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For high process reproducibility and optimized coating quality in thermal spray applications on complex
geometries, atmospheric plasma spraying and high-velocity oxygen fuel torches are guided by advanced
robot systems. The trajectory of the torch, the spray angle, and the relative speed between torch and
component are crucial factors which affect the coating microstructure, properties, and, especially, the
residual stress distribution. Thus, the requirement of high-performance thermally sprayed coatings with
narrow dimensional tolerances leads to challenges in the field of robot-assisted handling, and software
tools for efficient trajectory generation and robot programming are demanded. By appropriate data
exchange, the automatically generated torch trajectory and speed profile can be integrated in finite
element method models to analyze their influence on the heat and mass transfer during deposition.
Coating experiments assisted by online diagnostics were performed to validate the developed software
tools.

Keywords diagnostics and control, influence of process
parameters, modeling, processing, robotics and
automation in thermal spraying

1. Introduction

The development of innovative software tools for the
virtual production of coatings is one of the most promising
fields in modern production engineering by thermal
spraying. In this multidisciplinary field, the analysis of the
influence of the jet trajectory on the coating properties as
well as the numerical simulation of heat and mass transfer
during deposition should be included. The automatic
generation of improved robot trajectories for the pro-
duction of coatings with narrow dimensional tolerances on
complex surfaces is a further aim.

A crucial issue therefore is the development of flexible
software tools for trajectory generation on complex
geometries and time saving off-line robot programming.
Due to the influence of the robot trajectory, speed profile,
and coating angle on the residual stress distribution and
coating quality, modules for process simulation should be
integrated and coupled with the tools for trajectory gen-
eration. The simulation of the coating process involves
computational fluid dynamics (CFD) for calculation of gas
and particle properties as well as heat flux on the com-
ponent during coating. Additionally, simulations by finite

element method (FEM) can be used to model temperature
distribution, residual stresses, and coating growth. By the
interconnection of the tools for trajectory generation with
numerical simulation of the coating process, the influence
of the jet movement on the heat transfer during deposition
can be evaluated.

2. Influence of Torch Handling on Coating
Properties and Residual Stress
Distribution

Parameters included in the robot program, like torch
trajectory and speed profile, influence the heat transfer
during deposition and the coating properties. The thermal
energy of gases and particles as well as the torch trajectory
and the relative speed between torch and substrate
determine the state of local temperatures and thermal
gradients during deposition. This is related to the residual
stress distribution in coating and substrate. Regarding the
spray angle, the production of thermally sprayed coatings
on complex surfaces requires continuous orthogonal torch
orientation to ensure homogeneous coating thickness and
hardness.

The influence of the torch trajectory on the function-
ality and reliability of coated heater films was first ana-
lyzed by Li et al. (Ref 1). Different meander trajectories
were developed for the production of heating conductor
coatings on planar glass ceramic surfaces. After coating,
the temperature distribution under operating conditions
was measured by infrared camera. Reduced thermal load
and balanced temperature distribution were obtained by
using meander trajectories with improved reversal point
and offset distances.

A. Candel and R. Gadow, Institute for Manufacturing Tech-
nologies of Ceramic Components and Composites (IMTCCC),
University of Stuttgart, Stuttgart, Germany. Contact e-mail:
antonio.candel@ifkb.uni-stuttgart.de.

JTTEE5 18:981–987

DOI: 10.1007/s11666-009-9338-x

1059-9630/$19.00 � ASM International

Journal of Thermal Spray Technology Volume 18(5-6) Mid-December 2009—981

P
e
e
r

R
e
v
ie

w
e
d



The spray angle is defined as the angle between the
symmetry axis of the jet and the surface of the substrate. It
is a factor affecting the splat formation, coating micro-
structure, adhesion, hardness, and porosity. The relevance
of appropriate spray angle definition increases if complex
surfaces have to be thermally coated. To remark the
importance of the torch handling in thermal spraying,
coating experiments with WC-Co as spray material were
performed. The coatings were deposited by varying the
spray angle and the relative speed between torch and
substrate.

The coatings were produced by means of the K2 torch
(GTV GmbH, Luckenbach, Germany). Kerosene as liquid
fuel was used for high energetic combustion with pure
oxygen, applied at elevated pressure (Ref 2). Maximum
temperature of the particles in the high-velocity oxygen
fuel (HVOF) spray process depends on the spray torch
design as well as on the feed rate, morphology, size dis-
tribution of the used spray powder particles, and oxygen/
fuel ratio (Ref 3). Due to the high kinetic energy of the
impinging particles, this technique is able to produce
extremely dense coatings with improved properties
against abrasive wear. Tungsten carbide powder was used
as feedstock material for the coating tests. An evaluation
program was carried out to analyze the morphology of the
powder material. The measured values for particle size
distribution were d10 = 21 lm and d90 = 46 lm.

For standard applications, the spray angle is normally
close to 90�, but it will vary if the substrate has a non-
planar surface (Ref 4). A variation in the spray angle
results in a change in the average splat shape (splat
elongation can be observed when the spray angle
decreases). Previous works showed that increased porosity
and reduced hardness and coating adhesion are expected
if the coating was deposited with low spray angles (Ref 5).

For the coating experiments, spray angles varying from
90� to 30� were considered. The influence of spray angle
on coating thickness and hardness of the WC-Co coatings
was experimentally studied (Table 1). As the spray angle
decreases, the available energy for particle deformation
and spreading decreases. This results in low adhesive
strength and rebounding. Thus, the maximum values of
coating thickness were obtained for samples coated with
the spray jet orthogonal to the surface (spray angle 90�).
As shown in Table 1, the measured hardness and coating
thickness values decrease almost linearly with the spray
angle. This is due to the increased porosity and the for-
mation of interlamellar cracks which tilt toward the spray
direction. The hardness HV0.5 was measured by an
automated universal hardness indenter equipment

Fischerscope� HCU (Helmut Fischer GmbH, Sindelfin-
gen-Maichingen, Germany).

The state of residual stresses in the coating composite is
a result of temporary stresses that emerge during the
manufacturing process. During coating deposition and
solidification, phase transitions in the coating as well as
rapid cooling of the coating material splats due to heat
conduction in the substrate lead to a contraction of the
coating and a simultaneous expansion of the substrate.
These mechanisms result in temporary stresses in the
coating which are called quenching stresses. After the
coating process, the temperatures of coating and substrate
adjust. The mismatch between the thermal expansion
coefficients of coating and substrate material leads to the
development of thermal stresses (Ref 6). By varying the
torch velocity, the thermal load during coating can be
modified. To evaluate the dependency of the thermal load
during deposition on the residual stress distribution,
samples were coated with constant spray angle 90� and
different torch velocities (400, 650, and 900 mm/s). A
stoichiometric combustion with 800 L/min O2 and 24 L/h
kerosene was defined. The powder feed rate for the
coating experiments was 64 g/min. A powder feeder PF2
(GTV GmbH, Luckenbach, Germany) with N2 as carrier
gas was used.

Figure 1 shows the relationship between torch velocity
(correlated with thermal load) and residual stress distri-
bution. For the characterization of the residual stress
distribution in coating and substrate, the microhole dril-
ling method was used. As shown in Fig. 1, by increasing
the speed of the robot-guided torch, reduced local tem-
peratures as well as lower thermal gradients are obtained.
This is reflected in the measured residual stresses. By low
torch speed, coating and substrate are subjected to high
thermal load during deposition. Additionally, these sam-
ples cool down from a higher temperature level after
coating. This can significantly affect the formation of
compressive stresses in the steel substrate. Gray bars
represent the location of the coating/substrate interface
for each torch velocity. The stress distribution in the
coating/substrate interface is a factor which affects the
coating adhesion. Previous works showed the influence of
tensile stresses on reduced coating adhesion (Ref 7, 8). As
presented in Ref 9 samples with compressive stress dis-
tributions in the coating/substrate interface showed high

Table 1 Measured coating thickness and hardness
for different spray angles on planar samples

Spray angle, �
Coating average

thickness, lm Hardness, HV0.5

90 53 2167
67.5 35 1558
45 30 1232
30 14 1135
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Fig. 1 Variation/improvement of residual stress distribution in
HVOF coatings by varying the torch velocity
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bending strength and resistance to thermal shock. By
adapting the speed of the torch, an optimal residual stress
distribution with moderate compressive stresses which
improve the mentioned coating properties can be
achieved. Improved speed profiles can be defined and
implemented in robot motion sequence to obtain desired
or even designed stress distributions.

3. Development of Software Tools
for Improved Trajectory Generation
in Thermal Spraying

In thermal spraying applications, the torch is required
to describe a defined trajectory with an appropriate speed
profile, spray distance, and relative orientation between
torch and substrate. Due to the influence of the torch
trajectory on the coating properties, software tools for
efficient and flexible robot programming are needed.

Previous approaches in the field of the computed-aided
generation of trajectories for thermal spraying are based
on the use of simplified geometrical descriptions of the
component to be coated, so that complex surface geome-
tries are not exactly defined in the final robot program
(Ref 10). The software tools presented in Ref 11, 12 are
designed for specific robot systems. Thus, the direct
application of these tools on different robot or handling
devices is not possible. Regarding the influence of the
robot trajectory on the deposition process and coating
properties, an experimental study of the influence of the
spray angle, spray distance, and the relative torch/sub-
strate speed on the coating thickness, porosity, and hard-
ness of plasma sprayed coatings can be found in Ref 13.
The study is based on the use of a database interfaced with
robot simulation. The tools are limited to ABB robots

(ABB Automation Technology Products AB, Gothen-
burg, Sweden) and numerical simulation models were not
developed.

In this work, a new approach is presented. Software
tools can be used for the generation of trajectories on
complex free-form surfaces considering the real geometry
of the component. By the definition of the trajectory by
means of the ASCII data format, the generated paths can
be used for the programming of different robot systems as
well as for the analysis by means of numerical models of
the influence of the torch trajectory and velocity on the
temperature distribution during deposition. The required
subroutines were developed at the IMTCCC by the
computing environment and programming language
MATLAB (The MathWorks�, Natick, MA). As a case
study for the validation of the developed tools, the free-
form geometry of a ship propeller was considered.

As an initial step, the real geometry of the surface to be
coated has to be acquired. CAD models as well as 3D
optical or tactile coordinate measurement systems can be
used. If considering coordinate measurement systems, the
surface is described as a point cloud. Figure 2 shows the
point cloud obtained by laser scanning system Model-
Maker Z (Descam 3D Technologies GmbH, Oberhaching,
Germany).

By reverse engineering, the acquired surface is pro-
cessed into a mathematical model, creating a mesh which
contains the previously acquired points. For the trajectory
generation of the robot-guided torch, the spatial points
which define the movement of the plasma jet/flame on the
surface during deposition have to be defined. In addition,
the normal vector on each defined point is required for the
further calculation of the orientation of the robot-guided
torch, see Fig. 3.

Since the coordinates of the spatial points and normal
vectors are referred to the coordinate system of the CAD

Fig. 2 Point cloud of free-form surface (ship propeller) obtained by triangular laser scanning
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model or measuring device, tools for coordinate trans-
formation have to be programmed so that the geometrical
data can be used in the real workcell.

For the calculation of the torch orientation during
coating, the normal vectors of the substrate surface are
required. The MATLAB subroutine SURFNORM
returns the surface normal components. The obtained
surface normals are based on a bicubic fit of the data
(Ref 14). Figure 4 shows the surface with the normals
emanating from it.

As shown in Fig. 5, meander trajectories were auto-
matically calculated and stored by using the ASCII data
format. Spatial points of the trajectory were obtained
considering the required spray distance (250 mm) and
meander offset (3 mm). Finally, program codes were
generated for the implementation of the trajectory in the
workcell. During the coating process, the torch was guided
with a velocity of 400 mm/s and the WC-Co coating was
deposited in three cycles of the meander trajectory. A
stoichiometric combustion with 800 L/min O2 and 24 L/h
kerosene was considered. The robot system for the coating
experiments was programmed by using the language V+�

(Adept Technologies Inc., Livermore, CA).

4. Numerical Simulation of Combustion
and Heat Transfer During Coating
Deposition

The analysis of heat and mass transfer is an essential
tool for a better planning of process design and torch
trajectories. The influence of the generated torch trajec-
tory and speed profile on the heat transfer and tempera-
ture distribution can be analyzed by numerical simulation.
As an initial step of a process design for numerical simu-
lation of temperature distribution during coating, the heat
transfer coefficient between impinging gases and substrate
is required. Also the impacting particles and the heat
dissipation by convection and radiation influence the total
thermal load. The calculation of the contribution of gases
and particles to the total thermal load was done by con-
sidering approaches presented in Ref 15, 16 and CFD
simulations of the combustion and in-flight behavior of
gases and particles.

Fig. 4 Normal vectors on free-form surface (component surface in blue) for calculation of torch orientation during coating (in red) and
vectors defining torch position in constant spray distance (in green)

Spatial points which define the torch trajectory

Acquired spatial points (CAD model, tactile or optical scanning system)

Control points for trajectory generation
(path of the plasma jet / HVOF flame on the surface)

Torch trajectory

Normal 
vector 

Spraying distance

Mathematical model 
of the surface

Fig. 3 Schematic representation of geometrical data acquisition
and reverse engineering (spatial points) for torch trajectory
generation (surface model, path on surface, and normal vectors
at control points)
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The combustion process in the K2 torch was modeled
by using FLUENT (Fluent Inc.). The fast chemistry
assumption was considered in the modeling of the non-
premixed turbulent combustion. The essential feature for
the calculation of the latter is the introduction of a
chemistry-independent ‘‘conserved scalar’’ variable called
the mixture fraction. All scalars such as temperature,
concentration, and density are then uniquely related to the
mixture fraction. For the modeling of the turbulence
phenomena, the k-e model was considered (Ref 17, 18).
Figure 6 shows the results concerning temperature and
velocity distributions for the combustion gases in com-
bustion chamber, nozzle, and free jet.

The strongly expanding combustion gases accelerate
the powder particles to reach high velocity values in the
deposition phase. Tungsten carbide powder was consid-
ered as feedstock material for particle modeling. Spray-
Watch 2i (Oseir Ltd., Finland) was used for validation.
The obtained gas and particle properties were used to
estimate the total heat flux on the component.

The time-dependent temperature distribution during
coating was modeled. In this work, the meshes are created
by using the collected geometrical data (by CAD model or
coordinate measurement device) of the surfaces to be
coated. Thus, the real geometry of the component is
considered in the heat transfer modeling. For the mesh
definition and numerical simulations, ANSYS� (Ansys
Inc., Canonsburg, PA) and ABAQUS� (Simulia, Provi-
dence, RI) were used.

For the modeling of the heat flux along the generated
meander trajectory, coordinates of spatial points of the
generated trajectory and corresponding process times
(Pi, ti) were transferred in ASCII format to the numerical
simulation software. The spatial points are still referred
to the coordinate system of the FEM software. A
FORTRAN subroutine was programmed to associate
each point of the trajectory with the nearest node of the
FEM mesh, see Fig. 7. Thus, the generated jet trajectory is
correlated with nodes of the finite element model. To
model according to real conditions, the thermal load was
modeled as heat flux. Taking into account the diameter of
the plasma jet or flame, the elements where the heat flux
has to be applied can be defined. The process time for heat
flux application is related to the desired torch velocity.
The heat transfer during deposition can be simulated for
different meander trajectories, torch velocities, and total
heat flux. For model validation, calculated temperatures
on selected nodes can be compared with temperature
measurements by infrared thermography.

Fig. 5 Generation of meander trajectories for thermal spraying on complex free-form geometry (propeller segment)
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Fig. 6 Calculated temperature and velocity distribution for hot
gases in combustion chamber, nozzle, and free jet
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Temperatures can be calculated also on the complete
component surface to obtain time-dependent temperature
distributions, gradients, and corresponding stresses. Thus,
the influence of the component geometry on heat transfer
can be considered for further process improvement.
Figure 8 shows obtained temperature distributions for case
studies where planar and free-form surfaces are coated.

By computer-aid trajectory generation tools which
allow appropriate definition of meander offset, spray angle,
spray distance, and relative speed between torch and sur-
face, thermally sprayed coatings with homogeneous coating
thickness and hardness can be obtained.

Coating process on the free-form component was per-
formed, see Fig. 9. For the torch handling, a RX-170 robot
arm with 6 degrees of freedom (Stäubli Tec-Systems
GmbH, Germany) was used. Cross sections were obtained
to evaluate coating thickness and hardness on different
areas of the surface. As shown in Fig. 10, homogeneous
values for both measured properties were achieved.

5. Summary and Conclusion

The production of net shape, high performance ther-
mally sprayed coatings on complex geometries requires
advanced automation systems. The torch trajectory, speed
profile, and spray angle are becoming important process
parameters as the demand of sprayed coatings on com-
plex-shaped parts increases. Due to the influence of these
parameters on the temperature distribution during depo-
sition, residual stresses, and various coating properties,
software tools for efficient and flexible robot programming
are required.

A new approach for trajectory generation and off-line
robot programming is proposed. To consider the real

component geometry, CAD tools and optical or tactile
coordinate measurement systems can be used to provide
the required geometrical data. Specific software tools were
developed for processing the substrate geometry, coordi-
nate transformation, and calculation of normal vectors
and trajectories for thermal spraying.

Subroutine PLANAR

P1, t1 P2, t2 Pn, tn
. . .

Node A, t1 Node B, tn

Subroutine MEANDER

Heat flux applied if t=tn

FEM of the 
reference disk 
sample

FEM of the sample holder

Fig. 7 Finite element model of reference disk sample and
MATLAB subroutines for heat transfer simulation, depending
on predefined meander torch trajectory

Reference disk sample

Sample holder

Simulated heat flux

Propeller

Simulated 
heat flux

Temperature [K]

Temperature [K]

(a)

(b)

290 400 510 620 730

290 380 440 520

Fig. 8 Numerical simulation of temperature distribution during
coating: (a) Reference disk sample and (b) propeller blade

Fig. 10 Coating thickness and hardness measured on free-form
surface for generated torch trajectory

Fig. 9 Implementation of the generated trajectory code in
robot-guided coating experiments at IMTCCC
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By the interconnection of the modules for trajectory
generation with CFD and FEM models, the influence of
the torch trajectory and speed profile on the heat transfer
during deposition can be analyzed. The proposed inter-
connection of the modules for the programming of the
handling devices with the numerical simulation of heat
transfer is a first step in the development of completely
virtual workcells for thermal spraying. By following the
presented methodology, codes for different substrate
geometries and robot programming languages can be off-
line generated. Coating experiments on free-form case
study were performed to demonstrate robot programming
and to validate the developed simulation tools. Homoge-
neous coating thickness and hardness distributions were
obtained.
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