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ABSTRACT

DESIGN AND DEVELOPMENT OF A POWDER MIXING DEVICE USED IN
THE DEPOSITION OF HIGH VELOCITY OXY-FUEL (HVOF) THERMAL
SPRAY FUNCTIONALLY GRADED COATINGS

MD. KABIR AL MAMUN

The application of Functionally Graded Materials (FGMs) is quite difficult, but thermal
spray processes like Plasma spray have demonstrated their unique potential in producing
graded deposits, where researchers have used twin powder feed systems to mix different
proportions of powders. However the HVOF (High Velocity Oxy-Fuel) process does not
possess this feature. FGMs vary in composition and/or microstructure from one boundary
(substrate) to another (top service surface), and innovative characteristics result from the
gradient from metals to ceramics or non-metallic to metals. The present study
investigates an innovative modification of a HVOF thermal spray process to produce
functionally graded thick coatings. In order to deposit thick coatings, certain problems
have to be overcome. Graded coatings enable gradual variation of the coating
composition and/or microstructure, which offers the possibility of reducing residual stress
build-up with in coatings.

In order to spray such a coating, modification to a commercial powder feed hopper
was required to enable it to deposit two powders simultaneously which allows deposition
of different layers of coating with changing chemical compositions, without interruption
to the spraying process. Various concepts for this modification were identified and one
design was selected, having been validated through use of a process model, developed
using. ANSYS Flotran Finite Element Analysis. Post modelling the design was
manufactured and tested experimentally for functionality. In the current research the
mixing of different proportions of powders was controlled by a computer using Lab
VIEW software and hardware, which allowed the control and repeatability of the

microstructure when producing functionally graded coatings.
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CHAPTER 1

INTRODUCTION




1.1 INTRODUCTION

Thermal spraying can be described as a process in which molten or semi molten particles are
applied by impact onto a substrate [1]. Functionally Graded Materials (FGMSs) are a growing
application area with significant promise for the future production of; (a) improved materials
and devices for use in applications subjected to large thermal gradients, (b) lower-cost clad
maltertals for combinations of corrosion and strength or wear resistance, and (¢) improved
clectronic material structures tor batteries, fuel cells, and thermoelectric energy conversion
devices and (d) biomedical implant devices for enhanced bone-tissue attachment. The most
immediate application of FGMs is as Thermal Barrier Coatings (TBCs), where large thermal
stresses can be minimised. Component lifetimes are improved by tailoring the coefficients of

thermal expansion, thermal conductivity, and oxidation resistance.

The application of FGMs is quite difficult; however thermal spray processes like
Plasma spray have demonstrated their unique potential in producing graded deposits. where
rescarchers have used twin powder feed systems to mix different proportions of powders. The
produced FGM has a continuously varying composition and/or microstructure from one
boundary (substrate) to another (top service surface), and innovative characteristics result
from the gradient from metals to ceramics or non-metals to metals. To date the Plasma spray
process has produced superior coatings for numerous applications, however the HVOF
process provides even superior deposits compared to Plasma techniques; with lower porosity,
higher bond strength and low residual stress build up due to its high kinetic energy and low
combustion temperature design. There exist a large range of materials, which have the
potential to benefit from graded structures yet to be researched. The current study aims to
contribute new knowledge in these areas by depositing nickel base alloy/stainless steel
functionally graded coatings on steel substrates using the HVOF process. Nickel base
alloy/Stainless steel graded coatings are used in the automotive and marine industry not only
to increase the strength of the coated system but also for corrosion prevention applications.
Presently, thermal spraying can be used to produce inter layers of FGM coatings by two
methods; Using premixed powders to produce each different layer and secondly Co-injecting
two different powders and varying their relative proportions during deposition. Most
researchers [2-6] have used the former method while producing functionally graded coatings.
The latter method is proposed in this project, however the HVOF does not possess a twin

powder feed system, hence such a system was designed to fulfil this application. This research
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will discuss the potential of using the HVOF thermal spray process to produce FGMs. In this
current research the mixing of different proportions of powders will be controlled by a
computer using National Instrument software and hardware which will allow the control and

repeatability of the results when producing functionally graded coatings.

The rest of the report is divided into a number of chapters. Chapter two is a review of
literature relevant to the study. Initially it describes a brief description of different coating
techniques then various HVOF thermal spray processes are examined, followed by a
description of how the thermal sprayed coating is built-up and also considering their
advantages and disadvantages. Properties of different types of coating powders are then
detailed. Then FGM are explained with their advantages and manufacturing techniques.
Finally this chapter presents the properties and field of applications for functionally graded

coatings.

Chapter three describes the equipment used in present study: the HVOF Diamond Jet process.
This chapter includes a brief description on the HVOF experimental equipment and

procedures associated with the tests conducted during the research.

Chapter four describes different design concepts and possible solutions for the newly
designed automated HVOF spraying equipment (Dual powder feed unit system). Then the
design of modification including addition of some newly design parts to the commercial
powder feed hopper are detailed. Next this chapter includes details of mechanical and
electrical equipments assembly procedure and integration with the existing process. Then it
descries the software design and user guide of that software which will control the newly
designed automated powder feed unit system. Finally this chapter includes the design
calibration and test procedure to validate the newly designed automated powder feed unit

system, which produces functionally graded coatings (the aim of this current study).

In chapter five the FLOTRAN CFD ANSYS Finite Element package is described in relation
to the nitrogen gas-powder flow model, which was used to predict the usefulness of the

design.

Chapter six includes the results and discussion for the present study experiment. This chapter

initially describes the ANSYS simulation results then includes the results of the bench test for

[O8]



the newly designed and developed Automated Graded Powder Feed Unit System. Finally it

presents the experimental coating results of the functionally graded coatings.

Finally chapter seven summarises the major conclusions from the results of the current

research, and presents recommendations for future work in this area.



CHAPTER 2

LITERATURE SURVEY




2.1 INTRODUCTION

The surface of an engineered component is its primary defence against the attack of chemical
or microbial corrosion, and for many years engineers have had to design coatings to protect
these surfaces from these harsh environments. The behaviour of a material is greatly
dependent upon its surface, the environment and its operating conditions. Surface engineering
can be defined as the branch of science, which deals with methods for achieving, desired

surface requirements and behaviour in service for engineering components [7].

The surface of any constituent may be selected on the basis of texture and colour, but
engineering components commonly expect a lot more than this. Engineering components have
to execute certain functions entirely and effectively under various circumstances, and most
probably in hostile environments. Recent process environments, which contribute to wear, can
be very complex, involving a combination of chemical and physical degradation. Surface
properties of the component used in service have to be designed with that environment in
mind. Surface engineering in today’s production world embraces the design, assessment and
performance in service of a component starting at the substrate, through to the interface, then

onto the surface of a coating [8].

Coatings can be applied to surfaces to develop the surface characteristics over those of the
bulk properties and are widely used in tribological applications either to reduce wear and/or
friction during sliding contact. Welding or electroplating has been traditionally used to
deposit corrosion resistant coatings, but these applications have been restricted by
metallurgical incompatibility between the overlay and the substrate. One of the foremost
coating methods for combating wear is thermal spraying, however despite its widespread
industrial use [9-12], little is known about the vital friction behaviour and the mechanisms by
which such coatings wear. Thus, most thermal spray wear coating applications and
developments are based on empirical results. In many instances values for friction and wear
resistance of thermally sprayed coatings have been reported in the literature [13-17]. Thermal
spraying can also deposit functional graded coatings, but the porous nature of thermally
sprayed coatings limits its application in corrosive environments. The HVOF and the High-
Velocity Air Fuel (HVAF) techniques are comparatively new thermal spraying methods,
which can produce high quality and low porosity coatings well bonded to the substrate

compared to other thermal spray techniques such as atmospheric Plasma technique [18-20].
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However Plasma Spray has demonstrated its technique for applying FGM, but unfortunately
no such technique is available for the HVOF or HVAF Process. Thus this research will
identify the usefulness of FGM’s and the design of a device used to produce FGM’s using the
HVOF Process.

2.2 SUMMARY OF COATING TECHNIQUES

A coating may be defined as a layer of viscous material applied to the base material into
which granules or other surfacing are implanted. The selection of a particular deposition

process depends on several factors, including [21. 22]:

i.  Chemical, process and mechanical compatibility of the coating material with the
substrate
ii.  Requirement of deposition rate
iii.  The ability of the substrate to withstand the required processing
iv.  Limitation imposed by the substrate (for example max. allowable deposition temp.)
v.  Process energy
vi.  Adhesion of the deposited material to the substrate
vii.  Purity of the target material
viii.  Requirement and availability of the apparatus
ix. Cost

x.  BEcological considerations

There are many coating deposition techniques on offer; therefore a synopsis is given in Figure
2.1. Further information on these techniques is detailed by Stokes [23]. Thermal spraying is of
the most importance in this research; hence the following section concentrates on this

technique.
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Figure 2.1: Coating Deposition Techniques adapted form [24].



2.3 THERMAL SPRAY TECHNIQUES

Following numerous patents in 1882 and 1899, Dr. Max Schoop first applied tin and led
coatings to metal surfaces by flame spraying [25]. The rate of evolution was sluggish after the
techniques commencement by Schoop; but then it increased at high rate until the 1950s. At
that time a variety of what then was identified as modern plasmatrons appeared, which
boosted the expansion significantly [26]. In particular, the D-gun coatings, developed by
Praxair Surface Technology found an approachable market in the aerospace industry and a
large proportion of consequent technological growth was due to plasma based thermal barrier
coatings [26]. The subsequent growth occurred in the 1980s with the development of vacuum
plasma spraying, low pressure plasma spraying and the Jet Kote HVOF technique. The Jet
Kote system was manufactured by Browning Engineering, in the USA [26]. Sulzer METCO
introduced the Diamond Jet HVOF system in 1988, which is the process under investigation

in the existing research and which is described in detail later in this report.

Thermal spraying can be described as a process which coats molten or semi molten particles
by impact onto a substrate [1] (Figures 2.2 and 2.3). A common feature of all thermal spray
coatings is their lenticular or lamellar grain structure (Figure 2.4) resulting from the rapid

solidification of small globules, flattened from striking a cold surface at high velocities [1].

‘"PR&YINE‘ SPHERICAL PARTICLE

DIRECTEN / BEFORE IMPACT

SUBSTRATE

Figure 2.2: Schematic diagram of thermaily sprayed spherical particle impinged onto a flat

substrate [1]



' // Porosity

Oxide
" inclusion

Figure 2.4: A typical microstructure of a metallic thermally sprayed coating. The lamellar

structure is interspersed with oxide inclusions and porosity. [1]

The industrial benefit of thermal spray coatings is the attainment of cost-effective solutions in
reducing wear and corrosion. The tailoring of components, or specific areas, to counteract
damaging effects, prolongs new parts or provides cost-effective renovation of worn parts. For
example; substrate materials such as low carbon steel can be thermally sprayed with thin
layers of nickel alloys to provide a cost-effective solution for corrosion resistance [27]. HVOF

thermal spraying has emerged as one of the most attractive processes for depositing cermet
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coatings, 200-400 um thick, which have low porosity and are well bonded to the substrate
[28. 29].

The thermal energy used to melt the coating material, may be separated into two categories;

electrical and flame heating (Table 2.1).

Table 2.1: Electrical Heating and Flame Heating Process

Electrical Heating Flame Heating

Electric arc process Flame spraying process
Plasma arc process Spray and fuse process

Low pressure plasma spraying HVOF thermal spray process

Further information has been reported by Stokes [30] on each of the techniques described;
hence this will not be discussed. The HVOF thermal spraying process is relevant to this study,

hence this will be and discussed further in the following sections.
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2.4. HVOF THERMAL SPRAY PROCESS

Unlike other flame spraying processes, the HVOF thermal spray process utilises only powder
as the coating material rather than wire or rod [31]. The high velocity oxy fuel (HVOF)
process is reported to be a versatile technology and has been adopted by many industries due
to its flexibility, cost effectiveness and the superior quality of coating produced [32]. There
exists two types of HVOF processes; (1) the Detonation Gun HVOF system and (2) the
Continuous combustion HVOF system. The difference between each of these systems is the
use of different fuel gases, cooling systems and the fact that the penultimate combustion is
maintained by a timed spark, used to detonate the particle and gas mixture, but otherwise their

underlying function is the same [30]. This report concentrates on the latter process only.

A) Continuous Combustion HVOF System

Within the continuous combustion HVOF process there are different types of systems namely;
the Diamond Jet (DJ HVOF) and DJ Hybrid gun developed by Sulzer METCO (Figure 2.5),
the Jet Kote system developed by Browning Engineering, the HV-2000 through Praxair
Surface Technology, the HP/HVOF developed by TAFA to mention a few [33-35]. The
continuous combustion Jet Kote HVOF thermal spray system was developed as a substitute to
the Detonation Gun system in 1982 [36, 37]. Following the Jet Kote system, the Diamond Jet
(DJ) HVOF thermal spraying process was developed in 1988 by Sulzer METCO. Due to its
flexibility and cost-effectiveness, it has been broadly adopted in many industries [23]. This
system produces dense coatings through low porosity and high bond strength due to the high
kinetic energy related with the system to propel the molten material at supersonic speeds [38-

417.

There are a number of HVOF guns, which use diverse methods to attain high velocity
spraying. One method is essentially a high pressure water cooled HVOF combustion chamber
and long nozzle (Figure 2.5). Fuel (kerosene, acetylene, propylene and hydrogen) and oxygen
are fed into a chamber. Combustion causes a hot high-pressure flame, which is forced down a
nozzle and in turn increases its velocity. Powder can be fed axially into the HVOF
combustion chamber under high pressure or fed through the side of a de Laval type nozzle
where the pressure is lower. Fuel gas and oxygen, combust outside the nozzle but within an

air cap supplied with compressed air. The compressed air acts as a coolant for the HVOF gun
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and pinches and accelerates the flame particles. Powder is fed at high pressure axially from

the centre of the nozzle towards a receiving substrate [42].

Flame (Includes Powder)

Nozzle Assembly

Figure 2.5: Sulzer Metco HVOF Diamond Jet Gun used in DCU.

The coatings produced by the HVOF process are akin to those produce by the detonation
process. HVOF coatings are very thick, strong and demonstrate low residual tensile stress or
in some cases compressive stress, which facilitate much thicker coatings to be deposited than
formerly possible with other Thermal Spray processes [32]. The very high kinetic energy of
particles striking the substrate surface does not require the particles to be completely molten
to form these HVOF coatings. This is definitely an advantage for carbide cermet type coatings
and is where this process excels [42], as the coating retains the bulk properties of that of the

powder materials.

HVOF coatings are used in applications requiring the maximum density and strength, not
found in most other thermal spray processes. New applications, formerly not suitable for

thermal spray coatings are also becoming feasible, such as Bio Engineering [42].

In the Diamond Jet HVOF thermal spraying process, the powder material is melted by the
means of combustion of oxygen and a fuel gas (in this case Propylene), and propelled at a

high velocity of approximately 1350 m/s [43] by the combination of combustion, compressed



air and nozzle assembly as shown in Figure 2.6. In the combustion zone, the powder material
enters the flame, where it becomes molten or semi-molten depending on the melting
temperature of the powder material. The flame temperatures of the HVOF process ranges
from 2300 to 3000 °C depending on the oxygen to fuel ratio or flow rate used [43]. Due to the
high kinetic energy experienced by the impinging particles, the DJ HVOF system exhibits one
of the maximum bond strengths and least porosity among all thermal-spraying processes [44].
When compared to other thermal spraying techniques such as plasma spraying, the DY HVOF
system exhibits low thermal residual stress; consequently coatings of higher thickness may be
deposited [45]. The reason for this is that the spray gun temperature for the plasma spraying
process is approximately 16000 °C [27], whereas the HVOF system is much lower (<3000°C)

limiting the development of residual stress [23].
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Figure 2.6: Schematic of cross-section of a Diamond Jet spray gun [23].

2.4.1 HVOF Gun Design

HVOF guns can be classified into two groups; Throat and Chamber Combustion. The main
difference between these groups is the location of the combustion. The HVOF gun used in the

current research has a chamber combustion burner so this is described further.
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Chamber Combustion Burner

In a chamber combustion burner, the fuel gas is introduced into a combustion chamber with a
larger diameter compare to that of the spray gun barrel. The combustion chamber is cither at a
right angle or positioned axially with the barrel as revealed in Figure 2.7. Powder injection
may be axial, radial or central [46], where this process uses axial. There are also some
chamber combustion burners, where powder is injected beyond the flame at the exit of the

barrel [47, 48].

Chamber combustion burners present coatings with improved wear and corrosion resistance,
relatively with those produced by throat combustion chambers [46]. These advanced coatings
are a result of large diameter combustion chambers, which results in a higher throughput and
chamber pressure, leading to higher gas and powder velocities [46]. But, due to this increased
surface area, heat loss from the chamber combustion burner is greater, which reduces particle
heating [49]. Table 2.2 shows some of the significant characteristics associated with the

different thermal spraying processes.

Oxygen and Fuel Gas
(Location of Combustion)

MNozzle

E it

Figure 2.7: Schematic of a chamber combustion burner HVOF gun.
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Table 2.2: Characteristics of different thermal spray techniques [31, 50].

Deposition | Spray | Particle Coating Bond Porosity | Hardness*
Technique Gun | Velocity | Materials | Strength | (% Volume)
Temp. (m/s) (MPa)
)
Electric Arc | 6000 240 Ductile 40-60 8-15 40R -
Materials 35R,
Plasma 16000 | 120-600 | Metallic, 30-70 2-5 40R ;-
Spraying ceramic, S50R,
compound
Low 16000 900 Metallic, >70 <5 ---
Pressure ceramic,
Plasma compound
Spray & - - - Fusible >70 <0.5 -
Fuse metals
Flame 3300 240 Metallic, 20-28 10-20 30R -
Spraying ceramic 20R.
HVOF 4500 800 Metallic, >70 0.1-1 ---
Detonation ceramic,
Gun compound
HVOF 2800 1350 Metallic, 40-96 0.5-2 [00R ;-
Sulzer ceramic S50R.
METCO DI
Gun

* R. = Rockwell hardness on C scale
# Ry, = Rockwell hardness on H scale

5 Same as the on in the present work
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2.5 COMBUSTION AND GAS DYNAMICS OF THE HVOF SYSTEM

The HVOF process uses an arrangement of thermal and Kinetic energy for the melting and
acceleration of powder particles, in order to deposit the required coating. Hydrocarbon gases
or pure hydrogen are usually used as the fuel gas. The gun consists of three sections: a mixing
zone, a combustion zone and a nozzle. Combustion and gas dynamics are vital characteristics

in producing coatings. They affect the coating quality in the following two ways [51]:

(1) The particles injected into the gas stream must be accelerated in order to strike the
target at high velocity
(2) Heat transfer to the particles from the gas stream is required to melt them prior to

impact

Oxygen and fuel gas at certain pressures, are firstly mixed in the mixing zone and then sent on
in the direction of the combustion zone. After ignition with an external ignitor, a chemical
reaction takes place which releases heat energy. The pressure increases with an increase in
temperature, and this result in the high gas velocities [52. 53]. The Stoichiometric
(theoretically required for complete combustion) oxygen to fuel ratio approximately 4 to 1
(Figure 2.8 [36]). The energy released by the chemical reaction of the gases is used to heat

and accelerate both the emerging gases and the spraying powder.

The selection of fuel gas depends upon economics, coating material and desired coating
properties. Hydrogen fuel gas is used when processing oxygen sensitive materials; Propylene
should be used when high heat input is necessary [43]. High melting, oxide based ceramics
can only be sprayed by the HVOF process when acetylene fuel gas is used [49]. Table 2.3
shows the variation in different properties for 86WC/10Co/4Cr, produced by the HVOF

Process using different fuel gases [54].

Table 2.3: Variation of properties of 86WC/10Co/4Cr, produced by different fuel gases [54].

Fuel Fas Hardnesz Eocughness Porozity | Strength
(HE 050 {Ltm) {207 {TIF &)
Hyvdrogen 1093 RIS =1 0
FPropwlens 1065 245 =1 =70
Matawral Gas 1114 297 =1 =70
Liguid Fropane 1016 2.54 =1 =70




The variation of spray parameters, such as the powder feed rate, oxygen to fuel flow rate ratio,
flow rate of the compressed air and spray distance also effects the HVOF sprayed deposition
thickness and properties. With a decrease or increase in the oxygen to fuel ratio from it’s
stoichiometric range (3.2-3.8), the deposition temperature decreases (as shown in Figure 2.8)
[36]. This in turn decreases residual build-up in the coatings, (as will be indicated by Equation
2.1 later) however will affect the melting kinetics of the particle. With an increase in the spray
distance, the flight time of the particles from the gun to the substrate is increased, which
results in lower particle velocities and lower impact temperatures. Lower particle velocities
and temperature causes inferior deposition thickness with lower residual stress in the coatings
[55] and less bonding rates due to ‘cold’ particles striking the surface and re-bonding off the
substrate. Compressed air is used in the HVOF process to accelerate powder particles onto the
substrate [30]. Thus, an increase in the flow rate of the compressed air causes the particle
velocities to increase inside the gun, as well as from the gun to the substrate. Higher particle
velocities also decrease premature solidification of coating material before impact with the

substrate [49].

T = Temperature
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Figure 2.8: Theoretical flame temperature against oxygen/fuel ratio

Adopted from [36].

2.5.1 Features and Benefits of the HVOF Coating

Particle velocity is extremely significant in the thermal spray process, as the higher the
velocity, the higher the bond strength, and the lower the porosity [36]. This is because
particles have less time to cool down at high velocities. The HVOF process is designed
around producing high velocities and this provides many of the advantages that the HVOF

technique has (Table 2.4) over other thermal spray techniques [36, 56-58], which include:
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10.

12.
13.
14.
15.
16.
[7.
18.

More uniform and efficient particle heating, due to the high turbulence experienced by
the particles

Much shorter exposure time in flight due to high particle velocities

Short particle exposure time in ambient air, once the jet and particles leave the gun,
which results in lower surface oxidation of particles

Lower flame temperature compared with plasma spraying

Lower ultimate particle temperatures compared to other processes

Lower capital cost and ease of use compared to other processes

Very high coating thickness than with plasma and arc spraying can be produced
Excellent bond coatings

Low oxide metallic coatings (containing low content of oxide inclusion)

Dense with low porosity

. Optimized microhardness

Predictable coating chemistries
Smooth as-sprayed surface finish
Excellent machined surface finish
Process can be automated

Dense, tightly bonded

Superior adhesion

High bond strength

Table 2.4: Benefits of using the HVOF coatings [23].

Coating benefit

Main reasons for this benefit

Higher density (Lower
porosity)

Higher impact energy

Improved corrosion barrier

Less porosity

Higher hardness ratings

Better bonding, less degradation,
denser coatings

Improved wear resistance

Harder, tougher coating

Higher bond and cohesive
strength

Improved particle bonding

Lower oxide content

Less in flight exposure time to air

Fewer unmelted particle
content

Better particle heating

Greater chemistry and phase
retention

Reduced time at higher temperature

Thicker coatings

Less residual stress

Smoother as sprayed surface

Higher impact energies
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2.5.2 Limitation of the HVOF System

[N

The amount of heat content in the HVOF system while not as high as Plasma is still

very high, so over heating of the substrate is quite likely. Therefore extra cooling of the
substrate is often necessary, and cooling with liquid CO; is now a standard with the

new HVOF process which applies during spraying [55, 59, 60].
Masking of the part is still a great problem as only mechanical masking is effective. It

is very difficult and time consuming to design an effective mask for a complex
y g I

component with areas, which do not require deposition.
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2.6 THERMALLY SPRAYED COATINGS

A thermally sprayed coating produced in air is an assorted mixture of sprayed materials, oxide
inclusions and porosity [10]. Each particle interacts with the adjacent environment during
flight from the gun to the substrate. Sprayed coatings have individual characteristics that
differentiate them from materials manufactured by other routes such as casting or sintering.
Usually any material that does not decompose, vaporize, sublimate or dissociate on heating,

can be thermally sprayed.

2.6.1 Powder Description

The composition, particle size and some other properties of the nickel base alloy and stainless

steel powders are shown in Table 2.5.

Table 2.5: Detail information of the nickel base alloy and stainless steel powder [61. 62].

SULZER Powder Bond Thickness | Chemical Hardness Size
METCO Strength | Limit Composition | Macro/ Range
Name MPa MM wt% Micro Lm
DIAM- Austenitic 61 2.5 Cr 17% R, 89 -53+20

ALLOY Stainless Ni 12%
1003 Steel Mo 2.5% -
Si 1%
C 0.1%
Fe Bal.
DIAM- Nickel/Chro 69 2.5 Cr21.5% R.30-34/ | -53420
ALLOY mium Mo 9.0% or
1005 Molybdenu Nb 3.6% DPHspo
Known as m Base Ti <0.4% 350-450
Inconael supper alloy Al<0.4%
625 Fe<0.5%
Ni Bal.
DIAM- Fusible 64 2.5 Cr 17 R, 53-58/ | -53420
ALLOY Nickel Base Fe 4% or
2001 Alloy Si 4% DPHago
B 3.5% 600-750
C 1%
Ni Bal.
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Atomization is a eminent process of producing powder materials. It may be defined as the
break-up of a liquid into fine droplets [63]. Both elemental and pre-alloyed powders can be
formed by atomization. The types of atomization comprise of; gas atomization, water
atomization, centrifugal atomization and so on, however gas and water atomization are most
popular. Gas atomization uses air, nitrogen, helium or argon as a fluid for breaking up the
liquid. It produces powders of more spherical and rounded shape and has lower oxygen
content. On the other hand, water atomized powders are elongated in shape and have higher
oxygen content. For high volume and low cost production, water atomization is preferred over

gas atomization.

Thermal spraying can be used to deposit a wide range of coating materials. They can be
divided into three main categories; metal/alloys, ceramics and cermets [64]. Examples of the
first category are; copper, tungsten, molybdenum, tin, aluminium, zinc to mention a few. The
second category includes; chrome oxide, aluminium oxide, alumina/titania composite,
stabilized zirconia and so on. The third category, cermet consists of a ceramic and a metal or
alloy. Examples are tungsten carbide in a cobalt matrix, chrome carbide in a nickel/chrome
matrix and so on. In the current research the nickel base alloys and stainless-steel powders are
used to achieve the surface properties as good corrosion and wear resistance. In the current
research Diamalloy 2001 and Diamalloy 1005 was produced using the gas atomisation, while

Diamalloy 1003 was produced using water atomization [65].

2.6.2 Coating Deposition, Solidification and Build-Up

During the spraying process, particles become superheated and are projected towards the
substrate at a high velocity [66]. The common feature of thermally sprayed coatings is their
lanticular or lamellar grain structure. Initially the particle are melted and propelled out from
the gun in the form of a sphere, then at its first contact with the substrate the impact creates a
shock wave inside the lamella and the substrate [41]. The behaviour of particle on impact has
been researched intensively by various authors [67-69]. The shape and structure of the splat
reveals a lot of information about the spray parameters, such as whether the correct spraying

distance or spray angle have been utilised or not [70-72].
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Molten particles deform into lamella and solidify giving a columnar structure [73]. Figure 2.9,
shows a cross-section of a single lamella. In most typical conditions, the solidification process
starts at the interface between the particle and the substrate, this interface forms a heat sink for
the liquid. Formation of solidified grains depends on a number of factors determining particle
deformation (spraying technique, method of spraying, powder grain size and sprayed material
properties) and on the substrate (roughness, temperature and type of material). Substrate
roughness must be adequate during spraying, otherwise adherence loss may occur [74, 75].
Gawne et al. [74] reported a linear increase of coating adhesion with an increase in substrate

roughness in the range of 4 -13 um.
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Figure 2.9: Cross-section of a columnar structure (single lamella) formed after

solidification [49].

The coating is a build-up of individual particles that strike the substrate. Particles can be fully
or partially melted at the moment of impact, depending on the relative difference between
their melting temperature and the flame temperature. The rate of heat transfer from the flame
to the particles also affects the degree of melting of coating material. Solid particles may
rebound or remain weakly associated with the rest of the coating, resulting in lower bond
strength. That is why cautious optimisation of the spray parameters is necessary to reduce
such problems. Commonly, the spray gun is allowed to make numerous passes across the
work piece in order to build-up a coating. The first pass of the gun deposits the first layer. It
(first layer) composes usually of 5-15 lamella depending on the processing parameters [41].

This layer may be subjected to oxidation (for oxidizable material) and cooling. On the second
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pass, the first layer (which may be partially solidified) cools the second layer due to the
temperature difference amongst the two layers. The final coating may comprise of a number
of passes of the deposited material. Afterwards, the coating is allowed to cool down to the

room temperature.

2.6.3 Residual Stress

One of the most unavoidable problems in the build-up of thermally sprayed coatings is the
formation of residual stress, particularly in the development of thick coatings [76-78]. In the
HVOF thermal spraying process, individual molten or semi-molten particles impact the
substrate or pre-existing molten material at high speed. Thus despite their low mass, they
cause certain deformations to the pre-existing material. The impingement of each particle
incurs stress fields, which depend upon the solid state of the pre-existing material. In addition
to the mechanical effects of impact temperature, this has a huge influence on stress
development [49]. In the combustion chamber of the HVOF gun, each particle is heated and
then projected towards the substrate. On impacting the substrate, the particles deform into
lamella and cool down to their melting temperature and solidify. The temperature decrease
experienced by the particles is immense. This leads to the formation of stress in each lamella.
Phase transformation stresses can also develop in thermally sprayed coatings if phase
transformation occurs during processing [41]. S. Sampath, et al. [79] found that the
evaluation of elastic—plastic characteristics showed how superior the HVOF deposit was in
terms of mechanical properties compared to the Air Plasma Spray (APS) and Twin Wire-Arc
spraying (TWA) techniques. This research also found that in the HVOF deposit, the average
stress was compressive; due to additional high velocity impact that causes plastic deformation
in the underlying layers and thus compressive stress (peening effect). There are mainly two
mechanisms of residual stress development in thermally sprayed coatings, namely quenching

and cooling.

Quenching Stress

According to Pawlowski [41], as many as 5 to 15 lamellae exist in a single pass of spray. As
the lamellae solidify they contract, but are constrained by each other, and by the substrate,
thus generating high tensile stresses in the individual lamellae as shown in Figure 2.10.

Tensile quenching stresses are unavoidable and may be estimated by the following:
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Oq=0¢ (T —T)Ec =rmermme Equation 2.1

Where

06q= quenching stress (Pa)

E.= elastic modulus of the coating (Pa)

o. = coefficient of thermal expansion of the coating (/K)
T.= Temperature of the combustion chamber (K)

T,=  Temperature of flame at the substrate (K)

Spraving
Tensile quencliing stresses I
arise in the individual \/

lainella

Tensile / )

Figure 2.10: Schematic of quenching stresses adopted from [23].

Development of quenching stress through different layers of a five layer Nickel base
alloy/Stainless steel graded coating (explained later) is predicted by adopting a mechanistic
model of stress development described by Stokes [23]. This quenching stress may be
estimated by the following equation [80]:

0,20 ATE, semmen Equation 2.2

Where, o, is the quenching stress. Temperature difference (AT) between the lamella
melting/combustion temperature and the substrate is approximately the same throughout the

quenching cycle; hence equation 2.2 can be written as:

o, <L, ----------—-  Equation 2.3
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Cooling Stress

When deposition is ceased or interrupted, cooling stresses initiate, mainly due to the thermal
expansion co-efficient mismatch between the substrate and the coating material. If the coating
contracts to a greater extent than the substrate (¢ > @), a tensile stress is generated in the
coating [41]. This may lead to adhesion loss and cracking of the coating [81]. If the co-
efficients are equal, then no cooling stress will develop. If the coating contracts by a smaller
amount than the substrate (¢, < ag), the resulting cooling stress will be compressive as shown

in Figure 2.11 [41]. The cooling stress can be estimated using the following equation [80,82-

b
( 1
E\T, =T \@. =, |
o, =|— R)( : J ~——eeeee= Equation 2.4
Bl
42— l
Eit, i
Where

o, = cooling stress (Pa)

E. = Young's modulus of the coating (Pa)
E. = Young's modulus of the substrate (Pa)

0. = coefficient of thermal expansion of the coating (/K)
o = coefficient of thermal expansion of the substrate (/K)
. = thickness of the coating (m)

t.= thickness of the substrate (m)

Ty= deposition temperature (K)

Tr = room temperature (K)

26



Coating contracts to a lesser Coating
extent than the substrate
(0 < Os)

Substrate

Compressive cooling stress

Figure 2.11: Schematic of cooling stresses adopted from [23].

The cooling stress can be predicted using equation 2.4. For a particular coating-substrate
system, the coating thickness (t.), substrate thickness (L), deposition temperature (Ty) and

room temperature (Tg) can be kept constant. Then equation 2.4 can be written as:

O o —trE s e Bquation 2.5

Both the quenching and cooling stresses may be dissimilar to that predicted, as the Young’s
modulus and co-efficient of thermal expansion values for each layer may be different
realistically from the values used here (derived from the Rule of mixture). The combination
(summation) of the quenching + cooling stress produces what known as the residual stress.

The nature of the overall residual stress may be resolved by the following criteria [41], if:

a) O, < 04 stresses in the coating may be either tensile or compressive,
b) .= 0 stresses in the coating are tensile,

¢) Oe> 04 stresses in the coating are tensile.
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The possibility of either tensile or compressive residual stress (when o, < o) arises if the
compressive cooling stress is less or greater than that of the tensile quenching stress [41]. If
the cooling stress is greater, then the resultant stress is compressive, and 1f it is less then the
residual stress is tensile. Through suitable selection of the coating and substrate material, the
high tensile quenching stress can be cancelled out by the compressive cooling stress.
Generation of residual stress increases with an increase in coating thickness, thus resulting in
a lower bond strength deposit [85]. Increasing the thickness of the deposit, increase the

residual stress promoting fracture or failure of such coatings [32, 86].

2.6.4 Coating Structure and Properties

The deposit surface profile development depends on the coating structure and adhesion of the
coating material to the base material [87]. A typical traverse section of a single-pass spray
deposit has a conical profile, with the majority of the spray deposit concentrated around the
central section [50]. Figure 2.12 shows a schematic section of a deposit in sequence P-Q, Q-
R, R-S, where P is the periphery of the deposit, while S is the centre. The particles in the outer
periphery tend to be commonly spaced and inadequately adhered to the substrate. The region
from R to R is the densest and thickest coating deposited area [49]. The section Q-R is the
transition from a dense coating to a porous coating structure. The edge sections (P-Q) can be

enormously porous [49].

Spray gun travels perpendicular
to this plane

P

-

Substrate Deposit

Figure 2.12: Schematic section of a spray deposit.
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Thermal spraying has the ability to produce coating properties to suit the application required.
Materials may be sprayed to create a hard or soft, dense or porous coating, thus it is difficult
to report its typical coating properties. This report concentrates on functionally graded

deposits; hence the properties of the coating will be discussed in the next Section 2.8.2.
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2.7 FUNCTIONALLY GRADED MATERIALS (FGM)

Functionally graded materials are those materials used to produce components featuring

engineered gradual transitions in microstructure and/or composition, the presence of which is

motivated by functional performance requirements that vary with location within a

component. With functionally graded materials, these requirements are met in a manner that

optimises the overall performance of the component. [49]

Functionally graded materials have the potential to improve the thermo mechanical

characteristics of a component in several ways [88]:

The magnitude of the thermal stresses (residual stresses) can be minimised

The onset of plastic yielding and failure can be delayed for a given thermomechanical
loading by decreasing the magnitude of thermal stress below the yield stress of the
material

Severe stress concentrations at intersections between free edges and interfaces can be
suppressed

The strength of interfacial bond between dissimilar solids, such as a metal and a
ceramic, can be increased by introduction of continuous or stepwise graduations in
composition as compared to a sharp interface

The driving force for crack growth along an interface can be reduced by tailoring the
interface with gradients in its mechanical properties

Gradients in the composition of the surface layers can be tailored to suppress the
singular fields, which arise at the root of sharp indentations on the surface, or to alter

the plastic deformation characteristics around the indentation

Functionally graded materials can be manufactured by two main methods [88]. Their names

and classifications are shown in Table 2.6. Further information about these two processes are

reported by Hasan [49].



Table 2.6: Names and classifications of different types of FGM manufacturing processes.

(a) Constructive Processes (b) Transport-Based Processes

1. Powder densification processes 1. Mass transport processes

2. Coating processes 2. Thermal processes

3. Lamination processes 3. Setting and centrifugal separation

4. Deformation/martensitic 4. Macrosegragation and segragative
transformation darcian flow processes

2.8 FUNCTIONALLY GRADED COATINGS

A functionally graded coatings is one in which the composition, microstructure and properties

vary gradually from the bond coat to the top coat [89]. An example of a graded coating of

material R and S is shown in Figure 2.13.

/ Topcoat

Bond coat

Figure 2.13: Schematic of Functionally graded coating of material R and S.

The bond coat is 100 percent R (coating similar to that of the Substrate material) and the top
coat is 100 percent S (Hard Layer). The percentage of material R decreases from the bond
coat to the top coat, while the percentage of material S increases from the bond coat from zero
percent to 100 percent towards the top coat. Gradual changes in the composition and
microstructure results in gradual changes in the elastic modulus and thermal expansion
coefficient [90]. This in turn reduces coating residual stresses and stresses induced during

heating and cooling (Equations 2.1 and 2.2). Residual stresses also decrease with an increase




in number of graded layers [85, 91]. So a duplex coating (two layers) would have a higher

residual stress than a layered coating (more than two layers) of same thickness [49].

2.8.1 Different Techniques Producing Functionally Graded Coatings

The first development of functionally graded coatings was carried out in Japan in 1987 using
the CVD (Chemical Vapour Deposition), PVD (Physical Vapour Deposition) and Plasma
thermal spraying processes [92]. Since then some other techniques was used to manufacture
graded coatings, (further details have been reported by Hasan [49]). The current research is
interested in HVOF Thermal Spraying process; hence this is described in the following
sections. The method by which Functionally Graded Coatings were deposited will be

explained in full later.

HVOF Thermal Spraying Process

Compare to other thermal spraying processes, the HVOF process is relatively new in
producing functionally graded coatings. Previous research [93-95] shows that the HVOF
process has the potential to produce graded coatings. But the range of materials used in the
research to date has been limited to WC-Co, stainless steel (SS) and MCrAlY/Al,O3-YSZ.
Sampath et al. [93] used the HV 2000 HVOF system to manufacture graded coatings of WC-
Co and stainless steel onto a steel substrate. In this research [93] two powder feeders were
used for two different powders with a single gun. The feed rates of two powder feeders were
changed to vary the proportion of the two powders to form different interlayers. The top coat
was 100 percent WC-Co and the bond coat was 100 percent steel. The HVOF sprayed
coatings had denser microstructure, uniform phase distribution within the layers and lower
wear rates than graded coatings produced by plasma spraying. Peters et al. [94] manufactured
MCrAlY/Al,O3-YSZ functionally graded coatings using the oxy-acetylene HVOF (OSU type
gun) thermal spraying process. The bond coat was 100 percent MCrAlY; interlayers consisted
of different proportions of Al,Os and YSZ with increased amount of Al,O5 from the second
layer to the top layer, while the top coat consisted of 75 percent YSZ and 25 percent Al,Os.
HVOF sprayed graded coatings had a dense net-like structure. On the other hand, as a coating
method modified Plasma Transferred Arc (PTA) welding process and TIG welding have been
used to obtain these thick graded coatings on aluminium based materials with an increased

hardness and improved wear resistance. PTA welding using an electrode with a permanent
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positive polarity is suitable for producing wear resistant coatings based on aluminium alloys
(base materials: AlMg4.5Mn and AlSi7Mg; filler materials Al-Cu-Ni) with high hardness.
As materials, the ternary system Al-Cu-Ni proved to be suitable for providing high hardness
as well as sufficient toughness. The content of copper was up to about 50 wt.% while a nickel
content of about 20 wt.% was achiecved. The hardness of the alloyed matrix depended on
different factors, for example content of copper—mainly forming Al,Cu phases—as well as
nickel, where additional intermetallic phases like AINi,Cu; were identified. Therefore, the
graded layers possess a large gradient in hardness with a maximum level of about 700 HV
mostly in the top layer. As a result the HVOF sprayed graded coatings yielded better wear and
erosion resistance than the graded coatings produced by air plasma spraying (APS). Kim et al.
[95] manufactured NiCrAlY/YSZ functionally graded coatings using the Detonation Gun
HVOF thermal spraying process. An alternative spraying method of ceramic YSZ and
metallic NiCrAlY was used in their research. Two powder feeders were utilised to carry two
different powders. The bond coat was 100 percent NiCrAlY, while the top coat was 100
percent YSZ. The interlayers consisted of varying proportions of NiCrAlY and YSZ. Using
different shot ratios of those powders the research varied the percentage of ceramic and
metallic powders in the interlayers. As an example, spraying with a shot ratio of 1:3 meant
that spraying sequence consisted of three shots of metal powders followed by one shot of
ceramic powder, resulted in a mixture of ceramics and metals with ceramic to metal volume
ratio of 1:3. In the area overlapped by consecutive shots, an excellent mixture of ceramic and
metal was produced. The Functionally graded NiCrAlY/YSZ coatings resulted in having

better thermal shock resistance than duplex NiCrAlY/YSZ coatings.

There are large ranges of materials, which have potential to benefit from graded structures yet
to be researched. The current study aims to contribute new knowledge in these areas by
depositing nickel base alloy/stainless steel functionally graded coatings on steel substrates
using the HVOF process. Nickel base alloy/Stainless steel graded coatings are used in the
automotive and marine industry not only to increase strength of the coated system but also for
corrosion applications. Previous researchers have used the same system to deposit two
different coating materials to producing graded coatings, which was time consuming. The
current study aims to deposit graded coatings in a more cost effective way. Thermal spraying
can be used to produce inter layers of FGM coating in two methods; Using premixed powder
to produce each different layer and secondly Co-injecting two different powders and varying

their relative proportions during deposition. Most researchers [2-6] have used the former

(o8]
(98]



method while producing functionally graded coatings; however the latter method was used in
this project. This idea for this project evolves from the initial idea/concept within the

following patent: Stokes, J., Hasan, M., et al. Irish Patent number 2006/0821, Nov, 2006.

2.8.2 Characteristics and Properties of Functionally Graded Coatings

The most important characteristics of functionally graded coatings are the gradual change in
coating structure, which results in gradual change in coating properties. Some of those
properties, such as; microstructure, hardness, corrosion resistance, porosity and residual stress

which are described below.

(a) Microstructure

Several researchers [5,96-103] have reported the gradual change in microstructure within
graded coatings. Khor et al. [4-6] manufactured ZrO,-NiCrAlY graded coatings by plasma
spraying using premixed powders. From the NiCrAlY base layer to the ZrO, top layer,
NiCrAlY changed its morphology from lamellar to a dispersed structure, while the
morphology of ZrO, was changed from a dispersed to a porous structure. No clear interface
between the two adjacent different layers was found. For the NiCrAlY/ZrO»-Y,05 [93] or
NiCrAl-MgZrOs [101] coated specimens the researchers reported a gradual change of coating

structure was found.

(b) Hardness

Thermal spray coatings generally include voids and oxides within the coating, thus macro-
hardness levels are less than those of the equivalent material in wrought or cast form [49].
There are two ways to measure hardness; macro hardness test and micro hardness test. To
determine the resistance of the total coating deposit to point penetration, macro hardness tests
are carried out using either the Brinell or Rockwell hardness test. While micro-hardness tests
are carried out at low loads on individual particles using, what is identified as the Knoop or
Vickers hardness test [104]. Functionally graded coatings produce gradual deviation of
hardness throughout the coating thickness. Numerous researchers [5, 91, 93, 96, 97] have

measured the hardness value of graded coating using different types of hardness tests. In each



case hardness changed gradually (increasing) from the base layer to the top layer of the
coatings. Khor et al. [91, 97] measured hardness values of a five layer graded coating and a
duplex coating of same materials and reported almost same surface hardness values for the
two types of coatings. But deposition thickness was different for the two cases. However,

Hasan [49], found the hardness to decrease with an increase in number of layers.

(¢) Corrosion Resistance

Corrosion means the electrochemical degradation of metals/alloys or chemical degradation of
materials (glass, plastic and so on) due to a reaction with their environment; usually
accelerated by the presence of acids or bases [105]. Iron and steel are the most common
materials of interest were their corrosion characteristic in neutral waters is important. When
stee] corrodes, the corrosion rate is usually governed by the cathodic reaction of the corrosion
process, and oxygen is an important factor. In neutral waters free from dissolved oxygen,
corrosion is usually negligible. The presence of dissolve oxygen in the water accelerates the
cathodic reaction; and consequently the corrosion rate increases in proportion to the amount
of oxygen available for diffusion to the cathode. Where oxygen diffusion is the controlling
factor, the corrosion rate tends to increase also with rise in temperature. In acid waters (pH

<4), corrosion can occur even without the presence of oxygen [106].

Figure 2.14: Schematic of Corrosion of steel under a droplet of water [106].

Ideally, a material, which is inherently resistant to its service environment, meets with the

mechanical, formability and economic requirements would be the first choice for selection.
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Unfortunately, this is not often the case. Many materials will need a method of corrosion

control and there are three main approaches [106]:

e Modification of the environment to which the material is exposed
« Electrical methods of control

o Use of protective coatings

Thermal spray coatings are widely used in preventing corrosion of many materials, with very
often; additional benefits of properties such as wear resistance, due to the very wide selection
of coatings that can be sprayed. Broadly, thermal spray coatings fall into three main groups

[106]:

e Anodic Coatings
« Cathodic Coatings

» Neutral Coatings

Cathodic coatings are those, which comprise a coating metal, which is cathodic with respect
to the substrate. A stainless steel or nickel alloy coating would be cathodic due to its steel
base. Cathodic coatings can provide excellent corrosion protection. There is a very wide
choice particularly for steel base materials ranging from stainless steel to more exotic
materials like tantalum to cater for the more extreme corrosive environments. However, an
outstanding limitation of such coatings is that they must provide a complete barrier to the
substrate from the environment. If the substrate is exposed to the corrosive environment, the
substrate will become the anode and corrosion will be dramatically accelerated resulting in
spalling of the coating. Generally, sealing of these coatings is always recommended.
Processes, which provide the densest coatings, are preferred (HVOF, plasma and fused
coatings). Thick coatings will provide better protection than thin coatings [106]. Boiler steels
are unable to meet simultaneously the requirements for both the high temperature strength and
the requirements for both the high temperature corrosion resistance, so protective coatings are
used to prevent from corrosion [107]. Metallic coatings sprayed on the superheater tubes have
reduced the erosion and corrosion in the selected cases [108]. The NiCr coating provided the
best protection to the substrate steel, which may be due to the formation of Ni1O, NiCr,O4 and
Cr,05 as confirmed by XRD, EPMA and EDAX analysis. These phases are reported to be

protective oxides [109, 110]



Welding or electroplating has been traditionally used to deposit corrosion resistant coatings,
but these applications have been restricted by metallurgical incompatibility between the
overlay and the substrate [111]. Thermal spraying can also deposit functional coatings onto
substrates, but the porous nature of thermally sprayed coatings limits its application in
corrosive environments. The HVOF and HVAF techniques are comparatively new thermal
spraying methods which can produce high quality and low porosity coatings well bonded to
the substrate [111—113]. Browning invented the high-velocity impact forging (HVIF) thermal
spray technique which improves the density of sprayed coatings over those deposited by
HVOF thermal spraying and HVAF thermal spraying [ | 14]. With the technical improvement
of thermal spraying, various coatings can be used as corrosion resistant surfaces in the future.
It is hence necessary to study the mechanistic corrosion process of films produced by thermal
spraying. Nickel-base super alloy INCONEL alloy 740 has been shown to improve structure
stability and corrosion resistance [115]. The effect of heat treatment on the microstructure and
properties of HVOF-sprayed Ni-Cr—W-Mo-B alloy coatings [116] and the effects of
thickness of the coating on the electrochemical behaviour of Cr3C2-NiCr coatings [117] has
also been reported. The corrosion resistance of nickel-based alloys in 5% NaCl and 0.5 M
H,SO, [118,119] has been studied. Harvey et al. [120] studied the relationship between
spraying parameters and microstructure and corrosion resistance of coatings of nickel alloy,
cobalt alloy, duplex stainless steel and iron based materials. Other reports in the literature also
attempted to relate the corrosion resistance to metal contents such as Zn and Al deposited by
arc spraying [121-127]. Most researchers have so far focused on comparing the performance
of the corrosion behavior of different materials in one or more corrosive medium(s), but very
few researchers have studied the mechanistic process of corrosion [128], especially the

NiCrBSi alloy that is a commonly used corrosion resistant material.

The adverse effect of fluids on a solid surface is the result of the complex interaction of
chemical and physical forces. Direct exposure to liquids, gases and particle solids can quickly
produce chemical corrosion or erosion of a solid surface. The high-speed movement of these
corrosive fluids prevents the protective oxides and permits this hostile interaction of corrosion
or erosion to take place. Cavitation occurs when pressure changes in the liquid lead to the
formation and collapse of vapour bubbles. This produces high-pressure shock waves that can
destroy metallic surfaces. Particles within the fluid can impact the surface, damaging it even
further [129]. HVOF with its different powder characteristics would suit most applications to

minimise the erosion or corrosion of the internal parts of the industrial equipments [130].

37



Repair shops could customise their requirements by utilising HVOF coatings. For instance; a
carbon steel pump shaft could be coated with Inconel-625 to increase its corrosion resistance
[130]. The same shaft could be enhanced in terms of wear resistance if coated using Tungsten
Carbides (WC) [1317. NiCrBSi alloy powders were coated on a low carbon steel substrate
using HVOF thermal spraying, and corrosion tests were cartied out. It was found that the
corrosion of the NiCrBSi coating first occurred around the particles that had not melted
during spraying and the defects such as pores, inclusions and micro cracks, then followed by
the development along the paths formed by pores, micro cracks and lamellar structure,
resulting in exfoliation or laminar peeling off. Adjusting the thermal spraying parameters to
reduce the electrochemical unevenness or sealing the pores can improve the corrosion

resistance of the coating [132].

One of the applications of thermal spraying is to increase corrosion resistance to such
materials as iron and steel are often subjected to these effects [62]. Steel valves used in the
marine industry are subjected to corrosion from salt water; hence failure of such component is

inevitable over time.

FGM deposition is one way of increasing corrosion resistance of a substrate material. Suman
[133] studied the morphology, composition and erosion-corrosion behaviour of Ni-Cr-Si-B
cremet coating overlaid on a carbon steel substrate by HVOF thermal spraying. Erosion-
Corrosion tests were carried out in a solid free seawater impinging jet of velocities 17, 25, 50
and 72 m/s at temperatures of 180°C and 500°C. The behaviour of the coatings was followed
by undertaking electromhemical (E/C) monitoring during the impingment errosion process.
This involved anodic polarization scans which demonstrated the effect of the impinging jet
and increased temperature in reducing the resistance of the coating under erosion-corrosion
conditions in comparison with corrosion in static seawater and corrosion at ambient
temperature. Evans et al. [134] reported increased corrosion resistance of overlay MCrAlY/Al
graded coatings. The bond coat was NiCrAlY or CoCrAlY and the top coat was an Al
enriched B-NiAl. At high temperature, the top coat gave the component its corrosion
resistance, while at low temperature the interlayer and bond coat provided corrosion

resistance for the substrate.



(d) Porosity

Porosity or voids in the coating structure is a vital concern in thermal spraying as it affects
many other mechanical properties, such as bond strength [43]. Depending on the thermal
spraying process utilised, porosity may vary from 0.1 to 15 of the volume percent. The HYOF
process exhibits the lowest porosity among all of the thermal spraying processes due to its
high particle impact velocity that compresses most air pockets out of the microstructure [31].

Table 2.7 shows porosity results for various Diamond Jet HVOF coatings.

Table 2.7: Coating porosity in various Diamond Jet HVOF coatings [62,135].

Coating material Porosity (%)
Nickel/Chromium Molybdenum Base Superalloy |
Tungsten Carbide-Cobalt <0.5
Cobalt Base Alloy 1.5
Chromium Carbide/ Nickel Chromium 1
Tool Steel <l
AlLO3—13TiO; 1.2

Because of the gradual structural changes from the bond top layer to the top layer in FGMs,
porosity in functionally graded coatings changes gradually through coating thickness as
reported by Khor et al. [99,102]. Khor et al. [99] reported a gradual increase of porosity from
the NiCoCrAlY base layer to the YSZ top layer, the author [136] again reported gradual
change of porosity from the Ti-6A1-4V base layer to the HA (Hydroxyapatite) top layer. In

cach case, the plasma spraying was used to deposit graded coatings.

(e) Residual Stress

Cooling residual stress, mentioned earlier occurs due to mismatch of properties between the
substrate and coating and also between different layers of the coating. Co-efficient of thermal
expansion (CTE) and elastic modulus are the two main properties causing cooling stress
build-up in the coating. Graded coating is one way of reducing cooling stress as it reduces the
difference of the CTE and elastic modulus between the substrate and coating and also
between different layers of the coating. Several researchers reported gradual change in the
CTE and elastic modulus including [3, 90, 93, 137-139], which resulted in a reduced residual
stress in coatings. Residual stress increases with an increase in coating thickness, while an

increase in number of graded layers maintaining, the same thickness decreases in residual
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stress [85, 91]. Hasan [49] found that the residual stress decreased with an increase in number

of deposited layers.

2.8.3 Applications of Functionally Graded Coatings

Thermally sprayed nickel-based alloy coatings are used in a variety of applications, for
example as bond coats for thermal barrier coatings (TBCs) on turbine components, as
restorative layers for machine parts, as bond coats in internal combustion engine cylinders, for
corrosion protection of boiler tubes and in numerous other applications requiring wear-, high
temperature- and corrosion-resistant surfaces [140-145]. Since its invention in 1987,
functionally graded coatings have been applied to various fields and sectors to enhance the
performance of components. The most frequent application of functionally graded coatings is
as TBC. Duplex thermal barrier coatings, consisting of a metallic bond coat and a ceramic
top-coat, are applied in diesel engines, gas turbines and aircraft engines to increase the service
life of their components [146-149]. The metallic bond coat increases adhesion with the
substrate, while the ceramic top-coat reduces the temperature of the bond coat and substrate.
However mismatch of properties between the bond coat and top-coat induces cooling residual
stress, which in turn causes delamination and spalling of the duplex coatings [150,151].
Functionally graded coatings, consisting of a metallic bond coat, ceramic top coat and
intermediate layers consisting of different compositions of ceramic and metallic materials, is
one way of reducing delamination and spalling of thermal barrier coatings [3, 5, 91, 97,152,
153]. The bond coat increases adhesion with the substrate; the top coat reduces temperature of

the interlayers and substrate, while the intermediate layers decrease residual stress.

Another important application of graded coatings is in the biomedical field. Several
researchers report the use of functionally graded ceatings in engineering [154-162]. Kon et al.
[154] and Wang et al. [156] manufactured functionally graded coatings of calcium
phosphate/titanium. The calcium phosphate top coat gave excellent biocompatibility; the
titanium bond coat gave mechanical adhesion strength with the substrate, while the gradient
interlayers decreased residual stress build-up and increased coating adhesion. Verne et al.
[159] deposited bioactive glasses and particle reinforced composites on alumina substrate in
order to combine mechanical properties of high strength alumina with the bioactivity of the

coating. A graded structure in the coating was used to minimise the stress build-up. Khor et
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al. [136] manufactured hydroxyapatite/Ti-6Al-4V functionally graded coatings using the
plasma spraying process. Hydroxyapatite (HA), which is widely preferred as the bioactive
material in both dentistry and orthopaedics gave favourable osteoconductive and bioactive
properties, titanium bond coat gave excellent strength to the coatings, while the interlayers
decreased  stress. Remer et al. [157] reported improved bond strength of
titanium/hydroxyapatite (HA) coatings, while Liu et al. [158] reported improved bond
strength of Ni-P-PTFE coating by obtaining composition gradation in their coatings.
Multilayered non-graded HA coatings have already been manufactured using the HV 2000
HVOF process [163], so this process may be the next technique in producing functionally
graded hydroxyapatite coatings, not only to reduce residual stress, but also to produce

coatings suitable for biomedical applications.

The Automotive industry may be a potential field for the application of graded coatings.
Weight reduction in automobiles is particularly important. The average vehicle weight is
expected to increase, as the automobile industry continues to market new models with luxury,
convenience, performance and safe cars as demanded by their customers [164]. According to
the “European Transport Policy for 2010: time to decide”, by 2010, the demand for mobility
will increase in the EU by 24 percent in the passenger domain [165]. Replacing steel or iron
parts by lightweight materials is a useful way of reducing vehicle weight. Several researchers
[166-172] mentioned the importance of lightweight materials like aluminium. magnesium and
titanium in the automotive industry. Reduction in vehicle weight, in turn increases fuel
efficiency. As an example, 10 percent of vehicle weight reduction results in a 8 to 10 percent

fuel economy improvement [ 164].

HVOF sprayed Inconel-625 [173] coating has demonstrated that spraying process variables
are important factors where corrosion and erosion are concerned. Low porosity and oxide
content generated from low powder feeding rate and short spray distance within the specified
range from the equipment manufacturer produce hard coating surfaces with good corrosion
and erosion resistance. These coatings are also applicable for the severe corrosion and erosion
environments of different industrial applications [173]. A wide range of alloys is being
evaluated for use in a new generation of seawater valves for the U.S. Navy [174]. This new
generation of valves is being developed to reduce valve life cycle costs and to ensure
materials compatibility with advanced seawater piping materials such as commercially pure

titanium. Part of the evaluation includes assessing the corrosion performance of candidate

41



valve materials. Crevice corrosion performance is of particular interest since valves are
connected to shipboard piping systems with flanges and since valves contain numerous
internal crevices. The Crevice corrosion tests were performed at constant temperature, in
natural seawater under both quiescent and flowing conditions. Bronze, copper-nickel, and
nickel-copper alloys, which are currently used in Navy valves, were used as standards by
which the performance of stainless steel, nickel-base, titanium, and cobalt alloys could be
measured. No crevice corrosion was observed on any of the titanium or cobalt alloys tested
while the stainless steel and nickel-base alloys ranged from fully resistant to highly
susceptible to corrosion [174]. The Wrought alloys were typically more resistant to crevice

corrosion than their cast equivalents [174].

A series of NiCr spray forming runs were completed in order to investigate the mechanisms
for exceptional high strength and ductility in previous spray formed (using whole process)
SONi-50Cr (all compositions in wt %) tubes. Although test results showed good strength, the
best mechanical properties of these spray formed alloys were not achieved. The mechanical
properties of this eutectic region alloy were found to be sensitive to small changes in
processing parameters and chemical composition. More specifically, it was found that slight
increases in chromium and nitrogen content could increase strength but decrease ductility and
fracture toughness. Crevice corrosion testing was also performed on a spray formed 50Ni-
50Cr disk. After a six-month exposure in coastal seawater, the alloy showed no evidence of
crevice corrosion. This result may be a result of one or all of three different known corrosion
resistance enhancements: small-scale spray formed microstructure, increased chromium, and
increased nitrogen. Slow strain rate (SSR) tests were also performed on 50Ni- 50Cr samples,
which showed good performance under freely corroding conditions, but experienced a
reduction in maximum load under polarized conditions. Based on the results of this series of
NiCr spray forming experiments, it is proposed that their future work included NiCr alloys
with slightly higher nickel and lower chromium contents (52Ni-48Cr). These changes are
likely to increase fracture toughness values without compromising strength and corrosion
resistance. It is also suggested that future corrosion tests compare spray formed and cast NiCr
alloys, as well as varying the chromium and nitrogen components in order to pinpoint and
capitalise on the reason for the excellent crevice corrosion resistance of the SONi-50Cr
materials [175]. Recently, a host of carbide based alloys including WC-Co-Cr, NiCr-Cr;C,,
WC-WB-Co and so on have been developed in an attempt to bridge the gap between

providing both wear and corrosion protection [176,177]
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Functionally graded coatings have other potential application areas including improved

machine tools with high fracture toughness, lightweight armour materials with high ballistic

efficiency [137], optical components [178] to mention a few. Thin film optical coatings play

an important role for the design of optical components used in the laser field. Optical

components with graded coatings allow the improvement of the quality of the laser beam

without introducing additional optical elements inside the cavity.

According to the Thermal Spray Materials Guide [65], typical properties and applications of

Diamalloy 1003, Diamalloy 1005 and Diamalloy 2001 powders are shown in Table 2.8 with

chemical composition.

Table 2.8: Typical applications of stainless steel/nickel base alloy powder [61, 65, 179]

restoration and build-
up
eEquivalent to: 1236
°F

Iron Base Alloys
Code Powder Composition | FST p/n Size Typical Properties | Typical
Name of | Type Range and Application Applications
Coating (pm)
powder
Diamalloy 316 Cr 17% M-684.33 | -53+20 | ®Good corrosion Gas  Turbine
1003 Stainless | Ni 12% properties Fan Seals,
Steel | Mo 2.5% eSmoothand easy ©0 | 1 54 Tempt.
Si 1% machine coatings Practice
oGood against .
C 0.1% Erosion
fretting, cavitation
Fe Bal. )
and errosion
eGood for
Atomised dimensional




‘Nickel Base Alloys

Diamalloy | Inconel Cr 21.5% M- -53+20 | ®HVOF and Air Chemical
1005 625 Mo 9% 326A.33 Plasma Processing &
Nb 3.6% *Excellent high Pollution
Ti <0.4% temperature Control
oxidation and )
Al <0.4% Equipment,
Fe <0.5% cotrosion properties
e <0. Repair &
7 eGood for repair and 3
Ni Bal . - Restoration of
build-up similar
chemistry super alloy Inconel 625
components Gas Turbine
eUseful up to 980 °C | Components
(1800 °F)
eEquivalent to:
Diamalloy 1005,
1265 °F
Nickel Base Alloys
Diamalloy | NiCrSiB | Cr 17% M-771.33 | -534+20 | eHVOF Piston rings,
2001 Fe 4% oSelf Fluxing type | Cylinder
Si 4% alloy liners, Utility
B 3.5% *Gogd corrosion and exhaust fans,
wear resistance
C 1% Thread guides,
eScrviceable up to
Ni Bal. Hot forming
820 °C (1500 °F)
Coatings are dense dies, Forging
Gas and essentially oxide tools
Atomised free
eEquivalent to:
1275H,  Diamalloy
2001

In current research all of the three powders mention above (and these are all used in this

research) contain Nickel and Chromium. Chromium improves corrosion resistance and

mechanical properties at elevated temperatures [115], and Nickel and Chromium combined

(Diamalloy 1005) increases strength and weld ability [115].
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Nickel-Chromium Phase Diagram
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Figure 2.15: Nickel-Chromium Phase Diagram [115].

The thermal spray coatings deposited by the HVOF process, exhibit lower cavitations wear
rates than the thermal spray coatings deposited by the plasma spray process, as determined by

laboratory testing using the cavitations jet test apparatus [180].

Corrosive environments, on the other hand, call for different materials, and hardness is not
normally a factor. 316 stainless steel is the most universally selected material for use in
corrosives environments. It has a wide resistance to corrosion, and because of this many

manufacturers have made this a standard material, due to its reasonable cost [ [81].
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Figure 2.16. A corrosion-resistant 316 stainless steel pump [181].
HVOF thermal sprayed coatings offer higher density, better wear and corrosion resistance,
higher bond strength, lower oxide content, less unmelted particle content, better chemistry
and smoother as-sprayed surfaces compared to other thermal spraying processes. This is due
to the high particle velocities associated with the system to propel molten material at
supersonic speed towards the substrate [44]. However the deposition of thick coatings is still a
problem due to the build-up of residual stress [77-78]. Functionally graded coatings in which
the CTE and elastic modulus vary gradually from the substrate to the coating [3, 21, 90,
93.137] are clearly one method of reducing residual stress. The current research investigates
an innovative modification of a commercial HVOF thermal spraying process to produce
nickel base alloy/stainless steel functionally graded coatings to prevent the surface of
substrate from erosion or corrosion. A two-powder co-injection method is chosen here to
deposit graded coatings. The current HVOF thermal sprayed facility, along with the design of
a dual powder feed which was manual operated system required to deposit graded coatings is
described in the following chapter. While the functionality of the Nickel based alloy/Stainless
Steel coatings under corrosion environments will not be tested in this research, the aim will be

the design of an automation system to mix powders and to produce FGMs.
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CHAPTER 3

HVOF EXPERIMENTAL EQUIPMENT
AND PROCEDURES
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3.1 INTRODUCTION

The aim of present study is to produce Functionally Graded Thermal Spray Stainless
Steel and Nickel base alloy coatings. In this chapter, the HVOF thermal spray facility
used in the research is described. In addition to the process equipment, the newly

installed Vaporising unit used during this technique is also presented.

In this current research the HVOF thermal sprayed facility used is a manually controlled
continuous combustion Sulzer Metco Diamond Jet thermal spray system. It consists of
two units: the spraying system and its support system. A newly installed vaporizer unit
has been used to get better flow rate of fuel gas, which was installed in 2006 by the
B.O.C gases company (U.K) and it is a part of the support system. Both systems are
integrated together, to produce coatings. Figure 3.1 shows the complete thermal system

used in this present research.

48



3.2 HVOF THERMAL SPRAYING SYSTEM

The HVOF thermal spraying system consists of the following:

1. Diamond Jet (DJ) gun
2. Powder feed unit

3. Gas supply and flow meter unit
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Figure 3.1: Schematic of the HVOF Thermal spray system [30].

49



3.2.1 Diamond Jet (DJ) Gun

A schematic and photo of the Diamond Jet (DJ) gun used in the research are shown in
Figure 3.2. The gun weighs approximately 2.27 kg and may be hand held. The Sulzer
Metco thermal spraying system uses oxygen and fuel gas to melt the particles and
compressed air to cool and produce a high velocity gas stream in the gun nozzle. This gas
stream, when ignited to the front end of the gun, as a luminous white, produces a
supersonic flame containing diamond-shape shock waves hence the name ‘Diamond Jet’.
In this current research, propylene (C3Hg) was used as a fuel gas. Due to combination of
high fuel gas, oxygen flow rates and high pressure generate this supersonic flame. The
system gases and powder material enters the back-end of the gun and pass axially through
towards the front end, where mixing of the gases and combustion occurs by igniting the
front of the gun using a flint lighter. The high kinetic energy of the powder produces
well-bonded coatings with high bond strength and low porosity [182]. It must be noted
that HVOF systems from different manufacturers, can produce different coatings and
vary in their properties. Different HVOF system differences have been reported by
Harvey et al. [183].

The front end of the gun consists of various nozzles and inserts designed to control the
flow rates of the individual gases. These nozzles and inserts increase the pressure of the
gases and this, together with the combustion of the gases, increases particle velocities up
to 1350ms ' [43]. The nozzle and insert sizes may be changed depending on the type of
powder material in use. The materials will have different melting temperatures and grain
sizes, therefore varying the gas flow rates, increases or decrease the combustion
temperature (used to melt the powder particles) of the chamber, and velocities of the
powder material. The front end of the spray gun consists of four concentric assemblies, a
powder injector, a siphon plug, a nozzle assembly and an air cap assembly, as shown in
Figure 3.3. Further in depth information about this HVOF DJ gun description has been
reported by Stokes [30].
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Figure 3.2: The Sulzer METCO Air-Cooled HVOF type Diamond Jet (DJ) gun [30].
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Figure 3.3: Schematic of the HVOF DJ gun front-end hardware [30].

3.2.2 Powder Feed Unit

Sulzer Metco provides a powder feed unit to go with their DJ HVOF Thermal Spray
system. The desired powder is fed from the powder feed unit through a carrier gas, to the
DJ gun where combustion occurs. Typically nitrogen is used to carry the powder
particles. The powder feed unit comprises a hopper assembly, air vibrator, load cell, feed
rate meter and control cabinet as shown in Figure 3.4. The unit is completely self-
contained and is designed to deliver the powder to the gun at a precise flow rate [184].
The powder material is placed inside the hopper assembly. Due to action of gravitational

force, vibration of air vibrator and nitrogen gas pressure within the chamber powder
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drops into the powder port shaft (Figure 3.5). The nitrogen carrier gas flows through this
port shaft and, whilst doing so, carries the powder on its way to the combustion zone of
the gun. By adjusting the carrier gas flow meter control, the flow rate of the nitrogen gas
is regulated and this is set according to the data outlined in the application charts [62]. A
switch on the gun activates the powder allowing it to flow from the hopper to the
combustion chamber within the DJ gun, and the amount flowing is displayed on the feed
rate meter (in gmin' or lbs (hour)™!), measured by the load cell provided. The feed rate
meter has an accuracy of = 0.1 gmin'I and a range of 0 to 100 gmin'l. There are two
different coloured lights present on the control panel of the feed unit system, which act as
Pressure and Powder Feed ON/OFF indicators. Further details have been reported by

Stokes [30], hence these details will not be expanded upon here.

The current research is mainly concerned about the development and re-design of the

Hopper unit, which will be detailed in the following chapter.
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Figure 3.4: The DJP powder feed unit used in the HVOF process [30].
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3.2.3 Gas Supply and Flow Meter Unit

The current HVOF thermal spraying system uses oxygen, and propylene as the
combustion gas. Oxygen is used as an oxidant during combustion, and is required at high
flow rates. Propylene is used as fuel during combustion. The pressures may be adjusted at
the manifolds of each set of fuel tanks. Compressed air is also used by the system for four
reasons. A small proportion of the compressed air is used to cool the combustion

chamber of the gun (as the gun is air-cooled), while the majority of the air is fed through
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the nozzle assembly to accelerate the particles onto the substrate. The compressed air
requires an air control unit, to filter and control the air pressure to the gun. The
compressor providing the compressed air operates at pressures in the range 6.8 to
10.2Bar, and flow rates from 300 to 1500 SLPM (Standard Liters Per Minute). Another
small amount of compressed air used to control the linear motion of the DJ gun. Finally
some air is also used to accelerate the Air Vibrator in the hopper unit. Nitrogen gas used
as the powder carrier gas in the system. The cylinder of nitrogen gas has located outside
the HVOF lab, and another nitrogen gas cylinder was also placed outside of the HVOF

lab with the other gases and used to pressurise the propylene cylinder.

The optimum pressures of these gases depend on the powder material used for deposition
and suggested pressure values may be found in the Sulzer METCO data charts [62]. For
safety reasons, each gas facility mentioned was repositioned during this study outside to
the HVOF lab in the thermal spraying housing area, all except the compressed air. A
vaporizer was installed which was connected with the fuel (propylene) gas (as shown in
Figure 3.1 and 3.8) to attain better flow rates during the winter or in cold weather. A
detail about this has been described later on support system section. The gases (oxygen,
air and propylene) leave their supply units and flow to the gas flow meter, where their
flow rates are regulated (Figure 3.6). A type DJF gas flow meter unit as shown in Figure
3.6 was used to control and regulate the supplied gases. There are mainly three parts; gas
tube flow meters, pressure gauges and accurate flow adjustment valves. The rate of
different gases required depends on the spraying condition and the coating material.
Twisting the respective adjustment valve can control the flow rate of a particular gas.
Flashback arrestors and check valves are installed in both the oxygen and propylene lines
to guard against the danger of backfire and to make the system safer. The pressure and
flow rates may be adjusted within + 0.1 Bar and + 1 Flow Meter Reading (FMR); within

arange from O to 11 Bar and O to 100 FMR respectively.
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3.3 SUPPORT SYSTEM

Thermal spraying equipment should be operated in a safe and workable environment.
Due to safety reason; proper functioning facilities must be installed prior to the spraying.
In addition powder materials that are used during thermal spraying are very often
hazardous. These powder materials are very fine and these are seriously harmful to lungs
and eyes; therefore personal safety equipment must be worn before spraying. Under the
heading of supporting systems, the following are discussed: the vaporiser unit, grit
blasting unit, traverse unit, spray booth and exhaust system, facility isolation, cooling

system furnace and safety equipment.

3.3.1 Vaporiser Unit

The main objective of this newly installed vaporiser unit is to evaporate liquid propylene
and pressurise it; hence the designed flow rates of this fuel gas are achieved during cold
weather. Up to the previous research, propylene gas cylinders were placed inside a room
(in the R+D building) and this gas was heated up by increasing the room temperature
using electrical heaters, which was not a safe system. Last year a propylene vaporiser unit

was installed and integrated with the DCU HVOF thermal spray system.

A schematic diagram of this vaporiser has been shown in Figure 3.7. This Vaporiser
requires water (D-Ionised Water) plus 33% Glycol Mixture (Ordinary Anti-Freeze) and is
heated up by electrical power supply (heating element). First, one switches on the power
supply, the Flame Proof Lid should be open as shown in Figure 3.7 (b) To set the
Vaporiser Operating Temperature as shown in Figure 3.7 (c) to 70 °C and the Cut-Off to
80 °C. This means that if the Vaporiser for some reason goes above 80 °C, rather than the
element burning out, the green trip switch would go to an ‘OFF’ position as shown in
Figure 3.7 (c). At this position the heater turns off. To turn it on again operator must press

the green trip switch to its ‘ON’ position as shown in Figure 3.7 (¢).
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Figure 3.7: A schematic diagram of vaporiser and its initial set up [185].

A schematic diagram of the connection of vaporiser system is shown in Figure 3.8. After
switching on the electrical power supply one must wait for 30 minutes (approximately,
depends on atmospheric temperature) for the Vaporiser to heat up to the 70 °C, according
to the Vaporiser Temperature Gauge (Figure 3.8-(a)). To allow the propylene to flow to

the HVOF process; one must open the nitrogen line and then set the nitrogen pressure
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(which pushes the propylene) regulator to 7 Bar. Then the propylene lines are opened,
first the Blue tap and then the red tap as shown in Figure 3.8 (b). Propylene will only
flow into the vaporiser if the vaporiser is at 50 °C or higher (as set on the Blue bimetallic
strip arrangement Control behind the Flame Proof Lid (Figure3.8-(a)). So the summary of
this system is; when nitrogen goes into the propylene cylinder it forces liquid propylene
towards the pre-heated vaporiser and is vaporised and then finally flows to the HVOF

facility (via into the gas flow meter onto the DJ gun).
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Figure 3.8: A schematic diagram of the connection of vaporiser unit [185].
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3.3.2 Grit blasting unit

A clean substrate surface is key to achieving good quality coatings, and there are several
methods of preparing substrates surfaces, grit blasting being one of them. Grit blasting
can often be used as a dry particle erosion device and as a shot peening operation. The
adhesion of a coating is directly related with the cleanliness and roughness of the
substrates surface. Increasing the roughness of a substrate is a familiar method of
cleaning a surface [186], and this has the added advantage of increasing the bond strength
between a coating and its adjoining substrate. A grit-blasting unit supplied by Sulzer
METCO, known as the Ventublast Mammouth (shown in Figure 3.9), was used to
prepare substrate surfaces for the research carried out at DCU. It has a large internal area
of 0.87 m? and the system also includes a hand held blasting gun and a grit collector
facility. The grit is collected into a compressed air stream by vacuum effect, and
propelled onto the substrate. The impinging grit falls down through a grid into the
collector for recycling purposes. This blasting unit also consists of an eye visor by which
the entire process can be observed by the user. Varying the air pressure and the blasting
distance; controls the substrate surface roughness within the range of 6 to 15um (for SiC
which was used in this study). A mount designed previously for the erosion of coated

samples, allows various blasting distances and impact angles to be selected accurately.
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Figure 3.9: Photo of the grit-blasting unit used to prepare samples for coating deposition.

3.3.3 Gun Traverse unit

Previous research indicates that, due to manual operation of a thermal spraying process,
residual stress was found to increase in the deposited material [30]. Hence to overcome
such a problem, a semi-automated process for traversing the spray gun was developed in
the DCU Materials Processing Research Centre [30]. A LX-L20 Series Linear Stepper
Motor (LX stands for Linear X-direction) was used to traverse the spray gun back and
forth across the face of the substrate. This traverse unit developed by the Parker-Hannifin
Compumotor Division operates using electrical magnetic principles. It has two main
components; the stationary component called a platen, and the moving part on which the
gun is mounted, called the forcer, (Figure 3.10). To control this unit a driver (provided by

Parker-Hannifin Compumotor Division) is used and the traverse procedure is
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communicate to the driver by the user through a computer connected via its serial port. A
specially written computational program was used to control speed and accelerations to
accomplish an ideal path of motion of the gun during spraying. The distance was set by

moving the assembly inwards/ outwards from the substrate, (Figure 3.10).

Spraying

Gun Mount Direction

Move a5,
Gun up / Vi
and Down Woid

d - . ) . ‘ - \ 4
PR : A I i R :Ime
- N sSet=up
o / LV Inwards
Forcer < )
g a and
Traverse Direction Platen

outwards

Figure 3.10: Various planes and directions relevant to the linear traverse unit [23].

3.3.4 Spray Booth and Exhaust System

For the health and safety reasons it is important to limit the hazardous effect of fumes and
airborne materials on the operator. Due to this reason a spray booth (Figure 3.1) collects
all airborne dust, fumes and over-spray within its enclosure. This wet collector extracts
these hazards materials. This works on the principle of sucking air (by a centrifugal fan)
from the operation area (picking up all air-borne particles and fumes) carrying them
through a water reservoir, where the waste products submerge. It is essential to confirm
that the water level is topped up before deposition, and that contents the within the

reservoir are properly discarded, to get the best performance out of the system.
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3.3.5 Facility Isolation

During the thermal spraying operation, airborne metallic dust particles and fumes and
high sound levels (126 dB [30] as measured in the DCU HVOF lab) are generated in the
surrounding area. Most of these are removed by the extraction system, however the
thermal spray gun (HVOF DJ gun) during thermal spraying operation generates high
noise levels in the region of 126dB [30] (similar to that generated by a jet airplane).
Additionally the extraction system generates 85dB [30]. When both systems (gun and
extraction) are run together; they generate up to 130dB [30]. Hence it is essential not only
to isolate the spraying equipment into a confined room, but also to insulate the room with
a sound proof material. In the HVOF lab facility a cavity wall of peg-board sheets is built
in, where the central portion is filled with fiberglass. To support the structure and protect
the surrounding room in case of fire, the exterior of the room is covered with Steel sheet

material.

3.3.6 Cooling System

In order to run continuous spraying, while limiting the rise in spraying temperature, a
carbon dioxide cooling system facility is also available in DCU HVOF facility. Stokes
[23] reports details about this cooling system; however as this was not used in the current

study no more discussion on this will be made here.

3.3.7 Furnace

After spraying, post-heat treatment reduces internal stresses in the coatings for this reason
a furnace is used. In DCU’s Materials Processing Research Centre; Post-heat treated
samples are heated in a furnace developed by Lenton Thermal Designs (Type EF 10/8) up
near the coatings recrystalisation temperature and allowed then to cool slowly in the

furnace according to stress relieving techniques. The furnace is equipped with an
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analogue temperature controller, which controls the temperature to within = 3 °C. This

furnace operates at a temperature range between 0 to 1000°C.

3.3.8 Safety Equipment

For safety issues, caution and care must be exercised during the thermal spray operation
and full and appropriate attention must be given to the instruction and cautionary
statements detailed in the operational and installation manuals. Users must be properly
trained on how to safely use the equipment, and in addition become familiar with the
safety practices of the process according to the specified regulations. There are few basic
safety measures for thermal spraying, which should always be observed. These include,
good housekeeping, proper material/gas storage and handling practices, appropriate use
and maintenance of equipment, appropriate training for operators, proper exhausting of
gases and fumes and appropriate safety protection attire (clothing, ear, eyes and respirator

protection).

During thermal spraying operation, personal safety is always up to the operator. The
operator must always be aware of all of the hazards that may be present (that is eye, skin,
hearing, respiratory). Eye protection is required when one uses the HVOF spray
equipment due to the presence of ultraviolet and infrared radiation. Eye protective
glasses or shields of shade #5 (welding glasses) or greater is essential for the operator
during thermal spray. Operators need earmuffs and earplugs due to high level of noise
(130dB) generated during HVOF thermal operation [187]. Fire resistant clothing and
heat resistant gloves are necessary during the operation. Two-filter type (one for particles
and another for gas protection) respiratory mask must be worn not only during thermal
spray but also during powder pouring or powder changing with the powder hopper. Clear
eye protection and rubber gloves are also necessary to protect the eyes and skin from the
powder material as some of them cause irritation. Once the HVOF operation has finished,
hands must be properly washed with soap and water to avoid ingestion or irritation of the

powder material.
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In industrial sector, normally the operator remains outside of the spraying area and
control the whole process from a monitor station. But in research operators need to stay
within the housing area in order to assess the quality of their results. In current research,
one proposal has been made; to make the process semi controlled from outside the
spraying room. The DCU HVOF lab will be monitored by a computer and web cams
mstead of installing expensive CCTV system during thermal spray. For this purpose four
web cams and a controlling software would be needed, while the computer is already
available in DCU HVOF lab. For this installation, the cost would be approximately €250.

The adaptation of this proposal may be the focus of future work.
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3.4 HVOF SPRAYING PROCESS

The total HVOF thermal spraying process used to produce stainless steel and nickel base
alloy coatings is described in the following sections; surface preparation, pre-heat

treatment, spraying process and the post-heat treatment.

3.4.1 Surface Preparation

In most coating processes the integrity of the deposit is vitally dependent on the condition
of substrate surface. However surface cleanliness in the true scientific sense is never
achieved. Generally eroding the surface by a harder material carries out this cleaning
process of the substrate surface; grit blasting is well-known process for this. For heavy-
duty applications large metallic grits which, because of their momentum, can remove
surface scales as well as providing a course texture to support thick coatings. On the other
hand for thin coatings this process is carried out with finer ceramic (Al,Os, SiC) grit
materials. A freshly prepared surface is very effective and thermal spraying operation

must be carried out as soon as possible after grit blasting.

3.4.2 Pre-Heat Treatment

Exposing the surface to a high temperature, a process known as pre-heat treating,
eliminates moisture build up on the substrate surface. This is done by igniting the gun and
heating the substrate with the gun’s flame up to the desired pre-heat temperature before
spraying; prior to deposition. This process has also been shown to reduce residual stress

during quenching [23].

3.4.3 Spraying Process

Spraying of a material depends on the thermal spraying process used and the type of

material being sprayed. Sulzer METCO has outlined recommended spraying parameters
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for the deposition of stainless steel and nickel base alloy powder as shown in Table 3.1.
In terms of coating quality, optimisation of these parameters is essential. All safety issues
that were described earlier must be confirmed before spraying commences. The vaporiser
unit must be turned on first. After this the extractor is switched on and the stainless steel-
nickel base (SS-Ni) alloy powder is poured into the hopper of the powder feed assembly.
The compressor should be turned on before igniting the gun (keeping the gun cool) and
the pressures and flow rates shown in Table 3.1, for lighting must be set. The oxygen
bottles are opened and set to the pressure as shown in Table 3.1. and then its gas flow rate
is adjusted at the gas flow meter. Propylene is then lastly run through and its parameters
are set. The gun is then ignited and set up for spraying of the SS-Ni base alloy. Nitrogen
is allowed to flow through the powder feed unit by adjusting its parameters. The powder
is fed to the gun by switching on the feed button on the gun. The flow rate of the gas and
powder is then adjusted to 50 FMR and 38gmin” respectively. The powder ratio mix of
SS and Ni powders entering the gun is controlled by newly developed automated system
with two linear actuators via a computer. The development of this facility is the main
concern of this current research, which will be detailed in the next chapter. The spraying
distance is controlled by the use of the linear motor and it also controls the traverse speed
of the deposit (120 mm/s). After deposition, the samples of coated substrates are ready

for post-heat treatment.
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Table 3.1: Gun settings and spray parameters for Stainless steel and Nickel base alloy

coating material [188]

Gun settings and spraying Powder Material
parameters Austenitic Nickel base Fusible Nickel
Stainless Steel Super alloy base alloy
Diamalloy 1003 | Diamalloy 1005 | Diamalloy 2001
Siphon plug 2 2 2
Air cap 2 2 2
Shell A A A
Insert 3 3 3
Injector 3 3 3
Oxygen Pressure (Bar) 10.3 10.3 10.3
Oxygen Flow (SLPM) 265.4 309.7 278.1
Air Pressure (Bar) 5.2 5.2 52
Air Flow (SLPM) 317.0 345.5 338.6
Propylene Pressure (Bar) 6.9 6.9 6.9
Propylene Flow (SLPM) 71.4 74.9 74.9
Spraying Rate (gm/min) 45 60.5 38
Spraying Distance (mm) 200 150-300 150

A Stainless Steel (EN-standard Steel Name: X2CrNiMo18-14-3 or ASTM/ASTI Steel
Type: 316L) Substrate was selected according to the following dimensions and after grit
blasting it was placed onto the holder (as shown in Figure 3.11) and this holder was then
placed onto a holding vice for spraying. Two types of spraying combination was selected;
one for Diamalloy 1003 with Diamalloy 1005 and another for Diamalloy 1003 with
Diamalloy 2001. A spray distance of 200 mm was selected for the first combination and

150 mm for the second one according to [188].
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Figure 3.11: Sample substrate (Stainless Steel) onto a substrate holder.

3.4.4 Post-Heat Surface Treatment

Basically these sprayed coatings are ready to use. But in most specific applications they
need to be ground and polished to reduce them to the required surface roughness. To
change the coating phase composition, to reduce porosity or to improve other coating
characteristics heat treatment via the use of a furnace is essential. There are several ways
of heat treatment process but furnace treatment is common for this application in research

laboratories such as DCU.

3.5 COATING CHRACTERISATION TECHNIQUES

Observation of a specimen was conducted visually either macro or microscopically, to
enable the detection of the coating quality. These are the primary characterisation
techniques used to gain coating microstructure information (chemical composition, grain
morphology and orientation, defects and so on). There are numerous microscopic
analysis techniques available, including Optical Microscopy (OM), Scanning Electron
Microscopy (SEM) and X-ray Diffraction (XRD). However the XRD technique is not
used in this research but further information on the operation of these techniques may be
found in additional report by Stokes [189]. In most cases the coating surface (cross
section) is grounded and polished properly before optical examination. Blemishes
resulting from poor preparation include scratches, deformation, smearing, pull-out,

cracks, contamination and so on are detailed by Glancy [190].
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3.5.1 Microscopy

(a) Metallographic Preparation

To characterise of thermally sprayed coatings; Metallographic specimen preparation
is a valuable tool. This process can be categorise into the following four different

areas; sectioning, mounting, grinding and polishing.

(1) Sectioning

Sectioning is essential when the component under investigation is too large to handle
effectively. Sectioning control is necessary as inaccurate operation of sectioning
equipment causes debonding and over — heating of the section surface [191]. The
Buehler Abrasimet 2 Abrasive Cutter was used in the MPRC of the Dublin City
University. To section the specimen; force need to apply manually, hence the rate at

which sectioning proceeds, was determined by the operator.

(2) Mounting

There are two techniques available; hot-compression mounting and cold—castable
mounting. Hot-compression mounting involves setting the sample in the thermoplastic
or thermosetting resin subjected to elevated temperature (140-200) °C and high
pressure (20-40 MPa) for 7-10 minutes. In cold- castable mounting, the sample is
cured in epoxy at 80°C for 60 minutes and mounted in a vacuum. For the present
research the Buehler Simplimet 2000 Mounting Press was used to mount different
types of graded coatings using the first technique. A Phenolic resin (Phenocure®; high

Carbon contains) was used as a mounting material.
(3) Grinding
The next step of this metallographic preparation is grinding. The Buehler Motopol

2000 Semi-Automatic Specimen Preparation unit was used in the MPRC. The

Grinding technique was divided into two stages; plane grinding and fine grinding.
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(a) Plane Grinding

This is the removal of the damage experienced during sectioning and brings all the
specimens in the holder to the same plane; plane grinding process was carried in this
research. P60 (very coarse) Silicon Carbide paper with water as lubricant was used for
60 seconds to machine away the excess damage of the surface; after which the

abrading particles were washed away.

(b) Fine Grinding

This is the removal of the deformation experienced during the plane grinding stage
and is referred to as fine grinding. During this process again silicon carbide paper is
used to fine grind the samples, but the procedures moves from a coarse (P200) up to a
fine abradable paper (P1200) plus water as lubricant. Each abrasive size is used for
five minutes in turn, starting from P200 towards P1200. Finally a Diamond solution
can be used to reveal the final microstructure of the sample. In the present research,
only the P240, P400, P600 and P800 abradable papers plus water were used for a

duration of four minutes to fine grind the graded coating samples.

(4) Polishing

Optical microscopy requires that a specimen must be both flat and highly reflective.
Hence the polishing is a necessary step in metallographic preparation. Figure 3.12
shows a sample specimen after sectioning, mounting and polishing. Extensive details
on the grinding and polishing procedure may be found in additional report by Stokes

[189].

i 1d
Specimen Holder i Mounted thermoplastic

resin (Phenocure)

Specimen

Figure 3.12: Sample specimen of a functionally graded coated (Diamalloy 1003 and
Diamalloy 1005) Stainless Steel substrate.
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CHAPTER 4

PRODUCT DESIGN, VERIFICATION
AND OPERATING PROCEDURES
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4.1 INTRODUCTION

As mentioned earlier, thermal spraying can be used to produce interlayers of

functionally graded coatings in two ways:

1. Using pre-mixed powders to produce different layers or

2. Co-injecting two different powders and varying their composition during

spraying

In this current research the latter method will be demonstrated as a method of
producing functionally graded coatings. However as this research will use the existing
HVOF facility, only one or a single powder mixture can be sprayed at any one time.
Therefore some initial developments of the existing system were carried out by a
previous researcher Hasan [49] and the resulting patent in the MPRC to deposit two
disimilar powders simultaneously. So at present there is a manual design in HVOF
facility to spray two powders at the same time in order to produce FGM coatings as
designed by Hasan [49]. However as this system is manually operated, the operator
must controls the proportion of powder flow of the feed unit system by hand, which
leads to very little control of the resulting microstructure. The aim of this current
research is to automate this device and enhance the design as recommended by Hasan
[49]. This chapter includes details about the proposed new design and the control

system by which the device becomes fully automated.
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4.2 DESIGN SPECIFICATION FOR AUTOMATED HVOF
SPRAYING EQUIPMENT (Dual Powder Feed Unit System)

The overall aim is to design and manufacture a mechanism, which will provide an
automated facility to control the proportion of the powder materials from an existing
feed unit device (known as the “Hopper”), in order to produce FGM coatings. The
mechanism designed should be capable of being integrated into the existing DJ
powder feed system. The proposed designs should try where possible to interface with

as much of the existing hardware or software within the HVOF facility.

4.2.1 Design Brief and Investigation of Possible Solutions

To develop a design solution for the current problem the following design
specification has to be considered. Considering performance; the design should be
able to provide steady, controllable motion either in the vertical or horizontal
direction. These mechanisms will have to operate in a dusty environment (powder
materials). Lifetime without maintenance should be at least 5 years. Installation cost
should be reasonable excluding PC resources. Any future maintenance cost should be
low. This mechanism must fit into the existing Hopper Feed unit system currently
positioned within the HVOF lab and must not restrict any other previous set up. The
manufacturing of the device must be limited to those provided by the DCU
mechanical Workshop; such as; Milling, Drilling, Turning etc. The design should
comply with all necessary safety regulations. All electrical equipment must be
insulated and grounded. The overall operating system should be easy to use and the
design process should be well documented to allow for future reference by an
operator and future developers of the system. Considering the above description, the

following investigation has been carried out to arrive at the above solutions.

4.2.2 Existing Products or Methods

Figure 4.1 shows the schematic diagram of the existing feed unit device proposed by a
previous researcher in DCU [49]. The proportion of the powder flow rate was
controlled by turning needle shaped bolts and this was carried out using manually.

These needle shaped bolts act as gate-valves. Basically these needles increased or
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decreased the opening diameter of the powder flow tube according to a desirable
amount related to rotation angle of the needle. This is controlled from the top (as
shown in Figure 4.1, marked by ‘1°). To make this an automated system any rotary or

linear motion must be controlled to vary the opening diameter of the flow tube.

4.2.3 Design Concepts and Possible Solutions

In the current research all of the design concepts are based on the existing powder
feed unit mechanism. Figure 4.1 shows a schematic diagram of the existing device
post this current research. Sections 1, 2 and 3 as shown in Figure 4.1 will be described

as concepts in the following section.

All dimension are in mm
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Figure 4.1: Sectional assembly drawing of the needle shaped bolt, the top plate, the
individual powder holders, the base plate, the inlet pressure tube, the powder flow tubes and

the powder feed hopper [49].
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Concept 1:

Figure 4.2 shows a sketch of Concept 1. (Section marker 1 of Figure 4.1) This concept
proposes two linear actuators (Linear actuator is based on a four phase permanent
magnet stepper motor technology and utilises a rotor with an internal thread to
provide linear motion via a lead screw) are supported by the hopper cover plate.
These linear actuators are provided with a lead screw and would have to be coupled
with the needle shaped bolts. When the lead screw is fixed (unable to rotate), the
operation of the motor imparts linear motion to the screw (this is transfer directly to
the needle shaped bolts). After energising the linear actuators, the needle shaped bolts
move upwards or downwards. Two linear bearings must be placed on the hopper
cover plate to align the needle shape bolts and these linear bearings also provide a
smooth vertical motion of the needles, thus the ultimate objective (Controlling the

diameter of the powder flow orifice) will be achieved.

Motors

\otor Hol dere f..Needl.i:- Shoped Boltl

e
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Figure 4.2: Schematic diagram of Concept 1.
77



Advantages:
» The lead screw of the linear actuator provides a linear relationship between

motor rotation and vertical motion enabling open loop control to be used; that

is no sensors are required to define the position of the assembly if the previous

amount of motor rotation is known.

» Installation of this design will not require much alternation to the existing

hopper design.

Percentage of dust particle contamination to the lead screw of the linear

actuator is less, through the use of bearings.

» No lubrication is necessary.

Disadvantages:
» Initial powder pouring into the device could be quite difficult as there may be
misalignment of the pointed end of the needle due to bearings placed at the top
of the device.

» Requires the re-design of few parts, so as to incorporate this concept into the

original design by Hasan [49].

Concept 2:

Figure 4.3 shows a schematic diagram of Concept 2 (Marker 2 shows the implement
area of this concept in Figure 4.1). A two-stepper motor is placed in from the side of
the Hopper casing and attached to two shafts. These shafts have two through holes,
which would allow powder to pass from the dual powder holder to the powder flow
tube. These shafts would be set on the base plate of the powder holder. In order to
couple the shafts and the motor, the hopper casing would require milling. Basically
this mechanism will work as a “water tap type configuration” where the rotation is
provided by the stepper motor. Due to motor rotation, the through hole of the shaft
also rotates. Which means the flow area will increase or decrease according to the

desired rate.

Advantages:
» Powder pouring will be easier compared to the Concept 1.

» Controllability should be easier.
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Figure 4.3: Schematic diagram of Concept 2.
Disadvantages:

» Machining of the original hopper casing is necessary, which is the main
limitation of this current research, as the hopper will never be able to return to
a single powder feed system if required.

» To buy another hopper to have as a replacement is too expensive.

» No room for motors within hopper chamber; hence external operation is the

only solution here.
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Concept 3:

Basically the mechanism described in Concept 3 is very similar to Concept 1.
However, Concept 3 replaces and re-designs the whole dual powder unit, as designed
by previous researcher Hasan [49] (instead of redesign of few parts) to produce a

more accurate powder-producing device.

Advantages:
» Re-design will be easier, providing the exact required dimensions and
controllability of powder flow.

» Will satisfy the aim of this project

Disadvantages:
» Re-design of whole device will be costly rather than replace and re-design of
few necessary parts, which are important for the current project.

e

» Designing and Manufacturing time will be increased compared to Concept 1.

4.2.4 Concepts Evaluation and Description of the Final Solution

After analysing the basic outline of the above of concepts to fulfil the requirements of
the project; the next step was the evaluation stage of each concept. The evaluation
process must fulfil two objectives: justify the chosen design and show why one
concept is better than the other ideas presented. A weight analysis approach was used
to evaluate each concept, based on a number of important factors. Each factor was
given a weight that was determined by how important that factor related to the final
design. The higher the weight value the more important that factor was to the final
design. This weight analysis provides a disciplined approach with rules and
procedures for the assessment of different concepts, and is a standard technique to use

when designing a product.

Four factors were chosen as the most important attributes in determining the quality

of each concept, namely:

1. Cost of Manufacture and Upkeep: The cost of making and operating a device like

this must be taken into account. This was given the highest weighting of 5.
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2. Manufacture ability: This is the amount of manufacturing time required to produce
the design and the complexity of the process involved. This was given a medium
weighting of 3.

3. Installation: This category represents the complexity in assembling and also the
amount of modifications required to integrate the design into the existing equipment
in the facility. This was given a medium weighting of 3.

4. Controllability: The ease or difficulty of implementing electronic control into the

system. This was given a high weighting of 4.

Table 4.1 shows the weight analysis approach where the concepts are listed along the
horizontal axis of a matrix (plus each level weighting); and on the vertical axis are the
categories under which the design approaches are to be evaluated. Each category is
given weighting between | and 5 (5 = Priority), defining how essential it is to the final
design. This is done using product design specification (PDS) as a guideline. Concept
2 and 3 were rated against Concept 1. In Concept 1 column, a level value of 2 times
each weighting is placed, and this was set as the point of reference. The other designs

were then compared to Concept | using levels as follows:
Better-3 x weighting
Same-2 x weighting

Poor- 1 x weighting

Table 4.1: Weight analysis table for the proposed three concepts

o Category Weighting Concept 1 Concept 2 Concept 3

(W) Level | WxL | Level | WxL | Level | WxL
(L) L) (9]

Cost 5 2 10 1 5 1 5

Manufacture 3 2 6 1 3 2 6

Installation 3 2 6 1 3 3 9

“Controllability 4 2 8 3 12 2 8

Total (Sum of Weighting x Level) 30 22 28

After observing the weight analyse table, it is clear that Concept 2 was evaluated as
the worst although it scored more in terms of controllability compared to Concept |

and 3. The main reasons Concept 2 fails are as follows:
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» Installation of the motor from side of the hopper casing is quite impossible due
to the hopper casing space. Machining of the main hopper (Powder feed unit,
provided by SULZER METCO) would be necessary to implement this design,
thus this was the main limitation of this current research as previously
explained.

» Damage of the outer casing of the feed unit is also a vital issue in terms of

cost.

Concept 3 and 1 scored almost the same but Concept 1 is acceptable as the best design

concept due for the following reasons:

» Replacing the whole unit (Concept 3) will demand extra manufacturing time
and cost.

» Re-design (Concept 1) of few components is more logical.

4.2.5 Detailed Drawings of the Chosen Solution

This stage of the design involved taking the sketch (Figure 4.2) of the chosen concept
and expanding it into a detailed design of each component involved in the assembly.
The objective of this process is to create a set of documents that will define the exact
mechanical configuration of the design. Measuring the dimensions of the hopper unit
was quite difficult due to its complex shape. Once all of dimensions and shape were
defined for all components; the next step was to create the drawing of the component.
The detail drawings were created using Mechanical Desktop and layout drawings of

all components created to the required dimensions may be seen in Appendix A.

To implement Concept 1, five components were re-designed and one component
(Motor/Actuator holder and bearing cover) was newly designed. The designed parts

(different to those involved in Hasan’s [49]) are listed as follows:

1. Actuator holder and bearing cover: Figure Al (Appendix A) shows the details of
this design. Two linear actuators will be used. These will also work as bearing covers
simultaneously. These holders (block type) were designed to attached to the top of the

top cover of the hopper unit.
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2. Needle shaped bolt: Two bolts were designed to be attached to linear actuators. For
coupling purpose the top of the needles were drilled and tapped and the lead screw of
the actuators were screwed into them. After that two M2 grub screws were used to
fix/lock each of them. Figure A2 (Appendix A) shows all the dimensions and the
shape of the Needle shaped bolts.

3. Top plate of the powder holder: This plate required re-design because; there were
two M10 threaded holes where the needle shaped bolt were placed in the previous
design [49]. However in the current project no threaded hole was necessary. The
surface of these holes was to be finely finished to allow smooth rotation of the needle
shaped bolts. Figure A3 (Appendix A) shows all the dimensions and shape of the re-

designed component.

4. Top cover plate of the hopper unit: Figure A4 (Appendix A) shows the schematic
diagram of this plate with all of its dimensions. Basically this plate will be a base
plate for the linear actuators mountings. The two linear bearings will be placed on to
this plate, which will allow smooth linear motion to the needle shaped bolts and also
helps to hold them at the top of the hopper unit. Its shape could be square or disc
shaped depending on available material size in the workshop. This plate was designed
to fix to the main hopper unit with four 8mm diameter counter bore 13 mm diameter

bolts.

5. Funnel shaped powder flow tube: This is the top part of the section 3 design in
Figure 4.1. Figure A8 (Appendix A) shows a schematic diagram of this component
with all of its dimensions. This part will be attached to the base plate of the powder
holder (Figure A6 of Appendix A). This part allows the flow of coating materials to

the mixing zone at constant rate.

6. Conical shaped powder mixing zone: This is a very important component in the
current research. Figure A9 (Appendix A) shows the details of this designed shape
and dimensions of this component. This component was designed to be placed inside

the hopper, on top of the built in (Hopper unit) powder pick up shaft.
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To fully complete Concept 1, two components were purchased from supply

manufacturers, such as;

1. Two linear actuators

2. Two linear bearing, which act also as bushings

The detailed drawings could not be completed until the exact information about these
components were known. These details of this component selection process are
described in the next few sections. It was necessary during this process to consult with
the technicians in the DCU mechanical engineering workshop about their ability to
produce the discussed components in the design. Manufacturing time, process and
machine restrictions were vital at this stage. When all of the drawings of each design
component was completed; a hardcopy of each drawing was printed out and given to

the mechanical engineering workshop for manufacture.

Some considerations were required during this drawing stage, which are as follows:
» Developing a simple non-complex component in order to keep manufacturing
time low.
Ensuring that the dimensioning style was consistent with workshop practices to

minimise manufacturing delay.

4.2.6 Design of the Motor Holder

Concept 1 was selected as the best mechanical solution, however as pointed some
modifications were necessary to improve the design, that is, to change the linear
actuators holders initial design concept. Instead of two separate holders (for each
motor), a single block type holder was designed, which contains both actuators, and
works as a bearing cover. This is why there was no necessity for separate bearing
covers. Figure 4.4 shows a drawing of the block type actuator holders, which was
designed to be fixed to the top of the top cover of the Powder hopper unit. Further

detail design drawings (including dimensions) are shown in Appendix-A.
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The modified design has a few benefits, which may be described as follows:

> Possibility of contamination of dust is very low.

» Manufacturability is improved, as there is a reduction in the number and
complexity of the components.

» Linear actuators (Motor) will remain safe and steady inside the block.

» Installation will be easier.

(a) Bottom View of the Motor Holder and | (b) Top View of the Motor Holder and

Bearing Cover Bearing Cover

Space for Motor

() 3-D wire frame of the Motor Holder and Bearing‘ Cover

Figure 4.4: Schematic diagram of the Motor Holder and bearing cover.
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4.2.7 Needle Material Selection

A designer can choose from a range of materials such as metals, polymers, ceramics,
composite and so on. One of the first tasks in a detailed design is the selection of a
suitable material for the design. The material’s attributes must be looked at in detail;
factors such as load carrying ability, working environment, machining ability and so

on must be considered [192].

For the entire mechanism, the needle shaped bolts are the most sensitive, as they will
be attached to the linear actuators to achieve linear motion. So the needle shaped bolts
have to be made of a light material such as nylon or aluminium. However nylon and

aluminium could be worn out and contaminate the coating materials.

Calculation for needle shape bolt density was necessary; to determine whether a
stainless steel or aluminium based material would be selected for these components.
In order to reduce the ‘effort’ generated by the motors, a light material was desired.
These needle shape bolts were designed to be attached to the linear actuators;
however the mounting area of these two linear actuators was limited. Hence it is not
possible to use bigger size actuators on top of the powder holder unit. For this reason
the weight or density of the needle shaped bolts were considered a critical factor. The

calculation was as follows:
The needle shaped bolts (Figure 4.5) was divided into two shapes. Top part was
cylindrical and the bottom part was triangular shaped. So, the volume of a bolt was

calculated using the following equations:

For a cylindrical shape volume (V)=Qr’h [r=Radius and h-Height] Equation 4.1
For a conical shape volume (V)=1/3Qr’h [r=Radius and h=Height] Equation 4.2

So, volume of the cylindrical shape was V=Q x (5/1000) > x (106.34/1000) m’
=835x 107 m’

And volume of the conical shape was V=1/3 x Q x (5/1000) 2 X (8.66/1000) m’
=227x 10" m’
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Adding these two, the total volume of the designed needle shaped bolt was found to
be:
V=8.58 x 107 m’

H10 mm
S
—t+— Cylindrical Part
10634 i
b
h=8.66mm y Triangular Part

Figure 4.5: Schematic of a needle shape bolt for design calculation.

For Mass calculation the following equation was used:

p=M/V Equation 4.3
Where, p=Density, M=Mass and V=Volume.
For Aluminium p= 2.7 [193] mg/m’

And for Stainless steel p= (7.5 to 8.1) [193] mg/m’

Hence by Equation 4.3, the mass of Aluminium was:

M=px V=27x 10°x 858 x 107 =231.623 gm

So, the Force calculation using the following equation
F=mg Equation 4.4
Gives F=(231.62/1000) x 9.81 =2.27 N

Similar for stainless Steel, (Considering p= 8.0 111gfm“)
M= 8x 10° x 8.58 x 107 = 686.291 gm
And the Stainless Steel Force required:
F=(686.291/1000) x 9.81 =6.73 N
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Although to drive stainless steel type needles requires more force compare to
aluminium made needles, stainless steel was chosen as the desired material for the
needle shaped bolts due to its better wear resistance property and the fact that the
force value for stainless steel was lower than the value given (Max. linear force 7.23
N and min. holding force 11.13 N) as per the linear actuator specification (Appendix
B1). The stainless steel was selected for this purpose and verified by a bench test
where the linear actuators were tested to see if the actuators were able to rotate the

stainless steel type needles.

4.2.8 Re-design of the Bottom Part of the Dual Powder Feed unit
System

As the working environment of this mechanism is free from temperature, pressure and
force; thus the rest of the components (Cover of the hopper, Top plate of the powder
holder and Two Motor holder & Bearing cover) could be made by either stainless
steel or aluminium depending on its availability within the DCU workshop and
machinability. Stainless steel has good corrosion resistant properties (both chemical
and oxidation) and stiffness’s at higher temperature. On other hand ductile aluminium
is readily machine able and also has good corrosion resistance but it is not as strong or
a cheap alternative material to stainless steel. Due to the cost restrictions on the design

stainless steel was utilised where possible.

Figure 4.6 illustrates the geometry of the model designed by the previous researcher,
Hasan [49] (Free standing outside the hopper unit). To produce FGM coatings in the
DCU HVOF facility a Dual powder feed unit system was essential. In current
research, that design has been modified in order to gain better flow rate/control during
FGM coating and to enhance the system flexibility based on the recommendations by
Hasan [49]. A Finite Element analysis (FEA) model was carried out using FLOTRAN
CFD software to predict the powder flow within the device and details about the FEA
will be reported in Chapter 5. After FEA the modified designs were created using
Mechanical Desktop. Figure 4.6 depicts A-B as the top section (Powder flow tube &
Inlet Pressure tube) and B-C as the bottom section (Mixing Zone). The bottom section
(B-C) was the main focus of the current research (shown in Figure 4.7) however it
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was found that section A-B had also to be design within this research. In Figure 4.1,

section 2 to 3 is the redesign area for these two components.
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Figure 4.6: Geometry of the model Designed by Previous researcher [49].
The CFD results predicted the geometry (given in Figure A10 of Appendix A) and

shape, (shown in Figure 4.7) which would provide efficient flow characteristics for

any powders used in the DI hopper unit.
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Figure 4.7: Cross sectional Diagram of Flow Tube (a) and powder Mixing Zone (b) and

Cross-sectional (assembly) view of the Geometry of the model.
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4,2.9 The Control System and Two Axis integration problem

The aim of this research is to re-design the HVOF Feed unit as shown the two needles
will be computer controlled rather than manually controlled [49]. To develop software
code to control the designed twin feed unit and monitor it in service, experimentation
was carried out to analyse the effect of the Nickel base alloy FGM coatings applied on

to Stainless steel substrates.

Substrate

Powder]

-

Computer Control{—

Powder ]

-

Figure 4.8: Schematic diagram of computer controlled Powder feed system.

Figure 4.8 represents a flow diagram of the proposed system used to control the
powder flow rate from the dual powder holder to the HVOF gun. Implementation of

the control system using a computer was decided due to the following reasons:

» An existing linear motor within the facility was already computer controlled.

» The vertical position controller for the substrate developed by Lyons [194]
was also controlled by a PC.

» A computer could also be used for other applications such as measurement of

heat flow inside the spray booth and around the substrate.

An automation control system could be developed in two ways; one as open loop and
another as closed loop. Open loop control system can be described as a control system
that does not have a feedback loop and thus is not self-correcting. In contrast to an
open loop control system, closed loop is a control system contains an active feedback

loop. An open-loop control process requires human intervention, whereas a closed-
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loop system is entirely automated. Figure 4.9 represents basic flow diagram of an

open loop control system and Figure 4.10 for a close loop control system.
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Figure 4.9: Open loop control system, adapted from [195].
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Figure 4.10: Close loop control system, adapted from [195].
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The selection of what type of control system will be discussed in this section however
a few points were considered initially. A closed loop control system gives high
accuracy and controllability. However, the implementation of feed back system can
increase the complexity of the system and hence cost. Additionally the selected linear
motor driver did not support a closed loop control system. On the other hand, an open
loop control system will be cost effective due to its simple design and due to the fact
that the linear motor driver supports this system. Therefore an open loop system was

selected for the proposed design.

In the present research the HVOF spray gun moves by the use of a linear motor
controlled by a LX driver and this driver communicates with a PC via the RS232
serial port where the commands are sent in binary format by means of this connection.
The I.X driver interprets those binary signals and causes linear movement through an

use of electromagnets.

On the other hand, electronic pulses can be used to move linear actuators, the number
of which determines the movement distance in order to control the powder flow rate

mechanism.

These two driving systems are different from each other. To overcome this problem
the solution was to obtain an integrated program, which would be capable of sending
signals to each of the actuators. Communication with the LX drive via the computer
serial port was chosen as the solution. However the stepper drive board required three
programmable outputs (Clock, Direction and Full or Half step) to control the linear
actuators, thus it was difficult to interface these two different type drivers together.
The control program also required an input parameter to determine the position of the
spray gun or how many passes does it complete in relation to control of the flow rate
of powder material used in thermal spraying. To solve this; a limit switch was placed
at a certain position (approximately 2/3 of a single pass of the gun) on the track of
spray gun linear motion. This was used to feed back to the actuator program, to signal
if a command was required to change the composition of powder. To control the
system a suitable programming language was also required to interface with the PC

and the driver.



The decision regarding the choice of language used for software development was a
vital factor to the success of this innovative development [196]. At this stage, there
were four important features considered in the choice of a programming language
which were as follows:

[. Interface capability with other programming languages (LX drive’s command
structure).

2. Interface ability with the outside world, which is called /O capability, (the stepper
motor drive and axes limits).

3. Ability of the chosen language to handle the Control flow structure such as; while
loop, for loop, case structure and so on.

4. Ease of use for development.

4.2.10 Software and I/0 Solution

Depending on the above discussion a number of programming languages were
examined such as C, Visual Basic. Searching the Internet the author found that there
were a few two axis motor controllers available in the market that operate by their
own programming langnage. One of these was chosen as the best software as its /O
solution was based on LabVIEW (Laboratory Virtual Instrument Engineering
Workbench) from National Instruments. This software fills the gap between powerful
and flexible programming languages and the ease-of-use of configuration-based
equipment. LabVIEW facilates an intuitive graphical development environment that
effectively defeats the idea that a tool cannot be both powerful and easy-to-use. It
includes features that make it the ideal tool for creating test, automation,
measurement, and control applications regardless of industry, area of expertise, or
programming knowledge [197]. For measurement and automation purpose data
acquisition cards could be used which support this software and are provided by the
manufacturer themselves (National Instruments). There are different types of DAQ
cards available, and the selection of the correct DAQ card depended on the following

factors:

I. Number of Inputs and outputs: Digital and Analogue; these two types of inputs
and outputs are available in a DAQ card. To drive the linear actuators; digital

input and output facility was require for a DAQ card.
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2. Sample rate: means the speed at which the DAQ card read the inputs and
sends to the computer for upgrade and it is measured in samples per second.
3. Resolution: is the interval at which the ADC (Analogue to Digital Converter)

samples the analogue signal.

After examining the DAQ option available and consultation with our electronic
technician it was decided to use the existing AT-MIO-16XE-10 DAQ card (already in
use in the HVOF facility to control the substrate position in the DCU HVOF) in the
current project, (the specification of the DAQ card is available on data sheet in

Appendix B2 [198]).

4.2.11 Electronic Design

The DAQ card works with a digital logic of 0 volts equal to Boolean false or 0 and 5
volts for Boolean true or 1. However the stepper drive board requires 12 volts as a
Boolean true or 1. To solve this problem an amplifier circuit was design (as the
majority of the electronic devices of this research were “off the shelf components™).
The amplifiers were used to amplify the 5 volts output supply from the DAQ card to

|2 volts so as to operate the actuator drive board.

The behaviour of most configurations of op-amps can be determined by applying the
"golden rules" [199]. For a non-inverting amplifier, the current rule tries to drive the
current to zero at point A (Figure 4.11) and the voltage rule makes the voltage at an

equal to the input voltage [199].

This leads to

Vl = Y out — Yin
Ry Rf

Equation 4.5

and amplification

Equation 4.6

Vout/Vin=12/5=2.4

Therefore

Ri= 1.4 X (R))
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In this case the output will be connected with the logic inputs of the motor drive
board. So the value for R1 is not critical; its value depends on the amount of current
that the output of the amplifier circuit will draw. Due to this reason an arbitrary value
of R equal to 10 KQ was selected and R¢ equal to 14 KQ. Unfortunately a 14 KQ
resistor was not commercially available hence a 15 K€ was chosen which gives a Vo

of 12.5 volts and this was seen as acceptable.

. .-"+
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Figure 4.11: Non Inverting amplifier, adapted from [199].

To develop this amplifier circuit design, two type 741 operational amplifiers (op amp)
were used and Figure 4.12 shows its circuit diagram. The Data sheet of this 741-type
op amp is reported in Appendix B3. Although there were three inputs into the motor
drive board, one of these inputs, Half or Full step would be connected to the
amplifying circuit. Half step gives better resolution compared to Full step, so the Half
step should be kept as the default mode and not wired into the amplifier circuit. The

clock and direction were connected to the amplifying circuit (Figure 4.12).



Inputs

Anplifier Gircuit

+I5V

QALK—Qock Pulse
DIR — Direction Sigrel

Figure 4.12: Full two input amplification circuit.
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4.3 REALISATION

Realisation of the design and specifications of the project was the next evaluation
stage of this process, which includes the evolution from detailed drawing, circuit
diagram and specifications to a working prototype. The following sections of this
chapter include the activities undertaken such as; purchasing components, production
and assembly of the computer controlled powder feed unit and finally the

development of the controlled software.

4.3.1 Component Selection and Purchasing

After analysing the final drawings of each component, design calculations and the
overall proposed process, it was determined that some components had to be
purchased. These were as follows:

I. Two linear bearings to support the needle shaped bolts.

2. Two linear actuators to provide linear motion to the needle shaped bolts

3. Two drive boards to control the linear actuators.
During the selection of these components; the main concern was that those
components performance and low in cost. An investigation into the selection of
components provided by different suppliers was conducted to, determined one
supplier to be chosen for the electrical components and another for the mechanical

components providers.

The electrical components (linear actuators and drive boards) were purchased from
Radionics Ltd. As Radionics do not provide mechanical parts (linear bearings), these
were ordered from Dixon bearings suppliers, according to the following

specifications; Outer Diameter: 17 mm, Inner Diameter: 10 mm and Length: 26 mm

The design of the Top cover plate of the Hopper unit and its inner diameter was
critical as the diameter of the needle shaped bolts required were 10 mm diameter. The
depth for the bearings positioning hole on the top plate did not affect the overall

design of the project.
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The most vital part of this current project was the linear actuators and the drivers for
them. Appendix | shows the data sheet of the linear actuators, actuators wiring
instruction and drivers. The reason these linear actuators were selected instead of
ordinary stepper motors was that the actuators were designed with internally gears and
coupled with lead screws hence no additional lead screw assembly was necessary.
These actuators provided 0.0508 mm vertical movement per step. The driver selected
was directly compatible with the linear actuators. Finally use of the Op Amp

Amplifier generated the required 12 volt output.

4.3.2 Manufacture of Unique Parts

Production of each component was carried out in the DCU mechanical workshop
following the detail design drawings. Minor alternations were made to the detailed
drawings in order to accommodate materials, which were readily available, and
dimensions. The shape of the top cover of the hopper unit or the base plate for the
actuators mounting could be either square or round, as a round plate design was
chosen due to availability of the material. To count the number of passes of the spray
gun, positioning of a limit switch was necessary. So few tapped holes were drilled on

to the bottom surface of the platen (Figure 3.10).

Production of the design’s components were carried out almost without any major
difficulties due to extensive consultation with the workshop technicians during the

design phase to ensure that the drawings were comprehensible and easy to construct.

4.3.3 Mechanical and Electronic Assembled Components Integration
with Existing Equipment

When all the required components were manufactured and purchased parts (Linear
bearings, linear actuators and drivers) arrived from the suppliers, it was then

necessary to assemble them to satisfy the objective of this current project.

Figure 4.13 shows the entire newly designed dual powder feed device. Linear
bearings were placed on the top cover or base plate of motor mounting. The bearings

are covered by the actuators holders. This design is then placed inside the existing
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powder hopper, which will act as an outer casing and top hopper cover is attached
using four screws. Figure 4.14 shows the digital picture of the assembled set up after

the dual feed device is placed inside the existing hopper.

Powder Hopper |

Needles

2 Powder Chamber
(A and B)

Bearing Holder

Hopper Cover and

.__Y‘J- .I-'_-I'

Figure 4.13: Digital picture of the newly designed dual powder feed device.
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Bearing Holder

Hopper Cover

Dual Feed Powder
unit contained inside
the Hopper unit

Pick Up Shaft

Figure 4.14: Digital picture of the entire set up after assemble with the existing powder

hopper in HVOF Lab.

The linear actuators were placed on top of the motor holder and fixed by screws.
Figure 4.14 shows the actuators set up with their holder. These linear actuators were
connected to the drivers’ separately. Wiring of these actuators was carried out during
the electronic design phase. The data sheet for the wiring instruction is reported in
Appendix B1.

During the spray process chamber A and B (Figure 4.13) contains disimilar powder.
The linear actuators open fully one chamber and keep the other closed. Then after a

certain desired number of passes of the HVOF gun (after the bond coat was sprayed
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on) each actuator moves; needle ‘A’ down (close) and needle ‘B’ up (open) to change

the amount (composition) of powder flow.

Apart from the physical wiring of the motor, limit switches, another electrical
assembly required was the signal amplifiers for the linear actuators control. To satisfy
this a circuit was designed (as reported in section 4.2.11), and the circuit was
assembled onto a breadboard. After verifying the operation, (producing the required
signal) the circuit was soldered onto a Vero board for each stepper motor driver and
assembled into two separate plastic enclosures to protect them from the HVOF

operating environment as shown in Figure 4.15.

5 volt power
supply

Amplifying
circuit and
drive board
plastic
enclosures

Main power
supply

Figure 4.15: Assembled enclosure for stepper driver and amplifiers with power supply unit.

Each of the enclosures consisted of a closed plastic box with an output cable to the
linear actuator and a control cable from the DAQ card. Figure 4.16 shows a digital
picture of the existing DAQ card connections, which connects with the computer, and

with a power supply unit (Figure 4.15).
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DAQ connection
board

Figure 4.16: DAQ connection board wired with limit switch and stepper drivers.

4.3.4 Software Design

The achievement of entire project depends on the controlling software development.
Hence this was an important part of the current project. So that it was vital to take a
structured approach to the software development. The primary step was to determine
the program’s procedure, (which steps are necessary for the program while it

executes).

The procedure of the needle shaped bolt movement along vertical axis control
application was as follows:

» Move the spray gun a prescribed number of times across the substrate which
will be counted in passes and each pass will be considered as a complete
stroke, (the gun will move across the substrate and then back again).

> Pause the spray gun for a very short time.

» Move the needle shaped bolt along the vertical axis a defined distance that is
required to get the desired flow of the powder materials before the spray gun

starts its next pass.
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» Repeat this cycle as long as operator has pre-programmed to do so.
» Contain an option for both actuators to be operated simultanecously according
to specific requirements to allow any variation (composition) of powder

proportion in the resulting coating microstructure to be achieved.

At this stage it was necessary to gain a good working knowledge of the use of the two
programming languages (Lab VIEW and LX Drive command languages) to develop a

control program with the above criteria, for software control.

The following sections detail the operation of the actuators control program (Lab
VIEW) and the LX programme used to control the linear gun motion. The operation
of the application’s code is first explained then a user reference guide is detailed
which explains all about the controls used in this program and operating procedures.
The entire block diagram of the Lab VIEW program is shown in Figure 4.17 and the
following sections describes each component separately for one linear actuator
control. For a more detailed overview of programming in Lab VIEW information can

be found from the National Instruments web site [197] and from Wells [200].
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Figure 4.17: Lab VIEW Block Diagram for linear actuators control used in current research.
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(i) Controlling the Stepper Motor

A clock pulse signal is necessary in the stepper driver circuit to move the linear
actuator. The code used to generate this clock pulse is shown in Figure 4.18. For this
purpose an OUT-PUT function named ‘Write to Digital Line’ was used within a
sequence structure, which in turn results in a For Loop. The Sequence structure,
shown in Figure 4.18, looks like a frame of film. It executes the code in frame one,
followed by the code in next frame and so on the frame number shown on top of the
structure, i.e. 0,1. The output function (Write to Digital Line) sends the value of
generated clock pulse signal to a predefined digital output line of the DAQ card
through the interface board. For this purpose in this programme, line | is used to
receive a signal for actuator ‘A’ and line 2 for actuator ‘B’. One frame of this
Sequence structure is set with a Boolean constant value of false or zero volts
connected to the output function. Another one is exactly the same except the value of
Boolean constant is true or 5 volts. To generate a square wave pulse, these two frames

execute frequently within the ‘For loop’.

Write to
Digital Ling Sequence
Structure

\

aﬂ 12

Boolean

Constant Timing

Function

¥‘€\t‘ Loop
»

Speed Cantrol & I

Figure 4.18: Section of the Lab VIEW Block Diagram, which generate clock pulse.
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The speed of the linear actuators is dependent on the frequency of the clock pulse
generation; therefore a Timing function was added within the loop, which causes a
time delay between the executions of two frames hence defining the wavelength or
frequency of each pulse. This function was connected with a vertical slide control in
the control panel. The linear actuator will move according to the amount of clock
pulse supplied and the amount of the positive cycles in the clock pulse must be
controlled (completed using a for loop). This For Loop executes a specified number of
times from i = 0 to N and the count terminal N is connected to another function which

controls the vertical movement of the actuator as shown in Figure 4.19.

Westical
frcrement A

Moving'distance in
mm from control

panel For Loop

Figure 4.19: Lab View Code used which will act as a distance converter to move per step.

To obtain the value of N (distance to be move per step) the following calculation must
be made. From Data sheet (Appendix B1) it is found that the linear movement of the
actuator is 0.0508 mm (= 0.05 mm) per step. Hence the following formula was used

to get the value of N and implementation of this code is shown in Figure 4.19:

N=D/ 0.05
Where, N = Number of steps to move and D = Distance in millimetres to

move.

To summarise the distance to be moved by the actuators is converted to a value of N.
Within the For Loop, a sequence structure generates one cycle of clock pulse with a

required frequency for each iteration of the For Loop. Finally the output function
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(Write to Digital Line) sends the overall processed signal to the DAQ interface board

through a specified digital line.

(ii) Linear Motor Control

As previously mentioned, the linear motion of the spray gun is control by a LX driver
using a program named ‘XWare’. This program consists of a text editor panel where
the command sequences have to be written and after execution of this program those
sequences of commands are sent to the LX driver and converted into electrical signal,

which creates the linear motion of the spray gun.

There is a user manual provided for the LX driver and the XWare programming
which details the command required to control the linear motion of the spray gun and
this is available in the DCU HVOF facility. The pseudo code controls the movement

of the spray gun during the automated spraying process as follows:

> Complete a specified number of passes in front of the substrate in order
to preheat the substrate.

» Pause to run the Lab VIEW program to control the linear actuators,
which will vary the ratio of the powder flow.

> Pass again to deposit a coating and loop the Lab VIEW procedure until

the final layer of coating has been applied.

During the programming of the XWare code, it has to be remembered that all units of
distance, velocity and acceleration are measure in inches (imperial). Figure 4.20
shows the command-editing window of the XWare program where the font should be

in capital letters and spaces between command sequences are important factors.
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Figure 4.20: AUTOMATION.PRG, the command sequence used to control the linear

motion of the spray gun.

The meanings of the command used during programming for the current research are

as follows according to the user reference guide [201].

MPI — Sets unit to incremental position mode, i.e. the moves that follow will
be carried out in incremental moves.

MF1 - Define move from one.

A0.3 — This command sets the acceleration of the linear motor to 0.3 g (2.9437]
ms'z)

V10 — Sets velocity to 10 ips (ips = inches per second) (0.254 ms™")

L5 - Loops following code five times for pre-spray treatment.

D120000 - Sets distance to 12,0000 steps (1000 steps = 1 inch or 0.0254 m).
G - Execute the move (GO).

H - Reverse the direction.

Pre-Heat
treatment
loop

G - Go.
N - Ends loop
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T25 — Wait 25 seconds before carrying out next operation (Allow 25 seconds
time delay before starts the next procedure during this 25 seconds Lab VIEW
program will turn on to control the powder flow rate and the powder feed will
be turn on after this).

16 - Loop sixteen times. —_—

D120000, G, H, G, and N — Same as described earlier.

Spray-loop

C - Initiates command execution to resume. —

iii. Relative Motion Between Axes

There was no existing software link between the linear gun motion control and the
actuators vertical motion control. However for the current project it was necessary to
establish a relationship between these two types of motion axes. For this purpose a
limit switch was placed at one end of the linear motion path and connected to the
DAQ interface card as an input signal. Using this limit switch, the Lab VIEW
program counts the number of passes performed by the spray gun and according to
this count, the Lab VIEW program executes the desired powder flow ratio. Figure
4.21 shows the code used in Lab VIEW program to count the number of gun passes
across front of the substrate using the limit switch. This diagram is simpler to describe

if it is divided into three sections.

The first step includes two important functions; one is the Read from Digital Line and
another one is the Formula node. Read from Digital Line function reads the value
from a predefined digital line (Line three of the DAQ interface card is connected with
the limit switch) and takes the value as an input signal to the program. These two
functions are placed into a While Loop that iterates until the condition terminal gets a
value of false. When the Formula node receives the latest count value, it compares to
the maximum count input provided from the control panel by the operator to check if
the While Loop should terminate or not. In Figure 4.21, a time delay function is
placed (labelled as pause function) into another While Loop (labelled as Pause Loop),
which is necessary for the counting function. The condition terminal of the While
Loop was unwired so it will only iterate once and causes a pause in the program

execution equal to the value entered from the control panel. It allows a pause to the
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limit switch so the gun can move off the switch and return to its starting point (end of

the pass). Hence the event will not be counted twice.

Shift Register Pause Loop Pause Function
aunt Swikch| ==
Pause For A EEA
Vo, of passes
iZornpleted For A
nE e
[ el
[ SR R
: Counter Oll[pé o rest
/" Founter Control ; Of program
Formula Node Max count) For 4]~ * °[>

-

While Loop

Condition Termina

Figure 4.21: Counting Loop of the Lab VIEW program.

The OUT-PUT count value from the formula node is compared to the value of
maximum count provided from the control panel inside the pause loop. If the two of
these values are equal to each other, a true value is passed out side the loop and the
entire counting function terminates. Using a NOT gate inverts this signal and sends it
to the condition terminal to stop the While Loop. Hence a true value is sent to the rest
of the program to signal that the spray gun has completed the required number of

passes and the vertical movement of the linear actuators will commence.

Figure 4.22 shows the final part of this program that how it is connected between the
output of the counter and the linear actuator control. The output signal from the
counting function passes through another While Loop (Labelled as Axis Wait Loop in
Figure 4.22). Inside this loop the vertical increment input is provided from the control
panel and multiplied by the count value (either zero or one). The counter output is one
when the count value is equal to the maximum count value hence the vertical
increment value will be buffered through the loop, if not then the counter output is

zero and so on, hence the vertical increment will be remain as zero. A wait function is
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also placed inside the Axis Wait Function loop to control the axis wait timing during
the operation. In the present research, the axis wait time was set as zero which gave

the next ratio of powder flow time to be available in the system before the next pass

starts.
Axis Wait Loop Vertical
Increment
-— Signal after
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> 0
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Figure 4.22: Connection between Counting Loop and Linear Actuator Control.

Another Write to Digital Line function is placed in the program which allowed
control of the moving direction of the actuator (to open/close a powder carrying
chamber) and was controlled from the control panel according to the following
requirements. The actuators direction signal was wired to the DAQ interface card.
Line zero of the DAQ interface card was used for actuator ‘A’ and Line four was used
for actuator ‘B’ (that is each chamber).

The overall program was developed to control the two actuators in order to allow the

flow of two different powder materials.

(iv) Manual And Automatic Modes

These two types of operating modes (Manual and Automatic) are available in the Lab
VIEW programme to control the powder flow rate of the thermal spray. If an operator

wants just to open and leaves a chamber open or after the coating (Bond coat) wants
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to re-set the needle position to its initial condition, the Manual option is used (or for
pre spray set up). During the deposition the Automatic mode is selected. To create this
option a Boolean Case Structure was used during the program development as shown
in Figure 4.23. This case structure has two sub diagrams, case zero or one change to
FALSE and TRUE (here, TRUE for Manual mode and FALSE for Automatic mode)

and it was connected to a vertical switch labelled as ‘Auto/Manual’ on the control

panel.

igrj] (0] @] wole]o [1ooterkaenrant - |[te: 2[5
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Figure 4.23: Block Diagram for Manual Control.

4.3.5 Control Software Reference Guide

The control software reference guide is essential for those new to these procedures
(new operators) hence this section is aimed at providing an initial point of start for
new operators. There are two types of controlling software used in this current
research; one is vertical movement control of the linear actuators using Lab VIEW
programming and another is linear gun motion control using the XWare

programming. The reference guide to each of these are detailed below:
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(1)  Vertical Axis Control of the Linear Actuators

The procedure used to open the Lab VIEW program from the DCU HVOF facility
computer is as follows:
» From the Task bar click the Start button — Programs — National
Instruments Lab VIEW
» Once the Lab VIEW program has opened, from Menu bar select Open
VI
» Select the file named ‘Automated powder feeding.vi’ from the
selection window which can be found on the desktop of the HVOF

facility computer

When the file is opened the control panel interface will appear on the computer
monitor as shown in Figure 4.24. It is divided into four areas; two of them are used to
control Actuator ‘A’ (chamber A) with auto or manual option, another two is used to
control the Actuator ‘B’ (chamber B) with the same options as mentioned for actuator

AL
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Figure 4.24: Control Panel for linear actuators ‘A’ and ‘B’.

This Auto/Manual button is used to switch between automatic and manual option.

When the red led is on then the manual options for both actuators ‘A’ and ‘B’ are

activated. If this red led is off then the automatic control panels for both actuators are

ready for linear motion operation.

@ Down

Brirection i

Q g

This vertical toggle switch is used to control the direction of the actuator. There are

four of them on the control panel as shown in Figure 4.24. Each of them could be

115



controlled separately. Two of these switches are used in manual mode to control the

direction of the actuators ‘A’ and ‘B’ and the remaining two used in automatic mode.

2 Speed
- Lontro A

4=

This vertical slider is used to control the speed of the actuator where 1.0 is top speed
and 10.0 is the slowest. There are four of these icons used to control the speed and the

controlling option of each of them is independent to the direction control switches.

Push to
Operate A

This button works when the Manual/Automatic toggle switch was set to its manual
option. When one presses this button the actuator moves according to the directional
button position. This button is used to reset the position of the needle shaped bolt
inside the powder holder. So it is advisable to be attentive during this operation so that

the tip or ends of the needles do not cross their positioning limit as marked on them.

The following five control buttons are used twice; one set for actuator ‘A’ and another

is for actuator ‘B’ in automatic panel:

Vertical
Bresnent A

This channel is used to INPUT the vertical movement measured in millimetres and
has a default value of 5 (5 mm). This input value determines the amount of needle
movement after a prescribed number of passes by the spray gun (this can set by using
the Counter Control input box and the calculation from number of turns was

calibrated by the actuator).
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s st
time A

This Axis Wait Time is used to set the time delay of the linear motion of the actuators
before incrementing the following signal from the counting function due to a required
number of passes completed by the spray gun. This value is measured in milliseconds
and has a default value of 1000 milliseconds (or 1 second). It is advisable to set the
value to zero or lower than the time required for one pass by the spray gun in order to

get an exact number of layers of coating in the final passes of spray gun.

Counter Cantral
(Max count) For A

'
w2

The counter control is number of passes before next increment of actuator occurs. The
value of this counter control is used to control the timing of the linear movement of
the actuator compare to the spray gun movement (number of passes). The linear
motion of the actuator occurs; once the pass counter reaches the number of passes

entered. The default value of this counter is 5.

Count Switeh
Panse bor A

L -
pI TS

This display allows a pause before the limit switch initiates increment of the next
program, so as to give the gun time to move off the limit switch back to its initial

starting pass position. The default value is 140 milliseconds.

Houof passes
'ompleted for &

0.04

This output indicator shows the number of passes that have been completed by the
spray gun. This increases from zero to the value entered in the counter control (Max.
count). Once complete the actuator becomes zero again and runs through the next

loop until the coating has been deposited.
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(ii) Linear Motor Control-XWare

The procedure used to open the XWare program from the DCU HVOF facility
computer is as follows:
» From the Task bar click the Start button — Programs — XWare
» Once the XWare program has opened, from Menu bar select File —
Open

» Select the file named ‘Automation.prg’ from the selection window.

When the file is opened the text editor panel will be appear on the computer monitor
as shown in Figure 4.20. It is important to place the courser at the very end of the
command sequence, after that press the F4 button on the keyboard to execute the

program.
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4.4 DESIGN CALIBRATIONS AND TEST

The following section describes the qualification procedure used to assess the
functionality of the Dual Powder Feed device. The hypothesis of this research was to
control the flow of two different powders at a various ratios, to produce a desired
coating composition as showed in Table 4.2. To achieve this objective a number of
experimental tests were carried out on the current project design. This section
describes the calibration test conducted on the final design to verify if this concept

fulfilled the project objectives.

The powder flow bench tests were carried out to calibrate the powder flow for various
vertical movements of the needle shape bolts (Figure 4.5) which were coupled with

two linear actuators and controlled with Lab VIEW software via a PC.

Table 4.2: Hypothesis of the two different powder flows controlled by the vertical
movement of the linear actuators ‘A’ & ‘B’.

Positions of | Desired composition of FGM coating
needles are closed of different powder (%)
(0) or open (4).
Needle | Needle Chamber ‘A’ Chamber ‘B’
‘A’ ‘B’ (Stainless Steel SS) (Nickel base
Vertical movement of alloy)
linear actuators (mm) 4 0 100 0
3 1 75 25
2 2 50 50
1 3 25 75
0 4 0 100

Assumption: travelling distance is 4 mm and time delay for each step is equivalent to

eight passes of the spray gun across the front of the substrate.
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> Bench Tests of Powder Flow:

The bench tests were carried out to calibrate the movements of the bolts inside the
powder holders, labelled as chambers ‘A’ and ‘B’. These needle shaped bolts move
upwards and downwards according to the users requirement inside the chamber
(controlled by the Lab VIEW software). When the bolts are in a fully closed position
or zero position, no powder flows. With the increase of the vertical movement,

powder starts to flow from the chamber into the mixing zone (Figure 4.7).

Initially the dual feed powder holder was placed inside the powder hopper and then
the needle shaped bolts were placed inside the both chambers. The stainless steel
powder (Diamalloy 1003) was poured into the chamber ‘A’ and the hopper cover was
attached. After that the linear actuators were coupled with the needle shaped bolts.
Variation of vertical movement was carried out controlled by Lab VIEW to calibrate
the flow of powder flowing through the hole at the bottom of the chamber. During this
process, powder particles were collected into a pre-weighted container at each stage
of vertical increment starting at the bottom of the powder flow tube. The mass of
powder flow was measured over a 10 second time period (which means the needle
shaped bolt was opened for 10 seconds at every stage of vertical increment) and the
weight of the powder collected was calculated subtracting the weight of the container
from the total weight of both container and powder. For each step vertical increment

three readings were taken.

Next the nickel base alloy Diamalloy 1005 and Diamalloy 2001 were poured
separately into the chamber ‘B’ and the above procedure was repeated. To verify the
results, chamber ‘B’ was filled also with stainless steel (Diamalloy 1003) and
chamber ‘A’ was filled with nickel base alloy Diamalloy 1005 and Diamalloy 2001,
to justify if there was any difference between the two chambers results. Results of the

above calibration testes are discussed in Chapter six.

Another test was carried out to check the mixing ability of the re-designed mixing
zone. In order to characterise this, two powders, Stainless steel (Diamalloy 1003 is
light in colour compared to nickel base alloy Diamalloy 2001) and nickel base alloy
Diamalloy 2001 powders were poured into chamber ‘A’ and ‘B’ respectively. During

this test the feed unit system and the nitrogen gas flow were operated under running
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condition. A container was placed to collect the resulting powder mixture from the
tube connected to the pick up shaft. Visual inspection was carried out to confirm that

the light coloured and dark coloured powder particles were mixed properly or not.

To measure the density/flowability of the three different powders one pre-measured
container was used. Two volumes were used (50 ml and 100 ml) and filled with
Diamalloy 1003, Diamalloy 1005 and Diamalloy 2001 separately and measured with
scales to determine the weight of the powder separately. Using Equation 4.3 the
densities of each powder was measured. Result of this test is detailed in Chapter 6.
The summary of this test method is a weighted mass (50.0 gm) of metal powder is
timed as it flows through the calibrated orifice of a funnel. Details of the procedure

are presented in Appendix E.
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CHAPTER 5

MODELLING
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5.1 INTRODUCTION

In order to check the effectiveness of the design of section A-B and B-C in Figure 4.7;
a finite element analysis was carried out before manufacturing these components
using the FLOTRAN CFD ANSYS software. This chapter includes description of the

different stages that were involved during the modelling procedure.

The current research includes the modelling for the following reasons:

» The design developed by the previous researcher Hasan [49] was found to
produce inadequate flow of powders within this proposed design. So, to
continue from the previous research it was necessary to create an enhanced
design, which would allow the powder materials to flow, and mix to provide a
functionally graded coating.

»> At this stage it was decided to modify the previous design using CFD
FLOTRAN to predict better flow rates and better mixing ability.

» The model dimensions were constrained to those of the internal dimensions of
the hopper chamber.

A detailed information about the powder flow modelling is described in the following

sections.

5.2 THE F.E.A PROCESS

A brief introduction into ANSYS FEA will be described; however as this research is
more focused on the design of a dual powder feeder, less emphasis will be made on
the FEA research. The procedure of finite element modelling is generally separated
into the following three stages:

» Pre-processing

» Solution phase

» Post-processing
Each of these is discussed with specific reference to CFD FLOTRAN modelling in
the ANSYS FLOTRAN program.
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5.2.1 Pre-processing

Pre-processing involves the total preparation (CAD drawing, boundary conditions) of

the model for the next step of solving which includes the sub stages of:

> Discretisation

This is the primary step in any FEA analysis to produce the geometry of model,
constructed in the ANSYS program. Figure 5.1 shows the geometry of the powder
flow and mixing component (Simplified version of Figure 4.6). Meshing is vital
placing emphasis on the regions where it is thought that a huge change in velocity or
pressure; resulting in high solution gradients. The most important area is the mixing
zone due to its high gradients of change, thus it requires a greater mesh density in

order to achieve a better solution.
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Figure 5.1: Schematic of the geometry of the powder flow and mixing component.
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> Element Formulation

Element formulation is concerned with assigning a shape function to the various
elements to represent the physical behaviour of the element/application. There are two
Flotran types element available in ANSYS; FLUID 141 for two-dimensional flow and
another one is FLUID 142 for three-dimensional flow. FLUID 141 can be used to
mode] transient or steady state fluid/thermal systems which entail fluid and/or non-
fluid regions, allowing solutions for flow and temperature distributions within a
region, making it the best selection for this condition. Hence the current model
assumed a single-phase fluid during the simulation (air and particle represented by a
mixed gas, as the program could not cater for multi-phase systems), therefore the

FLUID 141 element was selected.

The conservation equations for viscous fluid flow and energy are solved in the fluid
region and the energy equation solved in the non-fluid region. The velocities were
obtained from the conservation of momentum principle and the pressure obtained
from the conservation of the mass principle. Details of these governing equations

have been reported by Ansys help [202], hence will not be discussed in this report.

> Application of loads and boundary conditions

In the current research, two types of boundary conditions were employed. These were
velocity and pressure. Figure 5.2 shows all the applied boundary conditions applied to
the model, where the velocities of the stainless steel and nickel base alloy powder
velocities were applied as an inlet velocity to the top of the model. Nitrogen gas
velocity was applied to the top of the pressure tube inlet and pick-up shaft inlet as per
the Hopper equipment details. Zero velocity was applied to the walls of the model
(based on boundary layer analysis) {1-18} boundaries and zero pressure applied on

outlet of the pick-up shaft (to allow the mixed flow to flow “out” of the model).
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Figure 5.2: Schematic diagram of the applied boundary condition.

5.2.2 Solution Phase

The solution phase converges and solves the model. In order to get an accurate

solution the following factors must be properly adjusted and controlled:
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> Fluid properties:

The Fluid properties were entered in order to classify whether the fluid being used
was a gas or liquid and then the user must enter a pre-determine density and viscosity.
These material properties were necessary to create the velocity profiles along with the

resultant flow patterns.

The Density and viscosity of nitrogen gas, stainless steel and nickel base alloy were

taken as follows:

Density:

Nitrogen gas-0.00125 g/cm® [203]
Stainless steel powder-8.03 g/cm3 [193]
Nickel base alloy powder—8.602g/cm3 [193]

Viscosity

Nitrogen gas-0.000173 g/cm.s [203]

Stainless steel powder- 0.000173 g/cm.s [203] (Assumed to be the same as that of
Nitrogen/Air)

Nickel base alloy powder-0.000173 g/cm.s [203] (Assumed to be the same as that of
Nitrogen/Air)

» Selection of solver

There are three types of solver available for Fluid 141. These are as follows:

1. Tri-Diagonal Matrix Algorithm (TDMA) is a Fast Approximate Solver used in
ANSYS. This is not recommended for pressure Degree of Freedom (DOF)
models.

2. Conjugate Residual Exact solver is best in solving both the velocity and
pressure DOF models.

3. Sparse Direct solver, which is not suitable for velocity DOF models.
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However as both velocity and pressure DOF was necessary for the current research
modelling, the Conjugate Residual Exact solver was selected to simulate the powder

flow mode.

> Analysis Selection Type

To simulate the current research mode, the multiple species transport analysis was
chosen which enables the tracking of several different fluids simultaneously. There
are three types of multiple species transport analysis available in the ANSYS
program; namely the dilute mixture analysis, composite gas analysis and composite
mixture analysis. The composite mixture analysis calculates the properties used in the
solution from a linear combination of the species, weighted by mass fractions as a
function of space. The solution of the momentum equation depends on the species
distribution, so the momentum and transport equation are strongly coupled [202].
Hence this type of analysis was chosen to simulate the current modelling of nitrogen

gas-powder flow.

3.2.3 Post —Processing

Once a solution to the model has been found, post-processing means reviewing the
results of an analysis. This step is most important during a simulation, because it
involves trying to understand the effect of the applied load on the model and quality
of the mesh generated. This step produces a predicted (theoretical) result of the entire
simulation process. Using the post processor menu, velocity and pressure results and
graphs of these modelling results can be obtained, which will be analysed in the next

chapter.

5.3 Summary

The model was conducted prior to the manufacturer of the proposed device to predict
adequate flow and mixing in order to produce functionally graded coatings by varying
the dimension of the proposed design. Therefore the next chapter will discuss these

results first.
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CHAPTER 6

RESULTS AND DISCUSSION
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6.1 INTRODUCTION

The present study investigates an innovative modification of a HVOF thermal spray
process to produce functionally graded thick coatings. In order to deposit thick
coatings, certain problems have to be overcome. More specifically these problems
include minimizing residual stresses, which cause shape distortion in as-sprayed
components. Graded coatings enable gradual variation of the coating composition
and/or microstructure, which offers the possibility of reducing residual stress build-up
in coatings [90].
In order to spray such a coating, modification to a commercial powder feed hopper
(DJF) was required to enable it to deposit two powders simultaneously which allows
the deposition of different layers of coating with varying chemical compositions,
without interrupting the spraying process. Various concepts for this modification were
identified and one design was selected as described in Chapter four. This design was
validated through the use of Finite Element Analysis, in order to arrive at the final
dimensional design.
This chapter is divided into a series of sections and will discuss the results found for
both the Modelling and Experimental Validation, described under the following
headings:

> Description of ANSYS simulation

> Results of the Bench Test for the newly designed and developed Automated

Graded Powder Feed Unit System

» Experimental sprayed functionally graded coatings results
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6.2 SIMULATION RESULTS

This ANSYS simulation was carried out mainly to verify the following two questions:
» Whether the design parts would be able to transfer the powders into the
mixing zone (inside the component) where they are supposed to mix.
> Whether the mixed powder particles would then be carried out by the nitrogen
gas flow inside the pick up shaft towards the spray gun.
During the FEA simulation approach different nitrogen gas pressure ratios (ratio
between the top of the pressure inlet tube and the pick up shaft) were applied and an
approximate nitrogen gas pressure ratio was determined to cause powder mixing and
to force the mixed powder into the carrier gas flow (nitrogen gas) inside the pick up

shaft. Table 6.1 shows the different pressure ratios used for three different input

velocities of nitrogen gas.

Table 6.1: Pressure ratio for different velocity input of nitrogen gas

Velocity of nitrogen gas Nitrogen gas pressure Nitrogen gas pressure ratio
Iniet Pick up Inlet Pick up applied to the inlet pressure
pressure | shaft (m/s) pressure shaft tube and pick up shaft (obtain
tube (m/s) tube (MPa) (MPa) from pressure plot from the
ANSYS results)
3470 2965 5.54 5.54 1.00:1.00
4470 2965 7.25 3.22 2.25:1.00
4722 2965 7.50 4.17 1.80: 1.00
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The velocities of the stainless steel (Diamalloy 1003) and nickel base powders
(Diamalloy 1005 and Diamalloy 2005) were calculated by carrying out some
experimental flow tests in each designed chamber and using equation 6.1.

Aposition  displacement

time time Equation 6.1

Average Velocity =

From this test it was observed that (for each type of powder particle) it took each
powder 2 seconds to fall a distance of is 130 cm. Hence the average velocity of each
type of powder particle flow is 65 ¢cm/s. This value was inputted as model velocities
for the stainless steel and nickel base alloys (see Figure 5.2). Figure 6.1 shows the two
types of meshing techniques were used in each model (homogeneous mesh and fine

mesh).

Three different models were applied at three different nitrogen pressure ratios (1:1,
2.25:1 and 1.8:1 respectively) and the best result was found at a 2.25:1 pressure ratio.
This pressure ratio was calculated from the pressure plot of ANSYS results and is

shown above in Table 6.1.
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Figure 6.1: Dual powder feed unit with fine mesh in the mixing zone and homogeneous mesh in

rest of the modelling.

6.2.1 Results

To meet the requirements of the current project objective it was necessary to compare
the velocity, pressure plot and particle flow trace found in each of the ANSYS
models. Table 6.2 shows the difference of velocity plot and pressure plot between
three different models (obtained from ANSYS results). Table 6.3 shows the difference

of particle flow plot between three different models (obtained from ANSYS results).
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Table 6.2: Difference of velocity plot and pressure plot between three different models.
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Table 6.3: Difference of particle flow plot between three different models.
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pressure ratio
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From Table 6.2 and Table 6.3 it is clear that when the nitrogen gas pressure ratio on
the inlet pressure tube to pick up shaft was 2.25:1 (as mentioned in Table 6.1) the best
simulation result was obtained compared to other two different combinations (detailed
in Appendix C) due to the attainment of the highest particle velocity at the outlet
(although the velocity and pressure plots were almost the same at 2.25:1 and 1.8:1
pressure ratios, flow trace plot revels better mixing results at the 2.25:1 pressure
ratio). Figure 6.2 shows the vector plot results for 2.25:1 ratio and it shows the path of
the powder particles where a maximum velocity ranges from 109 to 141 m/s was
attained at the outlet. The velocity range of the powder flow at mixing zone is given

to be between 0 and 15 m/s.

1
VECTOR AN
STEP=1 AUGC 21 2006
SUB =1 14-40:21
v
NODE=3526
MIN=0
MAX=141.059
OUTLET
= . T m/s
L e S R—
1] 31.346 62.693 94.039 125,365
1L5.673 47.02 78. 366 109.712 141.059

Figure 6.2: Vector plot showing the path of the velocity particles.

Figure 6.3 represents the pressure plot for 2.25:1 pressure ratio of the nitrogen gas in
Pascals. Maximum pressure occurs at the inlet of nitrogen gas on pick up shaft and the
inlet pressure tube (6.44 to 7.25 Mega Pascal), thus the low pressure around the
mixing zone and the inlet to the pick up shaft aids mixing and transfer to the HVOF

gun
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Figure 6.3: Pressure plot from nodal solution.

Figure 6.4 shows the velocity plot of the modelling from the nodal solution where the
maximum velocity was found at the outlet and ranged from 109 to 141 m/s, and a
minimum velocity range found at the inlet of the powder particle 0 to 15 m/s. Figure
6.5 shows the graphical presentation of the velocity at outlet in both the x (velocity
Vx) and y (Vy) directions. It can be seen that the central nitrogen line (with its filter
attached to it’s end) purges the powders into the pick up shaft, forcing all of the
powder in the x direction (VX plot Figure 6.5) skewsd slightly towards the top of this

outlet pipe.
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Figure 6.4: Velocity plot of the model from the nodal solution at a 2.25:1 pressure ratio.
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Figure 6.6 is the combine graphical representation of the velocities in both the x and y
directions (VSUM) at the outlet position when the pressure ratio is 2.25:1, which

depicts an almost uniform flow region.
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Figure 6.6: VSUM at the outlet when the pressure ratio is 2.25:1.

Figure 6.7 shows the Flow trace of nitrogen gas and powders for a pressure ratio of
2.25:1 where the maximum velocity found at the outlet ranged from 130 to 147 m/s
and this analysis shows that the powder particles are able to mix with each other in

side the mixing zone at a velocity range of 0 to 16 m/s.
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Figure 6.7: Particle flow lines for the nitrogen gas and powders for a pressure ratio of

2.25:1.

Figure 6.8 shows the particle flow lines for the nitrogen gas and powders for a
pressure ratio of 10:1 and powder ratio of 1:3, which was obtained as the best
simulation result by the previous researcher Hasan [49]. This ANSYS results show
that the velocity range of this researchers [49] outlet from O to 10.49 m/s where this
current study simulation best result, shows the outlet velocity range from 130.745 to
147.089 m/s with lower pressure ratio required. This means the current design is
much more efficient than the previous concept described by Hasan [49], hence was

expected to produce more accurate mixing of the functionally graded powders.

140



N

FLOU TRACE AN
JUN 4 2003
TS 17:23:11
5UB =l
¥s5Un
= -4722 Zoomed in
picture
cnv/s
1049 2099 e 3148 4197
& 524,63 1574 2623 3672 4722
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Figure 6.8: Particle flow lines for the nitrogen gas and powders for a pressure ratio of 10:1 [49].

6.2.2 Conclusion of the ANSYS Simulation Results

The simulation results show that the design is able to satisfy the main objectives
required by the design part in the current research. This design was able to mix the
two different powders in the mixing zone and force this mixture into the pick up shaft
where the powder mixture is carried to the thermal spray HVOF gun. Thus the

dimensions and gas pressures were used in the experimental work that followed.
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6.3 BENCH TEST RESULTS ON THE NEWLY DESIGNED AND
DEVELOPED AUTOMATED POWDER FEED UNIT SYSTEM

Based on the FEA results a Dual Feed device was manufactured and tested. At this
stage of the present research it was necessary to determine, at what turning increment
of each of the needle shape bolts causes 100% of powder flow for each powder type
(Diamalloy 1003, Diamalloy 1005 and Diamalloy 2001). To determine this a bench
test was carried out on the new Dual Feed design. The three different powder types
were poured into chamber ‘A’ separately and gradually the needle shaped bolts were
vertically incremented (via rotation of the stepper motor) to 5 mm using the Lab
VIEW software programming. The details of the bench test are shown in Table 6.4,
6.5 and 6.6 for Diamalloy; 1003, 1005 and 2001 respectively. This procedure was
repeated using Chamber ‘B’ to determine if any difference between Chamber ‘A’ and

chamber ‘B’ was found. These results are shown in Appendix D.

Table 6.4 shows the weight measured at different stage of gradual vertical increment

of the needle shaped bolt when Chamber ‘A’ was filled with stainless steel

(Diamalloy 1003) and Chamber ‘B’ was empty.
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Table 6.4: Weight of stainless steel (Diamalloy 1003) from chamber *A’ for various

increments of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Increment of the container (Container + weight weight

Needle (mm) (gm) Powder) (gm) (gm) (gm)

Al 10.47 2.06

) 1.00 8.41 1101 260 2.08

A3 9.98 1.57

Ad 20.62 12.21

G 2.00 8.41 17.98 957 10.70

A6 18.73 10.32

A7 26.98 18.57

A% 2.50 8.41 25.57 17.16 18.98

A9 29.61 21.20

Al0 35.37 26.96

ALl 3.00 8.41 3202 24,51 25.49

Al2 33.41 25.00

Al3 90.05 81.64

Ald 4.00 8.41 83.52 8011 80.78

AlS 89.01 80.60

Al6 90.37 81.96

Al7 4.50 8.41 91.52 8311 82.22

AlB 90.01 81.60

Al9 91.81 83.34

A20 5.00 8.41 90.51 82.10 83.03

A2l 92.01 83.60
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Figure 6.9 shows a graphical representation of the data obtained from the Table 6.4
for Diamalloy 1003. The marked points from 4 mm to 5 mm vertical increment of the
needle shaped bolt, shows a constant powder particle flow. Hence, a 4 mm vertical
increment of needle shaped bolt was required to give 100% powder flow rate of

Diamalloy 1003.

Vertical Increment vs Average Mass of powder flow of Stainless Steel {Diamalloy 1003)
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Figure 6.9: Average mass of stainless steel (Diamalloy 1003) powder flow with

vertical increment of the needle shaped bolt controlled via LabVIEW programming.

Table 6.5 shows the weight measured at different stage of gradual vertical increment

of the needle shaped bolt when Chamber ‘A’ was filled with nickel base alloy’

(Diamalloy 1005) and Chamber ‘B’ was empty.
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Table 6.5: Weight of Nickel alloy' (Diamalloy 1003) from chamber ‘A’ for various

increments of its associated Needle.

Number of Vertical Weight of the | Total weight Powder Average
Experiment Increment of container (Container + weight weight
the Needle (gm) Powder) (gm) (gm)
(mm) (gm)
Bl 10.39 1.98
B2 1.00 8.41 9.65 1.24 1.59
B3 9.95 1.54
B4 20.39 11.98
B5 2.00 8.41 19.98 11.57 11.39
B6 19.02 10.61
B7 26.95 18.54
B8 2.50 8.41 25.67 17.26 18.83
B9 29.11 20.70
B10 38.23 29.82
BI1 3.00 8.41 4401 35.60 34.35
B12 46.05 37.64
Bi3 92.49 84.08
B14 4.00 8.41 86.56 78.15 80.61
B15 88.01 79.60
Bl6 92.06 83.65
B17 4.50 8.41 92.18 83.77 83.28
B18 90.83 82.42
B19 91.48 83.07
B20 5.00 8.41 90.65 82.24 83.24
B21 92.83 84.42

# Nickel Alloy' — Diamalloy 1005
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Figure 6.10 shows the graphical representation of the data obtained from Table 6.5 for
Diamalloy 1005. Similarly a 4 mm vertical increment of needle shaped bolt was

required to provide 100% powder flow rate of Diamalloy 1005.

|Venlcal Increment vs Average Mass of powder flow of Nickel base alloy (Diamalloy-1005)
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Figure 6.10: Average mass of nickel base alloy' (Diamalloy 1005) powder flow with vertical
increment of the needle shaped bolt controlled via Lab VIEW programming.

Table 6.6 shows the weight measured at different stage of gradual vertical increment
of the needle shaped bolt when Chamber ‘A’ was filled with nickel base alloy®

(Diamalloy 2001) and Chamber ‘B’ was empty.
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Table 6.6: Weight of Nickel alloy? (Diamalloy 2001) from chamber ‘A’ for various

increments of its associated Needle.

Experiment Vertical Weight of the | Total weight Powder Average
Number Increment of container (Container + weight weight
the Needle (gm) Powder) (gm) (gm)
(mm) (gm)

Cl 15.35 6.94
C2 1.00 8.41 21.64 13.23 9.66
C3 17.21 8.88
C4 47.11 38.70
C5 2.00 8.41 50.03 41.62 39.97
C6 48.01 39.60
C7 59.78 51.37
C8 2.50 8.41 61.79 53.38 51.74
C9 58.87 50.46
Cl0 71.84 63.43
Cl1 3.00 8.41 71.23 62.82 62.58
Cl12 69.89 61.48
CI3 102.90 94.49
Cl4 4.00 8.41 101.45 93.04 93.75
C15 102.13 93.72
Cl6 102.85 94.44
C17 4.50 8.41 103.03 94.62 94.54
Cl8 102.96 94.55
Cl19 105.03 96.62
C20 5.00 8.41 103.66 95.25 95.85
C21 103.73 95.32

* Nickel Alloy” — Diamalloy 2001
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Figure 6.11 shows the graphical representation of the data obtained from the Table 6.6
for Diamalloy 2001 where again a 4 mm vertical increment of needle shaped bolt

provides 100% powder flow rate of Diamalloy 2005.

IVerlicaI Increment vs Average Mass of powder flow of Nickel base alloy (Diamalloy-2005)

—!U]

| =D
/

|

Average Mass of powder flow of Nickel base alloy (gm

0 1 2 3 4 5 f
Vertical Increment {mm)

Figure 6.11: Average mass of nickel base alloy2 (Diamalloy 2001) powder flow with

vertical increment of the needle shaped bolt controlled via LabVIEW programming.

Figure 6.12 shows the combine graphical representation of Figures 6.9, 6.10 and 6.11
for Chamber A and Figure D1, D2 and D3 for Chamber B. This result of 4 mm
increment was also valid for Chamber ‘B’ for all powders, details is shown in

appendix D.
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Vertical increment vs Average Mass of powder flow
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Figure 6.12: Comparison of average mass of stainless steel (Diamalloy 1003), nickel base alloy’
(Diamalloy 1005) and nickel base alloy? (Diamalloy 2001) powder flow against vertical increment

of the needle shaped bolt controlled via LabVIEW programming for both Chambers (A and B).

Although Figure 6.12 shows that a 4mm vertical increment of needle shaped bolt is
the optimum level for 100 % particle flow for all three different powders, however it
also shows that a difference exists in the mass of powder flow found between each
other. The possible reason behind this is, the different densities/mass between the
powders (as the volume may be the same), and the difference size and shape of the
each powder particles material type between. Verification of this is discussed in

Section 6.3.1.

Considering a 4 mm vertical decrement as the base point (100% powder particle
flow), Figure 6.13 shows the average mass of powder flow when the needle shaped
bolt is closed from 4mm to 0 mm for each powder comparing with the average mass

of powder flow when the needle shaped bolt is opening (0 - 4 mm) . Individual data is
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available in Appendix D. These results are not linear due to the critical flowability of

each individual powder, which is described later in Section 6.3.1.

100

Vertical movement vs Average Mass of powder flow

—o— 58 Chamber A opening
—s— Ni1 Chamber A opening
Ni2 Chamber A opening
SS Chamber A closing
—=— Ni1 Chamber A closing
—o—Ni2 Chamber A clasing

-
Average Mass of powder flow (gm)
3 3
\
.
\
Ve
\“n

~ ‘/
) — // £
/// .-“]/
// /
2 /‘/
D /
0 ! Closing 42 3 :

Vertical movement (mm)

» Opening

Figure 6.13: Comparison of Average mass of powder flow for vertical movement (Opening and
Closing) of needle shaped bolt from 100% powder flow at 4 mm vertical increment to 0% at 0 mm

position. Data obtained from Table 6.4, 6.5, 6.6, D4, D5 and D6 respectively (Appendix D).

From the above discussion one can see that there was no traceable difference between

Chamber A and B. However Diamalloy 2001 was found to flows at the highest rate

compared to Diamalloy 1003 and Diamalloy 1005.
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6.3.1 Difference between Material Particles

The possible reason behind the difference of mass of powder flow between each
powder flow test (Figure 6.12) is due to the different size and shape of the powder
particles between each other and their relative densities. To confirm these 2

experiments were carried out as follows:

~ Density/Flowability measurement

» Optical microscope test

Density/Flowability measurement

To measure the density/flowability of the three different powders one pre-measured
container was used. The average value of density of each powder which is shown in

Table 6.7.



Table 6.7: Different densities of three different powders (Diamalloy 1003, Diamalloy

1005 and Diamalloy 2001).

Experiment Volume of Weightof | Total weight | Powder | Measured | Average
Number container the (Container + | weight density density
filled with container Powder) (gm) =M (gm/ for each
powder =V (gm) (gm) cmj) powder
(ml or cm®) (gm/cm’)
D1 for Diamalloy 100 587.01 485.14 | 4.8514 5.0513
1003 (For
D2 for Diamalloy 50 101.87 364.43 38.70 4.8514 | Diamalloy
1003 1003)
D3 for Diamalloy 100 585.31 483.44 | 4.8344 4.901
1005 (For
D4 for Diamalloy 50 101.87 350.25 41.62 4.9676 | Diamallo
1005 y 1005)
D5 for Diamalloy 100 568.13 466.26 | 4.6626 4.6248
2001 (For
D6 for Diamalloy 50 1Dired 33122 | 39.60 | 4587 | Diamallo
2001 y 200D)

From the above Table 6.7 it was observed that the density of the Diamalloy 2001 was

lower than other two powders (Diamalloy 1003 and Diamalloy 1005).

Since the density was not a consistent solution, another standard test method (for flow

rate of metal powders) was followed. This test method covers the determination of the

flow rate of metal powders (Diamalloy 1003, Diamalloy 1005 and Diamalloy 2001).

Table 6.8 shows the results of the test for flow rate of metal powders (Diamalloy

1003, Diamalloy 1005 and Diamalloy 2001).
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Table 6.8: Results of standard test method for flow rate of metal powders.

Powder Experiment | Weight of | Time of Flow | Average Average Flow
Type Number Powder through the Time Rate (gm/sec)
(gm) calibrated (Sec)
Orifice (sec)
Diamalloy 1 45
1003 2 46
3 50 42 43.60 1.15
4 42
5 43
Diamalloy 6 29
1005 7 30
8 50 29 28.8 1.74
9 28
10 28
Diamalloy 11 29,
2001 12 22
13 50 21 21.6 2.31
14 21
15 22

From this test it is found that the Diamalloy 2001 flows faster than Diamalloy 1003
and Diamalloy 1005. Hence this is clear that the flowability of Diamalloy 2001 is
higher than Diamalloy 1003 and Diamalloy 1005.

Optical microscope observation

From visible observation it has been found that the powder particle of Diamalloy
1003 and Diamalloy 1005 are more or less of the same size and shape. Certain
amounts of three different powder particles were observed using the optical
microscope and the images are shown in Figure 6.14, 6.15 and 6.16. The powder
particles of Diamalloy 1003 and Diamalloy 1005 are denser and smaller in size

compare to Diamalloy 2001, which is clear from Figure 6.14, 6.15 and 6.16.
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Diamalloy 1003 and Diamalloy 1005 powders have a tendency to agglomerate due to
their fine size where as Diamalloy 2001 was more granular but flows easier compare

to the other two types.

Figure 6.14: Optical microscope image of Diamalloy 1003.
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al microscope image of Diamalloy 1005.
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Figure 6.16: Optical microscope image of Diamalloy 2001.
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6.3.2 Conclusion of the Powder flow Bench Test Results

From the powder flow bench test results it has been determined that during the
coating process to get the 100% flow of powder particle vertical increment of the
needle shaped bolts will be 4 mm from zero position using any Chamber either ‘A’ or
‘B’. Each stage of vertical increment or decrement will be 1 mm to achieve 25%
powder composition, as 25% is Y% of 100%. Hence to obtain a 1000 pm
(approximately 1 mm) thick coating, the spray gun needs to produce 32 layers on the
substrate, which is 16 passes (as each layer is 30 um thick) where a pass refers to the
gun moving over and back across the substrate. So in the LabVIEW programme the
limit switch will send a signal to create the vertical increment or decrement of the
needle shaped bolts every 8 layers (1/4 of overall coating thickness) which mean the
value of counter control (max. Count) will be set at 4 for both linear actuators. The
above procedure is applicable when the flow ability of the two powders is more or
less same, for example here, base powder material Diamalloy 1003 and coating
powder material Diamalloy 1005. But when the flowability of two powders (for
example base powder material Diamalloy 1003 and coating powder material
Diamalloy 2001) is different then it is necessary to determine the powder composition
ratio with the vertical increment or decrement of the needle shaped bolts. So before
doing any functional graded coating with this device it is important to do a powder
flow bench test (as described earlier) to find out the composition ratio of the coating
material powder where the base material powder flows 100% at 4 mm vertical
increment of the any needle ether filling Chamber ‘A’ or Chamber ‘B’. For current
research Diamalloy 1003 was used as a base material powder. If the coating powder
material is Diamalloy 2001 instead of Diamalloy 1005 then vertical increment of
needle shaped bolt which control the flow of this powder varies according to data

found in the following Table 6.9. Table 6.9 shows the vertical increment or decrement
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of each needle shaped bolt according to the amount (mass) of powder found in the

mixture as determined by the powder bench test.

Table 6.9: Vertical increment or decrement composition of needle shaped bolt with

different powders.

Percentage Diamalloy 1003 Diamalloy 1005 Diamalloy 2001
of powder (Base powder material)
composition
Needle Increment or Approximated Decrement Approximated Decrement Approximated
shape bolt Decrement | mass of powder (mm) mass of (mmy) mass of powder
either ‘A’ or (mm) (gm), Time powder (gm), (gm), Time
‘B’ (%) delay, T=10 sec Time delay, delay, T=10 sec
[Initial (Data from T=10 sec (Data from
position is Figure 6.12) (Data from Figure 6.12)
zero] Figure 6.12)
100 4.00 80 4.00 80 4.00 90
75 3.50 60 3.50 60 3.10 68
50 3.00 40 3.00 40 2.20 46
25 2.50 20 2.50 20 1.30 24
0 0 0 0 0 0 0

So, these increment (or decrement) values for each powder-controlling needle, was

expected to give the desired functionally graded coatings. The FGM coating will be as

follows where the first coat is 100 % base material powder then the second layer is

75% base material and 25% coating material powder, third one is 50% of each type

finally the top coat is 100% coating material powder varying the needle shape bolt

according to the above data from Table 6.9.
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6.3.2 Experimental sprayed functionally graded coatings results

A 1 mm thick Stainless steel substrate was functionally graded coated with Diamalloy
1003 and Diamalloy 2001 and another one was coated with Diamalloy 1003 and
Diamalloy 1005 using the designed semi automated system. Chemical composition of
the different layers was determined using the energy dispersive X-ray (EDS)
spectroscopy. Three analyses at each point (i.e. Bottom layer, Middle layer and Top
layer) were carried out during the chemical composition analysis using SEM
technique for each sample. The following section describes the lowest Carbon and
oxygen content results for the each sample. Explanation of selecting this lowest
Carbon and Oxygen content sample analysis is given in the end of this section. The
chemical composition of Diamalloy 1003, Diamalloy 1005 and Diamalloy 2001 are
shown in Table 2.5.

(a) Sample 1

For Sample one; the substrate was Stainless Steel, Bond Coat was Diamalloy 1003
and Top Coat was Diamalloy 2001. Figure 6.17 shows a cross sectional SEM image
of the functionally graded coating sample 1. Figures 6.18, 6.19 and 6.20 show the

chemical composition of this Bond Coat, Middle of the Coating and the Top Coat

respectively.

Stainless Steel (316L) Substrate

Mag= 1.42 K X Wh= 25 nn  EHT=15.098 kV 14:47 19-Sep-2007

Dublin City University Detector= SE1

Figure 6.17: A SEM image of the functionally graded coating sample 1 (Diamalloy 1003 and

Diamalloy 2001); scale shows the maximum coating thickness 15 um of the coating.
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Figure 6.18: Chemical composition of first layer or Bond Coating of Sample 1.
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Figure 6.19: Chemical composition of the middle layer or the Middle of the Coating of Sample 1.
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Figure 6.20: Chemical composition of the final layer or the Top Coat/Service Coating of Sample 1.

It can be seen in Table 6.10 that Chromium (Cr) 17% is common for both FGM
powders; Boron (B) was not detected by the EDS technique during analysis. Hence
Tron (Fe), Molybdenum (Mo) and Silicon (Si) were used to validate the design from
Bond coating to Top Coating. The Iron (Fe) desired amount should tend towards
67.4% (Bal.) in the Bond Coating and 4% in the Top Coating according to Table 2.5.
The FGM coating obtained values of Iron 69.37% in the Bond Coat, 66.55 % in the
middle of the coating and 38.50% in the Top Coat. For Molybdenum (Mo) the desired
amount was 2.50% in the Bond Coat and 0% in the Top Coat and again 0.36% was
obtained in the Bond Coat, 0.13 % in the middle of the coating and 0.21% in the Top
of the Coating. Although there is difference between the desired values and measured
values for these two elements (Fe and Mo), but this analysis shows that their chemical
composition (wt %) varied (decreased) from the Bond Coat to the Top Coat which
was desired. The Silicon (Si) desired amount should tend towards 1.00% (Bal.) in the
Bond Coating and 4% in the Top Coating according to Table 2.5. The FGM coating
obtained values of Silicon 0.28% in the Bond Coat, 0.39 % in the middle of the

coating and 0.79% in the Top Coat. However it’s of chemical composition (wt %)
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varied (increased) from the Bond Coat to the Top Coat which was also desired. For
Nickel (Ni) the desired values and obtained values was not match significantly in this
current research. Few possible reasons are detailed in the end of this results

discussion.

(b) Sample 2

For Sample two; the Substrate was Stainless Steel, Bond Coat was Diamalloy 1003
and Top Coat was Diamalloy 1005. Figure 6.21 shows the cross section SEM image
of this functionally graded coating sample 2. Figures 6.22, 6.23 and 6.24 show the
chemical composition of the Bond Coating, Middle of the Coating and Top of the

Coating respectively.

Mounting material (Phenolic:
- high carbon content)

Top Coat
N

BCOat—N ". b

M,

-{'_.,ﬁr. 5

pla= 15.97 p

P1h= 92.7 Deg

/

Stainless Steel (316L) Substrate

Mag= 1.24 K X WD- 25 mn EHT=15.80 kV 16:12 19-Sep-2607

Dublin City University Detector= SE1

Figure 6.21: A SEM image of the functionally graded coating sample 2 (Diamalloy 1003 and

Diamalloy 1005); scale shows the maximum coating thickness 15 um of the coating.
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Figure 6.22: Chemical composition of the first coat or the Bond Coat of Sample 2.
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Figure 6.23: Chemical composition of the middle layer or Middle of the Coat of Sample 2.
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Figure 6.24: Chemical composition of the final coat or the Top Coat/Service Coat of Sample 2.

Again one can see (Table 6.10) that although Chromium (Cr), Nickel (Ni) and
Molybdenum (Mo) are common; for both FGM powders, combining these materials
will increase by their wt% from the Bond Coat to the Top Coat. Experimental results
show (Figures 6.22, 6.23 and 6.24) that the wt% of the chromium, nickel and
molybdenum values increased from the Bond Coat (Cr-14.35, Ni-7.42 and Mo-0.63)
to Top Coat (Cr-16.27, Ni-3.92 and Mo-0.82) and the values obtained in the middle of
the coating were; Cr-13.22, Ni-7.33 and Mo-0.74. Except the Nickel the other two
elements (Cr and Mo) composition varied (increased) according to the desired values
from the Bond Coat to the Top Coat. However there was little difference between
desired and obtained values considering at each point which is negligible as the wt %
of each element is depending on the other elements which are present in the same
point. Another two element Nb and Ti was used to validate the design from Bond
coat to Top Coat. The desired amount of Nb should range from 0% in the Bond Coat
to 3.6% in the Top Coat; hence an increase of this element by wt% from the Bond
Coat to the Top Coat. The FGM coating obtained values of 0% in the Bond Coat,
0.60% in the middle of the coating and 0.08% in the Top Coat for the element of Nb

wt %. The desired amount of Ti should range from 0% in the Bond Coat to <0.40% in
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the Top Coat; hence an increase of this element by wt% from the Bond Coat to the
Top Coat. The FGM coating obtained values of 0% in the Bond Coat, 0.09% in the
middle of the coating and 0.42% in the Top Coat for the element of Ti wt %. The Iron
(Fe) desired amount should tend towards 67.40% (Bal.) in the Bond Coating and
<0.50% in the Top Coating according to Table 2.5. The FGM coating obtained values
of Tron 63.33% in the Bond Coat, 63.86 % in the middle of the coating and 62.61% in
the Top Coat. For Silicon (Si) the desired amount was 1.00% in the Bond Coat and
0% in the Top Coat and again 0.33% was obtained in the Bond Coat, 0.22 % in the
middle of the coating and 0.47% (0.26% observed in another set of point analysis
shown in Appendix F; Figure: A2) in the Top of the Coating. Although there is
difference between the desired values and measured values for these two elements (Fe
and Si), but this analysis shows that their chemical composition (wt %) varied
(decreased) from the Bond Coat to the Top Coat which was desired. Aluminium (Al)

was not detected during the analysis using EDS technique in this current research.

Carbon (C), Oxygen (O), Calcium (Ca) and Magnesium (Mg); these four elements
were found during this EDS analysis. Comparatively presence of high carbon and
Oxygen could be contamination from the mounting powder (Phenolic resin). It was
also observed using a point analysis on the mounting element surface during EDS
analysis that contains higher percentage of Carbon compared to the sample (both
case). However the trend of varying composition of C (from the Bond Coat to Top
Coat measured value) is according to the desired value (for the sample 1; increased
and for Sample 2; decreased). Calcium (Ca) and Magnesium (Mg) could be

contaminated from the hand or oxidation on the surface of the Samples.

When two X-Rays from the same element hits the detector at the same time, these
produced an artefact peak called sum peak. This energy values are added together.
Such as K 1 line for Ni = 7477 ev X 2 = 14954 ev and For Al = 14870 ev (Which are
almost same value and this values were found during EDS analysis). Therefore some
Ni X-Ray can be misinterpreted as Al. This could be the possible reason for not

detecting Al and B.

For qualitative analysis EDS system is reliable. For quantitative analysis EDS is

preferable to analysis with a standard, where by that sample is compared to a standard
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of known composition. Otherwise many correction factors are used by the system

during the analysis. EDS system is focused on very small volume [139].

Table 6.10: Range of Chemical composition compared for FGM coatings.

Sample No. 1

Desired [62] and

Measured values and

Bond Layer wt%

Middle Layer wt%

Top Layer wt%

Trend (T - J,)

Fc- Tron Desired 4 67.40 (Bal.) 4.00
Measured 69.37 66.55 38.50

B- Boron Desired ~ 0 —-e 3.50
Measured - Could not detect Could not detect Could not detect

Si- Silicon Desired T 1 4
Measured T 0.28 0.39 0.79

Ni- Nickel Desired T 12.00 - 70.50 (Bal.)
Measured 4 8.10 7.30 2.69

Cr- Chromium Desired - 17.00 - 17.00
Measured | 16.86 15.92 10.49

Mo- Molybdenum Desired | 2.50 - 0
Measured ¥ 0.36 0.13 0.21

C- Carbon Desired T 0.10 e 1.00
Measured T 4.65 6.20 29.99

Sample No. 2

Ni- Nickel Desired T 12.00 —-- 64.60 (Bal.)
Measured 4 7.42 733 3.92

Cr- Chromium Desired T 17.00 - 21.50
Measured T 14.35 13.22 16.27

Mo- Molybdenum Desired T 2.50 ——-- 9.00
Measured T 0.63 0.74 0.82

Nb Desired T 0 — 3.60
Measured T 0 0.06 0.08

Fe- Tron Desired 4 67.40 (Bal.) —- <0.50
Measured 63.33 63.86 62.61

Si- Silicon Desired 4 1.00 e 0
Measuredd T 0.33 0.22 0.47

C- Carbon Desired 4 0.10 0
Measured 9.74 9.86 6.34

Ti- Titanium Desired T 0 <0.40
Measured T 0 0.09 0.42

Al- Aluminium Desired - 0 <0.40
Measured - Could not detect Could not detect Could not detect

(T) Increased, () decreased and (-) Not detected

#13 out of 16 Elements showed the same trend in composition FGM coating change as that of bulk powder

materials
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This confirms while the exact compositions were not attained never the less the
proposed design has the potential of producing FGM which is a new venture for
HVOF spraying. The reason the proportions are not the same as the stating powder
compositions (that is less) is that the cumulative wt % of these elements are dependent
on each other, for example if one element is increased/decreased then other elements
will be change proportionally (in the range of 100 %), hence the expected
composition is in fact lower than would be expected. This is the reason to select the
low Carbon and Oxygen content composition for this analysis. However the trend
from high to low or low to high composition for each element is maintained

throughout the functionally graded deposit.
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CHAPTER 7

CONCLUSIONS
AND RECOMENDATIONS
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7.1 CONCLUSIONS

In this current research, an innovative modification of the HVOF thermal spray

process was designed to produce functionally graded coatings. This included design,

FEA analysis, calibration and validation of a co-injection semi automated system used

to deposit stainless steel/nickel base alloy FGM coatings simultaneously on stainless

steel substrate. Following this research:

>

Y

It is possible to produce functionally graded deposits according to any desired
proportion of two different powder materials using a relatively inexpensive
modification of a commercial system. This was validated using chemical

composition analysis.

This current system was developed to improve its range of capabilities and
repeatability of the process. This was achieved through flow control of the

powder through duel feeder automation.

The ANSYS FLOTRAN CFD Finite Element Analysis simulated the flow of
the powder/gas mixture through this design system for various input process

and yielded the ideal pressure required to predict flow and mixing.

The designed was manufactured for testing; the Lab VIEW software was
designed to control (through programming) the semi-automated powder feed

unit device.

Bench and experimental deposition testes were carried out to test the new

device for functionality.

Post spraying; samples were cross sectioned and prepared for SEM/EDS
observation. The results of which showed that the chemical composition of the
various layers changed according to the composition type of material been laid

down by the HVOF process.

The chemical composition validation test was based on elements which were

expected to increase/ decrease as the powder type changed across the
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functionally graded deposit. The values of weight composition (wt %) was

found to be lower in the deposit when compared to the initial powder used.

> The device is capable of spraying any grade type/composition make up which

will benefit research in HVOF thermal spraying.
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7.2 RECOMMENDATIONS FOR FUTURE WORK

The results documented in the present research are significant, however
recommendations for further investigation are described below to enhance the

research area even further:

Design and Manufacturing:
» Modification of the Design of the Linear Actuator Holder is desirable; to
provide a flexible powder pouring system.
» Strength and power of the Linear Actuators could be increased; to help to

control the flow of the powders more accurately.

FEA Simulation:
» Simulation of the Finite Element Analysis could be conducted using Fluent

CFD Software.

Control and Automation:
» Instead of using the limit switches (act as a counter of the spray gun); the LX

indexer could be designed to communicate with the Lab VIEW software itself.

Characterisation of the Material Properties:
~ Characterisation and Mechanical testing of the functionally graded coated
substrate (the produced coating properties) for corrosion resistance, hardness,
bond strength, residual stress and so on could be carried out to define the

potential of these FGM HVOF coatings.
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APPENDIX A-Detail Design Drawings

Figure Al: Schematic drawing of the motor holder and bush cover.

Figure A2: Schematic drawing of the needle shaped bolt.

Figure A3: Schematic drawing of the top Plate of the powder holder.

Figure A4: Schematic drawing of the cover plate or base plate of the motor mounting.
Figure AS: Schematic of the individual powder holder [49].

Figure A6: Schematic of the base plate of the powder holder [49].

Figure A7: Sectional assembly drawing of the base plate, the top plate and the
individual powder holders [49].

Figure A8: Schematic drawing of the top part of the funnel shaped powder flow path.
Figure A9: Schematic drawing of the bottom part of the funnel shaped mixing zone.

Figure A10: Schematic assembly drawing of the bottom funnel shape design.
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Figure Al: Schematic drawing of the motor holder and bush cover.
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Figure A2: Schematic drawing of the needle shaped bolt.
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Figure A3: Schematic drawing of the top Plate of the powder holder.
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APPENDIX B-Data Sheet for the Electrical Components

Appendix Bl: Data sheet of the linear actuators (Stock no.: RS 340-6445), actuators
wiring instruction and drivers (Stock no.: RS 217-3611)

Appendix B2: Data sheet of AT-MIO-16XE-10 DAQ card

Appendix B3: Data sheet of this 741-type op amp
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Digital linear actuators

The range of DLA's comprise two versions. Both types are
based on 4 phase permanent magnet stepper motor
technology and utilise a rotor with an internal thread to

provide linear motion via a leadscrew.

The L92000 series are provided with a leadscrew which
may be attached to the driven mechanism. When the
leadscrew is prevented from rotating the operation of the
motor imparts linear motion to the screw. The maximum
travel of the mechanism is between 47 & 76 mm depending
on the model although optional 300 mm long leadscrews
may be purchased to increase travel distance if required.

The K92000 series incorporate a keyway in the actuator's output
slideway thereby providing the spindle with linear motion. This
design is ideal for driving spring loaded mechanisms over limited

travel.

Typical performance

92000 series DLA’s

92100 series 92211 series L92411
127 20 ™ 80
10 = N . N
Z 8 S 215 DN Z 60
N S Y \
8 g 92111 — $ 10 = 2 40
‘6 4 4+— =y LE 5 \
w0 [ e N\, 5 L g
0 ! 0 T 0 \
0 100 200 300 400 0 100 200 300 400 0 100 200 300
steps per sec. steps per sec. steps per sec.
The above performance describes pull-in ( start/stop ) operation when the actuators are driven with an L/R drive.
Increased performance can be obtained with L/4R drive techniques using drives such as the EM162 series
Specification
Standard models L92121-P2 L92111-P1 L92211-P2 L92411-P2
K92121-P2 K92211-P2
Maximum linear force N 7.23 12.5 20.9 88
Min. holding force ( de-energised ) N 11.13 16.6 11.13 88
Linear travel per step ins./mm 0.002/0.0508 | 0.001/0.0254 | 0.001/0.0254 | 0.001/0.0254
Typical backlash Steps 2 2 2 2
Maximum linear travel:
L92000 series using standard screw mm 47.6 47.6 47.6 76.2
using extended screw | mm 259 259 215 233
K92000 series mm 12.7 N/A 22.2 N/A
Maximum Pull-in rate Steps/sec. 380 425 425 275
Maximum Puli-out rate Steps/sec. 650 * 700 * 700~ 400 *
Bearing construction Radial Ball Radial Ball Radial Ball Radial Ball
Mass Kg 0.0425 0.0425 0.198 0.45
Nominal Voltage ( L/IR Drive ) Vdc 12 9 12 12
Resistance per phase Ohms 84 15 58 25
Current per phase Amps 0.146 0.333 0.208 0.453
Inductance per phase mH 29 50 30 25
Suitable drives SAA 1027 MSE422 SAA 1027 MSE422
MSE422 EM162 MSE422 MSES42
EM162 TM162C EM162 EM162
TM162C

Mote* Higher step rates may be achieved using L/4R current forcing techniques.

Alternative low inductance models are available to special order.
Tel: +44 (0)8707 700 700 www.mclennan.co.uk

Meclennan Servo Supplies Ltd.

™
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Dimensions mm. 92100 series

L92100 series K92100 Series

:14_86__ 21.08 . 36.37 ( extendad

2 3.51
Jy
I" w_‘b Stroke: " 12.7 mm

#4-40 UNC thread 76.2 ( Max stroke: 47.6 mm) _ |
to within 1.52 of shoulder le=d =

-+ 495

%] 25.&*

42,93

two point pointing
2 3.66

Leads 304.8 mm long

92200 series

L92200 seires K92200 series

14.27 32.18 35.05 ( Extended )

e

©22.2 mm stroke

2 point figing & 3,66
3 L

Leads: 304.8 mm long

Versions illustrated with optional heatsink

92400 series

L92400 series with optional heatsink

2 point fixing £ 6.73
3 #10-32NF
1016 _ el I TR
88.9 ]
A 9.4 =t % I H—
Y | 'ﬁlﬁ v\
559 ™ @ I« 318 ™
Leads: 304.8
2 74.63 133.35 ( max stroke 76.2 mm )

-

Optional Leadscrews for ‘L’ series actuators:

Optional 300 mm long Leadscrews may be ordered separately to extend the stroke of ‘L’ series actuators
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Instruction Leatlet
Bedienungsanleitung

Hojas de instrucciones

Feuille d’instructions
Foglio d’instruzioni

m

340-6445 7.23 N Linear actuator

340-6467 12.5 N Linear actuator

340-6473 20.9 N Linear actuator

340-6489 88.0 N Linear actuator
2| I| a 4 Gl Is —1

Lead
RS stock 1 2 3 4 5 6
Number |Volts
340-6445 | 12V | Yellow | Red |Orange| Black | Green| Brown
340-6467 | 5V | Yellow | Red |Orange| Black | Green| Brown
340-6473 | 12V | Yellow | Red | Black | Orange| Red | Brown
340-6489 | 12V | Yellow | Red | Black | Orange| Red | Brown

Also available 305mm (12") long leadscrew, which may be used as a
replacement or to increase the length of travel.

SIVIVIVES

@ RS Best-Nr.

340-6445 Linearstellglied 7,23 N

340-6467 Linearstellglied 12,5 N

340-6473 Linearstellglied 20,9 N

340-6489 Linearstellglied 88,0 N
Zl 1 | 3 4 E| ]5 —

AnschluB
RS 1 2 3 4 5 6
Best.-Nr | Volt
340-6445 | 12V | Gelb |Rot | Orange | Schwarz | Grin | Braun
340-6467 | 5V | Gelb |Rot | Orange | Schwarz| Grin | Braun
340-6473 | 12V | Gelb | Rot | Schwarz| Orange | Rot | Braun
340-6489 | 12V | Gelb |Rot | Schwarz | Orange | Rot | Braun

Eine 305mm lange Leitspindel ist ebenfalls lieferbar. Sie kann als

RS Components shall not be liable for any liability or loss of any nature (howsoever
caused and whether or not due to RS Components’ negligence) which may result
from the use of any information provided in RS technical literature.

Linear actuator with Std. Alternative 12 inch Ersatzteil oder zur Verldngerung des Verfahrwegs verwendet
leadscrew leadscrew werden.
RS 340-6445 340-6495 A Linearstellglied mit Alternative mit
stock no. 340-6467 340-6502 B Standardleitspindel 12"-Leitspindel
340-6473 340-6495 A RS 340-6445 340-6495 A
340-6489 340-6524 C Best.-Nr. 340-6467 340-6502 B
340-6473 340-6495 A
340-6489 340-6524 C

RS Components haftet nicht fir Verbindlichkeiten oder Schaden jedweder Art (ob auf
Fahrlassigkeit von RS Components zurlckzuflhren oder nicht), die sich aus der
Nutzung irgendwelcher der in den technischen Verdffentlichungen von RS
enthaltenen Informationen ergeben.




V10890

@ Cédigo RS.

Code Fil

commande 1 2 3 4 5 6
RS Volts

340-6445 12V | Jaune | Rouge| Orange| Noir | Vert {Marron
340-6467 5V | Jaune | Rouge| Orange| Noir Vert [Marron
340-6473 12V | Jaune | Rouge| Noir |Orange |Rouge|Marron
340-6489 12V | Jaune [ Rouge| Noir |Orange |Rouge|Marron

340-6445 Actuador lineal 7,23 N

340-6467 Actuador lineal 12,5 N

340-6473 Actuador lineal 20,9 N

340-6489 Actuador lineal 88,0 N
2| 1] E] 4 6| |5 r—

Cable
Codigo 1 2 3 4 5 6
RS Tension
340-6445| 12V Amarillo | Rojo |Naranja | Negro | Verde | Marron
340-6467 | 5V Amarillo | Rojo | Naranja | Negro [Verde|Marrdn
340-6473| 12V |Amarillo | Bojo | Negro |Naranja| Rojo | Marrén
340-6489| 12v |Amarillo | Rojo | Negro |Naranja| Rojo | Marron

Disponible también husillo de 305 mm (12i) de longitud, que puede
usarse como repuesto o para aumentar la longitud del recorrido,

Actuador lineal con Husillo alternativo
husillo estandar de 12”
340-6445 340-6495 A
Cédgio 340-6467 340-6502 B
RS 340-6473 340-6495 A
340-6489 340-6524 C

RS Components no sera responsable de ningun dafio o responsabilidad de cualguier
naturaleza (cualquiera que fuese su causa y tanto si hubiese mediado negligencia de
RS Componentscomo si no) que pudiese derivar del uso de cualquier informacion
incluida en la documentacion técnica de RS.

Vis sans fin de 305 mm (12 po) également disponible, qui peut é&tre

utiisée comme piéce de rechange, ou pour allonger Ila
course.
Actionneur linéaire avec Vis sans fin
vis sans fin standard de 12 pouces

Code 340-6445 340-6495 A
commande 340-6467 340-6502 B
RS 340-6473 340-6495 A
340-6489 340-6524 C

La société RS Components n'est pas responsable des dettes ou pertes de quelle que
nature que ce soit (quelle gu'en soit la cause ou qu'elle soit due ou non & ia
négligence de la société RS Components) pouvant résulter de |'utilisation des
informations données dans la documentation technique de RS.

7 RS Codici.

340-6445 7.23 N attuatore lineare
340-6467 12.5 N attuatore lineare
340-6473 20.9 N attuatore lineare
340-6489 88.0 N attuatore lineare

Conduttore
Codice 1 2 3 4 5 6
7 ; RS Volt
® Code commande RS. 340-6445 | 12V | Giallo | Rosso |Arancio| Nero | Verde| Marrone
340-6467 | 5V | Giallo | Rosso |Arancio| Nero | Verde| Marrone
. e 340-6473 | 12V | Giallo | Rosso | Nero [Arancio] Rosso| Marrone
340-6445 ACtlonneur l!nt?a!re [azeg) 340-6489 | 12V | Giallo | Rosso | Nero |Arancio| Rosso| Marrone
340-6467 Act!onneur I!nelaa!re 125N E’ disponibile anche una vite madre lunga 305mm (12"), che pud
340-6473 Actionneur linéaire 20.9 N ggsere utilizzata come ricambio o per aumentare la lunghezza di
340-6489 Actionneur linéaire 88.0 N corsa.
Attuatore lineare con vite Vite madre
madre standard alternativa 12”
Codice 340-6445 340-6495 A
ool e | RS 340-6467 340-6502 B
340-6473 340-6495 A
340-6489 340-6524 C

La RS Components non si assume alcuna responsabilita in merito a perdite di
qualsiasi natura (di qualunque causa e indipendentemente dal fatto che siano dovute
alla negligenza della RS Components), che possono risultare dall'uso delle
informazioni fornite nella documentazione tecnica.
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4-Phase Unipolar Stepper Motor Drive Board

4-Phasen-Einpol-Schrittmotor-
Tarjeta controladora para motor paso a paso

Carte d'entrainement de moteur pas-a-pas
unipolaire quadriphasé

Scheda di trasmissione per motore passo-
passo unipolare a quattro fasi

Driverkort til 4 faset, enpolet stepmotor

Besturingskaart voor enkelpolige 4-fasen

Drivkort for 4-fasig unipolir stegmotor

Antriebsschaltung

unipolar de 4 fases

stappenmotor
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®

Board conneclions

A Exiernal conneclions

B. Full / hall slep

C Clock

D Direclion

E Preset

F Ausiliary output 12V0C,50ma

G. Boaitl supply [15-30VDC)

H. Bomd and motor may share lhe same supply

1 +V metor (30OC max)

J All board connetlions are 1o lhe ‘A’ side
ol Ihe DIN conneclor

K Molor windings @1 - @4

L Oscillator conlrol inputs

M.On-board oscilfalor (when assembled)

N. (See oscilator seclion)

0.y s\Malar - Riled winding voltage

N Hatad wanding cutrgn)

@ Schallungsanschliisse

A_exleme Regler
B. Voll-"Halbschntt
C Uhr
D Richtung
E. Vereinsleflung
F Hilsausgang 12V Gleichslrom 50mA
G.Schallungsnelz (15-30V Gleichstrom)
H. Schaltung und Malor konnen das gleiche Nelz
lellen
+V-Molor (30V Gleichstrom max.)
alle Schallungsanschlusse sind aul der ‘a’-Seile
des DIN-Verbinders
Molorwicklingen ©1 - @4
Oszillator-Regeleingange
M.Schallungs-Oszillator {wenn menlierl)
N.siehe Oszillalor-Abschnill
] ‘A= +V-Motor - Nennwickelspannung

Nennwickelslrom

@ Conexiones de la tarjeta

A Conlroles exleriores

B Paso enlero/medio

G Reloy

D Senlido

E Preajuste

F Salida auxiliar 12Vcc 50mA

G.Almentacidn de la tarneta 15-30V

H La tarjeta y el molor pueden comparlr la misma

1. +V molor (30Vec max)

J Todas las conexiones de la lariela son hacia el
laclo 'A' del coneclor DIN

K Arrollamientos del molor @1 - @4

L. Osallator conlrol inpuls

M.Enlradas de conlrordd oscilador /E oscilador de
la {arpeta (0 v montadeo)

N {ve: In seccian del vscitador)

0. +\-Matar - tenasin nemingd del arroliamerndo

=T Gonumie nominal del amolameno

X o=

@ Connexions de carte N

A Commandes exlernes

B, Pas complel, demi-pas

C. Horloge

D. Direclion

£ Préréglage

F. Sorlie auxiliaire 12 V c.c, 50 mA

G. Alimenlation de carle {(15-30 V c.c.)

H.La carle et le moteur peuvenl parlager la méme
alimenlalion

1. Tension posilive du moteur {30 c.c. maxi mum}

J._ Toules les connexions de carle sonl sur le coté A
du connecleur DIN

K. Bebinage du maleur

L. Entrées de commande de l'oscillaleur

M. Osxillatnir sue cate (2 montd)

N {woir In section sur {'oscillatotr)

O Tonsion de bebnage do moteurs 4V
= Courant nidningl ds bobine
® Collegamenti della scheda

A_Conlrol esternt

B Paso inlero / mela

C Orologio

D. Direzione

E. Preregolalo

F. Uscila ausiliaria 12V ¢,c. 50mA

G. Alimenlaziane della scheda (15-30V c.c.)

H.La scheda e Il matore possono condividere la
slessa alimenlazione

1. Molore +V{30V c.c. max.}

J. Tullt 1 collegamenti di scheda sene silulati sul lalo
‘a’ del conneltore DIN.

K. Ellellroavvolgimenti ©1 - ©4

L. Entrele di contrallo delloscillalore

M.Oscillatore su scheda (quando assembla to)

N. Ved: sezione Oscillalare

iiatore +V - lnsione notminale d peolipmeanto

ke di avemigimirnio

Tilslulninger pa kori

A.Ekslerne lorbindelser
B Hel-/ halvslep
Ur

D. Retning
E. Forudandsiiblol
F. Hjmipeoujput 12VDC, SimA
G.Slromforsyning til ko {15-30V DC,
H.Kort D;{ maolor kan dale samma siromlorsyning
I,V maobar (300G maks )
J. Alle koritishulninger er i A" siden pa DIN siikkel
K. Matormndingar @1 - @4
L. Oscillatorreguienngsinput
M. Cseillator pit kortal gniir monterel)
N (Se alsnit om oscllator)
O.g. +Vidator — Markoviklingsspainiding
. Mauorkowidingssttam

=i

LEEEE

@ Aansluitingen kaarl

A, Exlerne aanslutingen
B. Voliedige/halve slap
Klak
D. Richling
E Vaarinslelling
F. Hulpuilgangspanning 12 V gelijksiroom, 50 mA
G, Voeding kaar (15 - 30 V gelijksiroom)
H.Kaarl en motor kunnen dezellde voeding gebruken
1. +V molor {maximaal 30 V gelijkslroom)
J. Alle kaarlaansluilingen zin aan de 'A'-zijde van de DIN-
conneclor
K. Motorwikkelingen @1 - ©4
L. Regelingangen oscillalor
M.Geinlegreerde oscillalor (indien gemanleerd)
N. (Zie gedeelle over oscillalor)
o} ‘R +V mator - nominale wikkelingspanning
- nominale wikkelingslroom

@ Kortanslutningar

A Externa anslulningar

B. HelVhalvt sleg

C.Klocka

0. Hillring

E. Fonnulafining

F Hgalputghng 12 V OC 50 mA

G. Stramldtsorining Ul ke

H. Korl och motor kan driva

I, +V molor (max 30 ¥ DC}

J. Samiliga anslutningor Hll kortet gars 1l DIN-
anslutningens "A%sids

K. Moetodindningar @1 - £4

L. Stynnghngar 1l cseifiator

M intrygpd oscillaton (Uvar)

N_(Se oscillatoravnnitiot)

O, = +V Molor = Bmas mirkepanning
R Cmgarmis maTksiom

a0V 0G)
{riin samma siromiorsorjning
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A. Open colleclor T.T.L. A. TTL en colector abierto A. TTL a collettore aperlo A. Open collector TTL
B. C.M.0.S. (operating @ +12V) B. COMOS (trabajando a +12V} B. CMOS (funzionante a+12V) B. CMOS (lunclioneert bij +12 V}
C. Opto-coupler C. Optoacoplador C. Isolatore ottico C. Optokoppelaar
D, Simple switch D. Inlerruptor simple D. Commutazione semplice D. Eenvoudige schakelaar
o> B GB
A, Offenkollektor-TTL A. Collecteur ouvert TT.L A. Aben kommutator TTL A. TTL med dppen kollektor
B. CMOS (Belrieb @ +12V) B. CM.QO.8. B. C-MOS, (drift ved +12V) B, CMOS (driftspanning +12 V)
C. Optokoppler {fonctionnant & +12 V) C. Optokobler C. Optokopplare
D. Einlachschalter . Photocoupleur D. Simpel bryder D. Enkel slrombrytare

(=N el

Contacteur simple

®

o145 @25 ak, o4

| A

g B

= C

4 D

RS 332-947, 332-953 RS 440-464
@ 1.7.5° Stepper motor 1. Motor a paso de 7,5° 1.7,5° Motore passo-passo @ 1.7,5° stappenmotor
2.1.8° Stepper motor 2, Motor a paso de 1,87 2,1,8° Motore passo-passo 2.1,8° stappenmotor
A Black A. Negro A Mero A, Zwart
B. Orange B. MNaranja B. Aranciond B. Oranje
C. Red C. Hojo C. Rosso C. Rood
D. Yellow 0. Amarillo . Giallo D. Geel
E. White / Black E. Bianco / negro E, Blahco / nero E. Wit'zwart
F. While / Orange F. Blanco / naranja F. Bianco / aranciong F. Wit/oranje
G. Red / White G. Aajo / blanco Gi. Aosso / bianco G. Rood/wit
H. Yellow / White H. Amarifio ! blanco H. Giallo / biango H. Geelfwil
1.7,5°-Schritmotoren 1. Moteur pas a pas 7,5° 1.7,5° stepmotor 1.7,5° stegmotor

b 2. 1,8°-Schrittmotor ® 2. Moteur pas a pas 1,8° 2.1,8° stepmotor 2.1,8° stegmotor
A Schwarz A Noir A, Sort A_ Svarl
B Oiange B. Orange B. Orange B. Orange
C. Al C. Houge GC. Rad C. Rod
0. Gelb D. Jaune D. Gul D. Gul
E Weill [ Schwarz E. Blanc/nolr E. Hvid / Sort E. Vil/svarl
F Wil / Qrange F. Blanc/orange F. Hvid / Orange F. Vitorange
G. Aot/ Wails G. Rouge/Blanc G. Rod/ Hvid G, Radivit
H. Gelby / Wall3 H. Jaune/Blanc H, Gulf Hvid H. Gulwvil
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A To pin 24a A Alpiedino 24a
B. Running speed canlro} B. Controllo velogita di esecuziona
C. Clock output C. Uscita orologio
D. Starting {(base) spead conlraol D. Controllo velocita di partenza {di base)
E Stop / run (12V)/(0V) E. Arresto / esecuzione (12V)/(0V)
R22 100KQ resislor RS 131-491 1 off R22 resistore 100kQ) RS 131-491 n.A
R23, 24,25 10KQ resistor RS 131-378 3 off R23, 24, 25 resistore 10k€) RS 131-378 n.J3
De6,7,8,9 signal diode RS 271-606 4 olf D6,7,8,9 diodo di segnale RAS 271-606 n.4
IC6 CMOS |.C. AS 306-645 1 off IC6 circuito integrato CMOS RS 306-645 n.i
A26, C11 & C122  (value depends on application) 1 off each R26, C11 e C12 (il valore dipende dall'applicazione} n.1 ciascuno
@ A. Til ben 24a
A. An Slift 24a B. Regulering af kerehastighed
B. Laulgeschwindigkeitsregelung C. Ur - output
C. Uhrenausgang D, Regulering af starthastighed (basis)
D. Start- (Basis-) Geschwindigkeitsregelung E. Slop / kar (12V)/(0V})
E Stopp-/ Lauf {12V)/(0V)
R22 100KOhm modstand RS 131-491 1 slukket
R22 100k 2-Widerstand RS 131-491 1 Sliick R23, 24,25 10kOhm meodstand RS 131-378 3 slukket
R23, 24, 25 10k(2-Wderstand RS 131-378 3 Sliick D6,7,8,9 signaldiode RS 271-606 4 slukket
D6, 7.8,9 Signaldiode RS 271-608 4 Sliick IC6 CMOs-IC RS 306-645 1 slukket
1C6 CMOSs-IC RS 306-645 1 Stiick R26, C11 0og C122  (vaerdien afhzenger af anvendelsen) 1 Ira hver
R26, C11 & C12 {Wert hingl von Anwendung ab) je 1 Stuck @
@ A. Naar pen 24a
B. Bedrijisloerentalregeling
A. Al pin 24a C. Uitgang klok
B. Control de la velocidad de funcionamiento D, Basistoerentalregeling
C, Salida de reloj E. Uil bedrijf/in bedrijf {12 V)/(0 V)
D, Control de a velocidad inicial {basica)
E. Parada / marcha (12V)/{0V) R22 100K<2 weersland RAS 131491 1 stuk
R23, 24,25 10K weerstand AS 131-378 3 sluk
R22 Resistencia 100 k& RS 131-491 1 ud, D6,7,8,9 signaaldiode RS 271-606 4 sluk
R23, 24,25 Resislencia 10 k&2 RS 131-378 dud, IC6 CMOS IC RS 306-645 1 stuk
D6,7,89 Diodo indicador RS 271-6068 4 ud. R26, C11 & G122 {waarde hangt van toepassing af) ieder 1 stuk
IC6 CMOS |.C. RS 306-645 1 ud.
R26,C11 & C122  (valores segun aplicacion) 1 de la cada @
A, Tilt stift 24a
@ B. Varvtalsreglering
C. Klockutgang
A. Al liche 24a D. Slarl{grundvarvtalsreglering
B. Commande du régime de fonctionnement E. Stopp/kar (12 V/O V)
C. Sortie d'horloge
0. Commande de régime de démarrage {base) R22 Resistor 100 kQ RS 131491 1 st
E. Marche/arrél (12 V}(Q V) R23, 24, 25 Resistor 10 ki) RS 131-378 3 sl
D6,7,8,9 Signaldiod RS 271-606 4 st
R22 Résistance 100 K RS 131-491 1 iC6 CMOS IC RS 306-645 1 sl
R23, 24, 25 Résislance 10 K2 RS 131-378 3 RA26, C11 och C122  (vardet beror p4 lillampningen) 1 sl av varje
D6,7,8,8 Diode de signal RS 271-606 4
icé CMOS I.C. AS 306-645 1
R26, C11 el G122 (la valeur dépend de t'applicalion) 1 chac.
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A Drive board A, Scheda di rasmissione
B Use mulli-turn polentiometers B. Usare potenziometri multigiri
(VA1 & VR2) (VR1 & VR2)
C_Running speed conlrol C. Conirollo della velocita di
D Base speed control esecuzione
E Slop/run D. Conlrolle della velocila di base
F. OFF E Arresla / esecuzione
G ON F. ON
H Run G.OFF
[ Slop H.Esecuzione

: I Arreslo
A Anlriebsschaltung

B benutzen Sie mehrgangige A, Driverkorl
Potentiometer (VA1 & VRZ) B Anvend potenliometre, der kan
G Laulgeschwindigkeilsregelung kere flere omgange (VA1 og VR2)
D Grundgeschwindigkeits- C.Regulering af karshastighed
Regelung D.Regulering af basisstarihaslighed
E Slopp / Lauf E. Stap / kar
F.EIN F. Slukket
G AUS G.Teendl
H.Lauf H.Ker
1. Slopp I. Stop
A Tarjeta conlroladora A Besturingskaarl
B Ulilizacién de polenciometros de B. Gebruik
vuellas miltiples (VR1y VR2) meergangenpotentiomelers
€ Contro! de velocidad de marcha (VA1 & VA2)
D Gonlrol de la velocidad basica C Bedrijlsloerentalregeling
€ Parada / marcha D Basistoerentalregeling
F OFF E Uit bedrijf/in bedrijf
G ON F. Uit
H Marcha G.Aan
| Parada H. In bedrijf

® I, Uit bedrijf
A Carle d'enlrainement @

Motor speed-ramping
characteristic

A. R22 x C11 lime constant
(lypically 50ms)

B. Base speed

C. Swilch On

D Sw10On

E. Ramp-up

F. Running speed

G SwiOff

H Decay

| Swilch Off

® Caratteristica di

progresslone-velocita
del motore

Conslante di tempo R22 x C11

{lipicamente 50ms)

Velocita di base

Accensione

INT1 ON

Progressione

Velocita di esecuzione

INT1 OFF

Smorzamenlo

—IomTmUow >

@ Motarg i

Antiegseigenschaften

A. A22 x C11-Zeilkonstante

{lypisch 50ms)

B. Grundgeschwindigkeit

G AUSschallen

D SW1AUS

E Abfall

F. Laufgeschwindigkeit

G. SW1EIN

H. Anslieg

I ElNschalten

@ Characteristicas de la
rampa vs velocidad del
motor

A, R22 x C11 conslanie de tiempo

(normal 50ms)

B. Velocidad base

C. Inlerruptor Coneclado

D. Interruplor 1

E Rampa de aceleracion

F. Velocidad de marcha

G Interruplor 1 Desconeclado

H. Deceleracion

1. Inlerruplor Descondectado

Caractéristique
@ d'accélération du régime
du moteur

P o

Motorhastighed -
.@ accelerationsegenskaber
R22 x C11 lidskenstant
{lypisk 50ms}
Grundhaslighed
Bryder teendt
Br. 1 [zendl
Accelleration
Karehastighed
Br. 1 slukket
Henfald
Bryder slukket

Karakterlstiek van de
@ oploopsnelheid van het

motortoerental

R22 x C11 tijdconstante
{slandaard 50 ms)
Basisloerental
Inschakelen
Schak1 aan
Oploop
Bedrijfstoerental
Schaki uit
Verval
Uitschakelen

Motorvarvial,
@rampkaraktéristik

—IGMmMUoO® >

—Ipmmoom »

VA1 =1M

107 10 1 €12 (uh)

pd

. Grundfrequenz

®

A. Frecuencia base

o

A, Fréquence de base

B Uliliser des polentiométres & A Drivkort A Temps de mise en A R22xC 11 tidkonstant (lypiskt
plusieurs lours (VA1 el VR2) B. Anvand flervarvspolentiometrar lonclionnement R22 x C11 50 ms}
C Commande du régime de (VR1 och VR2) (habituellement 50 ms) B. Grundvarvial
fonclionnement C Varvlalsreglering B. Reégime de base C. Sirémbrylare till
D Commande du régime de base D Grundvarvlalsreglering G. Accélération i D. Brytare 1 till
E Arrét/marche E Stopp/kér {12 VIO V) D. Contacteur 1 allumé E. Uppramp
F ARRET F. Fran E. Mise en marche F. Drifivarvtal
G MARCHE G.Till F. Régime de fon‘ctl_onnemenl G. Brytare 1 fran
H.Marche H.Kor @, Conlacteur 1 éteint H. Avklingning
| Arrét | Stopp H. Extinclion I. Strémbrytare fran
I. Ralenlissement
@ A (R26 = « VR2 = min;)
10 as
e | Ve 100k A Base frequency A. Frequenza di base
A g™ @
0!

A. Grundfrekvens

8

A, Basistrequentie

8

A. Grundfrekvens
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VA1 » 1001
A2

8

A Max running [requency
/ base frequency

©

A, max. Laulfrequenz /
Grundimeguenz

©

A Fresuenela de marcha mixima
{mocugncin hase

>
A, Friguence maximale de

lanctionnement /
Irénuance de base

A. Frequenza di esecuzione max.,
/ frequenza di base

8

A. Maks. kerselsfrekvens
/ grundfrekvens

A,

=

aximale bedrijfsfrequentie/
basisfrequentie

8

A, Max. driftfrekvens/
grundlrekvens

Min c

g

A. Max. running Irequency
B. Base [requency
C. VR2Z selling

¢

A. max. Lauffrequenz
B Grundfrequenz
C. VRE-Einslelung

0

Frecuencia de marcha maxima
recuencia base

A
B. F
C Ajust de VR2

j

A. Fréquence maximale de
fonctionnement

B. Fréquence de base

C. Reglage de VR2

=
»
x

0

A. Frequenza di esecuzione max.
B. Frequenza di base
C. Impostazione VR2

8

Maks. kerselsfrekvens
. Grundfrekvens
VR2-indslilling

o>

8

.Maximale bedrijfsfrequentie
. Basisfrequentie
.VR2 instelling

OmP

8

A. Max. driftirekvens
B. Grundfrekvens
C. VR2-instalining

(BT

217-3611

Max. power dissipated through R = (rated motor current) 2 x R. If the power
dissipation Is high it is advisable to arrive al lhe required value of '‘R' by using
a nelwork of series or parallel resistors. (The use ol higher wattage resistors
and heat sinks may be required).

Max. current consumplion {(motor & board) = 2 x (currenl per phase) + 60mA,
Thus ensure power supply cables used are sufficlently rated.

External control signals e.g. lul/half step, direction etc. as well as the
oscillator (if filted) stop/run signal can be applied to lhe circuil in any of the
melhods of Figure 2.

Connection to RS stepper motors

When the winding of the RS stepper motors are assigned (@1 - @4) as shown
in Figure 8, they can be connected to the board according to Figure 1

If the supply voltage is set lo 24Vdc then 'R’ values for use with the RS motors
are given in lable 1 below.

Table 1
Rated Rated R Power
Motor Current Winding {©) Dissipation
(A) Voltage (V) through R (W)
332-947 0.1 12 120 1.2
332-953 0.24 12 47 a
440-464 2 3 10.5 5

For other delails and motors performance refer to AS dala sheet on stepper
molors.

On-board oscillator assembly

If external clock source is not available, on-board oscillator can be assembled
simply by soldering into place the required RS Components listed below.

Note : the oscillator clock output must be externally wired to the clock, input-

pin 24a.

|f oscillator remote controls are required (e.g. front panel controls) then plug
PLI (5-way inter p.c.b. RS stock no.467-576) can be added together with
mating cable shell (RS stock no. 467-627) and crimp lerminals (RS stock
no.467-598)

Starting (base) and running speed control

The on-board oscillator can be arranged to slart at a lixed frequency (thus a
fixed motor speed) and then ramp up lo a linal value (the running motor
speed). This facility is available lo start the molor within its pull-in performance
region and then accelerate the motor through so that it can operate within the
pull-out mode. On switch-otf the motor decelerales automatically.

Three parameters need to be determined for any application :

a) The starling speed: this should be below the pull-in speed for lhe motor

(with any additional load).

The running {final) speed: this should be within the pull-oul capability of

the motor (with any additional load).

c) The acceleration and deceleration rate belween slarling and running
speeds: this Is limited by motor capability to accelerate through its own
{plus any load) inertia,

b

Oscillator controls (external)

Note : Oscillalor frequency corresponds directly to motor speed in step/s or
half step/s depending on motor drive mode.

For a 1.8" stepper motor :
speedin revs / min = 60 x speed in step/s
200
or
speed inrevs / min = 60 x speed in ‘half’ step/s
400

For a 7.5 stepper motor :
speed in revs / min = 60 x speed in step/s
48
or
speed in revs / min = 60 x speed in 'half’ step/s
96
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Oscillator frequency setting
Recommended component values :

VA1 0-1MQ

VR2 0- 1k

R26 0 - 10k

c12 greater than 100pf

Delermine the base frequency and maximum running frequency. Using Fig 7
and lhe base frequency value choose a value for C12 and VR1. Calculate the
1alio max. running Irequency/base frequency to determine the ratio :
VR1 + R23 (fixed at 10k:)
R26
and thus using Figure 8 eslablish the required value lor R26.

Once all compoenent values are established and assembled the oscillalor
frequency range is as shown in Figure 9. If SW1 is 'OFF’ the oscillator runs at
hase Irequency. When SW1 in 'ON' the osclllator builds up (at a rate
depending on A22 x C11 time constant) lo a frequency delermined by VA2
selting
WARNINGS: Turn OFF power supply before connecting ar disconnecling
any wiring, circuitry, molor efc., to the board.
DISCONNECTING THE MOTOR WITH THE POWER ON
WILL DESTROY THE RSAIT134, Molor windings can
generale very high discharge vollages.

Technical specification

Size standard Euro card (168 x 100 x 15)
Maling edge conneclor slandard 32-way DIN 41612sockel e.g.
_ (RS stock no. 471-503 or 467-453)

Supply (board and molor) _ 15-30Vdc + 10% max.
unregulated smoothed
Current consumption:
Boardonly__
Motor winding ___

60mA

dependent on the motor

. ____used-up to 2A per phase max.

On-board auxiliary oulput 12vdc 50mA max, regulated
Swilching logic conlrol {CMOS and open collector T.T.L. compalible):

Level 'O oV
Level '1* . 12v
Inpuls pins:

25, Full / half step Level '1' full step / Level '0' half step
23, Direction, Connecling lhis pin to Zero volts will change the
direction of the motor,
24 Clock __ 1Hz-25kHz, 10ps min. pulse
width negative edge triggered.

22, Preset _Active Level ‘0’ set molor drive states to Q1, & Q3 'OFF',

Q2 & Q4 'ON' (lull step mode) Q1,
Q2 & Q3 'OFF', Q4 'ON'(Half step mode)-see Figure 1
Automalic presel at switch-on

RS Componenls shall not be liable for any liability or loss of any nalure (howsoever
caused and whether or nol due 1o RS Componenis’ negligence) which may resull
from Ihe use ol any information provided in RS lechnical literature

1 RS Best-
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Maxirnale durch A verlorene Leistung = (Motornennstrom)2 x R, Wenn die
Verlustieislung hoch ist, ist es ratsam, zum erforderlichen Wert von R durch
Verwendung eines Netzes von Reihen- oder Parallelwiderstanden zu
gelangen. (Der Gebrauch von Widerslanden hdherer Wattzahl und
Warmesenken kann ndtig sein).

Maximaler Slromverbrauch (Motor & Schaltung) = 2 x (Strom pro Phase)
+60mA, Vergewissern Sie sich daher, daB benutzle Leistungsnelzkabel
ausreichende Nennleistung haben,

Exleme Regelsignale, z. B. Voll-/Halbschritl, Richtung usw., und auch das
Qszillator- (wenn eingebaul)

Slopp-/Laufsignal konnen auf den Schallkreis durch jegliche der Methoden in
Abb. 2 angewendel werden

AnschluB an RS-Schrittmotoren

Wenn die Wicklungen der RS-Schrillmotoren zugewiesen sind (@1 - @4),
wig in Abb. 3 gezeigl, kbnnen sie gemaB Abb. 1 an die Schaltung
angeschlossen werden.

Wenn die Nelzspannung aut 24V Gleichsirom eingestelit isl, dann sind 8-
Werte zum Gebrauch mit den RS-Motoren in untenslehender Tabelle 1
angegeben:

6

Tabelle 1
Nennstrom Nennwicklungs- R | Verlustleistung
Motor (A) spannung (V) [{9)] durch R (W)
332-947 0,1 12 120 1,2
332-953 0,24 12 47 3
440-464 2 3 10.5 5

Fur andere Konstruktionseinzelheilen und Motorenleistung beziehen Sie sich
auf RS-Dalenblatl ber Schriltmoloren.

Montage des Schaltungsoszillators

Wenn externe Uhrenguelle nicht verliigbar isl, kann ein Schaltungs-Oszillator

einfach monliert werden, inderm die unlen angegebenen RS-Bauleile einfach

in Stellung geldlet werden,

Hinweis: der Oszillator-Unrenausgang muf} exlern an die Uhr verdrahtet
werden, Eingangs-Stift 24a).

Wenn Oszillalor-Femnsleuerungen erforderlich sind (z. B,

Vordertafelsteuerungen), dann  kann  Slecker-PLI  (5-Wege-RS-

Zwischenschaltung 467-576) hinzugefagl werden, zusammen mit passendem

Kabelgehause AS 467-627 und Quetschanschliissen RS 467-598

Start- (Basis-) und Laufgeschwindigkeits-Regelung
Der Schaltungs-Oszillator kann angeordnet werden, um bei einer festen
Frequenz (daher einer feslen Motorgeschwindigkeil) zu starten und dann auf
einen Endwerl zu steigen (die Motor-Laufgeschwindigkeil). Diese Einrichiung
ist verfigbar, um den Molor innerhalb seines Milnahme-Leistungsbereiches
zu starten und dann den Motor durchzubeschleunigen, soda3 er innerhalb
des AuBertrittfall-Modus arbeilen kann, Beim Ausschalten verzégert der Motor
automatisch.

Drei Parameler missen fir jede Anwendung bestimmi werden:

a. Die Slarlgeschwindigkeil: diese solite unlerhalb der
Milnahmegeschwindigkeil far den Motor (mit jeglicher Zusalzlast)
liegen.

b. Die Laul- (End-} Geschwindigkeil: diese sollte innerhalb der
Aufertritifalleistung des Motors {mit jeglicher Zusatzlasl) liegen.,

c. Die Beschleunigungs- und Verzogerungsrale zwischen Start- und
Laufgeschwindigkeiten: dies wird durch die Fahigkeit des Motors,
durch seine eigene (plus jegliche Last)-Tragheit durchzubeschleunigen,
begrenzt,

Oszillatorsteuerungen (extern)

Hinweis: Oszillatorfrequenz entsprichl direkt der Motorgeschwindigkeit in
Schritt(en) oder Halbschrilt(en), abhdngig vom Molor-
Antriebsmodus.

Fiir einen 1,80-Schrittmotor

Geschwindigkeit in U/min = 60 x Geschwindigkeil in Schritten/s
200
oder
Geschwindigkeil in U/min = 60 x Geschwindigkeit in Halbschrilten/s
400
Fiir einen 7,50-Schrittmotor
Geschwindigkeit in U/min = 60 x Geschwindigkeit in Schritten/s
48
oder
Geschwindigkeit in U/min = 80 x Geschwindigkeit in Halbschrillen/s
96

Oszillator-Frequenzeinstellung
Empfohlene Bauleilewerle

VR1 0-1MQ

VR2 1kQ

R26 10 k&2 -1 mQ
c12 grofer als 100 pF

Beslimmen Sie die Grundirequenz und maximale Laullrequenz. Abb. 7 und
den Grundfrequenzwerl benutzend, wahlen Sie einen Wert fir C12 und VR1.
Berechnen Sie das Verhaltnis max. Lautgeschwindigkeit/Grundirequenz, um
das Verhaltnis von

VAT 4 B23 (led at 10k

R2Z8

zut bestimmen und daher, Abb. 8 benutzend, den erorderiichen Werl fur R26
zu ermitteln
Sobald alle Bautellewerte bestimm!l und zusammengetragen sind, ist der
Oszillator-Frequenzbereich wie in Abb, § gezeigl. Wenn SW1 AUS ist, lauft
der Oszillator mit Grundlrequenz. Wenn SW1 EIN ist, dann baut der Oszillator
(in einem Mafe, das von der Zeitkonstante R22 x C11 abhéngt) auf eine
durch VR2- Einstellung bestimmile Frequenz auf
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ACHTUNG: Stromversorgung ausschalten, bevor Schaltungen,
Verdrahtungen, Motoren u.d. an die RSAIT134-
Treiberplatine angeschlossen werden. ABTRENNEN DES
MOTORS BEI| EINGESCHALTETER VERSORGUNG
FUHRT ZUR ZERSTORUNG DER RSAIT134-
TREIBERPLATINE., Die Wicklungen koénnen hohe
Entladespannungen erzeugen.

Technische Daten:
GroB3e

——— Standard-Eurocard 168 x 100 x 15
Passender Kantenslecker

Standard-32-Pol DIN 41612-Buchse,
z. B. RS 471-5083 oder 467-453
15-30V Gleichstrom +10%max.

ungeregelt geglallet

Neilz (Schaltung und Molor)

Slromverbrauch:
a) nur Schaltung
b) Motorwickiungen

60mA

abhangig von verwendetem Motor -

bis zu 2A/Phase max,

12V Gleichslrom 50mA max geregelt
Nivieau 0" 0V

Schaltungs-Hilfsausgang
schalllogikregelinn —
CMOS- und Offenkolleklor - TTL-kompatibel
Eingangssiille:

25. Voll-/Halbschritt

Pegel ,1" - Vollschritt / Pegel ,0" - Halbschiill

23. Deehrichtung___ _Wird dieser Still an 0 Voit gelegt,
andert sich die Drehrichtung des Motors,
24, Tokl___ _1Hz bis 25kHz, 10ps min, Impulsbreile,

Auslosung auf negative Flanke

22. Voreinstellung___ Akliver Pegel 0" setzl Motorantriebszustande aul
Q1 & Q3 OFF (Aus)

Q2 & Q4 ON [EIN](Vollschrillmodus),

Q1, Q2 & Q3 OFF [AUS],

Q4 ON [EIN] (Halbschrittmodus) - siehe Abb.1.

Aulomatische Voreinstellung beim Einschallen

RS Componenls haflet nicht [ar Verbindlichkeilen oder Schaden jedweder Ad {ob auf
Fahrlassigkeil von RS Componenls zuriickzufihren oder nicht), die sich aus der
Nulzung irgendiwelcher der in den lechnischen Verdlfentlichungen von RS
enlhaltenen Informationen ergeben,

2 Caédigo RS.
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Potencia maxima disipada a lravés de R = (corriente nominal del motor) 2 x
R Si hay una disipacion de potencia elevada es aconsejable llegar al valor
requerido de "R" utilizando una red de resistencias en serie o en paralelo
(puede ser necesano ulilizar resistencias con un walaje superior, asi como
disipaciores de calor)
Consumo maximo de corrienle (motor y tarjeta) = 2 x (corriente por lase) +
GOmA. Por ello es necesario cerciorarse de que los cables de alimentacion
lengan capacidad suficiente.
Pueden aplicarse al circuito en cualquiera de los mélodos de la figura 2
sefales de conlrol exleriores, por ejemplo, paso entero/medio, senlido de
giro, etc,, asi comao |a sefal de marcha/parada del oscilador (si lo lleva).

Conexion con los motores paso a paso RS

Cuando estan asignados los arrollamientos de los motores paso a paso RS
(@1 - © 4) tal como se indica en la ligura 3, se pueden conectar a la larjela
seyun la figura 1

Si la tension de alimentacion esla fijada a 24Vcee, entonces los valores de "R"
que han de utilizarse con los motores RS figuran en la tabla 1 siguiente,

Tabla 1.
Corriente Tensién R Potencia
Motor nominal nominal por (€2) disipada a
(A) arrollamiento través de H (W)
332-947 0,1 12 120 1,2
332-953 0,24 12 47 3
440-464 2 3 10,5 5]

Para los demas delalles y prestaciones del molor véase la hoja de
caracieristicas RS de los molores paso a paso.

Montaje del oscilador en la tarjeta

Sino se dispone de una fuenle de reloj exlerior, se puede montar un oscilador
en la lareta, simplemenie soldando en su lugar los componenles RS
necesarios que se indican a conlinuacion

Nota : la salida del reloj del oscilador debe cablearse exlernamente con el

reloj, pin de enlrada 24a.

Si se requieren controles remotos para el oscilador (por ejemplo, controles en
el panel Irontal), entonces puede anadir la clavija PLI (de 5 vias entre PCBs,
codigo RS 467-576), junto con la correspondiente carcasa de cable {codigo
RS 467-627) y terminales de engarzar (cddigo RS 467-598)

Control de la velocidad inicial (basica) y de marcha
El oscilador de |a tarjeta se puede disponer de manera que arranque a una
frecuencia ija (por lo tanto, una velocidad de motor fija) y a continuacion,
suba hasta un valor linal (la velocidad de marcha del motor). Esta posibilidad
tiene ef lin de arrancar el molor dentro de su zona de preslaciones de
arranque, acelerando a conlinuacion el molor hasla que pueda funcionar
dentro de su régimen de par maximo en servicio continuo. Al desconectar, el
motor decelera automalicamente.

Para cualquier aplicacion es necesario determinar tres parametros:

a. La velocidad de arranque: debe ser inlerior a la velocidad de
sincronizacion del motor (con cualquier carga adicional)

b. La velocidad de marcha linal: debe estar denlro de las posibilidades de
luncionamienlo continuado y sincronizado a par maximo del motor {con
cualquier carga adicional).

c. La tasa de aceleracion y deceleracion entre las velocidades inicial y de
marcha: viene limitada por la posibilidad que liene el molor de acelerar
por su propia inercia (con cualquier carga).

Controles del oscilador (exteriores)

Nota: La frecuencia del oscilador se corresponde directamente con la
velocidad del motor en pasos o medios pasos, segun el modo de
accionamiento del motor.

Para un motor paso a paso de 1.8°

Velocidad en r.p.m. = _60_x velocidad en pasos
200

Velacidad en r.p.m, = 60 x velocidad en "medios pasos”
400
Para un motor paso a paso de 7,5
Velocidad en r.p.m. = 60 x velocidad en pasos
48

Velocidad en rp.m. = _60 x velocidad en "medios pasos"
96

Ajuste de la frecuencia del oscilador
Valores recomendados para los componenles:

VA1 0-1 MQ
VA2 0-1 k&2
R26 0-10 kQ2
Cci12 mayor que 100 pF

Determine la Irecuencia base y la [recuencia de funcionamientoe maxima,
Utilizando la figura 7 y el valor de la trecuencia base, elija un valor para C12
y VA1, Calcule la proporcién méxima entre frecuencia de marcha/irecuencia
base para delerminar la relacion:
VR1 + R23 (fijada a 10 k&)
R26

y de esa manera utilizando la ligura 8, determine el valor necesario para R26
Una vez que se hayan determinado los valores de lodos los componentes y
se hayan monlado éstos, el margen de frecuencia del oscilador es el indicado
en la ligura 9. Si SW1 esla "DESCONECTADO", el oscilador funciona a la
frecuencia base. Cuando SW1 estd "CONECTADO", el oscilador va
acelerando (a una razon que depende de la constante de liempo R22 x C11)
hasta una frecuencia delerminada por el ajuste de VR2
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ADVERTENCIAS: Desconecte la fuente de alimentacion antes de conectar o
desconectar cualquier bobinado, circuiteria, motor, etc. a
la tarjeta RSAIT134. DESCONECTAR EL MOTOR
CUANDO HAY ALIMENTACION, DESTRUIRA LA
RSAIT134. Los bobinados del motor pueden generar alta
lension

caciones técnicas
____Tareta Eurocard-eslandar (168 x 100 x 15)
_Eslandar 32 vias DIN 41612
zdcalo eslandar, ete. p.e
(Cédigo RS 471-503 6 467-453)
15-30Vee + 10% max,
sin regular filtrada

Espe
Dimensiones
Coneclor de borde correspondiente

Alimentacion {larjeta y motor)
Consumao de corriente:

Tarjeta sola
Arrollamientos del motor

60mA

____segun el molor utilizado
- hasta 2A/fase max.
12Vee, 50mA max. regulada

Salida auxiliar en |a tarjeta _
Control de la Idgica de conmutacion
(compatible con CMOS y T.T.L, de colector abierlo):
Nivel "0" ov
Nivel “1* 12v
Terminales de enlrada:
25 Paso completoe / medio

Mivel '1' paso completo/
Nivel '0' medio paso

23. Sentida ____Sise conecta esle terminal a cero vollios,
se cambiarg el sentido de giro del motor.
24 Relo) 1 Hz — 25 kHz, impulso minimo de 10ps con

aclivacién por lanco negativo

. El nivel aclive '0' fija los estados del molor
en Q1 y Q3 DESCONECTADO,

Q4 "CONECTADO" (modo de medio paso - ver Fig. 1)
Prelijado autornatico al coneclar los interruptores.

22 Preajuste

RS Components no sera responsable de ningun dafio o responsabilidad de cualquier
naluraleza (cualquiera que fuese su causa y lanlo si hubiese mediado negligencia de
HS Componeniscomo si no) que pudiese derivar del uso de cualquier informacion
wcluida en la documentacion técnica de RS.

%
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Puissance maximale dissipée par R = (courant nominal du moteur) 2 x B. Si
la dissipalion de puissance esl élevée, on recommande d'atteindre la valeur
voulue de R en ulilisant un réseau de résislances en série ou en paraliéle
(rles résislances de puissance supérieure el des dissipateurs de chaleur
peuvent étre nécessaires).

Consommation maximale de courant (moteur et carte) = 2 x (couranl par
phase) + 60 mA. Ceci assure que les cables d'alimenlation ulilisés ont une
capacité suffisante.

On peut transmeitre des signaux de commande, par exemple pas complet,
demi-pas, direction, elc,, ainsi que le signal marche/arrél de l'oscillateur (le
cas échéant) au circuil dans une des méthodes quelconques de la figure 2.

Connexion aux moteurs pas-a-pas RS

Quand les bobines des moleurs pas-a-pas RS sont affectées (@1 - @4), tel
quillustré a la figure 3, on peut les raccorder & la carte, conformément a la
figure 1.

Si la tension d'alimentation est réglée & 24 Vce , les valeurs R a uliliser avec
les moteurs RS sont données dans le tableau 1 ci-dessous,

Tableau 1

Courant Tension R Dissipation
Moteur nominal nominale [{9)} de pulssance
(A) de bobine (V) par A (W)
332-947 0.1 12 120 1,2
332-953 0,24 12 47 3
440-464 2 3 105 5

Pour d'autres détails et connaitre la performance des moleurs, se reporter a
la fiche technique de RS sur les moteurs pas-a-pas.

8

Ensemble oscillateur intégré

Si on ne dispose pas d'une horloge externe, on peut monter un oscillateur
inlegré simplement en soudant en place les composants RS nécessaires
énumérés ci-dessous.

Nota : La sortie d’'horloge de l'oscillateur doit étre raccordée exténeurement
a I'narloge, fiche d'enirée 24 a,

Si des commandes & distance de ['oscillateur sont nécessaires (par exemple,
commandes du panneau avanl), la prise PL1 (carte de circuits imprimés
inlermédiaire & 5 fiches, Code commande RS 467-576) peut alors élre
ajoutée avec l'isolant de cable correspandant (Code commande RS 467-627)
et des bornes serlies (Code commande RS 467-598)

Commande de régime de démarrage (base) et de
fonctionnement

On peut prévoir de faire démarrer l'oscillateur intégré a une Iréquence fixe
(donc a un régime de moleur fixe), puis de le laire accélérer a une valeur
finale (le régime de fonclionnemeni du moteur). Celte caraclérislique est
disponible pour faire démairer le moleur dans la plage de synchronisation,
puis le faire accélérer afin qu'il puisse fonclionner dans le mode de
désynchronisalion. A la coupure, le moteur décélere aulomatiquement

Il faul déterminer trois paramétres pour une application quelconque

a. Le régime de démarrage : il doit étre intérieur au régime de
synchronisalion pour le moteur (avec une charge supplémentaire
quelcongue),

. Le régime de fonctionnement (final) : il doil &tre conlorme & la capacite de
désynchronisation du moteur (avec une charge supplémentaire
quelcongue),

. Le taux d'accélération el de décéléralion enlre les régimes de démarrage
el de fonctionnement : il est limité par la capacilé du moleur d'accélérer par
sa propre inertie (plus une charge quelconque).

o

o

Commandes de l'oscillateur (externe)

Nota : La fréquence de l'oscillateur correspond direclemenl au régime du
moteur en pas/seconde ou en demi-pas/seconde, selon le mode
d'entrainement du moteur.

Pour un moteur pas-a-pas de 1,8°:
Régime en tours/minute = 80 x régime en pas/seconde
200

ou
régime en lours/minute = 60 x régime en demi-pas/seconde

400

Pour un moteur pas-a-pas de 7,5° :

Régime en lours/minute = 60 x régime en pas/seconde
48

ou

régime en tours/minute = 60 x régime en demi-pas/seconde
96

Réglage de la fréequence de l'oscillateur
Valeur de composanl recommandé :

VA1 0-1MQ
VR2 0-1k&
R26 0-10kQ
Cc12 supérieur & 100 pF

Déterminer la fréquence de base et la fréquence maximale de
fonctionnement. En ulilisant la figure 7 et la fréquence de base, choisir une
valeur pour C12 et VR1. Calculer le rapport [réguence maximale de
fonctionnement/fréquence de base pour délerminer le rapport :

YR1 + P23 (lod & 10 ki)
RZ6

el ains), en utilisanl la figure 8, établir la valeur necessaire de R26

Une fais loutes les valeurs de composanls élablies el ceux-ci montés, la
plage de fréquence est telle qu'indiquée & la tigure 9. Si SW1 esl a la position
OFF, l'oscillateur fonctionne a la fréquence de base. Si SW1 esl a ON,
l'oscillateur accélére (a un taux qui dépend de la conslanle de temps R22 x
C11) a une fréquence délerminée par le réglage de VR2
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AVERTISSEMENTS ;  ETEINDRE Tlalimentation élecirique avant de
brancher ou de débrancher un fil, un circuil, le
moteur, elc., a la carte RSAIT134. LE
DEBRANCHEMENT DU MOTEUR SOUS
TENSION DETRUIRA LA CARTE RSAIT134, Les
bobinages du moteur peuvent produire des
lensions de décharge (rés élevées.

Caractéristiques techniques
Dimensions _____carte Euro standard (168 x 100 x 15)
Connecteur de bord correspondan! slandard DIN 41612
a 32 fiches douille,exemple
{Code commande RS 471-503 ou 467-453)
_15-30 Vce + 10 % maximum
non régulé, adouci

Alimentation (carte el moteur)

Consommation de courant :
Carte seulement
Bobinage du moteur ___
Sortie auxiliaire Intggrie

- 60 MA
_ selon le miteur jusqu'a 2AMphase maximalo
_ 12 Vee 50 mA maximum, régulée
Commande logique de commutation
(CMOS et collecteur ouvert compatible T.T.L.) :
Niveau 0 oV
Niveau 1 12v
Broches d'entrée :
25, Pas complet/demi-pas _____

Pas complet niveau « 1 » /
Demi-pas niveau « 0 »

23. Sens: ___ ____Si cette broche esl conneclée sur 0 V,
le sens de rotation du moteur est modifié.
24. Horloge 1 Hz-25 kHz, amplitude d'impulsion

min. 10 ps déclenchée par le flanc négatif.

22 Présélection__ Niveau actil « 0 » régle les états d'entrainement
du moteur & Q1 et Q3 « OFF »

Q2 el Q4 ON {mode de pas complet) Q1

Q2 et Q3 OFF, Q4 ON (mode de demi-pas) - voir figure 1,

Préréglage aulomatique a la mise en marche

La sociéle RS Components n'esl pas responsable des delles ou perles de guelle
que nalure que ce soil {quelle qu'en soil la cause ou gu'elle soil due ou non a la
négligence de la sociélé RS Components) pouvant résulter de l'utifisalion des
informations données dans la documentation lechnique de RS

F RS Codic
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Dissipazione max. di potenza altraverso R = (corrente nominale del molore)2
x A In caso di elevala dissipazione di potenza, si consiglia di raggiungere il
valore richiesto di R usando una rete di resistori seriali o paralleli. (Pud
essere necessario I'usa di dissipatori di calore e resistori pit potenti).
Correnle assorbila max. (molore e scheda) = 2 x {corrente per fase) +60mA.
Assicurarsi pertanlo che i cavi di alimentazione ulilizzati siano adeguati

| segnali di controllo esterni (per es. passo intero/meta, direzione ecc.) e il
segnale di arreslo/esecuzione dell'oscillatore (se montalo) possono essere
applicali in uno qualsiasi dei metodi di Fig. 2

Collegamento ai motori passo-passo RS

Quando gli avvolgimenti dei motori passo-passo RS vengono predisposti
(0/1 - p/4) secondo lo schema di Fig. 3, & possibile collegarl alla scheda
secondo la Fig. 1

Se la tensione di alimentazione & imposlata su 24V c.c., i valori R da usare
con i moton RS sono quelli riportali nella seguente tabella:

corrente tensione di R Dissipazione
motore nominale avvolgimento {€2) di potenza
(A) nominale (V) attraverso R (W)
332-947 0.1 12 120 1,2
332-953 0,24 12 47 3
440-464 2 3 10,5 5

Per ullerion informazioni sui dettagli di progettazione e sulle prestazioni dei
matori, consultare il foglio specifiche tecniche RS relativo ai motori passo-
passo.

Assemblaggio dell'oscillatore su scheda

Se non & disponibile un orologio eslerno, & possibile assemblare un
oscillalore su scheda semplicemente saldando in posizione i componenti RS
elencat di seguilo

Nota: l'uscita  dell'orclogio  dell'oscillatore  deve  essere
esternamente all'orologio; piedino di ingresso: 24a)

collegata

Se I'oscillalore richiede dei comandi a distanza {per es. comandi sul pannello
anterrore) s puo usare |a spina PLI {inter-pcb a § vie RS 467-576) insieme al
guscio del cavi di accoppiamenta RS 467-627 e ai terminali aggraffati RS
467-598

Controllo della velocita di partenza (di base) e di

esecuzione

L'oscillatore su scheda pud essere impostato per l'avvio ad una frequenza

predeterminata (velocita di motore predeterminata) per poi progredire ad un

valore finale (velocita di esecuzione del motore), Quesla funzione consente

di avviare il molore dalla propria modalita di trazione e di accelerarne quindi

la corsa fino a quando € in grado di lunzionare allo stalo inerziale. Allo

spegnimento, il motore decelera automalicamenle,

Per qualsiasi applicazione bisogna determinare Ire parametr:

a. La velocita di partenza: deve essere inferiore alla velocila di trazione del
motore (con eventuale carico aggiunlivo).

b. La velocila di esecuzione (finale): deve essere compresa nella capacita
inerziale del motore (con eventuale carico aggiunlivo)

c. |l tasso di accelerazione e decelerazione compreso ira le velocita di
partenza e di esecuzione: & limitalo dalla capacita del motore di
accelerare per inerzia propria (con evenluale carico),

Controlli dell'oscillatore (esterni)

Nota: La frequenza dell'oscillatore corrisponde direttamente alla velocita del
motore in passi/s o mezzi passi/s, a seconda della modalita di
lrasmissione del motore.

Per una velocita di motore passo-passo di 1,8°

in giri / min = _B60 x velocita in passi/s
200
o ingir/min= _B0 x velacita in mezzi passi/s
400

Per una velocita di 7,5°di motore passo-passo

in giri / min = 60 x velocita in passi/s
48
o ingiri/min= B0 x velocila in mezzi passi/s
96

Impostazione della frequenza dell'oscillatore
Valori raccomandati dei componenti

VA1 0-1MQ

VR2 0-1kQ

R26 0 - 10k

c12 magagiore di 100pl

Delerminare la frequenza di base e la frequenza di esecuzione massima.
Usando la Fig. 7 e il valore di frequenza di base, scegliere un valore per G12
e VR1, Calcolare il rapparto frequenza di esecuzione max/{requenza di base
per delerminare il rapporio:

VA1 + R23 (fissato a 10k€)

R26

quindi, usando la Fig. 8, slabilire il valore necessario per R26.
Una volta stabilili e assemblati utli i valori dei componenti, la gamma di
frequenze dell'oscillatore € guella mostrata in Fig. 9. Se INT1 & OFF,
I'oscillatore funziona alla trequenza di base, Quando INT1 & ON J'oscillatore
arrivera ad una frequenza delerminata dallimpostazione VR2 (ad una
velocita deltata dalla coslante di tempo R22 x C11),

Avvertenza: Spegnere l'alimentazione prima di collegare o scollegare fili,
circuilerie, motori etc., alla scheda RSAIT134 SCOLLEGARE
IL MOTORE MENTRE SI TROVA COLLEGATO ALLA
CORRENTE PUO DANNEGGIARE LA SCHEDA RSAIT134 Gli
avvolgimenti del motore possono generare lensioni di scarica
molto elevale.

Specifiche tecniche:

Dimensioni scheda Euro standard 168 x 100 x 15
Conneltore per scheda di accoppiamento ____ presa slandard DIN 41612

a 32 vie {per es. AS 471-503 o RS 467-453)
Tensione di alimentazione (scheda e monitor) _ 15-30V c.c.+10% max,

non regolata e fillrata
Corrente assorbita:
solo scheda
eleltroavvolgimento

B80mA

_____dipende dal motore
usalo - lino a 2A/fase max
___12V c.c. 50mA max. regolata

Uscita ausiliaria su scheda,
Controllo logico di commulazione
Livello "0'
Livello "1’

— — — —1
— 12V
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Pin ingressi:

25, Passo intero / mezzo passo Livello ‘1" passo intero /
Livello '0' mezzo passo
Collegando questo pin a zero voll si
cambia la direzione del motore
1Hz-25kHz, 10ps ampiezza min.

impulsi conneltore negativo allivato,
I livello altivo ‘0" imposta gli slali della scheda

di trasmissione su Q1, e Q3 ‘OFF’,

Q2 & Q4 ON (modalita passo intero);

Q1, Q2 & Q3 OFF, Q4 ON {modalita mezzo passo) - vedi Fig. 1.

Predisposlo automalicamenle per |'accensione,

23. Direzione._ __

24

Oiologio

22 Preregolato

La RS Componenls non si assume alcuna responsabilila in merilo a perdite di
qualsiasi nalura (di qualungue causa e indipendentemente dal falto che siano dovute
alla negligenza della AS Componenls), che possona risullare dall'uso delle
informazioni farnite nella documenlazione lechica.

{ DK T
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Maks, effekltab gennem R = (meerkemotorstram) 2 x R. Hvis effekttabet er
hojl, liirddes det at opna den kreevede veerdi pa ‘R’ ved hieelp af el net af
serielle eller parallelle modstande, (Anvendelse al modstande med hajere
ellekt kan vaere pakrasvet).

Maks, stremforbrug (molor og kort) = 2 x {slrem pr. fase) + 60mA. Serg deror
for, at stremforsyningskablerne er lilstrazkkeligt dimensioneret.

Eksterne reguleringssignaler, f.eks. hel/halvsiep, relning mm. samt
oscillatoren (hvis monterel) stop/ker-signal, kan faejes til kredsen med en af
metoderne i figur 2

Tilslutning til RS stepmotorer

Nar viklingen pa RS stepmotoreme er koblet (@1 - @4) som visl pa figur 3,
kan de kobles il kortet som pé figur 1.

Hvis torsyningsspeaendingen er sat til 24V DC, er 'R"-veerdierne til anvendelse
med RS motoreme som givet i tabel 1 nedenfor.

Tabel 1
Motar Mearkestram Merkeviklings R Effekitab
(A} spanding [(9)] gennem
(V) A (W)
332-947 0.1 12 120 1.2
332-953 0.24 12 47 3
440-464 2 3 i0.5 5

Yderligere detalier og motorkarakteristik findes i RS datablad om
stepmotorer.

Montering af oscillator pa kortet

Hvis el ekstern! takt-ur ikke findes, kan en oscillator monteres pa kortet ved
palodning af de pakreevede RS-komponenter, der vises nedenfor.

Bemaerk: Oscillator lakl-urel skal kobles ekslernl lil takt-urels, inpul-ben
24a.

Hvis der kreeves flernsiyring al oscillaloren, (feks. regulering Ira
frontpanelet,) kan stikket PLI (5-polet stikben for printkort. RS varenr.d67-
576) selles sammen ved hjzlp fatningshuset (RS varenr. 467-627) og crimp
kontakler (RS varenr. 467-598)

Regulering af start- (grund) og kerselshastighed
Den pamonterede oscillator kan bringes til at starte ved en fast Irekvens (og
derfor en last molorhastighed) og derelter accelerere op lil en slutvaerdi
(motorens karehastighed). Denne funktion er der lor at kunne starte motoren
inden for dens synkroniseringsomrade og derefter accelerere den igennem,
sa den kan fungere inden for vippeomradet. Ved brydning decelererer
inotoren automalisk.

Tre parametre skal fasllaegges fer anvendelse:

a) Starhaslighed: Skal veare under motorens synkroniseringshastighed
(med evl. ekstra belasining)

b) Karehasligheden (sluthastigheden): Skal vaere inden for motorens
vippehaslighed (med evt. ekslra belasining).

¢} Accelerations- og decelerationshastigheden mellem starl-  og
korehaslighed: Begraenses af molorens evne lil at accelerere mod sin
egeninerli {plus inerti fra evt. ekstra belastning).

10

Oscillatorregulering (ekstern)
Bemaerk: Oscillatorfrekvensen svarer direkte lil motorhastigheden i step eller
halvstep alhaengigt af motorens drift
For en 1,8° stepmotor:
Haslighed i o./min = 60 x hastighed i step/sek
eller
Haslighed i o/min= 60 x hastighed i 'halv'slep/sek
400
For en 7,5° stepmotor:
Haslighed i o./min = 60 x haslighed i step/sek,
4B
eller
Hastighed i o/min = B0 x hastighed i "halv'slep/sek
96

Indstilling af oscillatorfrekvens
Anbefalede komponentvaerdier:

VA1 0-1MQ

VR2 0 -1k

R26 0 - 10k&2

ci2 Starre end 100pf

Bestem grundfrekvensen og den maksimale kerselsfrekvens. Veelg en veerdi
tor G12 og VA1 ved hj=lp af fig 7 og vaerdien for grundtrekvensen. Beregn
forholdet maks. kerselstrekvens/grundfrekvens for al bestemme forholdet:

VA1 + R23 (fas! ved 10k6)
R26
og derved fastlzzgge den kraevede vaerdi for R26 ved hjzlp af figur 8.

Nar alle komponentvardier er fastlagt og samlet, er oscillatorfrekvensen som
vist pa figur 9. Hvis SW1 er ‘OFF’, kerer oscillaloren ved grundfrekvensen
NAr SW1 er ‘ON', accelererer oscillaloren til en frekvens, der bestemmes af
VR2-indslillingen (med en hastighed, der afhanger af R22 x C11
tidskonstanl).

ADVARSEL: Sarg for al albryde stroamforsyningen inden du tilslutter eller
frakobler ledninger, kredslab, motor osv. med RSAITi34
kortet. FRAKOBLES MOTOREN VED TILKOBLET
STROMTILFGRSEL, ODELAGGES RASAIT134.
Moatorviklingerne kan generere megel haje
afledningsspzendinger.

Tekniske data
Starrelse:
Kanistik __

-stangarnd Eurokort (168 x 100 x 15)
____slandard 32-bens DIN 41612-stik, f.eks
{RS varenr. 471-503 eller 467-453)

15-30V DC + 10% max.
ureguleret, udjeevnet

Stramlorsyning (kort og motor)

Stromforbrug:

Kun kort - GOmA

Motorvikling alhiengip al den anvendte
motar — op Hil maks, 2A pr. fase.

Paloddel hjaelpeudstyrs oulput _ 12V DC 50mA maks. reguleret

Logisk omkoblingskredsleb (kompatibelt med C-MOS og aben kommutator

TTL):

Niveau ‘0' v

Niveau '1' 12y

Input-ben:

25, Hel/halvsiep Mlveau '1' helstop/niveau '0' halvstep

23. Retning. _ Hvis dette ben forbindes il 0 volt,

andres motorens relning.
24, Ur 1Hz-25kHz, 10ps min, impuls med negaliv kant udlast.
22, Forudindstillet Aklivt niveau '0' saetter motorens
karselstilstand til Q1 & Q3 'OFF',

Q2 og Q4 ‘ON’ (helslepdrift} Q1, Q2 og

Q3 'OFF', Q4 'ON‘{halvstepdrift)-se figur 1.

Automatisk forudindslilling ved indkobling

RS Componenls frasiger sig elhvert ansvar efler okonormisk lab (uanset arsag og
uansel, om delle malte skyldes RS Components’ uaglsomhed), der apsiar, som
folge af brugen al oplysningerne | RS' lekniske malerale
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Het maximale gedissipeerde vermogen door R = (nominale motorsiroom) 2 x
R Als hel gedissipeerde vermogen haog is, is het aan te bevelen de
benodigde waarde van 'R' te bereiken door een nelwerk van serie- of
parallelweerstanden te gebruiken, {Hel kan nodig zijn weerstanden en
koellichamen met een hoger vermogen le gebruiken).

Het maximale stroomverbruik {molor & kaar) = 2 x (stroom per fase) + 60
mA. Zorg er dus voor dat de gebruikte voedingskabels voldoende nominaal
vermogen hebben.

De externe besturingssignalen, bv. volledige/halve stap, richling etc en hel vit
Ledrijlin bedrijf-signaal van de oscillator (indien gemonleerd) kunnen op hel
circuil worden aangesloten op één van de manieren van atbeelding 2,

Aansluiting op de RS stappenmotoren

Als de wikkeling van de RS stappenmotoren zijn toegewezen (@1 - @4) als
aangegeven in afbeelding 3 kunnen zij op de printplaat worden aangesloten
als in afbeelding 1.

De ‘R'-waarden die voor de RS motoren dienen te worden gebruikl als de
voedingsspanning is ingesteld op 24 V gelikslroom worden in tabel 1
hieronder weergegeven,

Tabel 1
Motor Nominale Nominale R |Gedissipeerd|
stroomsterkte |wikkelingspanning | () vermogen
(A) (V) door R (W)
332-947 0.1 12 120 1.2
332-953 0.24 12 47 3
440-464 2 3 10.5 S.

Raadpleeg voor meer gegevens en vermmogens van motoren het RS
gegevensblad over stappenmoloren

Montage van geintegreerde oscillator

Als de externe bron van de klok niet beschikbaar is, kan de geinlegreerde
oscillator eenvoudig worden gemonteerd door de hieronder aangegeven
benodigde RS componenten op hun plaals te solderen.

Opmerking: de uilgang van de klok van de oscillator dient met externe
kabels op de klok te worden aangesloten, ingangspen 24a.

Als de oscillator op afstand moel kunnen worden bediend (bv.
lrontpaneelregelingen), kan stekker PLI (5-weg, in de printplaal, RS
voorraadnummer 487-576) worden toegevoegd samen met een bijpassend
kabelomhulsel (RS voorraadnummer 467-627) en krulklemmen (RS
voorraadnummer 467-598)

Basis- en bedrijfstoerentalregeling

De geintegreerde oscillator kan worden afgesteld om met een vasle
frequentie (en dus een vast molortoerental) te beginnen en daama op le
lopen tot een uiteindelijke waarde (hel bedrijfstoerental), Met deze
voarziening kan de motor starlen binnen het vangvermogengebied en dan
versnellen zodat deze kan werken binnen de inzetmodus, Na uilschakeling
remt de molor automatisch af

Voor elke toepassing dienen drie parameters te worden geconligureerd:

a) Hel basistoerental: deze dient onder de vangsnelheid van de molor te
iggen (ook mel exlra belasting).
) Hel (uiteindelijke) bedrijfstoerental: deze dient binnen het inzetgebied van
de motor te liggen (ook met extra belasting)
¢) De versnellings- en vertragingstijd tussen de basis- en
bedrijistoerentallen: deze wordt beperk! door het vermogen van de motor
om door diens eigen massatraagheid (plus die van de extra belasting) te
versnellen

t

Besturingen van de oscillator (extern)

Opmerking: De frequenlie van de oscillator kom! direcl overeen met hel
molortoerental in stap(pen) of halve stap(pen), alhankelijk van
de moloraandrijvingsmodus.

Voor een 1,8° stappenmotor:

toerental in omw./min = _60_x toerental in stappen/s
200
of
toerental in omw./min = _60 x loerental in 'halve' stappen/s
400
Voor een 7,5° stappenmotor:
toerental in omw./min = 80 x loerental in stappen/s
48
of
loerendal in omw./min = _60 x loerental in 'halve’ stappen/s
96
Instelling frequentie oscillator
Aanbevolen waarden componenten:

VR 0-1 MQ

VA2 0-1 kQ2

R26 0-10 kQ

ci2 groter dan 100 pF

Bepaal de basisfrequenlie en de maximale bedrijfsirequentie. Gebruik
albeelding 7 en de waarde van de basisirequentie om een waarde voor C12
en VR1 te kiezen, Bereken de verhouding maximaal
bedrijfsvermogen/basisvermogen om de verhouding

VA1 + R23 (vastgelegd op 10 k€2)
R26

te berekenen en gebruik vervolgens afbeelding 8 om de benodigde waarde
van RA26 le bepalen,

Als alle waarden van de componenten zijn bepaald en samengebracht ziel
het Irequentiebereik van de oscillator eruit als aangegeven in albeelding 9.
Als Schak1 'UIT' staal loopt de oscillator op de basisfrequentie. Als Schak1
'AAN' slaat, versnell de osciltator {de snelheid waarmee hangt af van R22 x
C11 tijdconstante) tot een frequenlie bepaald door de VA2 instelling,

WAARSCHUWINGEN: Schakel de voeding UIT voordat u bedrading,
circuits, motor enz, op de RSAIT134-kaarl aansluit
ol daarvan losmaakl, WANNEER DE MOTOR
WORDT LOSGEKOPPELD TERWIL DE
VOEDING IS INGESCHAKELD, ZAL DE
RSAIT134 ONHERSTELBAAR BESCHADIGD
WORDEN, Molorwikkelingen kunnen zeer hoge
ontladingsspanningen genereren

Technische gegevens

Afmeling standaard Europese kaarl (168 x 100 x 15)

Connector aansluitende randen___ standaard 32-weg

DIN-houder 41612, bv,

(RS voorraadnummer 471-503 ol 467-453)

Voeding (kaart en molor) __ 15-30 V gelijkstroom + maximaal 10%,

afgeviakt en niet gestabiliseerd

Stroomverbruik:

Alleen kaarl

Motorwikkeling

— 60O mA
__afhankelijk van de gebruikte motor,
tot maximaal 2 A per lase

12 V gelijkstroom,

maximaal 50 mA, gestabiliseerd

Geintegreerde hulpuitgangspanning

Schakellogicaregeling (compatibel met CMOS en open collector TTL}:
Niveau '0' NP oV
Niveau '1" — 12V
Ingangen:

25, Volledige/halve slap __ niveau ‘1’ volledige stap / niveau ‘0" halve stap

23. Richling. Als deze pen op nul volt wordt aangesloten,
keert de draairichling van de motor om,
24, Klok e 1Hz-25 kHz, minimaal 10 ps,

pulsbreedte getriggerd op negatieve rand
__Actief niveau ‘0’ zet de motoraandrijfstalus op
Q1, & Q3 'OFF,

Q2 & Q4 'AAN' (modus volledige stap) Q1, Q2 &

Q3 'UIT', Q4 ‘AAN’ {modus halve stap) - zie afbeelding 1
Automalische voorinsteling bij mschakeling

22, Voaorinstelling

RS Componenls accepteerl geen aansprakelijkheid met belrekking tol enige
veraniwoordelijkheid of enig verlies (door welke oorzaak dan ook en al of niel te
wijlen aan nalaligheid van de zijde van RS Components) die zou kunnen onistaan in
verband mel hel gebruik van gegevens die in de lechnische documentatie van RS
Componenls zijn opgenomen

11
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Max. ellekt bortkyld genom R = (molorns markslrom) 2 x R, Om bortkyld
effekt ar hog, rekommenderas att man bygger upp erorderligt varde p& "R"
med elt nat av serie- eller paraliellkopplade resistorer. (Elfektmotstand och
kylflansar kan vara nodvandigt.)

Max, stromldrbrukning (motor ach korl) = 2 x (strémmen i varje fas) + 60 mA.
Se lill att stromférsarjningskablarna ar avsedda for denna strom.

Externa slyrsignaler, Lex. helhalvt steg eller rikining liksom oscillalormns (om
sadan ar installerad) stopp/kiirsignal kan kopplas in direkt i krelsen i samtliga
de i fig. 2 visade fallen

Anslutning till RS stegmotorer

Nar lindningarna i RS slegmotorer ar betecknade (@1 — @4) s& som visas i
fig. 3, kan de anslutas till korlel s& som visas i fig. 1.

O malningsspanningen ar instélld till 24 V DC, ar "R"-vardena tor RS
slegmolorer de i tabell 1 nedan givna.

Tabell 1
Motor Markstrom | Lindningarnas R Genom
(A) mérkspéanning Q) R bortkyld
(V) effekt (W)
332-947 0.1 i2 120 1.2
332-953 0.24 12 47 3
440-464 2 3 10.5 5

Yiterligare information om motorprestanda finns i RS datablad for
stegmolorer,

Inbyggd oscillator

Om del inte finns n&gon extern klocksignal att lillga, kan en inbyggd oscillator
skapas genom att man pa kortet loder in de erforderliga, nedan fortecknade
komponenterna fran RS,

Obs: Oscillatorns  klockulsignal maste kopplas exlemt till klockan,
ingangsslilt 24 a.

Om fjarrstyrning av oscillalomn kravs (tex. frdn en fronlpanel), kan man
anvanda en PLI-anstulning (5-polig krelskortsforbindning, RS largemr 467-
576) och till denna passande kabelhdlie (RS largernr 467-627) och
krympanslutningar (RS largernr 467-598).

Start(grund)varvtalsreglering och

driftvarvtalsreglering

Den inbyggda oscillatorn kan kopplas s& alt den slarar vid en fast frekvens
(och darmed ett fast motorvarvtal) och darefter rampar upp lill slutvarvtalel
{motorns driltvarvtal). Denna funktion linns for alt man ska kunna slara
motorn utan atl éverskrida dess startmoment och accelerera den s atl dess
maximala driltmoment inle overskrids, Vid avstangning retarderar motorn
automaliskl

De Ire parametrarna nedan maste faststéllas for alla tillampningar.

a

Starlvarvtal, som maste vara lagre an motorns starlvarvtal (med eveniuell
exira last)

) Drillvarvial (slutvarvtal) som maste ligga inom moloms driflpreslanda
(med eventuell extra last).

Lutningen for accelerations- och retardationsramperna mellan slart- och
driftvarvtal. Rampluiningen begrénsas av motorns férmaga att overvinna
sitl eget plus eventuell lasts masstroghetsmoment.

2

Oscillatorstyrning (extern)
Obs: Oscillatorfrekvensen ar motsvarar direkt motorns varvtal uttryckt
i steg/sekund eller halvsteg/sekund beroende pa driftlage

1,8° stegmotor:
varvtal i varv/min = 60 x varvlalel i steg/sekund
200
eller
vavial ivarv/min = 60 x varvtalet i "halvsteg'/sekund

400

7,5° stegmotor:
varvtal i varv/min = _60 x varvtalet i sleg/sekund
48
eller
varvtal i varv/min = 60 x varvtalel i "halvsteg'/sekund
96

Instilining av oscillatorfrekvensen
Rekommenderade vérden:

VR1 0-1 MQ

VR2 0-1kQ

R26 0-10 ka2

ci12 slérre &n 100 pF

Faststall grundirekvensen och max, driftfrekvens. Valj lampliga varden lér C
12 och VR 1 med hjélp av fig. 7 och basfrekvens. Berdkna kvoten max.
driltfrekvens/grundfrekvens (6r att kunna taststélla forhallandet:

VR1 + R23 (fast vid 10k¢2
R26

och anvénd fig. 8 for alt faststalla erforderligt varde pa R 26

Nar alla komponentvarden faststilits och komponenterna monterats, ar

oscillalorfrekvensen den i lig. 9 visade. Om strdmbrytare 1 (SW1) ar

avsténgd, svanger oscillatorn med grundfrekvens. Nar strombrytare 1 (SW 1}

ar tillslagen okar oscillatoms frekvens gradvis (med en hastighet som beror

pé tidskonslanten A 22 x C 11) till en frekvens beslamd av VR 2-insléliningen.

VARNINGAR: Stang av stromforsarningen innan du ansluter il eller
kopplar bort nagon som helsl kabel, krets, motor etc. lill
RASAIT134 -tavlan, ATT STANGA AV MOTORN MED
STROMMEN PA KOMMER ATT FORSTORA RSAIT134,
Motorlindningarna kan avge mycket hoga
urladdningsspanningar.

Tekniska data
Storlek

standard Europakorl (168 x 100 x 15)
Bollenkontakt __

standard 32-polig kontakt DIN 41612, t.ex
RS largernr 471-503 eller 467-453
15-30 V DC +10 % max.,
oreglerad, glattad

Siromfarsorning (kort och motor)

Stromiérbrukning:
Enbar korl
Motorlindning

. B B0 mA
beror pa motorlyp — upp lill 2 A per [as

Hjalpulgang pé korlet o 12 V DC 50 mA max, reglerad
Logikstyrning (kompatibel med CMOS och TTL med &ppen kollektor):
Niva *0" 1E ov
Niva*t® S—
Ingéngar:
25. Helt/halvt steg Niva "1" helt sleg / Niva "0" halvl steg
23, Riklning Genom att anslula stillet tilt noll volt &ndras motomns riktning
24, Klocka 1-25 000 Hz, minsta pulsvidd 10ys, triggning pa
22. Forinslalining Forinstalld akliv niva
"Q"satter motorstyrstatus till Q1, och Q3 "OFF"
Q2 och Q4 "ON" (helstegslage)
Q1, Q2 ochQ3 "OFF", Q4 "ON" (halvslegslage) — se fig. 1.
Automatisk forinstallning vid tillslagning

RS Components ska inte vara ansvarigl 16r ndgon som helsl skuld eller férlust av
vilken art del vara md (hur denna &n har orsakats och ot den ar orsakad av
térsumlighel fran RS Componenls eller ej} som kan resultera fran anvandning av
nagons som hels! information som lillhandahalls i lekniska sknfler fran RS
Compaonenls




100 kS/s, 16-Bit, 16 or 64 Analog Inputs

NI 6030E, NI 6031E, NI 6032E,

* 100 kS/s, 16-bit resolution, up to
64 single-ended analog inputs

* Two 16-bit analog outputs

¢ 8 digital /0 lines (5 V/TTL);
two 24-hit counter/timers

» Analog and digital triggering

e Available for PCI,
PXI/CompactPCl, and ISA

* NI DAQ driver software simplifies
configuration and measurements

Models

NI 6030E

s PCI-MIO-16XE-10
* PXI-6030E

o AT-MIO-16XE-10
NI 6031E

* PCI-6031E

» PXI-6031E

NI 6032E

« PCI-6032E

¢ AT-Al-16XE-10

AN

1681
Samping

Ceavertsr

Y iy |3
e L r
ol us

E Series Multifunction DAQ -

NI 6033E

NI 6033E
e PCI-6033E

Real-Time
See page 142

NI Application Software

o LabVIEW
* Measurement Studio
¢ \/| Logger

Operating System Compatibility
= \Windows 2000/NT/Me/9x*
e Mac OS — not for all hardware

Accessories
See page 256

See page 24

*Visit

s and enter winxp for the

latest aperation system information.

“
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et E002E wwl 6033E

Figure 1 NI GOSOE, NI GOITE, Ni 6O32E, and NI 6033E Hardware Block Diagram

See the F Series Multifunction DAQ Overview on page 230 for a

more detailed hardware overview.

8o futinn

16 bits

NIGO30E  PCI, PXI/CPCI AT 16 SE/8 DI

NI GOITE PCY, PXI/CPCI 64 SE/32 DI 16 bits
NI G0O32E PCI ISA 16 SE/8 DI 16 hits
NI GO33E PCI 64 SE/32 DI 16 bits

L

100 kS/s 101t0£10V

100 kS/s H1t010V
100 kS/s +0.1t0£10V
100 kS/s 011010V

Overview
The NI 6030E, NI 6031E, NI 6032E,
and NI 6033E DAQ devices use E Series
technology to deliver high performance
and reliable data acquisition capabilities
to meet a wide range of application
requirements. You get up to 100 kS/s,
16-bit performance, with a choice of
either 16 or 64 single-ended analog
inputs. Depending on your hard drive,
these devices can stream to disk at
rates up to 100 kS/s.

These E Series DAQ devices feature
analog and digital triggering capability,
as well as two 24-hit, 20 MHz counter/

RS
EPL X2 T ol

For more information
or to order products
online, visit it
and enter:

pcimio16xe10
pxi6030e

atmio16xe10
pci6031e
pxi6031e
pci6032e

atat16xe10

pci6033e

BUY ONLINE!

timers; and eight digital 1/O lines. The NI 6030E and NI 6031E also

feature two 16-bit analog outputs.

Consider our NI 6052E high-speed, 16-bit products. See page 241.

2 16 bits 100 kS/s . £10V [

z 16 hits 100kS/s 10V 8
- - - - 8

- - . - i

Table 1 NI GOS0E, NI GOZ1E. NI GOIZE, and Ni 6033E Channel, Speed, and Resolution Specifications (See page 271 for detailed specifications.)

2,24-bit Analog and Digital
2,24-bit  Analog and Digital
2,24-bit  Analog and Digrtal
2,24-bit  Analog and Digital |
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E Series Multifunction DAQ -
100 kS/s, 16-Bit, 16 or 64 Analog Inputs

wn
[«+] = —— = - —
o T - .
.; ||5\-_-|||<_I i Hield') : Oy
g A -'-'_H_lr:'. o LU .-'.l['l:"'.-'“"""' ! * : :
- (| Lt 40 SUR N <1 11 Olffle R | ; el LA Jiil
< +100 -10.0 0,0044 0.0061 4792 6341 0.0001 1.147 7233
¢=n 450 5.0 0.0344 0.0361 2436 KIVA 275 0.0006 2.077 361.6 36.2
@ +20 -20 0(0.0344 00361 102.2 126.8 1.0 0.0006 0.836 1447 14.5
Tom
g +10 -1.0 0.0344 0,0361 551 634 55 0.0006 0.422 72.3 72
w +0.5 05 00344 0.0361 36 368 32 0.0006 0.215 422 4.2
+0.2 -0.2 0.0394 0.0411 17.4 225 20 0.0006 0.102 265 27
+01 -0.1 0.0444 0.0461 12.7 19.6 1.8 0.0006 0.061 24.1 24
100 00 0.0044 0.0061 326.0 4178 36.6 0.0001 0.976 4822 48.2
50 0.0 0.0344 0.0361 1673 2089 183 0.0006 1992 2411 241
20 0.0 0.0344 0.0361 " 836 73 0.0006 0.802 96.4 96
10 0.0 0.0344 0.0361 399 418 3.7 0.0006 0.405 482 48
05 0.0 0.0344 0.0361 239 281 2.5 0.0006 0.207 331 33
02 0.0 0.0394 0.0411 14.4 196 18 0.0006 0.098 241 24
0.1 0.0 0.0444 0.0461 11.2 181 17 0.0006 0.059 228 23
Note: Accuracies are valid for measurements following an internal £ Series Calibration. Averaget| numbers assume dithering and averaging of 100 single-channel readings. Measurement accuracies are listed for
openational winperatures within +1 °C of internal calibration teinperature and 10 °C of external or factory-calibration temperature. One-year calibration interval recommented The Absalute Accuracy at Full Scale
ealeulations were perforined for a maximum range input voltage (for example, 10 V for the £10'V ra|_1ge) after one year, assuming 100 pt averagil_\_g of data. See overview on page 234 for an example calculations,
Table 2 NI 6030E, NI 6031E, NI 6032E, and NI B033E Analog Input Accuracy Specifications
Ateurdey
LAFS '\""'. : Yy Ol Y |
10 10 0.0045 0.0053 0.0062 8128 0.0001
10 il 0.0045 0.0053 00062 5839 0.0001 |
Note: Temp Dnft applies only if ambient is greater than +10 °C of previous extemal calibration See page 234 for example calculations '
Table 3 NI GO3JOE, NI GO31E, NI 6032E, and NI 6033E Analog Output Accuracy Specifications
Ordering Information Recommended Configurations
£ NI GO30E ‘ Ty | 0AGD) TAGECoY DTG
g PCI-MIO-TBXE-TO ovririsein s oeiiesisssseseesssrseneensarans 777384-01 NIB030E PCI-MIO-16XE-10  SCB:6B (176844-01) SHE868-EP (184743-01)
PXI-6030E 18-2705 (77824101 -
GEJ e e /7755501 A-MIO-16XE-10  SCB GEJ{;?ES-'H D(:l} SHB86B-EP (184749-01)
- - - * - gl ] g
§ ATMIO-YBRE-TO™ oot bl MEALE 0N | NIBO3TE PCI-6031E SCB-100 (776990-01) SH100100 (182853-01)
= NI'6031E I PXI-6031E Two TBX-685 (777141:01)  SH1006868 [182849.01) |
PCI-B031E e PRI 777614-01 NI6032E  PCI-6032E SCB-68 {776844-01) SHB868-EP {184743-01)
PXIEB03TE come veveeomnnss st s savvsrammee o e bORED L 777636-01 | AT-A6XE-10 SCH-BB{776844-01) SHE868-EP {184749-01)

NI 6032E | NI6033E PCI-6033E SCH-100 (776990-01) SH100100 (182853-01)
PCI-G032E .ocae... e oo 777422-01 For E Series accessory and cable information, see page 256.
AT-AI-TBXE-T0% iaeisssa sudsyimmgnsseore-spsmnnse roeerimnee 777279-01

NI 6033E
PCI-B033 Eirisiisirtcisia st oo ATyt eovs ciiaiie e 777516-01

Includes NFDAQ driver software

“Winclows only

For information on extended warranty and value added
services, see page 22.

See page 233 in the E Series Multifunction DAQ Overview
for I/0 connector diagrams.

See page 271 for detailed specifications.
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E Series Multifunction DAQ Accessories

Selection Guide

Step 1. Select your E Series device.

Step 2. Using Tables 1 and 2 as a guide, determine which accessories
are appropnate for that device. Select an accessory. Table 3 provides
descriptions for E Series device accessories.

Step 3. Using Tables 1 and 2, determine which cable is required to
connect your selected device and accessory.

E Series DAQ Accessories

= Autessory

T e K BN E A0 ( ; ' | ek Signal Bandlt

l. ..-LA.U_U = IG5 i IR = — < a1gnalbondil _

" Bipin E Series SHE8-68-EP {shielded) Connests directiy 1o See page 385 for Sea page 461 for SCC Modular
{excapt DAQCard) AB8A8 (unshieided) the device (PXLonly)  SCX1 Signal Conditioning details  Signal Conditioning details
Latching DAQCards SHOBB-GE-EP (shielded) N/A See page 385 for See page 461 for SCC Modulat

| NI GOZ4E, NI B0G2E RCGE-68 (unshielded) 50X Signal Conditioning details  Signal Conditioning detals
Nonlatching DAQCards  PSHAGH-G8 (shielded) ' N/A See page 385 for See page 461 for SCC Modular

| ALGE-4, ALIBXESD  PRBB-GAF (unshialded] SCXI Signal Conditioning details  Signal Canditioning details

Table 1 Agcessories and Cables for 68-Pin and DAQCard E Senes Devices

' I_._ 'T, [ e Attasgary
l b TRY:0, CRAGHLE 00 Mbtlar
" B211t SR | CRGBLeR. CA0K), fBOXIStanal | | 8l ;
eulie i o ienpatE | Soigs: " | snaate ] eullise '
100.pn E Serieswith  SHIODG868 {shiglded); splits into o SH1006868 (shieided); splits ~ SH1006BGA (shielded) splits ~ SH100100
4 Al channels BE-pin connectors. these accessories  splitsinto two 68-pin Into two 68-pin convectors;  {shielded)
NI GOTIE, NI GOJTE, are used with the first 68-pin connector.  connectors;these accessories  these accessories are used
NI B3I ATMIO-GAES.  See Figure 16 0 page 260 areused with the second  with thie second 68-pin
- 68-pin connectar. connectar,
€ 00pnESedeswith  SHIGOGRES (shieldedy splitsino wo  SHI006BSS (shielded) splits  SH100BBG8 (shieldedl; splits  SHI00100  Seepaged8Sfar  See page 461 for
g | 16Achannes 68:pin connectors; hese accessonies  splits o two B8-pin into two B8pin connectors;  (shielded)  SCXI Signal SEE Modular Signal
@ | g3 00lies are used with the first 68-pin connector.  connectors;thesa atcessories  these accessories are used Conditioning detalls  Conditioning details
2 PoHsE Sea Figure 16 on page 260 areused with the second— with the second B8:pin
é | ATBO2IE 68-in connector connector . »

Table 2 Accessones and Cables for 100-Pin and DAQCard E Senes Devices

e | Deeen | R ST RSN (R 5 S| LA
| sex Signal Conditioning High channel-count signal conditianing platform 386
| SCC Modular Signal Canditioning Single or duial channel signal conditioning modules 461
AMUX-8AT, 5B, SSH, ER, and SC-204x Signal Conditioning  External signal conditioning accessories 478
aNG2110 BNC accessory for 68-pin E Series devices. 257
BNC-2115 BN accessory for extended /0 on 100-pin E Series devices: 257
BNC-2120 BN acsessory with function ganerator {for 68-pin E Series devices) 257
BNC-2090 Hack-mountable BNC accessory (for 68:pin E Seties devices) 257
CA-1000 enclosure Configurable connectivity enclosure 757
TB-2705 Latching strew terminal block for PXI E Series madules 268
SOB-100 100-pin, shielded scraw tefminal block with breadbioard areas 258
SCB.66 68-pin. shietded serew terminal block with breadbioard areas 258
. TBX-58 68-pin, DIN rail-mountable sciew terminal block 28
CO-BALE, CB-GALPA 68-pun, low-cost screw terminal biock 258
Signal Saurce and Demo Accessory DAQ signal aceessory to dema and test analog, digital and counter/timer functions 259

For compleso ol itofate mfannation Ahout ECEssores, VIS 7 anatieaining

Tnbin 3 Overview of £ Seres DAQ Accessones

256 National Instruments © Tel: (800} 433-3488 * Fax: (512} 683-9300 » info@ni.com  ni.com



E Series Multifunction DAQ Accessories

SCXI High-Performance Signal Conditioning (see Figure 1)

SCX! is a modular high-performance signal conditioning platform that you use as a
front end to your E Series DAQ device. With the SCXI multiplexing architecture, you
can expand your analog inputs to 3,072 channels. Additionally, SCX! offers a variety of

maodules for connecting to thermocouples, RTDs, strain gauge transducers, LVDT
position sensors, ICP-compatible accelerometers/microphones, thermistors, millivolt
inputs, voltage inputs up to 1000 V, current inputs (0-20mA), frequency inputs or N ™ e o T

dynamic signals

$81105$399Yy QY S8UaS 3

Figure 1. SCXI High-Performance Signal Conditioning
See page 385 for details on SCXI Signal Conditioning.

SCC Series — Modular Signal Conditioning

for Low-Channel Count Applications (see Figure 2)

The SCC Series modular signal conditioning system consists of SCC modules that
plug into a low-profile SC-2345 shielded carrier. SCC modules give you single or
dual-channel signal conditioning for up to 16 analog input channels and eight
digital /O lines of your plug-in E Series DAQ device. The SCC Series offers signal
conditioning for a variety of inputs, including thermocouples, RTDs, strain gauges,

ICP-compatible accelerometers, accelerators, analog inputs requiring isolation, Figure 2. SCC Portable, Modular Signal Conditioning
high voltage {up to 100 V), current (0-20mA), and optically isolated digital 1/O.
Lowpass filtering and bread boarding modules are also available

See page 461 for details on SCC Signal Conditioning.
Connector Blocks

BNC-2100 Series Gonnector Blocks (see Figure 3}
Shielded connector blocks with signal-abeled BNC connectors for easy connectivity of

L.
o

your analog input, analog output, digital I/O and counter/timer signals to your E Series

device. The BNC-2110 and BNC-2120 work with all E Series devices. The BNC-2120 Figure 3. BNC-2100 Series Connector Blocks
also provides a function generator, quadrature encoder, temperature reference,

thermocouple connector and LED so that you can test the functionality of your hardware

The BNC-2115 has 24 BNC inputs for connecting to the extended /O channels of our

100-pin E Series DAQ devices

=
5]
=]
w
(=]
-
[14
3
(1}
=
-
©

BNC-2110 agis s sn adda izl SR b oo oo TR 11 HERR G RB RN 777643-01 2 |
Dimensions — 20.3 by 11.2 by 5.5 cm (8.0 by 4.4 by 2.2 in.) c bgg‘;z::;gggg ‘; - = —-_.....-.

BNC-271 5, st anns Ermammimme - « s b8 B o+ v+ oo v - TG GRTORGTET ¢ oo v o 1o 00 ouiais o« ENATRINEERS 777807-01 I
Dimensions — 20.3 by 11.2 by 6.5 cm (8.0 by 4.4 by 2.2 in))

BNC-27120 0 i iiceriievieeei s ciamneneranee e aanecaerenesinn PO g 777960-01
Dimensions — 26.7 by 11.2 by 6.0 cm (10.5 by 4.4 by 2.4 in)) Figure 4. BNC-2090 Shielded BNC Adapter Chassis

BNC-2090 Shielded BNC Adapter Chassis (see Figure 4)

Shielded, rack-mountable adapter with signal-labeled BNC connectors, spring
terminal blocks, and component locations for passive signal conditioning. Consists of
22 BNC connectors and 28 spring terminals to simplify connection to your analog,
digital, trigger and counter/timer signals. The BNC-2090 has silk-screened
component locations that you use to develop simple signal conditioning circuits. For
added flexibility, you can connect any E Series DAQ device to the BNC-2090 from
the front or rear through dual 68-pin connectors.

BINC-20G0 11 iisiieuimiiieriarassssnssnesesssssrianrssnsmssarannsseettes e nmmssmammssmnmassnsnsssns ses 777270-01 Figure 5. CA-1000 Configurable Signal Conditioning Enclosure

Dimensions — 48.3 by 4.4 by 18.8 cm (19.0 by 1.7 by 7.4 in.)

National Instruments  Tel: (800) 433-3488 = Fax: {512) 683-3300 * info@ni.com * ni.com 257
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E Series Multifunction DAQ Accessories

-

Figuie 6 TB-2705 Ternunal Block

Figure 10 DAQ Signal Accessory

-

CA-1000 Configurable Signal Conditioning Enclosure (see Figure 5)
Configurable enclosure that gives you maximum user-defined connectivity and
flexibility through customized panelettes. Each enclosure can accommodate up to
9 panelettes.

Dimensions — 30.7 by 25.4 by 4.3 ¢cm {21.1 by 10 by 1.7 in))

See page 263 for more information about the CA-1000.

TB-2705 Terminal Block for 68-pin PXI E Series Devices (see Figure 6)

Screw terminal block for PXI that works with your PX| E Series DAQ devices.

Latches to the front of your PXI module with locking screws and provides strain

relief as well as easy access to your analog, digital, trigger and counter/timer

signals through screw terminals.

TB-2705 .ovviiiiniiinn tusisisimivenish e 5o ST 4 iao0 s Ao et osi - o aTen 778241-01
Dimensions — 8.43 by 10.471 by 2.03 cm (3.32 by 4.1 by 0.8 in.)

SCB-68 and SCB-100 Shielded 1/0 Connector Blocks (see Figure 7)
Shielded /O connector blocks for rugged, very low-noise signal termination for
connecting to 68-pin or 100-pin E Series DAQ devices, respectively. Silk-screened
component locations for easy addition of simple signal-conditioning circuitry for
your analog input channels. They also include general-purpose breadboard areas
{two on the SCB-68; three on the SCB-100) as well as an IC temperature sensor
for cold-junction compensation in temperature measurements

SCB-68 witidavatatlaitatcn vvn v o S5 ST, s s LR R W R 776844-01
Dimensions — 19.5 by 15.2 by 4.5 cm (7.7 by 6.0 by 1.8 in.)
SCB-1001 o5 rramrarmmmmss: e seereevssiessssnnnsanaeessnsiFholonsBisesseos s eI 776990-01

Dimensions — 19.5 by 15.2 by 4.5 cm (7.7 by 6.0 by 1.8 in.)

TBX-68 1/0 Connector Block with DIN-Rail Mounting (see Figure 8)

Termination accessory with 68 screw terminals for easy connection of field 1/O

signals to 68-pin DAQ devices. Includes one 68-pin male connector for direct

connection to 68-pin cables, The TBX-68 is mounted in a protective plastic base

with hardware for mounting on a standard DIN rail.

TBX-88 i it viSaamanli oo oo 5000 i B Wrale . SNt s e el e v o 777141-01
Dimensions — 12,50 by 10.74 cm {4.92 by 4.23 in.}

CB-68LP and CB-68LPR I/0 Connector Blocks (see Figure 9)

Low-cost termination accessory with 68 screw terminals for easy connection of
field 1/O signals to 68-pin E Series DAQ devices. Includes one 68-pin male
connector for direct connection to 68-pin cables. The connector blocks include
standoffs for use on a desktop or for mounting in a custom panel. The CB-68LP
has a vertical-mounted 68-pin connector. The CB-68LPR has a right-angle mounted
connector, and is used with the CA-1000 (see page 263).

CB-68LP siisissinnisisnm . oot b e sy iR s e v 777145-01
Dimensions — 14,35 by 10.74 cm (5.65 by 4.23 in.)
CB-B8LPR ot eveeerrernininenraan 7 77145-02

Dimensions — 7.62 by 16.19 ¢cm (3.00 by 6.36 in.)
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E Series Multifunction DAQ
Accessories and Cables

Signal Source and Demo Accessory (see Figure 10)

The DAQ Signal Accessory demonstrates and tests the use of analog, digital, and

counter/timer functions of DAQ devices. You can connect the DAQ Signal

Accessory directly to your DAQ device, It features a built-in function generator,

guadrature encoder, solid-state relay, IC temperature sensor, noise generator,

microphone jack, thermocouple jack, four LEDs, and a digital trigger button. The

DAQ Signal Accessory works with all E Series DAQ devices,

DAQ Signal ACCESSONY wavi:asinssisnras. /st bsisesss s« s0is (2a55aaass sas au5e5s irssass spninas 777382-01
Dimensions — 12.7 by 12.7 cm (5.0 by 5.0 in.) Figure 11 RTSI Bus Cable
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RTSI Bus Cables (see Figures 11 and 12)

Use RTSI bus cables to connect timing and synchronization signals among
Measurement, Vision, Motion, and Controller Area Network (CAN) boards for PCl
and ISA and DAQPad 6070E boards. For systems using long and short boards order

the extended RTSI cable. ) ‘@%"‘ \%\
2 BOANAS susseesssessesuenies 776249-02 ) - '{."\;k '

sa|qeq pue S8110SS393Y Py( SIS J

3 boards ciinsiriimmit e, ARSEETe ) Y B AHIEG ¥ SRR 776249-03
4 Doards it i e, RS T SRR | SRR R  FERTRSR AT ¢ e« BB 776249-04
5 boards ...776249-05 Figure 17. Extended RTSI Bus Cable
Extencled, b boards iesemismima . s S, Ao . S Eawisia .. oo 777562-05

3 EXTEIMNA) DOAIUS eessssannrasaessarnssommaensssisssisssalissans heve. - oammmsnmsd Givbainasdi sl 186464-01

Shielded 1/0 Cables

SHG8-68-EP Shielded Cable (see Figure 13)

Shielded 68-conductor cable terminated with two 68-pin female 0.050 series
D-type connectors, Features individually-shielded analog twisted pairs for reduced
crosstalk with high-speed devices. This cable works with all 68-pin E Series
devices {except latching DAQCards). If you need a right-angle connector, the
SHB8-68R1-EP shielded cable is fully compatible. Figure 13. SHG68-68-EP Shielded Cable
I 2 184748-01
184749-02
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SH68-68R1-EP Shielded Cable (see Figure 14)
Shielded 68-conductor cable; one end terminates with a 68-pin female 0.050
series D-type connector and the other end terminates with a right-angle 68-pin

female 0.050 series D-type connector.
N T e vy i VA R T  GRRTIEEON . A RRARE N N 187051-01

SH100100 Shielded Cable (see Figure 15) Figure 14. SH66-68R1-EP Shielded Cable
Shielded 100-conductor cable terminated with 100-pin male 0.050 series D-type
connectors. This cable connects the 100-pin E Series devices to 100-pin accessories.
B W e e e R 182853-01
2m Yy IR L B 182853-02

Figure 15 SH100100 Shielded Cable
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E Series Multifunction DAQ
Accessories and Cables

Figure 16. SH1006868 Shielded Cable

Figure 17 SHCG8-68-EP Shielded Cable

Figure 18 PSHRGS-G8 Shielded Cable Kit

Figure 19 PSHRGS-68M Shielded Cable

Figure 20 R6868 Ribbon Cable

SH1006868 Shielded Cable (see Figure 16)

Shielded cable that connects to 100-pin E Series devices and terminates with two
female 68-pin 0.050 series D-type connectors. See Table 2 on page 256 for accessories
compatible with each 68-pin connector.

T ITY LS av s oo BRI o+ oo NRLSHRUGERS o1 v o oo oo o LUWERT o b o h 0o oo 1 0o om0 sis B 182849-01
2 N | i ARG o ST Lo BRS¢ o B SRRGTRBRVETE B3 oo v e e oBhrnene D ST 182849-02
SHC68-68-EP and SHC68U-68-EP Shielded Cables

for Latching E Series DAQCards (see Figure 17)

These cables connect a latching E Series DAQCard (NI 6062E and NI 8024E) to
standard 68-pin accessories, Latching screws secure the shielded connector to
the PCMCIA DAQCard, The SHC68-68-EP is a shielded 68-conductor cable
terminated with a VHDCI 68-pin male connector at one end and a 68-pin female
0.050 series D-type connector at the other. The SHC68U-68-EP is identical to the
SHCB8-68-EP except it uses an inverted VHDCI 68-pin male connector. Use the
SH68U-68-EP for a DAQCard located in the bottom PCMCIA slot in your laptop.
Use the SHCB8-68-EP cable with a DAQCard inserted in the upper PCMCIA slot
in your laptop. When using two E Series DAQCard PCMCIA devices in adjacent
slots, you must use one SHC68-68-EP and one SHCE8U-68-EP.

SHCB8-68-EP

Qa5 1w pmp (s« B 81 e LSBT SRE R+ o+ oo+ o o oymapsmsaszesssmesmn prasawy SAAEEEs 186838-0Rb
186838-01

OB MViiure v S it S0aswaS T b0 SOABRER S GHERS o8 0000 o o STEDRIES AR C{ORETOD 187406-0R5
187406-01

PSHR68-68 Shielded Cable Kit for Nonlatching DAQCards (see Figure 18)
Shielded cable for use in connecting non-latching E Series DAQCards (Al-16E-4
and Al-16XE-50) with 68-pin accessories, The kit contains the PSHR68-68M, the
PCMCIA Strain-Relief Adapter and a 1 m SH68-68-EP cable.

T I ciiaoias: on sy smmiReins <83 « SAFASHFLPSRESRLAA <o+ o TN EOEE PN F AL AT B3 o2 PR L e o onban s rane 777293-01

PSHR68-68M Shielded Cable for Nonlatching DAQCards (see Figure 19)
Shielded cable for use in connecting non-latching E Series DAQCards (Al-16E-4
and Al-16XE-50) with custom cables and other 68-pin cable assemblies.

Oul M . i, SR FRERR e R R N D A Dl 183569-01
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E Series Multifunction DAQ
Accessories and Cables

Ribbon I/0 Cables

R6868 Ribbon Cable for E Series Devices (see Figure 20)

68-conductor flat ribbon cable terminated with two 68-pin connectors. Use this
cable to connect a 68-pin E Series device to 68-pin accessories.

[ e SN sy S st ppins s s nmm CRYSRTIEEAS 1 < +++ RAIATARI O RATEST o .182482-01

RC68-68 Ribhbon Cahle for Latching DAQCards (see Figure 21) /
Ribbon cable that connects to a latching E Series DAQCard (NI 6062E, NI 6024E) '
and is terminated with a 68-pin female connector that attaches directly to 68-pin Figure 21. RC68-68 Ribbon Cable
accessories. Two RC68-68 cables can be used together in adjacent PCMCIA slots,
0225 M et ie BN TSI T «« VTR 1 oo ANV SRS ee v ar o 187252-0R25

187252-01
}
o

PR68-68F for Non-Latching DAQCards (see Figure 22) i j
Ribbon cahle that connects to a non-latching E Series DAQCard (Al-16E-4,

Al-16XE-50) and is terminated with a 68-pin female connector that attaches <"
directly to 68-pin accessories

sa|qe) pue s3110SS399y PyY( SAU3S

T I S s e s T TN AR - 6NN  + (o ESR OO+« TP E A ar 183646-01 Figure 22 PRGS-68F Ribbon Cable

Custom Connectivity Components

68-Pin Custom Cable Connector/Backshell Kit (see Figure 23) \

68-pin female mating connector and backshell kit for use in making custom cables. \ i

Solder-cup contacts are available for soldering of cable wires to the connector. i § )

68-pin connector/backshell Kit it 776832-01 : ':-' &
|

PCB Mounting Connectors for Custom Accessories (see Figure 24) Pl

PCB connectors for use in building custom accessories that connect to

777778-01
100-position, female, vertical MoOUNtiNG....covecciiiiiiene o - N N T 77777901

68-conductor or 100-conductor shielded and ribbon cables. Two connectors are Figure 23. 68-Pin Custom Cable Connector/Backshell Kit =
. . ' @

available, one for right-angle and one for vertical mounting onto a PCB. 2
68-position, male, right-angle MouUNting ... .ot 777600-01 E
68-position, male, vertical MOUNTING ... oot 777601-01 g
S

=

w

100-position, female, right-angle mounting ...

PCMCIA Strain-Relief Accessory (see Figure 25)

Accessory that attaches to the bottom of your notebook computer and provides
adjustable strain relief for one or two PCMCIA cables attached to the installed
PCMCIA card(s). Used with non-latching E Series DAQCards (Al-16E-4, Al-16XE-50). Figure 24 PCB Mounting Connectors for Custom Accessories
PCMCIA Strain-Relief ACCESSONY .o cisiiimsisieiims resessies s 777550-01

Figure 25. PCMCIA Strain-felief Accessory
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E Series Multifunction DAQ
Accessories and Cables

USB Cable (see Figure 26)

Cable that connects DAQPad devices for the Universal Serial Bus (USB) to a USB port.

w
=
=
©
xt
= > The USB cables have a USB B-type connector and a USB A-type connector.
: o R R RN B o 5 (e NS 184125-01
s 2 PNV 5 RS . SSRGRHRS 101 RN B S B 10140 184125-02
[~ ]
A .
o IEEE 1394 Cable (see Figure 27)
2 Cable that connects DAQPad devices for IEEE 1394 (FireWire) to an IEEE 1394 port.
g Figure 26. USB Cable T M {lAECHING) cetiaei it e 1856798-01
=] 2 M {|GECNING) . g oo aaermmesaeesngapamaans s+ oovsrererereenesesimpmenseesesieeasnrnsernnn gl Sragemm 185798-02
2
b
n
w
Figure 27. IEEE 1394 Cable
Use Interactive Online Catalog Configurator for [f=r———=t =
Quick Product Selection o S QI Ot e U B of

You can now easily configure NI multifunction data acquisition (DAQ) Wl
measurement systems using a new, interactive feature |

of our online catalog. The interactive online catalog offers a better, m.i:?_ __ o
easier way to select and purchase measurement solutions
from National Instruments. Based on user imput, the interactive online e Prodiicts &.Sundies
g catalog suggests products and then suggests the appropriate cables teome S e e o
E and accessories for those products. This new automated tool helps w
g eliminate ordering mistakes and product—compatlblllty efrrors‘. :_-_ SITLL TRy
o To take advantage of the online catalog for multifunction DAQ l—_—;ﬂ-ﬂ*“-—].
§ devices, Visit 1o slaie ' }-T:-:-a_wh—_._—l ’;i e
From the Products and Services menu, select Data Acquisition, ;_..-..-am-‘.‘--—« gw’" NEJ_\!Q'KK
then select Multifunction 1/O. The online catalog prompts you with a ;m -
series of questions regarding preferences for operating system, -
computer bus, number of channels, and maximum sampling rate. | ’,--—--———-—-I .
The online catalog then recommends several appropriate DAQ | ISR S _E.al Ill 3
devices. You can review specifications on each device and select i

your preferred product. Next, the catalog suggests the preferred
accessory and cable solution designed to work with the selected
DAQ device. You have the option of choosing the preferred

configuration or choosing from a separate list of accessories and
cables that also work with the selected DAQ device. You can  figure 28. Use the interactive configuration tool in the NI onling catalog to select and
purchase the selected items online. purchase multifunction DAQ solutions
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Configurable Signal Conditioning Enclosure

CA-1000
« Versatile connector/enclosure Interface Panelettes
system * Momentary pushbutton switch

e Potentiometer
* Toggle switch
¢ Rocker switch
e LED

= Houses signal conditioning and
connector block accessories

* Wide variety of I/O connectivity
and panelette options

e Holds maximum of 18
connectivity/interface panelettes

¢ | ow profile enclosure

» Rack-mount and stacking kits
available

I/0 Connectivity

* BNC

» Thermocouple

* Banana jack

» LEMO® connector (B-Series)
e MIL-Spec

s SMB

e Dual 9-pin D-Sub

e Strain relief

Overview

The National Instruments CA-1000 is a configurable signal conditioning
enclosure designed for maximum user-defined I/O connectivity and
flexibility, The CA-1000 is a portable enclosure for laptop, desktop,
and rack-mount applications. In the CA-1000, you can install many
NI signal conditioning accessories, such as the SC-204x signal
conditioning products, and the SCB-68, CB-68LPR, and CB-50LP
terminal blocks, The result is a compact, portable, flexible, and
comprehensive signal conditioning/interconnection system. The
CA-1000 also facilitates quick connection and disconnection with
standard /O connectors for easy system integration and
reconfiguration, By adding interface panelettes, such as toggle
switches, potentiometers, and LEDs, you can locally control and
verify system operation.

Description

The CA-1000 system includes four components: 1) CA-1000
enclosure, 2) 1/O and interface panelettes, 3) signal conditioning or
measUrement accessories installed in the CA-1000, and 4} for
50-pin accessories, an internal cable adapter to connect the signal
conditioning accessory to the cable attached to the CA-1000.

CA-1000 Enclosure

The metal enclosure provides a low-profile, portable housing for
signal conditioning and connector accessories. You can place the
enclosure under a laptop PC, on a benchtop, or in a 19 in. rack.
You can also stack two or more enclosures with the stacking kit.
The CA-1000 enclosure includes five cable entry locations, so you
can place the 68-pin or 50-pin connector that you cable to your
measurement device on either the side or the rear of the CA-1000

enclosure. Please note, the CA-1000

b CODES
more information
or to order products

is shipped without any panelettes, signal Fo;l
conditioning accessories, connector

blocks, or cables. Order all of these online, visit fir.contila
and entar:
components separately.
ca1000
Internal Accessories BUY ONLINE!

The CA-1000 houses a variety of signal
conditioning and data acquisition
accessories, including the SC-204x,
SCB-68, CB-68LPR, and CB-50LP (Table 1 on page 264). You mount
these accessories to the bottom panel of the CA-1000 enclosure.

1/0 Panelettes

The CA-1000 includes a user-configurable signal connection scheme.
This connectivity flexibility is achieved with interchangeable
panelettes, The panelettes, which come with standard signal
connectors — for example, BNC, SMB, banana jack, thermocouple
plugs, and LEMO, MIL-Spec, and 9-pin D-Sub connectors — mount
in the front of the CA-1000 enclosure. The CA-1000 front panel
offers nine panelette slots. The rear panel can also be removed
offering nine more panelette slots. However, this option is not
available if you are using the SCB-68 inside the CA-1000. You can
mix and match different types of panelettes. Each panelette (except
for the strain-relief panel} includes lead wires that you connect to
the screw terminals of the accessory mounted inside the CA-1000.
You can therefore connect the panelettes to any 1/O signal available
on the accessory.

National Instruments * Tel: (800) 433-3488 < Fax: {512) 683-9300 * info@ni.com = ni.com
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Configurable Signal Conditioning Enclosure

Interface Panelettes measurement device used, Some accessories installed in the CA-1000
National Instruments also offers interface panelettes, which expand  require internal cabling to connect the accessory to the CA-1000 wall
the functionality of the CA-1000. Interface panelettes include traditonal ~ Use Table 1 to determine what cabling components you need,
interface controls and displays, such as rocker switches, toggle including the cable to your measurement device

switches, momentary switches, potentiometers, and LEDs. Using The CA-1000 also provides the flexibility of five external
interface panslettes, which are mounted alongside /O panelettes, you  interconnection locations, giving convenient cabling for laptop
can change hardware inputs, trigger events, or verify operational status.  applications by aligning the 1/O connector with the location of the
Each interface panelette includes lead wires for connection to the ~ PCMCIA slots on laptop computers. With the five external
screw terminals of the accessory mounted inside the CA-1000. interconnection locations, you can also customize desktop and

Custom Conditioning Enclosure

rack-mount applications for added convenience.
Cabling
The cabling needed to connect the CA-1000 to the measurement
device depends on the accessories installed in the CA-1000 and the

88-pin E Serngs DAQ Devices {except DAQCards} A68M-50F and SHB8-68-EP" N/A SHGB-68-EP!

100-pin E Series DAQ Devices? Applicable for one leg N/A SH1006868 |
Latching E Series DAQCards R68M-50F and SHCEB-68-EP N/A SHC68-68-EP |
. DAQCard-GOG2E, DAQCard-6024E - = - I
¢ Nonlatching E Series DAQCards: R68M-50F and PSHR68-68 Shielded Cable Kit? N/A PSHRE8-68 Shielded Cable Kit? l
| DAQCard-Al-16E-4, DAQCard-Al-16XE-50 i
68-pin Digital /0 and Counter/Timer Devices (except DAQCards) N/A N/A SHE8-68-D1

PCI-DIO-32HS, PXI-6533, AT-DIO-32ZHS, = = =
NI 6534, NI 660x - . -

Nanlatching 68-pin Digital 1/0 DAQCards N/A N/A PSHRG8-68-D1 Shielded Cable Kit |
DAQCard-6533 = - = !
Simultaneous Sampling Multifunction DAQ Devices N/A N/A SHE8-G8-EP!

PCI-6503 N/A R5S0M-50F and SH50-50 N/A |
PC-DIO-24 = - =

DAQCard-010-24 N/A A50M-50F and PSHZ7-50F-D1 N/A

1| 65275, PCI-DI0-98%, PXI-6508°, DAQPad-6508* N/A Two R50M-50F and R1005050 * N/A

PC-DIO-86° N/A Two R50M-50F and NB5* N/A

Wou can lso use the SHE8-B8R1-EP or RB3GE. “You can also use the PRG8-GBF. *You can use Lwo CA-1000 enclosures with one of these devices. Please note: If you are using a NI 435x series data logger, please

see Figure 1 on page 298 for information on cabling to a CB-68T and CA-1000 *Splits into two 50-pin cannectors, See page 319 for information on using the CA-1000 with signal source: prodiicts.

[ %]
g
=
)
£
)
L]
=
7
©
@
=

Table 1 CA-1000 Cabling

Tahle 2. CA-1000 Panelette Options
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Configurable Signal Conditioning Enclosure

Bonmaetirs/ e
Jogerion: I pa Paneletn STt
Mimthermocouple Jack Jtype 2 1
K-type 2 1
Uncompensated 2 1
¢ Thermocouple Jack J-type 1 1
K-type 1 1
Uncompensated 1 1
BNC BNC connectar 2 1
SMB SMB connector 4 1
Banana Jack Banana Jack 2 1
LEMO 2-pin female 2 1
4, G-pin female 1 1
MIL-Spec 2,4, B-pin female 1 1
< 9-pin D-sub Single {male} 1 2
Single {female) 1 2
Dual {male} 2 3
Dual {female) 2 3
. Momentary Pushbutton Switch ~ On — off 2 1
+ Toggle Switch {On — off — on) 2 1
. Rocker Switch (On — off — on) 1 1
tLED Ared, green, vellow, 4 1
and orange LED
Potenticmeter 1 tum, 10 kW 1 1
Strain Relief Screw clamp | 2
1 Blank Filler panel = 1_ :

Table 3 CA-1000 Fanelette descriptions

Ordering Information
CA-1000 (enclosure only} ... 777664-01
Dimensions — 30.7 by 25.4 by 4.3 cm (21.1 by 103 by 1.7 in.)

I/0 Connector Panelettes

Minithermocouple, J-type (2 included) ........c....... 184736-01
Minithermocouple, K-type (2 included) .......cceeennee 184736-02
Minithermocouple, uncompensated (2 included) ...... 184736-03
Thermocouple, JLYPE .. sscasiaieneeine 187597-01
Thermocouple, K-TYPe iieecsmen oo asssisiases s 187597-02
Thermocouple, uncompensated ... 187597-03
BNC (2 included) szwsvainii. . ol ... i 184737-01

186405-01

Banana jack (2 included)
LEMO connector (B-Series)
Dual 2-pin, female ....ovvvieeevmirneieni e 187585-01
4-pin, female e ....1875685-02
6-pin, Temale upmmmsememomis o - sty - - conmmsgemzs 1876585-03
MIL-C-26482 (Series 1)
MS3112E8-2 S
MS3112E8-4 S
MS3112E10-6 S rsmasmisasi=d . i smdaasvasims tanys
SMB {4 included) .o

...187591-01
187591-02
..187591-03
185505-01

Ordering Information (continued)

Strain reliefi.. L. s TS iawilies184721-01
9-Pin D-Sub
SINGlE MAIE .1 uierervreee e eenr e aeeens 184738-01
DUE [T FU S———— S . S, - 184738-02
Single fermnale gy sy 184738-03
Dual female....... suasssms s snsssassisasssmsmsssnsenoni oo 184738-04
BlankKiss . oo . st s conmassensississsns s s s s i niins 184483-01

Interface Panelettes
Momentary pushbutton switch (2 included) ........185380-01

Rocker switch (on/off/on) ... 185379-01
Toggle switch (on/off/on — 2 included) ................ 185378-01
Potentiometer (10 kQ, single turn) ......coorvinenes 185377-01
LED 4 — {Includes: 1 green,

1red, 1 orange, 1 yellow) ... 185376-01

External Cables

SHBB-68-EP, 1 M watcui asseiiniintibicn ininisianiimig. 182419-01
SHB8-68-D1, T Mo 183432-01
SHB8-68R1-EP. 1 Migiaiivimman asaiiborsanrareiiasvisedais. 187051-01
SH50-50, T m 777720-01
RBB68, T M i rrrere, W 182482-01
RT005050, T M (oo sccsmriecems s s 182762-01
NB5, 1 m............ 181304-10
SH1006868, 1T m 182849-01
PSHRE8-68 Shielded Cable Kit ......cccccvviviviicinnis 777293-01
PSHR68-68-D1 Shielded Cable Kit ... 777420-01
PRG8-68F, 1 m iuidnaiaiusadt. ... oiiiidnmianiz 183646-01
PSH27-B0F-D1, M m......... &bt 776989-01

SHC68-68-EP, 1 m 186838-01

Internal Cables

R50M-50F ribbon cable.........ccccoovviviiiiieniiians 184526-0R3
R68M-50F MIO bulkhead ribbon cable .............. 777660-0R3
Accessaries

CA-1000 Rack-Mount Kit (TU) .o 777665-01
CA-1000 Stacking Kit...ooocviivrriiiiieeesiiiier e 777666-01
CA-1000 Panel Mount Kit ..... cmvriereanreneennennnnes 18724301
Strain Relief Kit' .o 187407-01

"You cannot use the Strain Relief Kit in conjunction with
the rack-mount, panel-mount, or stacking kits.

For information on extended warranty and value added
services, see page 22.
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E Series Multifunction DAQ Overview

Self-Calibration Using an Internal Reference

The E Series analog inputs and outputs have calibration circuitry to
correct gain and offset errors. You can calibrate the device in
software to avoid analog I/O errors caused by time and temperature
drift at run time. No external circuitry is necessary; an internal
reference ensures high accuracy and stability over time and
temperature. Factory-calibration constants are permanently stored
in an onboard EEPROM and cannot be modified. A modifiable
section of the EEPROM stores user-modifiable constants. You can
return the devices to their initial factory calibration by accessing the
unmodified factory constants. Included with all E Series devices is
an NIST-traceable and 1SO-8002 certified calibration certificate. Visit

for more information.

1/0 Interface — MITE and DAQ-PnP

All of the PCI and PX| E Series use the MITE ASIC as a bus master
interface to the PCl bus. The E Series products for ISA use an ASIC
that fully implements the Plug and Play ISA Specification, so that the
DMA level, interrupt channels, and base /O address are all software
configurable. All other E Series devices are inherently Plug and Play
and enter exniev to download

compatible. Visit
a technical paper on bus mastering.

RTSI Bus Interface

All E Series devices except DAQCards, USB DAQPads, and PXI
modules are interfaced to the National Instruments RTSI bus with
an embedded cross-matrix switch in the DAQ-STC. This switch
synchronizes several DAQ devices by sending timing signals to
them on the RTSI bus. Using RTSI bus, a single master device can
control one or more slave devices for both single and multiple A/D
conversions. The PX| Trigger bus serves the same purpose for PXI
systems as RTSI bus.

E Series Multifunction DAQ Software

NI-DAQ

NI-DAQ, our driver software bundled with every E Series multifunction
DAQ device, provides access to the features of your DAQ hardware,
50 that you can easily develop powerful measurement solutions.

You can use NI-DAQ to perform single-point and buffered
analog I/O, digital I/O, and counter/timer input operations. You can
perform those operations individually, or program your device to
perform multiple operations simultaneously. To facilitate integration
of signal conditioning in your system, NI-DAQ provides you with a
single interface for programming both the E Series device and signal
conditioning modules. Using NI-DAQ, you can also synchronize your
E Senes multifunction DAQ device with other measurement devices,
10 bulld measurement systems customized to your particular needs.

Measurement & Automation Explorer
NI Measurement & Automation Explorer (MAX) software, which is

bundled with every E Series multifunction DAQ device, guides you
through hardware configuration, channel scaling, and sensor set-up.
You can also test the basic operation of your E Series device and
signal connections using a test panel.

AIGND —f 5l | AcHis
AIGND —f 52 |— ACH2A
ACHO — 53— ACH17
R = = ACHE —! B4 |~ ACH2S
? ACHI —{ & |58 |— ACHI8
What About Signal Conditioning? il BB T
Signal conditioning is one of the most e T3]~ Ay
. ACH3 —{_8_| 5% 1— ACH20
important, and most overlooked, aci —{TI6T}— Actie
ACHE —{ #1 = ACH21
P ACHIZ = L= ACH29
components of a data acquisition system. 3 T3 Acie
. . . ACHY —{ # |— ACH30
Many sensors require special signal  acis —{ 15 & |— ackz
ACH}}d —1 ;“;’ = ACH3|
1+ H ACHT —4 &F b= ACH32
conditioning technology, and no DAQ Qi - i— aohe
i . . AISENSE — 4 _p— ACH33
device has the capability to provide all  pacoour — T [Fa|— acta
f s | ditioni I ACIOUT! — = ACH34
EXTREF' —{ b— ACH42
types of signal conditioning to a e P Ao
. . B aND I T
sensors. Using NI signal conditioning s ZHE1= Aeruse:
i . DI04 —{ 78 | i }— AIGND
products, you can measure a wide variety b —{7a1 — ACH3
DIDs —{ 3 f=—= ACH44
. DIo? — i% = ACH37
of signals and sensors, These modular s 5 Ao
e . . . DIO3 — 11 ACH38
conditioning devices come in a range of pior — 2]
DGND =—{ 33
sizes, from rack-mountable SCXI systems i
SCANCLK —{ 36 |
to portable SCC systems. EXTSTROBE* —{ 31}
PFIOfTRIGT —
PFII/TRIGZ —
PFIZ/CONVERT” =
See page 383 for more information "L T
B o . GPCTA1_OUT —
on Signal Conditioning, PFIS/UPDATE" —
PFISWFTRIG ==
PFI7/STARTSCAN —4
e PFIB/GPCTRO_SOURCE —
ACH8 |34 {&m| ACHo PFIS/GPCTRO_GATE —j 48 | 48
s [srfar| s oo e E i
aeND [T fee| Acke g T e 5
ACHI0 Lﬁl ACH2 ol available on 6033
AcH3 [30[sa| acND 7 P
wevo Feta] Figure 2. 100-Pin 1/0 Connector for NI 6071,
ACHY | 30|82 AISENSE NI 6OGTE, NI 6031, NI 6033F Devices
AIGND '_E_I_'I“ ACHI2
ACH1a | M B0 | ACHs AlGND —} T} poy
ACHG | 2% | %8| AIGND AIGND — =1 = GND
AIGND |24 § 58| ACHI4 :Eno — o g(’i‘lin
sl Bt 8 =t L o
ACHYS | 33§ 81| ACH? ACH1 — B b= PC5
DACOOUT' | 28] % | AIGND ACHY —f T = GND
pAciouT' [21] 88| AoGnD' A‘Efm — :; — EF:D
EXTREF' [0 54| AcoND! YT i
plos [# |8 oenD ACHN —{ 3| W3 {— GND
ooND || & | oioo ACHASSS BLJ— pC2
DIot _ll_ _?_I_ DIos fote = %: [;y]D
pios [W|%| pen B3 = GND
L1 E e _|— PCo
DGND EE Dio2 % 1— N
+5V 16148 | DlO7 [ _— pB7
DGND | 1aj4r| Dlo3 | o8 _— EQISD
DGND [12 ]| scANcik DACODUT —) —?—_ GND
PFIOfTRIGT Li EXTSTROBE® DACIOUT —f — PBS
PFIVTRIGZ | 18| & | DGND “Effu“[‘;/rgg = = GND
DGND 3| PRI2/CONVERT® DGND — E b
5V PFI3GPCTA1_SOURCE D:DD — — PB3
7 1] DI04 — = GND
06N [T W] PR4/GPCTAI_GATE Dot —] - PRz
PFIS/UPDATE” l 2 GPCTAI_OUT D105 — = GND
PFI6/WFTRIG 5| | DGND DID2 —{_ ¥ | 4 }— PB1
DGND [ &[] PRVSTARTSCAN e e o v
PFIS/GPCTRO_GATE | 3 | 30 | PFI&/GPCTRO_SOUACE Dlar —| L~ oD
GPCTRO_OUT | 2 |56 | DGND DGI;IE!I _‘u_— wﬂ
+ H—
FREQ_OUT i | %] DGND 45 W |— PG
SCAHCLK 8 }— GND
" Not available on AT-Al-16XE 10, PCI-6032€, EXTSTROSE" — 31 1— pas
DAOCard-Al-16E-4, DAQCnrd-Al-16XE-50 PFITAIG] = b— GND
PFI/TAIG2 =i t— PA4
: . PFI2/CONVERT* — — GND
Figure 3. 68-Pin I/0 Connector for NI 6070E, PFI3/GPCTA1_SOURCE —| — Pay
PFI4/GPCTR1_GATE — — GND
GPCTR1_OUT = — PA2
NI GOBOE, NI BO62E, Ni G052E, Nj BO4TE, LSRCTHIEONT, =4 = e
PFISWFTRIG — — PAY
NI 6O40E, NI 6036E, NI 6035E, NI 6034E, PFI7/STARTSCAN —] — GND
“Gherio. ot — = o
G 10_ — — GND
NI 6032E, VI GOJOE, NI G024E, NI 6023F, e S
FREQ_OUT —{ %5 | 100 }— GND

NI 6020E, NI 6012E and NI 6011E Devices
Figure 4 100-Pin I/0 Connectar for
NI 6021E and NI 6025F Devices
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E Series Multifunction DAQ Specifications

Specifications — 16-Bit E Series nicosoe ni sosxe, and N 601x

-—t
o
=
—
m
These specifications are typical for 25 °C unless otherwise noted Input signal ranges g:
| | ity | =
Analog Input gewee | Setow : | o
Accuracy specifications See tables in E Seres product pages 6052E I = | UCI,l
| 010V | h=]
Input Characteristics ALY g
Number of channels | w2V =
ROGIE 16 sinqlo-eidal of 8 difforential S— { 00 hioi Y
| G030E {software selectable per channel] ! £250/ny, Qligla00imy (=d
6032E | £100 Y 0 to 200 my ]
6034E | ——— | £50 mV | 0t 100 mV «©
6035F GO3DE ! | 10V =
6036E 6031E 15V 0toi0V
Site | o | a2y e
GDAE ¢ G4 single-ended or 32 differential | | | i
G033k {software selectable per channel} Y Oto2V
- | +500 mV Oto1V
Type of ADC 5 Successive approximation - 0 to 500 mV l
Resolution 16 bits, 1 in 65,536 I +200 mv
| 100 mv 010 200 mV
Maximum sampling rate t 100 my =l = 0o 100my |
6052€ WIS | 034E 2V ' 10V -
6034E 200 ks | Bo3se 10 . 5V = |
GO35E | 6036E ' v +500 mv - |
6036E | ! 100 mv .| +50 mV |
6030 1004575 ' ' B01xE ‘ v [ +10V = |
5031E | oy 15V [(NGRIAY |
B032E i 5V - D105V |
6033 I 2y £ i
| comE 20k8/s; | | N 5 Oitoyiay,
200 kS/s single-channel sampling with 200 my +100 mv -
the DAQCard"-Al-16XE-50 - | L omV . . Qwiomy
Streaming-to-disk rate {system dependent)! INPUL COUPIING wioviicssiscciissisiisitrmnsiasiirns - DC
- Maximum working voltage
s 333 k§/s — — (signal + common mode) ................ Each input should remain within
EDSiE 200 kS/s +11V of ground
(RS Qvervoltage protection
SOSBE — i Powered on +25V
SO30E 100578 Powered off ... +15V =
GO31E g
Gl Inputs protected g
gg?zg T BOSZE - T AGH<0. 15>, NISENSE @
1Streaming-to-disk rates o not apply to RT Series devices ggggg 2
=
6034E a
G035E
6036E
L —
6031E ACH<0.63>, AISENSE,
GO33E AISENSEZ |
FIFO buffer SIze ... v . 512 samples, (1024 samples for
DAQCard; 2048 for PCI-M10-16XE-50)
Data transfers
PCI, PXI, AT i anzii DMA, interrupts, programmed |/O
DAQCard Interrupts, programmed /O
DMA modes
PCI, PXI =~ Scattergather {single transfer,
demand transfer)
AT Single transfer, demand transfer
Configuration memory size . 512 words
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E Series Multifunction DAQ Specifications

%]
=
1= . .
s 16-Bit E Series wisos2e. NI 603x, and NI 6015E (continued)
:‘E Transfer Characteristics Dynamic Characteristics
Py Fealntive accuracy (dithered) e B Bandwidth
‘,9,- Typical e Mastiaym I e - I Ravar Sl Signal -3 48]
» Ga52E 15158 3158 | 6052E | Al ranges 480 khz
2 OME G030E | All rityes 255 kHz
; RAGE GO3IE |
» G036f | e 6032E |
E FTH'.‘HE 10,751SB +1LSB | BO3E . | |
E GU3IE BOJIE | Al rapges 413 kHz
. GOAZE BOJSE |
1= BI33E — ——— = = f36E |
BiIIE A58 +11$B 6011E I 5020V B3 kHr
12E 15158 N r‘ZEH__ ) i Twzv 57 kHz
DNL R __| 100 to 200 nV ) 33 kHe
Typicat _! : gl;ixﬂsg_ﬂ___ - __ 6012E StoZ0V 69 kM
0628 05198 [ +11SB 1102V 66 kHz
GU3E . —— .0, A
BONIE I, 2 = — e i ) . o
GareE i 151007518 ] ?25 0-1.0 I.S_I_i__ B Sy_stem noise (L‘S_Bm\s, including guantization) B .
NG MISSING COABS ... oevercsveemrrerreernreneneeee 16 DItS, guaranteed Device | Hange I Bipolas i itnipetas
B052E 21020V [ 05 095
Amplifier Characteristics W - 1 1
Input impedance S0y | i 13 |
- 1 Polarad Dit Bl DI Dvarie I Gl o s |
dind Soverad ! RN 1l H UNarioen
= =t e B ! S| A, S — —
;T{?i 'm::fl’l o 'ﬁ;ﬂ”e' ana | g : [ Goao 21020V j 06 as
) - i - | GONE v 07 08
0N 7 G in parallel with 100 g f20 41 | B0 (1 ' SsTE 20016 500/V o 15 |
iy | 1k [ | ez 200 mV 20 20
. DAGCan I DAQCan | i 1060 my N g |
Ingiet bias and atfset current OOHE G620 | - B
: - T —— U — (] A | ¥ i -
GOS2E +700 pA +100 pA P =
; B010E 1020V 05 05
;?{:: > 100 to 200 mY I (] { 14 I
maéi 6011E 11020V | 0 10 ‘
BOA0E - £0A I 20A __" — LT L 15
o BO31E Settling time to full-scale step
£ B2 | — —
@ GO%3E = = | D07 | ANDME 150 N
E aone AR | oeds | geme  [G0SiSW letisn | eoise) | ityse, |siss:
=S BO12E . 100 ) L I | 60528 | 2wV | s typical | Wy e | Spsoe  dpsion | 3 s typieal
w . - v | 20ps wypecal Wspemax | 5ysmax Apsomax |3 typical |
Lot C 0
g MRR.BC g0 1z LA | j | 200 w50 I 20 psypeeal WS LB sy dpsmax | 3 ps hypical
= e TrCmEE |1 o wonV 20yl | G gsmax | 10psmax dpsmax | 3 ypical
P 20V @ d8 | = i | Bonoe Al | 40psmax 20y nax - Opsmax | -
0V a7 4B | 7.l i BORE_ | == == e . 4 -
":JV 101 48 | ::.“ldaa | BO3IE All | S0psmax  25psmax - 10psmax | -
. Gt |
v 104 1B | 104 B 7 -1 - 1 4 ¢
eV eY | 105 18 ' 105 08 [ L gg Pt ‘ - - DS =
GO30E v 928 ' - | - ) e K =
1 GOIGE |
BOG1E v a1 a8 92 dB 1 { i | |
OG7E 5V - | 97 B | 601iE Tw2ov | - 50 s ke 50 s -
S0%F ey 1018 | B | 200 miV/ [ipotal, | 5 i triae 6 s i
2y 10448 101 4B | 100 mV (usipolar) 76 s max | 50 s i |
Il\r 105,48 104 B ‘ 6012e | 1w 20V - - | 50pmax | SOpsmax | =
100V 0 S0 Y | 106 18 . 105 08 200 s (ki e {3 i |
w3k 0V 85 B - { i 100 mY wipolis) By x| 50y g | |
:m;.: 10 \)/ ? -Ig : Crosstalk
BIGSE 1 B i & -~ - - -
g | . Aot Olmon A Bihar FE—p— |
100 iV 9618 | | Eil'l?;' Al 75 :15 - 908 {
BOIE 20V 5048 | - e ) s ‘
10V 6 8 70 8 | onme
5y . 16 B | | GO1xXE | . -85 dB ) ) 100 dB |
2v 100 dB | - !
1V - 100 dB |
200 mV 120 d8 -
100 mv - 120 4B |
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E Series Multifunction DAQ Specifications

16-Bit E Series wisos2e, Ni 603xE, and Ni 601xE (continued
Analog Output

Output Characteristics
Number of channels

6052F 2 voltige oulputs |
GO30E

GO31E |
GO35E

GO36E

GOT1E

G032E N

GO33E

GO34E

- BO12E

Resolution
6052E iGbits, | n65536 |
6036E
| B030E
6031E
G035€ 12 bits, 1 in 4,096
BOT1E

Maximurn updaie rate

G052E 33 k6L —
G035E 10 kS/s. system dependent
6036E |
B6030E 100 kS/s
GO31E
GO11E 20 ES/%, systom l|L“|‘HAI|IJI.1!!l_
Type of DAC Double buffered, multiplying

FIFO buffer size

¢ pOB2E 2040 Samples
GO30E

1 BO3E

GO3SE Mo

; GD3GE
GO11E

Data transfers
PCI, PXI, AT .« DMA, interrupts, programmed /O
DAQCard H Interrupts, programmed /O
DMA modes
PCI, PX! ..... Scatter-gather {single transfer,
demand transfer}
AT ... Single transfer, demand transfer

Transfer Characteristics
Relative accuracy

6052F +0.35 LSB Wypical, +1 (5B mas ]
+ GO30E . 0.5 LSB typical, £1 LSB max

GO31E

GO35E +0.3 LSB typical, +0.5 LSB max |

6036E . £28Bmax
i BoTIE 405 (SB max |
DNL ; +1.0 LSB max
Monotonicity

60528 16 bits, guaranteed |

GO3GE

GO30E

GO31E
G035 ;12 bits, guaranteed

GOT1E

National Instruments ¢ Tel: (800) 433-3488 ¢ Fax: {512) 683-3300 * info@ni.com * ni.com

Voltage Output
Ranges
BOSZE 10V, 010 10V, +EXTREF, 0 10 EXTREF, saftware selectable
BO30E <10V 010 10 V; soliwvare seluctable
{_BO3IE wwET |
BOGSE 10V
BOGE
| BONE
Output coupling
Output impedance ....

Current drive .. ? +5 mA max
Protection.... ...ccorirs —— Short-circurt to ground
Power-on state B
| Go5zE [ OVizmm)

6030E \

BO3NE |
foose | ovisoomw |
| GoseE — oviziay
| GONE LoV {sEs ) I
External reference input (6052E only}

Range +11V

QOvervoltage protection..
Input Impedance

. +25V powered on, £15 V powered off
o 10 kQ
. 3kHz

Bandwidth (-3 dB}
Slew rate 0.3 Vips
Dynamic Characteristics
Settling time and slew rate
] Bt = | o “'_=-|ii|.-.r Sreae ot LAll-Sualo ) o e fLatn :
GO52E | .. 35ys to+1 LSB accuracy 15 Vs |
| 6030E 10 ps to +1 LSB accuracy 5 Vs
| 6031E |
B035E L. 10psto+05LSB accuracy | 10Vips
‘ GOdGE | 5 s to 21 LSB accuracy 15 V/us
| BO11E 50 is to 0.5 LSB accuracy 2V
Noise
| 60B2¢ T ] 60 Wine D 10 1 Wil |
| BO30E I
| GOME | !
| B03SE | 200 Vs DE to 1 MHz |
| GO3E | 110 Vi DE th ADD kHe |
| BO1IE 140 Wy D to 1 Mz |

Glitch energy (at mid-scale transition)

Digital I/O

Number of channels .........rweisresmmrenrne 8 input/output
Compatibility ...... 5 V/TTL
(] N 1 Wit _ i | Dhuratin
| G052E 10 mv | 18 |
| 6030E N/A | N/A
| some B I 1
! BO3ISE | £12mV | 2 !
GOIGE +10mV I AT
| 6011E o #30 my | 10 g
Power-on state prra e Input (high impedance}
Data transfers v ¢ Programmed /O
Digital logic levels
Input low voltage av nav
Input high voltage 2V 5V
Output low voltage {lout = 24 mA) = 04V
| Output high voltage {lout = 13 mA) 435V

suoneaylaads sauiag 3 -9l
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E Series Multifunction DAQ Specifications

Specifications — 16-Bit E Series nisosze, Ni 603xE, and NI 601xE (continued)

%)
=
=
f=]
«©
S .
= Timing 1/0 Triggers
g_ General-Purpose Up/Down Counter/Timers Analog Triggers
(7] Number of channels Basiaan; 2 Number of triggers
8 Resolution 1 b 24 bits {1 in 16, 777, 216) | BOS2E o 1 -
= Cormnpatibility - TS 5 V/TTL 6030E
o 6031E
o Doyl logc fovels | o |
k=] St GO33E
[==] Input low vellage GO34E None |
) Input high vollag 20V | GO35E |
L _ Oulput low voltag - 6036E |
: Qutput high voltage (lout = 3.5 mA) A35Y ; GO1xE |
Base clocks available oo 20 MHz and 100 kHz Purpose
Base clock accuracy riiimisiae t001% Analog input ... . Start and stop trigger, gate, clock
Maximum source frequency . ... 20 MHz Analog output.. " Start trigger, gate, clock
External source selections PFI0. PF19, RTSIO. RTSI6, analog General-purpose counter/timers. . Source, gate
trigger; software selectable
External gate selections ricciiiaeenss. PFIOLPFIS, RTSIO..RTSIG, analog Source
trigger; software selectable 60528 T ACH<0-15>, PFI0/TRIGT |
Minimum source pulse duration.. 10 ns | GO30F |
Minimum gate pulse duration....,... - 10 ns, edge-detect mode G032E
Data transfers G031E | ACH<0.63>, PFID/TRIGT
PCI, PXI, AT e = ... DMA, interrupts, programmed [/O BD33E
DAQ CArd mppepsnmt et s as ... Interrupts, programmed I/O S T N
DMA modes Level
PCI, PXI e Scatter-gather (single transfer, demand Internal source, ACH<0,.15/63> .......... +Full-scale
transfer) External source, PFIO/TRIGT .. vvveeres +10V
AT i Single transfer, demand transfer 5[] o[- = Y- - .. Positive or negative; software selectable
Frequency Scaler Resolutiqn. A . 12 bits, 11n 4,096
Number of channels - " 1 Hysteresis Programmable
Resolution ; v A bits Bandwdth (-3 dB}
Compatibility L 5 V/TTL Accuracy i et 1 % Of full-scale range max
Digyital hxne lavels | L2 i : {IMLUZFS PRI
— ~ | 60s2E 1 00 khz 700 kHz
gt Twee voltiagge 0oV 08V LSRG, G031 G, SUSUF, OUE, R ol
@ - lput high voltage . R 2oV 50V | Digital Triggers (all devices)
= Ouiput low vollage (lout =5 mA) - 04V A
o Output high voltage {lout = 3.5 mA} 435V - Number of friggets 2
15 = = — — Purpose
= Base clocks available ..rvesieireacsreeee. 10 MHz, 100 kHz Analog input R e M T s AL Start and stop trigger, gate, clock
a Base clock accuracy +0.01% Analog output Start trigger, gate, clock
8 Data transfers Programmed /O General-purpose counter/timers,,. Source, gate
=
SOUMCE ipssspsssrmistssspiussisaspssasisssaensenes. P F102PFI9, RTSI0,,RTSIE
Slope . Positive or negative; software selectable
Compatibility . 5 V/TTL
Response ... Rising or falling edge
Pulse width .. 10 ns minmum
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E Series Multifunction DAQ Specifications

—
(-]
®
16-Bit E Series nisosze, Ni603xE, and NI 601%E (continued) =
m
External Input for Dlgnal or Analog Trlgger (PFIO/TRIGT) Bus Interface (7
Impedance 10 kQ PO PR i st ViDS1oL slave 2
Couphng . DbC AT, DAQCard ... ST Slave @
Frotecuon @
Dieyinal trigpepen i .. <0510 Mo + 0BV .g‘
pi 1
Andfon tigaer Power Reqmraments @
OnfOHDisabled s 3BV e - - - =
l Divic l WaVDC L5500 it AeuiTalile st 0 Cannecidr | g'l
Calibration 1 ISD‘SZE o | _13A L +1.66 104525 VOC, TA | 8
Riecommendsd wamup time. .. .. 15 minutes, 30 minutes for DAQCard ! BOKE [PLI, E'xl: o er.ll | 154 +4.65104525 VDG, 1 A o
BO34E/GO35E =
Calibration Interval . o 1 yanr | f < I _ - a
Onlioid callsaititn refersnce | 6034€ | 084 +1 65104525 VOE 1A
DE Lavel | GO3GE
i - . | B036E | |
GO52E 5000 V 1£1.0 V) Over full operating empertire, | | ‘BO34E (A1), | 1 ZA +465 0 45.25 VDG, 1 A |
GUINE l pitual value stored i EEPRCM I "P['.IHMTI] 1GRE: 8| - 114 | 1= +455 10.45.25YDC, 1 A |
G3IE ' DAQCardAl- IGXESD | 230 mA " VAD5 10 4525 VOC, 250 mA |
:;,:: i ' AT-MID-16XE-50 | 750 mA .65 10 4525 VO, 1 A ]
it | — \ - x
G012¢ I feall
H4E 000V (£3.5 mV] | thslcal
bdsE Dimensions (not including connectars)’
BIAGE PCI . 175 by 106 cm (69 by 4.2
BOIIE G000 V (3.0 wV) 16.0 by 10.0 om 163 by 3.9 n)

ISA flongl .. 338by89cm 133 by 3.9m)
3 a 75w 99c 2 F
Temparaire coaflicent ::?:C;E!::i }ype??'chf‘rar:fm AR
Gh2E 0.5 ppm e max
'r“[:;i 1/0 connectors
r:[l: E l GO52E T BB-pin e SESHT type
A2E 69306
BOG3IE l GO32E
BH2E 250 (G s | | ;
BIRAE | | BO3AE |
BASE l gﬁ;‘; |
BO3E — Vet |
P . o | A |
oL 220 /Pl ek 3 GO31E C100pin femals 0,060 D-type
| BO33E L ..
Lang-1otm statility G012E | BH:pin female F‘[:_l\itln_ g
o650 oS TR0 I Environment ]
v | Operating W@MPeralung ... ... 0 10 55 'C DAGCards should not w
GO3TE 1 exceed 55 "C while in PCMCIA slot E
iil!..“\.?[ Storage temperature.... -20 1 70°C g
GO33E = — = | Refative humidity ... .10 10 90%, noncondansing E
BIE <150 ppnNTOOOT =
603SE . ] @
G036E . Certifications and Compliances
6OnE CE Mark Compliance C €
RTSI (pci and 1SA only) 'See page 148 for RT Series devices power requirements and physical parameters.
Trigger lines . TR L V1 B |

PX! Trlgger Bus Pxi only)
Trigger lines .. .. AN -]
Star Trigger . o oo ceees oo o e 1
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E Series DAQ Accuracy Specifications

Every Measurement Counts

There is no room for error in your measurements. From sensor to
software, your system must deliver accurate results. N! provides
detailed specifications for our products so that you do not have to
guess how they will perform. Along with traditional data acquisition
specifications, our E Series multifunction data acquisition (DAQ)
devices also include accuracy tables to assist you in selecting the
appropriate hardware for your application. These tables are found
on the product pages and include specifications for both absolute
and relative accuracy.

Absolute Accuracy

Absolute accuracy is the specification you use to determine

the overall maximum error of your measurement. Absolute accuracy

specifications apply only to a successfully calibrated DAQ device.

There are four components of an absolute accuracy specification:

Percent of Reading is a percent of the actual input voltage.

Offset is a constant offset applied 1o all measurements.

Noise + Quantization is based on noise and depends on the
number of points averaged for each measurement.

Drift is based on variations in your ambient temperature.

Based on these components, the formula for calculating absolute

accuracy 1S

Absolute Accuracy = +{Input Voltage X % of Reading) +
{Offset + Noise + Quantization + Drift)]

Drift is already accounted for unless your ambient temperature is
outside +15 to +3b °C. For instance, if your ambient temperature
is at 45 °C, you must account for 10 °C of drift. This is calculated by:

Drift = Temperature Difference X % Drift per °C X Input Voltage

Ahsolute Accuracy at Full Scale is a calculation of absolute accuracy
for a specific voltage range using the maximum voltage within that
range taken one year after calibration, the Accuracy Drift Reading,
and the Noise + Quantization averaged value.

Below is the Ahsolute Accuracy at Full Scale calculation for the
PCI-MIO-16XE-50 after one year using the +10 V input range
while averaging 100 samples of a 10 V input signal. in all the
Absolute Accuracy at Full Scale calculations, we assume that the
ambient temperature is between 15 and 35 °C. You can see on
the next page that the calculation for the £10 V input range for
Absolute Accuracy at Full Scale yields 1.443 mV. This calculation
is done using the parameters in the same row for one year
Absolute Accuracy Reading, Offset and Noise + Quantization as
well as a value of 10 V for the input voltage value. You can then
see that the calculation is as follows:

Absolute Accuracy = +{{10 X 0.0007) + 397.2 yV + 45.8 pV] = +1.443 mV

The following example assumes the same conditions except that
the ambient temperature is 45 °C, You can begin with the calculation
above and add in the Drift calculation using the % Drift per °C from
the table on the next page (see Table 1).

Absolute Accuracy = 1.443mV + ({45 °C — 35 °C) X 0.000002 /°C X 10 V) = +1.643 mV

If you are making single-point measurements, use the Single-Point
Noise + Quantization specification from the accuracy tables. If you
are averaging multiple points for each measurement, the value for
Noise + Quantization changes. The Averaged Noise + Quantization
in the accuracy tables assumes that you average 100 points per
measurement. If you are averaging a different number of points,
use the following equation to determine your Noise + Quantization:

Noise + Quantization for x averaged points =
Averaged Noise + Quantization from table X \100/X

For example, if you are averaging 1000 points per measurement
with the PCI-MIO-16XE-50 in the £10 V input range, the Noise +
Quantization is determined by:

Noise + Quantization = 45.7 yV X~ 100/1000 =145 uV
The Noise + Quantization specifications assume that dithering
is disabled for single-point measurements and enabled for

averaged measurements,

See page 24 or visit ni.com/calibration for more information
on the importance of calibration on DAQ device accuracy.

To calculate the accuracy of NI measurement products,

Visit sdioa
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E Series DAQ Accuracy Specifications

Relative Accuracy

Relative accuracy is the specification that compares the difference
between two or more measurements. It indicates the degree to
which two or more measurements can be distinguished from each
other. The two major contributors to relative accuracy are the
resolution of the device's analog-to-digital Converter (ADC) and the
system noise. The accuracy tables show both single-point and
averaged relative accuracy, which include both ADC resolution and
system noise effects. Averaging will improve your relative accuracy
for DC measurements.

As an example, assume you are monitoring a voltage once per
second using the =10 V range on the PCI-MIO-16XE-50 and
averaging 100 points for each measurement. Using the accuracy
table on page 255 (reprinted below for your convenience), we find:

Averaged Relative Accuracy = 60.3 pV

This means that a measurement taken at time t, would have to be
60.3 pV greater or less than the measurement taken at time t, in
order to detect a difference in the input voltage. Relative accuracy
does not depend on DAQ device calibration.

10 0.0058% 0.0100% 3972

+ 0.0078% 526.4
5 0.0208%  00228%  0,0250%  200.6 263.2
+] 0.0208%  0.0228%  00250% 433 528
01 0.0408%  0.0428%  0.0450% 79 8.4
0to 10 00058%  00078%  00100% 2446 263.2
0to5 00208%  00228% 0.0250% 1243 1316
0to" 0.0208%  00228%  0.0250% 281 26.3
0ta01 0.0408%  00428%  0.0450% 6.4 7.0
+10 0.0075%  00095% 00%17% 8154 1029.1
+5 0.0225%  00245% 00267% 4087 5146
] 0.0225%  00245%  0.0267% 85.1 1029
0 0.0425%  0.0445%  0.0467% 12.1 12.2
0to10 00075%  000385% 00117% 5912 5146
Dto5 00225%  00245%  0.0267%  297.6 2573
Ot 00225%  0.0245%  0.0267% 627 51.5
0t01 00425%  0.0445%  0.0467% 943 8.0

Note Accuracies arc valid for measurements following an internal E Series Calibration. Averaged numbers assume dithering and averaging of 100 single-channel readings Measurement accuracies are listed for
operational temperatures within +1 °C of intermal calibration temperature and +10 °C of external or factory-calibration temperature. One-year calibration interval recommended. The Absolute Accuracy at Full Scale
valeulations were perfonned for a maxinum range input voltage (for example, 10V for the £10'V range! after one year, assuming 100 pt averaging of data See Overview on page 234 for an example calculation of (his type

Table 1 NI GO1xE Analog Input Accuracy Specifications

National Instruments * Tel: (800) 433-3488 « Fax: (512) 683-9300 * info@ni.com * ni.com

Detailed Specifications

The pages starting at page 266 contain detailed specifications for all
National Instruments E Series multifunction devices. Devices can be
identified by their family number. For instance, if you want to
determine the common-mode rejection ratio {CMRR) in the 10 V

range for the PCI-6052E in unipolar range, you would look at the 16-bit
E Series Multifunction DAQ specification on page 272. For the 10V
range, the CMRR specification for the NI 6052E devices is 97 dB.

602.7 60.3

458 0.0002

1443

29 00007 1474 3014 301
46 0.0007 0.298 60.3 6.0
07 0.0012 0.054 96 1w
29 00002 1268 014 301
14 0.0007 1386 1507 151
23 00007 0.280 01 30
06 00012 0.052 84 08
916 00005 2077 12054 1205
458 00010 1791 602.7 603
92 0.0010 0.361 1205 121
11 00015 0.080 145 14
158 00005 1807 6027 603
29 0.0010 1656 3014 301
48 0,0010 0334 503 50
07 00015 0.057 96 10
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National
Semiconductor

LM741

Operational Ampilifier
General Description

The LM741 series are general purpose operational amplifi-
ers which feature improved performance over industry stan-
dards like the LM709. They are direct, plug-in replacements
for the 709C, LM201, MC1439 and 748 in most applications.

The amplifiers offer many features which make their appli-
cation nearly foolproof: overload protection on the input and

August 2000

output, no latch-up when the common mode range is ex-
ceeded, as well as freedom from oscillations.

The LM741C is identical to the LM741/LM741A except that
the LM741C has their performance guaranteed over a 0°C to
+70°C temperature range, instead of —-55°C to +125°C.

Features

Connection Diagrams

Metal Can Package

6 +
OFFSET NULL
INVERTING INPUT(2) } (5) OUTPUT
NON=INVERTING INPUT FFSET NULL
O
3

00934102

Note 1: LM741H is available per JM38510/10101
Order Number LM741H, LM741H/883 (Note 1),
LM741AH/883 or LM741CH
See NS Package Number HO8C

Ceramic Flatpak

ne—e F— e
+OFFSET NULL }: :II NC
fINPUT:‘ LM741W ;I v+
+INPUTE:5 —.-._‘_] OUTPUT
v-—1 1 -OFFSET NULL

00934106

Order Number LM741W/883
See NS Package Number W10A

Typical Application

Dual-In-Line or S.0. Package
N

w

OFFSET NULL = =NC

INVERTING INPUT = +

3
~

v

HON=INVERTING —1 3
INPUT

il

— ouTPUT

e L

wn

= OFFSET NULL

00934103
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LM741

Absolute Maximum Ratings (Note 2)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/

Distributors for availability and specifications.

(Note 7)

Supply Voltage

Power Dissipation (Note 3)

Differential Input Voltage
Input Voltage (Note 4)

Output Short Circuit Duration
Operating Temperature Range
Storage Temperature Range

Junction Temperature
Soldering Information

N-Package (10 seconds)
J- or H-Package (10 seconds)

M-Package

Vapor Phase (60 seconds)
Infrared (15 seconds)

LM741A
22V
500 mW
+30V
+15V

Continuous
-55°C to +125°C
-65°C to +150°C

150°C

260°C
300°C

215°C
215°C

LM741
+22V
500 mW
+30V
+15V
Continuous

-55°C to +125°C
—65°C to +150°C

150°C

260°C
300°C

215°C
215°C

LM741C
+18V
500 mw
*30V
*15V
Continuous
0°C to +70°C
-65°C to +150°C
100°C

260°C
300°C

215°C
215°C

See AN-450 “Surface Mounting Methods and Their Effect on Product Reliability” for other methods of

soldering
surface mount devices.

ESD Tolerance (Note 8) 400V 400V 400V
Electrical Characteristics (note 5)
Parameter Conditions LM741A LM741 LM741C Units
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max

Input Offset Voltage Ta=25C
Rg €10 kQ 1.0 | 5.0 20 | 6.0 mv
Rg < 509 08 | 3.0 mv
Tamin € Ta < Tamax
Rg < 50Q 4.0 mv
Rs €10 kQ 6.0 7.5 mV

Average Input Offset 15 S\/R®

Voltage Drift

Input Offset Voltage Ta=25C, Vg = £20V +10 *15 +15 mV

Adjustment Range

Input Offset Current Ta=25C 3.0 30 20 | 200 20 | 200 nA
T 70 85 | 500 300 | nA

Average Input Offset 0.5 nA/"C

Current Drift

Input Bias Current Ta=25C 30 80 80 | 500 80 | 500 nA
Tamin € Ta € Tamax 0.210 1.5 0.8 HA

Input Resistance Ta=25C, Vg = £20V 1.0 6.0 03| 20 03 | 2.0 MQ
Tamin € Ta € Tamax 0.5 MQ
Vg = =20V

Input Voltage Range Ta=25C +12 | =13 \
Tamin < Ta € Tamax +12 | *13 \

www,national.com




Electrical Characteristics (ot 5) (Continued)

Parameter Conditions LM741A LM741 LM741C Units
Min | Typ | Max | Min | Typ | Max | Min Typ | Max
Large Signal Voltage Gain Tao=25"C, R_22kQ
Vg = 220V, Vo = 15V 50 V/imV
Vg = 215V, Vg = +10V 50 | 200 20 | 200 VimV
Tavin < Ta < Tamax:
R =2 2kQ,
Vg = £20V, Vg = +15V 32 V/mv
Vg = 215V, Vg = =10V 25 15 Vimv
Vg =5V, Vg = +2V 10 V/imv
Output Voltage Swing Vg = 220V
RL 2 10 kQ +16 \
R =2 kQ +15 \%
Vg =15V
R 210 kQ +12 | =14 *12 | =14 \
R. =2 kQ +10 | =13 +10 | £13 \
Output Short Circuit Ta=25C 10 25 35 25 25 mA
Current Tamin < Ta £ Tamax 10 40 mA
Common-Mode Tamin € Ta € Tamax
Rejection Ratio Rs <10 kQ, Vo = 212V 70 90 70 90 dB
Rs € 50Q, Vo = =12V 80 | 95 dB
Supply Voltage Rejection Tamin € Ta € Tamaxo
Ratio Vg = %20V to Vg = +5V
Rs £50Q 86 96 dB
Rs €10 kQ 77 96 77 96 dB
Transient Response Ta =25°C, Unity Gain
Rise Time 025 0.8 0.3 0.3 us
Overshoot 6.0 20 5 5 %
Bandwidth (Note 6) Tao=25C 0.437 | 15 MHz
Slew Rate Ta =25"C, Unity Gain 03 | 0.7 0.5 0.5 Vius
Supply Current Ta=25C 171 28 17 | 2.8 mA
Power Consumption Tao=25C
Vg = £20V 80 150 mw
Vg = %15V 50 85 50 | 85 mw
LM741A Vg = £20V
Ta=Tamin 165 mw
Ta = Tamax 135 mw
LM741 Vg = 215V
Ta=Tamin 60 100 mw
Ta = Tamax 45 | 75 mw

Note 2: "Absolute Maximum Ratings" indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
{unctional. but do not guarantee specific performance limits.

8 www.national.com
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LM741

Electrical Characteristics (note 5) (Continued)

Note 3: For operation at elevated temperatures, these devices must be derated based on thermal resistance, and Tj max. (listed under “Absolute Maximum
Ratings"). Tj = Ta + (6ja Pp)

Thermal Resistance Cerdip (J) | DIP (N) | HO8 (H) | SO-8 (M)
8;a (Junction to Ambient) 100°C/W | 100°C/W | 170°C/W | 195°C/W
0ic (Junction to Case) N/A N/A 25°C/wW N/A

Note 4: For supply voltages less than +15V, the absolute maximum input voltage is equal to the supply voltage.

Note 5: Unless otherwise specified, these specifications apply for Vg = 15V, -55°C < T, < +125°C (LM741/LM741A). For the LM741C/LM741E, these
specifications are limited to 0°C < Tp < +70°C.

Note 6: Calculated value from: BW (MHz) = 0.35/Rise Time(ps).
Note 7: For military specifications see RETS741X for LM741 and RETS741AX for LM741A.
Note B: Human body madel, 1.5 kQ in series with 100 pF.

Schematic Diagram

7
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& l\‘om
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Physical Dimensions inches (milimeters)
unless otherwise noted

0.350—0.370
(8.890 — 9.398)
DA

0.315-0.335
1 * ™ {5,001 —8.509) O

g

I ga0e5 I?:(?QNTH{]LLEIJ
D.165-0.185 | 10.635) LEAD DIA
[4.197-4,699) | * i f
REFEAENCE PLANE * L

==IT ———— SEATING PLANE
A o3 ” ” ” ‘T
0.500  75.889) IJ ” ! et i

{0.381—1.076)

0.016-0.019
] _ YP
- {0.406—0.283) "M T

0.195-0.205 niA
(4.953 ~5.207) P.C.

0.029 -0.045
{0737 —1.143)
0.028-0.034.
{0,711 —0.864) 0.115-0.145
{2.921—3.683)
/ oA

45 ° EQUALLY
SPACED —=|

Metal Can Package (H)

HOBG (REV E)

Order Number LM741H, LM741H/883, LM741AH/883, LM741AH-MIL or LM741CH

NS Package Number H08C
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LM741

Physical Dimensions inches (millimeters) unless otherwise noted (Continued)

R0.010 TYP—\

0.400 MAX

_/D
R0.025 TYP

T

0.220  0.310 MAX
0.291 GLASS

b

JTIITIF?ITTI;!’
o

0T [ &

0.045

- 0.065 11"
0.290 le— 0.005 GLASS
0.320 | MIN / SEALANT
0.180 ! 1 L / ]
f N WA 0.200 4 0.020
MAX 0.060
2 !
f ¥ o.1s0
0.125 MIN
.\ 0.200 [
A 90° + 4° TYP
950450 TYp il 0.310 | 0.055 MAX —»|  |=— e
0.410 BOTH ENDS | |
0.008 0.018 £0.003 TYP
.ar2 P
— =— 0,100£0.010 TYP
Ceramic Dual-In-Line Package (J)
Order Number LM741J/883
NS Package Number JOSA
_ 05130400
[9.474—10.15)
— 0.050
0082 0.032:+0.005 _
{2.337) ~. {0813 £0.127)
PIN NO. 1 (DENT i (3 Ll o
: S (6.3540.127) PIN NO. 1 1GENT
oPTION1 |® 0
b] (2] [a] 4]
0.280 - 0.040
7.1 N 0030 o 1.016) "P—"I ]*— o OPTION 2
0.300—0.320 {0.762] ] jep 0038 0.145—0.200
e =0 20"11’—»1/.._ (0.991) (3.663 —5,080)
I -
T i ‘ jemid 0.13040.005
- 1T T (3.302+0,127)
95 450 . 0425 -0.140 1*
- 0.065 {3.175-3.556)
0,000 - 0.015 = LI g |- -4 —g'gﬁg,
LON-008 ) T N T .
oz-o3mn {,‘I, ’ TYP MIN
0.040 NOM _ 0.018:+0.003
0.325 ¥ 142 =" lgasTr0.06)
+1.016 ! 0.100.£0.010
(nss g 500) e (2.540£0.254)
LIRS KR e ) D
(1143+0.381) 0.060
u.usn_-i {1.524)
] .270]--‘ h= NOSE (REV F)

Dual-In-Line Package (N)
Order Number LM741CN
NS Package Number NOSE

JosA (REV K)
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Physical Dimensions inches (millimeters) unless otherwise noted (Continued)

0.080 _,, s +0.270 MAX->
0.055 0.050 £ 0.005 ——’ [-- —>{ (== 0.005 MIN TYP
0.035 | ol TYP -
0.026 10 6
TYP T
0.370
0.250
— e T
0.270 MAX 0.260
GLASS 0.238
il )
L
A
DETAIL A B3
0.250
PIN #1 l
IDENT .
0.006 _, 1 I E
0.004
TYp 0.019 0 s | 0.045 MAX
0.015 TYP

10-Lead Ceramic Flatpak (W)
Order Number LM741W/883, LM741WG-MPR or LM741WG/883
NS Package Number W10A

0.012
0.008

DETAIL A

W10A (REV E)

National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied and National reserves
the right at any time without notice to change said circuitry and specifications.

For the most current product information visit us at www.national.com.

LIFE SUPPORT POLICY

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMP
WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT AND GE

CORPORATION. As used herein:

1. Life support devices or systems are devices or systems
which, (a) are intended for surgical implant into the body, or
(b) support or sustain life, and whose failure to perform when

properly used in accordance with

instructions for use

provided in the labeling, can be reasonably expected to result

in a significant injury to the user.

ONENTS IN LIFE SUPPORT DEVICES OR SYSTEMS
NERAL COUNSEL OF NATIONAL SEMICONDUCTOR

2. A critical component is any component of a life support

device or system whose failure to perform can be reasonably
expected to cause the failure of the life support device or
system, or to affect its safety or effectiveness.

BANNED SUBSTANCE COMPLIANCE

National Semiconductor certifies that the products and packing materials meet the
Specification (CSP-9-111C2) and the Banned Substances and Materials of Interest Sp

Substances" as defined in CSP-9-111S2,

provisions of the Customer Products Stewardship
ecification (CSP-9-11152) and contain no “Banned

National Semiconductor
Americas Customer
Suppart Center Fax:

N

www,national.com

Email: new.feedback @nsc.com Email:
Tel 1-800-272-9959 Deutsch Tel:
English  Tel:

Frangais Tel:

National Semicanductor
Europe Custamer Support Center

+49 (0) 180-530 85 86
europe.support@nsc.com
+49 (0) 69 9508 6208
+44 (0) 870 24 0 2171
+33 (0) 1 41 91 8790

National Semiconductor
Asia Pacific Customer

Support Center

Email: ap.support@nsc.com

National Semiconductor

Japan Customer Support Center
Fax: 81-3-5639-7507

Email: jpn.feedback @nsc.com

Tel: 81-3-5639-7560
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Appendix — C

Post processes ANSYS simulation results
> Post process results of ANSYS modelling at 1:1 nitrogen gas pressure
ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot
of ANSYS result)
> Post process results of ANSYS modelling at 1.8:1 nitrogen gas pressure
ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot

of ANSYS result)
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1
WECTOR AN
STEP=1 AUG 17 2006
SUB =1 13:43:23
v
NODE=9526&
MIN=0
MAX=117.011
OUTLET
m/s
o 26.002 52.005 78.007 104.01
13.001 39.004 65.006 91.009 117.011

Figure C1: Vector plot showing the path of the velocity particles at 1:1 nitrogen gas

pressure ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot of

ANSYS result).

1 n nl
L Inlet pressure Tube i oo
zggp;i 13:44:05
PRES {AVG)

RSYS=0
SM¥ =.623E+07
i
il 1 Jf:J
4 OUTLET
/ /
T Pa
——
o . 138E+07 . 2778407 .415E+07 .554E+07
692029 .208E+07 .346E+07 -4894E+07 .6Z3E+07

Figure C2: Pressure plot from nodal solution shows the pressure of inlet tube and pick

up shaft inlet are same means 1:1.
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NODAL SOLUTION

STEP=1

SUBR =1

vEUM {AVG)

RSYS=0

S =117.011

0 26.002
13.001

52.005

AUG 17 2006
13:44:39
OUTLET
m/s
78.007 104.01
006 91.009 117.011

Figure C3: Velocity plot of the modelling from the nodal solution at 1:1 pressure

ratio.
POSTL m POSTL m
STEPel AU J:;T leJl]E STEpal AUGI:?nil.)gg
e 13:56:39 B =1 00
PATH PLOT PATH PLOT
HODL=9369 HOD1=9335
NOD2:9368  t14.084 - F0D2=9375 ]
Lot 197 -.018 I'
LM okl —
: / \
AT I o f \
Basn f - ;‘Ilr \
/ \
na ,'I \ AN Jl ll'
m/s ™|, : m/s \ \
i \ L] \
\ \ \
wan \ e \ \ |
\ /
12.0% \ o3l /
. ol [
‘ ™
0 R R 152 . 7 y ] .0e8 092 18 104 m
X 027 o 15 10 20 0 089 . 18 an
DIST DIST
cm cm

Figure C4: Velocity profile at outlet at 1:1 pressure ratio (left VX and right VY).

Velocity values are in m/s.
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l AN
POSTL

STEDP=1 AUG 17 2006
SUB =1 13:51:20
PATH PLOT
NOD1=9368
NOD2=9335
VEUR 114.2z02 /,_\\
102.78 e \
91.285 / \\
Y \
79.94 /
58.52
57.1
m/s
45.69
24.26
22.84
11.42
[}
X 0 08 .12 18 24 2
.03 .09 .18 .21 .27
DIST
cm

Figure C5: VSUM at outlet when pressure ratio is 1:1. Velocity values are in m/s.

1 FLOW TRACE AN

STEP=1 — ‘ll:’lz?'if;
e 14:13:

YSUM
SMX =117.011

G OUTLET
ﬁi |
i
U
T — “‘I.

m/s
=]
0 26.002 52.005 78.007 104.01
13.001 39.004 65.006 91.009 117.011

Figure C6: Particle flow lines for nitrogen gas and powders for a pressure ratio of 1:1.
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1
VECTOR AN
4TED=2 AUG 16 2006
SUB =l 18:02:09
v
MODE=3526
MIN=0
MAK=147.089
S m/s
Nee— e
1] 32.686 65.373 9B8.059 130.745
16.343 49.03 81.716 114.402 147.089

Figure C7: Vector plot showing the path of the velocity particles at 1.8:1 nitrogen gas

pressure ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot of

ANSYS result).

RODAL: SOBUTLON Inlet Pressure Tube e Y

a7 =2

gugpal 18:02:51

PRES (AVG)

nEYS=0

S =_750E+07

‘/ OUTLET
ES— —
Q LAE67E407 . 333E+07 . 500E+07 .B67E+07
833606 .Z5DE+07 -417E+07 . E84E+07 . 7S50E+07|

Figure C8: Pressure plot from nodal solution shows the pressure of inlet tube and pick

up shaft inlet are same means 1.8:1.
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NODAL SOLUTION AN
STRP=2 AUG 16 2006
SUB =1 18:04:20
wSUM {AVG)
RSYS=0
S =147.089
m/s
_
o 32.686 65.373 98.059 130.745
16.343 49.03 B8l.716 114. 402 147.089

Figure C9:

Velocity plot of the modelling from the nodal solution at 1.8:1 pressure

ratio.
AL AN
STEP=1 AUG 16 2006
SUB =1 13:57:35
PATH PLOT
NOD1=43
NODZ2=9879
111.611 -
Y 95.979
82.348
57.717
52.086
m/s 36.455 ‘
22.8249 o= {
9.192 ]
e - o - NS
-5.438 :
-20.069 ' v \j l‘ r\,
-2a.7
X 0 8_91a 17.828 26.442 35.256 44_074
a_4a07 12.221 22_025 20_849 29.663
DIST
cm

Figure C10:

VSUM at outlet when pressure ratio is 1:1. Velocity values are in m/s.
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Figure C11: Particle flow lines for nitrogen gas and powders for a pressure ratio of

1.8:1.
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Appendix — D

» Results of powder flow bench tests using chamber ‘B’ when chamber ‘A’
was empty (0 mm to 4 mm).

> Results of powder flow bench tests using chamber ‘A’ when chamber ‘B’
was empty for reverse direction (4 mm to 0 mm).

> Results of powder flow bench tests using chamber ‘B’ when chamber ‘A’
was empty for reverse direction (4 mm to 0 mm).
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Table DI: Weight of stainless steel (Diamalloy 1003) from Chamber ‘B’ for

various increments of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Increment of the container (Container + weight weight

Needle (mm) (gm) Powder) (gm) (gm) (gm)

Dl 10.44 2.03

D2 1.00 8.41 11.04 2.63 2.09

D3 10.01 1.60

D4 20.32 11.91

D5 2.00 8.41 17.78 9.37 10.50

D6 18.63 10.22

D7 26.91 18.50

D8 2.50 8.41 25.52 17.11 18.95

D9 29.64 21.23

DIO 34.32 2591

D11 3.00 8.41 31.87 23.46 24.50

DI2 32.53 24.12

D13 91.01 82.60

D14 4.00 8.41 89.41 81.00 81.40

DIS 89.00 80.59

D16 91.07 82.66

D17 4.50 8.41 91.02 82.61 82.36

D18 90.21 81.80

D19 90.50 82.09

D20 5.00 8.41 90.59 82.18 82.39

D21 91.32 82.91
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Vertical Increment vs Average Mass of powder flow of Stainless Steel (Diamalloy 1003)

90 1 — —

80

/

70

60

50

40

30

20

10 y -

Average Mass of Stainless Steel powder flow (gm)

"

0 1 2

Vertical Increment (mm}

Figure D1: Average mass of stainless steel (Diamalloy 1003) powder flow with

vertical increment of the needle shaped bolt controlled via Lab VIEW programming

and data obtained from Table D1.
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Table D2: Weight of Nickel alloy' (Diamalloy 1005) from Chamber ‘B’ for

various increments of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Increment of the container (Container + weight weight
Needle (mm) (gm) Powder) (gm) (gm)
(gm)

El 10.11 1.70

E2 1.00 8.41 10.07 1.66 1.56

E3 9.72 1.31

E4 21.01 12.60

ES 2.00 8.41 19.65 11.24 11.91

Eo6 20.31 11.90

E7 28.74 20.33

E8 2.50 8.41 26.04 17.63 18.69

E9 26.52 18.11

E10 39.67 31.26

Ell 3.00 8.41 46.32 37.91 34.88

El12 43.87 35.46

El13 87.91 79.50

El4 4.00 8.41 86.88 78.47 80.40

El5 91.63 83.22

El6 91.69 83.28

El7 4.50 8.41 92.17 82.76 §3.80

El8 90.78 82.37

E19 91.53 83.12

E20 5.00 8.41 91.02 82.61 83.16

E21 92.17 83.76
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Vertical Increment vs Average Mass of powder flow of Nickel base alloy (Diamalloy-1005)

] ]

w "
LZ /
m /

40 / m

7
/

10 =

/

0 1 2 3 4 5 6
Vertical Increment {mm}

Average Mass of powder flow of Nickel base alloy (gm)

Figure D2: Average mass of nickel base alloyl (Diamalloy 1005) powder flow with
vertical increment of the needle shaped bolt controlled via Lab VIEW programming

and data obtained from Table D2.
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Table D3: Weight of Nickel alloy2 (Diamalloy 2001) from Chamber ‘B’ for

various increments of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Increment of the container (Container + weight weight
Needle (mm) (gm) Powder) (gm) (gm)
(gm)
Fl 20.89 12.48
F2 1.00 8.41 17.68 9.27 9.78
F3 15.99 7.58
F4 48.31 39.90
F5 2.00 8.41 49.12 40.71 40.23
F6 48.51 40.10
F7 58.82 50.41
F8§ 2.50 8.41 60.84 52.43 50.91
F9 58.31 49.90
F10 71.13 62.72
Fll 3.00 8.41 71.76 63.35 62.58
F12 70.08 61.67
F13 101.51 93.10
Fl4 4.00 8.41 101.83 92.96 93.34
F15 102.37 93.96
Fl6 103.87 95.46
F17 4.50 8.41 103.46 95.05 94.89
F18 102.59 94.18
F19 104.03 95.62
F20 5.00 8.41 104.89 96.48 95.88
F21 103.95 95.54
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[Veﬂlcal Increment vs Average Mass of powder flow of Nickel base alloy (Diamalloy—2005)|

100
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Figure D3: Average mass of nickel base alloy2 (Diamalloy 2001) powder flow with

vertical increment of the needle shaped bolt controlled via Lab VIEW programming

and data obtained from Table D3.

Vertical Decrement vs Average M ass of Powder Flow

mass of poedwr flow (gm)

Vertical incremaont (mm)

Figure D4: Comparison of average mass of stainless steel (Diamalloy 1003), nickel

base alloy' (Diamalloy 1005) and nickel base alloy® (Diamalloy 2001) powder flow

with vertical increment of the needle shaped bolt controlled via Lab VIEW

programming. The combine graphical representation of figure D1, D2 and D3 and

data obtained from Table D1, D2 and D3 respectively.
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Table D4: Weight of stainless steel (Diamalloy 1003) from Chamber "A’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Decrement of the container (Container + weight weight
Needle (mm) (gm) Powder) (gm) (gm) (gm)
Gl 91.33 82.92
G2 5.00 8.41 89.97 81.56 82.31
G3 90.87 82.46
G4 90.95 82.54
G5 4.50 8.41 91.28 82.87 82.40
G6 90.20 81.79
G7 89.88 81.47
G8 4.00 8.41 89.97 81.56 81.99
G9 91.35 82.94
G10 33.85 25.44
Gl11 3.0 8.41 32.79 24.38 24.69
G12 32.65 24.24
G13 25.95 17.54
Gl4 2.50 8.41 25.35 16.94 18.19
Gl5 28.49 20.08
Glo 17.96 9.55
G17 2.00 8.41 17.89 9.48 10.19
G18 19.95 11.54
G19 11.40 2.99
G20 1.00 8.41 11.15 2.74 2.55
G21 10.34 1.93
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Table D5: Weight of Nickel atlloyJ (Diamalloy 1005) from Chamber ‘A’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Decrement of container (Container + weight weight
the Needle (mm) (gm) Powder) (gm) (gm)
(gm)

H! 92.09 83.68

H2 5.00 8.41 90.98 82.57 83.32

H3 92.12 83.71

H4 91.09 82.68

H5 4.50 8.41 91.87 83.46 82.99

H6 91.24 82.83

H7 88.23 79.82

H8 4.00 8.41 88.54 80.13 80.54

H9 90.07 81.66

HI0 40.34 31.93

Hl11 3.0 8.41 45.66 37.25 35.25

Hl12 4498 36.57

H13 28.55 20.14

H14 2.50 8.41 27.08 18.67 19.09

H15 26.89 18.48

H16 20.12 12.02

H17 2.00 8.41 21.09 12.68 12.24

H18 20.43 12.02

H19 9.96 1.55

H20 1.00 8.41 10.23 1.82 1.74

H21 10.27 1.86
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Table D6: Weight of Nickel alloy2 (Diamalloy 2001) from Chamber ‘A’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Decrement of container (Container + weight weight
the Needle (mm) gm) Powder) (gm) (gm)
(gm)
11 103.12 94.71
12 5.00 8.41 104.04 95.63 95.19
13 103.63 95.22
14 102.53 94.12
15 4.50 8.41 101.21 92.80 93.53
I6 102.09 93.68
17 100.87 92.46
I8 4.00 8.4] 101.65 93.24 92.94
19 101.53 93.12
110 71.56 63.15
Il 3.0 8.41 70.98 62.57 62.59
112 70.45 62.04
113 59.07 50.66
114 2.50 8.41 59.88 51.47 51.35
115 60.32 51.91
I16 48.56 40.15
117 2.00 8.41 47.99 39.58 40.06
118 48.87 40.46
119 18.15 9.74
120 1.00 8.41 17.78 9.37 9.64
121 18.23 9.82
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Vertical Decrement vs Average Mass of Powder Flow

Ni2
=il
4SS

Vertical Decrement (mm)

Average Mass of Powder Flow (gm)

Figure D5: Comparison of average mass of stainless steel (Diamalloy 1003), nickel

base alloy' (Diamalloy 1005) and nickel base alloy2 (Diamalloy 2001) powder flow

from Chamber ‘A’ with vertical decrement of the needle shaped bolt controlled via

LabVIEW programming. Data obtained from Table D4, D5 and D6 respectively.

Ixxiii




Table D7: Weight of stainless steel (Diamalloy 1003) from Chamber ‘B’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the Total weight Powder Average
Number Decrement of the container (Container + weight weight
Needle (mm) (gm) Powder) (gm) (gm) (gm)
J1 89.91 81.50
12 5.00 8.41 90.53 82.12 81.81
J3 90.23 81.82
J4 91.37 82.96
15 4.50 8.41 90.23 81.82 82.42
16 90.89 82.48
J7 91.00 82.59
I8 4.00 8.41 90.11 81.70 82.31
J9 91.05 82.64
J10 34.12 25.71
JI1 3.0 8.41 32.79 24.38 24.88
J12 32.95 24.54
J13 26.17 17.76
114 2.50 8.4] 26.25 17.84 18.56
115 28.49 20.08
J16 20.96 12.55
117 2.00 8.41 18.75 10.34 11.14
118 18.93 10.52
JI9 10.87 2.46
120 1.00 8.41 10.95 2.54 2.42
J21 10.67 2.26
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Table D8: Weight of Nickel alloyl (Diamalloy 1005) from Chamber ‘B’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the | Total weight Powder Average
Number Decrement of container (Container + weight weight
the Needle (mm) (gm) Powder) (gm) (gm)
(gm)
K1 92.17 83.76
K2 5.00 8.41 91.23 82.82 83.25
K3 91.59 83.18
K4 90.89 82.48
K5 4.50 8.41 91.57 83.16 83.09
K6 92.04 83.63
K7 89.65 81.24
K8 4.00 8.41 88.09 79.68 81.06
K9 90.67 82.26
K10 42.09 33.68
K11 3.0 8.41 43.34 34,93 35.09
K12 45.08 36.67
K13 27.95 19.54
K14 2.50 8.41 27.32 18.91 18.94
K15 26.79 18.38
K16 20.05 11.64
K17 2.00 8.41 21.34 12.93 12.13
K18 20.23 11.82
K19 10.56 2.15
K20 1.00 8.41 10.34 1.93 2.15
K21 10.78 2.37
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Table D9: Weight of Nickel alloy2 (Diamalloy 2001) from Chamber ‘B’ for

various decrements of its associated Needle.

Experiment Vertical Weight of the | Total weight Powder Average
Number Decrement of container (Container + weight weight
the Needle (mm) (gm) Powder) (gm) (gm)
(gm)
L1 102.79 94.38
L2 5.00 8.41 103.14 94.73 94.89
1.3 103.98 95.57
L4 101.41 93.00
L5 4.50 8.41 101.76 93.35 93.44
L6 102.37 93.96
L7 101.23 92.82
L8 4.00 8.41 101.76 93.35 92.69
L9 100.31 91.90
L10 72.07 63.66
L1l 3.0 8.41 71.78 63.37 63.41
L12 71.62 63.21
L13 59.07 50.66
- L4 | 2.50 8.41 59.31 50.90 51.39
L15 61.02 52.61
L16 47.23 38.82
L17 2.00 8.41 47.43 39.02 39.37
.18 48.67 40.26
L19 17.98 9.57
L20 1.00 8.41 17.76 9.35 9.74
L21 18.71 10.30
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Vertical Decrement vs Average Mass of Powder Flow

——35
—— i

Ni2

Average Mass of Powder Flow (gm)

Vertical Decrement (mm)

Figure D6: Comparison of average mass of stainless steel (Diamalloy 1003), nickel
base alloy' (Diamalloy 1005) and nickel base alloy’ (Diamalloy 2001) powder flow
from Chamber ‘B’ with vertical decrement of the needle shaped bolt controlled via

LabVIEW programming. Data obtained from Table D7, D8 and D9 respectively.
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Appendix-E

Procedure of Standard Test Method for Flow Rate of Metal Powders
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qmb Designation: B 213 - 97

Standard Test Method for
Flow Rate of Metal Powders'

T sandard i Bswed under the fived devigation B 218, she nimber inyedintely Gullowing the designation idivored ik year of
crigeinal adoption or, w i case of evision, the yean o st reviswn, A vorber in pareattivsss ilicates e yeir of kst reapprvval A
<ipervaenph epsilon (€) ndicaes s editatial change snde the Jast fevisins o seappraval

I Seope

|| This test method covers the determination of the flow
rute of sl powders and 1s suitable only for those powders
that will flow vruided through the specified apparatus.

1.2 The values stated in S1upits ane to be regarded as the
standard (except for the flowmeter funnel, which is fabricated
i wnchepound units). The valies given in parentheses are for
mfarmation only,

L3 This standand does vot prport to address ol of the
afely concerns, I any, associated with its we. It is ihe

.m-_n.mihf!m of the wser of this Standard to establish uppro-
it safery and health practices and deternine the appitca-
ity o végudurrory ltmitations prior 1 e

2 Referenced Documents
2.0 ASTM Standards:
1i 215 Practices for Susmpling Finished Lots of Mt Pow-
ders®
13243 Termmology of Powder Metallugy’

X Terminology

S0 Dvfimnons —Defintions of poseder metaliugy erms
¢ be Tound in Terminology B 243,

32 Defininons of Teems Specific to This Standard:

32,0 How rate, o Ale time required for a powder sunple of
candurd mass o flow theough an orifice m a standard instru-
jent aecording o 2 specified procedure.

4. Summary of Test Method
A0 A weihed tuss (50.0 g) ef metal powder is timed as it
.“:m-.:\ thraugh the calibrted anfice of o funnel

5, Sipnificance and Use

5.0 The tate s uniformity of die cavity filling are related
fo flow properties, which thus influence production wies and
uniformiy of compacted parts,

52 The sbihty of o powder o fMow is o funetion of
imterparticle friction. A interparticle friction increases, flow is
vid, Fine powders may ot flow,

Tl fesd pteind g il thie periedicnen of ASTM Commntes B un bk
et el VL Fower Teodaztsnn s 1 diveet rponsabiiby of 109.02 nn

s Senl i
Clirrgnt vifitson Spproved e 10, 1993 Publishid March Ve Wegimally
goiblislied as Y203 AT, Lot previvus edition B 213
it e of ASTH Standards | Nl 0203,

Ixxix

5.3 Humidity and moisture content influcnee flow rte Wet
or moist powders may not fow.

3§49 This test method miay be part of the purchase agreement
between powder manuficturers and powder metallurgy (2/81)
part producers, o it can be au internal quality control test by
either the producer or the end user.

o, Apparitus

0.1 Powder Flowmeter Fannel® A Qoveaneter funnel (Fig,
1) having a calibmled orifice of 0.10 m. (2.34 mai) in diameter.

Nire 1= The dimensions shown for the fovwaneter funnel, tcludine
e orifice. e wot to be consdered eontrolling fectors. Calibation with
crery, s specified in Section Y, determines the workig How e of the
Tiprel

6.2 Stand—A stand (Fig 2) 10 snpport the powder flow-
meter funnel,

6.3 Base—n level, vibration free base to support the pos-
der flowmeter stand.

6.4 Timing Device—A stopwatch or other suitable device
capable of measuring W the nearest 0.1 s,

05 Chinese Fmery —An emery powder usied to calibrate
the flowmeter funnel,

6.6 Bulance—A balanee suitabic for weighing al least 0.0
¢ fo the nearest 0.1 g

7. Sampling

7.1 A quantity of powder sullicient to run the desiral
punber of flow tess shall be obtined i acverdanes wilh
Mactice B 2135,

8. Preparation of Apparatns

&1 Clean the funnel with clean dry toweling paper
82 Clenn the funned erifice with a clean dey pipe cletier,

9, Calibration of Apparatus

9§ The mannfacturer supplies the powder flowmeter (unnel
calibrated as Tollows:

9.1.) Heal an open glass jar of Chiness emery
oven at o temperature of 1627 10 107°C (215° 10 225°F
h

9.1.2 Cool the emery o roon lempetature irea dessisater

.13 Follow the pracedure outlined in steps 100

3 The flowmeter S, stand, snd Chinese smesy are avisiobic o Aculewder
tuterntional, LLC



b B 213

16 macromch (4 X 367 m) finisk or better

A

=—
I

\
\
\
A 7"
A
N /
“

g ~F
0,100 £ 0.003"
(2.54 £0.08 mm)
FIG. T Fiowmeter Funmei

69.125 £ 0.005"
{3.18 £ 0,13 mim)

’

stepg 101.2-10.1.8 using the identical $0.( Ug
s of emery for s3] the tsis until 5 fow times, {he extren 5
hall net differ by more tan 64 5 have been

915 The average of these five Mlow fimes (s stamped on the
bottam of the funnel.
$5 Tie flow e of Chinese smery powder was sstaplished
Herfaburitory. dudy conducted by Subcommintee
POG3 It eepresents the flow rate through the nusier
Hovemseir funned that had been wsed in a previeus mierlibo-
pitory stidy with the former Tuekish emery edibration powder.
el is no lunger availoble
93 1 is recommended that the flow rate be checked prti-
cadicailly, ot least every six months, usin i the procedare outlined
asteps 90 1915 L IF the fow rate has changed from that
imu‘umenl the new correction factor wiil he
v (his new fuw rale. Belore adopling the nei
N f'\unr however, i is recommended that the ca
investigated. 1 the Now rate has increased {faster
orobable that repeated use hias bumnished the o1ilice
an l[ii e cosrection fctor may be used. A decrease in flow
vi sy indieate a plating of solt powder upon
:vh()ulll be removed carefally with the md of
fon test rerun. (he ety cortection
buing ealentated if required 1 s tecommended that e
tee G e fangud he discontiniad afier the Bow ke oi'ihc"m-‘j«
incevitsed siscl i the e of fluw is less than 37

<

<asadible from ANTM Meadawarers

of

.,

FIG. 2 Stand

14, I-’mcctlm‘o

0.1 Methad 1 Stationary Powder Start 1 Flow Masure-
Hienf:

P Weigh out a 500 g mass of powdey, as sampled, isto
u clean weighing dish,

1012 Block the diseliarge orifice at the hatiom of the
funiel wili a dry Lnge

.13 Carefully pour the 308 ¢ sample of B
cenler of e Bownteter funnel without any
ar movement of the fupngl.

WL Plice the emphed weighivg dish on e o
stand directly under the funnel orifice.

(015 Simultancously stast the stopwalel g reinose your
finger [rom Whe discharge erifies.

016 1 the po\ulu fails 1o start flowing, one Hght tap on
the funnel rint is permilied. Fugther tapping of the funnel,
however, or poking ar stirring of the powder in Uie fanne! wilh
a wir:* m any other impiement is pol permitted,

7 Stop the stopwatch the iastant the last of the poveder

oNits ih ofifice.

.08 Reeord (he elapsed time to the riearee) (1}
19,19 Mowe than one Now may be ren
Tresh S8.0 g quaantity of powder for cach ow

How times.
0.2 Methad
Hie

e(%

sder e Lhe
apping, vibsation

Moving Powder Stavt w0 Fiow Measioe-

il clcan weighlig dl\h
P23 Pewr the 500 ¢ powder specimen mio e copter o
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i

the el s staet the stopwatch the instant the powder exits

the arifice,
1024 Stop the stopwatch the
eviis the onlies,
.23 Record the clapsed fime
026 More than one flaw
11ty S0.0 ¢ quantity of powd
s L.

instant the last of fhe powder

to the nearest 0).] 5,
mny be run if desied, se
er for cack low test, Average the

11, Caleulation

1T Caleslate the correction lactor by dividing 40 by
cither the flow pate stamuped on the bottom of the funnel, or fhe
tew calibration Bow rate established i 9.

12 Multiply the elapsed e (see 10.1.9 0r 10.2.6) by the
dosired correction factor (see TL1).

12, Report

21 Reporuthe corrested fow e iy Seconds o the nieareyt
seeod

“3. Precision and Biys

131 Preciston—Precision ha bean: determined from g
intelaboratory study performed by seven luboratories of Sub-
commitiee B9.02.¢

13.1.1 Repeaability intervals, r , are

listed in Table 1, In
4ol ow wte determinations,

U3 on the basis of test error

Tha Amesican Socialy for Tasting and Materiais
4 day Il mentoned v e staridord, Usors
et rights, and tha sk of inlhingzmant of

18RS 1 posilon wspeciing

Ot standasd e oprassy anised that datsrningson of the vakity of any such
SUER ks, s entialy ther own rosponsibily,

B213
TABLE 1 Précision of Flow Rate Measurements of Melal
Powiders
Agparent Fiaw Repatiiily Repmduc ity
Posdr Density Rt M g 1.3 R kg 3
fafen’) (8750 9 Fams (88 s (g
Sphencal brorge 54 1z 01 ]
liom &1 246 N wr 25
lron #2 3w 2i 14 2
lion (bicaled) 348 % 13 22
trene pramix 30 kil 17 25
{ibreatug)
Brass 351 42 41 8.7
(lubrated)

alone, duplicate tests fn the sqme labosatory by the same
Operitor on one: homogencous Jot of powder will differ by no
more than the stated amount in seconds.

13.1.2 Reproducibility intervals, £ | are
For 95 % of comparative trigls done i wo different kborto-
vies. and on the basis of test etror alone, single tests on fhe
sane: homogeneous lot of povwder wil differ by no more (hap
the stated amount in seconds,

13.2 Bias—No statenent car
there is no standard reference
nenl.

Iisted in 1able |

1 be made about bias, beciuse
material for flow rate TCAsHre-

. Keywords
0 flow rate; menal powder tow, powder flow

he vality of iy pitent rights asserted in cangation
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Appendix F- SEM Analysis Results
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Figure Fl: A SEM image of the functionally graded coating sample 1 (Diamalloy 1003 and

Diamalloy 2001) (Represent of Figure 6.17 for the 2" and 3" set of point analysis).

hp' Edit Tuin W 1na
S — - S TS T
Bl % mamunl
'-c Elm  Norm wtk
C 67 .64
0 11.22
51 0.35
Wi 1.10
Fe 1441
Ti 0.03
Cr 4.12
Mo 0.01
Nb 0.00
ca 0.95
o ] 0.17
Ca
cr Total 100.00
i MgSi Mo Er i
“IILNih,A Nb Ca Ti g L _oNi Nb Mo |
b.o 5.0 10.0 150 20 :;I
keVv |

Figure F2: Chemical composition of the final coat or the Top Coat/Service Coat of Sample

I (2" set of point analysis).
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Figure F3: Chemical composition of the final coat or the Top Coat/Service Coat of Sample

I (3" set of point analysis).
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Figure F4: Chemical composition of the middle layer or Middle of the Coat of Sample 1

(2™ set of point analysis).
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Figure F5: Chemical composition of the middle layer or Middle of the Coat of Sample 1 (3"

set of point analysis).
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Figure F6: Chemical composition of the first coat or the Bond coat of Sample 1 (2 set of

point analysis).
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Figtﬁ F7: Chemical composition of the first coat or the Bond coat of Sample 1 (3™ set of

point analysis).
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Figure F8: A SEM image of the functionally graded coating sample 2 (Diamalloy 1003 and

Diamalloy 1005) (Represent of Figure 6.21 for the 2°® and 3™ set of point analysis).
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Figure F9: Chemical composition of the final coat or the Top Coat/Service Coat of Sample 2

(3" set of point analysis).
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Figure F10: Chemical composition of the final coat or the Top Coat/Service Coat of Sample

2 (3" set of point analysis).
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Figure F11: Chemical composition of the middle layer or Middle of the Coat of Sample 2

(2" set of point analysis).
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Figure F12: Chemical composition of the middle layer or Middle of the Coat of Sample 2

(3" set of point analysis).

Ixxxviil



- iyl oy - E— - —~ — - 3698 FS
=m * mamunl6
Fa
Elm Norm wt
C 11.74
0 4.32
59 0.27
Ni 6.19
Fe 61.14
Ti 0.04
Cr 14.63
Ho 0.56
Nb 0.00
Ca 0.78
Mg 0.33
Total 100.00
Nb ¥°
10.0 15.0 20.0
kaV

Al RS S e Ny LI L i Coarse

Start, Stop' KM Lines, Energy Wins' Lin/log; Print;

Figure F13: Chemical composition of the first coat or the Bond coat of Sample 2 (2

d
"% set of

point analysis).
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Figufe Fl14: Chemical composition of the first coat or the Bond coat of Sample 2 (3" set of

point analysis).
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Figure F1: A SEM image of the functionally graded coating sample 1 (Diamalloy 1003 and

Diamalloy 2001) (Represent of Figure 6.17 for the 2™ and 3" set of point analysis).  Ixxxiii
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Figure F2: Chemical composition of the final coat or the Top Coat/Service Coat of Sample
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