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1. INTRODUCCIÓN Y OBJETIVOS DEL PROYECTO.
El spray térmico es una tecnología reciente usada para un amplio rango de
aplicaciones industriales. La técnica consiste en un spray de polvo fundido o barras
preparadas para ello. La fusión se consigue por combustión de oxy-fuel o por arco
eléctrico (plasma) [Herman, 1996].

Los recubrimientos por spray térmico pueden ser aplicados para bloques de motor
[Buchmann, 2001], implantes biomédicos [Baccalaro, 2002], protección contra
impactos de bala [Gadow, 2004] y otros campos relativos a tecnología de materiales.
El uso de procesos de spray térmico como una alternativa a placas industriales de
cromo se ha visto incrementado en los últimos años, debido a la normativa en
cuestiones de seguridad cada vez más y más restrictiva para procesos húmedos y
para un mejor control de las propiedades de los recubrimientos con spray térmico
[Duhamel, 1998]. El comportamiento funcional de un metal ligero puede ser
mejorado usando recubrimientos protectores. [Buchmann, 2002].

Éste trabajo es una investigación de una nueva aplicación de spray térmico. Los
temas tratados en él son ingeniería mecánica, robótica, textiles, materiales y
tecnología de fabricación. El objetivo a conseguir es la construcción de un sistema
para recubrir textiles con recubrimientos de barreras térmicas por spray térmico.
Éstos textiles protegerán a los trabajadores de las salpicaduras provenientes del
manejo de metales calientes o fundidos en la industria

Éste proyecto fue llevado a cabo en el Institute of Manufacturing Technology and
Ceramics Components and Composites (IFKB) en la Universidad de Stuttgart, como
una nueva aplicación de recubrimientos de metales y cerámicos realizados por spray
térmico sobre textiles flexibles. El recubrimiento, la robótica y la producción de
muestras fue llevado a cabo en las instalaciones del IFKB.

Las gotas de metales calientes atraviesan un tejido normal en unos pocos segundos,
porque los textiles Standard son sensibles al calor. Incluso tejidos hechos con fibras
resistentes al calor o con un tratamiento especial no pueden resistir el calor intenso
de una salpicadura de metal caliente. Por otro lado, los trabajadores no pueden

llevar placas para protegerlos porque son muy incómodas y no permiten al operario
un movimiento libre para realizar su tarea. La solución propuesta en este trabajo es
el recubrimiento de telas normales, usadas para ropa de trabajo, como algodón o
poliéster, con materiales cerámicos y/o recubrimientos de metal para capacitar a los
tejidos para resistir el efecto térmico de gotas de metal caliente, pero que al mismo
tiempo posean cierta flexibilidad y sean cómodas de usar.
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Figura 1.1 Proceso de transferencia de calor en un tejido.

Las gotas producen una pequeña zona afectada y el tejido es incapaz de absorber
ésta energía o de transferir este calor al área próxima con suficiente velocidad (ver
fig 1.1) Ésta es la razón termodinámica por la que se destruye un tejido.
Supondremos que un recubrimiento metálico puede absorber mayor energía debido
al gran calor específico de los metales. Además el recubrimiento metálico puede
evacuar el calor de la zona afectada y distribuirlo en un área mayor, donde el calor
pueda ser absorbido por el ambiente (ver fig 1.2). en este trabajo se usó una
aleación de aluminio-silicio.

Por otro lado los materiales cerámicos tienen las características opuestas y un bajo
coeficiente de transferencia de calor. Se usó óxido de zirconio como material
cerámico para el recubrimiento. La capa de cerámico evita que el calor llegue al
tejido destruyéndolo (ver fig 1.3). En este trabajo se analizaron cuatro
combinaciones. Una dobla capa de metal y cerámico, con uno u otro arriba, o una
única capa con metal o cerámica.

El segundo capítulo introduce al lector en el mundo de los textiles, las fibras de los
que están hechos y una descripción de las propiedades más importantes de esas

fibras. La producción con una pequeña explicación de los métodos de
trenzado/hilvanado y el acabado con diversos métodos de recubrimiento también se
explican en este capítulo.
DROP OF HOT METAL

METAL COATING

FABRIC

METAL COATING

HEAT

FABRIC

Figura 1.2 Proceso de transferencia de calor en un tejido recubierto con metal.

El tercer capítulo trata sobre el spray térmico. En él se explican las materias primas
usadas normalmente, los métodos de producción de esos materiales, los
pretratamientos de los materiales base y finalmente las técnicas más comunes para
producir recubrimientos con spray térmico.
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Figura 1.3 Proceso de transferencia de calor en un tejido con recubrimiento cerámico.

El cuarto capítulo trata sobre la línea de producción y la robótica. En este capítulo se
explica todo lo referente a la producción. También hay una descripción de los
elementos de producción usados. El robot, la máquina enrolladora y el sistema de

spray térmico usado. El robot y la máquina enrolladora han de ser sincronizados
para hacer la producción tan automática como sea posible. Se desarrollaron dos
programas para la cinemática del robot. Uno de ellos para movimiento continuo de la
enrolladora y otro para discontinuo, para un recubrimiento paso por paso.

En el quinto capítulo se explica el trabajo experimental. En esta parte se describen
las materias primas usadas en la producción, también se explican los procedimientos
de recubrimiento y las herramientas e instalaciones usadas en el proceso. La
caracterización de los materiales también se explica aquí, así como las
preparaciones metalográficas, la microscopía y los tests. Se midió la porosidad, la
adhesión y la dureza para conocer las propiedades de los recubrimientos y su
relación con los parámetros del proceso de producción.

En el sexto capítulo se muestran los resultados obtenidos y se procede a la
discusión y análisis de las muestras y su relación con las propiedades físicas
observadas. El séptimo capítulo es el resumen y las conclusiones extraídas de la
investigación.

El objeto del proyecto es la producción de vestimenta de trabajo protectora que sea
fácil y cómoda de vestir y tenga una gran fiabilidad contra gotas de metal fundido.
Para tener posibilidades comerciales se usaron materiales relativamente económicos
y el proceso de spray térmico, que es un proceso no usado con textiles hasta ahora.
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3. THERMAL SPRAY COATINGS
This chapter deals with the most common thermal spraying methods, the raw
material used, and in particular, the production of powder which is the most common
state of the raw material to be coated. After that it is spoken about some pre-spray
treatment. To finish the three most common methods are briefly explained.

3.1 Raw Materials used for spraying
The materials used for spraying are principally powders, rods and wires. The wires
are metals or alloys and are used only in the arc-spraying (AS) and flame-spraying
(FS-wire) processes. On the other hand, ceramic rods are sometimes applied in
thermal spraying, for example, in the process of flame spraying but much lower than
in powder. The principal reason for this is the short length of the sintered rods which
are sprayed out in a few minutes. To continue the deposition new rods must be
introduced to the torch. The interruption of the processing must inevitably lead to a
change of microstructure in the vicinity where spraying has been started and
restarted. That is why this process has to be avoided in the deposition of coatings on
larger pieces. Nevertheless, it must be pointed out that while spraying one rod, the
molten particles are almost monosized, this renders coatings more homogeneous
than those sprayed with powder [Pawlowski, 1995].

3.2 Methods of powder production
Powders which are now in common use are all metals, even Titanium in vacuum,
also alloys, like AlSi12 which was used in this work and oxide ceramics (e.g. Al2O3).
Cermets, which are ceramic included in a metal matrix, can also be used. All is
coated together, the ceramics with the metal. This way, carbides can be sprayed as
well.

The industrial methods of powder manufacturing depend mostly on the type of
material. The metals and alloys are usually prepared by one of the atomization
methods, sometimes sintering. Oxide and carbide ceramics are manufactured by
fusing (or sintering) followed by crushing but also by sol-gel or by calcinations routes.
The composite powders could be manufactured by one of the cladding techniques.

Probably the most versatile powder processing method is spray-drying enabling any
kind of small material particulates to be kept together in a spherical agglomerate with
an organic binder. Powder prepared in this way can be submitted to further
densification by, for example, sintering, radio-frequency or arc plasma treatment.
Sometimes, to get the desired powder composition, the particles prepared in one of
the above mentioned ways are blended [Pawlowski, 1995].

3.2.1 The atomization method
The atomization method is applied mainly to the manufacture of metal and alloys
powders. A typical atomization process consists of melting the metal or alloy in a
heater (typically inductive). The melt is later poured into the previously heated funnel
having a calibrated outlet and falls down as a liquid jet on to the nozzle. Inside the
nozzle the atomizing medium, which is usually gas or water, is introduced under high
pressure. The metal solidifies during the free fall until it reaches the powder collector.

The purity of the atomized (especially oxygen content) metallic powder depends on
three principal parameters: atmosphere inside the melting chamber (highest purity
powders give vacuum, then inert gas and lowest purity air atmosphere); atomization
medium (the highest purity powder requires gas as the medium, lowest purity water);
cooling medium in the atomization tower (highest purity-inert gas cooled, lowest
purity-water cooled)

The inert gas and vacuum atomization are frequently applied to the production of
pure intermetallic compounds such as Ni3Al, Ti3Al or FeAl. On the other hand, the
cooling medium influences the geometrical shape of atomized particles. The water
atomized powder particles are mostly not spherical.

The cooling medium determines to a degree a phase composition of the powder
particles. Application of water as cooling medium leads to a liquid material cooling
rate of 101-104 K/s (in comparison to 10-1-102 K/s for gas cooling atomization) that
might result in formation of metastable phases or precipitations. The powders
produced by atomization have small internal porosity and owing to their spherical
shape, reveal excellent flowability [Pawlowski, 1995].

3.2.2 Fusing or sintering
Oxides, carbides and cermets powders could be manufactured by the way of fusion
or by sintering. The fused or sintered powders are blocky and irregular and this
lowers their flowability. To improve this parameter, thay might be submitted to
successive spheroidization by flame oxyacetylene torch or arc plasma. The
manufacturing of typical fused or sintered powders, i.e tungsten carbide with cobalt
and chromium oxide is discussed below.

Chomium Oxide

The raw material for the production of Cr2O3 powder is a fine green pigment obtained
in a chemical way. The pigment contains submicron particles. The pigment can be
fused in the arc furnace (Kushner et al., 1988; Beczkowiak and Mundinger, 1989) for
10 to 20 hours. Thereafter, the block of chromium oxide is submitted to breaking,
after removing the outer shell. Finally, jaw crushers and double-roll mills crush the
blocks into smaller particles. The fusion process occurs if the temperature if the
material is higher than melting point (Tm is about 2710 K), sintering occurs if the
processing temperature is lower (usually about 0.7 x Tm).
The powders prepared in this way are mostly dense and blocky. Chromium oxide
powder can also be prepared by spray-drying. This method is specially
recommended, if the sprayed coating should contain no metallic chromium. The
fusion of chromium oxide may lead to reduction of the material. Therefore the

washing of material in an acid has to be applied in order to reduce the metallic
chromium content.

Chromium oxide powder can be prepared by an appropriate heat treatment in
crystalline form, i.e., the powder particles are small crystals.

Tungsten Carbide/Cobalt

Tungsten carbide can be prepared by carburizing tungsten in such processes: solid
state reaction at 1673-1973 K between fine tungsten and carbon powders (resulting
product is fine powder); thermite reaction for producing tungsten monocarbide (called
also the Menstruum process); carbon resistance melting to form cast tungsten
carbide (WC-WC2) and subsequently crushing and screening to get the desired grain
size. The carbides are mixed together with an organic binder and cobalt and sintered
under inert or reducing atmosphere (Schwier, 1985; Simm and Steine, 1985).

The sintered powders are angular and blocky, their internal porosity is greater than
powders fused and crushed. The tungsten carbide with cobalt powders can also be
prepared by the fusing and crushing method [Pawlowski, 1995].

3.2.3 Spray-drying (agglomeration)
This technique is probably the most versatile, because it permits the agglomeration of
any kind of materials together. Spray-drying could be applied to the manufacture of
powders of metals (Cheney et al., 1975), oxides (Krystyniak, 1968) and carbides or
cermets (Laferty et al., 1976).

The spray-drying process consists of introducing a slurry containing finely dispersed
materials to be agglomerated, organic binder and water. The pump feeds the slurry
into a centrifugal atomizer or nozzle atomizer. The atomized slurry is dried in the
stream of cleaned and heated gas (mostly air) and the moisture contained in the
droplets evaporate during flight in the chamber. The gas is cleaned out in the cyclone

and reintroduced to the heater. The solid particles are collected in the powder
collector.

The preparation of slurry starts with the dispersion of the fine powder in liquid (water).
The most important component of the slurry is the binder. It must be soluble or
dispersible in the liquid to form a slurry and when dried it must form a coating which
adheres to the agglomerated materials. Typical organic binders are: polyvinyl alcohol,
methyl cellulose, carboxy-methyl cellulose, polyethylene glycol, etc. The plasticizers
(as glycerine) are added to brittle binders to prevent cracking. The deflocculating
agents (e.g. sodium carboxymethyl cellulose) may be used to maintain solids in
suspension.

The most important property of the slurry is the content of solid. Higher percentage of
solid means less water to evaporate during drying and more powder output. The
technique of the slurry atomization determines to a degree the powder particles grain
size. The centrifugal atomization consists of a rotating disc (about 20 000 rpm) and
allows small grains to be obtained.

The single –fluid nozzle procedure consists of forcing a slurry through a small orifice
and the two-fluid nozzle also uses a pressurized air jet to break up the slurry into
droplets.

The droplet-air mixing process determines properties of resulting powder such as the
degree of moisture content in the particles. Concurrent airflow occurs when the gas
inlet is located near to the atomizing device, countercurrent configuration consists of
the gas inlet on the opposite side of drying chamber and mixed flow is a combination
of both of these.

The spray-dried particles can have holes, which may be due to the presence of air
occluded in the slurry or other mechanisms. Dried powder is relatively porous. It is
generally not advantageous because the electric power by atmospheric plasma spray
spraying (APS) of spray-dried powders must be greater than with other types of
powders [Pawlowski et al.,1993]. Therefore the powder may be submitted to
subsequent densification by furnace heat treatment or arc plasma.

Spray dried powders that are melted in an oven onto their surface and being porous
inside are sometimes called HOSP (homogeneous oven spherical powder).

A possible solution for many small size thermal spray companies would be to acquire
laboratory/ small scale spray-drying equipment. Acquisition of such equipment and
the relatively easy to master know-how, would enable the preparation of powders
having optional compositions, tailored to get desired properties of thermally sprayined
coatings, well matched to the particular application. This has been already adopted
by some of the more advanced European laboratories [Pawlowski, 1995].

3.2.4 Cladding
The cladded powders (sometimes called composite powders) have a core of one
material coated on the outside with a porous or dense layer of another material.

The concept of cladding the core is applied mainly if the following conditions occur.
When the material of the core needs to be protected against influence of the flame in
spraying conditions (e.g. tungsten carbide coated with cobalt or graphite coated with
nickel). Or when the adhesion of sprayed coating has to be considerably enhanced
(to achieve this, a powder was developed with an aluminium core coated with nickel,
this components react at 923 K to form NiAl and the reaction is exothermic with an
energy of formation of 117-284 kJ/mole). Or when the wettability and flowability of
ceramic powders have to be improved, this can be achieved by cladding ceramic
cores with metallic layers.

DENSE CLADS

Dense clads are mainly realized by a hydrometallurgical method (but also to lesser
extent by an electrolytical one) in a process of reduction of the clad metal salt
solution in the hydrogen atmosphere under high pressure. The process sometimes
abbreviated as Hyprepoc (Hydrogen Pressure Reducing Powder Coating) has the

following important parameters, compiled after Clegg et al (1973) and Lugscheider et
al (1991b).

The core materials could be all materials which are non-reactive to the solution,
catalytically active to the metal reduction and remaining suspended in the solutions.
The size of core varies from a few tenths to more than one hundred micrometers.

The core can be activated prior to the reduction using, e.g. palladium chloride.

The reduction might be carried out using sulphates (e.g. nickel could be reduced from
nickel amine sulphate), nitrates or acetates.

The reduction is carried out in the autoclave under pressures varying from 2 to 4 MPa
at temperatures being in the range 450-520 K, an exception is molybdenum where
salt is reduced at 1270 K.

The clad material could be nickel, cobalt, copper, silver or molybdenum and the
typical thickness is few micrometers, but this can be increased by multiple reduction.

POROUS CLADS

The porous cladding process consists of preparing the mixture of fine (typically less
than 10µm - Kuschner et al. (1988)) particles that later form the outer layer with the
binder (e.g. epoxy or phenolic varnish etc.). The mixture is then mechanically
blended with the core particles and allowed to dry. Sometimes the final blend is
pressed into the cakes (Houck, 1981) and then after drying, subsequently crushed
and screened to desired particles distribution. The varnish is burnt out during thermal
spraying. [Pawlowski,1995]

3.3 Pre-spray treatment
This part deals with some treatments which have to be done before the coat. This is
because there is no chemical process that makes adhesion, so the surface must be
prepared for mechanical adhesion. This is not necessary with fabrics because their
surface is already prepared due to their microstructure. The microstructure of fabrics
is already rough and that permits the coat to get good adhered. On the other side,
chemical processes or blasting would destroy the fabrics.

Other surfaces to be thermal sprayed should be adequately prepared. The following
operations are typical: degreasing (using common organic solvents, e.g. methyl
alcohol, acetone or sometimes, vapour degreasing – specially for larger pieces).
Shaping (if necessary) the piece, to be subsequently coated, using turning or
grinding until the desired dimension is reached. Masking prior to surface roughening
is also necessary, roughening of the surfaces to be coated and masking prior to
thermal spraying.

3.3.1 Masking
Masking prior to roughening is generally made using different types of masks from
those prior to spraying. Only silicone (Hibler and Gerber, 1990) or teflon can be used
as masks either for roughening or for some spraying processes. Care must be taken
to keep the surface temperature, while spraying, rather low. The materials and
techniques used in the manufacture of masks are discussed below. Masking prior to
roughening is typically made with cloths, rubber or plastics.

Masking prior to spraying can be made with metallic or glass fibre tapes, which can
be cut to desired dimensions. There are also commercially available liquid
compounds, e.g. Metco Anti BondTM, which prevent the adhesion of hot particles
during spraying and could be solved with water after processing. The holes and slots
in the sprayed piece can be protected with Teflon or metal inserts.

Masking prior to prepare the pattern after spraying can be made with the help of
photolithographic mask corresponding to the negative of the pattern to be sprayed is
prepared. The mask is deposited onto polymer´s surface and exposed to the
ultraviolet light. The exposed part of polymer is hardened, the other part can be easily
removed with water. Finally, the chemical etching allows the removal of the metal
which is unprotected by polymer This technique has been used by Pawlowski et al.
(1983) to prepare the metallic masks used to spray conductor paths and the resistor
path on to the substrate. Braguier and Tueta (1980) used the photolithography to
shape the pattern of VPS deposited copper coatings. [Pawlowski, 1995]

3.3.2 Surface roughening
First of all it must be told that it is necessary to do the surface roughening, but in this
case of coating textiles it is not necessary because of the microstructure of textiles
which already have enough roughness to make a good adhesion of the coat. In any
case, surface roughening is here briefly explained; typical surface roughening
techniques include:

Macro-roughening, which consists of cutting grooves or turning the screw threads.
This technique might be applied if grit-blasting is not recommended or otherwise, to
promote adhesion of the coatings to greater surface areas. In this case macroroughening is followed by successive grit-blasting

Chemical etching, which is not very often used outside the research laboratories due
to the incompatibility with other manufacturing procedures in the spray workshop.
Lazlo (1961) recommended a reagent composed of one part by volume of 20%
sulphuric acid and three parts per volume of 10% nitric acid to etch copper prior to
spray. The etching time is to be at least 10 hours.

Stainless steel can be etched using reagent consisting of two parts per volume 40%
nitric acid and three parts by volume 20% hydrochloric acid. Time of etching should
be 10 min.

Grit-Blasting

Blasting is preferably carried out inside a cabinet. This is because of instensive dust
formation that is dangerous for health. However, to blast large pieces, open-air
blasters are sometimes used, equipped with a double-walled nozzle (Vacu-blast
nozzle) that permits the recovery of the grit.

Figure 3.1 Sketch of Vacu-blast nozzle, used in open-air blasting, to make
surface roughening.

The influence of the blasting parameters, such as time of blasting, blasting pressure
and blasting angle on the coating bond strength or surface roughness have been
tested by Apps (1974) and Wigren (1987) respectively. The parameter Ra reaches to
its maximum value after a short blasting time, the prolonged blasting does not lead to
a rougher surface because the first created roughness is smothered again.
[Pawlowski, 1995].

Figure 3.2 The blaster with the suction grit-fed. 1, nozzle; 2, decompression chamber; 3,
compressed air; 4, grit container; 5, grit; 6, hose.

3.4. Thermal spray techniques
In most spraying techniques gases, combustion gases or gas plasma are the sources
of the thermal and kinetic energy heating the particles and propelling them to the
substrate. Only in laser spraying is the energy of photons emitted by a laser used to
heat and melt the particles

Some methods like flame spraying, detonation-gun spraying and vacuum plasma
spraying are not mentioned here because they are not so usual. Atmospheric plasma
spraying (APS), arc spraying and high velocity oxygen-fuel spraying are here
explained.

3.4.1 Atmospheric plasma spraying (APS)
Principles

The plasma generator consists of a circular anode usually made of copper, and
cathode of thoriated tungsten. The electric arc discharges, supported by a generator
through the connectors heats up the working gases, which expand to the atmosphere
forming a jet. The powder suspended in a carrier gas, is injected in the flame. The

particles of the powder after being melted and accelerated in the plasma, impact the
substrate and form the coating.

Pulverinjektion
Druckluftzuführung
Plasmabrenner

shroud gas tube

Inertgaszuführung
(Gasschleier)

Kühlgas-Ringdüse

CO2 Zuführung
Figure 3.3 APS torch

Process parameters

Working gases. Typically gases are Argon or a mixture of Ar+H2, Ar+He and Ar+N2,
sometimes N2 and a mixture of N2+H2. Typical flow rate is about 40-50 Nl/min, in
some installations up to 80 Nl/min. The typical temperature of the plasma is at a
maximum of about 14000 K and its velocity at the nozzle exit can reach 800 m/s or
even more. The choice of gases is dictated mostly by the ability to melt the sprayed
particles. This ability is higher for molecular gases (especially H2) due to greater
thermal conductivity, than for atomic gases. On the other hand, the monatomic gases
jets reach a higher velocity. That is why, the mixture of monatomic gas with a
molecular one have been often used in order to assure melting of the particles as
well as their velocity while spraying. The monatomic He is used as an additive (to Ar)
due to the high thermal conductivity but also due to the formation of a narrow spray

cone. The typical electric power is up to 60 kW, in some installations, however more
than 100 kW.

Geometry of the electrodes. The cathode tip shape should be different for different
working gases. The shape and diameter of the anode influences the plasma flow
pattern, therefore the plasma jet temperature and velocity distribution. As the electric
arc contacts the anode and cathode in one or more places (roots) it is necessary to
design the cathode and anode in a way to prevent rapid deterioration.

Plasma stabilization is usually done by working gas. In some installations the water
vortex is used to confine the arc. Powder particles size is typically in the range 5-100
µm. Spraying distance is normally in the range 60-130 mm. The typical angle of
spraying is 90. Sometimes it differs from the normal due to the shape of substrate.
Linear velocity of the torch with regard to the substrate is in the brand range of 502000 mm/s. The spraying atmosphere is air

Coating properties

The bond strength of plasma-sprayed ceramic materials is typically in the range 1525 MPa. The plasma-sprayed bonding alloys (as NiAl or NiCrAl) or metals (Mo) may
reach a stregh in excess of 70 MPa. The porosity of APS coatings is usually in the
range 1-7%, but might be intentionally greater. The thickness of the coatings is
typically 50-500 µm.

3.4.2 Arc spraying
Principles

Two wires, which are consumable electrodes, are drawn from spools, form a liquid
droplet due to arc heating and are blown by compressed gas. The jet of gas acts to
atomize the melted wire and to propel the fine atomized particles to the substrate. If
the wires are of different materials pseudo-alloy coatings can be produced.

Process parameters

The materials are all electrically conductive. These are traditionally Zn and Al,
composed of two phases. Diameter is typically in the range from 2 to 11 mm or more.
The molten particles formed of wires can reach velocities of up to 150 m/s [Rudzki,
1983].

The electric power is typically in the range 5-10 kW or more. The arc temperature
may reach 6100 K by an arc current of 280 A [Marantz, 1974]. The arc voltage is
typically in the range 20-40 V. An increase of voltage leads to an increase of droplets
sizes. The deposition rate is 50-3000 g/min. The spray distance is 50-170 mm. The
spray atmosphere can be air, reactive, inert or vacuum. The atomizing gas pressure
is 0.2-0.7 MPa. The atomizing gas flow rate is 1-80 m3/h [Pawlowski, 1995].

Coating properties

The bond strength is in the range 10-30 MPa for Zn and Al coatings (Schmidt and
Matthäus, 1980), might be as high as 70 MPa for NiAl coatings. The porosity is in the
range 10-20%. The thickness of the coatings is in the range 100-1500 µm or more.

3.4.3 High velocity oxygen fuel spraying (HVOF)
In the HVOF process the fuel is burnt with oxygen at a high pressure and generates a
high velocity exhaust jet.
The powder is injected axially into the jet as suspension in the carrier gas. The gases
are burnt in the combustion chamber and flow through the nozzle out of the torch.
The combustion chamber and the nozzle are water-cooled.

Process parameters
Working gases are fuel gases such as acetylene, kerosene, propane, propylene,
hydrogen methylacetylene-propadiene (MAPP) mixture with oxygen. The ratio of the
gas flow rates determines the temperature of the flame. The temperature of oxygenacetylene reaches a maximum at 3440 K if mixed 1.5 to 1 (by volume) and oxygen-

propylene reaches the maximum temperature of 3170 K at the ratio of 4:11
(Niederberger and Schiffer, 1990).

The fuel gas flow rates are in the range 40-60 Nl/min and the oxygen flow rate is
correspondingly greater (e.g. 430 Nl/min for the CDS torch of Plasma technik,
Wohlen, Switzerland). The velocity of the exhaust jet in the Jet-Kote torch is about
2000 m/s (Kreye, 1991)

Powder particle size used in the HVOF process is usually in the range 5-45 µm. The
most sprayed powders are cermets. Powder feed rate is in the range 20-80 g/min.
Powder is injected mostly axially and in some torches radially and nitrogen is used as
carrier gas. Spraying distance is in the range 150-300 mm. The velocity of the flow is
supersonic.

Coating properties

The bond strength of HVOF sprayed carbides can be as right as 90 MPa (Kreye,
1990), the value exceeds the maximum strength of most of the resins. The porosity of
HVOF sprayed coatings is lower than 1%. Typical thickness is in the range 100-300
µm. [Pawlowski, 1995]

Figure 3.4 Arc spray torch at IFKB

4. DEVELOPMENT OF THE ROBOTS KINEMATICS
The fabrics coating process is developed by a winder machine over which the fabric
is passed and a robot where the torch is situated. The elements are explained here
and the two different programs are explained in the section 4.2. The robot used here
is the Model RX170® of Stäubli®. It is shown in fig. 4.1. It is a 6 degrees freedom
robot, with a nominal load capacity of 30 Kg and a maximum load capacity of 60 Kg.
The reach at wrist is 1835 mm.

The various elements of the robot’s arm are: the base (A), the shoulder (B), the arm
(C), the elbow (D), the forearm (E) and the wrist (F). The robot arm assembly thus
contains the motorization, brakes, motion transmission mechanisms, cable bundles,
pneumatic and electric circuits for the user and the counterbalance system.

Working temperature: + 5°C at + 40°C (as per standa rd NF EN 60 204-1). Humidity:
30% at 95% max. non-condensing (as per standard NF EN 60 204-1). Weight: 721
Kg. Maximum speed: 11.9 m/s

(a)

(b)

Figure 4.1 Photo of the robot with the torch and representation of the axis of the articulations.

Figure 4.2 Amplitude speed and resolution and torque limits [RX170 Stäubli manual].

The winder has two motors, two axis, three deflection rollers and a table over which
the fabric is coated.It is fabricated by Geb. Menzel®, Maschinenfabric GmbH&Co,
Schloß Halte Stuhenbroach, Germany. It has a control unit with a communication
display. The table is designed as a n open perforated metal plate, where the gases
are sucked by a ventilation system. The winder machine can be seen in figure 4.3.

Winder

Robot

Figure 4.3 Fabric on the winder machine

The table of the winder is perforated in the area where the coating is done. This is
made to let the gases and not molten particles go away and to maintain the
atmosphere clean. Other reason is to strength the fabric against the table with the
suction force. That makes that the fabric geometry, during the coating, is like the
table surface. The third reason is cooling the fabric due to the before mentioned
influence of the heat in the process and the necessity of preserving the fabric from
high temperatures. The winder machine has entrances of environment air through the
perforated metal plate and two exits to the ventilation installation on its left side (see
figure 4.4).

Figure 4.4. The connection of the gases extractor from the winder with the ventilation system of the
spray cabin at IFKB can be seen.

Two axis produce the necessary strength to keep the fabric in the right tension. The
tension can be varied at the range between 100 and 800 Newtons and it can be
changed in the control device which is shown in figure 4.5. This device has two
modes of actuation, one step by step and other continuous. In the step by step mode,
the velocity, the distance for every step and the waiting time has to be programmed.
In the continuous mode only the velocity and the distance has to be programmed.

The start of the movement can be activated manually.

The use current for the

system is 400/230VAC at 50 Hz. The control current is 24 V.

Figure 4.5 Winder machine control device. An emergency Stop button can be seen and also the
luminous indicators and the programming display

winding

control

winding

Figure 4.6 Schedule and dimensions of the winder machine.

This part deals with the optimization of the trajectory and kinematics of the robot and
the coordination with the movement of the winder machine. Before these programs
were made, the robot kinematics was programmed in plane meanders. This caused a
problem, because the angle between the surface and the torch was not constant and
the same happened to the distance from the torch to the surface.

In order to adapt the robot kinematics to the cylindrical surface of the winder over
where the coating is going to be made, cylindrical meanders had to be programmed.
Due to the damageable of the fabrics that are used, the distance from the torch to the
surface has a decisive influence on the process because of the energy of the thermal
flow and the temperature of the zone. If the torch is too close to the fabric it may
destroy it. On the other side coating properties depend on the spraying distance as
well. A too large distance between torch and fabric will lead to incomplete or even
non melting of the powders due to the cooling down of the particles.

Z

Z

X

Y

X

Y

Plane meanders

Cylindrical meanders

Figure 4.7 Plane and cylindrical meanders

These reasons and the angle between surface and the flow were the reason to make
the programs in cylindrical coordinates. It was done this way to have a coating netshaped and homogeneous as possible. The angle between the torch and the surface
has to be 90° for the optimum process. The thicknes s has to be also homogeneous
over the fabric and it is not possible if the angle varies over it. The thickness is very
important in the product due to the resistance of the fabric to heat depends on the
properties of the coat, its thickness and porosity.

The 3 axis of the robot for the fix system and the 3 for the mobile system, are shown
here.

Mobile reference
system

Z

x
y

z

Y
Fix reference
system

X
Figure 4.8 Robot reference systems

In the next three pictures the turns of the angles of the mobile system are shown, all
the turns are on the fix axis of the fix system. First there is a turn on the “z” axis
called “yaw” (figure 4.9)

Figure 4.9 Yaw angle

The second turn is on the new “y” axis defined after the first turn, it is called “pitch”

Figure 4.10 Pitch angle

The third turn is on the “z” axis defined after the second turn, it is called “roll”

Figure 4.11 Roll angle

4.1 V+® language
V+® is a computer-based control system and programming language designed
specifically for use with Adept Technology industrial robots, vision systems and
motion-control systems.
As a real-time system, continuous trajectory computation by V+® permits complex
motions to be executed quickly, with efficient use of system memory and reduction in
overall system complexity. The V+® system continuously generates robot-control
commands and can concurrently interact with an operator, permitting on-line program
generation and modification.
V+® provides all the functionality of modern high-level programming languages
including:

- Callable subroutines
- Control structures
- Multitasking environment
- Recursive, re-entrant program execution

4.2 The programs
Two different programs were developed to solve the problem in two different ways for
a continuous process and for an intermittent process production. These two
alternatives are explained here. The continuous is less flexible than the other, but
quicker, with the intermittent it is possible to finish one coating and do a second or
third coating on the same piece of fabric.

4.2.1 Non-continuous program
This program is for an off and on movement of the fabric, it means that when the
fabric is stopped the robot initiate the movement doing meanders and when the robot
finishes its movement over the piece of fabric to coat, it goes to its initial position
while the fabric moves the proper distance. Then the robot starts again the meanders
over the fabric.

To avoid collisions, to simplify the modification of parameters and to reduce the
programming time, an offline simulation in Matlab® was done to see the path before
starting programming the code in V+.

In figure 4.12 the trajectory can be seen and also the distance from the robot to the
surface. It is done drawing the plane XZ

z
y
x

Figure 4.12 Lateral view of the simulation

In the second graphic (figure 4.13) the distance between meanders can be observed.
The plane YZ is here represented.
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Figure 4.13 Front view of the simulation

In the graphic below there is a three dimensional view of the trajectory
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Y

Figure 4.14 3-D view of the simulation
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Figure 4.15 Step by Step mode flux diagram

Explanation of the flux diagram

Step 1. Introduction of parameters

In this stage the parameters that can be varied are introduced to the computer. All
the calculus will be made with these parameters. The first parameter introduced is
the meander distance (in mm), which is the distance, not lineal but a circumference
arc, between two meanders. Every meander is a trajectory with constant height and
constant “x” value. The only parameter that varies is the “y” value. The variables “x”
and “z” are different for every meander as can be seen in the simulations (fig 4.12, fig
4.13 and fig 4.14).

The second input is the distance from the torch to the surface, it is introduced also in
mm, in this case, it is a lineal distance and it is added to the radio of the cylindrical
surface to calculate the points in cylindrical coordinates. This can be seen in the third
step.

The third parameter is the velocity of the torch in mm/s. The movements of the
articulations will be calculated internally to make the movement of the robot extreme
with the defined velocity.

Step 2. Geometric parameters

In this step the location of the reference point of the winder is entered. A reference
point will be used to make easier the calculation of the points. First, the robot has to
be taken manually to this point by the user. Then user has to type “here a” and the
coordinates of the robot extreme will be shown on the computer screen. They have to
be manually introduced in the program in the line “SET puntoref = TRANS(1210,1150,225,0,90,0)”. The winder centre location is calculated by the computer. The
user only has to introduce these parameters every time the winder or the torch is
changed and save the version if wanted.

Some other parameters are also calculated. The cylindrical surface of the winder is
supposed to have a radio of 20 m. It was calculated with two points of the surface
and calculating the variation of the horizontal position with the vertical position. This
way the angle and the radio were mathematically deduced. The horizontal movement
is a variable of the program but it is not programmed as an input to make the work
easier and faster because the fabric is supposed to be 1 meter width. In case the
worker wants to change it, he can go to the program code and do it easily.

The initial angle, which defines the orientation of the torch, is defined. It is the
arctangent of half the height of the piece of fabric to coat divided by the radio of the
cylindrical surface. The height of the piece to coat is no more than 400 mm, which is
the height of the perforated area of the plate. The angle increment is also calculated
as the meander distance divided by the radio of the surface. This increment will be
added to angle “n” to calculate angle “n+1” and this way, to calculate the “n+1”
meander.

The next parameter calculated is the distance the winder has to wind in every step. It
is the height of the area to coat (400 max) minus a value called rest. This rest is the
rest of the division of this height by meander distance. This distance of every step is
calculated by the computer and it has to be manually introduced in the winder
machine control device. The program also checks that the number of meanders has
to be an even number, because even meanders finish on the left side and odd
meanders finish on the right. The last meander has to finish on the left because then
it has to move to the initial point which is on the left and it must not go over the fabric.
This way the homogeneity of the coat is preserved.

The last geometric parameters calculated are the coordinates of the centre of the
cylinder. They are calculated from the reference point introduced. The position
between the winder and the robot only has to satisfy a condition. The “x” axis of the
robot has to be perpendicular to the winder surface. After, the coordinates of the first
point of the first meander are calculated.

Step 3. Loop to calculate the points

In this step all the points are calculated in cylindrical coordinates, having the
reference of the centre of the cylinder, this way the variables “x” and “z” are easily
calculated like a function of “teta” and “y” will be the horizontal limits of the fabric.

The “radio” and also the angle “teta” are defined in the figure in the next page

X= distance robot_cylinder – radio *cos (teta)
Y= centre ± horizontal_distance (depends on if the point is on the right or in the left)
Z= height of the axis of the cylinder + radio*sin (teta)

Robot extreme
position vector

z

teta
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Ideal
surface
axis

y
x
Surface of the winder
distance

Figure 4.16 ideal geometry of the process

An arc of circumference is calculated from the meander_distance, entered as input.
The geometry of the fabric on the winder is circular. Therefore the difference of height
between two points of the circumference is important when the angle is high.

The new teta is obtained from the addition of the previous teta plus teta_increment to
calculate the two points of the next meander.

Step 4. Loop to put in order the points

In this loop some points have to be rearranged. In the previous step the points have
been calculated in the following way. For all the meanders there are two points that
define the path. The odd number is on the left and the even number is on the right.
The meander number is represented with variable “n”. In odd meanders the robot
goes to the right as seen in figure 4.17 but in even meanders the robot goes to the
left.

The aim of this loop is putting the points in the order of the movement. This way the
loop for the movement is very easy: 1, 2, 3, 4, 5, 6, 7, 8… Before it was: 1, 2, 4, 3, 5,
6, 8, 7… the points multiples of 4 have to be changed with the points before them.
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Figure 4.17 Rearrangement of the points

Step 5. Loop to move from one point to the next

This loop makes a readable variable in V+ language for every point which is already
calculated and does the movement of the robot with the programmed velocity over all
the points before ordered in the matrix.

End of the program
Note that for the production it is better that the meander finishes in such way that the
torch does not go on coating the fabric while it is being moved on the winder. This
would cause some irregularities in the coat. In order to do that, the number of
meanders is calculated to finish on the left and the program will give back the value in
millimetre of the fabric that the winder has to wind every cycle. This value has to be
programmed manually in the winder.

4.2.2 Continuous program
This program as it is in its name is for a continuous movement of the fabric, so there
are no wait times and there is no need of communication between the robot and the
winder. Before starting, some parameters have to be entered to the program to
reference the winder location. The fabric will go up and the robot will do a movement
like an “x”.

The synchronization of both movements and times is required, because the coat has
to be done in a horizontal line and after that the robot has to go to the initial “z”
coordinate and start again to the left. In the meantime the fabric will go up till the
next meander distance (see figure 4.18).
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Figure 4.18 Diagram of fabric and torch movements for continuous mode

These two conditions are expressed in two equations:

e
vertical
=
torch _ vel winder _ vel

[1]

 vertical 
 × winder _ vel
meander = vertical + 
 torch _ vel 

[2]

From these two equations we arrive at the following expression:

(

)

 2hor 2 


1
 winder _ vel 3 + hor 2 + meander 2 winder _ vel 2

 winder _ vel 4 + 
 torch _ vel 
 torch _ vel 
− meander 2 × torch _ vel 2 = 0

[3]

Which links the two variables velocity of the winder and vertical distance, and they
depends on two parameters before defined, the velocity of the torch and the meander
distance.

torch_velocity
Inputs
Meander

vertical
Outputs
winder_velocity

Vertical will be an internal variable of the program to calculate the path where the
robot has to go, winder_velocity is the other output and it is needed to enter it in the
winder configuration to make it go with the proper velocity (figure 4.18).

It is not possible to calculate these variables with V+ language because it has not so
mathematic possibilities as Matlab®. The equation was programmed in Matlab® to get
a table with different values for different combination of both parameters (table 4.1).

Meander
(mm)

Torch speed
(mm/s)

Vel_winder
(mm/min)

Vert
(mm)

Time
(s)

5

100

29,851

4,975

10,049

5

200

59,703

4,975

5,024

5

400

119,405

4,975

2,512

5

600

179,108

4,975

1,675

10

100

59,411

9,902

10,099

10

200

118,823

9,902

5,049

10

400

237,646

9,902

2,524

10

600

356,469

9,902

1,683

15

100

88,688

14,781

10,147

15

200

177,377

14,781

5,073

15

400

354,755

14,781

2,537

15

600

532,132

14,781

1,691

20

100

117,690

19,615

10,196

20

200

235,381

19,615

5,098

20

400

470,762

19,615

2,549

20

600

706,143

19,615

1,699

25

100

146,424

24,404

10,244

25

200

292,849

24,404

5,122

25

400

585,69

24,404

2,561

25

600

878,5471

24,404

1,707

Table 4.1 Velocity of the winder and vertical calculated for some pairs of inputs. They were
®
calculated using a Matlab program called definit (see Appendix C).

In this program cylindrical meanders were not used because it was not necessary.
Vertical distances are very small and there is no influence of the curvature in the
angle between the torch and the surface. The flux diagram is shown in the next page
(fig 4.19).
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Figure 4.19 Continuous mode flux diagram

no

Step 1. Introduction of parameters

In this step the parameters, distance between meanders (mm), distance from the
surface (mm), length of fabric to coat (mm), the velocity of the torch (mm/s) the
winder speed (mm/min) and vertical which come from the table before explained, are
entered to the program.

Step 2. Calculation of vertical

The value vertical is calculated in order to calculate the path and it has to be smaller
than meander to be possible to fit the times and velocities. This condition is already
satisfied and tested by the program “definit”. The code of “definit”, which is a Matlab®
program to calculate the winder velocity and vertical, is shown in Appendix C.

Step 3. Geometric parameters.
Here is entered the width of the fabric, it is not programmed like a parameter to
simplify the program while it is using the same fabric. Here the reference point,
before explained for the non-continuous program, is entered. It is a point of the
winder machine which is used as a reference of its location.

Step 4. Calculation of the points.

In this stage the points are calculated, only four points, two on the left and two on the
right, the initial and the final for every path. There are two different paths, one to the
left and one to the right, always going up. The coating movement is like an X-shaped.
But every line of the X will make a horizontal line on the fabric.

Step 5. Movement loop.

This loop does the movement, the vector is every time transformed into a spatial
variable and then the movement is done with the defined velocities.

4. DEVELOPMENT OF THE ROBOTS KINEMATICS
The fabrics coating process is developed by a winder machine over which the fabric
is passed and a robot where the torch is situated. The elements are explained here
and the two different programs are explained in the section 4.2. The robot used here
is the Model RX170® of Stäubli®. It is shown in fig. 4.1. It is a 6 degrees freedom
robot, with a nominal load capacity of 30 Kg and a maximum load capacity of 60 Kg.
The reach at wrist is 1835 mm.

The various elements of the robot’s arm are: the base (A), the shoulder (B), the arm
(C), the elbow (D), the forearm (E) and the wrist (F). The robot arm assembly thus
contains the motorization, brakes, motion transmission mechanisms, cable bundles,
pneumatic and electric circuits for the user and the counterbalance system.

Working temperature: + 5°C at + 40°C (as per standa rd NF EN 60 204-1). Humidity:
30% at 95% max. non-condensing (as per standard NF EN 60 204-1). Weight: 721
Kg. Maximum speed: 11.9 m/s

(a)

(b)

Figure 4.1 Photo of the robot with the torch and representation of the axis of the articulations.

Figure 4.2 Amplitude speed and resolution and torque limits [RX170 Stäubli manual].

The winder has two motors, two axis, three deflection rollers and a table over which
the fabric is coated.It is fabricated by Geb. Menzel®, Maschinenfabric GmbH&Co,
Schloß Halte Stuhenbroach, Germany. It has a control unit with a communication
display. The table is designed as a n open perforated metal plate, where the gases
are sucked by a ventilation system. The winder machine can be seen in figure 4.3.

Winder

Robot

Figure 4.3 Fabric on the winder machine

The table of the winder is perforated in the area where the coating is done. This is
made to let the gases and not molten particles go away and to maintain the
atmosphere clean. Other reason is to strength the fabric against the table with the
suction force. That makes that the fabric geometry, during the coating, is like the
table surface. The third reason is cooling the fabric due to the before mentioned
influence of the heat in the process and the necessity of preserving the fabric from
high temperatures. The winder machine has entrances of environment air through the
perforated metal plate and two exits to the ventilation installation on its left side (see
figure 4.4).

Figure 4.4. The connection of the gases extractor from the winder with the ventilation system of the
spray cabin at IFKB can be seen.

Two axis produce the necessary strength to keep the fabric in the right tension. The
tension can be varied at the range between 100 and 800 Newtons and it can be
changed in the control device which is shown in figure 4.5. This device has two
modes of actuation, one step by step and other continuous. In the step by step mode,
the velocity, the distance for every step and the waiting time has to be programmed.
In the continuous mode only the velocity and the distance has to be programmed.

The start of the movement can be activated manually.

The use current for the

system is 400/230VAC at 50 Hz. The control current is 24 V.

Figure 4.5 Winder machine control device. An emergency Stop button can be seen and also the
luminous indicators and the programming display

winding

control

winding

Figure 4.6 Schedule and dimensions of the winder machine.

This part deals with the optimization of the trajectory and kinematics of the robot and
the coordination with the movement of the winder machine. Before these programs
were made, the robot kinematics was programmed in plane meanders. This caused a
problem, because the angle between the surface and the torch was not constant and
the same happened to the distance from the torch to the surface.

In order to adapt the robot kinematics to the cylindrical surface of the winder over
where the coating is going to be made, cylindrical meanders had to be programmed.
Due to the damageable of the fabrics that are used, the distance from the torch to the
surface has a decisive influence on the process because of the energy of the thermal
flow and the temperature of the zone. If the torch is too close to the fabric it may
destroy it. On the other side coating properties depend on the spraying distance as
well. A too large distance between torch and fabric will lead to incomplete or even
non melting of the powders due to the cooling down of the particles.

Z

Z

X

Y

X

Y

Plane meanders

Cylindrical meanders

Figure 4.7 Plane and cylindrical meanders

These reasons and the angle between surface and the flow were the reason to make
the programs in cylindrical coordinates. It was done this way to have a coating netshaped and homogeneous as possible. The angle between the torch and the surface
has to be 90° for the optimum process. The thicknes s has to be also homogeneous
over the fabric and it is not possible if the angle varies over it. The thickness is very
important in the product due to the resistance of the fabric to heat depends on the
properties of the coat, its thickness and porosity.

The 3 axis of the robot for the fix system and the 3 for the mobile system, are shown
here.

Mobile reference
system

Z

x
y

z

Y
Fix reference
system

X
Figure 4.8 Robot reference systems

In the next three pictures the turns of the angles of the mobile system are shown, all
the turns are on the fix axis of the fix system. First there is a turn on the “z” axis
called “yaw” (figure 4.9)

Figure 4.9 Yaw angle

The second turn is on the new “y” axis defined after the first turn, it is called “pitch”

Figure 4.10 Pitch angle

The third turn is on the “z” axis defined after the second turn, it is called “roll”

Figure 4.11 Roll angle

4.1 V+® language
V+® is a computer-based control system and programming language designed
specifically for use with Adept Technology industrial robots, vision systems and
motion-control systems.
As a real-time system, continuous trajectory computation by V+® permits complex
motions to be executed quickly, with efficient use of system memory and reduction in
overall system complexity. The V+® system continuously generates robot-control
commands and can concurrently interact with an operator, permitting on-line program
generation and modification.
V+® provides all the functionality of modern high-level programming languages
including:

- Callable subroutines
- Control structures
- Multitasking environment
- Recursive, re-entrant program execution

4.2 The programs
Two different programs were developed to solve the problem in two different ways for
a continuous process and for an intermittent process production. These two
alternatives are explained here. The continuous is less flexible than the other, but
quicker, with the intermittent it is possible to finish one coating and do a second or
third coating on the same piece of fabric.

4.2.1 Non-continuous program
This program is for an off and on movement of the fabric, it means that when the
fabric is stopped the robot initiate the movement doing meanders and when the robot
finishes its movement over the piece of fabric to coat, it goes to its initial position
while the fabric moves the proper distance. Then the robot starts again the meanders
over the fabric.

To avoid collisions, to simplify the modification of parameters and to reduce the
programming time, an offline simulation in Matlab® was done to see the path before
starting programming the code in V+.

In figure 4.12 the trajectory can be seen and also the distance from the robot to the
surface. It is done drawing the plane XZ

z
y
x

Figure 4.12 Lateral view of the simulation

In the second graphic (figure 4.13) the distance between meanders can be observed.
The plane YZ is here represented.

Z

Y

Figure 4.13 Front view of the simulation

In the graphic below there is a three dimensional view of the trajectory

Z

X
Y

Figure 4.14 3-D view of the simulation
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Figure 4.15 Step by Step mode flux diagram

Explanation of the flux diagram

Step 1. Introduction of parameters

In this stage the parameters that can be varied are introduced to the computer. All
the calculus will be made with these parameters. The first parameter introduced is
the meander distance (in mm), which is the distance, not lineal but a circumference
arc, between two meanders. Every meander is a trajectory with constant height and
constant “x” value. The only parameter that varies is the “y” value. The variables “x”
and “z” are different for every meander as can be seen in the simulations (fig 4.12, fig
4.13 and fig 4.14).

The second input is the distance from the torch to the surface, it is introduced also in
mm, in this case, it is a lineal distance and it is added to the radio of the cylindrical
surface to calculate the points in cylindrical coordinates. This can be seen in the third
step.

The third parameter is the velocity of the torch in mm/s. The movements of the
articulations will be calculated internally to make the movement of the robot extreme
with the defined velocity.

Step 2. Geometric parameters

In this step the location of the reference point of the winder is entered. A reference
point will be used to make easier the calculation of the points. First, the robot has to
be taken manually to this point by the user. Then user has to type “here a” and the
coordinates of the robot extreme will be shown on the computer screen. They have to
be manually introduced in the program in the line “SET puntoref = TRANS(1210,1150,225,0,90,0)”. The winder centre location is calculated by the computer. The
user only has to introduce these parameters every time the winder or the torch is
changed and save the version if wanted.

Some other parameters are also calculated. The cylindrical surface of the winder is
supposed to have a radio of 20 m. It was calculated with two points of the surface
and calculating the variation of the horizontal position with the vertical position. This
way the angle and the radio were mathematically deduced. The horizontal movement
is a variable of the program but it is not programmed as an input to make the work
easier and faster because the fabric is supposed to be 1 meter width. In case the
worker wants to change it, he can go to the program code and do it easily.

The initial angle, which defines the orientation of the torch, is defined. It is the
arctangent of half the height of the piece of fabric to coat divided by the radio of the
cylindrical surface. The height of the piece to coat is no more than 400 mm, which is
the height of the perforated area of the plate. The angle increment is also calculated
as the meander distance divided by the radio of the surface. This increment will be
added to angle “n” to calculate angle “n+1” and this way, to calculate the “n+1”
meander.

The next parameter calculated is the distance the winder has to wind in every step. It
is the height of the area to coat (400 max) minus a value called rest. This rest is the
rest of the division of this height by meander distance. This distance of every step is
calculated by the computer and it has to be manually introduced in the winder
machine control device. The program also checks that the number of meanders has
to be an even number, because even meanders finish on the left side and odd
meanders finish on the right. The last meander has to finish on the left because then
it has to move to the initial point which is on the left and it must not go over the fabric.
This way the homogeneity of the coat is preserved.

The last geometric parameters calculated are the coordinates of the centre of the
cylinder. They are calculated from the reference point introduced. The position
between the winder and the robot only has to satisfy a condition. The “x” axis of the
robot has to be perpendicular to the winder surface. After, the coordinates of the first
point of the first meander are calculated.

Step 3. Loop to calculate the points

In this step all the points are calculated in cylindrical coordinates, having the
reference of the centre of the cylinder, this way the variables “x” and “z” are easily
calculated like a function of “teta” and “y” will be the horizontal limits of the fabric.

The “radio” and also the angle “teta” are defined in the figure in the next page

X= distance robot_cylinder – radio *cos (teta)
Y= centre ± horizontal_distance (depends on if the point is on the right or in the left)
Z= height of the axis of the cylinder + radio*sin (teta)

Robot extreme
position vector

z

teta

radio

Ideal
surface
axis

y
x
Surface of the winder
distance

Figure 4.16 ideal geometry of the process

An arc of circumference is calculated from the meander_distance, entered as input.
The geometry of the fabric on the winder is circular. Therefore the difference of height
between two points of the circumference is important when the angle is high.

The new teta is obtained from the addition of the previous teta plus teta_increment to
calculate the two points of the next meander.

Step 4. Loop to put in order the points

In this loop some points have to be rearranged. In the previous step the points have
been calculated in the following way. For all the meanders there are two points that
define the path. The odd number is on the left and the even number is on the right.
The meander number is represented with variable “n”. In odd meanders the robot
goes to the right as seen in figure 4.17 but in even meanders the robot goes to the
left.

The aim of this loop is putting the points in the order of the movement. This way the
loop for the movement is very easy: 1, 2, 3, 4, 5, 6, 7, 8… Before it was: 1, 2, 4, 3, 5,
6, 8, 7… the points multiples of 4 have to be changed with the points before them.
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Figure 4.17 Rearrangement of the points

Step 5. Loop to move from one point to the next

This loop makes a readable variable in V+ language for every point which is already
calculated and does the movement of the robot with the programmed velocity over all
the points before ordered in the matrix.

End of the program
Note that for the production it is better that the meander finishes in such way that the
torch does not go on coating the fabric while it is being moved on the winder. This
would cause some irregularities in the coat. In order to do that, the number of
meanders is calculated to finish on the left and the program will give back the value in
millimetre of the fabric that the winder has to wind every cycle. This value has to be
programmed manually in the winder.

4.2.2 Continuous program
This program as it is in its name is for a continuous movement of the fabric, so there
are no wait times and there is no need of communication between the robot and the
winder. Before starting, some parameters have to be entered to the program to
reference the winder location. The fabric will go up and the robot will do a movement
like an “x”.

The synchronization of both movements and times is required, because the coat has
to be done in a horizontal line and after that the robot has to go to the initial “z”
coordinate and start again to the left. In the meantime the fabric will go up till the
next meander distance (see figure 4.18).
Fabric
movement
direction

meande
r

e

vertical

horizontal

Figure 4.18 Diagram of fabric and torch movements for continuous mode

These two conditions are expressed in two equations:

e
vertical
=
torch _ vel winder _ vel

[1]

 vertical 
 × winder _ vel
meander = vertical + 
 torch _ vel 

[2]

From these two equations we arrive at the following expression:

(

)

 2hor 2 


1
 winder _ vel 3 + hor 2 + meander 2 winder _ vel 2

 winder _ vel 4 + 
 torch _ vel 
 torch _ vel 
− meander 2 × torch _ vel 2 = 0

[3]

Which links the two variables velocity of the winder and vertical distance, and they
depends on two parameters before defined, the velocity of the torch and the meander
distance.

torch_velocity
Inputs
Meander

vertical
Outputs
winder_velocity

Vertical will be an internal variable of the program to calculate the path where the
robot has to go, winder_velocity is the other output and it is needed to enter it in the
winder configuration to make it go with the proper velocity (figure 4.18).

It is not possible to calculate these variables with V+ language because it has not so
mathematic possibilities as Matlab®. The equation was programmed in Matlab® to get
a table with different values for different combination of both parameters (table 4.1).

Meander
(mm)

Torch speed
(mm/s)

Vel_winder
(mm/min)

Vert
(mm)

Time
(s)

5

100

29,851

4,975

10,049

5

200

59,703

4,975

5,024

5

400

119,405

4,975

2,512

5

600

179,108

4,975

1,675

10

100

59,411

9,902

10,099

10

200

118,823

9,902

5,049

10

400

237,646

9,902

2,524

10

600

356,469

9,902

1,683

15

100

88,688

14,781

10,147

15

200

177,377

14,781

5,073

15

400

354,755

14,781

2,537

15

600

532,132

14,781

1,691

20

100

117,690

19,615

10,196

20

200

235,381

19,615

5,098

20

400

470,762

19,615

2,549

20

600

706,143

19,615

1,699

25

100

146,424

24,404

10,244

25

200

292,849

24,404

5,122

25

400

585,69

24,404

2,561

25

600

878,5471

24,404

1,707

Table 4.1 Velocity of the winder and vertical calculated for some pairs of inputs. They were
®
calculated using a Matlab program called definit (see Appendix C).

In this program cylindrical meanders were not used because it was not necessary.
Vertical distances are very small and there is no influence of the curvature in the
angle between the torch and the surface. The flux diagram is shown in the next page
(fig 4.19).
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Figure 4.19 Continuous mode flux diagram

no

Step 1. Introduction of parameters

In this step the parameters, distance between meanders (mm), distance from the
surface (mm), length of fabric to coat (mm), the velocity of the torch (mm/s) the
winder speed (mm/min) and vertical which come from the table before explained, are
entered to the program.

Step 2. Calculation of vertical

The value vertical is calculated in order to calculate the path and it has to be smaller
than meander to be possible to fit the times and velocities. This condition is already
satisfied and tested by the program “definit”. The code of “definit”, which is a Matlab®
program to calculate the winder velocity and vertical, is shown in Appendix C.

Step 3. Geometric parameters.
Here is entered the width of the fabric, it is not programmed like a parameter to
simplify the program while it is using the same fabric. Here the reference point,
before explained for the non-continuous program, is entered. It is a point of the
winder machine which is used as a reference of its location.

Step 4. Calculation of the points.

In this stage the points are calculated, only four points, two on the left and two on the
right, the initial and the final for every path. There are two different paths, one to the
left and one to the right, always going up. The coating movement is like an X-shaped.
But every line of the X will make a horizontal line on the fabric.

Step 5. Movement loop.

This loop does the movement, the vector is every time transformed into a spatial
variable and then the movement is done with the defined velocities.

6. RESULTS AND DISCUSION
In this chapter the results of the three tests are shown and discussed. The tests
made were adhesion, hardness and porosity. The discussion of the good or bad
influence of the coat is related to the use of the fabric. It must have a low heat
transfer coefficient to isolate thermally the fabric. The test procedures are already
explained and commented in the fifth chapter.

6.1 Adhesion test
Here it is shown the diagram of the selected fabrics to make the adhesion text
explained in the chapter before. From these results some consequences can be
extracted.
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Figure 6.1 Results of Adhesion test
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In the diagram the averages for every sample are represented, also the ranges. The
last two samples are relative to the fabrics alone. It was made to have a reference of
the maximum adhesion force possible with these two fabrics. The values were 3.6
and 2.3 N/mm2 for PES/Co and pure cotton respectively.

Five samples were tested, but some of them were refused due to sometimes the
glue impregnates not only the coat but also the fabric. Because of this these values
were not real and were refused. This happened due to some coats were very thin
(see fig 6.2, fig 6.3).

Fig. 6.2 2317 ceramic coat on cotton,
magnification 10x

Fig. 6.3 2317 ceramic coat on cotton,
magnification 50x

First, the cotton fabrics with ceramic coatings are represented, after in orange colour
the metal coatings on pure cotton. For these two kinds of coatings the adhesions
levels are very low, unacceptable for being used. They were about 0.5 N/mm2, it
means 22% of the adhesion value for only cotton. As it can be seen there is no
influence of the parameters of the coating process, there is not any trend observed.

Also the adhesion levels are very low for ceramic and for metal as well. In some other
fabrics, it is observed that metal coat adhesion is better than ceramic, due to the
process is easier for metal because of its thermal characteristics. In this case there is
no influence, both are very low values.

The next four values are for ceramic coat on 65% PES with 35% cotton fabric. As it
can be observed there is a trend to a better adhesion in the samples. The best one is

the sample 2351 (see fig 6.6 and 6.7), which has an adhesion force of 2.4 N/mm2,
66% the force of the PES/Co fabric alone. The only difference between the three first
samples is the number of cycles, 2 for 2349, 8 for 2350 (see fig. 6.4 and 6.5) and 12
for 2351. The fourth bar is relative to a sample with the same parameters of the last
except for the cooling nozzles. In this sample two nozzles did not work properly. Here
the influence of the cooling can be observed. That happened due to the high
temperature destroyed some fibres and that made that the adhesion was not as good
as in the other sample.

Fig 6.4 2350 ceramic coat on 65/35
PES/Co, magnification 10x

Fig 6.5 2350 ceramic coat on 65/35
PES/Co, magnification 50x

Fig 6.6 2351 ceramic coat on 65/35
PES/Co, magnification 10x

Fig 6.7 2351 ceramic coat on 65/35
PES/Co, magnification 50x

After that samples should be some with metal coating on a PES/Co fabric, but this
sample were not submitted to adhesion test. The cross section viewed through the

microscope revealed that the thickness of the coat was not thick enough for the
adhesion tests. It is supposed to be better than ceramic adhesion as it is shown for
other fabrics. [Gadow and von Niessen, 2004]

The next two coatings are relative to the combined coatings metal and ceramic. As it
can be seen, the order to apply the coating is better first ceramic and then metal. The
value is about 60% higher in the one with metal on top (see fig. 6.10 and 6.11) than
in the one with ceramic on top (see fig 6.8 and 6.9). This makes adhesion better but
the samples have to be submitted to other tests, like porosity or tests relative to heat
transport. The adhesion of these samples is about 30% of the force of the PES/Co
alone.

Fig 6.8 2353 metal and ceramic (on top)
coats on PES/Co, magnification 10x

Fig 6.9 2353 metal and ceramic (on top)
coats on PES/Co, magnification 50x

Fig 6.10 2354 ceramic and metal (on top)
coats on PES/Co, magnification 10x

Fig 6.11 2354 ceramic and metal (on top)
coats on PES/Co, magnification 50x

With these results, it can be told that coatings on cotton are not worth doing due to
the adhesion is very low as the test revealed, for ceramics and also for metal. On the
other hand some coatings on PES/Co show an acceptable adhesion force that
makes them able for the purpose of this work.

6.2 Hardness test.
The values shown in the diagram are measured in the ceramic coat, except for those
three of only metal coat. The value of hardness of pure zirconium oxide is about
1200-1300 Hv. Therefore the hardness values obtained, in percentage are from 30%
to 52% of the bulk material properties.
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Figure 6.12 Results of hardness test

There is a difference between the samples of ceramic coat on cotton, the hardness of
sample 2320 is 20% better than in sample 2318 due to the process parameters. It
can be seen that the parameters that changed from 2318 to 2320 are the distance to
the surface 100 for 2318 and 90 mm for 2320. Also the cycles changed, 4+4+4
cycles were made for 2318 and 4+1 for 2320. The 10 mm of difference of distance
make the material deposition much better, but also the thermal energy affects the
fibres of the fabric. This can be seen in the adhesion diagram, the values are the

opposite, the adhesion in this case is better for 2318 due to the heat has not affected
the fabric so much as in 2320.

The two first values of AlSi12 on pure cotton are very similar. The third is a bit lower.
In appendix [d] it can be seen that for 2325 the number of cycles is 3 and for the
other ones it was 4. The distance for 2325 was 120 mm instead of 100 mm used in
2322 and 2323. Therefore, thermal energy is lower in the last sample due to the
effect of the distance in the temperatures profile of the flame and it had an influence
decreasing the hardness.

The influence of the cooling can be easily seen in the samples in light yellow. In the
second one (2355) there was a problem and two coolers did not work properly. The
result was an increase of 40% in hardness, due to the increase of thermal energy.
The adhesion is affected in the other direction as explained in section 6.1. The
cooling made the coat be thinner, it can be seen comparing fig 6.13 and fig 6.14
(relative to 2355 with less cooling) with fig 6.6 and fig 6.7 (relative to 2351).

In samples of combined coating, the hardness value is higher when the first coat is
the ceramic and the second, the metal. The value is about 12% higher. The adhesion
value is also in this direction, 2354 adhesion value is also better than 2353.

Fig. 6.13. 2355 ceramic coat on PES/Co,
coated with less cooling, magnification
10x

Fig. 6.14 2355 ceramic coat on PES/Co,
coated with less cooling, magnification
50x

6.3 Porosity
Porosity tests were done like it is explained in chapter 5. It was only possible to do
them for 5 coatings because the coat was in most of the cases too thin. The porosity
is measured as the area with pores divided by the total area in a cross section. The
aim of this work is the isolation of the fabric. Therefore, some porosity is good for the
isolation due to the low heat transfer coefficient of the air (0.024 W/m.K). For
aluminium-silicon it is 230 W/m.K and for ZrO2 it is 1-2 W/m.K. The aim is therefore,
to have some porosity in the ceramic coat but as low as possible in the metal one.
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65/35
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15
10
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Figure 6.15 Porosity results

It can be seen that between the ceramic coatings on pure cotton there is a big
difference in the porosity. The distance for 2318 was 100 mm and for 2320 was 90
mm. The number of cycles was also different, it was 4+4+4 for 2318 and 4+1 for
2320. Therefore the smaller distance in 2320 affected some fibres and that made the
adhesion worse. On the other side the high level of porosity is due to the plasma
gases and due to the powder particles were not molten enough.

Fig 6.16. 2318 ceramic coat on cotton,
magnification 10x

Fig 6.18 2320 ceramic coat on cotton,
magnification 10x

Fig 6.17 2318 ceramic coat on cotton,
magnification 50x

Fig 6.19 2318 ceramic coat on cotton,
magnification 50x

For sample 2355, ceramic on PES/cotton, there is no other to compare it with, but the
level of porosity, (17%) is an intermediate level between the samples of ceramic on
cotton. There was no possibility of measuring any sample of metal on any surface
due to these samples were too thin. The sample 2353, AlSi12+ZrO on PES/Co, has
lower level of porosity than 2354, ZrO+AlSi12 on PES/Co.

2. RESUMEN Y CONCLUSIONES

El primer objetivo de este trabajo fue el acoplamiento de dos elementos formando el
ciclo de producción de tejidos recubiertos con spray térmico, la máquina enrolladora
y el robot. Esto fue llevado a cabo por dos programas diferentes que manejaban la
cinemática del robot. Dos modos de operación fueron desarrollados para el robot. El
primer modo es paso a paso, que consiste en un movimiento intermitente de la tela
sobre el panel de la máquina enrolladora. El robot realiza el recubrimiento solo
cuando la tela está inmóvil. El robot se para cuando finaliza cada ciclo y espera
hasta que la enrolladora ha completado su movimiento.

El Segundo modo de operación consiste en un movimiento continuo de la tela. En
este caso, el robot recubre mientras la tela se desliza sobre el panel de la máquina
enrolladora. Este modo fue más complejo de calcular debido a las ecuaciones y la
cantidad de variables incluidas.

Todas las cuestiones relativos a los programas del robot se describen en la sección
4.2. Con estos programas el primer objetivo está cubierto.. El proceso de fabricación
está listo para ser aplicado para la producción de muchos metros cuadrados de tela
recubierta, para la producción de textiles recubiertos.

El segundo objetivo del proyecto fue probar si es posible obtener muestras
recubiertas con las características requeridas para ser usadas como barreras
térmicas. La aplicación de estos textiles recubiertos es crear un composite para
proteger a los trabajadores de salpicaduras de metal caliente. Así pues, el problema
a solucionar es cómo evitar que la fibra quede destruida por el calor del metal
fundido. La solución propuesta es un recubrimiento cerámico para aislamiento
térmico, debido a que los materiales cerámicos tienen un coeficiente de transferencia
de calor muy bajo (1-2 W/m.K para ZrO2).

La otra solución propuesta es un

recubrimiento metálico para transferir el calor de la zona afectada a un área mayor
desde la cual el calor pueda ser transferido al ambiente. Ambos recubrimientos
deberían ser hechos con el proceso de spray térmico, que hasta ahora es un
proceso no usado para la aplicación a textiles.

Las telas elegidas fueron 100% algodón y 65% poliéster con 35% algodón. Estas
son sólo algunas de los tejidos posibles a recubrir. Son las más económicas pero al
mismo tiempo las más sensibles al calor. Si los resultados son buenos, la
oportunidad de crear composites superiores con otras telas es buena.

Se procedió a la producción de 37 muestras. Los polvos usados fueron ZrO2 y una
aleación de AlSi12. Primero se recubrió el algodón con una única capa de metal
cerámico. Después PES/Co fue recubierto también con una única capa. Sólo se hizo
una combinación de dos capas con PES/Co. Ésta combinación fue producida con los
parámetros optimizados elegidos de los recubrimientos anteriormente realizados.
Fue hecha con metal

o con cerámico arriba, para estudiar las diferentes

posibilidades.

Después de la fabricación de muestras se realizaron algunas preparaciones
metalográficas para las 22 mejores muestras. Se analizó la adhesión, dureza y
porosidad, el grosor puede ser observado también en las fotos de las muestras.

La conclusión de esta investigación es que algodón puro es muy difícil de recubrir
con capas de cerámico de alto punto de fusión. Incluso con el uso de recubrimientos
de metal y de refrigeración intensa no ha sido satisfactorio. En las muestras de
algodón en que fue posible recubrir, sus características no fueron satisfactorias.

Pero los mismos recubrimientos sobre tejidos de 65% poliéster y 35% algodón
muestran algunos resultados buenos, si el proceso y los parámetros son adaptados
adecuadamente. Se consiguió recubrimientos de metal puro AlSi12 y cerámico puro
(ZrO2) con porosidad y dureza satisfactoria. Estos recubrimientos, solos o en
combinación tienen buenas oportunidades de satisfacer las necesidades de
protección térmica en procesos de soldadura.

Aún deben ser llevadas a cabo ulteriores investigaciones respecto a la transferencia
de calor para verificar los efectos como barreras térmicas. El proceso de spray
térmico ha mostrado su potencial en cuanto a su producción y aplicación.
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APPENDIX [C]: PROGRAMS
Step by Step program
Name of the session: windst16
Name of the file: winderstr
TYPE "welcome to the program of movement of the torch for coating fabric
TYPE "please, enter the parameters"
DO
PROMPT "enter value for the distance between meanders in mm
(between 1 and 300): ", m
UNTIL (m > 0.9) AND (m < 300.1)
DO
PROMPT "distance from the torch to the surface in mm
(between 50 and 150): ", h
UNTIL (h > 49.9) AND (h < 150.1)
DO
PROMPT "how many times do you want to coat? ", times
UNTIL (times > 0)

DO
PROMPT "Introduce velocity (<600):
UNTIL (vel < 600)

", vel

;introduce the coordinates of the reference point
;now it calculates some parameters
SET puntoref = TRANS(1210,-1150,225,0,90,0)
DECOMPOSE puntoref[] = puntoref
r = 20000+h
mov_hor = 1000
ang_inic = 0.573
teta = ang_inic
incr_teta = ATAN2(m,r)
n = 400/m
rest = 400 MOD m
win = 400-rest
TYPE "distance for the winder is win", win
; now we define the coordinates of the center of the cilinder
xcil = puntoref[0]+110+20000
ycil = puntoref[1]-860
zcil = puntoref[2]
orient = puntoref[4]
punt[1,1]
punt[1,2]
punt[1,3]
punt[1,4]

=
=
=
=

xcil-r*COS(teta)
ycil+(mov_hor/2)
zcil+r*SIN(teta)
puntoref[3]

punt[1,5] = orient+teta
punt[1,6] = puntoref[5]
;loop to calculate the points
FOR i = 2 TO (2*n) STEP 1
IF (i MOD 2) == 0 THEN
punt[i,1] = punt[(i-1),1]
punt[i,2] = punt[(i-1),2]-mov_hor
punt[i,3] = punt[(i-1),3]
punt[i,4] = puntoref[3]
punt[i,5] = orient
punt[i,6] = puntoref[5]
ELSE
teta = teta-incr_teta
orient = orient-incr_teta
punt[i,1] = xcil-r*COS(teta)
punt[i,2] = punt[1,2]
punt[i,3] = zcil+r*SIN(teta)
punt[i,4] = puntoref[3]
punt[i,5] = orient
punt[i,6] = puntoref[5]
END
END
;this loop puts in order the points
FOR i = 3 TO (2*n) STEP 4
aux[i,1] = punt[i,1]
aux[i,2] = punt[i,2]
aux[i,3] = punt[i,3]
aux[i,4] = punt[i,4]
aux[i,5] = punt[i,5]
aux[i,6] = punt[i,6]
a = i+1
punt[i,1]
punt[i,2]
punt[i,3]
punt[i,4]
punt[i,5]
punt[i,6]
punt[a,1] =
punt[a,2]
punt[a,3]
punt[a,4]
punt[a,5]
punt[a,6]
END

=
=
=
=
=
=

punt[a,1]
punt[a,2]
punt[a,3]
punt[a,4]
punt[a,5]
punt[a,6]

aux[i,1]
= aux[i,2]
= aux[i,3]
= aux[i,4]
= aux[i,5]
= aux[i,6]

;loop to move the robot
PROMPT "if you want to move type 1: ", move
IF (move == 1) THEN
FOR count = 1 TO times STEP 1
SPEED vel MMPS ALWAYS
FOR i = 1 TO (2*n) STEP 1
SET pos =
TRANS(punt[i,1],punt[i,2],punt[i,3],punt[i,4],punt
SPEED vel MMPS
MOVES pos
END
END
END

Continuous program
Name of the session: contin12
Name of the file: contin1
TYPE "welcome to the program of movement to coat fabrics, with continuous
movement"
DO
PROMPT "enter value of the distance between meanders in mm
(between1 and 100):", m
UNTIL (m > 0.9) AND (m < 100.1)
DO
PROMPT "distance from the torch to the surface (between 50 and
150):", h
UNTIL (h > 49) AND (h < 151)
PROMPT "enter value of the mm of fabric to coat: ", fabric
DO
PROMPT "enter value of the velocity of the torch (between 10 and
800 mm/sec)", velocity
UNTIL (velocity > 9) AND (velocity < 801)
mov_hor = 1000
PROMPT "winder speed in mm/min?: ", v_winder
v_wind = v_winder/60
vertical = m/(1+(v_wind/velocity))
TYPE "do not forget to select the correct reference"
SET refp = TRANS(1210,-1150,225,0,90,0)
DECOMPOSE refp[] = refp
refp[0] = refp[0]-h+110
refp[1] = refp[1]-860

punt[1,1] = refp[0]
punt[1,2] = refp[1]+(mov_hor/2)
punt[1,3] = refp[2]-(vertical/2)
punt[1,4] = refp[3]
punt[1,5] = refp[4]
punt[1,6] = refp[5]
;this calculates the final point to the right
punt[2,1]
punt[2,2]
punt[2,3]
punt[2,4]
punt[2,5]
punt[2,6]

=
=
=
=
=
=

refp[0]
refp[1]-(mov_hor/2)
refp[2]+(vertical/2)
refp[3]
refp[4]
refp[5]

;this is to the left
left[1,1]
left[1,2]
left[1,3]
left[1,4]

=
=
=
=

refp[0]
refp[1]-(mov_hor/2)
refp[2]-(vertical/2)
refp[3]

left[1,5] = refp[4]
left[1,6] = refp[5]
;this is to calculate the final left point
left[2,1]
left[2,2]
left[2,3]
left[2,4]
left[2,5]
left[2,6]

=
=
=
=
=
=

refp[0]
refp[1]+(mov_hor/2)
refp[2]+vertical
refp[3]
refp[4]
refp[5]

;loop of the movement
times = (fabric/m)
PROMPT "if you want to move type 1: ", mover
IF mover == 1 THEN
FOR vez = 1 TO times STEP 1
j = (vez MOD 2)
SPEED velocity MMPS ALWAYS
IF j == 1 THEN
FOR i = 1 TO 2
SET punto =
TRANS(punt[i,1],punt[i,2],punt[i,3],punt[i,4
MOVES punto
END
END
IF j == 0 THEN
FOR i = 1 TO 2
SET punto =
TRANS(left[i,1],left[i,2],left[i,3],left[i,4
MOVES punto
END
END
END
END
TYPE "the execution is finished"

Definit.h
Program of Matlab® to calculate vertical and winder speed for the continuous
program

clear all
meander= input ('meander: ');
vel=input ('torch vel: ');
hor=input('horizontal? ');
p=[(1/vel) ((2*hor^2)/vel) ((hor^2)+(meander^2)) 0 ((-meander^2)*(vel^2))];
a=roots(p);
v_winder=a(4);
v_wind=v_winder*60
vert=meander/(1+(v_winder/vel))
%e=sqrt(hor^2+vert^2);
%disp('')
%disp('
test1');
%t_time=e/vel;
%w_time=vert/v_winder
%disp('
test2 w_time')
winder_time=meander/v_winder
%torch_time=(e+vert)/vel
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Very damaged close to the top and the left frame

Distance
80

cycles
5 (4+1)

Z100CoOZrOCa7
Polvo
Inyector(mm)

ZrO2/CaO
8

Powder feeder
feeder
1,8
Ar
3,5
movement (%)
15
gap
wide
Cooling
2A

F4-OZrOCa5-2320
95/5
Program

Control Panel
H2 (l/min)
10
Ar (l/min)
35
Current (A)
600

Velocity (mm/s) Meander distance
800
5

Good coat
Very little damage on the left side

GE25x25

Distance
90

cycles
???

Z100CoOZrOCa8
Polvo
Inyector(mm)

ZrO2/CaO
8

Powder feeder
feeder
1,8
Ar
3,5
movement (%)
15
gap
wide
Cooling
2A

F4-OZrOCa5-2321
95/5
Program

Control Panel
H2 (l/min)
10
Ar (l/min)
35
Current (A)
600

Velocity (mm/s) Meander distance
800
5

Almost without deposition
Not damaged

GE25x25

Distance
120

cycles
8 (4+4)

Z100CoAlSi12-1
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2322
Program

GE25x25

Control Panel
H2 (l/min)
5
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
100

cycles
4

Z100CoAlSi12-2
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2323
Program

GE25x25

Control Panel
H2 (l/min)
2
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
100

cycles
4

Z100CoAlSi12-3
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2324
Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
100

cycles
2

Z100CoAlSi12-4
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2325
Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
120

cycles
3

Z100CoAlSi12-5
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2326
Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

cycles
2

Z100CoAlSi12-6
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

cycles
1

Z100CoAlSi12-7
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

cycles
1

Z100CoAlSi12-8
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

After the first cycle turned around

GE25x25

Distance
90

cycles
2

Z100CoAlSi12-9
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

Cycles
1

Metal sheet behind the fabric didn´t let the hot gases go through it

Z100CoAlSi12-10
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

-grid pushed and stressed

GE25x25

Distance
90

Cycles
1

Z100CoAlSi12-11
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
Wide
Cooling
2A

Program

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Sheet with holes

GE25x25

Distance
90

cycles
1

Z100CoAlSi12-12
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
4
movement (%)
20
gap
wide
Cooling
2A

Program

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
6

After the first cycle turn around

GE25x25

Distance
90

cycles
2

Z100CoAlSi12-13
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
1
Ar
4
movement (%)
20
gap
wide
Cooling
2A

F4-AlSi12-2327
Program

GE25x25

Control Panel
H2 (l/min)
5
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

cycles
2

Z100CoAlSi12-14
Polvo
Inyector(mm)

AlSi12
8

Powder feeder
feeder
2
Ar
6
movement (%)
20
gap
wide
Cooling
2A

Program

GE25x25

Control Panel
H2 (l/min)
8
Ar (l/min)
45
Current (A)
450

Velocity (mm/s) Meander distance
800
3

Distance
90

cycles
2

Z 65/35 PES/Co OZrOY8-1
Polvo
Inyector(mm)

ZrO2/Y2O3
8

Powder feeder
feeder
1
Ar
3
movement (%)
10
gap
wide
Cooling
2A

Velocity (mm/s)
800

8%
Program
Control Panel
H2 (l/min)
Ar (l/min)
Current (A)

Meander distance
5

D90+D10
GE25x25

25+5

10
35
600

Distance
90

cycles
4

Z 65/35 PES/Co OZrOY8-2
Polvo
Inyector(mm)

ZrO2/Y2O3
8

Powder feeder
feeder
1
Ar
3
movement (%)
10
gap
wide
Cooling
2A

Velocity (mm/s)
800

F4-OZrOY8-2348

8%
Program

D90+D10
GE25x25

Control Panel
H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

Meander distance
3

Distance
90

Fabric temperature 116 °C and 29 KW

25+5

cycles
4

Z 65/35 PES/Co OZrOY8-3
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

GE25x25

Powder feeder

25+5

Control Panel

feeder
Ar
movement (%)

1
3,5
10

H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

2A

800

4

90

1

Z 65/35 PES/Co OZrOY8-4

F4-OZrOY8-2349

Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

GE25x25

Powder feeder
feeder
1
Ar
3,5
movement (%)
10
gap
wide
Cooling
2A

Velocity (mm/s)
800

Fabric temperature 125 °C

Control Panel
H2 (l/min)
Ar (l/min)
Current (A)

Meander distance
3

25+5

8
35
550

Distance
100

cycles
2

Z 65/35 PES/Co OZrOY8-5
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

GE25x25

feeder
Ar
movement (%)

1
4
10

H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

4A

800

3

100

1

Powder feeder

25+5

Control Panel

Fabric temperature 96 °C

Z 65/35 PES/Co OZrOY8-6
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

GE25x25

Powder feeder

25+5

Control Panel

feeder
Ar
movement (%)

1
4
10

H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

gap

wide

Cooling
4A

Velocity (mm/s)

Meander distance

Distance

cycles

800

4

100

2

Z 65/35 PES/Co OZrOY8-7
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

Type B

Powder feeder

25+5

Control Panel

feeder
Ar
movement (%)

1
4
10

H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

4A

800

3

100

2

Z 65/35 PES/Co OZrOY8-8
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

Type B

feeder
Ar
movement (%)

1
4
10

H2 (l/min)
Ar (l/min)
Current (A)

8
35
550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

4A

800

3

100

4

Powder feeder

25+5

Control Panel

Fabric temperature 95°C and 29 KW

Z 65/35 PES/Co OZrOY8-9

F4-OZrOY8-2350

Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

Type B

Powder feeder

25+5

Control Panel

feeder

1

H2 (l/min)

8

Ar

4

Ar (l/min)

35

movement (%)

10

Current (A)

550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

4A

800

3

100

8

Fabric temperature 102 °C

Z 65/35 PES/Co OZrOY8-10 F4-OZrOY8-2351
Polvo

ZrO2/Y2O3

8%

D90+D10

Inyector(mm)

8

Program

Type B

Powder feeder

25+5

Control Panel

feeder

1

H2 (l/min)

8

Ar

4

Ar (l/min)

35

movement (%)

10

Current (A)

550

gap

wide

Cooling

Velocity (mm/s)

Meander distance

Distance

cycles

4A

800

3

100

12

Z 65/35 PES/Co OZrOY8-11
Polvo
Inyector(mm)

ZrO2/Y2O3
8

Powder feeder
feeder
1
Ar
4
movement (%)
10
gap
wide
Cooling
4A

8%
Program

D90+D10
Type B

25+5

Control Panel
H2 (l/min)
8
Ar (l/min)
35
Current (A)
550

Velocity (mm/s) Meander distance Distance
800
3
100

cycles
16

Z65/35 PES/CoAlSi12_1
F4-AlSi12-2352

Z65/35 PES/Co AlSi12+OZrOY8
F4-AlSi12+OZrOY8-2353

Z65/35 PES/CoOZrOY8+AlSi12
F4-OZrOY8+AlSi12-2354

Z65/35 PES/CoOZrOY8.2kühlkap
F4-OZrOY8kühl.k-2355

