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Abstract

The offline programming technology provides the possibility to generate complex robot trajectories
in thermal spray process. In the laboratory of LERMPS, an add-in software called “Thermal Spray
Toolkit” (T.S.T.) has been developed to assist the offline programming in the field of thermal spray.
However, efforts are still expected to improve the functionality of this software. The aim of this study
is to improve the application of offline programming technology in the thermal spray process.
According to the procedure of the offline programming in thermal spray, the work of this thesis consists
of three parts.

Firstly, efforts have been dedicated to improve the module “PathKit” in T.S.T., which aim to
improve the functionality of trajectory generation. The algorithm of trajectory generation for the curved
substrate surface was improved to maintain a constant scan step. A novel Archimedean spiral trajectory
was developed for damage component recovery application by cold spray. The experiment of an A15056
coating depositing on a manually manufactured workpiece with a crater defect was carried out to
validate the effects of spiral trajectory with adapted nozzle speed.

Secondly, numerical models were developed to simulate the coating thickness distribution in 2D
and 3D, and then integrated in the RobotStudio™ as an individual module named “ProfileKit”. In the
“ProfileKit 2D, it is able to evaluate the effects of operating parameters on coating profile and optimize
the parameters. In the “ProfileKit 3D”, coating thickness distribution can be simulated based on the
nozzle trajectory and robot kinematics data. The functionalities were validated by the trapezoid cold
sprayed coating.

At last, kinematic analysis was used to provide the optimization methods for a better robot
performance in thermal spraying. In order to better evaluate the robot performance, an overall parameter
(OP) that is the weighted mean of standard deviation of joint speed, was introduced to measure the
complexity of a robot trajectory. Afterwards, the optimal nozzle mounting method as well as the optimal
workpiece placement were investigated by the kinematic analysis and the overall parameter. The result
shows that the kinematic optimization can effectively improve the robot performance to maintain the
predefined speed.

Key words: Thermal spray, offline programming, robot trajectory, robot kinematics, cold

spray, coating thickness, damage repair



Résumé

La technologie de programmation hors-ligne permet de fagon générale la génération de trajectoires
complexes. Dans le laboratoire IRTES - LERMPS, spécialisé dans les activités de la projection
thermique, une extension logicielle appelée « Thermal Spray Toolkit » (T.S.T.) a été développée pour
assister la programmation hors-ligne dans ce domaine spécifique. Cependant, des efforts sont encore
attendus pour améliorer sa fonctionnalité. C’est pourquoi, I’objectif de cette thése vise a améliorer
I’application de la programmation hors-ligne en projection thermique. En accord avec la démarche de
recherche engagée, les travaux de cette thése se composent de trois parties.

Premiérement, les efforts sont dévoués a 1’amélioration du module « PathKit » dans le module
T.S.T, afin d’optimiser la fonctionnalité de la génération de trajectoires. L algorithme pour la génération
de trajectoires sur un substrat courbe a été étudié de manicre a assurer le pas de balayage constant. Une
nouvelle trajectoire appelée « Spirale d'Archimeéde » a été développée pour réparer les défauts formés
en projection a froid. La réparation sur une piece d’aluminium avec un défaut a été réalisé pour valider
ce type de trajectoire en spirale d'Archimede.

Deuxieémement, des modélisations ont été¢ développées pour simuler I’épaisseur du dépot en 2D
puis en 3D. Puis, ces modeles sont intégrés dans le logiciel RobotStudio™ comme un module individuel
dit « ProfileKit ». Dans le « ProfileKit 2D », le module peut évaluer les effets des parametres
opératoires sur le profil du dép6t et puis optimiser les parametres. Dans le « ProfileKit 3D », I’épaisseur
du dépot peut étre simulée selon la trajectoire du robot et la cinématique du robot. Les fonctionnalités
sont validées par un dépot de forme trapézoidale élaboré par la projection a froid avec des pas de
balayage varié.

Troisiémement et derniérement, I’analyse cinématique du robot a été¢ étudiée pour optimiser sa
performance pendant le processus de projection. Afin de mieux évaluer la performance du robot, le
paramétre « overall parameter » (OP), qui correspond a la moyenne pondérée de 1’écart-type de la
vitesse articulaire, est introduit pour mesurer la complexité de la trajectoire du robot. Ensuite,
1’optimisation du montage de la torche ainsi que I’optimisation de la disposition de la piéce sont étudiées
par I’analyse cinématique du robot et du paramétre OP. Le résultat montre que 1’optimisation
cinématique peut améliorer efficacement la performance du robot pour maintenir la vitesse prédéfinie.

Mots clés: Projection thermique, programmation hors-ligne, trajectoire robot,

cinématique robot, projection a froid, épaisseur du dépot, réparation de défauts
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1.1 Thermal spray principle

Nowadays in the manufacturing industry, thermal spraying is becoming more and more
important. With its abilities to provide corrosion protection, wear control, damage repair,
fouling protection and temperature/oxidation protection, thermal spraying has drawn more and
more attention [1]. As an important method of surface treatment, it has become an
indispensable process in the manufacturing industry for durable products, such as automobiles,
aircraft, aviation and shipping. Meanwhile, cold spray that is a newly-emerged coating
deposition among various thermal spray technologies has been applied for efficient additive
manufacturing and dimensional damage repair. The high precision and accuracy for coating
profile control and an as-sprayed coating form leads to a higher demand for nozzle trajectory
and its kinematic control. Thus, for the reasons above, an industrial robot was widely applied
in the thermal spray process to improve the process precision and accuracy. In this section, the

principle and basic information about thermal spray will be introduced.

1.1.1 Principle of thermal spray

Thermal spray is a process in which melted or heated material is deposited on the surface
of a substrate for the purposes of providing various protection and additional functions to a
component [1, 2]. It is able to deposit a coating with a wide range of thickness from 20 um to
several mm, which depends on the spraying technology and feedstock material. The thermal
spraying process consists of heat and molten or semi-molten feedstock, in the form of a powder
or thread, motivated by energy such as combustion or electricity. The molten or semi-molten
particles will be accelerated and crashed onto the substrate surface, and then solidified to form
a coating [1]. The thermal spray is available for materials including metal, ceramic, alloy,

plastic, and composite. The energy source can be from the wire arc, flame, plasma, or air flow.
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Figure 1.1 Comparison of different thermal spray technologies in terms of particle velocity

and gas temperature.

According to the melting form and the energy source, a thermal spray can be divided into

several sub-categories including plasma spraying, wire arc spraying, high velocity oxygen fuel

spraying (HVOF) and cold spray. As shown in Figure 1.1, according to the particle velocity

and the gas temperature, cold spray can be separated from other thermal spray technologies

due to its low gas temperature and high particle velocity. The general principle of thermal spray

(a) and cold spray (b) are shown in Figure 1.2, respectively. Table 1.1 shows the characteristics

of different spray technologies, where the parameters are essential for the robot trajectory

programming. In the following section, different thermal spray technologies will be briefly

introduced.
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Figure 1.2 General principle of (a) conventional thermal spraying process, (b) cold spray

process.
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Table 1.1 General principle of thermal spraying process.

: : : Spray :
Scanning | Jet impacting Spray ) Coating
) ) Distance )
Process Speed Diameter Distance Thickness
Tolerance
(mm/s) (mm) (mm) (mm)
(mm)

Flame 500 10-20 100-200 10 0.1-1.5
HVOF 1000 1040 100-250 20 0.2-3
Wire Arc 1250 8-20 80-150 10 0.05-1.5

Plasma
1000 30 150-350 20 0.05-1
APS
Cold spray | 10-100 4-8 10-30 10 0.01-10

1.1.2 Typical thermal spray technology

1.1.2.1 Plasma spray

Plasma spray [3, 4] is a thermal spray coating process used to produce a high quality
coating by a combination of high temperature, high energy heat source, a relatively inert
spraying medium, usually argon, and high particle velocities. Plasma is the term used to
describe gas that has been raised to such a high temperature that it ionises and becomes
electrically conductive. The utilisation of plasma spray coating technology allows the spraying
of almost any metallic or ceramic onto a large range of materials with exceptional bond strength,

while minimising distortion of the substrate.

Due to its versatility and excellent characteristics, the plasma spray coating process is
selected by many technologists, which is able to offer the widest choice of coating materials.
Its application includes wear and erosion resistance [5], high temperature protection, thermal
barrier coatings (TBC) [6], erosion/abrasion resistance and so on. As a result, plasma spray has
been widely used in the aerospace, automotive, medical devices, agriculture communication

and so on.
1.1.2.2 High velocity oxygen fuel spraying (HVOF)

In the process of HVOF [7, 8], a mixture of fuel and oxygen is fed into a combustion
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chamber, where it is ignited and combusted continuously. The resultant hot gas at a pressure
close to 1 MPa emanates through a converging-diverging nozzle and travels through a straight
section. The fuels can be gases such as hydrogen, methane, propane, propylene, acetylene and
natural gas or liquids such as kerosene. The jet velocity at the exit of the barrel is usually over
1000 m s and thus exceeds the velocity of sound. Powder material is fed into the jet at the
feed ports and the powder particles are heated and accelerated toward the substrate, where they
impinge at high velocity to form a coating. The process has been most successful for depositing
cermet materials such as WC—Co and other corrosion-resistant alloys such as stainless steels

and nickel-based alloys.

1.1.2.3 Cold spray

Cold spray as a promising technology for damaged components recovery [9, 10] has been
drawing more and more attention from both industrial and scientific communities with its
unique characteristic—°cold’. As a relatively new surface coating technology, there has been a
rapid development for cold spray in the past two decades since its invention in the 1980s [5].
Differing from traditional thermal spray processes where molten or semi-molten particles
deposit at a low velocity, the low temperature and high velocity of cold sprayed particles upon
impact can avoid the occurrence of particle oxidation as well as local thermal residual stresses
[6, 7]. Moreover, dominated by mechanical interlocking or metallurgical bonding, cold spray
is able to provide dense and thick deposition with high adhesion strength, low residual stresses
and low porous structure [8-10]. Because of the features that are superior to other techniques,
cold spray has been widely applied for the deposition of various non-porous protective coatings
and also dimensional recovery of worn-out or corrosive components [11-13]. Among all the
potential application fields, the additive manufacturing for repairing damaged components in

the aerospace industry is probably the largest beneficiary of repair by cold spray [14-16].

1.2 Application of industrial robot

Generally, a robot is a mechanical or virtual artificial agent that is guided by a programme
or electronic circuitry. With the capacity of imitating certain human functions such as
manipulation and moving objects, a robot is expected to serve as a substitute for human effort
in certain tasks. This realisation is autonomously achieved based on the perception of the

environment of the robot [11]. Since the first digital and programmable robot named Unimate
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invented by George Devol in 1954 for lifting pieces of hot metals from a die casting machine,
robots have been widely spread and used in fields like manufacturing, assembly and packing,
transport, earth and space exploration, surgery, mass production and laboratory research. Their
advantages such as better performance, lower labour cost and higher repeatability have
promoted their application in the fields mentioned above. They are also able to replace humans
in those repetitive and dangerous tasks that humans prefer not to do, or are unable to do because
of the size limitations or even those extreme environments such as outer space or the deep
ocean [12, 13]. As a result, the definition of a robot has been divided into several categories,
such as the mobile robots, industrial robots, collaborative robots, autonomy and ethical robots,

military robots and so on.

Within all the classification, the industrial robots are widely adopted in the field of
industrial manufacturing and processing. According to the IOS8373 definition, an industrial
robot is an automatically controlled, reprogrammable, multipurpose manipulator with three or
more axes. Typical applications of robots include welding, painting, assembly, pick and place,
product inspection and testing, are all accomplished with high endurance, speed, and precision.
Due to their advantages like repeatability, programmability and flexibility, industrial robots
have liberated humans from unnecessary efforts and repetitive operations, brought increasing
productivity and better human resource distribution. Meanwhile, due to the fact that the motion
of industrial robots is planned and generated by programming language, it is flexible and can
modify robot motion and its operating parameters while maintaining high precision. Another
important factor is that industrial robots can protect human operators from potential harm from
the working environment, such as noise, high temperature and toxic gases. For example, as for
the application of welding, a robot can perform the welding motion more constantly and
smoothly, providing a better welding quality. Moreover, protective measures such as goggles,
protective clothing and ventilation, prepared for humans, are not necessary for robots. As a
result, as long as the working routine is well programmed and prepared, robots can largely
improve productivity. Due to the advantages that industrial robots have, robots been applied in

various fields. Three typical application examples are provided as below in this section.

1.2.1 Thermal spray robot

In a thermal spray process, a spray nozzle is mounted on the sixth axis of the robot to

deposit coating on the substrate surface. Due to the extreme working environment of a thermal
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spray, high temperature, noise, dust and noxious gas are potentially harmful to an operator
during a thermal spray process. Thus, the application of an industrial robot becomes a perfect
solution to protect the operator. Meanwhile, a qualified coating requires stable thermal spray
operating parameters such as spray angle, standoff distance, and nozzle traverse speed. A robot-
assisted thermal spray can provide the precision and stability that manual operating cannot offer,
which makes an industrial robot a perfect assistant in the thermal spray process. Thus, the work

in this thesis is based on the application of industrial robots in the thermal spray process.

1.2.2 Multi-axis robot system

Generally, a robot consists of two parts, including the manipulator and its controller system.
A typical 6-axis robot is shown in Figure 1.3, which is an ABB IRB 2400 robot. The robot
manipulator includes the main body, arm and wrist. The servomotor and reducer equipped at
the wrist enables the movement and stability of robot motion. An end effector, also known as
end-of-arm-tooling (EOT), can be installed at the 6 axis to achieve certain tasks. Common
examples of end effectors include welding devices, spray guns, grinding and deburring devices,
grippers and so on. End effectors can be highly complex according to different applications,
which have further requirements for robot motion. Meanwhile, various sensors can be utilised
to aid the robot system in locating, handling, and positioning products. For example, in the
thermal spray process (plasma, HVOF, flame), the laser beam that follows the thermal spray
spot could be used to in-situ remelt the coating by laser [14]. The laser followed by thermal

spray spot can be used as a method of substrate pre-treatment [15].

(a) Manipulator (b) Controller system

Teach pendant
’ Axis 6

Mains switch —+

Operator’s panel

Disk drive

Figure 1.3 ABB IRB 2400 consisting of (a) manipulator with 6 axes and (b) controller

system.
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As an example of an ABB IRB2400 robot, the controller contains the electronics required
to control the manipulator, external axes and peripheral equipment. The portable teach pendant,
as shown in Figure 1.3 (b), is used to display robot status, to control and programme robot
motion. Using the joystick on the teach pendant, the robot can be manually jogged (moved).
The user determines the speed of robot movement by controlling the deflections of the joystick.
Robot motion programmes prepared on the PC can be synchronised to the robot controller
system via the disk drive shown in Figure 1.3 (b). The robot is equipped with an operating
system called BaseWare OS, which controls every aspect of the robot, like motion control,

development and the execution of application programmes communication.

1.2.3 Thermal spray operating parameter

As mentioned above, industrial robots have been widely applied in thermal spray processes
due to their stability and precision of manipulation and motion, which leads to the fact that the
coating quality is directly affected by robot kinematics. Thus, it is of great importance to study
the influence of robot operating parameters on thermal sprayed coating quality. The thermal
spraying process consists of a series of operating parameters, which also affects the thermal
spraying process directly. These parameters have a significant influence on the deposition
efficiency, temperature distribution on the substrate, morphology and structure of the coating,
which are related to the coating quality [16-18]. Concerning robot kinematics and coating
quality, the process can be controlled directly by the robot. As a result, the coating quality of
the thermal spray can be directly controlled and influenced by robot kinematics, which can
control the thermal spray operating parameters as well. Research into the relationship between
coating quality, robot kinematics and thermal spray operating parameters is essential for the
thermal spraying process. As shown in Figure 1.4 below, the operating parameters also called

the kinematic parameters are listed below:

> Robot trajectory

Relative speed between nozzle and substrate
Spray distance

Spray angle

YV V V V

Scanning step
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Coating

|Scanning Step

Injector of powder

Torch (U @0 5
Spray angle

Relative speed between torch and substrate

Figure 1.4 Operating parameters in the thermal spraying process.
1.2.3.1 Nozzle traverse speed

The nozzle traverse speed is the moving speed of the robot in relation to the substrate. With
certain mass flow through the feedstock injector, it is a parameter that has the most influence
on the mass distribution and coating thickness. If the nozzle moves faster, there will be fewer
particles deposited at the substrate surface and the corresponding coating thickness will be
decreased. Meanwhile, the slower the nozzle moves, the longer the heating source will stay on
the same spot on the substrate surface, which leads to the deterioration of the coating quality

caused by local over-heating and residual stress.

Generally, in order to make the coating thickness uniform, it is very important and
necessary to maintain the relative nozzle speed constant. Normally, the effective moving speed
of a robot during operation cannot be maintained at the predefined value due to the factor of
inertia. For this purpose, the operator should eliminate the influence of the inertia of the nozzle
setup and associated equipment on the robot speed. In order to obtain a uniform coating profile,
studies have been performed to improve the stability of robot performance by kinematic

optimisation [19, 20].
1.2.3.2 Spray angle

Generally, in the thermal spraying process, the nozzle is kept vertical to the substrate
surface, which is considered to have a maximum deposition efficiency. The inclined spray angle

will increase the particle loss and decrease the deposition efficiency due to the particle rebound
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at the substrate. In the same time, the porosity of the coating will increase if the spray angle
decreases from 90° [21, 22]. So maintaining the nozzle vertical to the substrate will increase
the coating quality, which is easier to achieve for the plane surface. For the workpieces that
have complex geometry, the direction of each target point in the trajectory on the substrate is
should be well defined for keeping the nozzle vertical to the substrate during the entire spray
process. As a result, a relatively more complex programming method with CAD (computer-

aided design) file is necessary.

But for the workpiece with a complex shape, one of the robot axes will reach its rotation
limit at a certain point on the workpiece. There are also circumstances in which the robot has
to compromise the spray angle to obtain a smoother scanning speed and coating quality. The
spray angle between 90° and 45° is considered acceptable, by striking a balance between
deposition efficiency and the coating quality. Therefore, many approaches have been developed
to simulate the coating thickness, which is mainly to find the relation between the spray angle

and the coating thickness [23-25].

1.2.3.3 Standoff distance

The spray distance is the gap between the nozzle and the substrate surface, which will
decide particle states while reaching the surface and the impacting intensity of particle on

substrate. The value of spray distance will also affect the coating thickness and deposition

efficiency [20].
Short distance
Over-heating
Optimal distance
»

Long distance |
Low deposition efficiency

Figure 1.5 Influence of spray distance.

As shown in Figure 1.5, the spray distance will directly influence the flight duration of
particles from the nozzle to the substrate [26]. If the distance is too short, the particles injected
in the nozzle will stay in the state of a solid and cannot be accelerated to a sufficient speed.

However, when the distance is too long, the molten particles could have solidified before

10
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reaching the substrate, which will decrease the deposition efficiency. As a result, when an
appropriate value of spray distance is defined, it should be constant during the operating

process.
1.2.3.4 Scanning step

For a coating deposited by a multi-path trajectory, its coating profile can be considered as
the superposition of the profile by each individual nozzle path. So the interval between two
successive scanning paths is the key factor for the uniformity of coating and the coating
thickness, as presented in Figure 1.6. The optimal value of the scanning step can result in a
uniform coating. If the scan step is too small, the coating surface roughness will become rather
low; however, the residual stress will increase significantly for the reason of local overheating.

For the APS (atmosphere plasma spray), the optimal scan step is between 5 and 15 mm.

Scan Step

]
Ist pass 2ndpass

Figure 1.6 Structure of coating surface.
1.2.3.5 Over-length

The parameter called over-length is a part of the trajectory that exceeds the boundary of
the workpiece, as shown in Figure 1.7. In order to change the scanning direction between two
successive passes, the robot has to overcome the inertia from itself and the weight of nozzle.
So over-length is the length of the area for the robot to accelerate and decelerate between two
successive passes, which will help the robot move at the predefined speed on the substrate to
spray. However, no coating will be deposited while the nozzle is outside the area of the substrate.
An appropriate value of over-length is needed to avoid an unnecessary waste of materials,

which leaves enough space to reach the predefined speed.

11
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Over-length
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Figure 1.7 Round-trip trajectory with an over-length.

1.2.4 Robot kinematic parameter

1.2.4.1 Degree of freedom

Generally, the number of axes for a simple manipulator such as a CNC machine is between
2 and 3, and between 3 and 6 for the programmable robots [27]. Theoretically, for a simple
manipulator it requires two axes to reach a point in a plane, and three axes to reach a point in
space. Meanwhile, for the programmable robots, in order to fully control the orientation of the
end-effector, three more axes (yaw, pitch and roll) are required. In other words, to move a rigid
body to a position with a predefined orientation, three components of translation and three
components of rotation are required to be defined [28]. Generally, the degree of freedom is the
same as the number of axes. As a result, the degree of freedom is usually six for a typical

industrial robot.
1.2.4.2 Working envelope

In robotics, a working envelope is defined as the maximum overall area within which the
robot arm can move. For a robot, the working envelope is its range of movement, usually
measured from the base of the robot (base coordinate system). As shown in Figure 1.8, it is the
shape that is created when a manipulator reaches forward, backward, up, and down. These
distances are determined by the robot properties such as length/diameter of each joint
component, rotation range of each joint, and design of the axes. Each axis contributes its own

range of motion. A very important factor is that the trajectory and robot motion should be

12
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planned within the limits of the working envelope [27].

IRB 2400L

- 32— =

Figure 1.8 Working envelope of ABB IRB 2400L robot.

1.2.4.3 Payload

The payload or carrying capacity is based on the size of robot and power of actuator. It
stands for the weight of work pieces on the assembly line, or the operation tools. For the
security reasons, the payload of a robot is measured under the largest operation speed.
Nowadays, an industry with higher and higher power support can bring a bigger and bigger
payload, which is very useful for applications like lifting, manipulation, welding on large
surface. Also, for the application of transfer robot, the payload can vary from 900 Kg to 3000
Kg. For example, the payload of robot IRT 501-90R from ABB Company is 2950 Kg.

In the laboratory of LERMPS, three ABB robots are equipped for different thermal spray
processes. For example, an ABB IRB 4400 M98 robot that has a maximum load capacity of 60
Kg [29] is equipped for plasma spray processes, which can handle the spray system including
nozzle, cable and powder feed system. As for the cold spray system, an ABB IRB 2400 robot
with maximum load capacity of 10 Kg [30] is used, which can satisfy the less complicated

spray system mounted on the robot.

1.2.4.4 Speed

Robot speed is the capacity of how fast a robot can move the TCP (tool centre point) within

the working envelope, which is a very important characteristic for evaluating the robot

13
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performance. Similar to the robot payload, robot speed also depends on the size, power and
other specifics of the robot. It also depends on the kinematic performance of each axis during

operation [31].

Normally, there is a limit for the robot speed and the rotation speed of each axis. While the
distance for acceleration or deceleration is not enough, the robot could not reach the predefined
speed. Meanwhile, the speed of the robot largely depends on the performance and the motion
of each axis. A constant or smooth motion of the robot is very important for many applications
including, painting, welding, etc. A robot speed that deviates from the predefined value cannot
ensure the product quality. As a result, it is very important to ensure a constant robot speed

concerning robot kinematics.

Actually, in the thermal spray process, different nozzle traverse speeds are applied
according to the desired coating thickness and the specific thermal spray technology. For
example, in cold spray, the nozzle traverse speed is chosen as 40 mm/s [32] to 200 mm/s [33,
34] to achieve a full coating deposition. Sometimes, a nozzle traverse speed [35, 36] as high as
500 mm/s is used to obtain the single particle deposition on substrate, which is usually for the
study of bonding mechanism and particle deformation behaviour. However, due to the high-
energy input by the heat source in the thermal spray process, the nozzle traverse speed can be
significantly different. In an atmosphere plasma spray (APS) process, the nozzle traverse speed
is usually set as 500 to 1500 mm/s [37, 38], which is similar in a suspension plasma spray (SPS)

[37] process.

1.2.4.5 Joint motion

For each axis during the robot movement, its motion can be separated into three parts: joint
position, speed and acceleration. For the joint position, it represents the value of axis rotation
at a given time, with a unit of degree. As a result, the joint positions of each axis decide the
TCP position and orientation in the working envelope. At the same time, a smooth changing
joint position within its rotation limit is favourable for a better motion performance. A sudden
change of joint position will take more energy for a servomotor of an axis to complete a defined
robot motion, and also result in more fluctuation of TCP speed. As for the joint speed, it is the
angular speed of an axis, which is defined by the derivative of the joint position with respect

to time. It has a unit of degree per second (°/s).

14



Chapter 1: Introduction

Table 1.2 Technical specifications of robot ABB IRB 2400/16.

Item Value
Unidirectional pose repeatability (mm) 0.06
Linear path accuracy (mm) 0.45-1.0
Linear path repeatability (mm) 0.14-0.25
Axis motion resolution (°) 0.01

As another variable to evaluate the axis performance, the joint speed represents how fast
an axis is rotating, whose limit is based on the servomotor performance. A sudden change of
joint speed of an axis will bring rapid change of joint position with the risk of reaching its limit.
A constant or gradually changing value of the joint speed is suitable for the robot motion. In
other words, joint acceleration can be used to evaluate the robot motion. Generally, the joint
acceleration is to evaluate how joint speed varies, with a unit of °/s2. The larger the joint
acceleration, the greater the power the servomotor has to provide. A joint acceleration that is
low or constantly maintained can reduce the mechanical wear. As a result, for a single axis,
three limits exist and restrict each other. In order to improve the robot performance and
maintain the TCP speed, it is important to make sure that all the joint positions are within limits;

moreover, the joint speed of all axes are constant or changing smoothly.

Table 1.3 Axis motion specification of robot ABB IRB 2400/16.

Range of Movement, © Maximum axis speed, s
Axis 1 +180 to -180 150
AXis 2 +110to -100 150
AXis 3 +65 to -60 150
Axis 4 +200 to -200 360
AXis 5 +120to -120 360
AXis 6 +400 to -400 450

1.3 Robot programming

Based on the application in the thermal spraying process, industrial robots are required to
perform the complicated movements with high precision. The trajectory generation should be

based on different operating parameters, as well as the workpiece geometry. Thus, an efficient
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and proper programming method is necessary for trajectory generation and post-analysis.
Depending on the type and complexity of a robot, various programming methods have been
developed for the generation of robot trajectory. Nowadays, in the field of robot programming,
most operations are achieved on-line, such as on-line testing and measurements. Most of the
robotic programming uses the teaching method, which is appropriate and efficient for some
simple tasks. However, as for the movements with more requirements in precision, trajectory
complexity and its optimisation, the method called the off-line programming method is adopted
more and more. In this section, these methods of trajectory generation for robots will be

presented.

1.3.1 On-line programming method

The on-line programming method is also called programming by teaching. Currently, it is
the most used programming method in industry. In general, the tool and its assembly are first
installed on end-effector of robot (wrist). The operator uses a handheld control and
programming unit called the teach pendant, which allows manually jogging of the robot and
moves the TCP to the desired position, and then stock these points (including positions and
orientation of robot) in a series of movement instructions. Thus, after all the target points and

robot movement instructions are stored, the trajectory is accomplished and ready to test.

This method of programming has the advantage of low-learning costs and is easy-to-use.
Once the abilities of controlling a robot and storing the instructions and positions are acquired,
the operator is thought to be qualified for this work. However, due to the fact that this method
requires many manual operations and robot movements, the programming process will be
tedious and time-consuming. On the other hand, the production has to be interrupted for the
robot programming. However, this will not be a problem for the robots with unchanged and
repetitive tasks. But for the tasks that demand not only high complexity and precision but also
the requirements of modification, the on-line programming method is not appropriate because
the complexity and time for programming will largely increase. For example, in Figure 1.9 (a),
the trajectory on a workpiece with a plane surface can be generated by finding the vertex of the
workpiece and defining the over-length value, and the orientation of different target points can
be defined at the same value. As for the example in Figure 1.9 (b), not only the vertex, but also
the target points along the horizontal scan on the surface with a constant interval are required

to describe the trajectory. In addition, the normal vector of each target on the surface should be
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obtained in order to define its orientation and ensure that the spray angle is 90°. Thus, in this
instance, the on-line programming method is no longer able to satisfy the trajectory generation.
Furthermore, the precision of the robot trajectory and its performance will mostly depend on
the operator’s skill and experience, which is obviously out of tolerance. The second
programming method called the off-line programming method will be presented in the next
part, which is developed for the generation trajectory on a complex workpiece, as the example

in Figure 1.9 (b).

(a)

Figure 1.9 Two examples of generated trajectory: (a) planar surface, (b) curved surface.

1.3.2 Off-line programming method

Most robots perform movement by storing a series of positions in memory manually, and
moving to them at a pre-defined speed in the programme sequence. The robot programme can
be composed directly on a computer terminal by editing the instruction language of the robot
in a text file. For a complex robot movement, large amount of target points is required to define
the trajectory, such as a trajectory to cover a curved surface (Figure 1.9 (b)). Some points on
the first scanning can be defined in the work cell and then the trajectory can be achieved by
adding the extruded points generated in other software such as MatLab, based on the Cartesian

coordinates (x, y, z). However, this simple method does not meet all the requirements for
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complex trajectory generation. Finally, there is an advanced technology called off-line
programming that provides a complete solution for industrial robots, from trajectory generation,
parameter selection to procedure simulation and trajectory optimisation. The robot trajectory
can be generated by using the geometrical data of the workpiece to guarantee the trajectory

precision [39-41].

Reverse engineering CAD files
| ]

v
Obtain workpiece’s form
+
Select operating parameters
+
Analyse workpiece
v
Generate curves on the surface
v
Create points on the curves
+
Generate robot path
v

Process simulation

Adapted?

Yes

Robot programme
v
Calibration
v
Download to robot controller

v

Test and application

h 4

Figure 1.10 Procedure of an off-line trajectory

Figure 1.10 shows the diagram of this method for a thermal spray. Meanwhile, with the
help of CAD/CAM (computer aided design/computer aided manufacturing) software, robot
off-line programming method has the potential to provide a visualisation of the workshop [42,
43]. Also, the robot programme can be generated and simulated with this visualisation system.
The robot motion data can be easily accessed with the visualised software based on the off-line
programming method, such as robot speed, joint position of each axis and so on. As a result,

with these data and corresponding algorithms, post-processing such as collision detection and
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kinematic analysis of the robot during the movement can be achieved. The trajectory

optimisation based on the robot motion data and the kinematic analysis also becomes possible.

Programming by graphic requires the CAD geometry of the workpiece can be used to
create robot trajectories. Therefore, the first step is to acquire 3D geometric model. If there is
no original CAD model available, it must create a simple model that can describe an operation
object in CAD software such as: Catia (Dassault Systemes), SolidWorks (Dassault Systémes),
Pro/Engineer (Parametric Technology Corporation), etc. If the workpiece is too complicated to
be recreated by CAD software, the acquisition of a geometric model called reverse engineering
should be considered. The geometric information of the workpiece can be obtained by the
coordinated measuring machine or laser scanner system. The 3D model can then be rebuilt
from these measured points [44]. This method is particularly effective for complex workpieces
without CAD files. In section 2, the detail of generating a trajectory with off-line programming

method in the thermal spraying process will be presented.

1.3.3 RobotStudio™

Due to the various advantages of off-line programming, an off-line programming software
called RobotStudio™ is used for the studies in this thesis. It is a commercial software
developed by ABB that enables modelling, off-line programming and simulation of robot
systems using a standard Windows based PC. RobotStudio™ provides the tools to increase the
profitability of a robot system by performing tasks such as training, programming, and
optimisation without disturbing production. RobotStudio™ works with an oft-line controller,
which is a virtual IRC5 controller running locally at the PC. This oftf-line controller is also
referred to as the virtual controller (VC). RobotStudio™ also works with the real physical IRC5
controller, which is simply referred to the real controller. Thus, users can benefit from
numerous advantages including: risk reduction, quicker start-up, shorter change-over and
increased productivity. Figure 1.11 shows a case of cooperation between multi robots provided

by RobotStudio™.
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Figure 1.11 An example of robot cooperation in the software RobotStudio™.

In order to develop a robot application model as the example in Figure 1.11, the first step
is to create a station with a specific robot system. Thus, a corresponding virtual controller (VC)
is also created for the following robot movement simulation and modelling. A tool can be
imported from the equipment library and mounted on the robot manipulator, which allows the
robot to perform specific tasks. After that, a tool coordinate system (Figure 1.12) should be
defined, known as the tool centre point, to specify the tool’s centre point position and its
orientation. In fact, several other coordinate systems are provided in RobotStudio™ for
different definitions. The world coordinate system defines a reference to the floor, which is the
starting point for the other coordinate systems. Using this coordinate system, it is possible to
relate the mechanical unit position to a fixed point in the workshop. The world coordinate
system is also very useful when two mechanical units work together or when using a
mechanical unit carrier. The base coordinate system is attached to the base mounting surface
of the mechanical unit. The user coordinate system specifies the position of a fixture or
workpiece manipulator. The object coordinate system specifies how a workpiece is positioned

in a fixture or workpiece manipulator.
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Figure 1.12 Coordinate systems used in RobotStudio™.

The coordinate systems can be programmed by specifying numeric values or jogging the
mechanical unit through a number of positions (the tool does not have to be removed). Each
position is specified in object coordinates with respect to the tool’s position and orientation.
This means that even if a tool is replaced, the original programme can still be used, unchanged,
by making a new definition of the tool. If a fixture or workpiece is moved, only the user or

object coordinate system has to be redefined.

The workpiece can be created by importing CAD files, whose formats vary from STL,
IGES, STEP and ASCII, to ACIS. Thus, with the help of CAD files, it is easier and more
accurate to obtain and define a target point position, which will result in a trajectory with higher
precision. As for the workpiece with simple geometry, a 3D model can be generated directly

with the function of Boolean operation, surface and curve extrusion.

After the workpiece is placed in the operation position, the target points that compose a
trajectory should be created on the workpiece. In RobotStudio™, a target can be created by
two methods. In the first method, a target can be created by teaching, which means its position
and orientation are defined by the ones of the current TCP. Users can jog the virtual robot to
the desired position with an orientation in order to create a target. In the second method, users
can directly define the position and orientation of a target. RobotStudio allows users to snap a
point directly on the workpiece and obtain its position. As for the orientation, the z-axis of each
target is normal to the surface by default. For certain demands, users can rotate the target to re-

orientate.
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RobotStudio™ also provides a function to automatically generate a trajectory from a curve,
which is frequently used in the process of welding and cutting. However, users can select the
desired targets to form a trajectory. After the generation of the trajectory, with the virtual robotic
system provided by RobotStudio™, it is able to execute a robot movement based on the
generated trajectory. The motion data could be recorded by an analysis module, which includes
the TCP speed, joint movement of all six axes. It provides the possibility to analyse the robot
kinematics during operation. RobotStudio™ also permits the collision detection and the signal

of collision in order to avoid the risk of collision during operation.

1.4 Necessity of assistant system for thermal spray application

Based on the off-line programming provided by RobotStudio™ and other software, the
robot trajectory is able to be generated according to the CAD model of the workpiece. In
RobotStudio™, the trajectory can be directly created on a curve or an edge of the workpiece
for the application of welding. However, as for the thermal spray process, the trajectory of the
end-effector that is a nozzle should cover the entire surface of the substrate rather than the edge
in the welding process. The trajectory for the thermal spray process consists of the paths
separated by the constant scan step. Meanwhile, for the purpose of high coating quality, several
operating parameters must be constant. For example, the nozzle should be perpendicular to the
substrate surface, and the distance between the nozzle and substrate should be constant as well.
A few exemplary trajectories for the thermal spray process are shown in Figure 1.14, where the
trajectory is generated on a curved substrate surface with a constant scan step and spray angle.
It is time-consuming to create target points composing the trajectory manually in the software,
and lacks precision as well. As a result, the automatic function of trajectory generation in
RobotStudio™ cannot meet the standard and manual generation of the trajectory that consists

of many target points, which takes much time and lacks precision as well.

With the specific requirements in the thermal spray process, it is necessary to develop
software based on the off-line programming platform to assist the generation of nozzle
trajectory. The software should have the capacity to generate the trajectory on the substrate
with different kinds of geometries automatically. The generated trajectory should also meet the

specific requirements in the thermal spray process.
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Figure 1.13 Nozzle trajectory generated for thermal spray process on the surface of different

substrates.

1.5 Thermal Spray Toolkit (TST)

For the generation of trajectory in a thermal spray application, LERMPS (Laboratoire
d’Etudes et de Recherches sur les Matériaux, les Procédés et les Surfaces) has developed an
add-in software called Thermal Spray Toolkit (TST) based on the off-line programming
platform RobotStudio™. Figure 1.14 shows the modules of TST in the thermal spraying
process. In the first step, PathKit can create robot trajectory on a workpiece based on its
geometry. ProfileKit then simulates the depositing of the coating and gives out a theoretical
coating profile. During the spraying process, MonitorKit monitors the speed and trajectory of
the robot by communicating with the operating robot. After spraying, ProfileKit can provide
surface characters to evaluate the quality of coating. Therefore, it can provide the kinematic
analysis to improve and optimise the robot trajectory and spray strategy. In the next part, the

main functions of TST will be presented briefly.
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PathKit

Figure 1.14 Modules in Thermal Spray Toolkit (TST).

1.5.1 PathKit

The PathKit presents a method using orthogonal planes to cut the surface to be coated, and
generating a series of scanning curves. The normal vector is calculated to define the orientation
of the nozzle on every point of the curves. The PathKit uses this method to generate robot
trajectories in the off-line programming software RobotStudio™ for thermal spray [45, 46].
This software offers a function to perform object Boolean operations (such as union,
intersection and cut) on different parts. Based on the functions mentioned above, it is able to
generate a trajectory quickly and automatically according to the shape of the workpiece that
meets the required operating parameters [47]. Figure 1.15 shows the cutting method applied
for a test sample. First of all, the surface for coating and the edge to start with are chosen
(Figure 1.15 (a)). The individual nozzle path and its target points are created according to the
scan step (Figure 1.15 (b)). The final trajectory is presented in Figure 1.15 (¢) and (d). PathKit
is developed to generate trajectories on the surface of workpieces with different kinds of
geometric shapes, including the rectangular surface, circular surface, curved surface, rotation

of a workpiece.

Although a powerful trajectory generation tool called PathKit was developed, problems
still emerge while encountering complex workpieces with irregular geometry. It is difficult to
choose the orientation of the auxiliary planes to cut the surface when the curvature of the
surface is too large. In this case, keeping the thermal spraying operating parameters constant—
especially the scan step—is impossible. A mesh with uniform distribution of nodes and curves
of'a smooth transition can compose a trajectory for the thermal spraying process. A new module

in the add-in software TST, called the MeshKit, has been developed based on the mesh for the
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purpose of generating trajectory on irregular workpieces.

(@ (®)

Figure 1.15 Procedure of generation trajectory in PathKit.

This add-in programme can import the mesh information created in the engineering
simulation software ANSYS to the off-line programming software RobotStudio™. ANSYS
provides a strategy using computer-based finite element calculation and engineering simulation,
and the preprocess module of CutCell meshing is able to produce elements on complex 3D
geometry. With the help of MeshKit, the mesh information generated by ANSYS can be

transferred to RobotStudio™ to assist the trajectory generation.

In the first step, ANSYS is used to create mesh for the trajectory generation. ANSYS is a
finite element modelling and analysis tool, which can be used to analyse complex problems in
mechanical structures, thermal processes, computational fluid dynamics, electrical fields, etc.
It provides graphics capability that can be used to display results of analysis on a high-
resolution graphics workstation. The preprocessing of ANSYS analyses the geometry by a
numerical technique called finite element analysis (FEA). FEA is a mathematical
representation of a physical system, which contains a part/assembly (model), material
properties, and applicable boundary conditions. The pre-processor function of ANSYS uses the
CAD model to represent the physical model (Figure 1.16 (a)) and divide it by mesh. The size

of the mesh element depends on the requirements of users and the shape of the workpiece.

According to the characteristics of the robot trajectory in the thermal spray, the scanning

of the nozzle should be a set of parallel series on the surface to spray. So the hexahedral unit is
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the best choice while defining the mesh element type. The length of the hexahedral unit edge
is in accordance with the step distance of the nozzle scanning, which is normally set as 5-10
mm. As shown in Figure 1.16 (b), the mesh can be generated by ANSYS. Then, the mesh grid
information will be saved as a text file, which will be used in MeshKit for the trajectory
generation. After the mesh information is transferred to RobotStudio™, it is stored in arrays
for a recursive call in order to generate operational curves. Depending on the mesh information,
a series of curves can be created according to the requirements of users. In general, the distance
between two adjacent curves is equal to the scan step of the robot. They will automatically

appear in the graphical view of RobotStudio™ for intuitive operation by users.

(a) (b)

Figure 1.16 Procedure of trajectory generation in MeshKit.

Lastly, users will choose the other operating parameters in a user-interface in MeshKit and
the trajectory will be generated and displayed in RobotStudio™. As mentioned above, the
operating parameters include the spray speed, scanning step, spray angle and over-length. In
this method, the scan step is the size of the mesh element. The spray angle is defined as 90°.
So the orientation of each target point on the trajectory is normal to the surface, as shown in
Figure 1.16 (c). The other operating parameters can be defined in the user interface. Figure
1.16 (d) presents the final trajectory generated for a thermal spray by MeshKit in
RobotStudio™.
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1.5.2 ProfileKit

Due to the features of high deposition efficiency, high adhesion strength, low oxidation
and low residual stress, cold spray is considered as an effective technology of additive
manufacturing (AM) or 3D printing [48-51]. However, most additive manufacturing or
dimensional repairs done by cold spray are achieved by machinery on the cold sprayed block
coating, which causes great amount of unavoidable material waste. Less attention is focused
on the design of the as-sprayed coating shape or coating profile control with high accuracy. For
the purpose of effective additive manufacturing by cold spray, it is of great importance to
determine the dependence of operating parameters such as spray angle, nozzle traverse speed,

scanning step and standoff distance on coating thickness distribution.
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Figure 1.17 Coating thickness simulated by ProfileKit at different scanning steps: (a) 2 mm,
(b) 3 mm, (¢) 5 mm, (d) 7 mm.

For the purpose of coating thickness prediction and trajectory optimisation, a coating
thickness model was developed. Based on the numerical model, Deng [45] and Cai [20]
developed a module called ProfileKit based on TST. Based on current research, the single
coating profile is simulated with a symmetric Gaussian distribution curve in the ProfileKit, and
combining the curve with the optimised robot kinematic parameters offered by (TST). Thus,
the suitable coating thickness can be obtained within the required tolerances. A concept called
‘flatness’ is added to illustrate the homogeneity of coated thickness, and the relevant simulated

coating thickness and flatness result, which were calculated by TST, have been presented and
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displayed on the graphic interface of TST. As shown in Figure 1.17, the user interface of
ProfileKit is given. The user can alternate the operating parameters in the panel on the left side
and the corresponding coating profile will show on the right side. According to the work by
Cai, coating profiles at different scanning steps are shown in Figure 1.17 (a-d). The flatness of

the coating surface increases as the scanning step decreases.

1.5.3 MonitorKit

Although a robot is designed as a highly accurate manipulator, the weight of electric cables,
the nozzle and other accessories can cause dynamic divergences between the expected and
actual robot trajectory during the thermal spray process. Such deviation of the robot trajectory
can lead to further effects on coating quality and coating thickness distribution. It is necessary
to obtain the actual robot trajectory and its speed to compare it with the designed trajectory.
Deng developed a MonitorKit module, which enables the possibility of monitoring the robot
movement. For the purpose of obtaining the actual robot trajectory, it is necessary to get the
motion parameters of the robot, including space position, tool orientation and robot posture,
which are directly obtained from the robot controller. A standard PC with Ethernet card was

used to communicate with the robot and extract the sampling data.

Figure 1.18 (a) Trajectory degenerated by RobotStudio" and (b) actual trajectory captured by
MonitorKit.

The robot speed is obtained by the DAQPad 6020E with a sampling rate of 1000 Hz. All
data are stored in a text file. The TCP coordinate can be obtained easily from the controller,
and the tool orientation is described by a quaternion array (ql, q2, q3, q4). According to
analytic geometry, the tool orientation is transformed from quaternion to rotation matrix so that

it can be indicated on screen correctly. Based on the TCP position and orientation, it is able to
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display the nozzle trajectory in a visual space; a set of API (application programming interface)
in the computer graphic standard, OpenGL, (SGI Silicon Graphics, Inc.) was used for 3D

graphics development.

Figure 1.18 (a) shows a trajectory generated by RobotStudio™. After synchronising the
programme to the robot controller, the trajectory can be executed by the robot. By using the
MonitorKit, the actual robot trajectory is captured and displayed in a 3D space. It is able to
compare these two trajectories and evaluate the path accuracy, which can provide evidence for

trajectory optimisation.

1.6 Conclusion

With the increasing demands for accuracy, repeatability and working intensity in industry,
more and more industrial robots are introduced to replace manual operations. The procedure of
robot applications in industry includes the trajectory planning, robot programming, process
simulation, kinematic analysis/optimisation, coordinates calibration, programme
synchronisation and execution tests. In these steps, the trajectory planning and kinematic
optimisation are the key points to improve the robot performance and the productivity as well.
As a result, the studies concerning the trajectory generation and the kinematic analysis of
industry robot are becoming more and more important. In the meantime, due to the advantages
of robots, more and more industrial robots have been introduced to the thermal spraying process.
Considering the increasing requirement for robot performance and coating quality, the
trajectory generation, kinematic analysis and trajectory optimisation are becoming hot topics
in this field of industry. Therefore, in this chapter, the aspect of trajectory generation is

introduced based on the robot’s application in the thermal spraying process.

1.7 Objectives

The main goal of the present work focuses on the application of offline programming
methods in the thermal spray process. As presented above, the application process of the oft-
line programming method includes trajectory generation, simulation of robot kinematics and
further optimisation. As a result, the present work is divided into three parts according to the

application process. The details of each part are presented as follows.

1. Firstly, the functionalities of PathKit in TST are further optimised by improving the user
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interface. The algorithm of trajectory generation on a curved surface is optimised by
ensuring a constant scanning step. Furthermore, a novel trajectory based on the
Archimedean spiral pattern is developed for the application of damage repair by cold spray.
The trajectory generation process as well as the trajectory optimisation method is
introduced. A validation experiment is made by applying the Archimedean spiral trajectory

to repair an aluminium block with an irregular defect.

Secondly, a numerical model is developed to simulate the coating profile in 2D and coating
thickness distribution in 3D. In this model, the influence of operating parameters such as
spray angle, scanning step and nozzle traverse speed are included. Experimental validation
is made by comparing the cold sprayed coating with the resulting simulation results.
Moreover, the numerical model is included in the TST as an individual module called
ProfileKit. It is able to simulate the coating thickness based on the robot kinematics data

by simulation of the virtual robot system in RobotStudio™.

Kinematic optimisation is introduced based on the robot’s application in the thermal
spraying process. An investigation on the robot kinematics is proposed to find the rules of
motion in an application case. The results demonstrate the motion behaviour of each axis
in the robot that identifies the motion problems in the trajectory. This approach optimises
the robot trajectory in a limited working envelope. Therefore, different approaches of
kinematic optimisation were introduced to improve the robot performance and coating
quality, which took into account the torch setup, or workpiece placement on the worktable.
As a powerful tool provided by the off-line programming software, the kinematic analysis
is used to evaluate the robot performance, which includes the motion of each axis, the TCP

speed, cycle time, etc.
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Chapter 2: Trajectory generation by offline programming technology

2.1 Introduction of PathKit

As mentioned in the introduction, an add-in software called Thermal Spray Toolkit (TST)
was developed under the off-line programming software RobotStudio™. It provides a complete
solution for the thermal spray process from the generation of nozzle trajectory to the simulation
of coating thickness. As an important factor in thermal spray process, nozzle trajectory has a
large influence on coating quality and coating formation. Due to the specifics of the thermal
spray process, the nozzle trajectory has to satisfy a few demands, such as the constant scanning
path, the perpendicular spray angle and the constant standoff distance. With the help of off-line
programming technology, the PathKit module in TST enables the trajectory generation for
thermal spray applications. In this chapter, following the work by Deng, Fang and Cai, it
continues to improve the functionality in PathKit. Meanwhile, a novel spiral trajectory is

developed specifically for the application of damage component recovery in cold spray.

2.1.1 Functionality of PathKit

In the PathKit, a graphical user interface (UI) is presented to assist the operating parameter
altering and trajectory generation. As shown in Figure 2.1, the graphical interface consists of
the TST ribbon-tab (1), the graphics window for main operation and display (2), the tool

window of a specific function in TST (3), and the output window for information display (4).

7 A e ety [Ty )

Pu’sO BX AN = 1
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Figure 2.1 User interface of Thermal Spray Toolkit and PathKit embedded in RobotStudio™.

After the creation of a new station in RobotStudio, the TST will be activated automatically
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in RobotStudio™, which is embedded following the default ribbons such as Home, Modelling
and Simulation as shown in Figure 2.1. Similar to regular utilisation of RobotStudio™, a robot
system is prepared by specifying the robot type, importing the CAD files of substrate model
and nozzle tool, and defining the parameters such as the tool centre point (TCP) before using
PathKit. Afterwards, a specific module in PathKit will be chosen according to a specific
substrate type and spray strategy. The tool window of the chosen module will appear after
clicking in the ribbon tabs of TST. Users can generate the trajectory on a substrate surface by
altering parameters in the module tool window, and the result will display in the main window.

In PathKit, the modules developed are listed as below.

e Planar surface

e Curved surface
e  Circular surface
e  Spiral trajectory

e Rotation workpiece

The details of each module and application are introduced in the following sections.

2.1.2 Model topology — computer graphics

As mentioned in Chapter 1, the trajectory generation for thermal spray application in
PathKit of TST is based on computer graphics. Target points composing the trajectory are
obtained by a series of graphic processing methods. Thus, it is of great importance to
investigate the model topology, which refers to the spatial relation between various entities of
the model in computer graphics. The relationship of the conceptual topology elements used in
RobotStudio™ is shown in Figure 2.2, which is based on the definition of the boundary
representation of a 3D ACIS Modeler (ACIS). These elements are implemented in ACIS using
the C++ classes Body, Shell, Face, Loop, Wire, Coedge, Edge and Vertex. Each of these classes
is derived from the Entity class. The specific definition and inheritance relation of each class
is described as follows. An example of the topology on a cube is given in Figure 2.3 for a better

understanding of the relationship.
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Figure 2.2 Model topology.

Bodies are the highest-level entities in ACIS models. Typically, a Body is a single solid or
sheet component, such as an engine block, a plate, or a cross section. Several Bodies can be
grouped in a part. Bodies consist of one or several shells. A Shell is a set of connected Faces
and Wires. It is normally the outside of a solid Body, but it can also be the inside of a hollow
Body. According to the scheme shown in Figure 2.2, both the concepts of Face and Wire can
be accessed through a Shell.

>— Loop of coedges
e on a Face

Body of
a Cube

Vertex

Figure 2.3 Topology of an exemplary cube.

A Face is a bounded portion of a single geometric surface. The boundary is represented by
one or more Loops or Edges. Each Face is simply connected, implying that one can traverse

from any point on the interior of the Face to any other point on the interior of the Face without
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crossing the boundary of the Face. A Loop represents a connected portion of the boundary of a
Face. It consists of a set of Coedges linked in a doubly-linked chain, which may be circular or

open-ended.

Meanwhile, a Wire is a connected collection of Edges that are not attached to Faces and do
not enclose any volume. Wires may represent abstract items like profiles, construction lines
and centre lines, or idealisations of rod or beam-like objects or internal passages. They are also

commonly used to form wire frames to form solid-bounding Shells.

A Coedge records the occurrence of an edge in a loop of a face. A Coedge stores its
relationships with adjacent edges and with superior owning entities. (In some contexts, the
Coedge may be viewed as the use of an edge by a Face or Wire.) The data structures formed
by these relationships (stored as pointers) and their interpretation depend upon the nature of
the owning entity. A Coedge can be accessed through a Wire or a Loop in a Face, which is

based on the model geometry.

As shown in Figure 2.3, an Edge is bounded by one or more vertices, referring to one
Vertex at each end. Edges are closely related to Coedges, which allows the Edge to occur in
more than one Face, thus making it possible to create solids. A Vertex is the corner of either a

Face or a Wire. Vertex refers to a point in the object space and to the edges that it bounds.

2.1.3 Trajectory generation by PathKit

2.1.3.1 Trajectory for planar surface

Round-trip trajectory is mostly used in thermal spraying processes for the deposition on a
planar substrate surface. The methodology used for trajectory generation was mentioned in
Chapter 1, which is mainly achieved by the Boolean operating between the substrate surface
and an orthogonal plate created for reference. During the process, the first step is to choose the
surface to spray. In order to define the spray direction, the boundary and starting point are also
needed. Next, the thermal spraying operating parameters should be defined. Then the trajectory
can be generated automatically, as shown in Figure 2.4. The operating parameters were

introduced in the previous chapter.
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Figure 2.4 (a) UI of PathKit for planar surface, (b) round-trip trajectory generated for a plane

surface workpiece.

In the meantime, the meander trajectory for defect repair and workpiece pre-heating is also
developed. As shown in Figure 2.5, only a rectangular area in the middle needs to be deposited.
For a traditional round-trip trajectory, the over-length is necessary to maintain the nozzle
traverse speed within the substrate area as the predefined value. However, an obvious waste of
feedstock material and system energy cannot be avoided in the over-length area. By eliminating
the over-length with the meander trajectory, the deposit area can be restrained strictly within
the area, which can significantly decrease the process duration, the consumption of spray

system as well as the powder. Only the entrance and exit scanning will exist on the exterior

AR

arca.

Figure 2.5 Meander trajectory generated for a rectangular surface.
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2.1.3.2 Trajectory for curved surface

In the thermal spray process, the operating parameters such as spray angle and standoff
distance should be kept constant to obtain an optimal coating quality. In the case of a curved
substrate surface, it is rather difficult to ensure these terms by manual trajectory generation in
off-line programming software. However, with the help of the graphical off-line programming
software, the orientation of each target point can be calculated and obtained automatically

according to the geometry and thermal spraying operating parameters (Figure 2.6).

(a) (b)

Figure 2.7 Optimised trajectory generation for curved surface: (a) original trajectory, (b)

optimised trajectory.

In this thesis, in order to maintain a constant scan step, an improvement in the trajectory
generation algorithm was made, as shown in Figure 2.7. In PathKit, similar to the planar surface,

the target points generated on a curved surface are obtained by the Boolean operating between

43



Chapter 2: Trajectory generation by offline programming technology

the surface to be deposited and an orthogonal surface. Thus, the target points on the substrate
are on the intersection edge between these two surfaces. For each step, the orthogonal surface
is moved by the distance of the scan step. However, in the case of a curved surface, the
movement direction of the orthogonal surface should correspond to the substrate curvature. As
shown in Figure 2.7 (a), while the moving offset of the orthogonal surface is constant during
the operation, an inconstant scan step between each scan step can be observed due to the
changing substrate curvature. However, it can be found in Figure 2.7 (b) that the constant scan

step can be ensured while the moving orthogonal surface is based on the substrate curvature.

2.2 Generation of Archimedean spiral trajectory

Nowadays, with the rapid development of aeronautics and the astronautics industry and
gradually limited resources, dimensional recovery of components is playing a more and more
important role [1, 2]. Due to the unique ‘cold’ feature, the cold spray technology has been
widely applied as a promising method for damaged components recovery as well as additive
manufacturing. Differing from the traditional thermal spray, the low temperature and high
velocity of cold sprayed particles upon impact can prevent the occurrence of particle oxidation

as well as local thermal residual stresses [3, 4].

Most of the research has focused mainly on the improvement of the cold spray system and
the mechanical properties of repaired coating, including bonding mechanism, bonding strength,
and fatigue of coating [1, 5-7]. However, investigations on the nozzle trajectory and robot
kinematics have barely been carried out so far. In fact, these factors are of great importance to
the coating microstructure, coating thickness and coating surface quality [8, 9]. Hence, a proper
strategy for nozzle trajectory and robot kinematics is very crucial to the recovery quality of
damage components. Generally, the cold spray nozzle is controlled either manually in the low
pressure portable system [1, 5] or automatically by the robot arm in the high pressure system
with a simple round-trip trajectory. Either way, the as-sprayed coating formed on the damaged
region hardly matches the original damaged defect shape because of the arbitrary nozzle
trajectory and complex surface topography on the damaged part. More specifically, the coating
is normally over-deposited for the purpose of covering the entire zone of the damaged part. In
this case, the post-manufacturing of the as-sprayed coating must be carried out to obtain the
desired shape and surface. In this process, a large amount of feedstock will be wasted, which

significantly increases the cost for recovery. In order to improve the deposition precision and
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reduce the amount of post-machining work, it is necessary to develop an advanced trajectory
in terms of robot kinematics, which can take the surface topography of the damage part into

account.

Figure 2.8 Schematic of different well-known patterns of spiral trajectory: (a) Fermat’s spiral,

(b) Archimedean spiral, (¢) logarithmic spiral and (d) hyperbolic spiral.

Spiral trajectory is a kind of novel trajectory strategy, generated according to the damage
area contour and thus capable of restricting the nozzle movement within the damaged area, in
order to reduce the material waste due to the over-deposition. Figure 2.8 shows some well-
known patterns of spiral trajectory. Among these trajectories, Fermat’s spiral, hyperbolic spiral
and logarithmic spiral normally result in inconstant thicknesses distribution and qualities at
different parts of a coating due to the inconstant separation between adjacent turns.
Mathematically, the Archimedean spiral is a set of discrete points formed through the point
moving from a fixed original point at a constant linear speed and rotating around the original
point at a constant angular speed simultaneously. Geometrically, a series of successive turns in
the Archimedean spiral is composited the aforementioned points. Another important fact
regarding the Archimedean spiral is that the distance between two successive turns is constant,
which corresponds to the constant scan step in the spray process to ensure the smooth coating
surface. As a result, an Archimedean spiral is an excellent robot trajectory for coating

deposition due to its constant scan step and overall coverage of the deposition area.

Therefore, in this study, a novel trajectory strategy based on the Archimedean spiral pattern
was proposed and used to repair the workpiece with crater defect via cold spray. With this novel
trajectory, the coating can be strictly deposited within the defect area of the damaged workpiece.
Experimental studies of cold sprayed Al15056 coating on a damaged Al12017A workpiece with
a crater defect was also carried out to validate the feasibility of the proposed Archimedean

spiral trajectory.
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2.2.1 Trajectory generation

In order to evaluate the feasibility of the Archimedean spiral trajectory in the dimensional
recovery of a damaged workpiece, a crater defect was created on an aluminum block by
software CATIA (V6, Dassault Systéme, France), which is shown, respectively, in Figure 2.9a.
A crater defect with a maximum depth of 4.3 mm and a volume of 9.8 mm? was created on the
block, as shown in Figure 2.9a. The white lines on the crater area are the contour lines of height.
In order to further understand the depth distribution in the crater defect on the substrate surface,
the result is given in Figure 2.9b with the colour legend indicating the depth value. It can be
seen that the depth increases from the crater edge to the centre. The cross-sectional view of the
crater defect shown in Figure 2.9¢ gives a clearer view of the depth distribution in the crater
defect. Moreover, form Figure 2.9c, it can also be seen that the depth reduces at an inclination
angle of about 70° with a flat surface appearing at the central zone. Based on the
aforementioned model information, a real crater defect having the similar geometry with the
CAD model was manufactured on a 123 mm x 74 mm Al2017A block. The digital photo of the

crater defect is provided in Figure 2.9d.

Figure 2.9 Defect #1: (a) CAD model of the damaged workpiece, (b) depth distribution in the
crater defect of the damaged workpiece with the colour legend indicating the depth value, (c)
cross-sectional view of the damaged workpiece and (d) digital photo of the damaged

workpiece.
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2.2.1.1 Archimedean spiral trajectory

Figure 2.10 shows the generation process of the Archimedean spiral trajectory on a
workpiece with semi-spherical crater. The spiral trajectory was created from the edge to the
centre according to the contour of the semi-sphere. In the first place, a series of reference points
coloured in red with constant interval distance was created on the crater edge (Figure 2.10 (a)).
Secondly, as shown in Figure 2.10 (b), the target points coloured in blue at the first turn were
created by gradually moving each red point towards the centre. The distance between each pair
of blue and red points increased linearly from zero to the value of the scan step. Thirdly, another
series of reference points coloured in red was created by moving the original reference points
at the crater edge towards the centre at a distance of the scan step to form a concentric shape
(Figure 2.10 (c)). Then, by repeating the second procedure shown in Figure 2.10 (b), the target
points on the second turn were created (Figure 2.10 (d)). Finally, by repeating the
aforementioned procedures up to the centre, a complete Archimedean spiral pattern was created.
Figure 2.10 (e) shows the target points of the Archimedean spiral pattern, in which the
references points were removed. Thus, the entrance Archimedean spiral trajectory is created.
By symmetrically mapping the entrance spiral trajectory at the central plane, the exit trajectory
coloured in yellow was created. Figure 2.10 (f) shows complete target points on the

Archimedean spiral trajectory.

Figure 2.10 Generation process of the Archimedean spiral trajectory on a workpiece with

semi-spherical crater.
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2.2.1.2 Scaling method for irregular defect

In practical problems, a defect area normally has an irregular contour rather than a perfect
semi-sphere. It is impossible to apply the standard Archimedean spiral trajectory to the irregular
contour. Thus, a scaling method based on linear transformation theory was used to create
successive contours applicable to the irregular defect. With this approach, the object can be
enlarged or shrunk based on an original point by adjusting the scale factors in each direction.
The positive or negative scale factors represent enlargement or shrinking of the object,
respectively. As described by the linear transformation theory, the position and orientation of a
transformed object can be obtained by multiplying the transformation matrix M; to the object
vector Py as described by Eq. 1. The general scaling transformation is performed according to
the original point (0, 0, 0). Hence, the object should be moved to the original point before being
scaled and returned to previous position after scaling. So, the linear transformation of
displacement M, should also be multiplied in order to scale the object according to the
predefined original point (xo, yo, zo) as presented in Eqgs. 2 and 3, where the s,, s), s: are the
scale factors in each direction. The original point (xo, yo, zo) should be chosen as the centre
point of the object in order to ensure the constant spacing between adjacent scaled contours.

As a result, the scaled object is obtained by applying the Eq. 4.

N S —— Eq. 2.1
M =M s M M e Eq.2.2
100 x|[s, 0 0 0][1 0 0 —x
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00 1 0O 0 O 1{|0 0 0 1

X s, 0 0 (1-s))-X%,
y _ 0 s, 0 (1-s)Y, _
z 0 0 s, (1-s,)-z,
1

z

— N < X
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With Eq. 4, the scaled Archimedean spiral trajectory, which is applicable to the defect area
in this work, was obtained and is shown in Figure 2.11. Figure 2.11 (a) provides reference
points of the first three turns at different scale factors based on edge contour. By gradually
adjusting the reference points towards the adjacent contour, a complete spiral trajectory was

generated according to the edge contour of damaged area. Figure 2.11 (b) shows the final robot
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trajectory after scaling. As can be seen, the trajectory perfectly suits the crater contour. In this

case, the whole defect area can be perfectly deposited with less coating outside the defect area.

Figure 2.11 Schematic of scaling method: (a) the scaled contours obtained by different scale

factors, (b) the spiral trajectory generated by scaling method.

2.2.2 Speed adaptation

The Archimedean spiral trajectory is able to perfectly cover the defect area as discussed in
the last paragraph, but the inconstant depth distribution of the crater may also lead to the over-
coating and low surface quality. In order to solve this problem, the nozzle traverse speed was
adjusted according to the crater depth to control the deposition amount at different positions of
the crater. First of all, the relation between nozzle traverse speed and thickness of cold sprayed
Al5056 coating was experimentally studied. Experiments were conducted with different nozzle
traverse speeds and other fixed working conditions. Only a single-track coating was produced
on the aluminum substrate. The as-sprayed coating shows a Gaussian distribution profile, while
the maximum thickness was used for the investigation. For each sample, three different
locations were randomly selected for measurement to get an averaged value. Figure 2.12 shows
the coating thickness as a function of nozzle traverse speed. As can be seen, the coating
thickness decreased gradually as the nozzle traverse speed increases. When the nozzle traverse
speed increased from 150 mm/s to 300 mm/s, the maximum coating thickness decreased
rapidly from 289 um to 145 pm. However, for a nozzle traverse speed below 150 mm/s, which
is normally applied in coating deposition process by cold spray, the relation was nearly linear.
In this work, the approximation of a linear correlation between nozzle speed and coating
thickness was used to compensate the effect of crater depth. The minimal nozzle traverse speed
was 50 mm/s, which has a maximum coating thickness of 800 um. Thus, the correlation

between nozzle speed and the crater depth was established, as given in Eq. 5.

49



Chapter 2: Trajectory generation by offline programming technology
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Where vy is the minimum nozzle speed, which appears in the deepest position, vy is the
maximum nozzle speed, D is the crater depth, Dmax 1s the maximum depth. By adopting the
linear relation between speed and depth, the distribution of nozzle traverse speed at each target

point was obtained and is shown in Figure 2.12.
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Figure 2.12 Coating thickness as a function of nozzle traverse speed.
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Figure 2.13 Distribution of nozzle traverse speed obtained by speed adaptation according to
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the depth at each target point.

2.2.3 Target points simplification

During the trajectory generation, the interval distance between adjacent points becomes
increasingly shorter from the outer circle towards the centre point because the number of target
points for each circle is the same, as illustrated in Figure 2.14. Although the high density of
target points can improve the trajectory precision, it affects the robot performance or even
results in the failure of trajectory execution. According to execution simulation of robot
trajectory in OLP software RobotStudio™, the original trajectory with a constant target point
interval cannot be executed by robot due to the extremely high target point density. Therefore,

the robot movement should be simplified to reduce the workload on the robot controller.

Figure 2.14 Generated spiral trajectory without target point simplification.
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Figure 2.15 Schematic of trajectory simplification algorithm. (a) The original trajectory, (b)
the trajectory optimised by ChordDev algorithm.

In this work, the optimisation algorithm called the Chord Deviation (ChordDev) Method
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was used to reduce the target point number of trajectory without affecting the precision of the
trajectory. Figure 2.15 shows the schematic of trajectory simplification algorithm. As shown in
Figure 2.15 (a), the segments between the points i and i+n (n > 1) are called Chord. The
perpendicular distance between the point i+m (0 < m < n) and the Chord is considered as the
ChordDev. To perform this algorithm, a threshold of ChordDev should be set as a reference
value to remove the target points that possess smaller ChordDev values. In this example, the
threshold chord deviation value is 3 mm. The optimisation algorithm starts from the point P;.
The chord between the point Pi and the point Pi+2 is considered as Cj, i+2. The ChordDev of Pi+1,
that is the perpendicular distance between the point Pi+; and the chord C;, j+2 is 4 mm, is larger
than the threshold value of 3 mm. This means that the point Pi+; should remain in the trajectory.
For the next point P+, the ChordDev that is the distance between the point P+ and the chord
Ci+1,i+3, 1 3.1 mm. The point Pi+2 should also remain in the trajectory. As for the point Pi+3 and
the chord Ci+2, i+4, the ChordDev is 0.1 mm, which means that the elimination of point Pi+3
will not affect the curvature of the trajectory at this point. The point Pi+3 will then be deleted
from the trajectory. The algorithm continues to test the point Pi+4 and the chord Ci+2, i+s, which
is 1 mm. Thus, the point Pi+4 should also be deleted. As for the point Pi:s, the ChordDev between
this point and Ci+, i+6 1s 3.2 mm and larger than the threshold value. So the point Pi+s should
remain. The lateral points in the trajectory always remain to define the start and the end points
for a pass. As shown in Figure 2.15 (b), the blue points are deleted and the red points remain
in the trajectory to maintain their precision and shape. Thus, a simplified trajectory is generated
and composed of red points and black segments. In summary, the principle of this optimisation
algorithm is to simplify the trajectory by eliminating the target points that have slight effects
on the trajectory precision and shape. A proper threshold value for ChordDev is important to
guarantee the precision of the trajectory. Small threshold values lead to no obvious
simplification of the trajectory, while large values bring serious deviation to the trajectory.
According to the specific thermal spray process, the value of threshold is determined based on

the value of scanning step and the maximum deviation of a point in the trajectory.
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Figure 2.16 Simplified spiral trajectory after applying ChordDev algorithm.

By applying the ChordDev algorithm and a threshold of 0.5 mm to the created spiral
trajectory in this study, a simplified trajectory was obtained and is shown in Figure 2.16. The
value of threshold for the trajectory simplification is determined as 0.5 mm according to the
half of the maximum deviation (1mm) of a point in the trajectory based on the scanning step
of 2 mm in cold spray. Compared with the original spiral trajectory shown in Figure 2.14, the
shape of the trajectory has no difference, but the point number decreased from 1338 to 646.
The number of target points on the straight trajectory line is greatly reduced, while those on the

areas with a large curvature remain.

2.2.4 Simulation results

The spiral trajectory shown was simulated by the virtual robot controller. In the simulation,
a virtual workstation with spray equipment was created to simulate the cold spray process. As
a result, the robot kinematics data including TCP (tool centre point) speed and position can be
obtained. Note that the TCP speed is a robot kinematic concept that equals the nozzle traverse
speed. By retrieving the TCP position and the corresponding TCP speed for every 24 ms, a TCP
speed distribution on the spiral trajectory was generated and is presented in Figure 2.17. It was
found that the simulation results of TCP speed are in good agreement with the depth distribution
(Figure 2.9 (d)) and speed definition (Figure 2.13). In this case, it is reasonable to consider that
the developed spiral trajectory in this work is applicable in the real cold spray process for

repairing the damage workpiece with the crater defect.
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Figure 2.17 TCP speed distribution obtained by process simulation in RobotStudio™.

2.3 Defect repair by cold spray

In this section, a manually manufactured defect on aluminium was repaired by using the
Archimedean spiral trajectory introduced above with cold spray technology. The experimental

details as well as experimental results will be presented.

2.3.1 Experimental details

The cold sprayed coating was produced by CGT K3000 cold spray system equipped with
a de-Laval type nozzle (SiC-Outl, Impact Innovation GmbH). The nozzle has a circular cross-
section with an approximate expansion ratio of 5.6 and a divergent section length of 132 mm.
High-pressure compressed nitrogen was applied as the propellant gas with an inlet temperature
of 500 °C and pressure of 30 bars. The nozzle was cooled by a home-made water circulation
system to avoid nozzle overheating and clogging. The standoff distance between the nozzle
exit and the top surface of substrate was 30 mm without considering the crater depth. The spray
angle was set as 90° to the substrate surface. The nozzle traverse speed was adapted according
to Eq. 5 with maximum and minimum nozzle traverse speed of 150 mm/s and 50 mm/s,
respectively. The scan step between two successive turns of Archimedean spiral was set as 2
mm. Substrate was preheated before the coating deposition process to facilitate the deposition.

According to the coating thickness by a single pass of trajectory, the trajectory was repeated
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for 30 times for the purpose of a full restoration of crater defect.
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Figure 2.18 (a) SEM morphology and (b) powder size distribution of the A15056 powders.

The gas-atomised A15056 powder with near-spherical shape was selected as the feedstock,
whose morphology is given in Figure 2.18 (a). The chemical composition of the powder and
substrate is given in Table 2.1. The microhardness of the powder was 84.6+8.6 HV0.01. The
size distribution of powder was measured by Mastersizer 2000 (Malvern Instruments Ltd., UK),
which is shown in Figure 2.17 (b). The surface morphology of the as-sprayed coating on the
damaged workpiece was measured by Profilometer (AltiSurf 500, Altimet, France). The
polished coating cross-section was etched by Keller’s reagent (95 mL of H>O, 1.5 mL of HCI,
2.5 mL of HNO; and 1 mL of HF) and then the microstructure was observed by a scanning
electron microscope (SEM) (JSMS800LV, JEOL, Japan). In order to evaluate the potential
effect of inclination wall on the cohesion strength, a separate experiment was introduced, where
three groups of tensile test specimens at spray angles of 70°, 80° and 90° were prepared. The
as-sprayed workpiece was placed between two tensile test rods and adhered with each other by
two glue layers (yield pressure: 5943 MPa, FM 1000 Adhesive, Couche Sales, LLC, USA). The
tensile specimens were heated in the preheated oven for two hours at 185 °C and cooled to
room temperature. The assembled tensile specimens were then measured by a tensile machine

(IC ESCOFFIER, Estotest 50, France) at a crosshead speed of 1.26 mm/min.

Table 2.1 Chemical composition of Aluminium 5056 powder and Aluminium 2017A substrate

Element Al Mg Cr Cu Fe Mn Si Zn
AlS056 94.6 4.7 0.11 0.1 0.13 0.11 0.04 0.02
Al 2017A Rest 0.4 0.1 3.5 0.7 0.4 - 0.25
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2.3.2 Results and discussion

2.3.2.1 Spray efficiency

With the growing number of commercial applications of cold spray in automobile, aviation
and electrical industry [10, 11], cost control and estimation of cold spray processes are showing
more and more importance. For example, a cost structure model [12] of cold spray including
various CS systems and various applications has been developed at Siemens and used to
support decisions with sufficient accuracy. In this study, the spray efficiency by Archimedean
spiral trajectory in the damage repair process was also investigated according to a comparison

with a traditional round-trip trajectory.

Repair of the defect was made by a traditional round-trip trajectory with constant nozzle
traverse speed of 150 mm/s and the same spray parameters, and the trajectory was repeated 30
times, which is the same as the experiments by the Archimedean spiral trajectory. It was found
that the process took 14 min 40 s and the maximum coating thickness was 591 um. As shown
in Figure 2.19 (a) and (b), the coating deposited by round-trip trajectory did not restored the
crater defect. According to the maximum depth of 4.3 mm at the crater, it can roughly estimate
that it will take 104 min to fully restore the crater including the area with maximum depth.
However, as for the Archimedean spiral trajectory, the process duration was shortened to 12
min. Although the nozzle traverse speed was decreased according to the depth in the crater in
the case of the Archimedean spiral trajectory, the time that it took to cover the crater area has
been shorted significantly compared with the round-trip trajectory. Based on the assumption of
constant powder feed rate and power consumption, the reduced process duration can largely

decrease the powder consumption as well as the energy consumption of the cold spray system.

Figure 2.19 (a) The as-sprayed workpiece by round-trip trajectory and (b) coating profile by

Profilometre.
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Moreover, the traditional round-trip trajectory generates a rectangular coating that covered
not only the crater defect area, but also the area outside the defect, which caused large
unnecessary powder waste. On the contrary, the Archimedean spiral trajectory produced a
coating based on the crater defect contour, which efficiently avoids excess powder deposition
on the area outside the crater defect. It can be concluded that the Archimedean spiral trajectory
can largely economise the spray process by reducing the process duration and powder
consumption. Similarly, the case in defect can predict that the application of Archimedean
spiral trajectory will avoid excess deposition and save consumption in terms of energy and

powder.
2.3.2.2 Topography of as-spray workpiece

Figure 2.20 shows the comparison of the as-sprayed workpiece by the means of spiral
trajectory and the original workpiece with a crater defect. It can be seen that the crater defect
area was fully restored by AI5056 coating without excess deposition outside the defect area
except the single straight track caused by entrance and exit trajectories. In addition, the coating
was fabricated slightly higher than the substrate surface in order to ensure the sufficient margin
for post-processing. The coating thickness only slightly increased from the crater edge towards
the central region because of nozzle speed adaption. On further investigation of the coating
thickness distribution on the crater defect, the coating surface morphology was measured by
Profilometer and is shown in Figure 2.21, where three zones are indicated for microstructure
observation in the following sections. The coating roughly shows a flat surface with some
ridges and a central peak. The formation of the peak at the centre was due to the extremely low
nozzle speed caused by the high target point density and high curvature of trajectory. More
specifically, in order to reach the target point, the servomotor reducer needs a longer time to
overcome the centrifugal force brought by the large trajectory curvature. Thus, the nozzle speed
at the central region is much lower compared with that of the other regions. Moreover, an
unavoidable inclined surface was formed at the edge of coating, which is due to the Gaussian
coating profile of single deposition. This fact is in accordance with the edge loss phenomenon

reported by Pattison [13].
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Figure 2.20 (a) The original damaged workpiece, (b) as-sprayed workpiece by spiral

trajectory.

In order to evaluate the recovery quality, the as-sprayed workpiece was milled to remove
the excess materials from the damaged workpiece. Figure 2.22 shows a comparison of digital
photos between the original damaged and the repaired workpieces. As can be seen, the crater
defect was fully filled by the A15056 coating material. The boundary between the coating and
substrate can be clearly observed without any gap, which indicates good consistency between
the spiral trajectory and the crater contour. In addition, no detachment of the coating occurred
during the milling process, which may indicate the good bonding between the coating and

substrate. A detailed bonding strength investigation will be provided in the following section.

Figure 2.21 Coating profile obtained by Profilometer.
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Figure 2.22. Workpiece after machinery. (a) The comparison between original damage

workpiece, (b) the restored workpiece after traversal cutting the excess coating.
2.3.2.3 Bonding strength evaluation

Bonding strength including the adhesion strength between coating and damaged workpiece
as well as the coating cohesion strength are of great importance to the dimensional recovery. It
determines whether the repaired workpiece meets the requirement for real application [5, 14].
In this work, the nozzle was kept at 90° to the workpiece surface during the spraying process,
but part of the crater has an inclination wall with the angle of 70°-80°. Therefore, the effective
spray angle over the crater surface is inconsistent. As reported in previous works [15-17], the
particle tended to deform towards the tangential-component direction in the angular spraying
process, which resulted in a low contact area and deposition efficiency. However, Li et al.
reported an interesting result—the maximum coating deposition efficiency not present in the
case of 90° spraying but appears at somewhere around 80° because of the shear friction heating
the interface and possibly improving the interfacial bonding [18]. This fact suggests that the
spraying angle may not seriously affect the coating deposition when it is not far from 90°.
Therefore, in order to confirm whether the spray angle between 70° and 90° will influence the
bonding strength, Figure 2.23 provides the measured results of bonding strength as a function
of spraying angle. It was found that the bonding strength had no significant change as the spray
angle decreased from 90° to 70°. Based on this result, it is sensible to conclude that the bonding
strength between the coating and damaged workpiece is roughly same over the entire crater

surface.
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Figure 2.23 Effects of spray angle on adhesion strength of AI5056 coating.

2.3.2.4 Cross-sectional microstructure

The coating microstructure is another important factor that determines the coating quality.
Figure 2.24 shows the cross-sectional SEM microstructure at different locations. Three typical
zones (Zone 1, 2, 3) marked in Figure 2.21 were selected for observation. Zones 1 and 3
represent the inclination area on two sides, and zone 2 represents the flat area at the crater
central region. As can be seen from Figure 2.24, the coating porosity at each zone was at a very
low level regardless of the inclination angle, which indicates that the coating density and
porosity are the same over the entire crater surface. This fact further confirms that the repair

quality of the damaged workpiece is remarkable.
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Figure 2.24 Cross-sectional microstructure between coating and substrate: (a) flat area of

zone 2 and its high magnification figure, (c) and (d) inclined area of zone 1 and 3.

2.4 Conclusion

In this chapter, the generation of trajectory through the off-line programming method is
presented. Firstly, the TST is embedded as a ribbon in the RobotStudio ", which gives a unified
user interface. Meanwhile, a few improvements have been made. The meander trajectory for
defect repair and workpiece pre-heating was also developed. Only a rectangular area in the
middle needs to be deposited. Compared with a traditional round-trip trajectory, the meander
trajectory is able to save powder consumption by avoiding excess deposition outside the strict
area. Additionally, in order to maintain a constant scan step, an improvement in the trajectory
generation algorithm for the curved substrate surface was made. In the optimised algorithm,
the movement of the orthogonal surface corresponds to the substrate curvature, so that the
constant scan step can be ensured even though the intersection is performed on a curved

substrate.

Secondly, a novel Archimedean spiral trajectory was developed for a damage component
recovery application by cold spray. Combined with the scaling method, the spiral trajectory
was generated based on the defect area contour, which can decrease material waste outside the
recovery area. Furthermore, the nozzle speed was adapted according to the crater depth, which
enables the progressive change of coating thickness to compensate the variation of crater depth.

An experiment of an A15056 coating depositing on a manually manufactured workpiece with a
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crater defect was carried out to validate the effects of the spiral trajectory with an adapted
nozzle speed. The experimental results showed that the cold sprayed A15056 coating had fully
filled the crater area on the substrate based on its contour. No excessive deposition was found
outside the defect contour. The coating surface profile obtained by Profilometer measurement
showed that a flat coating surface was achieved by adapted nozzle speed. Compared to the
round-trip trajectory, the Archimedean spiral trajectory can significantly save the process
duration as well as the consumption of powder and spray system energy, which leads to the

increase of spray efficiency.

Both cross-section morphologies obtained from a different area show an A15056 coating
with high density and low porosity. By evaluating the bonding strength at different spray angles,
it was found that the spray angle has little effect on A15056 coating. It can be concluded that
the proposed spiral trajectory is efficient for the application of damage component recovery
and additive manufacturing with cold spray technology. With the scaling method, such an
Archimedean spiral trajectory can be further applied to the repair of defects with other irregular

shapes.
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3.1 Introduction

As presented in the previous section, the thermal spray operating parameters can be
classified into several categories according to published studies: the energy parameters, powder
injection parameters and kinematic parameters. Among these parameters, the operating
parameters can be directly controlled (speed of the torch, spray distance, scanning step, etc.),
or indirectly controlled (speed and temperature of particles in flight, etc.) by the robot in
thermal spraying process. Many publications [1-3] have described the relationship between the
operating parameters and the coating characteristics as well as the coating structures. A. Kout
et al. [4] investigated the planning trajectory-oriented spray-coating processes, they represented
an optimisation method to compute and approximate the desired coating thickness with coating
relative parameters. M. M. Fasching et al. [5] presented an approach for spraying layers using
robotic thermal spraying system, they offered equations to optimize the spray angle, to generate
more accurate robot trajectory. F. Trifa et al. [6] studied the interaction between the operating
parameters and characteristics of the deposit, which allows selecting the proper settings. S.
Guessasma et al. [7] developed an intelligent system based on fuzzy logic to assist the choice
of parameters depending on the desired characteristics and desired deposit of the coatings.
Therefore, operating parameters should be carefully chosen and kept constant during the

thermal spray process in order to obtain desired and optimised coating properties.

Among various spray technologies, cold spray has drawn more and more attention due to
its low porosity, high adhesion strength and low particle oxidation. In this process, particles in
solid state with relatively low temperature are accelerated to high velocity ranging from 300 to
1200 m/s by heated and compressed driving gas through a converging-diverging nozzle,
deposited onto substrate or layer already deposited [1-3]. Differing from traditional thermal
spray processes where molten or semi-molten particles deposit at a low velocity, cold sprayed
particles with low temperature and high velocity upon impact can prevent the occurrence of
particle oxidation as well as local thermal residual stresses [4]. Due to its features of high
deposition efficiency, high adhesion strength, low oxidation and low residual stress, cold spray
is considered as an effective technology of additive manufacturing (AM) or 3D printing [5-8].
Compared with other additive manufacturing technologies like selective laser melting (SLM)
and direct metal deposition (DMD), the small heat transfer in the cold spray process can mostly
retain the microstructure and mechanical and chemical properties of feedstock powders.

Furthermore, the controllable spray jet by the nozzle mounted at the robot provides more
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degree-of-freedom to the process, which enables fabrication of complex forms and coating

deposition on free-form workpieces [5].

Nowadays, most additive manufacturing or dimensional repairs done by cold spray are
achieved by machinery on the cold sprayed block coating, which causes a great amount of
unavoidable material waste. Less attention is focused on the design of the as-sprayed coating
shape or coating profile control with high accuracy. For the purpose of effective additive
manufacturing by cold spray, it is of great importance to determine the dependence of operating
parameters such as spray angle, nozzle traverse speed, scanning step and standoff distance on

the coating thickness distribution.

There has been a series of studies focusing on the coating deposition model in cold spray
as well as thermal spray process. Djuri¢ et al. [9] developed a metal spray deposition model to
simulate the spatial mass flux distribution produced by the nozzle. The deposition efficiency
was included by transferring the non-linear inverse problem to a boundary-value problem.
Rayment et al. [10] investigated the distribution of temperature and temperature variance on
the substrate by using the same model, which aimed at the path planning optimisation as well
as the elimination of the thermal residual stress and distortion of the sprayed steel shell. Duncan
et al. [11] also used the numerical model developed by Djuri¢ to optimise the path separation
in spray coating, which used the sampling theory to transfer the problem into the spatial
frequency domain. However, the studies mentioned above did not include the influence of off-
normal spray due to the compromise on workpiece geometry or spray strategy. Fasching et al.
[12] achieved a coating thickness distribution with low standard deviation by optimising the
robotic trajectory, which was done by using a nozzle spray tilting model. Similarly, Leigh et al.
[13] evaluated the effects of the spray angle on the coating profile by various coating properties

like micro-hardness and tensile adhesion strength of the plasma sprayed coating.

In this chapter, a numerical model of the coating profile based on Gaussian distribution
was developed and added to the oftf-line programming software. The numerical model includes
the facts of various spray parameters, such as spray angle, scanning step and nozzle traverse
speed, while three groups of experiments by cold spray were made to validate the numerical
model. Afterwards, the coating thickness model was integrated into the off-line programming
software RobotStudio™ as a module in the software Thermal Spray Toolkit (TST) [14, 15]. It
enables the coating thickness simulation based on the operating parameters in the spray process,
robot trajectory and robot kinematic data obtained by process simulation. Combined with other

modules in TST such as trajectory generation [15-17] on different kinds of substrate surfaces,
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users are able to improve the spray strategy, robot trajectory and the operating parameters

according to the results of coating thickness simulation and robot kinematic data.

3.2 Coating profile model

3.2.1 Single coating profile modelling

According to the central limit theorem, the averages of random variables can be considered
normally distributed when the amount of variable is sufficiently large. Thus, in the case of the
thermal spray process, the feedstock jet distribution out of the nozzle as well as the coating
thickness distribution on the substrate surface can be approximated by the mathematical
expression of Gaussian distribution. As a result, for the coating deposited by the thermal spray
process, its thickness distribution, also known as the coating profile, can be expressed by
Gaussian approximation [8], as the equation below. The coating profile has been frequently
used for the coating thickness distribution in the spray process, which can be experimentally
measured from the cross-section of the coating deposited by a single nozzle path [5].
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Where A is the amplitude factor in relation to the feedstock flow rate obtained from
experimental result, o is the standard deviation of the coating profile, (ux uy) is the centre
coordinate of the coating profile on the substrate surface and {(0) is the deposition efficiency
in function of the spray angle. The values of each variable are obtained through experiments

for a certain powder/substrate material system and spray parameters.

Generally, the spray angle is 90<in order to obtain a maximum deposition efficiency and
coating quality. However, in the real spray process, due to the limits of workpiece geometry
and working conditions, the off-normal spray usually appears as a compromise on spray
strategy. In this study, the effects of spray angle are included in the numerical model through
mathematical transformation. As shown in Figure 3.1, for a perpendicular spray case, the
coating profile is conical and symmetric with the central line of nozzle. In the off-normal spray
case, the substrate is inclined clockwise according to the nozzle. The coating profile in off-
normal cases can be deducted by transforming the perpendicular spray model in the Cartesian

coordinate system to the polar coordinate system. The spray cone in polar coordinate system is
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divided into a series of rays with a constant interval angle. Exemplary rays in the polar
coordinate are indicated as dash lines in Figure 3.1. In the polar coordinate system, any point
on the coating surface in the perpendicular spray case can be described by two variables. As
illustrated in Figure 3.1, one is the deflection angle f between each ray and the central line, and
the other one is the spray length AC at this angle between the impacting point C on the substrate
and the point A at the coating profile. Thus, it can describe the coating profile as a function of

the deflection angle and the corresponding spray length.

Nozzle

Figure 3.1. Schematic of coating profile in perpendicular (blue line) and off-normal (red line)

spray cases. The substrate is inclined clockwise in off-normal spray case.

Due to the fact that mass distribution out of the nozzle is constant during nozzle inclination,
an assumption can be made that the spray length at each deflection angle is constant during
inclination. Thus, the coating profile of the off-normal spray can be established by spray length
at each deflection angle in the standard model in the perpendicular case. For example, at the
deflection angle of g as indicated in Figure 3.1, the spray length AC at the perpendicular spray
case has the same value as BD at off-normal spray cases. The impacting point at each deflection
angle is obtained by perspective projection through the nozzle exit point at the substrate surface.
As aresult, by applying the spray length at each deflection angle, the corresponding points can

be obtained at the coating surface within the inclined spray cone area. The coating profile for
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off-normal spray cases is given in Figure 3.1, where the off-normal coating profile is marked

as red, and the perpendicular one is marked as blue.
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Figure 3.2 (a) Coating profile at different spray angles, (b) skewness of coating profile at
different spray angles.

As shown in Figure 3.2 (a), exemplary coating profiles at different spray angles from 90°
to 50°, obtained by the methodology above without accounting deposition efficiency are given,
where the nozzle is inclined counter-clockwise according to the original point, the standoff
distance is 30 mm. It was found that for off-normal spray cases, as the spray angle decreases
from 90°, the mass distribution is gradually concentrated on the left side, and its asymmetry
becomes more evident. Due to the decrease in the spray angle, particles are dispersed on a
larger area, which causes the decrease of the maximum coating profile height and increase of
the coating profile width, as observed in Figure 3.2 (a). The effects of the spray angle on
deposition efficiency will be presented in the following parts by experimental data. In order to
evaluate the coating profile asymmetry with the spray angle, the parameter of skewness, which
is usually used to characterise the symmetry of the probability distribution of a set of random
values, was applied and its variation is given in Figure 3.2 (b). For the spray angle of 90°, the
skewness of the coating thickness distribution is zero, which indicates the perfect symmetric
distribution. With the decrease in the spray angle, the skewness increases, which indicates the
asymmetric distribution as well as the fact that the coating profile is gradually concentrated in
the same direction of nozzle rotation. The skewness variation with the spray angle has good

consistency with the coating profile variation in Figure 3.2 (a).
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3.2.2 Coating thickness distribution modelling

Based on the numerical model of a single coating profile, a model can be built of coating
thickness distribution on the substrate surface deposited by a nozzle trajectory. The schematic
is shown in Figure 3.3, where an exemplary nozzle trajectory is illustrated on the surface of the
substrate meshed by mapped grid. Firstly, the trajectory is dispersed into a series of target
points separated by constant time step. The target points for thickness simulation are obtained
according to the constant time step and nozzle speed interpolation based on the process
simulation result, which is collected for every 24 ms by virtual robot system in RobotStudio™.
Thus, the distance between two adjacent points is the product of time step and nozzle traverse
speed of the previous point obtained by interpolation. An appropriate time step value is
important for the thickness simulation result due to the fact that a large time step can lead to a
less accurate result and a small one can lead to excess computation. The time step of 1 ms is
chosen in this study.

Substrate
Trajectory P, v P, _v;_ P; v, | Pa B
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1 1 1 1 1 | 1 1
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Figure 3.3 Schematic of coating thickness distribution model of trajectory from P1 to P2: the
mapped mesh-grid nodes on substrate surface and the single coating profiles at target points

P1 and P2.

By repeating this procedure, the points consisting the trajectory can be deduced. Secondly,

by integrating the Gaussian distribution at each point along the trajectory, coating thickness
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distribution on the entire substrate surface can be obtained. In this process, the substrate surface
is meshed as a mapped grid with constant grid size. For each target point P (ux, wy) on the
trajectory, the thickness value at each mesh-grid node can be obtained by substituting the node
coordinate (x, y) into the corresponding single coating profile model ¢ (o, ux 1y). By integrating
the thickness value of each mesh-grid node on the substrate surface along the trajectory, coating
thickness distribution is able to be calculated according to the trajectory. Thus, it is able to
describe the influence of the nozzle traverse speed in the model of coating thickness distribution.
Additionally, the effects of operating parameters like the spray angle have already been
included in the single coating profile model. The numerical model is developed by the software
Matlab 2012b. Thus, based on the simulation result, it is able to optimise the nozzle trajectory

and operating parameters as well as spray strategy.

3.3 Effects of operating parameters on coating properties

3.3.1 Experimental details

In order to study the effects of the spray operating parameter on coating thickness and
validate the proposed coating thickness modelling, the experimental study on cold spray was
carried out. Cold sprayed coating was produced by a homemade cold spray system (LERMPS,
UTBM, France), which was equipped with a de-Laval type converging-diverging nozzle. The
nozzle was cooled by a homemade circulating water system. The pure A15056 powder (ECKA
Granules Metal Powders Ltd., Germany) with spherical morphology was chosen as the
feedstock, which was used and introduced in section 2.3.1. High-pressure compressed air gas
was applied as the propellant gas with a temperature of 450 °C and pressure of 2.8 MPa. The
standoff distance was 30 mm away from the substrate. In order to validate the numerical model,
the coatings were produced by a single round-trip of nozzle as well as the full deposition. The
coating thickness distribution was measured by the Profilemeter (AltiSurf 500, Altimet,
France). The relative deposition efficiency was characterised as the ratio of weight gain of each
sample to the maximum weight gain among all the samples at different spray angles.
Microstructures of powder and coatings were examined by scanning electron microscope (SEM,

JSMS5800LV, JEOL, Japan) and optical microscope (OM, Nikon, Japan), respectively.
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Figure 3.4 Morphology of the A15056 powders observed by SEM.

Table 3.1 Detailed description of different operating parameters.

Nozzle Spray angle Scanning
Group Substrate traverse speed o Nozzle pass
(mm/s) (©) step (mm)
90
80
1 Stainless steel 150 70 None 32
60
50
50
100
2 Stainless steel 150 90 None 32
200
300
3 Aluminium 150 90 From 1 to 6 20

A detailed description of different operating parameters is listed in Table 3.1, where
different spray angles, nozzle traverse speeds and scanning steps were studied. For groups 1
and 2, a coating deposited by single nozzle path was made to study the effects of the spray
angle and nozzle traverse speed on a single coating profile, respectively. The trajectory was
repeated 32 times to ensure a thick coating. Polished stainless steel with a thickness of 2 mm
was used as a substrate for groups 1 and 2. As for group 3, a trapezoid round-trip trajectory
with changing scanning step was generated in the off-line programming software

RobotStudio™, as shown in Fig. 5, where the scanning step gradually increases from 1 mm on
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the right to 6 mm on the left. As shown in Figure 3.5, a coating composed of 11 nozzle paths
is deposited on the substrate with a width of 100 mm. An over-length of 10 mm on the trajectory
is reserved to maintain the stable nozzle traverse speed within the area of the substrate. In this
group, polished aluminium block with a thickness of 20 mm was used as the substrate, which

is thick enough to avoid substrate deformation caused by residual stress.

6 mm 1T mm

ST

o~

=N

100 mm

Figure 3.5 Trapezoid round-trip trajectory with changing scanning step from 1 mm to 6 mm.

3.3.2 Effects of spray angle

The effects of the spray angle on a single coating profile were investigated both
experimentally and numerically, where the cases of a spray angle of 90°, 80°, 70°,60° and 50°
were studied. Firstly, the relative deposition efficiency obtained by the experiments was
introduced into the numerical model. As shown in Figure 3.6, the relative deposition efficiency
decreases with the decreasing spray angle. The maximum deposition efficiency can be obtained
for a spray angle between 80° and 90°. As for the spray angle between 60° and 80°, a rapid
drop of deposition efficiency can be observed, which is because increasing the tangential
component of the particle impacting velocity increases the possibility of particle rebounding
from the substrate, and decreases the bonding strength between substrate and particle. As the
spray angle decreases below 60°, the relative deposition efficiency reaches the minimum value.
It can be expected that the deposition efficiency will reach zero with a further decrease in the
spray angle, which is indicated in Figure 3.6 as a dotted line. Such a result was also reported

by Li [9] using copper and titanium powder, Binder [10] using titanium powder and Luo [11]
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using nickel powder.
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Figure 3.6 Effects of spray angle on relatively deposition efficiency of AI5S056 coating.
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Figure 3.7 Single coating profile comparison between experimental and numerical results at

different spray angles.

By introducing the effects of deposition efficiency obtained by experimental results, the
coating profiles at different spray angles are simulated. The numerical results are compared

with experimental results as shown in Figure 3.7. It was found that with the decreasing spray
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angle, the maximum coating thickness decreases and its asymmetry becomes more evident. As
shown in Figure 3.7, the simulated coating profile fits well with the experimental ones.
However, due to the rugosity of cold sprayed A15056 coating, the fluctuation of the measured
coating profile can be observed in Figure 3.7. In order to further evaluate the simulated coating
profile, the relative error under different spray angles compared with experimental results is
given in Table 3.2. Due to the rugosity of as-sprayed coating, a low relative error exists but

cannot be avoided.

Table 3.2 Relative error of simulated coating profile under different spray angles compared

with experimental results.

Spray angle (°) 90 80 70 60

Relative error (%) 25.2 20.9 24.2 32.8

Afterwards, the coating profile of a single deposition spot obtained by 3D simulation is
shown in Figure 3.8, where coating thickness is specified by colour and its range is indicated
in the colour legend on the right. Similar to the 2D simulation result shown in Figure 3.7, the
3D simulation results of the coating profile present the same trend of coating thickness and

asymmetry at different spray angles.

(a) 0=90° (b)- 0=80°
Thickness

A T

wiin i '

(c) 0=70° )" 0=60°
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Figure 3.8 3D numerical results of single coating profile at different spray angles.

Furthermore, the cross-sectional OM micrographs of the cold-sprayed Al coatings on SS

substrate at different spray angles are given in Figure 3.9. For each case, an Al coating with
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different thickness values can be formed without obvious porosity. The coating shows similar
thickness distribution at the spray angle of 90° and 80°. By further decreasing the spray angle,
it can be seen that the thickness decreases as the spray angle decreases. Thus, the 3D coating

profile model is able to be used in the simulation of coating thickness distribution.

L T i N i T i o TR

500um

Figure 3.9 Cross-sectional OM micrographs of the cold-sprayed A15056 coatings on SS
substrate at different spray angles: (a) 90, (b) 80°, (c) 70° and (d) 60°.

3.3.3 Effects of nozzle traverse speed

The effects of nozzle traverse speed on the coating profile as well as maximum coating
thickness were studied through a numerical model and experiments. Nozzle traverse speeds of
50 mm/s, 100 mm/s, 150 mm/s, 200 mm/s, 300 mm/s were included. Based on the coating
thickness model on the substrate surface, the effects of nozzle traverse speed are included. As
shown in Figure 3.10 (a-e), the coating profiles at different nozzle traverse speeds are presented
and marked in red. The relative error of the simulated coating profile compared with
experimental ones is given in Table 3.3, which shows an acceptable value. According to the
good fitness between numerical and experimental coating profiles, no difference of deposition

efficiency can be found for different nozzle traverse speeds, which was also reported by Wong
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with pure Ti and Ti-6A1-4V powder [12]. Thus, it can be concluded that deposition efficiency
is independent of the nozzle traverse speed. Figure 3.10 (f) shows that the maximum coating
thickness decreases with increasing nozzle traverse speed, which means that less powder was
deposited for a higher nozzle traverse speed.
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Figure 3.10 (a-e) Single coating profile at different nozzle traverse speeds, (f) maximum

coating thickness with different nozzle traverse speeds.

Table 3.3 Relative error of simulated coating profile under different nozzle traverse speeds

compared with experimental results.

Nozzle traverse speed 300 200 150 100 50
(mm/s)
Relative error (%) 23.6 243 15.0 24.4 13.7

As shown in Figure 3.11, microstructures of cold sprayed A15056 coating as a function of
nozzle traverse speeds is given. Clearly, the nozzle traverse has a prominent influence on
coating thickness. The coating thickness increases significantly as the nozzle traverse speed
increases. Thus, by understanding the effects of the nozzle traverse speed on coating thickness,

the coating thickness distribution can be adjusted and controlled.
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500um

Figure 3.11 Cross-sectional OM micrographs of the cold-sprayed A15056 coatings on SS
substrate as a function of nozzle traverse speed: (a) 50 mm/s, (b) 100 mm/s, (c) 150 mm/s, (d)
200 mm/s and (e) 300 mm/s.

3.4 Evaluation of coating thickness by ProfileKit

An add-in software package called Thermal Spray Toolkit (TST) was developed by Deng
et al. [13-15] in the off-line programming software RobotStudio™. It aims to provide a
complete solution for the application of an ABB robot in the thermal spray process, which
consists of three modules: PathKit, ProfileKit and MonitorKit. Among these modules, PathKit
[13] provides the function of trajectory generation on various substrate geometries. Afterwards,
the single coating profile of the generated trajectory can be simulated by ProfileKit [14], and
the real-time robot trajectory can be monitored in MonitorKit [16]. At the same time, efforts
have also been made to improve the functionality of TST, such as the application of an external

axis [17], and trajectory generation with mesh-grid method on curved surface [18].

In this study, based on the coating thickness model and experiments validation, a
simulation of the coating profile in 2D and coating thickness in 3D is introduced to ProfileKit.
Compared with previous work [14], ProfileKit is improved by introducing the simulation and
presentation of 3D coating thickness distribution and the dependence on robot kinematic data
such as spray angle and real-time nozzle traverse speed. The cross-sectional coating profile can
be observed based on different operating parameters in ProfileKit 2D, and simulate the coating
thickness distribution by a nozzle trajectory and operating parameters in ProfileKit 3D. The

ProfileKit 2D and 3D are written by C# language and embedded in RobotStudio™ as an add-
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in programme. The data exchange between ProfileKit and RobotStudio™ is based on API
function, which makes it possible for ProfileKit to obtain the robot kinematic data from
RobotStudio™, transfer the simulation results to RobotStudio™ and present them in a graphic
form. In the following sections, a numerical simulation was made by ProfileKit 2D and 3D for

comparison with the experimental results and to validate their reliability.

3.4.1 Coating thickness simulation by ProfileKit 3D

Due to the manipulation of the industrial robot, the coating quality is directly influenced
by the stability of the robot motion. The instability of the robot motion can lead to the
fluctuation of the nozzle traverse speed [19], which results in the low flatness of the coating
surface. Meanwhile, a lot of effort have been made to improve the coating quality as well as
robot motion through kinematic optimisation of the robot trajectory [5, 19, 20]. In order to
present the coating thickness distribution affected by the robot kinematic data and provide
evidence of kinematic optimisation, the coating thickness distribution on the substrate surface
is integrated into the ProfileKit 3D, while the coating thickness simulation is based on the robot

motion simulation results.

The user interface (UI) of ProfileKit shown in Figure 3.12(b) consists of two panels that
refer to different operation steps. The robot trajectory can be simulated by the virtual robot
system in RobotStudio™ and the robot kinematic data such as TCP (tool centre point) speed
and position are collected and then displayed in the diagram below. Afterwards, in the right
panel, based on the collected TCP data and operating parameters, the coating thickness
distribution can be simulated after specifying the simulation parameters. Then displayed on the
substrate surface in the operating window of RobotStudio™ as a coloured parametric surface
on the substrate, with the colour specified by thickness value. The colour legend is given on
the right side, which indicates the colour map as well as the range of thickness value. As shown
in Figure 3.12(b), the robot kinematics data is illustrated in the diagram, where the data is
collected for every 24 ms. By defining the time step of 1 ms, a series of points are generated
on the trajectory according to the primary target points collected by RobotStudio™. By
integrating the Gaussian coating profile at each point, the simulation results of the trapezoid
trajectory with changing scanning steps is given on the substrate surface with a colour
indicating the thickness value. The coating thickness increases from left to right where the

scanning step decreases, while the surface flatness increases correspondingly.
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Figure 3.12 (a) Result display on substrate surface in operating window of RobotStudio™,

(b) the user interface (UI) of ProfileKit of coating thickness simulation in 3D.

(b)

Figure 3.13 (a) Digital photo of as-sprayed workpiece by the trajectory with changing

scanning step, (b) coating thickness (mm) of the coating surface by Profilometre.

The effects of the scanning step were experimentally investigated according to the
parameters of group 3 in Table 3.1. As shown in Figure 3.13, the scanning step of the trajectory
is gradually increasing from 1 mm on the right to 6 mm on the left, which forms a trapezoid
trajectory. The as-sprayed Al 5056 coating deposited on the Al substrate by the trapezoid
trajectory is shown in Figure 3.13 (a). A coating by a single nozzle path is found next to the
trapezoid coating, which is caused by the return of the nozzle and used as the standard coating
profile model. From the as-sprayed coating surface, it can be roughly observed that coating
surface flatness decreases from right to left where scanning step decreases correspondingly. On
the left of trapezoid coating, each individual nozzle path can be clearly observed. In order to

further understand the coating thickness distribution, the as-sprayed trapezoid coating was
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scanned by Profilometre and the result is given in Figure 3.13 (b) with the colour legend
indicating the thickness value. According to the colour distribution, it can be found that the
coating thickness increases from left to right with the decreasing scanning step. By extracting
the thickness value, the average coating thickness at different scanning steps is given in Figure
3.14. The decreasing coating surface flatness can be observed from right to left, with an
increasing scanning step. On the left with a maximum scanning step value, coating by each
individual nozzle path can clearly be observed, which shows an undesired coating surface

quality and extremely low surface flatness.
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Figure 3.14 Average coating thickness at different scanning steps.

3.4.2 Single coating profile simulation by ProfileKit 2D

In order to further investigate the influence of different scanning steps, the coating profiles
at each scanning step were simulated by ProfileKit 2D and then compared with the
experimental results. In this module, it is able to obverse the single coating profile based on
different operating parameters including spray angle, scanning step, nozzle traverse speed and
so on. The UI of ProfileKit 2D is given in Figure 3.15 (a), which consists of the parameter input
panel on the left and the result display panel on the right. By altering the operating parameters,
coating profiles of each individual nozzle path that are coloured in blue and separated by
scanning steps are shown in the display panel on the right. The integrated coating profile that

is the superposition of all individual nozzle paths above is coloured in red and shown in the
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display panel on the right. From this diagram, the integrated coating profile as well as each
nozzle path can be observed, which can be used to find the influence of operating parameters

and to optimise the trajectory.
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Figure 3.15 User interface of ProfileKit 2D and comparison of experimental and numerical

results.

Coating profiles at scanning steps of 2 mm, 4 mm and 6 mm simulated by ProfileKit 2D
are shown in Figure 3.15 (a), (c) and (e). It can be found that the surface flatness decreases with
the scanning step increasing from 2 mm to 6 mm, which is in good accordance with the
thickness distribution result in Figure 3.14. In order to validate the simulation result, the coating
profile at positions where scanning steps are 2 mm, 4 mm and 6 mm were extracted from the
thickness distribution measured from the as-sprayed workpiece. Coating profiles at different
scanning steps obtained by experiment and simulation are compared and shown in Figure 3.15
(b), (d) and (f). An acceptable deviation can be observed between the numerical and
experimental results, and a further discussion of relative error will be given below. As shown

in Figure 3.15 (f) with scanning step of 6 mm, obvious coating thickness fluctuation can be
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observed from both experimental and numerical results. Figure 3.15 (e) shows that final coating
profile matches well with each single profile by individual nozzle trajectory. According to the
experimental results, the standard deviation ¢ of single coating profile is 2.7 mm. As the
scanning step decreases to 4 mm, less coating profile fluctuation is found in Figure 3.15 (d).
As for the scanning step of 2 mm in Figure 3.15 (b), a perfect flat coating surface is obtained,
which indicates that the scanning step value equals or is below the value of ¢ can ensure the
flatness of the coating surface. This result was also reported by Fasching [5] with electric arc

spray and Cai [14] with a simulation study.
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Figure 3.16 Comparison of average coating thickness at different scanning steps between

experimental and numerical results.

In order to further understand the effect of scanning steps on average coating thickness,
the coating profile is simulated by ProfileKit 2D at scanning steps ranging from 1 mm to 6 mm.
The average coating thickness values are compared with the experimental ones and shown in
Figure 3.16. Both experimental and numerical results show that the coating thickness decreases
as the scanning step increases. The relative errors of average coating thickness obtained by
simulation are given in Table 3.4, which shows that the simulation result is acceptable
compared with the experimental result. Differences between numerical and experimental
results that are found in Figure 3.15 (b), (d), (f) and Figure 3.16 can be considered as the
deposition efficiency change and material loss in the coating deposited by round-trip trajectory.

For a coating deposited by two parallel nozzle trajectories separated by a scanning step, the
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deposition efficiency of the upcoming track will be affected by Gaussian profile of the track

already deposited, which can cause material loss during position.

Table 3.4 Relative error of simulated coating profile under different scanning steps compared

with experimental results.

Scanning step (mm) 1 2 3 4 5 6

Relative error (%) 28.6 21.9 22.6 14.6 12.9 59.8

3.5 Conclusion

Cold spray is considered as an effective method for additive manufacturing due to its
advantage of low particle temperature, low oxidation and residual stress. Although the terms
like coating quality, coating microstructure and bonding theory of cold spray have been widely
studied, the control of the coating thickness and coating surface quality is rare. In this study, a
coating thickness simulation model was developed and integrated in off-line programming
software to assist the optimisation of robot trajectory and spray strategy. The mathematical
model consists of the coating profile by single nozzle path and coating thickness distribution

on a substrate surface. The achievements in this section are given as follows.

A numerical model of a single coating profile based on standard experimental results was
established, which included the effects of spray angle, nozzle traverse speed as well as scanning
steps. According to the experimental studies of a cold sprayed AI5056 coating by a single
nozzle path, the numerical model was well validated. Afterwards, a coating thickness model
was developed based on the single coating profile model, which enables the thickness
distribution on the entire substrate surface. It includes the effects of kinematic parameters such
as spray angle, nozzle traverse speed, scanning step and so on. Based on the model above, the
coating thickness simulation model is developed and integrated in the add-in software TST as
a module called ProfileKit. Two parts are included in ProfileKit—a simulation of coating
profile in 2D and coating thickness distribution in 3D. In ProfileKit 2D, by altering the
operating parameters, it is able to account the effects on coating profile and optimise the
parameter choice. In the ProfileKit 3D, coating thickness distribution can be simulated based
on the nozzle trajectory on a substrate surface, and robot kinematics data by process simulation
in RobotStudio™. The functionality of ProfileKit 2D and 3D were validated respectively by

the trapezoid cold sprayed coating with changing scanning steps. It can be concluded that with
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ProfileKit 2D and 3D, coating thickness can be simulated and predicted, which also provides

evidence to optimise the operating parameters, nozzle trajectory and spray strategy.
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Chapter 4: Kinematic optimization of robot trajectory

4.1 Introduction

Although the robots are designed as highly accurate manipulators, the weight of electric
cables, torch and accessories (payloads) can cause dynamic divergences between the expected
and the actual robot trajectories during the thermal spraying process. These divergences are
represented in two kinds of issues: trajectory issues and speed issues. These problems, which
are commonly ignored in thermal spray, will be presented and discussed with two experimental
examples. All the simulations are performed under RobotStudio™, which is an off-line

programming software provided for ABB robots.

4.1.1 Failure to comply with the trajectory

The first example presents the spraying on a complex workpiece that has a curved shape
in the middle. Figure 4.1 (a) and (b) show the spray configurations and the corresponding
trajectory of robot. The torch (Type F4, Sulzer Metco AG, Switzerland) was guided by a six-
axis robot (Type IRB4400-45, ABB, Sweden) and kept normal to the substrate when scanning
the workpiece. The spray distance was set to 110 mm and the relative scanning speed was
programmed at 500 mm/s. With the help of an add-in software of RobotStudio™ named TST
[1, 2], a robot trajectory according to the surface profile was generated. For one pass of
scanning, 13 points were connected linearly to approach the curved profile of the surface. This
trajectory was then simulated off-line and downloaded into the real robot for spraying. The
robot movement data including TCP position and orientation versus time were recorded in real-

time by the monitoring module of TST.

Figure 4.2 shows the comparison of robot trajectories. The white curve was the
programmed TCP trajectory; the yellow spheres were the sample points recorded in real-time,
which represented the actual TCP movement during the spray process. From this image, it can
be observed that the centres of the yellow spheres were not exactly situated on the white curve,
which means that the robot did not respect the designed trajectory in this process. The
maximum discrepancy between the real trajectory and programed trajectory was up to 3.8 mm.
This divergence causes inaccuracies in the coating formation, which affects the final coating
quality especially for the process, which is sensitive to the spray distance (e.g. cold spray).
Unfortunately, the failure of the trajectory was not always found nor noticed exactly, but often

ignored because the robot manipulators were considered to be completely accurate.

90



Chapter 4: Kinematic optimization of robot trajectory

Figure 4.1 Spraying configurations and robot trajectory: (a) view of workshop, (b) robot

trajectory.

Figure 4.2 Failure to comply with the trajectory.

4.1.2 Failure to comply with the speed

In the second example, the robot was planned to spray on a simple rectangular workpiece

in an equipped workshop, which is a common case in research works. The workpiece was
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placed on a worktable fixed in front of the robot (Type 2400-16, ABB, Sweden) for spraying.
The central axis of the worktable was placed on the x-axis of the robot coordinate system. The
best placement of the workpiece was unknown initially; so the workpiece was just placed at
the front edge of the worktable, and axis-symmetrical on the x-axis of the robot coordinate
system in the same manner as the worktable (shown in Figure 4.3). For the study purpose, a
simple round-trip trajectory was created on the workpiece and simulated in RobotStudio™.
The length of scanning was 400 mm, the predefined TCP speed was 500 mm/s. The real TCP

speed was then recorded by the analyser module of RobotStudio™.

!

>

Figure 4.3 Workshop configuration: (a) global view, (b) top view.

Figure 4.4 shows the TCP speed in the simulation. It can be observed that the TCP speed
was not constant when the torch was scanning on the substrate. The predefined speed was 500
mm/s, however the real speed varied from 485.3 mm/s to 515.4 mm/s. As known, the deposit
properties such as coating structure and surface profile (e.g. coating thickness, coating
roughness) are highly influenced by the scanning speed. In order to keep the coating uniform,
the scanning speed of the torch should be constant. The failure of the speed was often
underrated because it lacks the means of speed monitoring. It was assumed that robots could

achieve and maintain a prescribed speed during the process.
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Figure 4.4 Simulated TCP speed.

From the two failure examples presented above, it can be confirmed that some neglected
issues caused by robot manipulators may appear in the thermal spraying process, and lead to
the quality deterioration of coatings. Therefore, it is necessary to determine and avoid these
problems in the stage of off-line programming before performing the real spray process.
Kinematic analyses of the robot manipulator become important and indispensable for thermal
spray, especially for the cases containing complex workpieces. In the next session, attention
will be paid to the second example of speed failure, which represents a more serious issue in

thermal spray to find the optimisation solution.

Robot trajectory optimisation is a hot topic in the field of robotics. Much research has been
carried out to investigate the trajectory planning problem for industrial robots. Fares J. Abu-
Dakka et al. [3] and R. Saravanan et al. [4] proposed methods for trajectory planning in the
presence of obstacles by using an evolutionary algorithm. T. Chettibi et al. [5] and Sezimaria
F.P. Saramago et al. [6] introduced trajectory planning of robots taking into account certain
criterion (e.g. minimum travelling distance, minimum mechanical energy, etc.). This research
concerned the robot trajectory planning between fixed points in a Cartesian workspace with

obstacle avoidance.

In this study, by taking into account robot kinematics according to the characteristics of
thermal spray, two approaches were used to propose optimisation strategies and methods for
robot aided thermal spray. According to the trajectory generation procedure and spray strategy,
the kinematic optimisation can be made, based on the aspects below. Firstly, a workpiece for

thermal spray will be chosen. Meanwhile, the corresponding torch setup will be chosen
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according to the geometry of workpiece. The torch setup will affect the motion of robot axes
of the robot directly, which will influence the stability of robot speed. Furthermore, a proper
torch setup will bring better robot performance. Then the trajectory is generated by the oft-line
programming method based on spray strategy and operating parameters. According to the
simulation result and kinematic analysis, the best placement of the workpiece on the worktable

can be decided. Thus, the trajectory optimisation can be considered complete.

4.2 Optimisation of nozzle mounting method

Due to the advantages in the terms of high precision for production, repeatability and
protection for operators from dangerous working environment, industrial robots were
introduced to the process of thermal spraying. On one hand, for a 6-axis industrial robot with
a nozzle fixed on the last axis, the robot is endowed with large flexibility to reach the entire
surface of a workpiece. Thus, industrial robots have brought the possibility to deposit coating
onto the surfaces of workpieces with complex geometries that a manual operation cannot
complete [7]. On the other hand, the high flexibility of the robot can provide a high-quality

coating by accounting the thickness, roughness, hardness and porosity.

However, while industrial robot brings its power to the thermal spraying process, the
problems are also emerging [8]. The optimisation of robot trajectory and motion in thermal
spraying has become a hot topic. The focus mainly stays on the correlation between the coating
quality and the thermal spraying operating parameters such as the spray angle, standoft distance,
speed and so on [9-11]. The problem of trajectory optimisation is usually left out. Generally,
the robot trajectory can be optimised based on two aspects. One is the trajectory planning
optimisation to obtain a minimum cost in terms of time and energy. It has to take into account
the factors such as the limits and dynamic evolution of joint positions, velocities and constraints
of the manipulator [12]. For example, Chettibi et al. [5] discussed the planning of minimum
cost trajectory for a robot manipulator by taking into account the dynamic equations of motion.
Applications involving grasping a mobile object or obstacle avoidance show the efficiency of
the proposed optimisation method. From the point of view of the cost-saving problem in the
cold spray process, a cost model was proposed by Stier [13], where cost per unit quantity of
deposited material is calculated by numerical model including deposition efficiency, mass
loading ratio and He content of the propellant gas. As a result, the energy and time consumption

is a key factor for industrial production as well as for experimental research.
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Another aspect is to improve the robot performance with its kinematic constraints. The
performance of a robot depends on a series of factors, such as the stability of TCP (tool centre
point) speed, which is known as nozzle traverse speed [14], and its deviation from a predefined
speed at each target point, as well as the joint motion of each axis. For example, in order to
obtain smooth and flat coating layers by thermal spraying, Fasching et al. [15] optimised the
trajectory by taking into account the effect of spray angle tilting and the spray distribution
model. Based on the simulation results, the robot trajectory and spraying parameters are
optimised. Based on robot kinematics, Deng et al. [16] studied the best workpiece placement
in workspace by evaluating an overall parameter, which takes into account the maximum
performance and joint motion of each robot axis. Fang et al. [17] also used the robot kinematic
analysis method to evaluate the performance of different trajectories in the application of the
external axis. Thus, by considering the TCP speed and joint motion of each axis, the

performance of the robot can be evaluated and an optimisation method can be proposed.

Similar with the robot performance optimisation with its kinematic constraints, a novel
optimisation method is proposed based on the nozzle mounting method. Actually, a designed
trajectory is the motion of the nozzle fixed at the end-effector of the robot. Based on the robot
kinematics theory, its movement is completed by a combination of six individual axes. There
is a series of possibilities for the combination of axis configuration, each of which has a
corresponding motion behaviour. But when the TCP orientation on the tool is defined, the
corresponding configuration of robot motion is also defined. As a result, the mounting method
of the nozzle decides the robot performance during the thermal spraying process. The robot
performance includes aspects such as TCP speed and joint motion of each axis. The spray
distribution, coating surface quality and coating thickness are affected directly by the variation
of TCP speed. An instable nozzle speed leads to a rough coating surface and local overheating,
which brings local re-melting and residual stress. As the study of Cinca et al. [ 18] shows, in the
process of cold spray, the temperature distribution of particles as well as the substrate is
determined directly by the nozzle speed, then influences the properties of already adhered
layers. Recently, the role of substrate temperature in the cold spray process is attracting more
and more attention. Fukumoto et al. [19] and Legoux et al. [20] have discussed the relationship
between the deposition efficiency and the substrate temperature. Rech et al. [21] studied the
influence of substrate temperature on the coating residual stress. Furthermore, Wong et al. [14]
reported the influence of nozzle traverse speed on the density and micro-hardness of cold

sprayed pure titanium coating, as well as the effects of substrate temperature on deposition
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efficiency.

Thus, in this part, the optimisation of the mounting method applied for type F4 nozzle was
discussed from the stand point of robot kinematic analysis, in order to obtain a more stable TCP
speed and a better coating quality. A thermal spraying example was proposed to test different
mounting methods. A simple robot trajectory was intercepted to simulate the thermal spraying
process. During the simulation, kinematic analysis was used to evaluate the robot performance
with the different mounting methods. An improved robot performance can be defined as the
low deviation between actual TCP speed and a predefined one, and the balanced joint motion
of all axes. Thus, the kinematics data of different nozzle mounting methods were compared. At
the same time, the energy consumptions were also compared. As mentioned above, energy
consumption has become a crucial factor and constraint for both experimental research and

industrial production. As a result, the introduction of energy consumption is of great importance.

4.2.1 Theory and methods

In this study, the simulation and off-line programming were done with the software
RobotStudio™ (ABB, Sweden). With this software, 3D models of workshops, robots and
workpieces can be imported to form a virtual thermal spraying workshop, where the trajectory
for the nozzle can be generated by manual composition or add-in software [22]. With the virtual
robot, the reachability of targets and motion collision can be tested during the execution of the
spraying process. With the signal analysis function in RobotStudio™, the kinematic parameters
including speed, linear acceleration and orientation of TCP, joint position for each individual
axis and the configuration of robot can be recorded for post-processing analysis. After
simulation, post-processing and a series of trial tests, an optimal trajectory can be synchronised

to the real robot in a work cell for the thermal spraying process.
4.2.1.1 Simulation method

In this section, the industrial robot (Type IRB2400-16, ABB, Sweden) as well as the plasma
nozzle (Type F4, Sulzer Metco AG, Switzerland) [23] currently used for plasma spray
experiments and production in the LERMPS were chosen for the process simulation. In order
to correspond with the real thermal spray working environment, a virtual work station, virtual
robot model, nozzle model together with its mounting were created in the off-line programming

software RobotStudio™, as shown in Figure 4.5. Originally, the F4 nozzle was installed, as
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shown in Figure 4.6 (a), where the original tool centre faced the substrate. Thus, the nozzle
could be perpendicular to the substrate. The spray distance, known as the standoff distance,
between the nozzle and substrate was predefined as 100 mm. A rectangular workpiece with the
dimensions of 300x200x10 mm was placed on a worktable in front of the robot, which was on

the same central axis as the robot, as shown in Figure 4.5.

Figure 4.5 Virtual work cell in RobotStudio™.

In order to investigate the kinematic parameters of the robot during the spraying process,
a simple round-trip trajectory was created at the top of the rectangle substrate, as shown in the
Figure 4.6 (b), with the white arrows indicating the nozzle motion direction. The length of
single scanning was 400 mm, with the predefined TCP speed of 1000 mm/s. After one scanning
on the top, the nozzle moved 10 mm downwards in the z-axis to continue the second scanning.
There was an over-length, which was the distance between the target point and the substrate
edge. In order to avoid the fluctuation of TCP speed, this distance was reserved for the robot to
accelerate and decelerate between two successive scanning paths. During the spraying process,
the kinematics parameters including the TCP speed and joint positions of each individual axis
were recorded by the function called the signal analyser in RobotStudio™, which was used for

analysing robot kinematics.
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@ (b)

Figure 4.6 (a) Original F4 nozzle mounting on 6th axis of robot, (b) trajectory and target

points on the workpiece with white arrows indicating the direction.

4.2.2 Robot kinematic analysis

4.2.2.1 TCP speed

The TCP speed variation with the original mounting method obtained by spraying
simulation in RobotStudio™ is shown in Figure 4.7. Due to the existence of overlength, the
robot can accelerate to the predefined TCP speed before entering the substrate area and
decelerate and shift to the next path after leaving the substrate area. The regions marked by two
horizontal lines indicate the corresponding TCP speed when the nozzle is within the substrate.
A trough and two peaks of TCP speed are found in each path in Figure 4.7, which is due to the
acceleration and deceleration of the spray nozzle. The TCP speed falls from the predefined
1000 mm/s to the lowest value of 400 mm/s, which is much lower than the predefined value.
Obviously, such sudden ascent and descent of TCP speed is unfavourable for the thermal spray

process and can cause a series of harm to the coating quality.

For the purpose of further study on the effective nozzle speed when the spray nozzle is
within the area of substrate, which is between Y=-167 mm and Y=130 mm, the TCP speeds
and spray nozzle movement direction of the Y-axis are illustrated in Figure 4.8. As shown in
Figure 4.8, a fluctuation of TCP speed is found in the middle of the substrate, where the TCP
speed falls to 400 mm/s from 1000 mm/s. The average speed within the substrate area is
709.573 mm/s, which is much lower than the predefined value. Meanwhile, the average error

0f 207.524 mm/s also demonstrates a large deviation of TCP speed from the predefined value.
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The value of variance and standard deviation shows that the TCP speeds are widely spread

around the predefined value, and a large fluctuation is presented as well. Obviously, both the

values of maximum error and standard deviation are outside the tolerance.
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Figure 4.7 The TCP speed variation obtained with the original mounting method.
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Figure 4.8 Effective TCP speed variation within substrate area along the Y-direction obtained

with the original mounting method.

As mentioned above, the quality of coating mainly depends on the TCP speed. The

problems of uneven coating thickness and varying roughness arise when the TCP speed cannot

be kept constant. Such a sudden fall of nozzle speed can cause local overheating and

corresponding thermal stress, which can deteriorate the coating quality.
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4.2.2.2 Joint position and joint speed

Besides the configuration and kinematic parameters of robot, a simple robot motion
between two target points is composed of the motion of each individual axis. Meanwhile, the
position and orientation of TCP can be calculated by the variables of each individual axis. Thus,
the TCP speed is largely influenced by the joint motion of each axis, which is also a presentation
of the robot performance. The motion of each individual axis plays an important role to realize
a robot movement. There are three parameters for a joint motion which are the joint position,

joint speed and its acceleration.

For the joint position, it represents the value of axis rotation at a given time, with the unit
of degree, which depends on mechanical limits of the robot joints. For a robot, a working
envelope is the definition of its movement range, which is the space zone created when a
manipulator reaches forward, backward, up and down. These distances are determined by the
length of a robot’s arm and the rotation limit of its axes. Each axis contributes its own range of
motion. A robot can only perform within the confine of its working envelope. As a result, the
joint position of each axis should be strictly maintained within its rotation limit. Meanwhile, a
smooth changing of joint position within its rotation limit is favourable for a better motion
performance. A sudden change of joint position will cost more energy for the servomotor of an
axis to complete a designed robot motion, and also result in more fluctuation of TCP speed. As
for the joint speed, it is the angular speed of an axis, defined by the derivative of the joint
position with respect to time. It has a unit of degree per second (°/s). As another variable to
evaluate the axis motion behaviour, the joint speed represents how fast an axis is rotating,
whose limits base on the servomotor performance. A rapidly change of joint speed of a certain
axis will bring risks of reaching electrical and mechanical limit. As a result, a constant or
gradually changing value of the joint speed is better for the robot motion. As a result, for a
single axis, two limits of joint position and joint speed exist and restrict each other. In order to
improve the robot performance and stabilise the TCP speed, it is important to make sure that

all the joint positions are within limits, and the joint speed is constant or changes smoothly.
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Figure 4.9 Joint position variation of each axis obtained with the original mounting method.
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Figure 4.10 Joint speed variation of each axis obtained with the original mounting method.

As shown in the Figure 4.9, the joint positions of axes 4 and 6 have larger movement
amplitudes than other axes. As the spray nozzle enters the substrate area, the joint position of
axis 4 increases from -46.0 ° to 67.6 ° in 0.460 seconds, and that of axis 6 decreases from -
118.9 ° to -244.7 ° simultaneously. Combining with the specification of each axis listed in As
another variable to evaluate the axis performance, the joint speed represents how fast an axis
is rotating, whose limit is based on the servomotor performance. A sudden change of joint speed
of an axis will bring rapid change of joint position with the risk of reaching its limit. A constant
or gradually changing value of the joint speed is suitable for the robot motion. In other words,

joint acceleration can be used to evaluate the robot motion. Generally, the joint acceleration is
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to evaluate how joint speed varies, with a unit of °/s2. The larger the joint acceleration, the
greater the power the servomotor has to provide. A joint acceleration that is low or constantly
maintained can reduce the mechanical wear. As a result, for a single axis, three limits exist and
restrict each other. In order to improve the robot performance and maintain the TCP speed, it
is important to make sure that all the joint positions are within limits; moreover, the joint speed

of all axes are constant or changing smoothly.

Table 1.3, the axes 4 and 6 are found both approaching their limits. The rapid changing
axis joint in Figure 4.9 implies the risk of reaching the maximum axis speed. The joint speed
curves of each axis obtained based on joint position data and time interval are shown in Figure
4.10. Sudden increments and decrements are found for axes 4 and 6. After increasing from 247
°/s to 635 °/s in 0.048 seconds, the joint speed of axes 4 falls to 423 °/s in 0.024 seconds. Such
rapid joint speed variation continues appearing for axis 4 as well as joint 6 in the following
movements. As shown in As another variable to evaluate the axis performance, the joint speed
represents how fast an axis is rotating, whose limit is based on the servomotor performance. A
sudden change of joint speed of an axis will bring rapid change of joint position with the risk
of reaching its limit. A constant or gradually changing value of the joint speed is suitable for
the robot motion. In other words, joint acceleration can be used to evaluate the robot motion.
Generally, the joint acceleration is to evaluate how joint speed varies, with a unit of °/s2. The
larger the joint acceleration, the greater the power the servomotor has to provide. A joint
acceleration that is low or constantly maintained can reduce the mechanical wear. As a result,
for a single axis, three limits exist and restrict each other. In order to improve the robot
performance and maintain the TCP speed, it is important to make sure that all the joint positions

are within limits; moreover, the joint speed of all axes are constant or changing smoothly.

Table 1.3, both joint motions of axes 4 and 6 surpass the axis speed limits, which are 360
°/s and 450°/s, respectively. The reason for such joint variation is due to the rapid joint motion
of all 6 axes in order to reach the predefined TCP position as well as sampling instability, which
leads to the acceleration and deceleration in a short time. Thus, the rapid joint motions
concluded above including the axis position and speed result in a series of rapid actions for
robot axes, which brings large shocks and frictions for each servomotor and higher energy
consumption. As a result, in order to improve the robot performance, it is necessary to
redistribute the axis motion among all 6 axes reasonably by optimising the mounting and

changing the robot posture during movement.
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Table 4.1 Specification of Robot IRB 2400/16.

Range of Movement, © Maximum axis speed, s
Axis 1 +180 to -180 150
AXxis 2 +110 to — 100 150
Axis 3 +65 to -60 150
Axis 4 +200 to -200 360
AXis 5 +120to -120 360
Axis 6 +400 to -400 450

4.2.3 Optimisation of mounting method

As is well known, the job of a robot is to move the TCP to a predefined target position with
a predefined orientation in a predefined speed. For a typical 6-axis industrial robot, it takes a

combination of joint motions of six individual axes to accomplish a robot action.

Combining the kinematics of a robot with the joint motion in Figure 4.11 (b), based on the
flexibility and reachability of a 6-axis robot, it was found that the cooperation between the axes
1, 2 and 3 could approximately define the TCP position. As shown in Figure 4.11 (a), the
working envelope of the 6-axis robot is obtained by the rotation range of axes 2 and 3, while
the joint position of axis 1 defines the plane of the working envelope. As a result, axis 1 defines
the working plane of the robot and the rest of the axes, while axes 2 and 3 can confirm the
designed TCP position. The joint position of the rest of the axes (4, 5 and 6) can only provide
a fine adjustment for the TCP orientation. As the nozzle is mounted on axis 6, its orientation to
the substrate is mainly based on the joint position of axes 4, 5 and 6 as shown in Figure 4.11
(b). Based on this understanding, the mounting method should bring a more reasonable
distribution of axis work load as described above, which will result in a better performance in

kinematics and energy.
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Figure 4.11 Schematic diagram of robot IRB 2400/16 by ABB: (a) working envelope of

robot, (b) joint motion of each axis.

1

Figure 4.12 Schematic of nozzle mounting optimisation.

In this example, a round-trip trajectory was generated on a plane workpiece. With the spray
nozzle kept perpendicular to the substrate, the orientation of the TCP is constant. So fewer joint
position changes from axes 4, 5 and 6 are needed to maintain the TCP orientation. The work of
defining the TCP position is based on axes 1, 2 and 3. The objective for the new mounting
method is to decrease the work load on axes 4, 5 and 6, and transfer it to axes 1, 2 and 3. Thus,
the work of nozzle mounting optimisation is to redistribute the joint motion of axes 4, 5 and 6

and find an optimal mounting method based on this basic understanding.
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ﬂ

Figure 4.13 Comparison between the original (a) and optimised (b) nozzle mounting method

on the robot.

In order to optimise the mounting method according to the basic understanding mentioned
above, the nozzle mounting method can be done by depressing the joint motions of axes 4, 5
and 6. An effective method is to adjust the robot posture by rotating axis 5. As shown in Figure
4.12, while executing the round-trip trajectory, the reorientation of the TCP is performed by
small adjustments of axis 6 instead of the combination of axes 4, 5 and 6. In this way there are
two choices: the nozzle mounted on the upper position or on the lower position (as shown in
Figure 4.12). By taking into account the work condition limits such as the cable and powder
feed system, an optimised mounting method where axis 6 towards the ground is chosen, as
shown in the Figure 4.13 (b). With this optimised mounting method, the initial orientation of
the nozzle is normal to the substrate, which means that fewer movements for axes 4, 5 and 6
are needed. Only axes 5 and 6 need to rotate when the first path on the substrate is finished.
However, with the original mounting method as shown in Figure 4.13(a), in order to maintain
the spray angle, axes 4, 5 and 6 have to rotate along the spray trajectory. The simulation with
the software RobotStudio™ is used to verify this conjecture. Under the same conditions and
spraying parameters, the spraying process will be simulated with the optimised mounting
method. In the next section, kinematic analysis data obtained from the simulation is used to

compare the optimised mounting with the original one.
4.2.3.1 TCP speed comparison

As shown in Figure 4.14, the TCP speed is stably maintained at the predefined 1000 mm/s
for both paths. A fluctuation is found in the middle, which is the over-length area between two

successive paths. Similar to the TCP speed for the original mounting method in Figure 4.7, the
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effective TCP speeds within the substrate area related to the Y-direction are illustrated in Figure
4.15. As shown in Figure 4.15, the TCP speed is stably maintained as 1000 mm/s within the
substrate area. The average value of 999.0 mm/s shows that it is able to guarantee the coating
quality by a constant nozzle speed. According to the statistics data shown in Figure 4.8 and
Figure 4.15, by applying the optimised nozzle mounting method, the average error and standard
deviation of the effective nozzle speed decreased from 207.5 mm/s and 227.2 mm/s to 1.4 mm/s
and 2.27 mm/s, respectively, which presented a stabilised robot performance and effective
nozzle speed. Compared with the original mounting method, it can be seen that the optimised
mounting method can bring a better coating quality by improving and stabilising the robot

performance.
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Figure 4.14 The TCP speed variation obtained with the optimised mounting method.
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Figure 4.15 The effective TCP speed variation within substrate area which Y-axis obtained

with the optimised mounting method.
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4.2.3.2 Joint motion comparison

As mentioned above, the fluctuation of TCP speed around the predefined value is due to
the bad performance of each individual axis of the robot. Reaching the limit of kinematic
parameters of an axis is the reason that the robot cannot perform as it is programmed in the

trajectory.
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Figure 4.16 The joint position variation of each axis obtained with the optimised mounting

method.

In Figure 4.16, the joint positions of axes 1, 2, 3 and axes 4, 5, 6 are presented. It was found
that the joint position curves of axes 2, 3, 4, and 5 are nearly horizontally straight, which means
less variation and more stable motion for these 4 axes. As for axes 1 and 6, both curves are
relatively linear within their joint position limits. It can be seen that the joint motions of axes
4, 5 and 6 are largely decreased, and redistributed to axes 1 and 6. The axis motion of axis 1 is
mainly used to reach the predefined TCP position, and axis 6 is for the predefined TCP
orientation. The smooth joint position variations of all six axes enable the stable robot
performance. Furthermore, the joint speed variation is shown in Figure 4.17, where the curves
of axis 1 and axis 6 are identical and overlap each other, as well as axes 3 and 5. It can be seen
that apart from axes 1 and 6, joint speed for the other four axes are maintained between -25 °/s
and 25 °/s, where the joint speed of axis 4 is zero throughout the process. Apparently, by taking
into account the variation of joint position and speed, the more stable and smooth motions are
obtained for axes 2, 3,4 and 5. As for axes 1 and 6, larger amplitudes of 100 °/s and 150 °/s are

found for joint speed variation but within their limits of 350 °/s and 450 °/s, respectively.
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Figure 4.17 Joint speed variation of each obtained with the optimised mounting method,

where axes 1 and 6, and axes 3 and 5 are identical and overlap each other.

Table 4.2 Standard deviation of effective joint speed for each axis in different paths and

mounting methods.

Axis1 | Axis2 | Axis3 | Axis4 | Axis5 Axis 6
Original
42.8 13.7 59 151.7 53.6 147.5
Mounting
Path 1
Optimised
22.8 9.5 3.1 0.0 3.1 22.8
Mounting
Original
334 14.2 6.1 146.6 50.9 143.7
Mounting
Path 2
Optimised
27.7 10.5 3.3 0.0 33 27.7
Mounting

Compared with the joint speed by original mounting method, it is shown that more regular

and stable joint speed variation is obtained for axes 1 and 6. In general, the constant TCP speed

variation is based on the stabilised joint motion including the axis position and speed.

Meanwhile, the joint speed variation within the substrate area for each path in the round-trip

trajectory is evaluated as a standard deviation in order to see its fluctuation. As shown in Table

4.2, amore stable performance of joint motion is found for all six axes in both paths. Especially

108



Chapter 4: Kinematic optimization of robot trajectory

for axes 4 and 6, the standard deviation is decreased from 151.7 and 147.5 to 0 and 22.8,
respectively, and the rapid fluctuations as shown in Figure 4.10 are depressed within its
maximum speed limits by applying the optimised mounting method. For the rest of the axes, a

stable joint speed variation is also obtained in both paths of the round-trip trajectory.

However, it is not convenient to use six values of individual axes to represent robot
movement for one trajectory. In this case the average can be used to give an overall parameter.
Nevertheless, the maximum performance of joints should be taken into account in the
kinematic analysis. An arithmetic mean cannot describe the relative importance of each
quantity on the average, so a weighted mean should be used instead. An evaluation parameter
can be calculated by weighing the mean of joint speed by the maximum performance of each
joint. The same value of joint speed is more important for an axis that has lower performance,
and less important for an axis that has higher performance. Therefore, the weight is inversely

proportional to the performance of the joint.

Table 4.3 Weights of axes by evaluating the maximum joint speed.

Axis 1 2 3 4 5 6
Weight 0.24 0.24 0.24 0.1 0.1 0.08
1.
w, =—(=1...N) Eq. 4-1

1
Where p; is maximum axis speed of axis. Generally, the weights are normalised so that they

sum up to 1. A factor is needed to normalise the sum of weight, which is decided by

1

f=——(@{=1.N) Eq. 4-2
W
i=1 !
The weight can be rewritten
Wi:i:N;(izl...N) Eq. 4-3
P Zi:lwi P
For such normalised weights, the weighted mean is simply
_ N
X=) WX, Eq. 4-4
i=1
Where

109



Chapter 4: Kinematic optimization of robot trajectory

Eq. 4-5

Table 4.4 Overall parameters of standard deviation of effective joint speed for different

mounting methods.

Trajectory Mounting Method Overall Parameter (°/s) Improvement (%)
Original 47.31
Path 1 77.55
Optimised 10.62
Original 44.11
Path 2 71.68
Optimised 12.49

By applying the weights of each axis in Table 4.3 and the standard deviation of joint speed
of each axis in Table 4.2, the comparison of overall parameters between different mounting
methods is listed in Table 4.4. It shows that by applying the optimised mounting, the overall
parameter is decreased from 47.31 °/s to 10.62 °/s for Path 1 and from 44.11 °/s to 12.49 °/s for
Path 2, respectively. The results show that the optimised mounting method has a much lower
overall parameter than the original mounting method (77.55% less for Path 1 and 71.68% for
Path 2), which means that the stability of the joint motion is notably improved. As a result, by
redistribution of axis motion and optimisation of spray nozzle mounting, the improvement of

robot performance and TCP speed stability were achieved based on stable joint motion.

Meanwhile, the total energy consumption of the robot was also compared between the
original and optimised mounting method, which is shown in Figure 4.14. The total energy
consumption of the robot is the sum of the instantaneous power for each joint and estimated
power of the controller cabinet, which was obtained by the signal collection function in
RobtoStudio™ during the process simulation. It can be seen that the energy consumption
decreased from 403.2 J to 159.5 J (60.44% less) by using the optimised mounting method. By
taking into account the joint position and speed variation, it was found that a stable and smooth
joint motion brings a lighter load for the servomotor. However, a rapidly changing joint speed
variation, as shown in Figure 4.10, requires a series of accelerations and decelerations for
servomotors, which brings more energy consumption to achieve these complex and irregular
joint motions. Additionally, the process simulation shows that the process duration decreased
from 1.224 s to 0.96 s by applying the optimised nozzle mounting method, which was due to

the stabilisation of the nozzle speed within the substrate area and robot performance. Less
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fluctuation of the TCP speed and joint motion can efficiently reduce the trajectory process
duration. In order to evaluate the energy consumption of the whole spray process on the entire
workpiece with two different nozzle mounting methods, the complete robot trajectory was
simulated. It was found that the energy consumption difference in the single round-trip
trajectory case was largely magnified in the whole spray process. The total energy consumption
of the whole spray process was depressed from 2720.0 J to 1748.2 J by applying the optimised
the nozzle mounting method. It can be seen that in the case of a larger and more complex
trajectory, the energy savings will be more obvious. Thus, it can be concluded that by
optimising the nozzle mounting method, both the robot energy consumption and process
duration are largely economised, which can also contribute to the saving of feedstock and

thermal spray system energy consumption such as heating system and driving gas.

400 4 —&— Optimized Mounting
—e— Original Mounting

300

200

100

Total Energy Consumption (J)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time ()

Figure 4.18 Comparison of robot total energy consumption between original (black line) and

optimised (red line) nozzle mounting methods.

4.2.4 Discussion

The robot performance and kinematic analysis of the single round-trip trajectory on a plane
workpiece were performed. The kinematic analysis results show that the optimised nozzle
mounting method can largely improve the stability of the TCP speed, as well as the joint motion
of each axis. In order to further evaluate the effects of the optimised mounting method in other

thermal spray cases other than the plane workpiece studied above, process simulation and
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kinematic analysis were carried out on another workpiece with a curved surface. As shown in
Figure 4.19, a round-trip trajectory is generated on the free-form workpiece, where the spray
angle of each target point is kept at 90° so that the nozzle is always perpendicular to the

workpiece. The other operating parameters are the same as the planar workpiece case.

\
NN )
—

Figure 4.19 Round-trip trajectory and its target points on a free-form workpiece.

The results show that the average TCP speed was significantly improved from 502.8 mm/s
to 879.8 mm/s by applying the optimised nozzle mounting method. While evaluating the joint
motion of each axis, it was found that the workload was largely transferred from axes 4 and 5
to the other axis with the optimised mounting method. Due to the necessity to adapt the
curvature change of the workpiece surface, large joint motion of axis 6 cannot be avoided. With
the original mounting method, axes 4, 5 and 6 are all involved to adapt the TCP orientation at
each target point, which caused great amount of joint motion. By evaluating the overall
parameter that describes the joint motion in Equation (1), it was found that the value decreased
from 36.720 °/s to 28.856 °/s. As a result, according to the overall parameter and the average
TCP speed, the robot performance largely improved by reasonable distribution of the axis joint
based on optimised nozzle mounting. Meanwhile, the total energy consumption of the process
was depressed from 451.587 J to 286.474 J by applying the optimised mounting method, which
demonstrated that the joint motion optimisation can contribute a lot to the energy saving. In
summary, it can be seen that in the case of free-form workpiece, the application of optimised
nozzle mounting method can also contribute to the improvement of robot performance in terms

of average TCP speed and joint motion of axes.
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4.3 Workpiece placement optimisation

As mentioned in previous sections, there are several methods for the purposes of kinematic
optimisation, varying from the kinematic parameters optimisation, torch setup optimisation to
target position optimisation. It can be seen that the torch setup optimisation can solve the
problem of speed fluctuation in thermal spray. But if the torch and its assembly cannot be
changed, it is necessary to look for other solutions. In this section, kinematic analysis will be

made in order to find an optimised placement of the workpiece on the worktable.

4.3.1 Simulation model

The common case presented at the beginning of this part will be used as a simulation
example to demonstrate the kinematic optimisation of workpiece placement (Figure 4.3). For
the study purpose, a simple round-trip pass was created on the workpiece and simulated in
RobotStudio™. The length of scanning was 400 mm, the predefined TCP speed was 500 mm/s.
The real TCP speed was then recorded by the analyser module of RobotStudio™. Figure 4.4
shows the TCP speed in the simulation. There is a fluctuation in the TCP speed around the
predefined value of 500 mm/s, where the speed varied from 485.3 mm/s to 515.4 mm/s. As is
known, the deposit properties such as coating structure and surface profile (e.g. coating
thickness, coating roughness) are highly influenced by the scanning speed. For a better coating
quality, the scanning speed of the torch should be constant. Therefore, it is necessary to
optimise the trajectory based on simulation results and kinematic analysis during the process

of off-line programming stage.

To find out the best placement of the workpiece, the robot trajectory on the different
positions of the worktable should be investigated. In this case, the worktable is 910 mm in
length, 910 mm in width and symmetrical to the X-axis of the robot. Also, the spray gun is
fixed in the middle of the end-effector. Consequently, the movements on two sides of the
worktable are mirror-symmetrical and the kinematic studies need only be carried out on half of
the worktable. For example, there are two mirror points on the worktable P1 (850, 200, 900)
and P2 (850, -200, 900), six joint values of these points are J1 (23.36, -28.48, 25.23, 45.38, -
33.86, -40.08) and J2 (-23.36, -28.48, 25.23, -45.38, -33.86, 40.08). It can be seen that the

values of jointl, joint4 and joint6 are opposite on these two mirrored points.
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In order to find the laws of robot kinematics regarding the workpiece’s position, a series

Figure 4.20 Positions chosen for kinematic analysis.

of positions on the worktable were chosen. The zone to be evaluated was defined in a rectangle
of 400 mm by 800 mm. Seven equidistant points were arranged along the X-axis and five
equidistant points were arranged along the Y-axis from the middle line of the worktable. Figure
4.20 shows the grid and all 35 points on one half of the worktable. The interval between the
horizontal points (along the X-axis) was 133.33 mm; for the vertical points, it was 100 mm.
After choosing these positions to test, the workpiece was then placed on these positions in order

to simulate the robot trajectory and record the joint positions during the movement.

4.3.2 Joint position and joint speed

Based on the robot kinematic theory, the action of the robot is a combination of six
individual axes; any complex action such as moving the torch from one point to another can be
decomposed in a series of axis motions [24]. Figure 4.21 shows six joint profiles versus time
recorded during the movement simulation on positionl of the worktable. It can be observed
that axes 1, 4 and 6 have large actions when the robot performs this trajectory. For example,
axis 4 changed from +45.2° to -45.1° in 0.838 s and axis 6 varies from -39.9° to +39.5° in the

same period.
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Figure 4.21 Record of joint position.

The robot manipulator consists of a series of links connected by revolute joints. With the
direct kinematics, the position and orientation of the end effector can be calculated as a function
of the joint variables [25]. Therefore, the instantaneous joint values decide the position and
orientation of the TCP, but cannot describe the characteristics of the movement. However, the
joint speed represents the variation of the joint position in a certain period, which permits the
description of movement for each axis. A high joint speed signifies that the joint performs a
relatively large rotation in a given amount of time, while a slow-moving joint performs a
relatively small amount of rotation in the same amount of time. In mathematical terms, the
angular speed s is defined as the magnitude of the angular speed ®. In this way the joint speeds
of each axis were calculated. Generally, we can find the maximum angular speed and working
range of each axis from the product specification of the robot. Compared with the robot
performance, the joint position and joint speed in the recorded movement are all under limit
values. Consequently, the spray trajectory can be performed with a little fluctuation on the TCP

speed.

4.3.3 Variance of joint speed

In the robot controller, a motion such as a linear movement between two points is
decomposed into a time history of position, speed and acceleration for each joint. For example,
the linear movement from P1 to P2 is firstly interpolated by several intermediary points. Inverse
kinematics is then performed to determine the joint angles that provide the position of the TCP

on those intermediary points. The speed profiles by time for each joint are planned and then
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interpreted into the control commands, which will be sent to servomotors. Thus, a robot

trajectory is generated.
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Figure 4.22 Joint speed curves on positionl

For the robot system, servomotors consume energy to overcome their inertia and
mechanical friction to realise the predefined trajectory. Therefore, a steadier speed profile
means more simple motion commands and less energy consumption. A moving object at
uniform speed is easier to control than a moving object at variable speed when travelling the
same distance. Regarding energy, the acceleration and deceleration of a moving object will lead
to additional energy consumption and mechanical wear [4, 26]. As a result, the speed variation
can be used as an evaluation parameter to represent the simplicity of the movement for an axis.
Less variation signifies that the joint motion is more constant and more uniform so that the
controller can respect the speed profile more easily, which leads to less energy consumption.

In statistics and probability theory, the variance is a measure of how far a set of numbers
is spread out, and the standard deviation shows how much variation or dispersion exists from
the average. Therefore, the standard deviation of joint speed was selected to evaluate the
simplicity of the movement for an axis. The standard deviation of joint speed for each axis was
calculated and is listed in Table 4.5. It can be seen that axes 4 and 6 have a higher standard
deviation of joint speed, which is confirmed by the curves of joint speed in Figure 4.22.

In this case, the overall parameter presented in the previous section is used to evaluate the
robot kinematics. The weighted overall parameter for evaluating the movement of joints on

positionl was 38.37 °/s.
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Table 4.5 Standard deviation of joint speed (position 1).

Axis 1 2 3 4 5 6
Stand deviation of joint speed (°/s) 53.75 11.63 5.80 108.64 26.60 97.01
4.3.4 Analysis Results

To explore the regular pattern of robot kinematics as a function of the position of the
workpiece on the worktable, the analysis methods mentioned above were used to evaluate the
robot kinematics on all 35 positions of the worktable. A single value, the so-called weighted
mean of the standard deviation of joint speed, was used as the overall parameter (OP) of
kinematics in this investigation. The workpiece was placed on all the test positions to simulate
the trajectory, and the corresponding OPs were calculated. Table 4.6 lists the OPs for all test
positions of the worktable. In order to study the trends of the kinematics, these data were plotted
in a graph. The data that have the same value of the Y-axis were drawn as a curve; so, all the
data were plotted in five curves of different values of the Y-axis (see Figure 4.23). It can be
noted that all the curves have the same tendency—the OP is higher when the workpiece is close
to the robot. As the distance from the robot (value of X-axis) increases, the OP decreases. When
the distance to the robot exceeds a certain value (approximately 667 mm in this case) the OP
will increase slightly. When comparing the five curves in the graph, it can be observed that the
OPs of two curves (Y=0 mm and Y=100 mm) have the highest value when the workpiece is
placed on the nearest location to the robot (X=0 mm). This situation continues until X
approaches 466 mm because the robot trajectory passes through the middle line of the
worktable, which is also the symmetry axis of the robot. When the robot crosses the symmetry
axis (which is also called singularity position), the movements of axes 4 and axis 6 are in a

state of mutual coupling compensation that increases the standard deviation of the joint speed.
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Figure 4.23 Overall parameters of test points on the worktable.

Table 4.6 Overall parameters of kinematics on the test points.

X (mm) 0 133 267 400 533 667 800
Y (mm)

0 38.37 2751 21.59 18.27 16.42 15.62 16.01
100 37.89 27.32 21.58 18.40 16.63 15.90 16.36
200 34.90 26.04 21.10 18.40 16.92 16.38 16.92
300 28.60 23.57 20.01 18.10 17.04 16.80 17.68
400 23.75 20.87 18.75 17.65 17.07 17.12 18.70

In fact, when the position along the X-axis exceeds approximately 400 mm, there are no
obvious differences between the five positions along the Y-axis. These positions can be
considered as acceptable. To prevent the robot working at the limit of its working envelope, the
positions in the middle of the worktable should be chosen to be as far as possible. When
comparing all the curves in Figure 4.23, the curve where Y=0 has a lower OP than the others
when the value along the X-axis exceeds about 466 mm. Thus, this curve was chosen to find

the lowest OP versus the value of X.
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Figure 4.24 Curve interpolation.
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Figure 4.25 Joint speed of joints on the position Y=694 mm.

In order to verify the correctness of this result, a simulation where the workpiece was
placed at 694 mm from the edge of the worktable was carried out. Six joint profiles were
recorded and analysed with the above method (see Figure 4.25). The real OP was 15.67 °/s,
and the relative error corresponding to the predictive value was only 0.51%. The TCP speed
during the spray process was verified as well. Figure 4.26 shows the TCP speed on this
optimised position in the simulation. It can be noted that the scanning speed is more constant
than the speed on the original position (see Figure 4.4). The scanning speed on the best position
varies from 498.2 mm/s to 501.5 mm/s, whereas the speed on the original position fluctuated

from 485.3mm/s to 515.4 mm/s. There is an astounding 89% increase of speed uniformity in
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this case. Consequently, this method was confirmed to find the best placement of the workpiece

in a limited work space.
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Figure 4.26 Optimised TCP speed.
4.4 Conclusion

With the rapid development of industrial manufacturing and processing technology in
different fields, more and more requirements are put forward for the application of industrial
robots. Thus, the procedure of robot application in industry has become a hot research topic,
which includes the trajectory planning, robot programming, process simulation, kinematic
analysis and optimisation, coordinates calibration, programme synchronisation and execution
tests. Among these possibilities for robot application, the aspects of trajectory generation and

kinematic optimisation can directly improve robot performance.

Firstly, based on practical experience, kinematic analysis was used to investigate the
optimised mounting method of spray nozzle on the robot. A rectangle workpiece is used to
investigate robot motion in the thermal spraying process. The kinematic parameters such as
TCP speed, joint position and the speed of each axis are used to evaluate the robot performance.
The statistic processing method such as average value, maximum error, variance and standard
deviation are chosen to evaluate the kinematic parameters. The kinematics analysis shows that
with the original mounting method, a large fluctuation of TCP speed happens due to the
instability of joint motions including its position and speed. This study proposes an optimised
mounting method from the point of view of the thermal spraying theory and robot kinematics,
in order to reasonably redistribute the workload among all six axes. The results show that the

optimised mounting method can obtain a stable TCP speed variation at the predefined value.
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The analysis in terms of joint motion shows that constant and stable joint motion leads to less
friction and workload on the servomotor of each axis, which leads to a better robot
performance. Meanwhile, the energy consumption comparison shows that by reasonably
redistributing joint motion, much less energy is consumed, including by each joint servomotor
and controller cabinet. The process duration is also reduced by optimising the nozzle mounting
method, which can contribute to the thermal spray energy consumption saving including by the
driving gas and heat system. As a result, this proposed analysis method and optimised mounting
method can be used for the optimisation of robot performance and its trajectory in the field of

thermal spraying with offline programming.

Secondly, the kinematic analyses of the robot were also used to investigate the
relationships between the placement of workpiece and the movement of robot on this position.
In this approach the weighted mean of the standard deviation of joint speed was selected as an
overall parameter (OP) to measure the complexity of a robot trajectory. By using the spline
interpolation on the recorded data, the best placement of workpiece on the limited zone of the
worktable was finally decided. The result was then checked and confirmed by the trajectory
simulation on this position, so this approach was proved to be feasible and applicable for the
optimisation of robot trajectory in the stage of off-line programming for thermal spraying

applications.
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5.1 Conclusion

After more than 10 years of research, a mature and complete off-line programming
assistant system has been developed for the thermal spray process in the laboratory LERMPS
of UTBM. According to the work by Deng, Fang and Cai, functions such as trajectory
generation, coating thickness simulation and real-time trajectory monitoring have already been
realised. Based on previous work, this thesis aims to further discuss the application of off-line

programming in the thermal spray process.

Generally, the application of off-line programming technology in the thermal spray process
consists of several steps from the generation to the optimisation of trajectory. First of all, the
robot trajectory is generated off-line according to the substrate sharp and spray strategy.
Secondly, the generated trajectory is simulated by the virtual robot system in RobotStudio™.
Thus, it is able to simulate the coating thickness according to the robot kinematic data and the
generated trajectory. At the same time, the robot kinematic optimisation can be carried out by
performing the kinematic analysis. Based on the aspects mentioned above, theoretical,
numerical and experimental work were made in this thesis to further study the application of
the off-line programming method in the thermal spray process. The details of the conclusion

are listed as below.

1. Trajectory generation

The trajectory generation through the off-line programming method was presented. Firstly,
the TST is embedded as a ribbon in the RobotStudio™, which gives a unified user interface as
same as other default functionalities. Meanwhile, a few improvements have been made. The
meander trajectory for defect repair or workpiece pre-heating was also developed, which can
save powder consumption by avoiding excess deposition outside the strict area. Furthermore,
in order to maintain a constant scan step, an improvement in the trajectory generation algorithm
for the curved substrate surface was developed. In the optimised algorithm, the direction of the

orthogonal surface corresponds to the substrate curvature.

Secondly, a novel Archimedean spiral trajectory was developed for damage component
recovery applications by the cold spray system. Combined with the scaling method, the spiral
trajectory was generated based on the defect area contour, which can decrease material waste
outside the recovery area. Furthermore, the nozzle speed was adapted according to the crater

depth, which enables the progressive change of coating thickness based on the variation of
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crater depth. The experiment of an Al15056 coating depositing on a manually manufactured
workpiece with a crater defect was carried out to validate the effects of spiral trajectory with
an adapted nozzle speed. The experimental results showed that cold sprayed A15056 coating
had fully filled the crater area on the substrate in accordance with its contour. No excessive
deposition was found outside the defect contour. The coating surface profile obtained by
Profilometer measurements showed that a flat coating surface was achieved by adapted nozzle
speed. Compared with the round-trip trajectory, the Archimedean spiral trajectory can
significantly save process duration as well as the consumption of powder and spray system

energy, which leads to the increase in spray efficiency.

Both cross-section morphology obtained from different areas show an A15056 coating with
high density and low porosity. By evaluating the bonding strength at different spray angles, it
was found that the spray angle has little effect on A15056 coating. It can be concluded that the
proposed spiral trajectory is an efficient way for the application of damage component recovery
and additive manufacturing with cold spray technology. With the scaling method, an
Archimedean spiral trajectory can be further applied to the repair of defects with other irregular

shapes.

2. Coating thickness simulation

A numerical model of a single coating profile based on standard experimental results was
established, which included the effects of spray angle, nozzle traverse speed as well as scanning
step. According to the experimental studies of cold sprayed Al5056 coating by single nozzle
path, the numerical model was well validated. Afterwards, a coating thickness model was
developed based on the single coating profile model, which enables the thickness distribution
on an entire substrate surface. It includes the effects of kinematic parameters such as spray
angle, nozzle traverse speed, scanning step and so on. Based on the model above, the coating
thickness simulation module was developed and integrated into the add-in software TST as a
part of ProfileKit. Two functions are included in ProfileKit: simulation of coating profile in 2D
and coating thickness distribution in 3D. ProfileKit 2D, by altering the operating parameters,
is able to simulate the coating profile and optimise the operating parameters. In the ProfileKit
3D, the coating thickness distribution can be simulated based on the nozzle trajectory on the
substrate surface and robot kinematics data by process simulation in RobotStudio™. The
functionality of ProfileKit 2D and 3D were validated respectively by the trapezoid cold sprayed
coating with a changing scanning step. It can be concluded that with ProfileKit 2D and 3D,

coating thickness can be simulated and predicted, which also provides evidence to optimise the
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operating parameters, nozzle trajectory and spray strategy.

3. Trajectory optimisation

Considering the increasing requirement for robot performance and coating quality, the
trajectory generation, kinematic analysis and trajectory optimisation are becoming hot topics
in this field of industry. As mentioned previously, a solution for trajectory generation dedicated
to workpieces with different geometries has been developed. Although trajectory generation
takes into account of the operating parameters and spray strategy, robot performance still seems
to be limited in some cases, which will directly affect the coating quality. Therefore, in this
part, kinematic optimisation is introduced for the robot’s application in the thermal spraying
process. An investigation into the robot kinematics is proposed to find the rules of motion in
an application case. The results demonstrate the motion behaviour of each axis in the robot,
which identifies the motion problems in the trajectory. This approach optimises the robot
trajectory in a limited working envelope. Therefore, different approaches of kinematic
optimisation were introduced to improve the robot performance and coating quality. They took
into account of the torch setup and workpiece placement on the worktable. As a powerful tool
provided by the off-line programming software, the kinematic analysis is used to evaluate the

robot performance, which includes the motion of each axis, the TCP speed, cycle time, etc.

5.2 Prospects

In this work, an Archimedean spiral trajectory is proposed for the purpose of damage repair
by cold spray technology. Due to the unique advantages of cold spray, the application in
additive manufacturing and damage repair is attracting more and more attention. Firstly,
optimisation of the current spiral trajectory should be made to obtain a more uniform coating
thickness distribution, which can largely decrease the post-machinery work. Secondly, more
effort should be made to optimise the robot trajectory for damage repair accounting for the
influences of robot kinematics on coating quality. The effects of robot kinematics and robot
trajectory on the as-repaired coating quality under different power-substrate combination are
also worth considering. Lastly, a robot trajectory specially designed for the repair of defect with

complex contour can be expected.

The ProfileKit in 3D is proposed in this work for the purpose of coating thickness
distribution in 3D based on kinematic data. However, some improvements can still be made to

optimise the functionality of software as well as its stability. Firstly, the algorithm of the

128



Chapter 5: Conclusion

simulation model should be extended to complex a workpiece with a curved surface, which is
limited to a planar workpiece in the current version. Secondly, the code in the programme as
well as the algorithm should be further optimised to improve its robustness and simplification.
Finally, finite element analysis focusing on thermal and mechanical evolution based on the
coating transient build-up process can be expected. By taking into account the transient coating
build-up process via the current coating thickness model, a more realistic thermo-mechanical

model can be developed and dedicated to the study of coating quality.

As for the kinematic optimization of nozzle mounting method in thermal spray, more
efforts should be made to study the optimization effects in different spray conditions, such as
the geometry of workpiece, the nozzle type, the operating parameters and so on. Meanwhile,
the experimental study should be made to study the influence of mounting method optimization

on the coating quality such as porosity, thickness, microstructure, bonding strength and so on.
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Annex 2 Signal analyzer by API in RobotStudio™

In order to realize the communication between the virtual robot controller and the signal
recorder, a data recorder sink class should be created. It will get notified when signals
subscribed by the data recorder is updated. The details of the class declaration are listed as

below.

1. Firstly, a class named DataRecorderTextSink is declared based on the class template
DataRecorderSinkBase. It should be noted that in this exemplary program, only the

important instructions are listed in this annex.

public class DataRecorderTextSink : DataRecorderSinkBase, IDisposable

After the declaration of the class, variables can be created for the manipulation of the

collected signal values.

protected override void OnData(double time, DataRecorderSignal signal, object value)

Logger.AddMessage(new LogMessage("Data Recorder: " + signal.DisplayPath. ToString()
+ ", value: " + Convert. ToDouble(value).ToString()));

protected override void OnStart()
Logger.AddMessage(new LogMessage("Simulation starts!"));
protected override void OnStop(double duration)

Logger.AddMessage(new LogMessage("Simulation stops!"));

In the class DataRecorderTextSink, the methods like “OnStart”, “OnData” and “OnStop”
are created to realize the functions that can be used as the collection and the processing of
signals. The “OnStart”, “OnData” and “OnStop” are the main methods used for the collected
signal and other related instructions. The methods “OnStart” and “OnStop” are triggered at the
beginning and at the end of simulation process. The manipulation and process of signal data
can be inserted into these methods, as well as the notification information of the simulation.
the method “OnData” can be used as signal data process during the simulation. For example,

the functions like the classification of signal among different types, the extraction of signal
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value and time, as well as the storage of signal information can be realized in this method. In
the exemplary program shown above, the instructions written in each method are used for the

notification of simulation status and the display of signal value.

2. Secondly, the class DataRecorderTextSink can be used to record signal during simulation.
For example, as the button of simulation is clicked, the data recorder will be triggered with
the simulation. The sentences about signal recorder should be added in the main program.
As the program is shown below, a receiver sink of signal data is created. Multiple sinkIDs
can be created if several apps are talking to the same controller. In this case, the sink named

DataRecorderTextSink is declared which can be found below.

DataRecorderTextSink myDatarec = new DataRecorderTextSink ("myAppsUniqueldentifier");

3. Then, it is able to add the desired signal to the sink. You use the API instruction which is
“GetMotionSignal” to read the signal from the active controller. In the exemplary code
below, the TCP speed of the default mechanism from the first controller is used as the target
signal. Several declarations can be made if more than one signals are desired to be recorded,

such as the TCP positions and the joint positions of different axes.

DataRecorderSignal
signal1=(Station.ActiveStation.BuiltInDataRecorderSignals.ControllerSignals.GetMotionSig
nal(Station.ActiveStation.Irc5Controllers[0].SystemlId, "ROB 1",
BuiltInDataRecorderMotionSignal. TCPSpeedInCurrentWorkObject));

signall.Name = "TCP";

4. After the declaration and definition of the signal variable, it is then added to the sink waiting

to be activated during simulation.

myDatarec.Signals.Add(signall);

Simulator.DataRecorder.Sinks.Add(myDatarec);
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myDatarec.Enabled = true;

137



Chapter 6: Annexes

138



Chapter 6: Annexes

Annex 3 Presentation of coating thickness on workpiece

In this thesis, the coating thickness distribution is simulated based on the kinematic data of
the robot. The kinematics data is obtained through the virtual robot system simulation
according to the robot trajectory generated on the substrate surface. Thus, in order to present
the result of coating thickness simulation directly on the substrate surface in RobotStudio™, a
graphic development method should be proposed in the C# development environment and in

RobotStudio™. Meanwhile, this method should be simple to load and robust enough.

According to the API function in RobotStudio™, while rendering the face of an object, it
is achieved by the definition of its material. The material of the face is defined according to the
texture details. A texture represents a texture image that can be applied to surfaces in the 3D
view, which is usually defined by a Bitmap. Thus, by which consists of the pixel data for a
graphics image and its attributes. A Bitmap is an object used to work with images defined by
pixel data. Thus, it is able to define the color of the pixel with the format of RGB according to
the coating thickness value at the coordinate of this pixel. Then the texture and the material of

the face at the object can be defined by the Bitmap. An exemplary program is given as below.

Firstly, workpiece surface is divided into a mesh grid with the dimension of length*width.
The color value of RGB format at each coordinate is defined according to the coating thickness
value at this node and the minimum and the maximum value of the overall coating thickness
on substrate surface. Afterwards, the generated Bitmap is assigned to the texture variable of the

face.
figure = new Bitmap(length, width);
Color ColorRGB;
for (int i = 0; 1 <length; i++)
{
for (int j = 0; j < width; j++)

{

ColorRGB = AddinFunction.ColorMapDistribution(min,  max,
Thickness(1i, j]);

figure.SetPixel(i, j, ColorRGB);
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}

Texture FaceText = new Texture(figure);
Material FaceMat = new Material(FaceText);

PickedFace.SetMaterial(FaceMat);
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