical bonding of the particles with the substrate [16].

The morphology of the deposition-substrate interface significantly influences particle bonding during
cold spray deposition. Specifically, increased substrate roughness enhances the available contact
area, facilitating particle interlocking and promoting stronger bonds. Ziemian et al. [17] demonstrated
that fatigue strength is highly dependent on substrate surface preparation methods and cold spray pa-
rameters. Their findings revealed that substrate treatments such as grit-blasting or shot peening could
enhance the fatigue life of aluminum specimens up to 50%. Sharma et al. [18] investigated the effects of
different surface preparation techniques, comparing glass bead blasting with silicon carbide (SiC) and
alumina grit-blasting. Their study concluded that glass bead blasting provided the best coating charac-
teristics, achieving the highest performance in bend and pull tests as well as improved tensile strength
[18]. Blochet et al. [19] examined how interface morphology influences the bond strength in aircraft
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repairs. Their research indicated that grit-blasting, which creates surface craters, enhances particle
anchoring and results in increased particle deformation upon impact. Additionally, they observed that
the severity of the grit-blasting significantly affects bonding quality; fine grit-blasting creates smaller
surface features, which are easily removed by larger impacting particles, reducing effective contact
area and thus weakening deposition adhesion [19]. The different pre-treatments and corresponding
amount plastic deformation found in the research is shown in Figure 2.8.

Figure 2.8: 2D simulation of Al particles from start to end of impact on AA2024-T3 substrate (a) No surface treatment, (b) fine
grit-blasted, (c) medium grit-blasted, (d) coarse grit-blasted [19].

Damage formation
Damage mechanisms in cold spray depositions have been investigated under mechanical loading. In
particular, research has focused on understanding the differences between ductile and brittle feedstock
powders as deposition material. Ductile materials mainly fail due to shear stress components, having
a network of cracks. Brittle materials show delamination as primary failure mode. Morrison et al. [20]
investigated the fatigue performance of a repair made with AA6061 cold spray. A typical (metal) fatigue
crack growth behavior was observed with striations. The crack initiated at a notch, propagated through
the cold spray deposition and split at the end of the deposition, separating the deposition from the
substrate, causing delamination [20]. The fatigue performance of the deposition is strongly influenced
by the defects in the deposition layers. Defects act as stress concentration areas in which crack initiation
and propagation is more likely to happen. The effect of the ductility on the crack growth was investigated
by Kovarik et al. [21]. Brittle materials were found to fail by forming one large crack, while ductile
materials exhibit a network of cracks in the highly deformed zones due to loading stresses [21].

Delamination upon bending researched by Bond et al. [22] found that delamination between the sub-
strate and deposition occurred before the main crack, reached the interface. Using digital image cor-
relation, it could be seen that the main crack and delamination grew simultaneously and that at some
point the main crack started to propagate in the 45◦ direction towards the interface. The crack fracture
was mainly transparticle, with little interparticle cracking.

Conflicting findings have been found regarding the fracture behavior of cold spray, as both isotropic
and anisotropic behavior is reported. Anisotropic behavior is seen due to the flattened particles cre-
ating an inhomogeneous microstructure and thus differing mechanical properties in different loading
directions. Varying cracks paths are seen for in-plane and out-of-plane loading using scanning elec-
tron microscopy (SEM). In-plane loading shows cleavage-like fracture, indicating interparticle fracture
as dominant failure mode, while perpendicular loading shows transparticle cracks, visualized in Figure
2.9.
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Figure 2.9: Transparticle and interparticle cracks in different loading directions [23].

Transparticle cracks have a higher energy threshold and thus fracture toughness, as more energy is
needed to fracture a particle compared to fracturing a interparticle bond. Interparticle cracking requires
less fracture energy, but follows a longer crack path, occurring mainly in shear mode failure. The
longer crack path increase the fracture toughness of the interparticle fracture, resulting in a nearly
equivalent value as for the transparticle fracture toughness. The key factors which determine the type
of crack at particle level are the fracture mode, fracture energy and the crack length. The interaction
between these three determine which fracture mode is energetically more favorable [23]. Interparticle
fracture (brittle) is characterized by a smooth fracture surface with nano-size dimples on the fracture
surface, corresponding to some degree of ductility. As transparticle facture (ductile) has a rougher
surface. Figure 2.10 shows the transformation of the smooth interparticle fracture surface to the rough
transparticle fracture surface [22, 24].

Figure 2.10: Bonding Mechanism. (a) Smooth fracture, (b) Little rough fracture, (c) Rough fracture. Modified from [24].

2.2. Impact Testing
This thesis focuses on the impact of foreign objects on cold spray depositions. Impact can be catego-
rized by the severity of the impact, following the research of Jawaid et al. [25], these categories are
divided by impact velocity [26]:

• Low velocity impact (LVI): < 30m/s ⇒ Stones or bird collision
• High velocity impact (HVI): 30m/s− 200m/s ⇒ Car accident at highway
• Ballistic velocity impact: 200m/s− 15000m/s ⇒ Bullet hit
• Hypervelocity impact: > 15000m/s ⇒ Orbit movement (outer space)
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The impact velocity which is researched in this thesis is low velocity impact, < 30m/s. Damage caused
by LVI can be difficult to detect by visual inspection, in composites, this type of damage is also known as
barely visible impact damage (BVID). Barely Visible damage occurs when significant internal damage
occurs with little to no visible signs of the damage on the surface [2]. In composite this could lead to
dangerous situations in which fiber or matrix cracking occurs without visible notice. For metals there is
always a sign of damage on the surface which indicates the internal damage. However, for cold spray
depositions it is not investigated if BVID applies or not. The situations in which aircraft are subjected to
low velocity impact are during take-off and landing and taxiing, as small stones or gravel on the runway
hit the aircraft, see Figure 2.11. Tools dropped during maintenance or collisions with other vehicles can
also result in LVI. During taxiing, small stones can be chipped up by wheels and results in an impact
velocity between 1.5 − 4.5m/s on the cowling, during take-off the impact velocity of stones increases,
8− 24m/s. Collisions with seagull during the listed operations are in the range of 14− 22m/s [26].

As no research has been done on impact testing on cold spray repairs, this chapter will give the basic
principles of impact testing on metals and the behavior or metals upon impact loading.

Figure 2.11: Low velocity impact (LVI) regions during aircraft operation with aircraft speed [26].

2.2.1. Dynamics of impact
Impact at low velocities could result in an elastic, plastic or fluid-like response of the material, or a
combination of these. Studies done on LVI and the dynamics focus on the fracture and fragmentation
of the impacted object. The most severe damage due to LVI consists of holes and cracks, which reduce
the material’s strength. The conservation of energy principle states that the energy absorbed by the
impacted object is equivalent to the impact energy. As for low velocity impact, the first law of vibrations
can be used, the contact duration of the impacting object on the impacted object is longer than the time
which is required for the impact wave to reach the edges and travel back to the point of impact, similar
to a quasi static situation. Using the energy balance model, in which the total energy of the system
is conserved, high vibrations modes, friction and other losses of energy are neglected. The response
of the impacted object is closely related to multiple factors such as, the dimensions of the object, the
impacter weight, radius and velocity [27, 28, 29].

Stress waves
As a foreign object, such as a stone, hits an aircraft cowling for example, localized compressive stresses
arise around the point of impact. For a very short moment, the cowling responds elastically, quickly
after the stresses exceed the yield strength of the material due to the high impact energy. The material
plastically deforms and a dent forms. The region below the dent undergoes local deformation causing
localized thinning or stretching of the material, and could possibly initiate cracks due to the tensile
stresses. The energy of impact generates stress waves (shock or elastic waves) propagation outwards
from the point of impact. These stress waves move rapidly through the material, potentially causing
additional damage away from the point of impact itself.

The kinetic energy of the stone is mainly absorbed by three mechanisms:

• Plastic deformation
• Generation of heat
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• Formation and propagation of cracks or delamination [30].

Impact testing
The impact test setup should be designed in such a way that the test can be performed on repeat
multiple times under the same circumstances. Many factors have an effect on the impact behavior of
the impacted material, thus it is required to use the exact same set up every impact test.

For the analysis, the impact testing is simplified to a plate fixed on both sides, which can be simplified
to a beam with two fixed ends, see Figure 2.12. The impacter creates a concentrated load in the middle
of the beam, compressive stresses are generated on the impacted side, while tensile stresses occur
on the non-impacted side. An equilibrium is achieved by the forces present in the system: impact force,
reaction force, and inertial force. The impact itself is so fast that the viscous damping force is very small
and can be neglected. Since the fast impact event causes localized dynamic deformation and stress
waves, in which adhesion mechanics and high-strain-rate effects play a role, the system can not be
analysed and simplified to a static beam deflection model.

Figure 2.12: Free Body Diagram and dynamic free diagram of the impact test.

F is the force (impact) on the beam, l the length of the beam, V the shear force, and M the moment. W
is the deflection of the beam due to the bending that occurs and R the reaction force from the clamp.
ρa(x, t) is the distributed inertial force, the density of the beam times the acceleration of the beam.

In the dynamic loading system, the impact force is not completely resisted by the reaction R only, the
inertial force also plays a role. If the impact is very fast, the maximum impact force could be completely
resisted by the inertial resistance of the beam. The dynamic bending moment and the shear force in
the beam depend on this inertial resistance and the maximum impact load. The forces in the system
can not be calculated as in a static equilibrium, if the assumption is made that the impact force is
completely resisted by the interial forces, equilibrium equations can be estimates. However, here is no
study yet that predicts that the impact force is completely resisted by the inertial forces regarding cold
spray depositions.

Following Newton’s Second Law, the inertial forces act in the opposite direction as the accelerating force
(impacter) on the body (coupon) and is equal to the accelerating forcemultiplied by themass of the body.
In other words, a resistive force acts against the impact. During the impact, stress waves propagate
through the coupon traveling away from the point of impact in radial direction. These compressive and
tensile waves travel at the speed of sound through the material. At the clamped sides, these waves
are reflected and cause an interference pattern increasing the local stress. The clamped sides resist
movement and thus create a bending moment in the coupon, while the inertia forces try to resist this
bending deformation. At the same time shear waves, traveling at a lower speed, cause shear failure
near the impact zone.
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The inertial forces of the plate can exceed the yield strength of the material due to the high acceleration
of the impacter. This influences the deformation of the coupon as a localized dynamic effect. Inertial
forces also increase the strain rate and therefore increase the resistance of a material to deformation,
leading to a more brittle material.

How the compressive, tensile, shear and bending waves are considered depends on the duration of the
impact by the indenter. During low velocity impact, the time of impact is long compared to the transition
time for all the stress waves, it could even be analysed as a quasi static case. The duration of impact
is mainly controlled by the projectile-to-panel mass ratio.

To properly model the forces in the system the following need to be considered:

• Strain rate effects.
• Wave propagation and reflection at the substrate-deposition interface.
• Dynamic force equilibrium [24, 30, 31].

2.2.2. Quasi static indentation test for low velocity impact
A quasi static indentation (QSI) test can be used to simulate low velocity impact (LVI) because the
strain rate, inertial effect and failure mechanisms under low velocity impact closely resemble those
at quasi static conditions. Several studies, including those by Li and Huang [32, 33] have conducted
comparative analyses of the two tests. However differences are expected for the results of QSI, and
LVI, since there are limits for the comparison, which are discussed below. Most of the research is done
for composites, using the ASTM D6264-98 for QSI and the D7136-05 standard for LVI [32]. Allen et al.
[34] concluded that QSI is a usable method for the analysis of low velocity impact damage and that the
load-displacement curve of a sandwich beam under LVI and QSI are similar [33].

Since the QSI test impacts very slowly, the velocity component does not play a role, resulting in a differ-
ent strain rate. The differences between QSI and LVI lie mostly in the strain rate, failure mechanisms
and loading conditions:

• Loading type: The loading for QSI is slow, gradually increased and controlled, the velocity com-
ponent is taken out of account. LVI has a sudden dynamic load application, a rapid process.

• Strain Rate: The strain rate for LVI is higher, LVI has a moderate strain rate 102 − 104s−1. QSI
has a low strain rate between 10−4 and 10−1s−1.

• Failure mechanisms: Both show plastic deformation after the yield strength is reached, QSI
shows local yielding while LVI has wave propagation and could fracture sooner.

• Material response: During QSI dislocations have time to stabilize after motion, which results in
a more ductile response. For LVI the dislocations are restricted by the higher strain rate, resulting
in less ductile behavior and stiffer material.

• The surface indentation area is larger under QSI compared to LVI.
• Due to the stiffer material, more energy can be applied with LVI to have the same amount of
deflection as QSI [35].

The strain rate difference has an effect on material properties, a higher strain rate will result in higher
yield strengths. The higher strain rates prevent the dislocations in the crystal lattice from moving and
reorganization and work hardening appears. Higher stresses are required to initiate plastic deformation.

The Young’s modulus is expected to stay constant under differing strain rates. Only at extremely high
strain rates, such as shock loading, the Young’s modulus slightly increases. The stiffness, depends on
the strain rates and geometry of the specimen. Under higher strain rates the stiffness increases as a
result of the higher yield strength. Also, the dynamic effect in LVI, causing wave propagation, creates
a resistance to deformation, resulting in higher stiffness [35].

2.2.3. Numerical analysis
The Johnson-Cook model has been used in several researches to model the plasticity behavior of cold
spray [19, 36]. The Johnson-Cook model takes into account strain hardening, strain rate hardening,
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and thermal softening. Material-related constants, and material properties such as Young’s modu-
lus and melting temperature are used in the formula to express the yield strength, Formula 2.2. The
Johnson-Cook model and the Mie-Grüneisen equation of state, which describes the elastic behavior
are combined by Blochet et al. Together, these models describe the elastic and plastic behavior of cold
spray and show promising results; However, they assume isotropic mechanical and thermal properties,
while the literature is still in doubt about the type of behavior. Varying values are also found for the
mechanical properties of cold sprayed materials, which leaves room for optimization of the simulation
and modeling of the cold spray behavior.

σ = (A+Bϵn) (1 + C ln ϵ̇∗)

(
1−

(
T − Troom

Tmelt − Troom

)m)
(2.2)

For more information about the formula and parameters refer to [19].

To be able to predict the mechanical behavior of cold spray under varies types of loading, a simulation
of the deposition process itself is also valuable. The challenge of modeling cold spray is describing
the complex high strain rate deformation of subsequent impacting particles. Secondly, the interaction
between incoming particles and already deposited particles during the spraying process has not been
researched enough to simulate the exact behavior of the cold spray. However, multiple studies have
shown promising results [24, 19, 36] simulating the cold spray behavior with finite-element methodology,
using non-linear transient finite element. Results of the numerical models are close to the experimental
results. The thermomechanical response of the impacting particles can be analysed by implementing a
full coupled thermal-stress component. An explicit time integration algorithm is also needed for the rel-
atively short dynamic response and large deformations of the particles. The Lagrangain-Euler Method
has also been used by Wang et al. [15] to model the complex interactions during impact and defor-
mation of the particles, due to its ability to handle large deformation situations. The Eulerian method
describes the material flow, while the Lagrangian method tracks the individual particle movements and
deformations. Combining the two, the dynamic interactions can be captured and the material behavior,
especially at the particle interface, can be predicted. However there are limitations for this method,
such as capturing the highly localized thermal effects and the ability to simulate numerous particles
simultaneously.

2.3. Conclusion Literature and Research Objectives
This literature review, presents the relevant state-of-the-art findings on the damage mechanisms of
cold spray repairs due to impact. This was completed in order to have a fundamental framework for
the experiment of this thesis project. The main conclusions from the literature review are presented,
followed by the research gaps and research objectives. Lastly, the research approach is explained.

Conclusions
• The dominant bonding mechanism of the cold spray particles is not clear, however, three mech-
anisms play an important role: metallurgic bonding, mechanical interlocking, adiabatic shear in-
stability.

• The residual tensile stresses after deposition are mostly present around the interface with the
substrate.

• The fracture behaviour of a cold spray deposition under fatigue loading is dependent on the duc-
tility of the deposition material and the numbers of defects in the deposition layers.

• The degree of anisotropy in cold spray is currently unknown, with mixed results demonstrating
either isotropy or anisotropy.

• Interparticular cracking has a lower energy threshold and shows smooth fracture surfaces with
dimples, but occurs during brittle fracture. Transparticlular cracking requires more energy and
shows rough fracture surfaces.

• Low velocity impact causes compressive stresses around the point of impact and tensile stresses
at the non-impacted side.
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• The fast impact causes stress waves and localized dynamic deformations resulting in high strain
rates.

• The clamped system creates a bending moment, while the shear waves cause shear failure near
the impact zone.

• Quasi static indentation testing can be used as low velocity impact test due to similar strain rates,
inertial effects and failure mechanisms.

• Modeling the damage mechanism in cold spray during impact is difficult due to high strain rates,
inelastic behavior and the interaction between the sold state particles.

2.3.1. Research gaps
Based on the investigated literature, clear research gaps exist in the damage behavior of cold spray
repairs subjected to low velocity impact.

• Impact testing on cold spray repairs.
• A better understanding of the failure mode(s) in cold spray deposits.
• The adhesion strength of the cold spray deposition.
• A comprehensive analysis of stress distribution in cold spray deposits.
• The relationship between the mechanical properties of cold spray deposits and those of bulk
material.

• The impact energy level at which barely visible impact damage (BVID) occurs, if it occurs.

2.3.2. Research objectives
Based on the research gaps, the main research question for this thesis is:

What are the dominant failure mode(s) in a cold spray repair subjected to low velocity impact?

The following sub-questions were posed to explore this further:

• Q1. At which impact energy level does a cold spray deposition begin to crack?
• Q2. Does Barely Visible Impact Damage occur in the repair? If so, at what impact energy level
does it start?

• Q3. Do interparticle and transparticle cracks appear? Does one type occur before the other, or
do they occur simultaneously?

• Q4. Does delamination between the substrate and deposition occur? If so, at what impact energy
level does it occur?

2.3.3. Thesis approach
To answer the research objectives, the research is done in three stages. First, the cold spray coupons
had to be produced, with great attention for closely repeating the same pre- and post- treatment for
each type of coupon. Secondly, the coupons were impact tested, starting with trial runs to find a bigger
range in which the thresholds are present. Afterwards the impact range was slowly decreased to find
more exact thresholds. The analysis of the coupons was done in two ways, visually with the optical
microscope and the SEM and data analysis was done using the data from the high-speed camera and
geometry of the dents.

Damage definitions and thresholds
In order to examine damage in this research, the definitions of damage from General Electric are used,
following the Commercial Engine Standard Practices Manual - SPM for thermal spray coatings [37, 38]:

• Crack: Cracks are only ratable when greater than 0.127mm (0.005 inch) in total length. Exami-
nation shall be performed at 200x.
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• Delamination: A separation or horizontal defect that follows, or is associated with contour or the
linear build-up that must be greater than 254 micrometers (0.010inch) to be ratable. Examination
shall be performed at 200x.

• Separation: A defect that follows, or is associated with, the contour of the interface. It must be
greater than 127 micrometers (0.005 inch) to be ratable.

The minimum crack length to be considered a crack is thus 0.127mm. The minimum delamination
length to be considered delamination is 254 micrometers (0.010inch).

If damage is detected during visual inspection, the severity of the damage decides if the cowling inlet
lip should be repaired immediately or if the component is still serviceable. The OEMs provide main-
tenance manuals for the ”allowable damage limits” with which a component is allowed to operate. A
cowling inlet is allowed to operate with cracks and delamination present in the aluminium metal struc-
tures (including repairs already present), until the allowable damage limits. The following guidelines
are set up for the different types of damage for an A330 cowling inlet lip. If the crack or delamination
lengths exceeds the limits, the OEM should be contacted for further instruction and the component is
not serviceable

• The allowable crack length for operation is 76.2mm (3.00 inches). The crack should be examined
every ”A” check and an external patch (aluminium sealing tape) should be installed. During the
”C” check the damage should be repaired.

• The maximum allowable dent size is 127mm (5 inches) in diameter, with a maximum dent depth
of 10% of the diameter.

• Regarding delamination, the separation between substrate and deposition is not allowed to sur-
pass 25,4mm (1 inch) and can not be within 254mm (10inches) from other defects. Five delami-
nation are the maximum allowable amount of delaminations in an area. Again, the delamination
should be examined every ”A” check and repaired at the ”C” check.

A check: Regular inspection every 400-600 flight hours.
C check: Comprehensive inspection every 18-24 months [39].



3
Materials

This chapter explains the different types of coupons which have been impact tested. Differences be-
tween the coupon materials, manufacturing process and pre-post treatments are discussed as well
along with the three different cold spray systems which were used.

3.1. Materials
3.1.1. Coupon types
To understand the damage behavior of cold spray depositions, five different types of coupons (plus one
reference coupon) were used in this research. The specifications are outlined in Figures 3.1 and 3.2.
In each step, one or two parameters were changed, so their effect on the damage behavior could be
analyzed. Over five steps a cold spray coating changes to a double-curved cowling with a circular repair
configuration. The six different coupon types are explained in more detail below. In the remainder of
this report, the terms coating, repair, and deposition refer to the specific definitions established for this
research:

• Coating: Rectangular, flat deposition
• Repair: Non-rectangular deposition
• Deposition: Both coating and repair

Figure 3.1: The six types of coupons.

• 1. CSHP - Coating
Substrate: Aluminium alloy 2024-T3 plate of 150x100x2mm
Coating: Aluminium alloy 2024 powder of 150x80x0.65mm
Machine: High pressure cold spray

18
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• 2. MPAir - Coating
Substrate: Aluminium alloy 2024-T3 plate of 150x100x4mm
Coating: Aluminium alloy 1XXX powder with aluminium oxide of 50x50x0.65mm
Machine: Medium pressure cold spray

• 3. RepAir - repair
Substrate: Aluminium alloy 2024-T3 plate of 150x100x4mm
Repair: Aluminium alloy 1XXX powder with aluminium oxide deposition of 18mm in diameter
(width) and maximum repair depth of 1.7mm
Machine: Medium pressure cold spray

• 4. Gun - repair
Substrate: Aluminium alloy 2024-T3 plate of 150x100x4mm
Repair: Aluminium alloy 1XXX powder with aluminium oxide deposition of 18mm in diameter
(width) and maximum repair depth of 1.7mm
Machine: Hand Gun cold spray - medium pressure system

• 5. Cowling - repair
Substrate: Aluminium alloy 2XXX cowling of 250x190x2.X mm
Repair: Aluminium alloy 1XXX powder with aluminium oxide deposition of 5mm in diameter (width)
and maximum repair depth of 5mm
Machine: Hand Gun cold spray - medium pressure system

• 0. AA - Reference Part
Substrate: Aluminium alloy 2024-T3 plate of 150x100x4mm

The parameters changing per coupon are:

• 1-2: Pressure system high to medium pressure and deposition material changed from AA2024 to
AA1XXX.

• 2-3: Geometry of deposition from a coating to a repair.
• 3-4: Robotic arm system to hand gun (manual) system.
• 4-5: Flat substrate to double curved substrate and substrate material changes from AA2024 to
AA2XXX.

Figure 3.2: 3D view of coupon types 1-5.

3.1.2. Impact location
Coupon types 1, 2, and 5 were impacted in the middle of the deposition. The RepAir and Gun coupons,
type 3 and 4 were impacted at two distinct locations: in the center of the deposition, referred to as
the Mid indent, and at the edge of the deposition, where both the deposition and the substrate were
impacted, referred to as the Side indent. Figure 3.3 illustrates the two different impact locations.



3.1. Materials 20

Figure 3.3: Impact locations RepAir and Gun coupon.

3.1.3. Original plan
The original set-up for the experiment was different. The experiment included 6 coupon types and a
reference coupon. In this set up, one parameter changed at the time, except for the last step (5-6). By
changing just one parameter at the time, the differences in the results could be more easily be related
to the parameter change. The original coupon set up is shown below in Figure 3.4.

Figure 3.4: The seven types of specimens

The following parameters were to be changed per coupon:

• 1-2: Pressure system changes from high to medium pressure.
• 2-3: Geometry of deposition from a coating to a repair.
• 3-4: Deposition material changes from AA2024 to AA1XXX.
• 4-5: Robotic arm system to hand gun (manual) system.
• 5-6: Flat substrate to double curved substrate and substrate material changes from AA2024 to
AA2XXX.

Unfortunately, after several attempts, the second coupon type, CSMP, could not be manufactured.
Spraying AA2024 powder with the medium pressure machine resulted in a very low deposition effi-
ciency, 1%. The powder particles did stick to the substrate, but just at a very low amount, the rest of
the particles could not bond. For this reason, the choice was made to skip the AA2024 coupons and
change the set-up to as explained in Section 3.1.1 . This makes the stepwise plan less logical, but
due to time and budget limits, this choice had to be made. The cross section and surface of the few
coupons that were sprayed with AA2024 are shown in the results and discussion section.
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3.2. Material properties
In this research, the material configuration was altered twice: once by changing the deposition material
and once by changing the substrate material.

3.2.1. Feedstock material
The depositionmaterial changed from an alloy of aluminium 2024 to pure aluminum, AA1XXX combined
with aluminium oxide, Al2O3.

AA2024, part of the 2000 aluminium alloy series, is an aluminium composite with copper as its primary
alloying element. It has superior strength, good workability and good fatigue resistance, but poor resis-
tance against corrosion. Using post heat treatments can further improve the strength. Due to their high
strength to weight ratio the 2XXX series and especially the AA2024 is commonly used in the aerospace
industry, and for gears and bolts [40].

AA1XXX, part of the 1000 aluminium alloy series, consists of 99% pure aluminium which is highly re-
sistant to corrosion. The ductility is high, making it suitable for applications in which extensive forming
is required. However, its tensile and fatigue strength is poor, making it unsuitable for structural parts
[41].

The aluminium alloy 1XXX is mixed with aluminium oxide, Al2O3, for two main reasons. Al2O3 parti-
cles are hard and brittle, breaking the thin oxide layer on the substrate when they impact the substrate.
The oxide layer needs to be removed to allow bonding between the substrate and deposition. The sec-
ond reason why aluminium oxide is mixed with the AA1XXX is because of the ductile behavior of the
AA1XXX. Spraying pure AA1XXX would result in clogging of the AA1XXX inside the spraying nozzle,
the nozzle will eventually ’cold spray’ itself on the inside. By mixing AA1XXX with aluminium oxide
particles, the aluminium oxide particles will erode the layer build-up of AA1XXX inside the nozzle and
prevent too much clogging. In other words, the aluminium oxide cleans the nozzle of the AA1XXX.
The addition of the ceramic Al2O3 particles increases the deposition efficiency, however there is also a
downside to the addition. The brittle particles make the cohesion between the pure ductile aluminium
and brittle Al2O3 particles not ideal. Differing hardness exists over the deposition as a results from the
weak bonding between the two types of particles. As the percentage ofAl2O3 is increased, the material
becomes more brittle. Research has shown that 30 wt% is the limit for optimal deposition efficiency
and good bonding between the Al2O3 and AA1XXX [42].

The exact composition of the used metal powder is confidential. For simplicity the AA1XXXX andAl2O3

mix will from now on be named AA1XXX.

3.2.2. Substrate material
Secondly, the substrate material was changed from AA2024-T3 to AA2XXX. The cowling (5th coupon)
that was sprayed is made of AA2XXX.

AA2XXX is also part of the 2000 aluminium alloy series and also has copper as its main alloying element.
AA2XXX is an age-hardenable alloy that is suitable for high-strength structural components used in
high-temperature applications. The alloy is resistant to stress corrosion cracking, making it suitable for
high-stress aerospace structures and high-temperature applications. However, AA2XXX is sensitive to
corrosion, due to its slightly higher Cu content, compared to AA2024 [43].

Mechanical properties of the three different materials used are listed below in table 3.1, along with
some properties of the cold sprayed AA1XXX material found in the literature.
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Table 3.1: Material properties [40, 41, 43, 19]

Parameter AA2024 AA1XXX AA2XXX AA1XXX CS
Density 2,78 g/cm3 2,705 g/cm3 2,97 g/cm3 2.7 g/cm3

Tensile yield stength 324 MPa 103MPa 250 +/-MPa
UTS 469 MPa 110MPa 360 +/- MPa

Youngs modulus 73 GPa 69 GPa 73 GPa
Poisson’s ratio 0,33 0,33 0,33 0,33

CTE at 20-200◦C 24,7 µm /m ◦C 24,5 µm /m ◦C 23 +/- µm /m ◦C
Elongation at break 10-15% 10% 8-12%
Hardness Vickers 137 < 80 100

3.3. Coupon preparation
The coupons were produced following a stepwise plan. Since all coupon types differed slightly in pa-
rameters, the preparation process was kept as consistent as possible. However, identical preparation
could not be ensured, as the coupons were not all manufactured at the same location. The preparation
procedure for each coupon is described in the following section.

3.3.1. CSHP - Coating
Coupon type 1 differed primarily from the others, as these coupons already existed prior to the start of
the research. Titomic cold sprayed six AA2024-T3 plates using a high-pressure cold spray machine,
with each plate containing three depositions of 150x80x0.65 mm AA2024. These six rectangular plates
were subsequently cut into three smaller coupons each, measuring 150x100x2.65 mm, resulting in 18
coupons referred to as CSHP. No pre- or post-treatment was applied to these coupons.

3.3.2. MPAir - Coating
For coupon types 2-4, the substrate material had to be prepared before spraying was done. 42 metal
coupons were cut from a 2000x1000x4 mm AA2024-T3 plate to 150mmx100x4mm plates. The coupon
thickness was doubled (2mm to 4mm) compared to type 1 coupons, the CSHP coupons showed sig-
nificant bending in the plate due to residual stresses building up after spraying. To reduce the amount
of bending, a thicker substrate plate was chosen, this distributes the residual stresses over a bigger
surface.

The MPAir coupon set consists of 14 coupons. The coupons were cleaned with acetone, and surface
treatment was done by grit blasting aluminium oxide particles, using the cold spray machine itself. A
50x50 mm square in the center of the plate was grit-blasted. This surface treatment was conducted
to promote better bonding of the particles to the substrate. Grit-blasting removed the oxide layer—
necessary for bonding—and created a textured surface with peaks and valleys that allowed for mechan-
ical interlocking of the sprayed particles. Grit-blasting was performed immediately prior to spraying, to
prevent reformation of the oxide layer, which begins forming within seconds upon exposure to air.

After the grit-blast process, the substrates were cold sprayed on top of the grit-blasted surface, with
deposition dimensions of 50x50x0.7 mm. The cold spray deposition resulted in an uneven surface
since the nozzle moves stepwise over the substrate, with an overlapping step size of 5mm. To obtain
a flat surface, the deposition was milled to a clean and even layer, resulting in an average thickness
of 0.65 mm. Milling was carried out using a Fehlmann Pickax 56, equipped with a flat mill head at a
speed of 1200 mm/min. See Figure 3.5 for the preparation steps of MPAir coupons.

3.3.3. RepAir - Repair
For the repair coupons (RepAir and Gun), a conical chamber—referred to as a blend-out—was milled
into the AA2024 substrate. The circular chamber, positioned at the center of the plate, had a width of
18 mm and a maximum depth of 1.7 mm. This geometry was created using a 6 mm diameter mill on
the Fehlmann Pickax 56. The mill head moved axially and radially at 12,000 rpm to achieve the desired
shape.

Coupon type 3 followed the same cleaning and grit-blasting procedure as the MPAir coupons. The
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3.3.6. Milling
Coupons type 2–5 were milled following cold spray deposition, a step that directly influenced the prop-
erties of the deposition, especially in comparison to type 1 coupons, which remained unmilled. Milling
removes the topmost layer of powder particles—often the weakest part of the deposition due to limited
plastic deformation [44]. These surface particles receive no further impacts from successive layers and,
therefore, exhibit reduced grain refinement and weaker bonding. In contrast, deeper layers within the
deposition are subjected to repeated impacts, enhancing their plastic deformation, grain refinement,
and mechanical interlocking strength. Beyond simply removing a weak layer, the milling process itself
alters the mechanical properties of the deposition. Subtractive machining changes the residual stress
distribution and introduces near-surface plastic deformation, which can result in strain hardening. This
phenomenon could increase the strength and hardness of the deposition due to the accumulation of
dislocations and grain refinement. As grain size is reduced, the number of grain boundaries increases,
impeding dislocation movement and resulting in a stronger material—a relationship described by the
Hall–Petch equation. This effect is especially pronounced in ductile coatings compared to more brittle
materials [45].

Residual stresses introduced by milling also play a critical role in the mechanical behavior of the depo-
sition. These stresses are typically highest near the milled surface and result from plastic deformation
and thermal gradients caused by heat generation during machining. As the milling tool shears mate-
rial at high speeds, localized heating and strain hardening produce changes in volume, leading to the
development of residual stress upon load release. The nature of these stresses—whether tensile or
compressive—depends on factors such as cutting speed, feed rate, depth of cut, and tool geometry.
Compressive residual stresses are generally advantageous, enhancing fatigue and creep life and im-
proving resistance to stress corrosion cracking. In contrast, tensile residual stresses tend to reduce
performance in these areas. In shallow milling, compressive stresses dominate, while deeper material
removal tends to generate tensile residual stresses. It is important to note that excessive milling can re-
duce the effectiveness of mechanical interlocking between particles, compromising adhesion strength
and lowering the load-bearing capacity of the coating [46].

3.3.7. Roughness
To quantify surface roughness, a roughness test was conducted using the Surtronic Duo, a surface
metrology instrument developed by Taylor Hobson AMETEK. Two types of surface treatments were
evaluated, eachmeasured four times: one involving aluminumoxide grit-blasting performed by a robotic
system at Titomic, and the other involving manual grinding conducted by AX operators. The results,
expressed in Ra and Rz values, are presented in Table 3.2.

Table 3.2: Surface roughness values Ra and Rz

Operator Ra [µm] Rz [µm]
Titomic 6.5 - 6.63 37.9 - 41.7
AX 2.64 - 3.33 16.1 - 27.3

Ra: represents the average roughness value of the tested area.
Rz: the maximum height difference between a peak and valley in vertical direction of the tested area.

3.4. Cold Spray Systems
Three different cold spray systems were used to prepare the coupons. Coupons type 1 were produced
using a high pressure cold spray system at Titomic, the TKF 9000. Coupons 2 and 3 were produced with
a medium pressure cold spray system: the D623 Standard medium pressure system at Titomic. The
system has a nozzle that moves in the x- and y- direction, and operates with a robotic arm. Coupons
4 and 5 were also produced with the D623 Standard medium pressure system, but a hand-held spray
gun was used instead of a robotic arm. The parameters set for the cold spray machine are summarized
in the table below 3.3.
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Table 3.3: Parameters per cold spray system

Parameter CSHP AA2024 - Robot CSMP AA2024- Robot CSMP AA1XXX - Robot CSMP AA1XXX - Gun
Temperature 700 ◦C 700 ◦C 700 ◦C 700◦C
Pressure 19 bar 19 bar 19 bar 19 bar

Stand-off distance 20mm 20mm 20mm 20-30mm
Nozzle Traverse speed 100mm/s 100mm/s 100mm/s 100mm/s

Spray Angle 90 ◦ 90 ◦ 90 ◦ 90 ◦

Carrier Gas Nitrogen Nitrogen Nitrogen Nitrogen



4
Method

In this section the experimental set-up is explained, the different types of impact test which were used
are described along with additional equipment required for the impact testing. The impact testing was
done on trial and error basis in order to find the different thresholds. The different types of analysis,
optical and analytical are outlined and relevant formulas used during the data analysis are given.

4.1. Impact testing
Three different impact tests were used in this research. The impact tower was used to analyse impact
energies in the range of 5J and above, a quasi static indentation (QSI) test and a hand-held impact
tower were used in the impact energy range of 0-5J.

For the CSHP coupons the QSI and hand-held impact tower were combined in the research. The hand-
held impact tower has the disadvantages that it is not instrumented, so no data can be extracted during
the impact process. The QSI was used to retrieve more detailed data in the range of 0-5J of impact,
next to the hand-held impact tower.

4.1.1. Impact tower
The impact tower works with the potential energy. By changing the height (h) or mass (m) of the
impacter, the impact energy changes. In combination with the acceleration due to gravity, 9.81m/s2

the impact energy was calculated following Formula 4.1. The distance from the indenter tip to the
surface of the coupons was measured and calibrated with the impact software. This was done since
the accessible indenters and fixture systems have different heights, resulting in a slightly different value
for the height compared to the software. The impact tower is visualized in Figure 4.1.

E = m ∗ g ∗ h (4.1)

26
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Figure 4.1: Impact testt tower

For every test the following procedure is repeated. A coupon was clamped in the fixture and placed
underneath the impact indenter. The indenter was clicked into its ‘holder’ and brought to the required
height of release for a certain impact energy. This is automatically done with the impacter computer
program. The safety was put on, to make sure the indenter is caught after the first impact. After impact,
the indenter rebounds from the surface; to prevent a second impact on the coupon, the indenter is
caught by the safety arm. At the same time, a high-speed camera recorded the impact, a ruler next to
the clamping system was used to measure the traveled distance of the indenter between two moments.
The full set up is illustrated below in 4.2.

Figure 4.2: Set up for impact testing with impact tower

4.1.2. Hand-held tower
The hand-held tower, Figure 4.3 , works with the same impact energy formula as used for the impact
tower, Formula 4.1. The mass of the indenter is 0.688 kg, the height of the indenter is the distance
between the upper surface of the specimen and the tip of the indenter, the zero point of the system (scale
on the tower) lies 4.4 cm above the actual point of impact, so 4.4 cm is subtracted from the necessary
height to set the indenter to the correct height regarding the scale on the tower. The specimen was
clamped in, and put right under the impact tower, with the back of the clamping system against the
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back of the tower pole. The high-speed camera was placed in front of the impact tower together with
the ruler and lamp. The safety of the indenter was released by hand, the indenter fell down in the pipe
and impact was made on the specimen. After the impact was made, the indenter bounces back up and
was caught by hand to prevent further impact events from occurring after the first impact. The impact
of the hand-held tower is much less severe compared to the impact tower, which makes it possible to
catch the indenter by hand after it bounces up from the impact.

Figure 4.3: Hand held tower

4.1.3. Quasi static indentation
The quasi static indentation test (QSI), Figure 4.4 was used to mimic impact testing from the impact
tower, and records the force, deflection, and energy applied to the coupon. The system removes the
velocity component as it moves 2mm/minute downward. An indenter of 13mm was attached to the
Zwick 10kN machine and the horizontal plate was moved upwards until 50mm away from the indentor.
The clamped specimen was placed between the bolts, to make sure it remained in place. The horizontal
bar slowly moved upward until the indenter was 100 micrometers away from the specimen. By varying
the force applied to the specimen by the indenter, the load applied was changed. The software produces
the load in Newton and displacement of the panel as a function of time. Calculating the area underneath
the force deflection curve, following the formula for energy (E ), 4.3.

E =

∫ δ1

δ0

F (δ)dδ (4.2)

• F (δ) is the force as a function of deflection (δ).
• dδ represents the deflection difference between two moments.
• δ0 and δ1 are the initial and final displacements, respectively.
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Figure 4.4: Quasi Static Indentation test

4.2. Additional equipment
4.2.1. High speed Camera
FASTCAME Mini high-speed camera, was used for the impact tower and hand-held impact tower. The
high-speed camera captures images with 6400 frames per second, for three seconds around the mo-
ment of impact. The camera was ‘pre-loaded’ allowing one to record the previous three seconds after
clicking the record button, and to capture the exact moment of impact. The velocity before and after
impact is calculated by measuring the height difference between two moments before/after the impact.
A ruler and a lamp were placed next to the impact tower, aligning the tip of the indenter with the ruler
at two different time points, the velocity is calculated with the location and time difference within the
impact event.

4.2.2. Indenter
Three types of indenters were used, one indenter especially for the hand-held impact tower since it has
its own attachment system. The attachment system for the QSI and impact tower were the same. Two
types of indenters are used for the impact tower and QSI test since the crack threshold due to impact
differs a lot, a wider range of impact can be investigated with two different indenter radii. The indenters
are made of Impax, a pre-hardened steel, manufactured by Uddeholm. It has a high toughness value,
which makes it applicable for tools and impact testing. Impax is similar to P20 or 12738 steel [47].

The radius of the indenter has an effect on the damage occuring after impact. A large indenter radius
requires more energy to achieve the same force as a smaller one. The impact energy and the stress are
spread over a larger area for larger indenters, resulting in more plastic deformation (energy absorption),
reducing the crack risk. A smaller indent radius results in higher localized tensile stresses, and a lower
impact energy is needed for damage. For ductile materials such as AA1XXX, sharper indenters will
allow less time for the material to plastically deform, leading to earlier cracking and brittle cracking.
Radial cracks are more likely to occur first due to concentrated tensile stresses [48, 49]. The indenter
used for the hand-held tower is almost the same as one of the indenters for the QSI/impact tower, this
in order to be able to compare the results. The indenters are shown in Figures 4.5.

• Indenter hand-held tower: 12.7mm radius
• Indenter 1: 13mm radius
• Indenter 2: 6.5mm radius
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Figure 4.5: Indenter types: a) Hand held, b) Indenter 2, c) Indenter 3

4.2.3. Clamping system
The clamping system that was used is the same for the three types of impact tests, a 115x115 mm
square block. The block clamps the specimen with four screws, one at each corner. The clamp has a
cutout area of 90x90 mm. The impact was made exactly in the middle of the clamping system, being
45 mm away from the clamping edges. The choice for a rectangular clamping system compared to a
circular system was made because of the cold spray coating dimensions. A circular clamping system,
distributes the stresses more evenly over the specimen, but the circular clamp would havemore overlap
on the deposition surface, possibly damaging the cold spray deposition [50]. The rectangular clamp
has less overlap on the cold spray coating, resulting in more pressure on the substrate. To protect
the cold spraying deposition, two rubber plates are placed on the long ends of the substrate, where
the clamping system presses on the deposition; see Figure 4.6. The clamping system was also used
for the impact testing of the cowling. The cowling did start as a double curved coupon, however after
cutting the coupon, the stresses in the coupon changed and resulted in a nearly flat coupon. The same
clamping system as for the other coupons could thus be used for impact testing.

Figure 4.6: Clamping system

4.3. Data procession
4.3.1. Trial and error
The impact tests were done on a trial and error basis. Since there was no knowledge about the impact
range at which cracks start to appear in cold spray, multiple tests were performed before the damage
threshold was found. The threshold was found by starting at random amount of impact energy with
indenter 2. By analysing the coupon for damage, it could be concluded if the next coupon should have
a higher or lower impact energy in order to find the threshold. Only tests which were close to the
damage threshold are shown and explained in this research. For the CSHP coupons seven trial and
error tests had to be done before the threshold was found. For the MPAir deposition it took 10 tests, the
RepAir continued with the found crack threshold for MPAir, reducing the trial test to three. For the Gun
coupons no trial test had to be done as the testing started with the same impact ranges as RepAir in

Margot van Hecking Colenbrander
a)

Margot van Hecking Colenbrander
b)

Margot van Hecking Colenbrander
c)
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which the threshold for crack was found for the Gun coupons. Two Gun coupon tests had to be retaken
because the indenter did not hit on the right spot, the impact was made fully on the substrate resulting
in disapproved tests. The test specifications per coupon type are listed in the table 4.1 below. For a full
overview of the test data see Appendix, A.4, A.5. All the listed impact energies per coupon type were
tested only once.

Table 4.1: Coupon impact specifics

Coupon type Deposition #of coupons produced # of coupons analysed Impact engergies [J] Impact tower Indenter
CSHP - LVI Coating 12 6 0.5, 1, 2, 3, 4, 5 Hand held tower 1
CSHP - QSI Coating 6 5 0.5, 1.1, 2.4, 4, 5 QSI 2

MPAir Coating 14 4 100, 125, 140, 157 Impact tower 3
RepAir - Mid Repair 8 6 10, 20, 30, 40, 50, 100 Impact tower 3
RepAir - Side Repair 8 7 10, 20, 30, 40, 50, 100, 147 Impact tower 3
Gun - Mid Repair 6 5 10, 20, 40, 50, 100 Impact tower 3
Gun - Side Repair 6 5 20, 50, 65, 85, 100 Impact tower 3
Cowling Repair 4 3 20, 50, 100 Impact tower 3

4.3.2. QSI data analysis
For the QSI test the energy load on the coupon is calculated by integrating over the force-deflection
curve. This is not exactly equal to the impact energy, used for the impact towers. However, in this
research the energy loaded on the coupon at the peak force point will be called impact energy. This is
to simplify the system and compare it with the results of the impact towers. To compare the QSI with
LVI, the impact energies should be (close to) the same. Since the value of the impact energy of the
QSI can only be retrieved after the test is done, some trials were run, in order to find the right amount of
force and deflection leading to the required impact energy. The impact energy is found using Formula
4.3.

E =

∫ δ1

δ0

F (δ)dδ (4.3)

To account for the machine’s inherent-, compliance, and to isolate the true deformation form the elastic
deformation caused by the machine, a compliance test is conducted and used in the calculations. The
compliance values were calculated by running a test with the maximum force that was applied during
the experiment, 3500N. The indentation was done on a very thick metal plate that does not deflect upon
3500N. The compliance value is calculated as follows from the force versus deflection curve Formulas
4.4 and 4.5:

C = 1/k; k =
Fmax − Fmin

δmax − δmin
(4.4)

For every impact test, the deflection of the compliance test (matching the impact energy) is subtracted
from the deflection of the impact test on the CSHP sample. The compliance values are listed in Ap-
pendix A.2, Table A.1.

δ = δCSHP − (C ∗ Fmax) (4.5)

4.3.3. Energy absorption - Impact tower
The energy absorbed by the coupons is analysed using the kinetic energy of the indenter. During impact
testing, part of the energy impacted on the coupon is dissipated through damage, cracking, and plastic
deformation, the reminder is absorbed and released by other means like vibrations of the coupon due
to the kinetic energy and returned to the impactor. The impact energy calculated using Formula 4.1
is higher than the actual impact energy. During the drop of the indenter, energy was lost to the air
resistance and rolling resistance of the impact system. The kinetic energy going inwards the coupon
and outwards is calculated with the velocity of the indenter right before and after the impact, using
the data from the high-speed camera, as in Formula 4.5. The response of the coupon upon impact
is complex, a simplification of the impact has been made to compare the different coupons and their
behavior. As the rolling and air resistance of the indenter are small, it was assumed that all the kinetic
energy measured right before impact, is the impacting energy, the kinetic energy going in the coupon.
The kinetic energy loss of the indenter, the difference between Ekin and Ekout was assumed to be
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fully attributed to plastic deformation and cracking or other damage mechanisms of the coupon. The
absorbed energy is stated as the kinetic energy difference between the kinetic energy before impact
and kinetic energy of the indenter after impact [51]. The formulas used for the analysis of the kinetic
energy are shown below:

v =
s1 − s2
t1 − t2

(4.6)

Ek =
1

2
mv2 (4.7)

Ekabsorbed = Ekin − Ekout (4.8)

Ekabs =
1

2
m(vin − vout)

2 (4.9)

• v: Velocity of indenter
• vin: Velocity of indenter before impact
• vout: Velocity of indenter after impact
• s1: Distance between the indenter and coupon at location 1
• s2: Distance between the indenter and coupon at location 2
• t1: Time at location 1
• t2: Time at location 2
• m: Mass of indenter
• Ek: Kinetic energy
• Ekin: Kinetic energy indenter before impact
• Ekout: Kinetic energy indenter after impact
• Ekabsorbed: Amount of kinetic energy absorbed by the coupon

The pictures below, Figures 4.7 and 4.8 show the set-up of the impact tower and the two different
locations of the indenter used for analysis.

Figure 4.7: Location 1 indenter - high speed
camera.

Figure 4.8: Location 2 indenter - high speed
camera.

Percentage Absorbed Energy
The percentage absorbed energy from the kinetic energy right before impact is calculated using the
following formula:

%Ek =
Ekabs

Ekin
∗ 100% (4.10)
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before and after cutting are made with the Keyence. The dent width was also measured and noted
under a 30x magnification with the Keyence 1000x.

After taking pictures of the indent with the microscope, the coupons were cut with the Struers Secotom-
50. The coupons were cut in squares around the dent. The cut-outs range from 10x10mm to 30x35mm.
The cutout coupons were cleaned with Acetone for 10 minutes and dried. The coupons were analysed
from the top view with a Scanning Electron Microscope, SEM from JEOL (JSM-IT700HRLA), using both
backscatter and secondary electrons for the analysis. Backscattered Electrons (BSE), are the result of
an elastic collision of electrons with atoms in the sample and have high enough energies to penetrate
into the sample. They can provide valuable information on the crystallography and topography of the
sample. Secondary Electrons (SED) originate from the near-surface of the sample. They are the result
of inelastic collisions between primary electrons and the sample. Secondary electrons are valuable for
inspecting the topography and surface of the sample [53]. The coupons were also analysed from the
side, a cross section was made and inspected with the Keyence and SEM. The SEM was used to find
cracks, measure crack length and width, location of the cracks, and to distinguish interparticle from
transparticle cracking and transverse and radial cracks.

The coupons were cut close to the dent for the cross sectional view. The coupons are embedded,
ground and polished in order to highlight the microstructure; This process was carried out with the
Struers Tegramin-30, following the ‘Metal’ program with 5 different grinding and polishing sheets.

Crack type
Since cold spray deposition remains in solid state structure of the powder particles, interparticle and
transparticle cracking may occur. Interparticle cracks propagate along the particle bounderies, whereas
transparticle cracks grow through individual particles. The transparticular cracking mainly occurs due to
perpendicular loading, correlated to a high fracture toughness in the out-of-plane direction. Interparticle
cracking occurs mainly due to in-plane loading and occurs predominantly in the shear mode. This type
of crack requires less fracture energy however, it follows a longer crack path as the crack grows around
particles, making the crack energy threshold more equivalent [23]. The type of crack can be identified
through the fracture surface, as a smooth surface corresponds to an interparticle crack (brittle, black
arrow) and a rough fracture surface corresponds to a transparticle crack (ductile) having a cup and
cone type of ductile pattern on the particles (white arrows) [24]. The differences can be seen in Figure
2.10.

Cracks could also be designated based on their position relative to the shape of the indent and are
influenced by the type of stress. Radial cracks propagate outward from the central point of indent, like
the radius. The cracks move perpendicular to the loading surface and propagate away from the stress
point along with the stress waves. The impact waves cause radial strains in the material, pushing
the material outwards. Materials with low ductility tend to develop radial cracks when subjected to
impact, also thin coatings are more prone to radial cracks as the tensile stresses concentrate at a
point. Extensive milling could induce radial cracks as the residual stresses change from compressive
to tensile.

Tangential cracks run parallel or along the walls of the indent in ring-like or concentric circles. The
cracks occur due to stretching of the material around the dent, to accommodate the outward motion.
Tangential cracks are common in layered structured materials, as weak bonding strength could cause
delamination, tangential cracks also occur in thick coatings which undergo significant stress relief dur-
ing milling [54, 55]. Tangential cracks are divided in straight-tangential cracks and ring-like tangential
cracks for this research. The different type of cracks are visualized in Figure 4.9.
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Figure 4.9: Radial and Tangential cracks

4.4. Flowability
A rheometer and a laser diffraction analysis (LDA) were used to measure the flow and deformation be-
havior of the two different metal powders, AA2024 and AA1XXX. The rheometer test characterizes how
a material responds to applied forces and how it flows. The rheological properties help to optimize the
spraying conditions. Good flowability and compressibility ensure steady powder feed, proper particle
velocities, and uniform powder streams. The most important properties that were measured are the
following:

• Compressibility: How density changes upon applied normal stress. The higher percentage relates
to more densification under stress, forming denser deposition.

• Basic Flowability Energy (BFE): energy required to create a particular flow. If the flow in the cold
spray nozzle is not consistent, the powder will cause blockages/clogging and uneven depositions.
Lower BFE values mean an easier powder flow, less energy is needed to let the powder flow, and
thus is desirable.

• Flow Rate Index: The sensitivity of the powder to flow rate. Cohesive powders are more sensitive
to changes in the flow rate than noncohesive powders, mainly because of the high air content in
the cohesive powder. Higher flow rates attract more air, the air acts as a lubricant, reducing the
contact between particles, and allowing the powder to be more compressible. This reduces the
energy required for the flow, which improves the flowability.

The LDA measures the particle size distribution; in general larger particles reduce the critical velocity
required for bonding. However, excessively large particles may not be accelerated enough to achieve
the critical velocity. On the other hand, smaller particles plastically deform easier, resulting in higher
deposition efficiencies and less porosity. The following three parameters are used for the analysis:

• D[4,3] is the diameter of the volume weight, representing the average size.
• Dx(50) says that 50% of the particles are smaller than this size, the median particle size.
• The span describes the uniformity of the particle size. A value close to 1 means a narrow distri-
bution, the particle sizes do not differ much. A value 2 means a polydisperse distribution.



5
Results

In this section, the results of the experimental work done in this thesis are discussed. First, the bonding
of the deposition and substrate are shown and the different surface morphologies are outlined. Second,
the different thresholds are presented per coupon, followed by the characteristics of the cracks. The
section continues with the data analysis in which the absorbed energy is plotted and compared. The
flowability test results and the differences between the LVI and QSI tests are shown at last. Due to the
large amount of data and images, supplementary figures and data tables of the results are presented
in the appendices.

5.1. Deposition bonding
5.1.1. AA2024 deposition
The bonding interfaces between the substrate and the cold spray depositions of the CSHP and CSMP
coupons are shown in Figure 5.1 and 5.2. For the CSHP coupons, both the substrate and deposition
were composed of the AA2024 alloy, making it difficult to visually distinguish the interface. A thin
interfacial line was observed, with individual powder particles still lightly visible. Black regions appeared
within the deposition layer, suggesting the presence of porosity, which likely reduced the mechanical
properties of the coating. The average particle size in the CSHP deposition was measured to range
between 10 and 50 µm. In the case of the failed CSMP coupons, the deposition and substrate again
consisted of the same alloy, resulting in similarly low contrast between the two regions. Compared
to the CSHP samples, the particle boundaries in the CSMP coupons were even less distinguishable,
and the particle penetration depth could not be reliably determined. The substrate showed visible pink
regions, corresponding to copper-rich areas characteristic of the AA2024 alloy. Compared to CSHP,
the CSMP coupons exhibited fewer dark regions, indicating a lower porosity level. However, the lack
of clear distinction between the deposition and substrate made it difficult to assess the bonding quality
or the depth of impact from the sprayed particles. The particle size in the CSMP deposition ranged
from 25 to 50 µm. In cross-sectional microscopy images, the copper-rich regions appeared as pink or
dark specks. Notably, these were only present in the substrate material and not in the deposited layer,
further suggesting differences in particle formation and thermal history between the substrate and the
cold sprayed coating.

36
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Figure 5.1: Bonding quality, a) CSHP - 168x, b) CSMP - 168x

Figure 5.2: Bonding quality, a) CSHP - 336x, b) CSMP - 336x

5.1.2. AA1XXX deposition
For the MPAir coupons, the coating was clearly distinguishable from the substrate. The AA1XXX depo-
sition layer appeared with high contrast, and numerous dark inclusions —identified as aluminum oxide
(Al2O3) particles—were visible within the deposition, see Figure 5.3. These Al2O3 particles contributed
to the bonding process by impacting the substrate, breaking the oxide film, and promoting bonding
through localized plastic deformation. The particle penetration depth for the MPAir coupons was mea-
sured between 50 and 55 µm, highlighted in Figure 5.4. In the RepAir coupons, the penetration depth
was even greater, ranging from 63 to 75 µm. The first layers of deposited powder particles were still
visible, embedded into the substrate, indicating strong mechanical interlocking. The average particle
size for both the MPAir and RepAir coatings ranged from 5 to 20 µm. The Gun coupons also exhibited
a clear contrast between the deposition and the substrate. However, the particle penetration depth
was shallower, measured between 30 and 35 µm. This shallower penetration may correspond to a
weaker mechanical bond between the substrate and the deposition. The average particle size for the
Gun coupons was slightly larger, ranging from 10 to 25 µm.

Figure 5.3: Bonding quality, a) MPAir - 168x, b) RepAir - 168x, c) Gun - 168x
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Figure 5.4: Bonding quality, d)MPAir - 336x, e) RepAir - 336x , f) Gun - 336x

Table 5.1: Particle size

Coupon Datasheet Titomic µm After spraying µm
CSHP 5-30 10-50
CSMP 5-30 5-50
MPAir and RepAir 5-50 5-25
Gun 5-50 10-25

Following the data retrieved from the powder supplier Titomic, it can be seen that the CSHP and CSMP
particle size are larger after spraying. The particles flatten due to plastic deformation during the bonding
process [56].

5.2. Surface analysis
The deposition surface was analysed with the SEM to exam the quality of the bonding between the
particles. Particles in crack openings were analysed and a characteristic features was observed. A
dimple pattern of ductile fracture is also observed at the surface of the particles in the MPAir coupon,
see the red arrows in Figure 5.5, suggesting a bounce back of particles, as the particle were not able
to bond [24].

Figure 5.5: Surface morphology of disrupted particle-particle interface of MPAir coupon (157J), a) 700x, b) 800x

Comparative analysis of the coating surfaces revealed notable differences among the CSHP, CSMP,
and MPAir coupons. The CSHP coating, Figure 5.6a, exhibited a loosely packed particle structure
with minimal interparticle bonding. The particles appeared to sit freely on top of each other, indicating
weak cohesion and suggesting poor bonding quality. In contrast, the CSMP coupons, (Figure 5.8a)
showed a highly dense and compact surface structure. The deposited particles formed fine, splash-
like morphologies with little to no visible spacing between them. While this dense structure suggested
improved bonding, it was actually a consequence of very low deposition efficiency (approximately 1%).
The critical velocity required for particle bonding was not reached for most particles in the CSMP case.
As a result, the majority of the particles did not bond but instead impacted previously bonded particles.
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This caused additional plastic deformation of the bonded particles, leading to the dense appearance.
For the MPAir and other AA1XXX-based coupons, Figure 5.7, the individual particles remained clearly
visible in the non-milled surfaces. In milled samples, directional scratches were visible, corresponding
to the milling path. The dark inclusions observed in the surface were attributed to aluminum oxide
(Al2O3) particles, while the white features corresponded to precipitates in the AA1XXX alloy. In the
substrate material, AA2024, copper-rich precipitates were visible as distinct white or dark specks.

Figure 5.6: Surface morphology CSHP, a) natural - 200x, b) milled, 200x

Figure 5.7: Surface morphology AA1XXX, a) natural - 120x, b) milled - 200x

Figure 5.8: Surface morphology: a) CSMP - 120x, b) substrate AA2024 - 200x

Figure 5.9 presents a side-view of a RepAir coupon. In this image, the distinction between the deposi-
tion and the substrate was clearly visible. Al2O3 particles appeared as dark inclusions (red arrow), and
copper precipitates in the substrate were identifiable as the white particles (green arrow). Al2O3 particle
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accumulation was observed slightly into the substrate (blue arrow). This is attributed to the grit-blast
process conducted prior to deposition, during which Al2O3 particles impacted the surface to create the
necessary roughness. While the goal was to erode the substrate surface to form peaks and valleys, in
some cases the Al2O3 particles became embedded instead of being expelled. The embedment of the
grit (Al2O3), used during the surface preparation is commonly observed in soft metal substrates, so
this phenomenon is not surprising.

Figure 5.9: Cross section RepAir bond - 700x

5.3. Thresholds
5.3.1. Cracks
CSHP - Coating
Impact testing for the CSHP testing was done with the hand-held tower and the quasi static indentation
test in the range from 0-5J of impact, using an indenter radius of 12.7 mm and 13 mm respectively.

The indents are shown in 5.10 and 5.11 for each impact energy, the cracks are pointed out by the red
arrows. For the hand-held tower coupons, cracks were visible with the naked eye for 4J and 5J, for the
QSI test a crack is visible only for the 4J of impact with the SEM also for 5J of impact. Examination of
the coupons with the SEM found cracks for the hand-held impact test for 2J, 3J, 4J and 5J. The cracks in
the coupons have a three split configuration as seen in Figure 5.12 The cracks come together in an area
that has not been hit by the indenter. As can be seen in the SEM pictures, no milling or post-treatment
has been done to the CSHP coupons. This results in a height difference over the deposition. Upon
impact, not the whole region underneath the indenter has been hit and ‘flattened’, the lower layers of
the deposition were not hit and kept their characteristic powder particle geometry, highlighted in Figure
5.12. For the 4J of impact, no cracks are visible in Figure 5.10, however the severity of the crack broke
the coupon into two pieces along the right side, pointed out with the arrow. The crack lengths present
in the hand-held coupon range between 2.8mm and 4mm.

For the QSI test, almost the same impact energies have been tested as for the hand-held tower, 0.5J,
1.1J, 2.3J, 4J and 5J. The QSI test impacted less surface compared to the hand-held impact test. Less
particles were flattened as can be seen in Figure 5.11. However the dent width is bigger, leaving a
wider but less uniform mark of indent. The average crack size of 4J and 5J are 3 mm and 3.5 mm
respectively.

The hand-held impact tower showed a slightly lower crack threshold 1J-2J compared to the QSI, 2.3-4J.
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Figure 5.10: LVI impact dents per impact joule - 30x

Figure 5.11: QSI impact dents per impact joule - 30x
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Figure 5.12: Cracks in LVI coupons - 200x

Repair Areas
The MPAir, RepAir Mid, Gun Mid and Cowling coupons have been impacted fully on the cold spray
deposition (coating or repair). For the RepAir Side and Gun Side coupons, the impact is partially on
the substrate. The different areas for the different coupons are visualized below in Figure 5.13.
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Figure 5.13: Surface of coupons 33x SEM a) MPAir, b) RepAir Mid, c) RepAir Side, d) Gun Mid, e) Gun Side, f) Cowling

MPAir 100-125J - Coating
The impact test of the MPAir coating coupons was performed with a different indenter diameter (6.5mm)
compared to the CSHP coupons, since the crack threshold could not be reached with the impact tower
and the wider indenter, 13mm. The threshold for cracks in the coating was found between 100J and
125J of impact. A radial crack (around 1880 µm) was visible with the naked eye for 125J of impact,
while no cracks could be seen for the 100J impact, neither with the naked eye or SEM. The dents are
visualized in the Figure below at a magnification 30, Figure 5.14, the cracks of several coupons are
highlighted in Figure 5.15.
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Figure 5.14: MPAir coupons after impact - 30x

Figure 5.15: MPAir coupons after impact SEM - 200x

The 140J and 157J impact resulted in both radial cracks and ring-like tangential cracks in the sides on
the dent. Radial cracks of at least 3000 µm are visible with the eye for both 140J and 157J. The ring-like
cracks are seen in both the lowest part of the indent, which is the first part hit by the indenter and still
having a horizontal surface, as well as in the ‘walls’ of the indent, being vertical sides due to the plastic
deformation. Some of the cracks in the wall grew all the way up outside the dent itself, transforming
into radial cracks. Figure 5.16 shows the regions of the horizontal parts and the walls.
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Figure 5.16: Regions in dent - 20x

RepAir middle indent - Repair
For the RepAir middle indentation, the impact range is between 10J and 100J. The threshold for cracks
is between 10J-20J. The 100J impact showed an almost full ring-like crack outside the dent, with some
radial cracks attached, and a two small ring-like (tangential) cracks in the walls of the indent. All visible
with the naked eye, see Figure 5.17. The 50J coupon showed a mixture of tangential and radial cracks,
mainly on the edge and outside the dent, visible with the naked eye. The 40J impact coupon showed
four radial cracks, leading over the edge of the indent, with an average length of 250 µm, only visible
with the SEM. The 30J did not show any cracks with the SEM, Figure 5.18. However, the 20J coupon
did show cracks with the SEM. A small radial crack of 260 µm is visible on the side of the dent. The
10J did not show any cracks with the SEM.

Figure 5.17: RepAir Mid coupons after impact - 30x
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Figure 5.18: RepAir Mid coupons after impact - 200x

RepAir side indent - Repair
The impact range testing for the repaired coupons, coupon type 3, with an impact location at the side
of the repair, started at the same range as for the MPAir coupons. The 147J impact penetrated the
repair and substrate fully. Decreasing the impact energy from 100J to 10J showed that the threshold
for cracks is between 20J and 30J. Only for the 100J impact energy cracks were visible with the naked
eye, again ring-like tangential cracks in the dent wall were visible and two radial cracks which are
connecting with each other outside the dent, see Figure 5.19. Both ends of the radial crack and the
ring crack were located in the repair.

With 50J, 40J and 30J of impact, cracks were visible with the SEM, the cracks appeared on the outer
region of the impact with a length between 300-350 µm, in the substrate material, see Figure 5.20. Most
cracks were located just outside the dent, in the substrate material, while a few cracks are present in of
the dent, in the substrate, Figure 5.20 shows the different regions. Interestingly, no cracks were visible
in the dent region of the repair.

Figure 5.19: RepAir Side coupons after impact - 30x
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Figure 5.20: RepAir Side coupons after impact - 200x

Gun middle indent - Repair
The impact testing range for coupon type 4, with an indent in the center of the repair was 10J, 20J,
40J, 50J and 100J. Big cracks were visible with the eye for the 50J and 100J (around 3200 µm), one
small radial crack was visible with the eye for both the 20J and 40J coupons (around 1600 µm), Figure
5.21. The 100J impact energy resulted in long radial cracks, one large ring-like crack in the wall and
a few small ring-like cracks in the wall. The 50J showed two large radial cracks, connecting with each
other and transforming into multiple cracks. The 40J showed multiple radial cracks in the side of the
indent of around 1000µm, starting inside the dent, going outwards in the non-impact direction. For the
20J impact, one big crack of 1600 µm, and multiple smaller ones around 260µm were visible. The
10J coupon only showed several small cracks, < 127 µm, this is below the minimal crack length, so
could not be called a crack. The threshold for cracks is between 10J and 20J for the Gun middle indent
coupon, as can be seen from Figure 5.22.

Figure 5.21: Gun Mid coupons after impact - 30x
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Figure 5.22: Gun Mid coupons after impact - 200x

Gun side indent - Repair
The impact energy levels of 20J, 50J, 65J, 85J and 100J were tested for the Gunmiddle indent coupons.
The 85J and 100J showed big cracks visible with the eye (3200 µm), located in the repair, see Figure
5.23. The 100J had one severe radial crack and one tangential crack, along with a big ring-like tangen-
tial crack in the wall. The 85J coupon had two severe radial cracks, and one ring-like crack in the dent
wall. Both the 20J, 50J and 65J impact did not show any cracks with the eye and SEM. The threshold
for cracks on the fourth coupon is between 65J and 85J, corresponding with the threshold for visible
cracks with the eye. Figure 5.24 shows the different areas without cracks for the other coupons.

Figure 5.23: Gun Side coupons after impact - 30x
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Figure 5.24: Gun Side coupons after impact - 200x

Cowling - Repair
Three pieces of cowling were impacted test with 20J, 50J and 100J. The 100J impact showed severe
cracks visible with the eye; A large radial crack at the side of the indent and one large radial crack
through the center of the indent (both around 2700 µm), Figure 5.25. The 50J showed very small
cracks < 127µm, which is below the minimal crack length. These cracks were visible within the milling
lines. For the 20J of impact, multiple cracks were visible ranging up to 1000µm in length. Both radial
and straight tangential cracks are seen around the edges of the indent, Figure 5.26. The crack threshold
for the Cowling is difficult to determine since the 50J of impact did not result in cracks. Since multiple
cracks are seen for the 20J of impact, the threshold for cracks in the Cowling is set between 0J-20J.

Figure 5.25: Cowling coupons after impact - 30x
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Figure 5.26: Cowling coupons after impact - 200x

Thresholds
The crack thresholds of all coupons are plotted in the graph below Figure 5.40. MPAir showed the
highest crack threshold, followed by the Gun Side indent. The RepAir mid, side and Gun mid indent
have the same crack threshold, closely followed by the Cowling threshold. The CSHP has a lower
crack threshold which could be determined more precisely.

Figure 5.27: Crack Threshold
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Type of crack
Within all the cracks, interparticle cracking is observed. However, it could not be examined for all the
cracks if transparticle cracking occurred. The SEM analysis is difficult because of the height difference
in the coupons. For the CSHP and MPAir coupons, it looks like transparticle cracking is observed,
for an impact energy of 4J and 140J, respectively. Figure 5.28 shows the two cracks that are mainly
interparticle, but the red arrows point out the two sides of a crack that might look like transparticle. The
cup and cone surface is visible on the surface of the particles, indicating transparticle cracking following
research of Bae et al. [24].

Figure 5.28: Crack in deposition a)Transparticle crack CSHP - LVI 4J coupon - 200x, b) Transparticle crack in MPAir 140J -
950x

5.3.2. Delamination
CSHP
Delamination between the substrate and deposition did occur for the CSHP coupons, however, not for
all of them. Some coupons were shown to have some delamination due to impact; other depositions
were completely removed during the cutting process. It was noticed that for the CSHP coupons, no
pre-treatment/surface roughening was done on the substrate, resulting in a weaker bond between
deposition and substrate. Delamination due to impact occurred for 4J and 5J of LVI coupons, while for
the QSI test delamination only occurred for 4J of impact. Delamination of the 4J LVI test is shown in
Figure 5.29. Thus, the threshold for delamination for the CSHP coupons is between 3J and 4J.

Figure 5.29: Delamination deposition in CSHP 4J (LVI) - 100x
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MPAir
Delamination for the MPAir coating coupons is observed after impact, see Figure 5.30. The delamina-
tion occurred within the dent itself. A cross-section view was made to visualize this. The pictures in
Figure 5.37 show clear delamination for the 125J and 140J of impact, 2.4 mm and 1.2 mm respectively.
For 100J of impact no delamination was seen, so the threshold lies between 100J-125J. The delam-
ination does not occur throughout the whole deposition, the delamination occurs mainly in the most
deformed parts of the dent.

Figure 5.30: Delamination in MPAir coupons - 30x

The two Figures in 5.31 below are zoomed in on the red circles of Figure 5.30 of the a) 140J and b)
125J, highlighting delamination between substrate and deposition.

Figure 5.31: Delamination in MPAir coupons a) 140J impact, b) 125J impact - 168x

RepAir
For the RepAir Mid indent no delamination is observed at 100J of impact, this is the highest impact
energy applied; however, it can not be excluded that no delamination will happen at higher impact
energies, Figure 5.32. The RepAir Side indent showed delamination for 147J of impact, the indenter
has penetrated the coupon fully, leaving severe damage as well as delamination. For the 100J of
impact, no delamination is observed in the side view. The 147J of impact coupon is not presented
since no clear picture could be made of the coupon. The coupon underwent such severe damage that
it was impossible to cut and embed the right part in order to visualize the cracks and delamination.

Figure 5.32: RepAir Mid and Side cross section - 30x



5.3. Thresholds 53

Gun
The Gun Mid indent showed delamination for the 100J of impact but not for the 50J of impact. The
delamination length is around 3066 µm on both sides of the indent, see Figures 5.33 and 5.34. The
Gun Side indent showed delamination for 100J and 85J of impact, with a length of approximately 1817
µm for the 100J. Delamination of the 85J coupon could be observed by analyzing the top surface, which
has a length of approximately 3000µm. Figure 5.35 shows the 100J and 65J coupons and Figure 5.36
zooms in on the delamination side of the 100J coupon.

Figure 5.33: Delamination in Gun Mid coupon - 30x

Figure 5.34: Delamination in Gun Mid coupon - 168x

Figure 5.35: Delamination in Gun Side coupon - 30x
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Figure 5.36: Delamination in Gun Side coupon - 168x

Cowling
Due to the complex geometry of the cowling, an analysis of the delamination could not be made. One
cowling piece was cut in smaller pieces for microscopy analysis. However, the original cowling had a
contour shape (unlike a flat plate), and sectioning relieved some of the residual stresses present within
the cowling itself. This release of residual stresses resulted in a drastic change of shape, subsequently
damaging the applied cold spray deposition and making the coupon unusable for this research. For
this reason the choice was made to not further cut the cowling coupons, in order to not take the risk to
damage the coupons which could lead to cracks or delamination. No range is found for the delamination
for the coupon types.

Thresholds
The delamination thresholds are summarized in the graph below, Figure 5.37. The RepAir mid and side
indent are in line with the MPAir delamination threshold. Both Gun coupons have a lower delamination
threshold and the CSHP a significant lower threshold.

Figure 5.37: Delamination Threshold
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Deposition
The delamination described above are all separations of the deposition from the substrate. However,
it should be noted that, in one instance, delamintion of deposition layers is noted, Figure 5.38. RepAir
Mid indent shows delamination for the 50J of impact, the deposition is split in two on the left side of the
deposition. The interface of the crack has a high content of aluminium oxide particles, which enhances
the brittle behavior.

Figure 5.38: Delamination within deposition - 30x

5.3.3. Barely visible impact damage
For cold spray repairs BVID does not apply (for impact testing) since the dent due to impact is always
visible. In composite, BVID applies when there is no/barely visible damage on the surface, but there
is internally. The plastic deformation observed on the surface reveals underlying internal damage.
However, the severity of plastic deformation and presence of visible cracks do not align with the internal
damage and the damage to the substrate. For two of the five tested coupon types, cracking of the
substrate, ’back cracks’ occurs before cracks are visible with the naked eye on the cold spray deposition.
The presence and severity of back cracking in the different coupons will be analysed below.

CSHP
For the CSHP coupons no back cracking is seen for either the LVI and QSI coupons.

MPAir
Observing the back side of the coupons, all the coupons (100-157J) show cracks in the substrate, so
also for the 100J of impact for which no cracks are seen in the coating, the substrate does show four-
split cracks. The 125J, 140J and 157J all show a four-split crack with an increasing degree of material
that has been pushed out.
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Figure 5.39: Four-split crack in the back of substrate MPAir 140J

RepAir middle indent
The back of the coupons show cracks for the 50J and 100J impact, as for the lower impact energies,
only severe plastic deformation is seen. The 100J impact shows a four-split crack with shear plugging.
For 50J of impact, a four-split crack is seen.

RepAir side indent
Cracks at the backside of the coupon are only visible for the 100J and 147J of impact, as mentioned,
the 147J impact resulted in full penetration and the 100J of impact shows a four-split crack.

Gun middle indent
For the Gun Mid - type 4 coupons, only 100J shows back cracking, a four-split crack. The 50J does
not show cracking on the back of the substrate.

Gun side indent
For the side impact the back crack is seen for the 65J, 85J, and 100J of impact. For all a four-split
crack is seen.

Cowling
The back side of the Cowling only shows cracks for the 100J of impact, the cracks do show a charac-
teristic four-split as for the other coupons but the cracks grow in multiple directions.

Thresholds
The back crack threshold is plotted in Figure 5.40 together with the threshold for visible cracks with the
naked eye. Following the graph, the back cracking did not occur particularly before or after cracks are
visible at the surface with the naked eye.
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Figure 5.40: Visible crack and back crack threshold

The geometry of the back cracking is characteristic, the cross-section area shows this, Figure 5.41.
The angle of the cracks appears approximately between 13-25◦ from the vertical line, parallel to the
line of impact.

Figure 5.41: Shear plug failure angle - 30x

The longest crack length of the the four-split crack are listed below per coupon type and impact energy
in Table 5.2. The values on the right side are the back crack lengths of the reference plate AA2024. No
data is present for the AA2024 50J coupon, because no back cracking is observed. As can be seen in
the table, the substrates acts differently according to the length of the back crack compared to impact
subjected to the reference plate. Adding a cold spray coating on top of the substrate (MPAir) decreases
the back crack length. As for the RepAir, Gun and Cowling coupons, the back crack length increases.

The crack lengths were measured using the software of the Keyence 1000, despite using the measure-
ments software, errors could potential be there. These include parallax errors due to the viewing angle,
limited resolution of the measuring tool and human estimation when crack boundaries were not clearly
defined. Additionally, variations in lighting and surface conditions may have affected the visibility and
extent of the cracks. As a results, small discrepancies of 0.1mm in the measured lengths are expected.

Margot van Hecking Colenbrander

Margot van Hecking Colenbrander
1mm
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To minimize the uncertainty, all measurements were taken using the same method. Nonetheless, the
recorded values should be interpreted with an awareness of the inherent measurement limitations.

Table 5.2: Back cracking coupons

Coupon Crack length [mm] Reference plate [mm]
MPAir 157J 14.2 15.3
MPAir - 140J 12.8 12.8
MPAir - 125J 10.2 13.2
MPAir - 100J 6.8 9.11

RepAir Mid - 100J 11.8 9.11
RepAir Mid - 50J 8.6 0
RepAir Side - 147J 16.9 13
RepAir Side- 100J 8.7 9.11
Gun Mid - 100J 12.6 9.11
Gun Side - 100J 10.7 9.11
Gun Side -85J 9.02 7.8
Gun Side - 65J 6.5 4.1
Cowling - 100J 10.4 9.11

5.4. Impact behavior: Data-driven perspective
5.4.1. Dent width and depth
The data retrieved from the QSI and LVI tests conducted on coupon type 1 were evaluated separately
from the other coupons due to their significantly lower impact energy values. Figure 5.42 shows the
results of the CSHP impact tests. When comparing the QSI and LVI tests to the reference AA2024
plate, both impact methods resulted in reduced dent depths, yet displayed greater dent widths. This
indicates that plastic deformation primarily occurred laterally, in the direction of shock wave propagation.
While the LVI and reference AA2024 samples showed a relatively linear width-depth relationship, the
QSI test results exhibited greater variability, lacking consistent linear behavior.
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Figure 5.42: CSHP coupons: Impact energy vs a) Dent depth, b) Dent width

Figure 5.43 presents the dent depth and width data for the remaining coupon types. The overall trend
reveals consistent behavior between depth and width for each coupon type, particularly at higher impact
energies. At impact energies exceeding 40J, the measurements showed more linearity and similarity
between samples. Among all tested configurations, the RepAir middle indent coupon exhibited the
highest dent depth and width, followed closely by the Gun middle indent and the RepAir side indent.
Although the Gun side indent results varied, they remained within range of the Gun middle and Re-
pAir side indent results. In terms of dent width, the Gun side indent fell slightly below these values
and aligned more closely with the reference AA2024 plate. The MPAir coupons consistently exhibited
the lowest dent depths and widths, in some cases even lower than the reference material, indicating
increased impact resistance. The Cowling samples displayed a unique trend: while their dent depths
remained low and consistent with the overall pattern, their dent widths ranked second highest after
the RepAir middle indent, suggesting a material or geometric influence affecting lateral deformation
behavior. These findings underscore the variation in deformation behavior across cold spray repair
configurations.

Margot van Hecking Colenbrander
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Figure 5.43: Coupons 2-5: Impact energy vs a) Dent depth, b) Dent width

5.4.2. Absorbed energy
The absorbed energy for the QSI and LVI tests on coupon type 1 was similar and closely aligned with
that of the reference AA2024 plate, shown in Figure 5.44.

However, at an impact energy of 5J, the hand-held tower test showed a significantly higher absorbed
energy. causing a higher difference in the pre- and post impact velocity, 0.6m/s for the 5J of impact,
compared to the 0.3–0.4 m/s differences observed for the other impact energies. The percentage
absorbed energy is not significantly higher than the other values, the value is very close to the reference
coupon AA. The dent depth and width are also not significantly higher. The 5J coupon did showmultiple
cracks, which could be the primary reason for the high amount of absorbed energy, the energy does not
dissipated more into plastic deformation but may contribute to the more crack initiation and propagation.

For both the LVI and AA reference plate, the 0.5J of impact had almost 100% absorbed energy, caus-
ing a minimal bounce back of the indenter. A very little bounce back was observed with the high-
speed camera for the LVI 0.5J coupon. The AA reference plate did not have any visible bounce back.
When examining the percentage of energy absorbed, the LVI and reference coupons again displayed
comparable values, while the QSI tests showed a more linear trend but consistently lower absorption
percentages.

Margot van Hecking Colenbrander
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Figure 5.44: CSHP coupons: Impact energy vs a) absorbed energy, b) percentage absorbed energy

Overall, all cold sprayed coupons absorbed more energy than the reference AA2024 coupon, see
Figure 5.45a. This trend is consistent with the mechanical properties of AA1XXX, which is softer, more
ductile, and possesses higher fracture toughness compared to AA2024. These characteristics enable
AA1XXX depositions to undergo more deformation and absorb more energy before failure, whereas
the more brittle AA2024 substrate absorbs less.
Among the tested coupons, the MPAir configuration absorbed the most energy, which also has the
highest impact energies tested. The values were slightly higher than the other coupons and may also
be partially attributed to its greater overall coupon thickness. For the RepAir coupons, the absorbed
energy was nearly identical for both middle and side indent locations, with slightly lower values recorded
for the side indent. Since side indent impacts partially contact the substrate, they absorb slightly less
energy. The Gun middle and side indent coupons exhibited nearly identical absorbed energy levels,
both closely matching the reference AA2024 coupon. Cowling coupons followed this trend as well, with
energy absorption values falling just below those of the RepAir and Gun coupons. Interestingly, both
RepAir and Gun coupons exhibited elevated absorbed energy values at an impact energy of 30J. This
peak was particularly noticeable in contrast to the 40J and 50 J impact levels.
Figure 5.45b displays the percentage of energy absorbed relative to impact energy. A wide spread
in results was observed, especially for lower impact energies (<100J), where absorption percentages
varied significantly. This variability made it difficult to identify a clear trend line. Notably, for the RepAir
type 3 coupons, both mid and side indentations demonstrated higher absorption percentages at 30J
compared to 40J and 50J, whereas the Gun coupons exhibited a more linear absorption behavior
across increasing impact energies. These results suggest that localized material behavior, geometry,
and interaction between the deposition and substrate significantly influence how energy is absorbed
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during impact across different cold spray repair strategies.

Figure 5.45: 2-5 coupons: Impact energy vs a) absorbed energy, b) percentage absorbed energy

Impact velocity
The velocity of the impact right before impact is plotted in the graph below, Figure 5.46, the velocity
increases nearly linear. The velocity increases with impact energy for every coupon.

Margot van Hecking Colenbrander
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Figure 5.46: Impact energy vs velocity before impact per coupon

5.5. Normalization
The results from the four different graphs, dent depth and width, absorbed energy and percentage
absorbed energy are normalized by the coupon thickness, in order to compare the data results accord-
ingly.

5.5.1. CSHP
The absorbed energy values are normalized over the thickness for a better analysis with the reference
plate AA2024 and plotted in Figure 5.47. The normalized values of LVI and QSI compared to the
reference plate stayed nearly the same, the values are slightly increased compared to the normal
values. Two values changed significantly, the dent depth for the 2J LVI impact, the depth surpasses
the depth of the reference plate. The absorbed energy also increased significantly for the 1.1J of QSI
test, again surpassing the reference plate.

Margot van Hecking Colenbrander
CSHP
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Figure 5.47: Normalized (over thickness) graphs CSHP a) Dent depth, b) Dent width, c) Absorbed Energy, d) Percentage
Absorbed Energy.
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5.5.2. Coupons 2-5
Normalization of the test results for dent depth, dent width, absorbed energy, and percentage of ab-
sorbed energy are shown in Figure 5.48 and revealed notable deviations from the trends observed in
the absolute values. In the case of dent depth, the Cowling coupon values shifted upward on the graph,
indicating the highest normalized dent depth among all coupons. This can be attributed to the Cowling’s
relatively low thickness; although its absolute dent depth was moderate, the thinner structure resulted
in a higher normalized value. Conversely, the MPAir coupons, which have the greatest thickness and
comparatively low absolute dent depth, demonstrated significantly lower normalized values—falling
even below those of the reference AA2024 plate. A similar pattern was observed for the normalized
dent width and percentage of absorbed energy. The Cowling values increased substantially in both
metrics, reinforcing the influence of coupon thickness on normalized deformation behavior. On the
other hand, the MPAir coupons again displayed a reduction in normalized values, dropping below the
reference plate. Despite these shifts, the overall trend lines for the other coupons remained consistent
with the non-normalized data, indicating reliable behavior across most configurations. For absorbed
energy, normalization also caused the Cowling coupon values to rise. While the MPAir values did not
fall below the reference plate in this category, their normalized trend became non-linear. Nonetheless,
they remained in the upper region of the graph, suggesting that the ductile nature of the coating still
enabled it to absorb considerable energy relative to its thickness.
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Figure 5.48: Normalized (over thickness) graphs coupons 2-5 a) Dent depth, b) Dent width, c) Absorbed Energy, d)
Percentage Absorbed Energy.
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The cowling absorbs the most amount of energy, mainly in the form of plastic deformation (dent depth
and width). The RepAir mid and Gun mid absorb more energy compared to their side indents, in which
the impact is partially on the substrate. The MPAir coating absorbs the least amount of energy.

5.6. Flowability
5.6.1. Rheometer
The results on the Rheometer test are listed in the Table below, 5.3.

Table 5.3: Rheometer Analysis

Parameter AA2024 AA1XXX
Compressability 3.83% 21.9%
BFE 211 mJ 129mJ
Flow Rate Index 1.3 1.57

The AA1XXX has a higher compressibility, which means the powder is more prone to deform and
densify under stress. The BFE value is lower for AA1XXX, meaning there is less resistance to the
particle flow. The FRI is higher for the AA1XXX, reducing the interparticle contact, also allowing the
particles to compress more. For detailed results of the Rheometer analysis, see A.1, A.2, A.2 and A.3
in Appendix A.3.

5.6.2. LDA
The particle size distribution of the two cold spray powder is measured with the LDA. The results of the
flowability test of AA2024 and AA1XXX are listed in Table 5.4. The full results are shown in Table A.4
in the Appendix A.3.

Table 5.4: LDA Analysis

Parameter AA2024 AA1XXX
D[4,3] 31.2 µm 17.2 µm
Span 1.088 µm 13.1 µm
Dx (50) 19.8 µm 7.68 µm

The AA2024 had an overall larger particle size and a more uniform distribution, compared to the
AA1XXX. The AA1XXX powder caused some difficulties during the test, the powder was shown to
agglomerate during the test and had some difficulties entering the feeder. The original and measured
particle size is shown in Table 5.5.

Table 5.5: Particle size

Powder Datasheet Titomic D[4,3]
AA2024 5-30 µm 31.2 µm
AA1XXX 5-50 µm 17.2 µm

Comparing the particle size distribution from the LDA with the particle size which is on the datasheet of
the powder delivery, the AA2024 particles are slightly larger than they should be. As the D[4,3] value is
the average, particles are larger than this value. For the AA1XXX the D[4,3] value is within the particle
size range of the expected particle size.

5.7. Model dent depth
The Johnson-Cook model is used to predict the yield strength value, using the material parameters
presented in [19]. See Appenix A.4.6 for the exact values. The yield strength calculated with Formula
2.2 is 138.15MPa. This value is used in optimizing the dent depth. The results of the dent depth
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Figure 5.49: Depth prediction vs measured depth CSHP

model following Formula 4.11 and optimizing the value for k are shown in the graphs below. The
fitting parameter is optimized for every coupon type separately. The outcomes of the optimization are
visualized in Figures 5.49, 5.50, 5.51 and 5.52. A full overview is given in the Appendix A.4.1, Table
A.6.

Figure 5.50: Depth prediction vs measured depth a) MPAir, b) RepAir mid indent

Figure 5.51: Depth prediction vs measured depth c) RepAir side indent, b) Gun mid indent

Figure 5.52: Depth prediction vs measured depth a) Gun side indent, b) Cowling
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The dent depth model developed for hail impact on metal plates aligns closely with the experimental
data for certain cold spray coupons, particularly the Gun side indent, CSHP, RepAir, and Gunmid indent
samples, which are near the fitting line. However, other samples, including the MPAir, RepAir side, and
cowling coupons, deviate significantly from the expected fit. While the fitting parameters, as shown in
Table 5.6, exhibit some similarities, the variations remain substantial, indicating inconsistencies in the
model’s applicability across different cold spray configurations.

Table 5.6: Fitting parameter k

Coupon type k value
CSHP 51.78
MPAir 7.62
RepAir mid 7.9
RepAir sid 6.62
Gun Mid 8.6
Gun side 8.06
Cowling 13.3

5.8. Quasi static indentation test
Two distinct energy regions can be derived from the force-deflection curves by integration: one corre-
sponding to the total impact energy, and the other to the absorbed energy. The total impact energy is
represented by the entire area under the upward curve of the graph (loading phase), as seen in Fig-
ure 5.54. The absorbed energy equals the area between the upward and downward curves, as shown
in Figure 5.53. The test begins at zero force (F = 0) and zero time (t = 0) at point P1. From this
point, the force increases gradually, and all curves initially follow a steep linear slope—referred to as
the upward line—indicating elastic deformation of the coupon. For the 2.3J, 4J, and 5 J impact energy
coupons, the curve transitions from linear to non-linear, which marks the onset of plastic deformation.
In the 4J curve, a noticeable kink or drop is observed in the upward slope. This irregularity likely cor-
responds to internal failure mechanisms such as delamination or crack propagation. In fact, post-test
inspection revealed a large crack on the left side of the 4J coupon, supporting the hypothesis that the
kink represents sudden energy release due to damage initiation. As the force reaches its peak, the
curve plateaus at a maximum value before transitioning into the downward slope—representing the
unloading phase—as the indenter retracts. The downward line ends when the indenter is no longer
in contact with the specimen, returning to F = 0 at point P2. The slope of the downward curve is
consistently lower than that of the upward curve, signifying energy dissipation within the material. The
distance between P1 and P2 on the x-axis (deflection) indicates permanent plastic deformation; this
residual deflection represents the final dent depth left in the coupon after impact. These features are
visualized and labeled in the force-deflection curve corresponding to the 5J impact case in Figure 5.53.
This representation clearly outlines the elastic and plastic regions, energy absorption behavior, and me-
chanical response characteristics relevant to different failure modes observed in the tested coupons.

Figure 5.53: Coupon 1 Force Deflection curve
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Figure 5.54: Coupon 1 Force Deflection curve - peak value



6
Discussion

This section discusses the outcome of the experimental work and compares the results of the different
coupons. Phenomena occurring within the coupons due to impact testing are discussed and related to
the found literature.

6.1. Deposition
6.1.1. Deposition quality cold spray AA2024
The substrate and deposition material is the same for the CSHP and CSMP coupons, however, the
presence of the copper precipitates is substantially lower in both the depositions. This could be due
to the spraying characteristics of cold spraying process. The process does not involve melting of the
deposition material; the feedstock powder remains in solid solution, which suppresses the formation
of intermetallic precipitation, resulting in finer and more dispersed copper precipitates, making them
invisible or indistinct under optical microscopy. In thermal spraying processes, in which the feedstock
material melts, the copper precipitates can dissolve into the matrix and diffuse. The intermetallic for-
mation and coarsening of the material make the copper precipitates visible with the microscope. If no
thermal exposure occurs, the particles remain in their as-sprayed state, which is typically free of large
intermetallic precipitates [57, 58].

6.2. Crack threshold
6.2.1. CSHP coupons
The CSHP coupons, manufactured by Titomic with the high-pressure cold spray system have a signifi-
cantly lower crack and delamination threshold compared to all the other coupons. No surface treatment
on the substrate is was performed, which played an important role in the quality of the bonding between
substrate and deposition. Having a smooth substrate surface weakens the bonding between the cold
spray particles and substrate, resulting in failure of the coupon. Secondly, pores are observed in the
CSHP coating from the side view. Pores act as stress concentrators, initiating microcracks. Pores also
reduce the amount of deposition material in the coating itself, less material results in a lower tensile
and compressive strength. Pores along the interface of the substrate and deposition can also induce
delamination between substrate and coating. Lastly, the coupons were not milled before impact testing
was done. The very thin layer of deposition, in combination with the weak bonding did not allow for
milling to be completed. On one CSHP coupon, the deposit delaminated during milling steps, leaving
behind very little of the previously sprayed deposition. As explained in section 3.2.4 Milling, milling
could improve the mechanical properties of the deposition, thus not milling the CSHP coupons could
have played a role in the lower crack threshold compared to the other coupons.

6.2.2. Gun Side indent threshold
The Gun coupons with an impact location on the side of the repair showed a big difference in the crack
threshold compared to the Gun Mid and RepAir coupons (both impact locations). The Gun coupons

71
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were sprayed by AX with a hand gun, which is different from spraying with the robotic arm. By manually
spraying, it is difficult to keep the spray distance, speed, and angle. This differs slightly for every coupon,
but also within the coupon itself. Having a slower/faster (non-constant) traverse speed results in more
or less localized heating. The longer the gun is held at one point, the more the temperature increases
at that point, changing the deposition characteristics. Observation of the Gun coupons showed that
the repair (after milling) was no longer circular. The repair had an egg-like form, see Figure 6.1; the
exact geometry is different for every coupon sprayed with the gun. For the coupons sprayed by the
robot, this geometry change is not visible. The egg form deposition results in a difference in stress
distribution. From visual inspection by the author, it appears as though the deposition is expanded,
pushing harder against the substrate and resulting in a higher pressure on the edges. This increases
the compressive stresses at the interface of the substrate and deposition. Higher compressive stresses
improve adhesion. The egg form deposition could also result in a more gradual stress transition and
transfer between the deposition and the substrate, improving the impact resistance of both materials.

Figure 6.1: Deposition geometry after milling a) Gun sprayed (AX), b) Robotic sprayed (Titomic)

The egg form deposition could be a result of the non-constant traverse speed of the nozzle/gun. If the
gun is held longer in one place, the temperature increases. If the temperature exceeds 0.4Tm (Tm:
melting temperature), recrystalization is induced and grain refinement occurs. As the grain refinement
is increased, at certain areas a difference in grain orientation is present, because of the non-constant
traverse speed. The difference in grain orientation causes bridging connections between connection
points, having multiple connection points next to each other, at the interface with the substrate for
example, long interlocked recrystallized grain are formed, which enhances impact resistance [59].

By spraying manually, the deposition is not constant/uniform and the spray angle could deviate slightly
from 90 degrees, which is wanted. This causes the deposition material to accumulate more in certain
areas, pushing the circumference of the blend out outward unevenly, as a result of the compressive
stresses building up in the cold spray. Further this would result in an elongated or asymmetric shape
instead of a uniform buildup.

6.2.3. RepAir Mid indent and Cowling Threshold
The RepAir Mid indent and Cowling both showed cracks for 20J but not for one impact energy level
above this, 30J and 50J respectively. For impact energies from 30J and above, the indenter weight is
set to 4.3 kg. To increase the impact energy the height is increased. For impact energies below 30J,
the mass of the indenter had to be decreased since the impact tower had reached its limits in terms of
minimal height. For 20J and 10J of impact, the mass is decreased to 2.6kg and 1.58kg respectively.
Altering the system’s mass slightly affects the energy transferred to the coupon. Different stress states
can be produced, even when the nominal energy is the same, but having a different indenter mass.
Reducing the impact mass can alter the shape, duration, and localization of the impact load on the
coupon, this could be compared to having a sharper indentation. The lighter impact mass tends to
produce more localized deformation, due to a shorter (more impulsive) impact duration. Higher local
strain rates are present, which promotes brittle cracks and decreases the crack threshold [27, 28].
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6.2.4. Substrate vs deposition cracks
For the Side indent location, the location of the cracks due to the impact differed for the RepAir Side
indent and Gun Side indent. For the RepAir Side indent showed cracks mainly in the substrate material
for low impact energies 30-40J, Figure 6.2. This is due to the difference in the mechanical properties of
the substrate and deposition material. During impact, compressive waves travel through the material
from the impacted to the non-impacted side (vertically). At the back of the aluminium plate, the waves
are reflected back as tensile waves. Tensile waves are more damaging to brittle materials and therefore
the impact causes cracks in the brittle substrate before the ductile deposition. The Gun Side indent
coupons only showed cracks in the deposition/repaired part. This could be happening due to the small
geometry change of the repair due to the manual spraying as explained in the previous section. This
builds up higher stress concentration around the edges of the repair, stress concentrations are prone
to crack initiation. The higher stress concentration around the edges of the repair itself could be so
high that it fails in this region before the substrate fails.

Figure 6.2: Different locations of cracks a) RepAir Mid coupon - 100x, b) RepAir Side coupon - 100x

6.2.5. Type of cracks
Interparticle and transparticle
The distinction between interparticle and transparticle cracking is difficult to see with the SEM. The
impacted coupons are highly deformed, resulting in uneven height, especially within cracks. Thismakes
it difficult to focus the SEM completely on the crack to examine the type of crack. The analysis and
thus the answers to the 3rd sub-research question could thus not fully be answered for each coupon
type.

Radial and tangential
For all the coupon types, tangential cracks were only visible at higher impact energy levels. The tan-
gential cracks were always ring-like for the highest impact energy levels and in combination with radial
cracks, except for the CSHP coupons. The CSHP coupons showed a severe tangential crack for the
hand held 5J of impact, and one tangential crack for the QSI at 4J. As radial cracks are more likely
to initiate in brittle materials and thin coatings, it would be expected to see radial cracks in the brittle
CSHP deposition. However, the LVI 5J and QSI 4J impact coupons both showed delamination, which
could induce tangential cracking.

For coupon type 2-4, the highest impact energy levels all had radial cracks in combination with ring-like
tangential cracks. For the lower impact energies only radial cracks were visible. The type of cracks is
in line with the theory that radial cracks are frequently the primary cracks upon impact, following from
[54]. The milling of the coupons could also have induced radial cracks due to impact, since extensive
milling could change the residual stresses from compressive to tensile. The severity of the milling on
the residual stresses is not measured in this research, but could have an effect on the crack type and
crack threshold found in this research. The formation of ring-like tangential cracks for the higher impact
energies could also be due to the difference in the expansion coefficient of the substrate and deposition
material, causing anisotropic behavior as the material expands unevenly.

For the cowling, only radial cracks were visible for 100J of impact, while radial and straight-line tangen-
tial cracks are visible for the 20J. The type of cracks compared to impact energy differed from the other
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coupon types. The milling process for the cowling was different compared to the flat coupons (2-4), the
mill head used for the cowling differs. This resulted in a very small height difference in the repair, which
could have influenced the residual stresses in the material and thus the type of cracks.

The location of the cracks regarding the dent are in line with the theory discussed in Section 4.3.4
Analysis - Crack type. Large ring-like cracks are visible in the walls of the dent, where the material is
trying to resist the outward movement of the material. Radial cracks are seen around the indent edge,
especially in the substrate, which has lower ductility.

6.2.6. Delamination
There is a clear difference in the delamination threshold for the coupons, coupon type 1 (CSHP) showed
delamination for 4J and 5J of impact, which is likely caused due to the non-roughened substrate surface.

For the coupons sprayed by Titomic (2 and 3), roughened with Al2O3 particles, the delamination thresh-
old is above 100J, indicating a strong bond between the substrate and deposition. The MPAir coating
started to delaminate at the same impact energy as cracks start to appear, between 100J-125J. The
RepAir Side coupon of 147J did show delamination under the microscope, however, the damage on
the coupon was so severe that it was impossible to make a cross-sectional area of the exact spot of
the delamination. For the RepAir coupons, 125J and 140J of impact were not tested, so it can not be
said that the delamination threshold of the RepAir coupons are the same as the MPAir coupons. Both
coupon types did have the same surface treatment and Ra value, which has a big influence on the
occurrence of delamination so the reasoning can also not be excluded.

Both the Gun Mid and Side coupons showed delamination at 100J of impact, near the part where the
substrate failed with a vertical crack. No delamination is seen for 50J and 65J for the Mid and Side
impact respectively. The delamination threshold range is closer to the crack threshold compared to the
RepAir coupons. However, the delamination threshold is much lower, this could be due to the differing
surface treatment and lower surface roughness values. The Ra and Rz values of coupons 4 were two
to three times lower compared to coupon 3. Less roughening could decrease the bonding strength,
thereby initiating delamination earlier. Figure 5.4 shows the interface line of the bonding between
deposition and substrate. The MPAir and RepAir bonding both show a wider range of penetration
depth, which could indicate more plastic deformation and thus more strain hardening on the interface,
resulting in a better bonding. Following the research from Blochet et al. [19], fine grit-blasting results
in a different plastic deformation behavior of the substrate. Small peaks and valleys are vanished by
the high kinetic impacts of the particles, especially due to large particles which may flatten the surface
quickly.

Delamination in deposition
Delamination within the deposition is seen for one coupon, RepAir Mid indent of 50J, however, it can
not be excluded that delamination inside the deposition did not occur for the other coupons. Cross-
sections are made to find the threshold for delamination between the substrate and deposition. To find
the thresholds, it was unnecessary to make a cross-section of all the coupons, thus not all coupons
are analysed for delamination inside the deposition. Secondly, the cross-section is made of the middle
section of the dent, having the highest dent depth value. Delamination is most likely to occur here due
to the highest amount of deformation. However, delamination could also occur somewhere else, for
both substrate-deposition and deposition delamination. For a complete examination of the presence of
deposition delamination (but also substrate-deposition delamination) non destructive observation/tech-
nology (NDT) could be used.

6.2.7. Barely visible impact damage
Barely Visible Impact Damage does not apply for cold spray coatings and repairs (under impact testing).
However the results show that the back cracking and internal damage does not always align with the
visible damage at the surface. Thematerial combination andmechanical properties of the substrate and
deposition should be taken into account. Differing mechanical properties result in different material and
damage behavior when subjected to low velocity impact. Besides the differing material properties of
the deposition and substrate, the substrate itself does behave differently when a cold spray deposition
is added. When cold spray deposition is added on top of the substrate (MPAir), the substrate back
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crack length is reduced, which could be due to the overall higher thickness. Thicker coupons absorb
more energy before cracks occur. The RepAir, Gun and Cowling coupons show more severe damage
compared to the reference plate. This indicates that the replacement of substrate material (AA2024)
for cold spray material (AA1XXX) changes the stress transfer and distribution over the coupon due to
impact loading.

6.2.8. Allowable damage limits
Recalling the allowable damage limits set by the OEMs for a cowling inlet lip to operate with; Crack
length: maximum of 76.2 mm and delamination: maximum of 24.5mm separation between substrate
and deposition. The damage found during this research is smaller than the allowable damage limits,
the longest crack found is for the RepAir side indent, around 14 mm and the largest delamination
observed is around 3200 µm long in the Gun Mid coupon. However the size of the dents are not within
the allowable limits, the maximum allowable dent width is 127 mm, the dent depth must be equal or
smaller than 10% of the dent width. The largest dent found in this research is 11 mm wide and 13.2 mm
in depth, corresponding to the RepAir side coupon with 147J of impact. This coupon got fully penetrated
by the indenter, so the dent is not a ’dent’ anymore but a hole. The largest dent corresponds to the
MPAir 157J of impact, 10 mm width with 10.65 mm depth, this is still surpassing the limits and thus a
repair should be made immediately. For all the coupons types, except the CSHP coupons, the dent
depth is more than 10% of the dent width, meaning all the damage made due to LVI in this research
should be repaired before the cowling inlet lip is serviceable again. Since the cowling inlet lip is not
a structural component, the damage can be repaired by placing a sealing patch of aluminium sealing
tape. The repair patch should be checked and examined every ’A’ check and the damage should be
fully repaired during a ’C’ check.

6.3. Energy Absorption
6.3.1. Depth and width
The dent depth and dent width graphs (against impact energy), showed a similar behavior, comparing
the different coupon types. The dent depth and width increased with impact energy; the higher the
impact energy, the larger the difference in dent depth and width between the different coupons. For both
the depth and width and RepAir and Gun coupons, the Mid impact location had higher values compared
to the side impact location. For impact on both the substrate and deposition (Side coupons), the impact
energy was spread over the substrate and deposition, constraining the deformability. The substrate
(AA2024) had lower ductility, carrying more load, deforming less, and absorbing less energy, which
resulted in lower dent depth and width. The middle impact location was only on the repair (AA1XXX),
which was high in ductility, absorbing more energy and therefore deforming more, which resulted in a
higher dent depth and width.

6.3.2. MPAir
When comparing the normalized results of theMPAir coating with the RepAir andGun repaired coupons,
it becomes evident that the MPAir values are consistently lower than those of the repaired configura-
tions, including the Cowling. Specifically, the MPAir coupons absorb a smaller percentage of energy
per unit of deposition thickness. This reduced energy absorption may be attributed to differences in
deposition geometry. The MPAir coating has a maximum thickness of 0.65 mm, whereas the RepAir
and Gun repairs feature depositions up to 1.8 mm thick.

Thicker depositions, as in the repaired coupons, are likely to delay the arrival of stress waves at the sub-
strate interface, allowing greater energy dissipation within the deposition before transferring stress into
the substrate. This increased energy dissipation may contribute to a higher degree of plastic deforma-
tion. In contrast, the thinner MPAir coating may allow stress waves to reach the substrate more rapidly,
potentially increasing the load transmitted to the substrate and limiting the energy absorbed within the
coating layer. However, this assumption would benefit from further validation through numerical or
experimental stress wave analysis.

Another factor influencing the mechanical response is the relative placement of the deposition. In the
MPAir configuration, the coating is applied on top of the substrate, whereas in the repaired coupons,
the deposition is embedded within a recessed cavity. This embedded geometry promotes better me-
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chanical interlocking and may result in more effective interaction between the deposited material and
the substrate. During deposition, minor thermal expansion of the deposited material can induce com-
pressive residual stresses at the interface, enhancing bonding and potentially acting as a barrier to
crack propagation.

In contrast, the MPAir coating is only bonded to the substrate on one face, allowing greater lateral ex-
pansion during impact. The repaired geometries, being more constrained by the surrounding substrate,
limit lateral expansion and promote more localized energy dissipation.

Despite their thinner deposition and lower normalized energy absorption, the MPAir coupons exhibited
a higher threshold for crack initiation. This can be attributed to the overall greater thickness of the
MPAir coupons, which allows the impact load to be distributed over a larger volume, delaying the onset
of fracture. However, a complete comparison between absorbed energy and deposition thickness
remains limited due to differences in the applied impact energy ranges for each configuration.

6.3.3. Cowling
The Cowling coupons exhibited significantly higher energy absorption compared to the other coupon
types, both the dent depth and width show higher values in the normalized impact results. This in-
creased energy absorption can be attributed to several factors. Firstly, the substrate material of the
Cowling coupons is AA2XXX, which has a lower Vickers hardness (98 HV) than AA2024 (137 HV), the
substrate used in the RepAir and Gun coupons. The lower hardness indicates a greater capacity for
plastic deformation, which aligns with the observed increase in dent size and energy dissipation.

Secondly, the geometry of the repair plays a critical role. The Cowling repair area is substantially larger
than that of the RepAir and Gun coupons, providing a greater volume of ductile material (AA1XXX) to
deform under impact. AA1XXX itself has an even lower Vickers hardness (typically below 80 HV), which
further contributes to the enhanced plasticity and energy absorption capacity of the Cowling system.

Furthermore, the Cowling coupons impacted at 20 J showed crack lengths that were three to four times
greater than those observed in the RepAir coupons at the same energy level. The extended crack
propagation and larger plastic zones both contribute to the increased energy absorption. However, it
should be noted that the total number of cracks was not quantified in this analysis, which may also
influence the total absorbed energy.

6.3.4. 30J Impact
Both the RepAir Mid and Side coupons showed a higher value of absorbed energy for the 30J of impact
compared to the 40J of impact, which resulted in a non-linear trend from 10-30J and a more linear line
from 40J on. The MPAir, Gun and Cowling coupons were not tested at 30J and 40J. Comparing the
absorbed energy values with normalized the normalized values, the 30J values drop below 40J but
just slightly, still showing a non-linear behavior. As for the percentage of absorbed energy from the
kinetic energy, both 30J (normal and normalized values) are above the 40J. The reason for this could
be that, at lower impact energy and velocity, insufficient kinetic energy is produced to plastically deform
the material, reducing the absorbed energy. The strain rate is also reduced due to the low velocity, and
thus less energy is absorbed.

Another possible explanation for this could be the change in indenter weight bleow impact energies
of 30J, along with a steady state reached at 30J of impact. The energy absorption and percentage
of energy absorption graphs are non-linear before 40J, suggesting differing behavior upon impact, i.e.
cracking and plastic deformation. The non linear damage behavior could be a result of the changing
indenter mass for the 10J and 20J of impact (indenter radius is the same) compared to the 30J and
40J. The lower impact mass, could cause a shorter impact duration and thus more bounce back from
the indenter. Above 30J the material behavior becomes more stable, suggesting that the material
has entered a steady-state deformation regime. However, the graphs are not fully steady-state, a few
fluctuations are seen, suggesting minor instabilities in the energy absorption.
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6.4. Dent Behavior
6.4.1. Shear plug
The coupons show a characteristic back side, cracks in the substrate start to appear from approximately
50J of impact on. Material is pushed out and a three or four split crack is visible. From the cross-section
pictures in Figure 6.4 it can be seen that the push out looks like a plug. Shear plugging is a phenomenon
that has been researched for reinforced concrete beams and is also seen in metals [60, 61, 62]. Shear
failure plays a critical factor during impact loading. By increasing the impact energy, as done in this
research, the shear force can transform from minor vertical cracks into global flexural or shear damage.
Flexural failure is ductile and provides warnings while shear failure is brittle and sudden. Local shear
failure initiates at the point of impact and grows outwards with a 45 degree angle. By further increasing
the impact rate, the cracks will propagate downward from the impacted side, due to the downward
bending [31].

As the stress concentration around the edges of the impacter causes the material to shear off and the
inertial forces contribute to the outward movement, a plug is formed, called shear plugging. Shear
plugging happens when the shear stress around the impact zone exceeds the shear strength of the
material, forming a nearly cylindrical or slightly tapered ‘plug’ that is ejected from the impact site. The
process is dominated by high strain rates, so the material has no time to deform plastically. Shear
plugging is the most preferable fracture mode for tensile and shear loading [60, 61].

Adiabatic shear bands (ABS) also play a role in the crack formation and shear plugging. Shear bands
represent high strain regions and heterogeneous deformation, the adiabacity defines the level of local-
ized heating which builds-up during the high strain rate deformation [24]. Impact testing is hard and
fast, generating heat as a result of the deformation occurring. The heat can not escape as quickly and
softens the material locally. As the material softens, more local deformation can happen. Eventually
the deformation becomes unstable and leads to cracking. The weak region created by the material
softening is called a shear band, and all the deformation is concentrated at that location. As the inden-
ter in this research has a round geometry, the indenter leaves a circular dent, with high strain rates in
the walls of the circle. The material in the walls of the circle loses strength due to the ASB and circular
plug is pushed out, called shear plugging [62].

6.4.2. Second dent
In some of the coupons, a second dent is visible, attached to the side of the main indent, see Figure
6.3. The second dent does differ in size and is not completely circular, only a part of the circle is visible.
There is no correlation found between the size of the second indent and the size or impact energy of
the main indent. However, the coupons that do have a second ’child’ indent, were tested in the same
batch/day, only visible for some of the RepAir Mid and RepAir Side batches. A possible explanation for
this could be that a second, short impact was made. Since the child indent is smaller and less deep
than the main indent. The reason for the second indent could be due to the safety that did not work
properly. A safety is set on the impact tower which catches the indenter after the first impact, however
if the safety doesn’t catches the indenter properly or to low after the first indent, a small second indent
can be made.
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Figure 6.3: Two dents after impact - 30x

6.4.3. Elongation and accumulation
Elongation of the deposition material is observed in multiple coupons, the red arrows in Figure 6.4 show
a very clear elongation of the cold spray on the sides of the coating. The substrate cracked on both
sides on the indent while the deposition is still in one piece. Pure aluminium (AA1XXX) has a ductile
nature, however by cold spraying, materials become more brittle, especially if the AA1XXX is mixed
with brittle Al2O3 particles. The severe elongation was thus not expected to be happening. Literature
research showed a contradicting behavior of AA1XXX repairs, a very brittle behavior during tensile
testing, having elongation values below 1%. Impact testing does induce more compressive stresses,
especially at the impacted side, compared to tensile testing. The spraying direction, longitudinal or
transverse could also have an effect on the mechanical properties as literature suggests an anisotropic
behavior of cold spray depositions.

For the MPAir coupons, with a cold spray coating, the deposition not only elongated but also thickened
at the center of impact, blue arrows in Figure 6.4, surpassing the original thickness of the coating
from 0.65 mm to 0.8 mm, see Figure 6.5. Simply said, thickening of the deposition happens if the
back (non-impact side) increases in length while the impact side length stays the same, to conserve
volume, the deposition must thicken. However, measuring the length of the deformed deposition, both
the impacted and non-impacted side of the deposition increase in length, so this theory does not clarify
the accumulation. The local buildup could be attributed to plastic deformation under high compressive
stresses combined with a restriction for the deposition to expand sideways caused by the surrounding
substrate. As the material cannot flow outward due to geometric constraints, it is forced to flow vertically,
resulting in a bulging or pile-up effect [63, 64].
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Figure 6.4: Elongation and Accumulation - 30x

Figure 6.5: Accumulation in MPAir coupons, a) original deposition thickness -30x , b) thickness after impact -30x

6.4.4. Separation Al2O3
For every coupon, three or four layers of aluminium oxide are present in the horizontal direction. The
line are visible in Figure 6.6. The number of passes made by the robot arm during spraying does not
correspond to the number of Al2O3 layers. The coupons were milled after spraying so this does not
exclude the possibility of the number of Al2O3 layers with the spraying passes. However, in both the
coating deposition (MPAir) coupons and the repair depositions (RepAir and Gun), the number of Al2O3

layers is three or four but there is a difference in the amount deposition that has been removed between
the two types of deposition. For the coating, only one layer of approximately 0.15mm is removed, while
for the repair deposition much more material had to be removed, around 1.7mm. The segregation lines
are not clearly visible in every coupon, some coupons show a very clear distinction while others do not
show the lines, this observed in all coupon types, MPAir, RepAir and Gun.

The separation of theAl2O3 particles and aluminium particles into horizontal layers could have occurred
during the deposition process. The gas flow dynamics is sensitive to the size and mass of the particles.
As seen for the RepAir and Gun coupons, the separation is present in the pre-impacted coupons. Al2O3

has a higher density compared to AA1XXX, 2.99 g/cm3 vs 2.7 g/cm3 respectively, the density affects
the terminal velocity of the gas stream in the nozzle.
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Figure 6.6: Segregation lines of Al2O3 and AA1XXX particles 30x

The lighter AA1XXX particles accelerate more easily, resulting in different arrival times on the substrate
compared to heavier Al2O3 particles. The mass-based segregation could lead to the layered build up
visible. The ductility of the material could also play a role; AA1XXX is highly ductile and deforms plas-
tically upon impact, bonding well and filling the gaps in between particles. Al2O3 is a brittle ceramic,
which cannot bond by deformation. These particles can become embedded or trapped between alu-
minium splats [42, 65].

However, in the MPAir coating, the separation lines are not visible before impact, but after impact the
lines are visible. The Al2O3 and AA1XXX separation is not seen for every coupon. This doesn’t mean
that the segregation occur during the impact, but there is a possibility this happens due to the impact.
The following theory might describe this. This Al2O3 free layer could correspond to a localized shear
band, formed as a result of intense shear strain under high strain rates. Within this narrow zone, the
adiabatic nature of deformation leads to localized heating, which lowers the flow stress of the ductile
matrix and promotes material flow. Consequently, the brittle Al2O3 particles could be mechanically
displaced or fractured, resulting in a visibly cleaner, oxide-free region. This combination of thickening
and oxide redistribution highlights the complex interplay between plastic flow, shear localization, and
material heterogeneity in cold sprayed coatings subjected to dynamic impact [63].

6.5. Flowability
During the research, it became clear that the AA2024 did not give the required cold spray deposition
quality using the medium pressure system. High enough particle velocity and temperatures were not
reached, resulting in a deposition efficiency of 1%. Most of the powder particles did not bond on the
substrate or previous sprayed layers and bounced off/eroding the surface. Looking at the results from
the LDA, the particle size of the AA2024 is more favorable than the AA1XXX particle size, suggesting
the larger particles of the AA2024 would achieve the critical velocity easier. However, the rheometer
results say different. The energy of the AA2024 is significantly higher, 211mJ vs 129mJ of the AA1XXX.
The higher the energy, the more resistance to particle flow which is unwanted. The Flow Rate Index of
the AA2024 is higher, meaning particle interlocking is more likely, as adjacent particles nestle together,
forming big particle chunks. This aligns with the LDA results in which the particle size of the AA2024
is bigger than the AA1XXX. As large particles accelerate more easily, excessively large particles are
difficult to accelerate due to their higher weight and higher resistance. The AA2024 clogged particles
might be too large to be accelerate to the required critical velocity and thus not bond the substrate.
As for the compressability, the AA1XXX has a higher compressibility percentage. The powder is able
to compress more upon stress, which could be due to a porous structure, loosely packed structure
or density. Both the AA1XXX and AA2024 have the FCC lattice structure with close packed planes.
AA1XXX does have a slightly lower density compared to AA2024, 2.71 vs 2.78 g/cm3. The higher flow
rate also allows the material to be more compressible, both reducing the energy required to produce a
stable flow.

No data was found in the literature for compressibility and flowability measurements. The results of
this research could thus not be compared with other research. However, the results of the rheometer,
the higher energy and higher flow rate numbers of the AA2024 compared to the AA1XXX could explain
the low deposition efficiency. The higher flow rate also explains the larger AA2024 particles found in
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the LDA, due to the particle interlocking.

6.6. Dent depth model
The dent depth model proposed by Emerson and Souter, which uses yield strength and a fitting param-
eter k, did not fully align with the experimental dent depth measurements obtained in this study. This
discrepancy can be attributed to several factors:

• Material Composition: The model is designed for monolithic materials, whereas the test coupons
in this study consist of two distinct layers—a deposition and a substrate. The mechanical interac-
tion between these layers is complex and not accounted for in the model.

• Particle Interactions: Cold spray depositions involve numerous particle-particle and particle-substrate
interactions, leading to unique microstructural characteristics. These interactions influence the
mechanical response under impact but are not considered in the model’s framework.

Furthermore, certain assumptions inherent in the model do not hold true for cold spray applications: 

• Assumption: The dent depth (w) is small compared to the radius (r) of the plastically deformed
region.
Observation: In many of the tested coupons, the dent depth was at least 50% of the dent width,
indicating that w is not small relative to r.

• Assumption: The deformation is purely plastic and irreversible and fully resisted by the membrane
forces.
Observation: While the absorbed energy is partitioned into plastic deformation and crack/delam-
ination formation, the presence of cracks and delaminations suggests that other factors, such as
interfacial bonding and material heterogeneity, play significant roles.

• Assumption: All the kinetic energy of the impacter is expended in the straining of the plate.
Observation: In reality, the kinetic energy is distributed among various mechanisms, including the
bounce back of the indenter, plastic deformation, and the initiation and propagation of cracks or
delamination.

Despite these discrepancies, the k-values for five of the coupons fell within a narrow range of 6.6 to 8.6.
However, the CSHP coupon exhibited a notably higher k-value of 51.78, indicating significantly differ-
ent mechanical behavior. This could be attributed to factors such as variations in deposition material,
increased porosity, or inferior bonding quality.

6.7. QSI vs LVI
Even though the quasi static indentation test can be used as a low velocity impact test, differences are
observed in the results of the QSI and LVI. The impact behavior of the LVI coupons is similar to that of
the reference AA plate, except for the depth of the dent. However, the LVI does differ slightly from the
QSI test. The depth and width of the dent are higher for the QSI test compared to the LVI test, which is
a result of the difference in the strain rate. Higher strain rates in the LVI test which restrict dislocations
from moving, resulting in less ductile behavior and a stiffer material. Another factor is the energy
dissipation, in LVI some of the energy of impact energy goes into wave propagation and vibrations of
the coupon, which increases the amount of energy absorbed. In QSI no shock waves or rapid internal
motion is present, and thus less energy is needed to reach the same amount of deflection. This also
explains the slightly higher value for energy absorption in the LVI coupons. As the absorbed energy
could be divided into two types, plastic deformation and crack formation/delamination, LVI coupons
should thus have more cracks, since plastic deformation is lower. The crack threshold for the LVI is
lower compared to QSI, so more energy is indeed dissipated to cracks; also, the amount of cracks per
coupon is higher for the LVI, leading to a higher amount of energy going to the formation of cracks.

6.8. Experimental Issues
During the experimental work, some issues were encountered which could have influenced the results
of this thesis.
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6.8.1. Impact tower
The impact tower at the Aerospace Engineering Faculty of the TU Delft does have some limitations
which could have effected the actual impact energy, following from the Formula 4.1. The height sensor
is not very accurate; while the indenter was brought to a certain height, the value on the software still
changed over time, while the indenter is kept static at a certain height. The actual height compared to
the software height is also not the same, the height has to be corrected by a value which is set manually
by measuring the height of the indenter with a ruler. For large impact heights, the actual height could
not be measured with a ruler because it was simply too high, > 2m.

The software attached to the impact tower creates a force-deflection curve after impact is made, the
maximum force and acceleration of the indenter are also given, valuable data for the analysis of the
impact. During testing of the RepAir coupons, the software responsible for capturing force-deflection
data encountered accuracy issues. Specifically, the measured force-deflection values did not reflect
the actual behavior of the material, showing unrealistically low readings. Fixing this software mal-
function would have significantly delayed the experimental schedule. Consequently, it was decided
to proceed without relying on the software-generated force-deflection data. Fortunately, the primary
research objectives could still be effectively met using alternative data sources, the footage captured
by the high-speed camera. This visual data provided sufficient data to analyze the performance of
different coupons and allowed for an accurate comparison of absorbed energy between coupons. By
omitting the software-based force-deflection measurements, the quasi static indentation test—initially
intended to provide supplementary data for coupon type 1—became redundant. Given that the primary
reason to use the QSI test setup and the impact tower used for other coupon types was to retrieve more
data. Therefore, the continuation of experiments with the hand held impact tower alone was deemed
fully adequate to address the research objectives.

The accuracy of the impact location of the indenter is not stable. The indenter does fluctuate slightly
during impact and thus does not always impact on the exact same spot. For the RepAir and Gun
coupons this could have had an influence on the result. If the impact is not on the exact same spot
repetitively, the ratio of deposition and substrate thickness underneath the impact is different, resulting
in a different stress distribution. This could have had small effects on the damage mechanisms and
thresholds researched in this thesis. Another issue that was caused by the fluctuating indenter was the
spillage of the three coupons. The indenter did not impact the location set before impact, resulting in
three impacts fully on the substrate for the RepAir side and Gun side couopons. One default hit for the
RepAir side and two default hits for the Gun side. These coupons could not be used.

6.8.2. Coupon preparation
The cutting process of the coupons could have influenced the presence of cracks and or delamination
around the dent. To cut the metal coupons properly, the coupons had to be clamped on two sides in
order to not break the saw. During the cutting of the clamped system, stresses could be induced in
the coupons. Picture of the dent were taken before cutting the coupons, in order to capture the visible
cracks by eye in case the coupons were damaged during cutting. No damage was observed by the
cutting process, however, small cracks are not visible with the Keyence 1000 and it could thus not be
excluded that cracks appeared in the coupons due to the cutting.

The preparation of the cross-sectional samples did not result in the intended quality required for de-
tailed microstructural analysis. Specifically, the goal of obtaining a clean, scratch-free surface for the
investigation of delamination between the substrate and the deposition was not fully achieved. During
the sanding and polishing processes of the embedded coupons, it was challenging to produce a surface
suitable for clear optical microscopy. The preparation protocol was carefully followed, beginning with
coarse sanding and progressing to fine polishing. Despite this stepwise approach, scratches remained
visible under microscopic inspection. A likely explanation for the surface damage is that cold spray
powder particles were pulled out the coupon during sanding or etching. These particles may have ad-
hered to the rotating sanding or etching equipment and subsequently scratched the sample surfaces
during continued operation.

To overcome this issue and improve surface quality, manual sanding and etching could be done as
an alternative. This method reduces the risk of particle entrapment and uncontrolled abrasion. How-
ever, manual preparation must be performed in a controlled environment due to the use of chemical
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agents and the risk of contamination, which requires access to a designated laboratory area with safety
regulations.

Given that the scratched surfaces did not obstruct the interpretation of bonding characteristics, it was
unnecessary to repeat the preparation using manual sanding and polishing techniques. Although man-
ual preparation could potentially yield a higher quality surface, the process is very time-consuming.
As the existing images provided sufficient clarity for the intended analysis, the decision was made to
proceed without reprocessing the samples manually.



7
Conclusion

7.1. Research Questions
The overall aim of this master thesis is to evaluate the damage mechanisms in cold spray repairs sub-
jected to low velocity impact. This was explored by 4 sub-questions, fromwhich based on the presented
work the following conclusions can be drawn:

1. At which impact energy level does the cold spray deposition begin to crack? The cold spray deposi-
tions start to crack at the following thresholds:

Table 7.1: Crack threshold

Coupon Type of deposition Crack threshold
CSHP Cold spray coating 1J-2J
MPAir Cold spray coating 100J-125J
RepAir Mid Cold spray repair 10J-20J
RepAir Mid Cold spray repair 10J-20J
Gun Mid Cold spray repair 10J-20J
Gun Mid Cold spray repair 65J-85J
Cowling Cold spray repair 0J-20J

2. Does Barely Visible Impact Damage occur in the repair? If so, at what impact energy level does it
start?

The concept of Barely Visible Impact Damage (BVID) does not apply to cold spray depositions un-
der low-velocity impact, as the impact consistently produces a visible dent, indicating the presence of
damage mechanisms. However, the combination of substrate and deposition material should be cho-
sen carefully. Because differing mechanical properties, ductility, yield strength, and thermal expansion
could cause different damage mechanisms. The damage behavior of the substrate, especially the back
side of the substrate can not be inspected by visual inspection. Due to the difference in mechanical
properties the substrate could damage different or earlier compared to the visible dent in the cold spray
deposition.

3. Do interparticle and transparticle cracks appear? Does one type occur before the other, or do they
occur simultaneously?

Interparticle and transparticle cracks do appear both. Interparticle is the main cracking type as this
is seen in all the cracks. Transparticle cracks are seen in two coupons, however, the distinguishing
between inter- and transparticle cracking is difficult using the SEM. The height difference of the coupons
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due to impact makes it difficult to focus and thus analyse the particles at high magnification, required
for the analysis.

4. Does delamination between the substrate and deposition occur? If so, at what impact energy level
does it happen?

The cold spray depositions show delamination of the substrate at the following thresholds:

Table 7.2: Delamination threshold

Coupon Type of deposition Crack threshold
CSHP Cold spray coating 3J-4J
MPAir Cold spray coating 100J-125J
RepAir Mid Cold spray repair > 100J
RepAir Mid Cold spray repair > 100J
Gun Mid Cold spray repair 50J-100J
Gun Mid Cold spray repair 65J-85J
Cowling Cold spray repair n.d.

This study has provided new information regarding the damage mechanisms and impact behavior of
cold spray depositions. The experimental results confirm that cold spray repairs offer a promising
solution against impact from low velocity foreign objects, demonstrating their potential as a viable repair
method in aerospace applications. The crack lengths and delamination lengths created by the impact
are far within the allowable damage limits following the maintenance manual. The dent width and depth
are not within the allowable limits, however since the cowling inlet lip is a non-structural component, the
damage can be repaired by placing an aluminium sealing patch. The large dent depth and width values
can be attributed to the ductile material behavior of AA1XXX, absorbing large amounts of energies
during impact load. The dominant damage mechanisms for most of the tested coupons is the initiation
and propagation of cracks, which is the preferable damaging mechanisms compared to delamination.
For two coupon types the cracking and delamination initiate at the same threshold. Crack initiation
being the dominant damage mechanism is a positive outcome since delamination poses a particularly
critical risk, as it may result in complete separation between the substrate and deposited layer. If such a
delaminated section detaches during operation, it could be sucked into the engine, potentially causing
severe damage. The primary damage mechanism observed for each coupon type is summarized in
Table 7.3.

Table 7.3: Damage threshold

Coupon Leading Damage type Threshold
CSHP Cracking 1J-2J
MPAir Cracking and Delamination 100J-125J
RepAir Mid Cracking 10J-20J
RepAir Mid Cracking 10J-20J
Gun Mid Cracking 10J-20J
Gun Mid Cracking and Delamination 65J-85J
Cowling Cracking 0J-20J

However, the variation in crack threshold values observed in different coupon types reveals that repair
performance is highly dependent on several factors. These include the geometry of the deposition,
the age and quality of the feedstock powder, the surface treatment prior to deposition, and the type
of spraying system used. These parameters directly influence the bonding quality, uniformity, and
mechanical response of the final repair and thus the damage thresholds.

7.2. Additional Findings
In addition to findings aligned with the main research objectives, several additional conclusions were
drawn. A particularly clear contrast was observed between the RepAir and Gun coupons (Robotic vs
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Gun sprayed), despite both using a blend-out repair geometry. The following factors are likely respon-
sible for the differences in performance:

• Surface Treatment Quality: The bonding strength between the deposition and the substrate is
highly influenced by the surface preparation method. Coarse grit-blasting creates deeper valleys
and sharper peaks, improving mechanical interlocking and increasing the delamination threshold.
In contrast, a finer or inconsistent roughening results in weaker bonding, inducing delamination
between substrate and deposition.

• Deposition uniformity from hand-held spraying: The use of a manual cold spray gun intro-
duces variability in nozzle speed, angle, and stand-off distance. This leads to non-uniform layer
thickness, local heating, and inconsistent bonding across the surface. This results in expansion
of the deposition, creating high compressive stresses around substrate-deposition interface.

Other additional findings are:

• Ductile behavior of AA1XXX: The deposition material AA1XXX behaves as a ductile material,
with visible elongation and accumulation of material near the center of the indent. This contrasts
with the results of tensile tests in which the material appeared more brittle.

• Influence of post-treatment (Milling): The milling process used to flatten the surface after spray-
ing alters the mechanical properties of the deposition. It removes weaker surface layers and
introduce residual compressive stresses, thereby affecting the deposition’s performance.

• Shear plug formation: A distinct shear plug failure mode was observed on the back the of higher
impact energy coupons, particularly in the substrate material. This was likely caused by localized
shear stresses that exceed the material’s strength, leading to plug-like fracture features.

• Geometry and configuration effects: The overall geometry of the coupon and the relative posi-
tioning of the deposition within or on top of the substrate significantly affected the energy absorp-
tion capacity. Blend-out repairs tended to dissipate more energy than surface coatings.

• Quasi static indentation test showed lower energy absorption compared to low velocity impact
testing with the hand held tower. The lower strain rate sensitivity of the QSI plays a critical role,
as strain rate effects delay or advance plastic flow and fracture initiation in aluminium.

• The dent depth model from Emerson and Souter can not be used to predict the dent depth due
to low velocity impact on cold spray depositions.

These findings highlight the critical role of process control, material selection, and surface preparation
in achieving reliable cold spray repairs—especially when using manual cold spray systems for in-field
aerospace applications.

7.3. Final Remark
By combining the findings for the sub-objectives with the additional findings, this master thesis can be
concluded by evaluating the main research objective:

The dominant failure mode in cold spray repair subjected to low velocity impact is interparticle-radial
cracking. The first crack initiation is mainly observed between 10-20J of impact and the crack lengths
and delamination observed are within the allowable damage limits for operation. The dent depth and
width are not within the limits, but are allowed to be repaired with a fast method, placing an aluminium
sealing patch. From a low velocity impact testing point of view, cold spray can be called a feasible
technology to repair dents in the cowling inlet lips.

The conclusion regarding the applicability of the manual cold spray gun is as follows:

Themanual cold spray gun is suitable for repairing cowling inlet lip damage, provided that the deposition
uniformity is optimized. When combined with a coarse roughed substrate surface, the resulting layer
can withstand low-velocity impacts from foreign objects.
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Figure 7.1: Robotic vs Manual gun cold spray



8
Recommendations

Based on the experimental results and observed failure mechanisms, the following recommendations
and outlook are proposed to improve the performance and reliability of cold spray repairs in aerospace
structures:

• Investigate the nature andmechanical impact of material accumulation observed in the deposition,
and its influence on stress distribution and plastic deformation during impact.

• Study the phase segregation behavior of Al2O3 and pure AA1XXX during the deposition process,
and how it affects bonding and damage initiation mechanisms.

• Analyze the effect of reducing the Al2O3 content in the AA1XXX + Al2O3 feedstock mixture on
the ductility and crack resistance of the final repair.

• Evaluate the influence of the indenter geometry (specifically the radius) on stress concentration
and distribution during low velocity impact testing.

• Further investigate the effect of the deposition geometry, repair vs coating on the crack threshold
of the cold spray.

• Develop a model to analyze stress transfer at the substrate–deposition interface, as well as
particle–particle interactions under dynamic loading.

• Further investigate the influence of milling-induced stresses and the severity of post-processing
on residual stress fields and mechanical performance of the cold spray deposition.

To support the certification and real-world application of cold spray as a repair method for aircraft engine
cowlings, the following topics are recommended to investigate:

• Explore the effect of preheating cold spray powder on particle softening and bonding quality to
enhance deposition strength and cohesion.

• Optimize the AA1XXX +Al2O3 mix feedstock by reducing the proportion of Al2O3, aiming to in-
crease ductility without significantly compromising bonding.

• Develop support accessories or guiding tools to improve the uniformity and consistency of the
manual sprayed depositions, mimicking the controlled parameters used in robotic spraying.

• Integrate a traverse speed monitoring system into the hand-held gun to maintain a constant noz-
zle speed, reduce localized heat buildup, and prevent blister formation—especially in curved
geometries like the cowling backside.

• Investigate the feasibility of using the handheld gun to perform in-situ grit-blasting with Al2O3,
increasing substrate surface roughness and promoting stronger mechanical interlocking between
particles and the substrate.

• Investigating the possibility repairing cold spray dents with cold spray.
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A
Appendix

A.1. Additional found literature
A.1.1. Dendritic microstructure
The rapid solidification of the powder particles during the deposition process lead to a variety of non-
equilibrium microstructures. The high cooling rates combined with the temperature gradient present
during solidification result in a cellular dendritic microstructure. Small dendritic cells, between 1-4 µm
are observed with optical microscopy. The growth of dendrites is accompanied by a solute rejection,
solute elements segregate on the sides of the dendrites, together forming dendritic cells which are
visible in Figure 2.3. The wide range of cooling rates leads to the differing distribution and shapes of
the cells visible. Dendrites propagate through the material and release heat. The formation of dendrites
also contributes to localized segregation of alloying elements in the material. The temperature gradient
in the material is partially related to the difference in powder particle size, smaller particles cool faster
due to their larger surface area-to-volume ratio [58].

The formation of dendritic arms also influences the segregation seen in the coupons. When the de-
position does not cool down quickly enough, diffusion occurs during the solidification itself and solute
atoms migrate toward the grain boundaries. The inconsistent and non-equilibrium microstructure of the
deposition leads to a lack of predictability and reproducibility for the cold spray deposition.

A.1.2. Heat treatment
One of the recommendations for using cold spray as a repair method for engine cowling inlet lips is to
investigate the effect of pre-heating the powder particles before spraying. This in order to enhance the
deposition strength and cohesion and could possibly lead to more ductility. Since this report does not
go into the effect of pre-heating, an explanation of this suggested process will be given below, based
on information found in the literature.

The recrystallized grains exhibit different orientation due to heat treatment. The difference in grain ori-
entation increase the amount of bridging connections between local contact points, forming interlocked
recrystallized grains, promoting the interface bonding [59]. Solution heat treatment of cold sprayed
aluminium alloys can homogenize the microstructure of the deposition. The dendritic structure is elimi-
nated and the solute atoms can be dissolved leading to a uniform solid solution. The redistribution of
the alloying elements reduce the microhardness of the powder, allowing for greater plastic deformation
during the deposition process and increasing the deposition efficiency.

The inconsistent microstructure in the cold spray deposition, explained in the previous section, effects
the response of the powder particles to heat treatments. Post-spray annealing of the colds spray could
enhance the mechanical properties of deposition. However, grain growth was found to be limited in the
cold spray deposition during the post-spray annealing due to the presence of the solute segregation
in coatings. The non-uniform distributed alloying elements in the grain structure are expected to redis-
solve in solid solution during the heat treatment, homogenizing the microstructure and decreasing the
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hardness [58].

Another possible treatment is pre-heating the powder particles. Pre-heating the powder particles results
in more deformed particles after deposition, flattening the particles and reducing the pores. A more
intimate bonding is also seen in the preheated powders by Bae et al., due to activated surfaces and
thermally softened. The pre-heating of the powder also affect the fracture modes, the material fractures
more ductile when the treatment is applied, causing more transparticle cracks, compared to the non
treated powder [24].

A.2. Compliance test QSI
Table A.1: Compliance values for QSI test

Fmax[N ] Compliance(C) Stiffness δmax[mm]
500 1.91 ∗ 10−10 523 ∗ 107 9.58 ∗ 10−8
750 1.74 ∗ 10−10 574 ∗ 107 1.31 ∗ 10−7
1000 1.66 ∗ 10−10 603 ∗ 107 1.66 ∗ 10−7
1250 1.61 ∗ 10−10 623 ∗ 107 2.01 ∗ 10−7
1500 1.57 ∗ 10−10 638 ∗ 107 2.35 ∗ 10−7
2000 1.51 ∗ 10−10 662 ∗ 107 3.02 ∗ 10−7
2500 1.48 ∗ 10−10 677 ∗ 107 3.69 ∗ 10−7
3000 1.44 ∗ 10−10 691 ∗ 107 4.34 ∗ 10−7
3500 1.42 ∗ 10−10 703 ∗ 107 4.98 ∗ 10−7

A.3. Flowability
Below the results of the Rheometer measurement is shown. Besides the AA2024 and AA1XXX powder,
used in this research, AA6061 is tested as well. This in order to compare the results with. AA6061 is
also used for cold spray and currently under investigation at the TU Delft. Two types of AA6061 are
measured, the two different AA6061 powder show different deposition efficiencies, comparable to the
difference between the AA2024 and AA1XXX.

Figure A.1: Compressibility results Figure A.2: Flowability results

Table A.2: Compressibility measurement

Material and Batch CBD, g/ml CPS, % @ 15.0kPa
AA6061AMspheres 1.35 4.16
AA6061ToyalEurope 1.42 7.65
AA1XXX 1.29 21.87
AA2024 1.54 3.83
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Table A.3: Flowability measurement

Material and Batch BFE, mJ SI FRI SE, mJ/g CBD, g/ml
AA2024 211.07 0.96 1.30 2.80 1.56
AA1XXX 129.00 1.23 1.57 3.02 1.64
AA6061ToyalEurope 251.57 1.14 1.36 3.64 1.37
AA6061AMspheres 317.01 1.02 1.27 4.19 1.32

Table A.4: LDA measurement

Sample Name D [4,3] D [3,2] Span Dx (10) Dx (50) Dx (90)
Al1XXX_250312 17.2 13.1 1.266 7.68 16.2 28.2
Al2024_250312 36.6 31.4 1.084 19.9 34.1 56.9
Al2024_250312 36.4 31.2 1.091 19.8 33.8 56.7
Al2024_250312 36.3 31.1 1.088 19.8 33.8 56.5

For the LDA results, an average value of the three AA2024 tests is taken. For the AA1XXX sample,
only one out of the five tests was approved and shown.

A.4. Database results
Table A.5: Database testing

Sample Tower used Indenter Mass kg Impact energy J V_in m/s Absorbed energy Absorbed/Ek Delamination Dent visible Dent width [mm] Dent Depth [mm] Back crack
CSHP6 Hand tower 1 0.668 5 3.65 3.02 66.2 Yes Yes 3.2 0.196 No
CSHP7 Hand tower 1 0.668 4 2.99 1.42 46.4 Yes Yes 3.1 0.249 No
CSHP8 Hand tower 1 0.668 3 2.62 0.9 38 No Yes 2.6 0.111 No
CSHP9 Hand tower 1 0.668 2 2.1 0.42 27.4 No Yes 2.6 0.08 No
CSHP10 Hand tower 1 0.668 1 1.28 0.29 52.7 No Yes 2.4 0.074 No
CSHP11 Hand tower 1 0.668 0.5 0.88 0.25 91.8 No Yes 2.6 0.016 No
CSHP12 QSI 2 - 4.9 - 1.47 30 No No 3.9 0.73 No
CSHP13 QSI 2 - 3.98 - 1.39 34.9 No No 3.7 0.6 No
CSHP14 QSI 2 - 2.35 - 0.43 18.3 No Yes 4.1 0.256 No
CSHP15 QSI 2 - 1.1 - 0.1 9.09 No Yes 3.2 0.011 No
CSHP16 QSI 2 - 0.46 - 0.028 6.09 No Yes 3.9 0.046 No
MPAir4 156 Impact tower 3 4.3 156 7.68 120.52 95 Yes Yes 10 10.65 Yes
MPAir7 140 Impact tower 3 4.3 140 7.89 127.5 95.4 Yes Yes 9.1 7.55 Yes
MPAir5 125 Impact tower 3 4.3 125 6.98 97.8 93.2 Yes Yes 7.9 6.1 Yes
MPAir3 100 Impact tower 3 4.3 100 5.73 64.4 92.2 No Yes 7 5.89 Yes
RepAir_mid 11 100 Impact tower 3 4.3 100 6.13 75.5 93.6 No Yes 9.4 7.55 Yes
RepAir_mid 10 50 Impact tower 3 4.3 50 4.55 36.9 82.8 No Yes 6.9 4.4 Yes
RepAir_mid 13 40 Impact tower 3 4.3 40 3.74 24.6 82 Yes 6.5 3.38 No
RepAir_mid 12 30 Impact tower 3 4.3 30 3.66 23.9 83 Yes 6 3.01 No
RepAir_mid 14 20 Impact tower 3 2.6 20 2.69 7.77 74.8 Yes 4.6 1.42 No
RepAir_mid 22 10 Impact tower 3 1.58 10 2.47 1.38 67.7 Yes 3.7 0.69 No
RepAir_sid 15 147 Impact tower 3 4.3 147 7.64 121.7 97 Yes Yes 11 13.2 Yes
RepAir_sid 17 100 Impact tower 3 4.3 100 6.12 74.1 92 No Yes 8.1 7.1 Yes
RepAir_sid 16 50 Impact tower 3 4.3 50 3.77 23.9 78 Yes 5.9 3.54 No
RepAir_sid 18 40 Impact tower 3 4.3 40 3.66 23.4 81.5 Yes 5.3 2.4 No
RepAir_sid 19 30 Impact tower 3 4.3 30 3.45 21.2 82.7 Yes 4.9 1.85 No
RepAir_sid 20 20 Impact tower 3 2.88 20 2.92 8.72 71.1 Yes 4.2 1.21 No
RepAir_sid 20 10 Impact tower 3 1.58 10 2.2 2.45 64.2 Yes 3 0.47 No
Gun_mid Impact tower 3 4.3 100 5.86 69.3 94 Yes Yes 9 9 Yes
Gun_mid Impact tower 3 4.3 50 3.86 25.9 81 No Yes 5.9 5.9 No
Gun_mid Impact tower 3 4.3 40 3.68 22.8 78.2 Yes 5.8 2.82 No
Gun_mid Impact tower 3 2.6 20 2.94 7.9 70.4 Yes 4.7 4.7 No
Gun_mid Impact tower 3 1.58 10 2.43 1.2 60.5 No Yes 3.6 0.54 No
Gun_sid Impact tower 3 4.3 100 5.65 65.2 95.1 Yes Yes 7.7 5.73 Yes
Gun_sid Impact tower 3 4.3 85 5.31 57.7 95.2 Yes Yes 7.1 5.8 Yes
Gun_sid Impact tower 3 4.3 65 4.86 41 87 No Yes 6.2 4.5 Yes
Gun_sid Impact tower 3 4.3 50 3.98 27.8 81.7 Yes 5.3 2.84 Yes
Gun_sid Impact tower 3 2.6 20 3.05 8.4 69.3 Yes 3.9 1.23 No
AA_7 5 Hand tower 2 0.668 5 2.6 1.4 62.1 Yes 3.15 1.305 No
AA_8 4 Hand tower 2 0.668 4 2.74 1.14 43.9 Yes 2.8 1.069 No
AA_9 3 Hand tower 2 0.668 3 2.4 0.83 42 Yes 2.5 0.819 No
AA_10 2 Hand tower 2 0.668 2 2.26 0.67 38.3 Yes 2.3 0.58 No
AA_11 1 Hand tower 2 0.668 1 1.78 0.21 19.3 Yes 1.9 0.354 No
AA_12 0.5 Hand tower 2 0.668 0.5 0.00038 0 100 Yes 1.3 0.08 No
AA10 156 Impact tower 3 4.3 156 6.84 94.4 93.9 Yes 9.4 8.4 Yes
AA9 140 Impact tower 3 4.3 140 6.4 81.7 92.8 Yes 8.5 6.8 Yes
AA5 125 Impact tower 3 4.3 125 6.4 80.7 91.6 Yes 8.4 6.84 Yes
AA8 110 Impact tower 3 4.3 110 5.69 65 93.4 Yes 7.8 5.45 Yes
AA4 100 Impact tower 3 4.3 100 5.51 58 88.7 Yes 7.5 5.072 Yes
AA 85 Impact tower 3 4.3 85 5.45 57.1 89 Yes 7 5.2 Yes
AA65 Impact tower 3 4.3 65 4.64 38.9 84 Yes 5.9 3.98 Yes
AA3 50 Impact tower 3 4.3 50 4.41 29.6 80.3 Yes 5.2 2.866 No
AA1 40 Impact tower 3 4.3 40 3.56 20.55 75.6 Yes 4.8 2.077 No
AA2 30 Impact tower 3 4.3 30 3.17 14.6 67.5 Yes 4.7 1.668 No
AA6 20 Impact tower 3 2.88 20 2.65 6.7 66.4 Yes 3.6 0.679 No
AA7 10 Impact tower 3 1.58 10 2.64 3.5 63.8 Yes 3.2 0.473 No
Cowling2 Impact tower 3 4.3 100 5.81 60.1 82.3 - Yes 8.3 4.9 Yes
Cowling1 Impact tower 3 4.3 50 3.82 24.8 78.8 - Yes 6.3 2.4 No
Cowling3 Impact tower 3 2.6 20 3.24 9.4 69 - Yes 5.6 1.3 No
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Table A.6: Dent depth values predicted and measured

Sample Measured depth [mm] Predicted depth [mm]
CSHP6 0.196 0.206
CSHP7 0.249 0.168
CSHP8 0.111 0.148
CSHP9 0.08 0.118
CSHP10 0.074 0.072
CSHP11 0.016 0.05
MPAir 4 10.65 8.244
MPAir7 7.55 8.47
MPAir 5 6.1 7.493
MPAir 3 5.89 6.151
RepAir_mid 11 7.55 6.279
RepAir_mid 10 4.4 4.668
RepAir_mid 13 3.38 3.837
RepAir_mid 12 3.01 3.755
RepAir_mid14 1.42 2.25
RepAir_mid 22 0.69 0.997
RepAir_sid 15 13.2 9.433
RepAir_sid 17 7.1 7.556
RepAir_sid 16 3.54 4.655
RepAir_sid 18 2.4 4.519
RepAir_sid 19 1.85 4.26
RepAir_sid 20 1.21 2.951
RepAir_sid 21 0.47 1.639
Gun_mid5 6.8 5.557
Gun_mid2 3.1 3.661
Gun_mid 2.82 3.49
Gun_mid12 1.17 2.168
Gun_mid9 0.54 0.922
Gun_sid3 5.73 5.739
Gun_sid7 5.8 5.393
Gun_sid8 4.5 4.753
Gun_sid6 2.84 3.136
Gun_sid11 1.23 1.239
Cowl1 2.4 3.263
Cowl2 5.9 4.963
Cowl3 1.3 2.152

A.4.1. Dent depth model values
A.5. Python codes
A.5.1. Graphs Absorbed Energy

Listing A.1: Absorbed Energy graphs

1

2 THiX7B;m`2U7B;bBx24URy- eVV
3 THiXTHQiUAKT�+iJS - �#bQ`#2/nJS - K�`F2`4^b^- HBM2bivH24^@^- H�#2H4 ^JS^- +QHQ` 4^

#Hm2^V
4 THiXTHQiUAKT�+i`2TKB/ - �#bQ`#2/n_2T�B`nKB/ - K�`F2`4^b^- HBM2bivH24^@^- H�#2H4 ^

_2T�B`KB/^- +QHQ` 4^;`22M^V
5 THiXTHQiUAKT�+i`2TbB/ - �#bQ`#2/n_2T�B`nbB/ - K�`F2` 4 ^b^- HBM2bivH24^@^- H�#2H4 ^

_2T�B`bB/^- +QHQ` 4 ^Q`�M;2^V
6 THiXTHQiUAKT�+i:mMnKB/ - �#bQ`#2/n:mMnKB/ - K�`F2`4^b^- HBM2bivH24^@^- H�#2H4 ^

:mMKB/^- +QHQ` 4^`2/^V
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7 THiXTHQiUAKT�+i:mMnbB/ - �#bQ`#2/n:mMnbB/ - K�`F2`4^b^- HBM2bivH24^@^- H�#2H4 ^
:mMbB/^- +QHQ` 4^Tm`TH2^VO

8 THiXTHQiUAKT�+i*QrH - �#bQ`#2/n*QrH - K�`F2`4^b^- HBM2bivH24^@^- H�#2H4 ^*QrH^-
+QHQ` 4^TBMF^V

9 THiXTHQiUAKT�+i�� - �#bQ`#2/n�� - K�`F2`4^b^- HBM2bivH24^/�b?2/^- H�#2H4 ^��^- +QHQ`
4^#H�+F^V

10 THiXtH�#2HU^AKT�+i 2M2`;v UCV^V
11 THiXvH�#2HU^�#bQ`#2/ 2M2`;v UCV^V
12 THiXiBiH2U^AKT�+i 2M2`;v pbX �#bQ`#2/ 2M2`;v^V
13 THiX;`B/Uh`m2V
14 THiXH2;2M/UV
15 THiXb?QrUV

A.5.2. Graphs Threshold
Listing A.2: Threshold graphs

1 #7b2`B2bBKTQ`i K�iTHQiHB#XTvTHQi �b THi
2 #7b2`B2bBKTQ`i MmKTv �b MT
3

4 O .�i� 7Q` +`�+F i?`2b?QH/ `�M;2b Q7 /B772`2Mi bT2+BK2Mb
5 bT2+BK2Mb 4 (^*a>S^- ^JS�B`^- ^_2TJB/^- ^_2TaB/^- ^:mMJB/^- ^:mMaB/^- ^*QrHBM;^)
6 i?`2b?nKBM 4 (j- Ryy- Ry- Ry- Ry- e8- y) O JBMBKmK i?`2b?QH/ p�Hm2b
7 i?`2b?nK�t 4 (9- Rk8- ky- ky- ky- 38- ky) O J�tBKmK i?`2b?QH/ p�Hm2b
8

9 +QHQ`b 4 (^#`QrM^- ^#Hm2^- ^;`22M^- ^Q`�M;2^- ^`2/^- ^Tm`TH2^- ^TBMF^) O �bbB;M2/
+QHQ`b

10

11 O *`2�i2 � 7B;m`2
12 THiX7B;m`2U7B;bBx24U3- 8VV
13

14 O SHQi 2``Q` #�`b rBi? bT2+B7B2/ +QHQ`b 7Q` 7`QMi +`�+Fb
15 #7b2`B2b7Q` B #7b2`B2bBM #7b2`B2b`�M;2U#7b2`B2bH2MUbT2+BK2MbVV,
16 THiXTHQiU(B- B)- (i?`2b?nKBM(B)- i?`2b?nK�t(B))- +QHQ`4+QHQ`b(B)- HBM2rB/i?4k-

H�#2H4^*`�+F^ #7b2`B2bB7 B 44 y #7b2`B2b2Hb2 ]]V
17 THiX?HBM2bUi?`2b?nKBM(B)- B @ yXR- B Y yXR- +QHQ`4+QHQ`b(B)- HBM2rB/i?4kV O

aK�HH ?Q`BxQMi�H HBM2 �i KBM
18 THiX?HBM2bUi?`2b?nK�t(B)- B @ yXR- B Y yXR- +QHQ`4+QHQ`b(B)- HBM2rB/i?4kV O

aK�HH ?Q`BxQMi�H HBM2 �i K�t
19

20 O G�#2Hb �M/ iBiH2
21 THiXtH�#2HU^aT2+BK2Mb^V
22 THiXvH�#2HU^*`�+F h?`2b?QH/ UCV^V
23 THiXiBiH2U^*`�+F h?`2b?QH/ _�M;2b Q7 .B772`2Mi aT2+BK2Mb^V
24 THiXtiB+FbU#7b2`B2b`�M;2U#7b2`B2bH2MUbT2+BK2MbVV- bT2+BK2MbV
25 THiXvHBKUy- #7b2`B2bK�tUi?`2b?nK�tV Y kyV O �/Dmbi v@HBKBi 7Q` #2ii2`

pBbm�HBx�iBQM
26

27 O .BbTH�v p�Hm2b QM iQT Q7 7`QMi +`�+F HBM2b
28 #7b2`B2b7Q` B- UKBMnp�H- K�tnp�HV #7b2`B2bBM #7b2`B2b2MmK2`�i2U#7b2`B2bxBTUi?`2b?nKBM -

i?`2b?nK�tVV,
29 THiXi2tiUB- K�tnp�H Y k- 7^&KBMnp�H'@&K�tnp�H'^- ?�4^+2Mi2`^- 7QMibBx24Ry-

+QHQ`4+QHQ`b(B)V
30

31 O �// H2;2M/
32 THiXH2;2M/UV
33

34 O a?Qr +?�`i
35 THiXb?QrUV

A.5.3. Normalized values
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Listing A.3: Normalized values

1 OMQ`K�HBx2/ p�Hm2b �#bQ`#2/ 2M2`;v
2 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/nJS,
3 LQ`Kn�#bnJS 4 Bf9Xe8
4 #7b2`B2bT`BMiU^�#b JS^- LQ`Kn�#bnJSV
5

6 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n_2T�B`nbB/,
7 LQ`Kn�#bn_2T�B`nbB/ 4 Bf9
8 #7b2`B2bT`BMiU^�#b `2TbB/^- LQ`Kn�#bn_2T�B`nbB/V
9

10 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n_2T�B`nKB/,
11 LQ`Kn�#bn_2T�B`nKB/ 4 Bf9
12 #7b2`B2bT`BMiU^�#b `2TKB/^-LQ`Kn�#bn_2T�B`nKB/V
13

14 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n��,
15 LQ`Kn�#bn�� 4 Bf9
16 #7b2`B2bT`BMiU^�#b ��^- LQ`Kn�#bn��V
17

18 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n>S,
19 LQ`Kn�#bn>S 4 BfkXe8
20 #7b2`B2bT`BMiU^�#b >S^- LQ`Kn�#bn>SV
21

22 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n��k,
23 LQ`Kn�#bn��k 4 Bfk
24 #7b2`B2bT`BMiU^�#b ��k^- LQ`Kn�#bn��kV
25

26 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n:mMnKB/,
27 LQ`Kn�#bn:mMnKB/ 4 Bf9
28 #7b2`B2bT`BMiU^�#b:mMJB/^- LQ`Kn�#bn:mMnKB/V
29

30 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n:mMnbB/,
31 LQ`Kn�#bn:mMnbB/ 4 Bf9
32 #7b2`B2bT`BMiU^�#b:mMaB/^- LQ`Kn�#bn:mMnbB/V
33

34 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/n*QrH,
35 LQ`Kn�#bn*QrH 4 BfkXk8
36 #7b2`B2bT`BMiU^�#b *QrH^- LQ`Kn�#bn*QrHV
37

38 #7b2`B2b7Q` B #7b2`B2bBM �#bQ`#2/nZaA,
39 LQ`Kn�#bnZaA 4 BfkXe8
40 #7b2`B2bT`BMiU^�#bZaA^- LQ`Kn�#bnZaAV

A.5.4. QSI results
Listing A.4: QSI - Full

1 #7b2`B2bBKTQ`i T�M/�b �b T/
2 #7b2`B2bBKTQ`i K�iTHQiHB#XTvTHQi �b THi
3 #7b2`B2b/27 THQinKmHiBTH2n;`�T?bU7BH2nT�i? - b?22ib- ai�M/�`/ni`�p2H - ai�M/�`/n7Q`+2

- H�#2Hb4LQM2V,
4 ]]]
5 SHQi KmHiBTH2 ;`�T?b 7`QK /B772`2Mi b?22ib BM �M 1t+2H 7BH2 QM QM2 7B;m`2X
6

7 S�`�K2i2`b,
8 7BH2nT�i? Ubi`V, S�i? iQ i?2 1t+2H 7BH2X
9 b?22ib UHBbiV, GBbi Q7 b?22i M�K2b iQ 2ti`�+i /�i� 7`QKX
10 tn+QHmKM Ubi`V, *QHmKM M�K2 7Q` i?2 t@�tBb /�i�X
11 vn+QHmKM Ubi`V, *QHmKM M�K2 7Q` i?2 v@�tBb /�i�X
12 H�#2Hb UHBbiV, GBbi Q7 H�#2Hb 7Q` i?2 ;`�T?b UQTiBQM�HVX
13 ]]]
14 THiX7B;m`2U7B;bBx24URy- eVV
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15

16 O SHQi /�i� 7`QK 2�+? b?22i
17 #7b2`B2b7Q` B- b?22i #7b2`B2bBM #7b2`B2b2MmK2`�i2Ub?22ibV,
18 O _2�/ /�i� 7`QK i?2 b?22i
19 /�i� 4 T/X`2�/n2t+2HU7BH2nT�i? - b?22inM�K24b?22iV
20

21 O 1ti`�+i t �M/ v /�i�
22 t 4 /�i�(ai�M/�`/ni`�p2H)
23 v 4 /�i�(ai�M/�`/n7Q`+2)
24

25 O lb2 i?2 b?22i M�K2 Q` T`QpB/2/ H�#2Hb �b i?2 H2;2M/
26 H�#2H 4 H�#2Hb(B) #7b2`B2bB7 H�#2Hb #7b2`B2b2Hb2 b?22i
27

28 t 4 T/XiQnMmK2`B+Ut- 2``Q`b4^+Q2`+2^V
29 v 4 T/XiQnMmK2`B+Uv- 2``Q`b4^+Q2`+2^V
30

31 O SHQi i?2 /�i�
32 THiXTHQiUt- v- H�#2H4H�#2HV
33

34 O *mbiQKBx2 i?2 THQi
35 THiXtH�#2HU^.27H2+iBQM KK^V
36 THiXvH�#2HU^6Q`+2 L^V
37 THiXiBiH2U^*a>S +QmTQMb @ ZaA h2bi^V
38 THiXH2;2M/UV
39 THiX;`B/Uh`m2V
40 THiXiB;?inH�vQmiUV
41

42 O a?Qr i?2 THQi
43 THiXb?QrUV
44

45 O 1t�KTH2 mb�;2
46 7BH2nT�i? 4 ^f+QMi2Mif/`Bp2fJv.`Bp2f+QH/ bT`�fAKT�+i .�i� @ 6Q`+2 ;`�T?bfZm�bB

ai�iB+ *afZm�bBai�iB+*a>Sn7mHHXtHbt^
47 O S�i? iQ vQm` 1t+2H 7BH2
48 b?22ib 4 (]*a>SORk]- ]*a>SORj]- ]*a>SOR9]- ]*a>SOR8]- ]*a>SORe]) O _2TH�+2 rBi?

vQm` b?22i M�K2b
49 t 4 ]*QKTHB�M+2 bi�M/�`/ i`�p2H] O _2TH�+2 rBi? vQm` t@�tBb +QHmKM M�K2
50 v 4 ]ai�M/�`/ 7Q`+2] O _2TH�+2 rBi? vQm` v@�tBb +QHmKM M�K2
51 H�#2Hb 4 (]yX8C]- ]RC]- ]kXjC]- ]9C]- ]8C]) O PTiBQM�H, G�#2Hb 7Q` i?2 ;`�T?b
52

53 THQinKmHiBTH2n;`�T?bU7BH2nT�i? - b?22ib- t- v- H�#2HbV

Listing A.5: QSI - cut off

1 #7b2`B2bBKTQ`i T�M/�b �b T/
2 #7b2`B2bBKTQ`i K�iTHQiHB#XTvTHQi �b THi
3 #7b2`B2bBKTQ`i MmKTv �b MT
4

5 #7b2`B2b/27 2ti`�+in2M2`;B2bn7`QKni�#bU7BH2nT�i? - b?22ib- t- vV,
6 O _2�/ i?2 1t+2H 7BH2
7 2M2`;B2b 4 &'
8

9 #7b2`B2b7Q` B- b?22i #7b2`B2bBM #7b2`B2b2MmK2`�i2Ub?22ibV,
10 O _2�/ /�i� 7`QK i?2 b?22i
11 /�i� 4 T/X`2�/n2t+2HU7BH2nT�i? - b?22inM�K24b?22iV
12

13

14 O 1ti`�+i t �M/ v /�i�- +QMp2`iBM; iQ MmK2`B+ �M/ ?�M/HBM; 2``Q`b
15 /27H2+iBQM 4 T/XiQnMmK2`B+U/�i�(t)- 2``Q`b4^+Q2`+2^VXiQnMmKTvUV
16 7Q`+2 4 T/XiQnMmK2`B+U/�i�(v)- 2``Q`b4^+Q2`+2^VXiQnMmKTvUV
17
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18 O _2KQp2 L�L p�Hm2b iQ 2Mbm`2 T`QT2` bQ`iBM; �M/ +�H+mH�iBQM
19 p�HB/nBM/B+2b 4 MTXBb7BMBi2U/27H2+iBQMV � MTXBb7BMBi2U7Q`+2V
20 /27H2+iBQM 4 /27H2+iBQM(p�HB/nBM/B+2b)
21 7Q`+2 4 7Q`+2(p�HB/nBM/B+2b)
22

23 O *�H+mH�i2 i?2 �`2� mM/2` i?2 +m`p2 mbBM; i?2 i`�T2xQB/�H `mH2 UBM LǟKKV
24 2M2`;vnMKK 4 MTXi`�TxU7Q`+2- /27H2+iBQM - /t4yXyRV
25

26 O *QMp2`i LǟKK iQ CQmH2b UR LǟKK 4 yXyyR CV
27 2M2`;vnDQmH2b 4 2M2`;vnMKK  yXyyR
28

29 O aiQ`2 i?2 `2bmHi BM i?2 /B+iBQM�`v
30 2M2`;B2b(b?22i) 4 2M2`;vnDQmH2b
31

32 #7b2`B2b`2im`M 2M2`;B2b
33

34 O 1t�KTH2 mb�;2
35 O _2TH�+2 <i�#b< rBi? vQm` /B+iBQM�`v Q7 .�i�6`�K2b UQM2 7Q` 2�+? i�#V
36 O _2TH�+2 ^.27H2+iBQM^ �M/ ^6Q`+2^ rBi? vQm` �+im�H +QHmKM M�K2b
37 O 1t�KTH2 mb�;2
38 7BH2nT�i? 4 ^f+QMi2Mif/`Bp2fJv.`Bp2f+QH/ bT`�fAKT�+i .�i� @ 6Q`+2 ;`�T?bfZm�bB

ai�iB+ *afZm�bBai�iB+*a>Sn+miQ77XtHbt^
39 O S�i? iQ vQm` 1t+2H 7BH2
40 b?22ib 4 (]*a>SORk]- ]*a>SORj]- ]*a>SOR9]- ]*a>SOR8]- ]*a>SORe]) O _2TH�+2 rBi?

vQm` b?22i M�K2b
41 t 4 ]*QKTHB�M+2 bi�M/�`/ i`�p2H] O _2TH�+2 rBi? vQm` t@�tBb +QHmKM M�K2
42 v 4 ]ai�M/�`/ 7Q`+2] O _2TH�+2 rBi? vQm` v@�tBb +QHmKM M�K2
43 H�#2Hb 4 (]yX8C]- ]RC]- ]kXjC]- ]9C]- ]8C]) O PTiBQM�H, G�#2Hb 7Q` i?2 ;`�T?b
44 THQinKmHiBTH2n;`�T?bU7BH2nT�i? - b?22ib- t- v- H�#2HbV
45

46 O 1ti`�+i 2M2`;B2b 7`QK �HH i�#b
47 2M2`;B2b 4 2ti`�+in2M2`;B2bn7`QKni�#bU7BH2nT�i? - b?22ib- t- vV
48

49 O S`BMi i?2 +�H+mH�i2/ 2M2`;B2b
50 #7b2`B2b7Q` b?22i- 2M2`;v #7b2`B2bBM 2M2`;B2bXBi2KbUV,
51 #7b2`B2bT`BMiU7]a?22i, &b?22i'- 1M2`;v, &2M2`;v,X97' CQmH2b]V

A.5.5. Dent depth model - Optimization
Listing A.6: Optimization of dent depth model

1 #7b2`B2bBKTQ`i MmKTv �b MT
2 #7b2`B2b7`QK b+BTvXQTiBKBx2 #7b2`B2bBKTQ`i H2�binb[m�`2b
3 #7b2`B2bBKTQ`i K�iTHQiHB#XTvTHQi �b THi
4

5 O @@@ AMTmi /�i� @@@
6 pnBMJS 4 MTX�``�vU(8Xdj- eXN3- dX3N- dXe3)V O p2HQ+BiB2b UKfbV
7 /2Min/2Ti?JS 4 MTX�``�vU(8X3N- eXR- dX88- RyXe8)V O �+im�H /2Mi /2Ti?b UKKV
8

9 K�bb 4 9Xj O F;
10 vb 4 Rj3XR82e O S� UvB2H/ bi`2M;i?V
11 i 4 yXyyy9e8 O K Ui?B+FM2bbV
12

13 O @@@ JQ/2H 6mM+iBQM @@@
14 #7b2`B2b/27 KQ/2HnrUF- pV,
15 ]]]*QKTmi2b T`2/B+i2/ /2Mi /2Ti? r BM KK]]]
16 #7b2`B2b`2im`M p  MTXb[`iUK�bbV f UF  MTXb[`iUvb  iVV  Ryyy
17

18 O @@@ _2bB/m�H 6mM+iBQM 7Q` PTiBKBx�iBQM @@@
19 #7b2`B2b/27 `2bB/m�HbUF- p- rnK2�bm`2/V,
20 rnT`2/ 4 KQ/2HnrUF- pV
21 #7b2`B2b`2im`M rnT`2/ @ rnK2�bm`2/
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22

23 O @@@ _mM G2�bi a[m�`2b PTiBKBx�iBQM @@@
24 BMBiB�Hn;m2bb 4 (eXy)
25 #QmM/b 4 UyXR- RyyXyV
26

27 `2bmHi 4 H2�binb[m�`2bU`2bB/m�Hb - BMBiB�Hn;m2bb - #QmM/b4#QmM/b- �`;b4UpnBM-
/2Min/2Ti?JSVV

28

29 O @@@ 1ti`�+i PTiBK�H F @@@
30 FnQTi 4 `2bmHiXt(y)
31 rn7Bi 4 KQ/2HnrUFnQTi- pnBMV
32

33 O @@@ PmiTmi _2bmHib @@@
34 #7b2`B2bT`BMiU7]� PTiBKBx2/ F, &FnQTi,X97']V
35 #7b2`B2bT`BMiU]$MS`2/B+i2/ pb J2�bm`2/ .2Mi .2Ti?b UBM KKV,]V
36 #7b2`B2b7Q` B- UT`2/- �+im�HV #7b2`B2bBM #7b2`B2b2MmK2`�i2U#7b2`B2bxBTUrn7Bi-

/2Min/2Ti?VV,
37 #7b2`B2bT`BMiU7]h2bi &BYR', S`2/B+i2/ 4 &T`2/,Xj7'- J2�bm`2/ 4 &�+im�H,Xj7'-

1``Q` 4 &T`2/ @ �+im�H,Xj7']V
38

39 O @@@ PTiBQM�H, SHQi _2bmHib @@@
40 THiX7B;m`2U7B;bBx24Ue-9VV
41 THiXTHQiU/2Min/2Ti?JS - rn7Bi- ^Q^- H�#2H4^S`2/B+i2/ pb J2�bm`2/^V
42 THiXTHQiU(y- #7b2`B2bK�tU/2Min/2Ti?JSV)- (y- #7b2`B2bK�tU/2Min/2Ti?JSV)- ^@@^- +QHQ`

4^;`�v^- H�#2H4^A/2�H 6Bi^V
43 THiXtH�#2HU^J2�bm`2/ .2Mi .2Ti? UKKV^V
44 THiXvH�#2HU^S`2/B+i2/ .2Mi .2Ti? UKKV^V
45 THiXiBiH2U^JQ/2H 6Bi Q7 .2Mi .2Ti? @ JS�B`^V
46 THiXH2;2M/UV
47 THiX;`B/Uh`m2V
48 THiXiB;?inH�vQmiUV
49 THiXb?QrUV

A.5.6. Johnson-Cook model
Listing A.7: Johnson-Cook model

1 OOCQ?MbQM +QQF KQ/2H #`QM
2 #7b2`B2bBKTQ`i MmKTv �b MT
3

4 O 1t�KTH2 p�Hm2b 7Q` � ivTB+�H �HmKBMmK �HHQv
5 � 4 RRy2e O S�
6 " 4 R8y2e O S�
7 M 4 yXje
8 * 4 yXyR9
9 K 4 RXy
10 2Tbn/Qiny 4 RXy O Rfb
11 hn`QQK 4 kNj O E
12 hnK2Hi 4 NjR O E U2X;X- �HmKBMmKV
13 2Tb 4 yXR O TH�biB+ bi`�BM
14 2Tbn/Qi 4 Ryyy O bi`�BM `�i2
15 h 4 9dj O i2KT2`�im`2 Ukyyå* BM E2HpBMV
16

17

18 #7b2`B2b/27 DQ?MbQMn+QQFnvB2H/nbi`2M;i?U2Tb- 2Tbn/Qi- h- �- "- M- *- K- 2Tbn/Qiny -
hn`QQK- hnK2HiV,

19 ]]]
20 *�H+mH�i2 vB2H/ bi`2M;i? mbBM; i?2 CQ?MbQM @*QQF KQ/2HX
21

22 S�`�K2i2`b,
23 @ 2Tb, TH�biB+ bi`�BM U/BK2MbBQMH2bbV
24 @ 2Tbn/Qi, bi`�BM `�i2 URfbV
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25 @ h, +m``2Mi i2KT2`�im`2 UEV
26 @ �, vB2H/ bi`2M;i? �i `272`2M+2 US�V
27 @ ", bi`�BM ?�`/2MBM; +Q277B+B2Mi US�V
28 @ M, bi`�BM ?�`/2MBM; 2tTQM2Mi
29 @ *, bi`�BM `�i2 b2MbBiBpBiv +Q277B+B2Mi
30 @ K, i?2`K�H bQ7i2MBM; 2tTQM2Mi
31 @ 2Tbn/Qiny, `272`2M+2 bi`�BM `�i2 URfbV
32 @ hn`QQK, `QQK i2KT2`�im`2 UEV
33 @ hnK2Hi, K2HiBM; i2KT2`�im`2 UEV
34

35 _2im`Mb,
36 @ uB2H/ bi`2M;i? �nv BM S�b+�Hb
37 ]]]
38 O LQ`K�HBx2 i2KT2`�im`2
39 hnbi�` 4 Uh @ hn`QQKV f UhnK2Hi @ hn`QQKV
40 hnbi�` 4 #7b2`B2bK�tUyXy- #7b2`B2bKBMUhnbi�`- RXyVV O *H�KT iQ (y-R)
41

42 O CQ?MbQM @*QQF 2[m�iBQM
43 bB;K�nv 4 U� Y "  2Tb  MV  $
44 UR Y *  MTXHQ;U2Tbn/Qi f 2Tbn/QinyVV  $
45 UR @ hnbi�`  KV
46

47 #7b2`B2b`2im`M bB;K�nv
48

49 bB;K�nv 4 DQ?MbQMn+QQFnvB2H/nbi`2M;i?U2Tb- 2Tbn/Qi- h- �- "- M- *- K- 2Tbn/Qiny -
hn`QQK- hnK2HiV

50 #7b2`B2bT`BMiU7]CQ?MbQM@*QQF uB2H/ ai`2M;i?, &bB;K�nvfR2e,Xk7' JS�]V

A.6. Confidential information
Abbreviations:

• AA1XXX = AA1050
• AA2XXX = AA2219
• AX = Airbus

Margot van Hecking Colenbrander
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