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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 

s ~ r a y  processes like Plasma spray have demonstrated their unique potential in producing 

graded deposits, where researchers have used twin powder feed systems to mix different 

p~.oportions 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 

f~~nctionally 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 

bui Id-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 

lo 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   nod el ling 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 

VlEW software and hardware, which allowed the control and repeatability of the 

rnicl-ostructure when producing f~~nctionally graded coatings. 
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CHAPTER 1 

INTRODUCTION 



1.1 INTRODUCTION 

Tliesmal spraying can be described as a process in which molten or semi molten particles are 

applied by impact onto a substrate [ I ] .  Functionally Graded Materials (FGMs) are a growing 

;~ppl icati(.)n area ~l i t l i  significils~t psc.)mise f'os the future psoduction of; (a) improved materials 

; I I I I ~  I ~ C V ~ C C S  for usc in a~~plications s~il?jectcd to large theririal gradients, (b) lower-cost clad 

malerials For combinations of con-osion and stsength or wear resistance. and (c) iruprovetl 

clectsc~nic matcrial strilctures for batteries, h e l  cells, and thermoelectric energy conversion 

tlcviccs and (d) biomedical implant devices for enhanced bone-tissue attachiiient. Tlie most 

i~~~rr~cciiu~t: applicatio~~ of I-'GR/rs is as Thel-ma1 Barrier Coatings (TBCs), where large thermal 

strc.;!,es can be minirnised. Component liftetimes are improved by tailoring the coefficients of 

~heri~-inl expansion, thermal conductivity, ancl oxidation resistance. 

The application of  FGMs is cluite dit-'ficult; however. thermal spray processes like 

I ' ias~nr j  spray have deiuonstrated their unique potential in producing graded deposits. where 

rescilrchers havt: used twin powder feed systems to mix different proportions of powclers. The 

p~otlnccd FGM has a continuously varying composition and/or microstructure from one 

bounclai-y (substrate) to another (top service surface), and innovative characteristics result 

froui 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 

polential to benefit fi-oin graded structures yet to be researched. The current study aims to 

contl-ib~ite 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 incl-ease 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 

I-eseaschers [2-51 have used the former method while producing functionally graded coatings. 

Tlie latter method is proposed in this project, however the HVOF does not possess a twin 

j~owdes feed system, hence such a systein was designed to fulfil this application. This research 



will discuss tlie 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 Instnlment software and hai-dware 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 

[echniques 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 f~inctionally 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 cond~~cted 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 

tlesign of modification including addition of some newly design parts to the commercial 

powtler 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 

calibl-ation and test procedure to validate the newly designed automated powder feed unit 

system, which produces f~~nctionally graded coatings (the aim of this current study). 

In chapter five the FLOTRAN CFD ANSYS Finite Element package is described in relation 

lo tlie nitrogen gas-powder flow model, which was used to predict the ~isefulness of the 

clesign. 

Clial~ter 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 



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

pi-esents 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 coinponents coinmonly expect a lot more than this. Engineering components have 

to execute certain f~~nctions 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 

mincl. 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 

tleposit corrosion resistant coatings, but these applications have been restricted by 

~netall~irgical incompatibility between the overlay and the substrate. One of the foremost 

coating methods for combating wear is thermal spraying, however despite its widespread 

inclustrial use [<I-121, little is known about the vital friction behaviour and the mechanisms by 

which such coatings wear. Thus, most thermal spray wear coating applications and 

clevelopmeuts are based on empirical results. In many instances values for friction and wear 

resistance of thermally sprayed coatings have been reported in the literature [I 3- 171. 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 therinal 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 [ I  8-20]. 



However Plasma Spray has demonstrated its techniq~~e for applying FGM, but unfortunately 

no such technique is available for the HVOF or HVAF Process. Thus this research will 

identify the usef~~lness 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 [2 1.  221: 

ii. 

iii. 

iv. 

v. 

vi. 

vii. 

viii. 

ix. 

X. 

Chemical, process and mechanical compatibility of the coating material with the 

substrate 

Req~lirement of deposition rate 

The ability of the substrate to withstand the required processing 

Limitation imposed by the substrate (for example max. allowable deposition temp.) 

Process energy 

Adhesion of the deposited material to the substrate 

Purity of the target material 

Requirement and availability of the apparatus 

Cost 

Ecological 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 

lechnique. 
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Figijre 2.1 : Coating Deposition Techniques adapted fbnn [24]. 



2.3 THERMAL SPRAY TECHNIQUES 

Followirig numerous patents in 1882 and 1899, Dr. Max Schoop first applied tin and led 

coatings to metal surfaces by flame spraying 1251. 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 1261. 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 1261. 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 [ I ]  (Figures 2.2 and 2.3). A common feature of all thermal spray 

coatings is their lenticular or lamellar grain structure (Figure 2:4) res~llting from the rapid 

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

n 
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* * 

5. 
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Figure 2.2: Schematic diagram of thermally sprayed spherical particle impinged onto a flat 

substrate [ l ]  



Figure 2.3: Schematic Diagram of a T~ennal  Spray Metal Coating [I] 
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Figure 2.4: A typical microstructure of a metaIlic thermally sprayed coating. The lamellar 

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

Thc* inc1ustii;~l tsencfit u't' thermal spmy coatings i s  thc i~ttainment of cost-efl'cctivc snlutions in 

~ c c l ~ ~ c i  ng wear iuld corrosion. Tlre tailoring or components, or specific areas, lo co~ulleract 

t l i ~ l l ~ i ~ ~ i ~ ~ g  efltcts. prolongs new parts or provides cost-effective I-cnovalion of worn parts. For 

example; strbstrate materiats such as low carbon steel can be thermally sprayed with thin 

1;ryerx of nickel nlloys to pr40vicIe a cost-cffcctive solution far corrosion resissrzncc [27]. I-IVOF 

rliermal spt-ayin? has emerged as one of the most attractive processes for depositing cermet 



crjiilings, 200-400 pm thick, which have low 1101-osity and are well bonded to the substrate 

12X. "I]. 

'I"hc thermal energy used to melt the coating material, may be sepnratcd into two categories; 

elecrric;rl and flame heating (Table 2.1 ). 

Fi~i'lher inl'Ormatio13 has been reported by Stokes [30] on encll of t l ie leel~niqaes described; 

hencc Ihis will not bc discussed, The HVOF thermnl spraying process is relevant ro this study, 

l~eiicc this will he and discussed furtller in the following sections. 

Electrical Heating Flamc Heating 

Electric arc process 

I>l;~sma arc process - 
Low pressure plasma spraying 

Flame spraying process 

Spray and fuse process 

HVOF thermal spray process 



2.4. HVOF THERMAL SPRAY PROCESS 

Unlilce other flame spraying processes, the HVOF thermal spray process utilises only powder 

as the coating inaterial rather than wire or rod [3 I ] .  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) Colltiiluous Combustion HVOF System 

Within the contiiluous combustioil HVOF process there are different types of systeins namely; 

the Diamond Jet (DJ HVOF) and DJ Hybrid gun developed by Sulzer METCO (Figure 2.5), 

the Jet Kote systein developed by Browning Engineering, the HV-2000 through Praxair 

Suri-.ace Technology, the HP/HVOF developed by TAFA to mention a few [33-3.51. The 

continuous combustion Jet Kote HVOF thermal spray system was developed as a substitute to 

the Detonation Gun system in 1982 [36, 371. 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 

systein produces dense coatings through low porosity and high bond sti-eiigth due to the high 

kinetic energy related wit11 the system to propel the molten material at supersonic speeds [38- 

311. 

There are a number of HVOF guns, which use diverse methods to attain high velocity 

sprayi~ig. 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. Co~nbustion 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 

combustio~i chamber under high pressure or fed through the side of a de Lava1 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 



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]. 

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 

formel-ly possible with other Thermal Spray processes [32]. The very high kinetic energy of 

 articles 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 

ancl 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 maxiinuin density and strength, not 

l'ountl 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 [lie Diamond Jet HVOF thermal spraying process, the powder material is melted by the 

means of co~nbustion 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 



ail- 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 temperati~res of the HVOF process ranges 

from 2300 to 3000 OC depending on the oxygen to fuel ratio or flow rate used [43]. Due to the 

high I<inetic energy experienced by the impinging particles, the DJ HVOF system exhibits one 

of the rnaximuin bond strengths and least porosity among all thermal-spraying processes [44]. 

When co~npared to other thermal spraying techniques such as plasma spraying, the DJ HVOF 

system exhibits low thermal residual stress; consequently coatings of higher thickness may be 

cleposited [45]. The reason for this is that the spray gun temperature for the plasma spraying 

process is approximately 16000 OC [27], whereas the HVOF system is much lower (<3000°C) 

limiting the development of residual stress [23]. 

Gun Head Shock 
Diamonds due 

Compressed Air 

Balanced Oxy-Fuel 
Flame zone particles Substrate or 

Forming Die 

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 

clifference 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. 



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 either at a 

right angle or positioned axially with the barrel as revealed in Figure 2.7. Powder injection 

iuay be axial, radial or central [46], where this process uses axial. There are also some 

chamber co~nbustion burners, where powder is injected beyond the flame at the exit of the 

barrel [47. 481. 

Chamber combustion burners present coatings with improved wear and corrosion resistance, 

relatively with those p rod~~ced  by throat coinbustion 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 1491. Table 2.2 shows some of the significant characteristics associated with the 

different thermal spraying processes. 
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Figure 2.7: Schematic of a chamber combustion burner HVOF gun. 
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l'nhle 2.2: Charncteristics o.r clifl'cl-ent ~hennal spray techniques [3 1 ,  501. 
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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 colnbustion zone and a nozzle. Combustion and gas dynamics are vital characteristics 

i n  pi-oducing coatings. They affect the coating quality in the following two ways [5 I ] :  

( I )  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 dil-ection 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. 531. The Stoichiometric 

 heor ore tic ally 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 

shoulcl he 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/lOCo/4Cr, produced by the HVOF 

Process using different fuel gases [54]. 

-17;lhlc 2.3: Variation of 17roperlies of S(,WC/lOCo/4Cr, produced by difrerent fuel gases [MI. 



The variation of spray parameters, such as the powder feed rate, oxygen to f ~ ~ e l  flow rate ratio, 

Flow rate of the co~npressed air and spray distance also effects the HVOF sprayed deposition 

thickness and properties. With a decrease or increase in the oxygen to fuel ratio fi-om it's 

stoic11iomet1-ic range (3.2-3.8), the deposition temperature decreases (as shown in Figure 2.8) 

[?()I. This in turn decreases residual build-up in the coatings, (as will be indicated by Equation 

2. I later) however will affect the melting kinetics of the particle. With an increase in the spray 

clistaiice, 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 telnperature causes inferior deposition thickness with lower residual stress in the coatings 

[ 5 5 ]  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 

substl-ate [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: 



1 .  More uniform and efficient particle heating, d ~ l e  to the high turbulence experienced by 

the particles 

2. Much shorter exposure time in flight due to high particle velocities 

3. Sliol-t particle exposure time in ambient air, once the jet and particles leave the gun, 

which results in lower surface oxidation of particles 

4. Lower flame temperature compared with plasma spraying 

5. Lower ultimate particle temperatures compared to other processes 

6 Lower capital cost and ease of use compared to other processes 

7. Very high coating thickness than with plasma and arc spraying can be produced 

8. Excellent bond coatings 

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

10. Dense with low porosity 

1 1 .  Optimized microhardness 

12. Predictable coating chemistries 

13. Smooth as-sprayed surface finish 

14. Excellent machined surface finish 

15. Process can be automated 

16. Dense, tightly bonded 

17. Superior adhesion 

18. High bond strength 

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



2.5.2 Limitation of the HVOF System 

I .  Thc amount of heat content in the HVOE system while not ;IS high as Plasma is still 

very high, so over heeating of the substrate is quitc likely. Therefore extra cooling of the 

suhstl-ate i s  often :niecessary, and cooling with liquid COz is nnw a standard with the 

new HVOF process which applies during spraying '155. 59.601. 

2. M:tsking of the part is still a great prohlen~ as only meclrslnical masking is effective. It 

i s  very dirficuft and time consnming to ctesign an effective, mask for a complex 

cornponerrr wit 11 arcas, which do not I-equire cleposi tion. 



2.6 THERMALLY SPRAYED COATINGS 

A thermally sprayed coating produced in air is an assorted mixture of sprayed materials, oxide 

inclusions and porosity [lo]. 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. 621. 

I SULZER I Powder I Bond 
METCO 

Naine 
Strength 
MPa 

I DIAM- Austenitic 61 

ALLOY inium 
1 005 Molybdenu 

Known as in Base 

I DIAM- I Fusible 1 64 

Liinit Composition 

2.5 Cr 17% 
Ni 12% 
Mo 2.5% 
Si 1% 
C 0.1% 
Fe Bal. 

Ni Bal. + 
Fe 4% 
Si 4% 
B 3.5% 
C 1 %  
Ni Bal. 

Hnrdness I Size 1 
M TICI'O/ Range 
Micro CLln 



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 

~~opular .  Gas atomization uses air, nitrogen, helium or argon as a fluid for breaking up the 

liq~iicl. 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. 

Thenual spraying can be used to deposit a wide raiige of coating materials. They can be 

clivicled 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, alurnina/titania composite, 

stabilized zirconia and so on. The third category, cermet consists of a ceramic and a metal or 

alloy. Exainples 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 

usecl to achieve the surface properties as good corrosion and wear resistance. In the current 

research Diainalloy 2001 and Diainalloy 1005 was produced using the gas atomisation, while 

Diainall oy 1003 was produced using water atomization [(is]. 

2.6.2 Coating Deposition, Solidification and Build-Up 

During [he spraying process, particles become superheated and are projected towards the 

substrate at a high velocity [MI. The common feature of thermally sprayed coatings is their 

I~uit ic~~lar or lamellar grain structure. Initially the particle are melted and propelled out from 

the gun i11 the form of a sphere, then at its first contact with the substrate the impact creates a 

shoclc wave inside the lamella and the substrate [31]. The behaviour of particle on impact has 

been researched intensively by various authors [67-691. The shape and structure of the splat 

re~ieals a lot of information about the spray parameters, such as whether the correct spraying 

clistance or spray angle have been utilised or not [70-721. 



Molten particles deform into lamella and solidify giving a coluinnar 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 

I-oughness must be adequate during spraying, otherwise adherence loss may occur [74, 751. 

Gawne et al. [73] reported a linear increase of coating adhesion with an increase in substrate 

roughness in the range of 4 - 13 pin. 

I 
i - -- I 

Figure 2.9: Cross-section of a columnar structure (single lainella) 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 flaine temperature. The rate of heat transfer from the flaine 

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 

st~.engtli. 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 

\vo~-lc 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 



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 

rooin 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 [76-781. In the 

HVOF thennal spraying process, individual molten or semi-molten particles irnpact the 

substrate or pre-existing molten inaterial 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 

clevelop~nent 1491. 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 

lainella 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 

tl-ansfomation occurs during processing [dl].  S. Sampath, et al. [70] 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 

ant1 cooling. 

Quenching Stress 

According to Pawlowski [41], as many as 5 to 15 lamellae exist in a single pass of spray. As 

the lainellae solidify they contract, but are constrained by each other, and by the substrate, 

~ h u s  generating high tensile stresses in the individual lainellae as shown in Figure 2.10. 

Tensile quenching stresses are unavoidable and inay be estimated by the following: 



0, = & (TITI - Ts) Ec Equation 2.1 

Where 

o, = quenching stress (Pa) 

E, = elastic modulus of the coating (Pa) 

a, = coefficient of thermal expansion of the coating (/K) 

T,,, = Teinperat~~re of the combustion chamber (K) 

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

lamella 

Tensile 

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

Development of quenching stress through different layers of a five layer Nickel base 

alloy1Stainless 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]: 

o9 = (x(,ATE, ------- Equation 2.2 

Where, o, is the quenching stress. Temperahire difference (AT) between the lamella 

melting/comnbustion temperature and the substrate is approximately the same throughout the 

quenching cycle; hence equation 2.2 can be written as: 

Oq OC a,. E(. -**--".+"- Equation 2.3 



Cooling Stress 

Wlicrr rleposi~ion is ceased or interrupted, cooling stresses initiate, mainly ctue to the thermal 

exp:~tisiion co-efjicient mismatch between [lie substrate and thc coating mnleriat. IS the coating 

contracts to s greater extent than the substrate (cr, > as>, a [ensile stress i s  generated in the 

coating 1411. This may lead to adhesion toss and cracking of tlie coating [81]. If the co- 

ul'ficienls are equal, [hen no cooling stress will develop. I F  thc coating contracts I>y a smallel- 

:imnuiii tliai~ the substrate (a, < a,), the resulting canting stress will be compwsive as shown 

ill Figure 2.1 1 I41 J .  The cooling stress can be cstirnated using the following equation (80,KZ- 

841: 

r 1 

Equation 2,4 

W 11 ere 

9 = cooling stress (Pa) 

E, = Yotrng's inoclulns of the coating (Pa) 

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

K. = coefficiatt oi' I henna1 expansion of the coating (K) 

a = coel'ricient of thermal expansion of the substrate (/KI 

2,. = thickness of the coating (m) 

t, = thickness of the substrate (m) 

TI = deposition temperature (K) 

TI< = room temperature (K1 



C'o ; r t i~  coiltracts to R lesser 
esteut tllc?n the substrate 

(uc  < v.$) 

Figure 2.1 1 : Schematic of cooling stresses adopted from [27]. 

Thc cooling stress can be predicted using equation 2.4. For a particular coatil-lg-substrate - - - 

systern. [lie cotltirlg tllickness (t,), substrate thickness (t,), deposition tanlyerature (Tr) and 

rnc>rn letiiperature (TR) cat1 be kept constant. Then equation 2.4 can he written as: 

E,. (at. - as 1 
0, OC 

- Equation 2.5 
E&. 1+2- 
E,, 

Boll1 tlic quenching and cooling stresses mily bc dissimilar lo that predicted, :ls the Young's 

morlulus anrl co-efficient 01' Ihermal expansion values for each layer may be different 
- -. . . 

walislically ti-om the values user1 here (derived from the Rule of mixtrrre). Tlre combination 

(su~nmation] of the quenching + cooling stress p~nduces what known as the residual stress. 

The 11:ltiu.e of the averall residual stress may be resolved by the following criteria [41], if: 

a) % < cx, stresses in tlie coating may be eitlicr [ensile or cotnpressive, 

1)) ly, = TX, stresses in Ihe canting are tcnsile, 

C) a, > % slresses in the coating are tensile. 



The possibility of either tensile or compressive residual stress (when a, < a,) 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 if 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 lowel- bond strength deposit [ 8 5 ] .  Increasing the thickness of the deposit, increase the 

I-esiclual stress pro~noting fracture or failure of such coatings [32, 861. 

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 [57]. A typical traverse section of a single-pass spray 

cle~osit 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 

fi-om R to R is the densest and thickest coating deposited area [49]. The section Q-R is the 

transition fi-om a dense coating to a porous coating structure. The edge sections (P-Q) can be 

enormously porous [39]. 

Spray gun travels perpendicular 
to this plane 

S 

Figure 2.12: Schematic section of a spray deposit. 



Thennai spraying has the ability to produce coating properties to suit the application required. 

Malerials may be sprayed to create n hard or soft. densc or porous canting, tl~us it is difficult 

to ~+epnl-t i t s  typical coating properties. This rel~ort concentrates on functionally gradcd 

cleyosi~s: ller~ce the properties of zhe coating will he discussed in the next Section 2.8.2. 



2.7 FUNCTIONALLY GRADED MATERIALS (FGM) 

Functionally graded materials are those materials used to produce coinponents featuring 

engineered gradual transitions in microstl-ucture 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 [MI: 

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

2. 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 

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

suppressed 

4. 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 

5 .  The driving force for crack growth along an interface can be reduced by tailoring the 

interface with gradients in its mechanical properties 

6. 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 manufact~~red by two main methods [88]. Their names 

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

I-eported by Hasan [49]. 



'Sable 2.6: Names and classifications of different types o-f FGM m.anufacturing processes. 

2.8 FUNCTIONALLY GRADED COATINGS 

(a) Constructive Processes 
I .  Powder densification processes 
2. Coating processes 
3. Lamination processes 
4. Deformation/martensitic 

transformation 

A f~inctionally graded coatings is one in which the composition, inicrostructure and properties 

vary gradually from the bond coat to the top coat [S9]. An example of a graded coating of 

~naterial R and S is shown in Figure 2.13. 

(b) Transport-Based Processes - 

1.  Mass transport processes 
2. Thermal processes 
3. Setting and centrifugal separation 
4. Macrosegragation and segragative 

darcian flow processes 

/ Topcoat 

1 

I - 

coat 

- C I 
0% 50% 

I 
100% 

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 i s  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 m o d ~ ~ l u s  and thermal expansion 

coefficient [S)O]. 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, 911. 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 

thennal spraying processes [92]. Since then some other techniques was used to manufact~~re 

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 f~ill later. 

HVOF Thermal spray in^ Process 

Compare to other thermal spraying processes, the HVOF process is relatively new in 

producing f~~nctionally graded coatings. Previous research [93-951 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 MCrA1Y/Al2O3-YSZ. 

Sainpath 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 fhl- 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 

MCrAIYlA1207-YSZ functionally graded coatings using the oxy-acetylene HVOF (OSU type 

gun) thermal spraying process. The bond coat was 100 percent MCrAlY; interlayers consisted 

ol' different proportions of A1203 and YSZ with increased amount of A1207 from the second 

layel- lo the top layer, while the top coat consisted of 75 percent YSZ and 25 percent A1203. 

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 



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 achieved. The hardness of the alloyed matrix depended on 

clil'l'e~-ent factors, for example content of copper-mainly forming A17Cu phases-as well as 

nicltel, where additional intermetallic phases like A1Ni4Cu7 were identified. Therefore, the 

graded layers possess a large gradient in hardness with a maximuin 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). Kiln et al. 

[05]  manufactured NiCrAIYlYSZ f~~nctionally 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 

clifferent powders. The bond coat was 100 percent NiCrAlY, while the top coat was I00 

percent YSZ. The interlayers consisted of varying proportions of NiCrAlY and YSZ. Using 

dil'l'erent 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 

eel-amic powder, resulted in a mixture of ceramics and metals with ceramic to metal volurne 

ratio of 1 :3. In the area overlapped by consecutive shots, an excellent mixture of ceramic and 

metal was produced. The Functionally graded NiCrAIYlYSZ coatings resulted in having 

better thermal shock resistance than duplex NiCrAlYIYSZ 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 

clepositing nicltel base alloylstainless steel f~inctionally graded coatings on steel substrates 

using the HVOF process. Nickel base alloy1Stainless 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 

clifferent 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 [2-61 have used the former 



method while producing functionally graded coatings; however the latter method was used in 

this project. This idea for this project evolves from the initial idealconcept within the 

following patent: Stokes, J., Hasan, M., et al. Irish Patent number 200610821, 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 [5,96-1031 have reported the gradual change in microstructure within 

graded coatings. Khor et al. [4-61 manufactured ZrOz-NiCrAlY graded coatings by plasma 

spraying using premixed powders. From the NiCrAlY base layer to the ZrOz top layer, 

NiCrAlY changed its morphology from lamellar to a dispersed stn~cture, while the 

morpliology of Zr02 was changed from a dispersed to a porous structure. No clear interface 

between the two adjacent different layers was found. For the NiCrAlYIZr02-Y203 [93] or 

NiCrAl-MgZr03 [ I  011 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 Brine11 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 

hardiiess throughout the coating thickness. Numerous researchers [5, 91, 93, 96, 971 have 

nieasured 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. 971 measured hardness values of a five layer graded coating and a 

duplex coating of same materials and reported almost same surface hardness values for tlie 

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. 

(c) 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 

111a~el-ials of interest were their corrosion characteristic in neutral waters is important. When 

steel 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, tlie corrosion rate tends to increase also with rise in temperature. In acid waters (pH 

<4), col-rosion can occur even without the presence of oxygen [I 061. 
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Figure 2.14: Schematic of Corrosion of steel under a droplet of water [ I  061. 

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

mechanical, formability and economic requirements would be the first choice for selection. 

3 5 



Unfortunately, this is not often the case. Many materials will need a method of corrosion 

control and there are three main approaches [ I  061: 

Modification of the environment to which the material is exposed 

Electrical methods of control 

Use of protective coatings 

Thennal 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 

[IO6]: 

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 

~naterials 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 temperat~lre strength and 

the I-equirements for both the high temperature corrosion resistance, so protective coatings are 

used to prevent from corrosion [I 071. Metallic coatings sprayed on the superheater tubes have 

recl~iced the erosion and corrosion in the selected cases [108]. The NiCr coating provided the 

best protection to the substrate steel, which lnay be due to the formation of NiO, NiCr204 and 

Cr207 as confirmed by XRD, EPMA and EDAX analysis. These phases are reported to be 

protective oxides [ I  09. I 101 



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 s~tbstrate [ I  1 I]. Thermal spraying can also deposit f~lnctional 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 [ 1 1 I - 1 131. Browning invented the high-velocity impact forging (HVIF) thermal 

spl-ay technique which improves the density of sprayed coatings over those deposited by 

HVOF thermal spraying and HVAF thermal spraying [I 141. With the technical improvement 

of thennal 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 

s~ability and corrosion resistance [ I  IS]. The effect of heat treatment on the ~nic~ostructure and 

111-operties of HVOF-sprayed Ni-CI--W-Mo-B alloy coatings [ I  161 and the effects of 

thickness of the coating on the electroche~nical behaviour of Cr3C2-NiCr coatings [117] has 

also been reported. The corrosion resistance of nickel-based alloys in 5% NaCl and 0.5 M 

H2S04 [ I 18, I 191 has been st~tdied. Harvey et al. [120] studied the relationship between 

spraying paralneters and microstructure and corrosion resistance of coatings of nickel alloy, 

cobalt alloy, duplex stainless steel and iron based materials. Other reports in the literat~lre also 

attempted to relate the corrosion resistance to metal contents such as Zn and A1 deposited by 

ivc spraying [ I? 1-1 271. 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 [12X], 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 

~~rocl~ice chemical corrosion or erosion of a solid surface. The high-speed movelnent 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 

clestroy inetallic surfaces. Particles within the fluid can impact the surface, damaging it even 

f~irth,er [I 291. HVOF with its different powder characteristics would suit most applications to 

mini~nise the erosion or corrosion of the internal parts of the industrial equipinents [130]. 



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 

[ I  301. The same shaft could be enhanced in terms of wear resistance if coated using Tungsten 

Carbides (WC) [131]. NiCrBSi alloy powders were coated on a low carbon steel substrate 

using HVOF thermal spraying, and corrosion tests were carried out. It was found that the 

con-osion of the NiCrBSi coating first occurred around the particles that had not melted 

cl~11-ing spraying and the defects such as pores, inclusions and micro cracks, then followed by 

the clevelopment along the paths formed by pores, micro cracks and lamellar structure, 

res~ilting in exfoliation or laminar peeling off. Adjusting the thermal spraying parameters to 

reduce the electrochemical unevenness or sealing the pores can improve the corrosion 

I-esistance of the coating [ I  321. 

One of the applications of thermal spraying is to increase corrosion resistance to such 

mater-ials as iron and steel are often subjected to these effects 1621. 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 

[ I  331 studied the morphology, composition and erosion-corrosion behaviour of Ni-Cr-Si-B 

cl-emet coating overlaid on a carbon steel substrate by HVOF thermal spraying. Erosion- 

Cor-rosion tests were carried out in a solid free seawater impinging jet of velocities 17, 25, 50 

and 72 1111s at temperatures of 180°C and 500°C. The behaviour of the coatings was followed 

by undertaking electromhemical (EIC) monitoring during the impingment errosion process. 

This involved anodic polarization scans which demonstrated the effect of the ilnpinging jet 

ancl increased temperat~~re 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. [ I  341 reported increased corrosion resistance of overlay MCrAIYIAl 

gracled coatings. The bond coat was NiCrAlY or CoCrAlY and the top coat was an A1 

enriched P-NiAl. At high temperature, the top coat gave the component its corrosion 

resislance, 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 

spi-aying process utilised, porosity may vary fi-om 0.1 to 15 of the volume percent. The HVOF 

13rocess 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 [3 I ] .  

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

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

Because of the gradual struct~iral changes from the bond top layer to the top layer in FGMs, 

poi-osity 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 fi-om 

the NiCoCi-AlY base layer to the YSZ top layer, the author [I361 again reported gradual 

change of porosity from the Ti-6A1-4V base layer to the HA (Hydroxyapatite) top layer. In 

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

Coating material 
Nickel/Chromium Molybdenum Base Superalloy 
Tungsten Carbide-Cobalt 
Cobalt Base Alloy 
Chromium Carbide/ Nickel Chromium 
Tool Steel 

( e )  Residual Stress 

Porosity (%) 
1 

<0.5 
I .5 

1 
<I 

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 inodulus are the two main properties causing cooling stress 

builtl-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, 137-1 391, 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 



stress [85 ,  9 I]. 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 

Lemperature- and corrosion-resistant surfaces [140-1451. 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 f~~nctionally 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 [146-1491. 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 [150,15 I]. 

Functionally graded coatings, consisting of a metallic bond coat, ceramic top coat and 

intermediate layers consisting of different colnpositions of ceramic and metallic materials, is 

one way of reducing delamination and spalling of thermal barrier coatings [3, 5 ,  91. 97,153, 

1531. 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 coatings in engineering [ 154- 1621. Kon et al. 

[ I  .itl] and Waug et al. [I561 manufactured f~~nctionally graded coatings of calciurn 

]~liospl~ate/titani~im. The calciurn phosphate top coat gave excellent biocompatibility; the 

litanium bond coat gave ~nechanical adhesion strength with the substrate, while the gradient 

interlayers decreased residual stress build-up and increased coating adhesion. Verne et al. 

[ I  501 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 



al. [I 361 ~nanufactured hydroxyapatiteITi-6A1-4V f~~nctionally graded coatings using the 

plasma spraying process. Hydroxyapatite (HA), which is widely preferred as the bioactive 

material in both dentistry and orthopaedics gave favourable osteocond~~ctive and bioactive 

properties, titanium bond coat gave excellent strength to the coatings, while the interl'ayers 

decreased stress. Remer et al. [I571 reported improved bond strength of 

titaniuin/liydi-oxyapatite (HA) coatings, while Liu et al. [158] reported i ~ n p ~ o v e d  bond 

str-ength of Ni-P-PTFE coating by obtaining composition gradation in their coatings. 

Multilayered non-graded HA coatings have already bee11 ~nanufactured 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 [I 641. 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 

13arts by lightweight materials is a usef~ll way of reducing vehicle weight. Several researchers 

[ 166- 1721 mentioned the iinpol-tance of lightweight materials like aluminium. inagnesiuin and 

titanium in the automotive industry. Reduction in vehicle weight, in turn increases fuel 

erficiency. As an example, 10 percent of vehicle weight reduction results in a 8 to 10 percent 

fuel economy improvement [ 1 641. 

HVOF sprayed Inconel-625 [I731 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 

ancl 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 coinmercially pure 

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



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 

nicltel-copper alloys, which are currently used in Navy valves, were used as standards by 

\vliicli the performance of stainless steel, nickel-base, titanium, and cobalt alloys could be 

measi11-ed. No crevice corrosion was obsel-ved 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) 

50Ni-50Cr (all compositions in wt %) tubes. Although test results showed good strength, the 

best ~nechaiiical properties of these spray formed alloys were not achieved. The ~neclianical 

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- 

50C1- 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 chromiu~n contents (52Ni-48Cr). These cl~anges are 

likely to increase fracture toughness values without compromising strength and corrosion 

~.esistance. It i s  a l s ~  suggested that f~lture corrosion tests compare spray formed and cast NiCr 

alloys, as well as varying the chro~ni~im and nitrogen components in order to pinpoint and 

capitalise on the reason for the excellent crevice corrosion resistance of the 50Ni-50Cr 

materials [I 751. Recently, a host of carbide based alloys including WC-Co-Cr, NiCr-Cr3C2, 

WC-WB-Co and so on have been developed in an attempt to bridge the gap between 

l~ovicling both wear and corrosion protection [176,177] 



Functionally graded coatings have other potential application areas including improved 

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

efficiency [ I  371, optical components [I781 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 

\vitIio~it 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 [ G I ,  65, 1791 

Iron Base Alloys 

Typical Properties 

and Application 

Typical 

Applications 

- 
Di anal l oy M-684.33 -53+20 

1003 

FST pln Co~nposition Code 

Name of 

Coating 

Size 

Range 

(clln) 

Powder 

Type 

Practice 

Erosion 

Si 1% 

C 0.1% 

Fe Bal. 

Atoinised 

powder 
pp 

.Good corrosion 

properties 

machine coatings 

.Good against 

fretting, cavitation 

and errosion 

.Good for 

dimensional 

restoration and build- 

- 
Gas Turbine 

Fan Seals, 

up 

.Equivalent to: 1236 

O F  

.Smooth and easy to Tempt. 



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 [ l  IS], and Nickel and Chromium combined 

(Dia~nalloy 1005) increases strength and weld ability [ I  151. 

Nickel Base Alloys 

Diainalloy 

I 1005 

M- 

326A.33 

Fe <0.5% 

Ni Bal 

Inconel 

625 

-53+20 Cr 21.5% 

Mo 9% 

Nb 3.6% 

Ti <0.4% 

A1 <0.4% 

.Good for repair and 

build-up si~nilar 

Repair & 

Restoration of 

oHVOF and Air 

Plasma 

.Excellent high 

Incone' 625 

Gas Turbine 

Components 

Chemical 

Processing & 

Pollution 
temperature 

oxidation and 

corrosion properties 

Nickel Base 

Contl-01 

Equipment, 

chemistry super alloy 

components 

.Useful up to 980 OC 

(1 800 OF) 

.Equivalent to: 

Diamalloy 1005, 

1265 "F 

Alloys 

Piston rings, 

Cylinder 

liners, Utility 

exhaust fans, 

Thread guides, 

Hot forming 

dies, Forging 

I 

-53+20 Dialnalloy 

200 1 

.HVOF 

.Self Fluxing type 

alloy 

.Good corrosion and 

wear resistance 

Cr 17% 

Fe 4% 

Si 4% 

B 3.5% 

NiCrSiB 

.Serviceable up to 

820 OC (1 500 O F )  

Coatings are dense 

and essentially oxide 

free 

M-771.33 

I 

.Equivalent to: 

1275H, Dinmalloy 

200 1 

C 1% 

Ni Bal. 

Gas 

Atomised 



Nickel-Chromium Phase Diagrail~ 
rn -. Atomic percentage of Chromum 

_ r r  
Weight percentage Chromium 

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 [ I  SO]. 

Corrosive environments, on the other hand, call for different materials, and hardness is not 

nor~nally 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 [18 I ] .  



Figure 2.16. A corrosion-resistant 3 16 stainless steel pump [18 11. 

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 

s~~persoiiic speed towards the substrate [44]. However the deposition of thick coatings is still a 

PI-oblein due to the build-up of residual stress [77-781. Functionally graded coatings in which 

the CTE and elastic modulus vary gradually from the substrate to the coating [3, 2 1 ,  90, 

93. I:i7] are clearly one method of red~~cing residual stress. The current research investigates 

an innovative modification of a commercial HVOF thermal spraying process to produce 

nickel base alloy/stainless steel f~inctionally graded coatings to prevent the surface of 

substl-ate from erosion or corrosion. A two-powder co-injection method is chosen here to 

tleposil 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 f~inctionality of the Nickel based alloy/Stainless 

Steel coatings under corrosion environments will not be tested in this research, the aim will be 

[he design of an antomation system to mix powders and to produce FGMs. 



CHAPTER 3 

HVOF EXPERIMENTAL EQUIPMENT 
AND PROCEDURES 



3.1 INTRODUCTION 

The airn of present study is to produce FunctionaIIy Graded Thermal Spray Stain less 

Sreel and Nickel base alloy coatings. In this chaptcr, the HVOF thermal spray facility 

used in the reseat*ch is dcscrihed. In addition lo the process equipmez~t, the newly 

installecl Vapol-ising unit used during this technique is also presenkd. 

111 this cur-renl research the HVOF thermal sprayed facility used is a rncrnually contrallecl 

ct~ntiiiuozrs combustion Sulzer Metco Diamond Jet thermal spray system. It consists of 

iwo units: the xpraying system and i ts support system. A newly installed vaporizer unit 

1x1s been used to get better flow !.ate o f  fuel gas, wl~ich was installed in 2006 by the 

R.0.C gases company (U.K) and it i s  a part of the support system. Both systetns are 

integrated together, to produce coatings. Figure 3.1 sl~ows the cort~plete thesm;~! systena 

i~scrl in Ih is present rese;~scli. 



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 

Not used in this research but still possibility of Using CO;! CooIi11g 

-. 
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I 

Figure 3.1: Schematic of the HVOF Thermal spray system [30], 
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3.2.1 Diamond Jet (D J) Gun 

A scl~ematic 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 

colupressed 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 

supersoilic flame containing diamond-shape shock waves hence the name 'Diamond Jet'. 

111 this current research, propylene (C3H6) 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 

fi-ont 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. [ 1 831. 

The front end of the gun consists of various nozzles and inserts designed to control the 

I'low 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 1350ins-' [33]. 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 co~nbustion 

lelnperature (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 

seported by Stokes [30]. 
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Figure 3.2: The Sulzer METCO Air-Cooled HVOF type Diamond Jet (DJ) gun [30 



Figure 3.3: Schematic of the HVOF DJ gun front-end hardware [XI]. 

3.2.2 Powder Feed Unit 

I 

C &- Front of HVOF gun 

Sulzer Metco provides a powder feed unit to go with their DJ HVOF Thermal Spray 

systern. The desired powder is fed fi-om the powder feed unit through a carrier gas, to the 

DJ gun where cornb~lstion 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- 

conlained and is designed to deliver the powder to the gun at a precise flow rate [I 841. 

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 

co~nbustion chamber within the DJ gun, and the amount flowing is displayed on the feed 

rate meter (in gmin-l or lbs (hour)-'), measured by the load cell provided. The feed rate 
I meter has an accuracy of k 0.1 gmin- and a range of 0 to 100 gmin''. There are two 

different coloured lights present on the control panel of the feed unit system, which act as 

Pressure and Powder Feed ONJOFF indicators. Further details have been reported by 

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

The c~lrrent 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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Figure 3.5: Schematic cross section of the hopper assembly on the DJP powder feed unit [30]. 

3.2.3 Gas Supply and Flow Meter Unit 

The current HVOF thermal spraying system uses oxygen, and propylene as the 

coinbustion 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 

clia~nber of the gun (as the gun is air-cooled), while the majority of the air is fed through 



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 

10.2Bas, and flow rates from 300 to 1500 SLPM (Standard Liters Per Minute). Another 

sinall 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 I-ates 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 +O. 1 Bar and + 1 Flow Meter Reading (FMR); within 

a range from 0 to 1 1 Bar and 0 to 100 FMR respectively. 



I OXYGEN AIR I 

Figure 3.6: Type DJF Diamond Jet gas flow meter unit used in the HVOF process [30] 
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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 ineans 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 (c). 



Figure 3.7: A schematic diagram of vaporiser and its initial set up [ 1 851. 

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 



(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 OC 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). 

?(JU gat Iced Gas) 

- .- __-..'I-- 

Figure 3.8: A schematic diagram of the connection of vaporiser unit [I  851. 
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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 [ I  861, 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 in2 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 15pm (for S i c  

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. 



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 1301. 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 

Coinpu~notor 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 

Par-ker-Hannifin Compumotor Division) is used and the traverse procedure is 



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 inwai-ds/ outwards from the substrate, (Figure 3.10). 

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 inaterials on the operator. Due to this reason a spray booth (Figure 3.1) collects 

all airborne dust, f ~ ~ m e s  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. 



3.3.5 Facility Isolation 

D ~ r i n g  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 

i n ,  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 

111 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 

Aftel- 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 1018) 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 



analogue temperature controller, which controls the temperature to within k 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 spi-aying, which should always be observed. These include, 

good housekeeping, proper materiallgas storage and handling practices, appropriate use 

and maintenance of equipment, appropriate training for operators, proper exhausting of 

gases and f ~ ~ m e s  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 

equip~ment 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 

( 1 30dB) generated during HVOF thermal operation [ I  871. 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 

spl-ay 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. 



In industrial sectol-, rlorinal I y the operalor rcrnains outside of the spraying area and 

carllroI rhe 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 rcstrlts. In  current research, 

one ~>mpasal has heen made; to make the process semi co~~trol led from outside thc 

spr';'y i11g Inom. Thc DCU HVOF lab will be monitored by a cornpuler urld web cams 

i lis~e;ld of installing expensive CCTV systern during t henna1 spray. Far this purpose four 

wd-, cams ancl a controlling softwal.c would he needed, while the comp~lter is  alrei~dy 

available in DCU HVOF lab. For this installation, the cost would be approximately F250. 

Thc adaptation of this proposal may bc the focus of future work. 



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 

Ti1 most coating processes the integrity of the deposit is vitally dependent on the condition 

of substrate surface. However smface 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 (A1203, S i c )  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 

cluring quenching [23]. 

3.4.3 Spraying Process 

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

~naterial being sprayed. Sulzer METCO has outlined recommended spraying parameters 



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-1 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 mrnts). After deposition, the samples of coated substrates are ready 

for post-heat treatment. 



'I'able 3.1 : Gun settings and spray pr~rametess for Stainless steel and Nickel base alloy 
coating rrlaterial [I881 

A Stainless Steel (EN-standard Steel Name: X2CrNiMo18- 14-3 or ASTMIASTI Steel 

Type: 3 16L) Substrate was selected according to the following dimensions and after grit 

blasting it was placed onto the holder (as shown in Figure 3.1 1) and this holder was then 

placed onto a holding vice for spraying. Two types of spraying combination was selected; 

one lor 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 nim for the second one according to [ I  881. 

Powder Material 

paralnetess Austenitic 

Stainless Steel 

Diamalloy 1003 

2 

2 

A 

3 

Nickel base 

Super alloy 

Diamalloy 1005 

2 

2 
ppp 

A 

3 

Fusible Nickel 

base alloy 

Diamalloy 200 1 

2 

2 

A 

3 

3 

10.3 

278.1 

5.2 

338.6 

6.9 

74.9 

3 8 

150 

3 

10.3 

309.7 

5.2 

345.5 

6.9 

74.9 

60.5 

150-300 

3 

Oxygen Pressure (Bar) 

Oxygen Flow (SLPM) 

Air Pressure (Bar) 

Air Flow (SLPM) 

Propylene Pressure (Bas) 

Propylene Flow (SLPM) 

Spraying Rate (grnlmin) 

I Spraying Distance (mm) 

10.3 

265.4 

5.2 

3 17.0 

6.9 

71.4 

45 

200 



lnt l l  ( Y . .. 
10 m"f 1/1 Holding Screw 

I Substrmt Substrate Holder 

Figure 3.1 1 : 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 

~norphology 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 [lS9]. In most cases the coating surface (cross 

section) is grounded and polished properly before optical examination. Blemishes 

resulting froin poor preparation include scratches, deformation, smearing, pull-out, 

cracks, contamination and so on are detailed by Glancy [ I  901. 



3.5.1 Microscopy 

(a) Metallographic Preparation 

To characterise of thermally sprayed coatings; Metallographic specimen preparation 

i s  a valuable tool. This process can be categorise into the following four different 

areas; sectioning, mounting, grinding and polishing. 

(I) 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 

01- 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 (phenocureo; 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 

GI-inding technique was divided into two stages; plane grinding and fine grinding. 



(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 

I-eseai-ch. 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 

[ I  891. 

Specimen Holder Mounted thermoplastic 
resin (Phenocure) 

Figure 3.12: Sample specimen of a f~~nctionally graded coated (Diamalloy 1003 and 

Diamalloy 1005) Stainless Steel substrate. 



CHAPTER 4 

PRODUCT DESIGN, VERIFICATION 
AND OPERATING PROCEDURES 



4.1 INTRODUCTION 

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

functionally graded coatings in two ways: 

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

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

spraying 

I11 this current reseasch the latter method will be demonstrated as a method of 

producing f~~nctionally 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 systein were carried out by a 

previous researcher Hasan [49] and the resulting patent in the MPRC to deposit two 

disirnilar 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 ailtomate this device and enhance the design as recommended by Hasan 

[il-91. This chapter includes details about the proposed new design and the control 

systein by which the device becomes fully automated. 



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 

pc~wder- 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 

s~ecification 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 inust fit into the existing Hopper Feed unit systein currently 

positioned within the HVOF lab and must not restrict any other previous set up. The 

manufacturing of the device inust be limited to those provided by the DCU 

mechanical Workshop; such as; Milling, Drilling, Turning etc. The design should 

c o m ~ l y  with all necessary safety regulations. All electrical equipment inust be 

insulated and grounded. The overall operating systein should be easy to use and the 

design process should be well documented to allow for future reference by an 

operator and f ~ ~ h i r e  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 

111 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 a r e  in m n  

Needle Shaped Bol t  

, Powder Holdet- 

Bose P l a t e  

I n l e t  P r e s s u r e  

Powder Flow Tube 

U m E  
mAV1- *%CIIDU .s-. Is*- 

-*- "., . 
1 =my. & F j = z r - ~ ~  

Figure 4. I : 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]. 



Concept 1 : 

Figure 4.2 shows a sketch of Concept 1 .  (Section inarkel- 1 of Figure 4.1) This concept 

proposes two linear actuators (Lineal- 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 energisiilg the linear actuators, the needle shaped bolts 

move upwards or downwards. Two linear bearings inust be placed on the hopper 

cover plate to align the needle shape bolts and these linear bearings also provide a 

s~nooth vertical motion of the needles, thus the ultimate objective (Controlling the 

diameter of the powder flow orifice) will be achieved. 

Figure 4.2: Schematic diagram of Concept 1 
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Advantages: 

P 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. 

P 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 : 

i= 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. 

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

original design by Hasan [49]. 

Concept 2: 

F i g ~ ~ r e  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: 

P Powder pouring will be easier compared to the Concept 1. 

> Controllability should be easier. 



Figure 4.3: Schematic diagram of Concept 2. 

Powder Holder 

Disadvantages: 

2; 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. 

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

b 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. 

h 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. 

> 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 f~tlfil the requirements of 

the 111-oject; 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. M~~n~lfacture  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. Irz.sta1latiorz: 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. Col~trollability: 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 1 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 I .  In Concept I 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 1 using levels as follows: 

Better-3 x weighting 

Same-2 x weighting 

Poor- 1 x weighting 

'I'ahlc 4.1 : Wcight analysis tablc for the proposcd three concepts 

Manufacture 
-- 

Installation 

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 terins of controllability compared to Concept 1 

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. 

k 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: 

P Replacing the whole unit (Concept 3) will demand extra manufacturing time 

and cost. 

i. 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 

~nechanical 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 .  Actutor  lzolder and bearing cover: Figure A1 (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 gmub screws were used to 

fixllock 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 Izolder: This plate required re-design beca~lse; there were 

two MI0  threaded holes where the needle shaped bolt were placed in the previous 

clesign [40]. 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 hopper urzit: 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 aIlow 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 .  F~lrznel 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 .  Coi~ical shaped powder rizixing 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. 



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 coinpleted until the exact information about these 

coin~onents 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 

coinponent was completed; a ha-dcopy of each drawing was printed out and given to 

the mechanical engineering workshop for inanufact~lre. 

Some considerations were required during this drawing stage, which are as follows: 

P Developing a simple non-complex component in order to keep manufacturing 

time low. 

Ensuring that the dimensioning style was consistent with workshop practices to 

ininiinise manufacturing delay. 

4.2.6 Design of the Motor Holder 

Concept 1 was selected as the best mechanical solution, however as pointed some 

inodifications 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. 



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. 

(c) 3 -D wire frame of the Motor Holder and B d g  C m r  - - - 

Figure 4.4: Schematic diagram of the Motor Holder and bearing cover. 



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 

011 must be considered [ I  921. 

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 

al~~minium 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)=C2r2h [r=Radius and h-Height] Equation 4.1 

For a conical sliape volume (v)=113Clr2h [r=Radius and h=Height] Equation 4.2 

So, volume of the cylindrical shape was V=C2 x (511000) x (106.3411 000) m" 

= 8.35 x 10- \m3 

And voluine of the conical shape was V= 113 x R x (511000) x (8.6611000) m' 

= 2.27 x m3 



Arldir~g Ihese two, the total volume ol' the designed needle shaped tmlt was found to 

hc: 

V=#,58 x 1 0-\ns 

Figttre 4.5: Schematic of a ~ i e e ~ l l e  shape bolt for design calcula~ion. 

For Mass calculation the following equation was used: 

p=MN Ec1untia114.3 

Where, p=Density, M=Mass and V=Volu~ne. 

FOI- Aluminium p= 2.7 [ I  931 m ~ m "  

Arlcf Vor Stainless steel p= (7.5 to 8.1) [ 19.71 mg/m3 

Flence hy Equation 4.3, the mass of Alu~nininm was: 

M= p x V = 2.7 x 10" x 8-58 x 10" =23 1-62? grn 

So, the Force calculation using the following equation 

F=mg Equation 4.4 

Gives F= (231.6211000) x 9.81 = 2.27 N 

Sirnil;~~ litr- ?;rainless Steel, (Considering p= 8.0 m g h ~ 3 )  

M- Sx PO" x R.58 x 1 = 686.29 1 gm 

And tlie Stainless S tcel Force required: 

F= (686.29 11 1000) x 9.8 1 = 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 act~~ator  specification (Appendix 

B 1). 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 ratelcontrol d ~ ~ r i n g  

FGM coating and to enhance the system flexibility based on the recommendations by 

Hasan [IC)]. 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. 

Inlet pressure Tube 

Figure 4.6: Geometry of the inodel Designed by Previous researcher [49]. 

The CFD results predicted the geometry (given in Figure A10 of Appendix A) and 

shape, (shown in Figme 4.7) which would provide efficient flow chai-acteristics for 

any powders used in the DJ hopper unit. 



(a) Top Part A-B (Powder Flow Tube) (b) Bottom Part B-C (Powder Mixing 

Zone) 

Powder inlet hmpovcder blder M m  inlet 
1 / I 

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. 



4.2.9 The Control System and Two Axis integration problem 

Tlie ililn of  this research is to re-design the HVOF Feed unit as show11 the two needles 

wi I 1  be co1npUte.r controlled rather than rnanurilly controlled 1491. To develop sofiware 

cocle LO co~itrol the designed twin fced unit and monitor it in service, experimenrat ion 

was carried out to analyse the effect of thc Nickel bast alloy FGM coatings applied on 

h~ Stainless steel substrxtes. 

Fig11.e 4.8: Sche~natic diagram of computer controlled Powder feed system. 

Substrate 

Figure 4.8 represents II flow diagram of the proposed system usecl to control the 

powrler flow rate froin the dual powdel. holder to the HVOF g ~ n .  Implementntion of 

I t ~ e  control system using a computes was decided due to the following reasons: 

- 

r An existing linear inotor wid~ in  the facility was a l redy  computer controlled. 

r The ve~lical position controller for the substrnte developed by Lyons [lt)4] 

was also control led by n PC. 

A computer co~nld also he iised for other appIicsltions wrch as measurement of 

heat flow inside the sptnay booth mcl around the substrate. 

Powla I 

An automation contl-ol syslein ccsuld hc clevelopect in two ways; one as opcn loop and 

:~riotliur as closcd loop, Open loop control system tan be des~ribelcE as a ctsnrsol system 

111;1t rlnes riot heve a feedback loop and thus is #lot self-correcting. I11 contrast to an 

open lo017 c01itrol systeln, closecl loop is a control system contains an active feeclhnck 

loop. An open-loop con~rol process requit-es I~urnan intewcn tion, whereas a closed- 

Ton.dtl.11 - 

Coi~~puter Control - 



loop system is entirely automated. Figure 4.9 represents basic flow diagram of an 

open loop control system and Fignre 4.10 for a close loop control system. 

Figure 4.9: Open loop control system, adapted from [I  951. 

I n p u t  

-> Comparison c 

Measurement 

Figure 4.10: Close loop control system, adapted from [ 1 951. 



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 coinplexity 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 comlnunicates with a PC via the RS232 

serial port where the commands are sent in binary format by means of this connection. 

The LX driver interprets those binary signals and causes linear move~nent tlirougli an 

use of electromagnets. 

On the other hand, electronic pulses can be used to move linear actLmtors, 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 actLlators. 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 01- Half step) to control the linear 

actuators, thus it was difficult to interface these two different type drivers together. 

The conti-01 program also required an input parameter to determine the position of the 

s111-ay g~ln or how many passes does it complete in relation to control of the flow rate 

of ~ o w d e r  material used in thennal spraying. To solve this; a limit switch was placed 

at a certain position (approximately 213 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: 

I .  Interface capability with other programming languages (LX drive's cominand 

structure). 

2. Interface ability with the outside world, which is called I/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 110 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 language. One of these was chosen as the best software as its UO 

solution was based on LabVlEW (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 

progra~nming knowledge [197]. For measurement and automation purpose data 

acquisition cards could be used which support this software and are provided by the 

n~iu~ufacturer themselves (National Instruments). There are different types of DAQ 

cards available, and the selection of the correct DAQ card depended on the following 

factors: 

1 .  Nzu~~ber  o f  I np~~ t s  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. 



2. Saw~ple 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. Resolzition: 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-I6XE-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 [ I  981). 

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 s~lpply from the DAQ card to 

12 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" [ 1991. For a non-inverting amplifier, the current rule tries to drive the 

current to zero at point A (Figure 4.1 1)  and the voltage rule makes the voltage at an 

equal to the input voltage [ I  991. 

This leads to 

Vin - V ~ u t  -Vin Equation 4.5 
R1 R f 

and amplification 

Equation 4.6 

Therefore 

R f =  1.4X(R,)  



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 I  equal to 10 KR was selected and Rf equal to 14 KR. Unfortunately a 14 KC2 

resistor was not commercially available hence a 15 lU2 was chosen which gives a V,,,, 

of 12.5 volts and this was seen as acceptable. 

Figure 4.1 1: Non Inverting amplifier, adapted from [ I  991. 

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 

01) amp is reported in Appendix B3. Although there were three inputs into the motor 

drive board, one of these inputs, Half or FLIII step would be connected to the 

amplifying circuit. Half step gives better resolution compared to F~111 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). 



Figure 4.1 2: F~ilt two input s~rnplification circuit. 



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 

p~irchased. 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 act~~ators. 

During the selection of these components; the main concern was that those 

colnponents performance and low in cost. An investigation into the selection of 

co~npoilents provided by different suppliers was conducted to, determined one 

supplier to be chosen for the electrical components and another for the mechanical 

coinponents 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. 



The most vital part of this current project was the linear actuators and the drivers for 

them. Appendix 1 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 

Ain~lifier 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 

g~iii, 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 



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. 

2 Powder Chamber 1 
(A and B) 

Hopper cover ana 
Bearing Holder I 

I - 
Figure 4.13 : Digital picture of the newly designed dual powder feea aevlce. 



-r Bearing Holder 

C Hopper Cover 

Dual Feed Powder 
/ unit contained insid 

the Hopper unit 

Pick Up Shaft 

Figure 4.14: Digital pictureof 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 B 1. 

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 



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. 

Amplitjling 
circuit and 

P cll.ive board 
plastic 

- enclostircs 

I 
- Main power 

I' 

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). 



DAQ connection 
I '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). 

9 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. 



k Repent this cycIe as long as operator has pre-programmed to do so. 

r Coninin an option for both actuators to be operated sirnuttslneously according 

to specific requirements to allow any variation (composition) or powder 

proportion in the resulting coating microstructure to be achieved. 

At this stage it was necessary to gain a good working knowledge of tlie use of the two 

1~0gr:lrnming langus~ges (Lab VTEW ant1 LX Drive command languages) to develop a 

control progarn with thc above criteria. for software control. 

'Thc h l  lowing sections cletnil the operation of the actuators conlrol progi*;m (Lab 

VIEW) and thc LX programme used to control the linear gun motion. The opcrntion 

of thc application's code i s  first exphined then a user reference guide is detailed 

which explains all about the controls used in this program and operating procedures. 

Thc entire hlock diagram of the Lab VIEW program i s  shown in Figltrc 4.17 a11d the 

ibl lawiilg sections describes each component separately for one linear actuator 

con trnl. Fnr r? more detailed overview of pt-ogl-a111ming in Lab VJEW informalion can 

he i'ot~nrl Trom the National Instruments web site [ 1971 mnd from Wells [ZOO]. 



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 

p~irpose an OUT-PUT function named 'Write to Digital Line' was used within a 

sequence sti-ncture, which in turn results in a For Loop. The Sequence structure, 

sl~own in Figure 4.1 8, 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 

stixcture, i.e. 0 , l .  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 1 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 

01' -- 

+r r Loop X 
t 

I Lpaed control A] 

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 

p~ilse 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. 

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. Fi-om Data sheet (Appendix B1) it is found that the linear inovement of the 

actuator is 0.0508 mm (= 0.05 mm) per step. Hence the following forinula 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 

req~iired frequency for each iteration of the For Loop. Finally the output f~~nc t ion  
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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 

usiiig 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: 

P Complete a specified number of passes in front of the substrate in order 

to preheat the substrate. 

P Pause to run the Lab VIEW program to control the linear actuators, 

which will vary the ratio of the powder flow. 

b 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 rneani~lgs 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 (2.943 

Ins-') 

V10 - Sets velocity to 10 ips (ips = inches per second) (0.254 ms") 1 
L5 - Loops following code five times for pre-spray treatment. 

Pre-Heat 
Dl20000 - Sets distance to 12,0000 steps (1000 steps = 1 inch or 0.0254 m). treatment 

G - Execute the move (GO). 

H - Reverse the direction. 

G-GO.  

N - Ends loop 



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 t~lrn on to control the powder flow rate and the powder feed will 

be turn on after this). 

L16 - Loop sixteen times. 1 
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 

prograin 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 fi~nctions; one is the Read from Digital Line and 

another one is the Formula node. Read from Digital Line f~lnction 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 lnaxiinuin 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 f~~nction.  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 



limit switch so the gun cdm move off tlie swi tdi and return to i t s  starting point (end af 

the pass). Hence the event wi I1 not be counted twice. 

Sltift Rcprsrcr Pntrsc Loop Patrse Functitrn 

m o  
-a n- 

- ,  

of program 
Formula Noilc 

Whilc Loo Conrlition Termina 

Figure 4.2 1 : Counting Loop of the Lab VIEW program. 

Tlze OUT-PUT count value born the .Fo~-n~t~la nocle is compared to the value of 

n~;~ximum count pl-ovicted from the control panel inside the pause loop. If the two of 

tliese values are equal lo ench other, a true vntue is passed out side thc loop and tlte 

tnri1.c counting r~inction teminatcs. Using a NOT gate inverts this signal and sends i t  

to the condition terminal to stop the While toq>. Hence 12 true vnluc is sent to the rest 

c9f the program to signal that the spray gun has completed Ihe required number of 

passcs aknrl !he vert icnt lnovemcnc of the linear actuators will commence. 

Figlire 4.22 sliows the final park of this progrnarn that  how it is  connected between h e  

oirtl-tui or the counter and [lie linear ncruatnr control. The output signal l.rom the 

cotrnting F~inctIon passes 1hrot13h anolhel- Wl~ile  Loop (L:lbeIled as Axis Wait T~,op in 

Figure 4.22). Inside this loop the vertical increment input i x  provided from the control 

pimcl and t~luhiplied by 211e count value (ei~hcr zero or one). Vie courlter output is one 

when tlie c (~mt  value is equal to rlie maximum count value hence the vertical 

iiicreinent value will be hufrercd throuah the loop, if 1101 then the counter- output is 

zero r~nrl sa an. lience the vertical increment will he remaill as zcro. A wait f ~~nc t i on  is  
1 1  1 



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. 

Vertical 
Increment 
Signal after 
convets on 

m, " . . F +  a 
0.E' I+ /-J 

m - m a  E:3 o m - . .  , 

- 

Output  from counting 
function 

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 openlclose a powder carrying 

chamber) and was controlled from the control panel according to the following 

requireinents. The act~~ators 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). 

Tlie 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 



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. 

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 act~~ators 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: 



(i) Vertical Axis Control of the Linear Actuators 

The 1~1-ocdure used tn open the Lab VIEW PI-ogram from the DCU HVOF frlcilily 

computer is as follows: 

3 From the Task bar click the Start button + Programs -a National 

lastrements Lab VTEW 

r. Once the Lab V E W  program has opened, from Mena bar selec~ Open 

v1 
b Select the file named 'Automated powder feeding,vi' from [he 

selection window which can be found on the desktop of the HVOF 

Fdci lity cnmputer 

Whcn the File is  opened the  control panel iirterface will appear on the cornputer 

r~~onilor as shown in Figtrre 44.4. It i s  divided into Sour arcas; two of them are used to 

control Actuator 'A' [cl-cambcr A) with auto nr manual option, another two is ilsed to 

oon~rol the Acrualol- 'R' (chamber B) with the same options as mentionecl for actuator 

'A*. 



Figure 4.24: Control Panel for linear actuators 'A' and 'B'. 

This AutoIManual button is used to switch between automatic and manual option. 
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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. 
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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 
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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. 

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. 

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: 

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). 



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 d e f a ~ ~ l t  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. 

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 

niotion of the actuator occurs; once the pass counter reaches the number of passes 

entered. The default value of this counter is 5. 

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. 

This output indicator shows the number of passes that have been completed by the 

spray g~ul.  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. 



(ii) Linear Motor Control-XWare 

Thc procedure used to open the XWare program from the DCU HVOF fitcility 

coml>utcr is  as follows: 

k From the Task bar click the Start button + Programs + XWare 

P Once the XWare program has opened, from Mena bar select File -+ 
Open 

Z Select the file nilrned 'Aufornation.prg7 from the selection window. 

W l ~ c n  the file is opened rhe text editor panel will be appear- on the computer monitor 

as slinwn in Figire 4.20. It i s  important lo place the courser :it the very eiid OT the 

cuinmand sequence, after thnt press rhe F4 button on the keyboard to execute lthc 

program. 



4.4 DESIGN CALIBRATIONS AND TEST 

Tlie 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. 

Tlie 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' Sc 'B'. 

Vertical movement of 

linear actuators (mm) 

3 

2 

1 

0 

Positions of 

needles are closed 

(0) or open (4). 

Needle 

'A' 

Desired composition of FGM coating 

of different powder (%) 

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. 

Needle 

'B' 

4 

Chamber 'A' 

(Stainless Steel SS) 

---- 

Chamber 'B' 

(Nickel base 

alloy) 

25 1 75 

0 

2 

3 

4 

0 100 

5 0 5 0 

25 I 75 

0 100 



k 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 f ~ ~ l l y  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 Diainalloy 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 

Diainalloy 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 



condition. A container was placed to collect the resulting powder mixt~~re  from the 

tube connected to the pick up shaft. Visunl inspection was carried o-tit to confirm that 

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

'So measure the dcnsi ty l  FlowabiIi ty of r he three different powders one prc-measurcd 

cnniainer was used. Two volumes were used (50 rnl and ! 00 mi) and fi tlcd with 

Di :im:ll loy 1007, Diamallny 1005 and Di~malloy 200 1 separately and measured with 

scales lo dderinine d ~ e  weight of the powder separately. Using Equatioil 4.3 the 

t lci isir iea of each powcler was measured. Result of this test is rlctailed in Chapter 6. 

The summary of diis test methoct is a weighted mass (50.0 gm) of rnetal powder is  

limecl as it flows rhrough the calibrated oril jce of a funnel. Derails of the procedure 

~ u e  presented in Appendix E. 



CHAPTER 5 

MODELLING 



5.1 INTRODUCTION 

$1 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: 

P 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. 

P At this stage it was decided to modify the previous design using CFD 

FLOTRAN to predict better flow rates and better mixing ability. 

P 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 

i;; Solution phase 

P Post-processing 

Each of these is discussed with specific reference to CFD FLOTRAN modelling in 

the ANSYS FLOTRAN program. 



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

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

P Discretisation 

This is the primary step in any FEA analysis to produce the geometry of model, 

consti-ucted 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. 

Fluidised pressure bed 

Pick-up shaft  inlet 

Figure 5.1: Schematic of the geometry of the powder flow and mixing component. 



P Element Formulation 

Element formulation is concerned with assigning a shape function to the various 

elements to represent the physical behaviour of the elementlapplication. There are two 

Flotran types element available in ANSYS; FLUID 141 for two-dimensional flow and 

anotlier one is FLUID 142 for three-dimensional flow. FLUID 141 can be used to 

model transient or steady state fl~iidltliermal systems which entail fluid andlor 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 

assuined a single-phase fluid during the simulation (air and particle represented by a 

inixed gas, as the program could not cater for multi-phase systems), therefore the 

FLUID 14 1 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. 

P Application of loads and boundary conditions 

111 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 inixed flow to flow "out" of the model). 



Vel oci t y of Velocityof Velocityaf 
stainless steel Ni t r ogen Ni ckel 

powder 18 

Figure 5.2: Schematic diagram of the appl icd boundary condition. 

5.2.2 Solution Phase 

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

solution the foIlowing factors must be properly adjusted and controlled: 



> 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-0.00 125 g/cm"203] 

Stainless steel powder-8.03 g/cm' [I 931 

Nickel base alloy powder-8.602g/cm~ I931 

Viscosity 

Nitrogen gas-0.000173 g1cm.s [203] 

Stainless steel powder- 0.000173 g1cm.s 12031 (Assumed to be the same as that of 

Ni trogen1Air) 

Nickel base alloy powder-0.000173 g1cm.s [203] (Assumed to be the same as that of 

Ni trogen1Air) 

P Selection of solver 

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

I .  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. 



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 thz 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 moment~un 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. 

5.2.3 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. 



CHAPTER 6 

RESULTS AND DISCUSSION 



6.1 INTRODUCTION 

The present study investigates an innovative modification of a HVOF thermal spray 

process to prod~lce fiinctionally 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 

andlor microstruchlre, which offers the possibility of reducing residual stress build-up 

in coatings [90]. 

111 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 interr~ipting 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: 

k Description of ANSYS simulation 

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

Graded Powder Feed Unit System 

k Experimental sprayed functionally graded coatings results 



6.2 SIMULATION RESULTS 

This ANSYS simulation was carried out mainly to verify the following two questions: 

k 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 

Inlet Pick up Pick up applied to the inlet pressure 

pressure shaft (mls) pressure shaft tube and pick up shaft (obtain 

tube (m/s) from pressure plot from the 

ANSYS results) 

3470 2965 1 .OO : 1 .OO 

4470 

4722 

2965 

2965 

- 

7.25 

7.50 

3.22 

4.17 

2.25 : 1.00 

1.80 : 1 .OO 



The velocities of the stainless steel (Dinmalloy 1003) and nickel base powders 

(Diamalloy 1005 and Diarnaltoy 2005) were calculated by carrying out some 

cxpcrimental flow tests in each designed chamber and nsing equation 6. I .  

A 
Aver n p  V ~ l ~ t y  = - - 

tirnc time Equatinn 5.1 

R-om this  test it was observed that [for each type of powder particle) i t  took each 

powder 2 scconds to 1'dI n distance OF is 1 30 em. Hence the average velocity of each 

typc of powder particle flow is  65 cm/s. Tltis value was inputted as model velocities 

for [he stainless steel and nickel base alloys (see Eigtre 5.2). Figure 6.1 shows tlie two 

types of meshing tcchniqtles were usecl in each model (homogeneous mesh and fine 

mesh). 

Three cl ifferent models were applied at three different nitrogen pressure ratios ( 1 : 1 , 

2.25: 1 and I .8: 1 respectively) and the hest result was found at a 2.25: 1 pressure ratio. 

This pressure raiio was calculnted from tlie pressure plot o f  ANSYS t-esults a11rl is 

sllowrr above in Tuhte 6. I .  
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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). 



Table 6.2: Difference of velocity plot and pressure plot between three different models. 

Pressure Plot Nitrogen gas 

pressure ratio 

Velocity Plot 

1 .oo : 1.00 

2.25 : 1.00 

1.80 : 1.00 
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Table 6.3: Difference of particle flow plot between three different models. 



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:l and 1.8:l 

pressure ratios, flow trace plot revels better mixing results at the 2.25:l 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 mls was 

attained at the outlet. The velocity range of the powder flow at mixing zone is given 

to be between 0 and 15 mls. 
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/ 

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

Figure 6.3 represents the pressure plot for 2.25:l 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 
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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 d s ,  and a 

minimum velocity range found at the inlet of the powder particle 0 to 15 d 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 6.5: Velocity profile at outlet at 2.25: 1 pressure ratio (left VX and right VY). 



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:l. 

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 rnls 

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 rnls. 
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Figure 6.7: Particle flow lines for the nitrogen gas and powders for a pressure ratio of 

Figure 6.8 shows the particle flow lines for the nitrogen gas and powders for a 

pressure ratio of 10:l 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 0 to 10.49 m/s where this 

current study simulation best result, shows the outlet velocity range from 130.745 to 

147.089 rnls 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. 
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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. 



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 

(Diainalloy 1003) and Chamber 'B' was empty. 



'Table 6.4: Weight of stainless steel (Diamalloy 1003) from chamber 'A' for various 

increments of its associated Needle. 

Average 

weight 

(gm) 

2.08 

10.70 

18.98 

25.49 

Total weight 

(Container + 

Powder) (gm) 

Weight of the 

container 

(gin) 

Experiment 

Number 

80.11 

80.60 

81.96 

83.1 1 

Powder 

weight 

(gin) 

Vertical 

Increment of the 

Needle (mm) 

A14 

A15 

A16 

A17 

2.06 

2.60 

1.57 

12.21 

9.57 

10.32 

18.57 

17.16 

21.20 

26.96 

24.5 1 

25.00 

81.64 

A 1 

A2 

A3 

A4 

A5 

A6 

A7 

A18 

A19 

A20 

- 
A21 

4.00 88.52 

89.01 

1 .OO 

2.00 

8.41 

8.41 

8.41 

8.41 

10.47 

11.01 

-- 
9.98 

20.62 

17.98 

--. 
18.73 

26.98 

25.57 

29.61 

35.37 

32.92 

-- 
33.41 

90.05 

-- 
90.37 

91.52 

-- 

4.50 

A8 

A9 

A10 

All 

A12 

8.41 

5.00 

2.50 

- 

3.00 

90.01 

91.81 

90.51 

92.01 

---- 

8.41 

A13 

8 1.60 

- 
83.34 

82.10 

1 83.60 

83.03 



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 

Diarnalloy 1003. 

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 alloy1 

(Diamalloy 1005) and Chamber 'B' was empty. 
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Table 6.5: Weight of Nickel alloy1 (Dian~alloy 1005) f~-i-otn chamber 'A' for various 

increments of its associated Needle. 

Wumhcr of  Weight or !he Total weight Powder Average 

Expel-i nlen! Increment of container (Container + weight weight 

Powder) (gm> (gm) 

(gm) 
- 

B 1 

B3 

B6 

B7 

B 8 

B9 

2.50 8.41 

38.23 

44.01 

46.05 

92.49 

-- 
86.56 

88.01 

92.06 

92.18 

90.83 

9 1.48 

90.65 

92.83 

8.41 

B 10 

B11 

26.95 

3.00 

18.54 

29.82 

35.60 

37.64 

84.08 

78.15 

79.60 

83.65 

83.77 

82.42 

83.07 

82.24 

84.42 

B 12 

34.35 

80.6 1 

83.28 

83.24 

8.41 

I313 

B 14 

B 15 

18.83 25.67 

4.00 

- 
29.1 1 

B 16 

B 17 

B18 

20.70 

4.50 8.41 

B 19 

B 20 

B2 1 

5.00 8.41 

> Nickel .Alloy1 - Diamalloy 1005 



Figure 6.10 shows the graphical representation of the data obtained from Table 6.5 for 

Diamalloy 1005. Similarly a 4 mrn vertical increment of needle shaped bolt was 

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

Vertical lncrementvs Average Mass of powder flow of Nickel base allay (Diamalloy-1005) 

7 

2 3 J 

Vertical Increment lmml 

Figure 6.10: Average mass of nickel base alloy1 (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 allofl 

(Diamalloy 2001) and Chamber 'B' was empty. 



Table 6.6: Weight of Nickel alloy2 (Diamalloy 2001) from chamber 'A' for various 

increments of its associated Needle. 

I I the Needle 

Experiment 

Number 

Vertical 

Increment of 

C5 

C6 

2.00 

C18 

C19 

C20 

- 
C2 1 

container (Container + weight weight 

5.00 

Weight of the 

C7 

C 8 

C9 

CIO 

- 
C11 

C 12 

C 13 

* Nickel Al loyL- Diamalloy 20 

Powder Total weight 

2.50 

-- 

3.00 

- 

Average 



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. 

0 1 2 3 J 5 
Vertical Increment (mm) 

P - 

Figure 6.1 1 : 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 6.1 1 

for Chamber A and Figure Dl,  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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Figure 6.12: Comparison of average mass of stainless steel (Diamalloy 1003), nickel base alloy1 

(Diamalloy 1005) and nickel base alloy2 (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 densitieslmass 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 rnrn) . 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. 

- - - - - - 

1 Vertical movement vs Average Mass of powder flow 

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 rnm 

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. 



6.3.1 Difference between Material Particles 

Tlie possible reason behind the difference of mass of powder flaw between each 

powder flow Eesl (Figure 6.12) is due to die different size and shape of the powder 

particles between each other and their relative densities. To confirm these 2 

experiments were carried out as foltows: 

b Densi tylFlowabil ity rneasurerncnt 

> Optical microscope tesr 

Density/Flo w ability measurement 

To measure the density/flowability of the three different powders one pre-mensurecl 

conraincr was used. The average value of density of each powder which is shown in 

Tahle 6.7. 



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

1005 and Diainalloy 200 1). 

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). 

D 1 for Dia~nalloy 

1003 

D2 for Dia~nalloy 

1003 

D3 for Diamalloy 

1005 

D4 for Diamalloy 

1005 

D5 for Diamalloy 

200 1 

D6 for Diamalloy 

200 1 

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 Diarnalloy 2001). 

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

1 003, Diamalloy 1005 and Diamalloy 2001). 

- 

50 101.87 

100 

(For 

Diamalloy 

1003) 

364.43 

5 0 

4.901 

(For 

Diamallo 

585.31 

350.25 101.87 

y 1005) 

4.6248 

(For 

Diamallo 

y 2001) 

38.70 4.8514 

483.44 

100 

5 0 101.87 

4.8344 

568.13 

33 1.22 

466.26 

39.60 

4.6626 

4.587 

41.62 4.9676 



Table 6.8: Results o-f standard test method for flow rate of metal powders, 

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 Diarnalloy 1003. 
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Figure 6.15: Optical microscope image of Diamalloy 1005. 

Figure 6.16: Optical microscope image of Diamalloy 200 1. 



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 l/4 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 pm 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 (114 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 Diarnalloy 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 f~~nctional 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 



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 co~nposition of needle shaped bolt with 

different powders. 

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 200 1 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 200 1. 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. 

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

Diamalloy 2001); scale shows the maximum coating thickness 15 pm of the coating. 

and 
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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 

Iron (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 

ainouilt 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 %) 



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. 

%ounting lnaterial (Phenolic: 9 high casb011 content) 

TOD Coat 

Stainless Steel (3 16L) Substrate 

I Mag= 1.24 K X WD- 25 nrrl EIIT-15.00 k V  16 : 12 19-Sep-2007 

D u b 1  i n  C i t y  U n i v e r s i t y  L)otec t o r -  SE1 

Figure 6.2 1 : A SEM image of the functionally graded coating sample 2 (Diamalloy 1003 and 

Diamalloy 1005); scale shows the maximum coating thickness 15 pm of the coating. 



Elm Norm v t H  

Tota l  100 .OO 

-- , - - = " 4. .. , ; c  oars* 

Figure 6.22: Chemical composition of the first coat or the Bond Coat of Sample 2. 

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 

Molybden~un (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 



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 Iron 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 (0), 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 A1 = 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 

PI-eferable to analysis with a standard, where by that sample is cornpared to a standard 



of known composition. Otherwise many correction factors are used by the system 

during the analysis. EDS system is focused on very small volume [ I  891. 

Table 6.10: Range of Clieinical coinposition compared for FGM co;~ti~igs. 

Sample No. I Desired [62] and 

Meas~lred values and 

Trend (1' - J) 

Bond Layer wt% 

F c  Iron 67.40 (Bal.) 
--- -- 

66.55 Measured 

4.00 

38.50 

Middle Layer wt% 

69.37 

B- Boron Desired - 0 ---- -- 
Measured - Could not detect Could not detect 

- -- 
Si- Silicon Desired 1' 1 ---- 

--- -- 70.50 (Bal.) 

Top Layer wt% 

Ti- Tilnlliuin 

AIL Aluminimn 

(T) Increased, (4) decreased and (-) Not detected 

: I 3  our of 16 Elenze~i t ,~ slzo~verl rlie .va~ne trend irl cor~i l>o.r ir iol~ FGM coaririg cl1o11ge u s  tliot of bulk porvrler 

11io1er.ia1.v 

Measured 

Desired ? 

Measured 1' 
Desired - 
Measured - 

9.86 

--... 

0.09 

---- 
Could not detect 

9.74 

0 

0 ---- 
0 

Could not detect 

6.34 

<0.40 

0.42 
- 

<0.40 

Could not detect 



'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 

I-EVOF spraying. The reason the proportions are not the same as d-re stating powder 

camposi rians (that is less) is  that the cumulative wt % of these elements are dependent 

nil each ntlier; for example if one element is incre;ised/decl+eased then other elements 

will he change proportionally (in the range of 100 %), hcnce the expected 

composition is in fact lower thail would be expected. This is the reason to select the 

low Carhon ancl Oxygen contcnt composition for this analysis. However the trend 

Tram high to low or low to high composition for each element is maintained 

thl-oughout the fi~nctionally graded deposit. 



CHAPTER 7 

CONCLUSIONS 

AND RECOMENDATIONS 



7.1 CONCLUSIONS 

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

pi-ocess 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 steellnickel base alloy FGM coatings simultaneously on stainless 

steel substrate. Following this research: 

% 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. 

k 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. 

P The ANSYS FLOTRAN CFD Finite Element Analysis simulated the flow of 

the powderlgas 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 VTEW software was 

designed to control (through programming) the semi-automated powder feed 

unit device. 

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

device for f~lnctionality. 

P Post spraying; samples were cross sectioned and prepared for SEMIEDS 

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. 

P The chemical composition validation test was based on elements which were 

expected to increase1 decrease as the powder type changed across the 



functionally graded deposit. The values of weight composition (wt %) was 

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

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

will benefit research in HVOF thermal spraying. 



7.2 RECOMMENDATIONS FOR FUTURE WORK 

T i e  ~+esul ts documented in the present research are significant, however 

~*econ~mendations for f ~ ~ r r h e r  invesLigntion arc described below to enhance tlie 

~esearch area even further: 

Ilcsign and Manufacturing: 

k Modification of the Design af the Linear Actuator Holder is  desirable; to 

provide a flexible powder pouring syskm. 

Ir Strength and power of the Linear Actuators could be increased; to help to 

control the flow of the powders more accurately. 

FEA Simulation: 

P Simulation of the Finite Element Analysis could be conducted using Fluent 

CFD Software. 

Contml and Automation: 

+ Instead of  using the limit switchM (act as a counter of tlle spray gun); the LX 

itldexet could be designed to communicate with the Lab Y E W  software itself. 

Char~~ctcrisation of the Material Properties: 

T Charactcrisation and Mechanical testing of  the fi~nctionally graclecl coated 

su bstrslte (the produced coating properties) for corrosion resistance, hardness, 

bond strength, residual stress and so on c011ld bc carried out to define the 

potential nf these FGM HVOF coatings. 
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APPENDIX A-Detail Design Drawin~s 

Figure A1 : Schematic drawing of the motor holder and h ~ s h  cover. 

Figure A2: Schematic drawing of the needle shaped bolt. 

Figure h3: Schernalic drawing of the top Plate of the powder holder. 

Figure A4: Schematic drslwing o f  Ihe cover plate or base plate of the  motor mounting. 

Figu1.c AS: Schematic of the individual powder holder (491. 

Figure A6: Scllematic of the base plate of the powder l.tolder (491, 

Figure A7: Sectional assembly drawing of the base plate, the tap plate and the 

individual powder holders [49]. 

Figure A8: Schematic drawing of the Lop part of the funnel shaped powder flow path. 

Figure AQ: Schematic drawing of the hottorn part of the funnel shaped n ix ing  zone. 

Figire A 1 0: Schematic assembly drawing of the bottom funnel shnpc design. 
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Figure Al :  Schematic drawing of the motor holder and bush cover. 



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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Figure A4: Schematic drawing of the cover plate or base plate of the motor mounting. 



Figure A5: Schematic of the individual powder holder [49]. 
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Figure A6: Schematic of the base plate 1491. 
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Figwe. A7: Sectional assembly drawing of the base plate, the top plate and the 
indiviciual powder holders [49]. 
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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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APPENDIX B-Data Sheet for the EXectricaI Components 

Appendix B1: Data sheet of the linear actuators (Srock no.: RS 340-6445), actuators 

wiring instruction and drivers (Stock no.: RS 217-361 1) 

Appcndix B2: Dara sheet of AT-MIO- I 6XE- I Q DAQ card 

Appendix B3: Data sheet of this 74 1 -type op amp 
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Digital linear actuators 92000 series DLA's 

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. 

m r  

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 I ., 

k. 
I .. 

motor imparts linear motion to the screw. The maximum -~ . - 
travel of the mechanism is between 47 & 76 mm depending ',.. 1 
on the model although optional 300 mm long leadscrews - 
may be purchased to increase travel distance if required. 

The Kg2000 series incorporate a keyway in the actuator's output 
slideway thereby providing the spindle with linear motion. This 
design is ideal for drivingspring loaded mechanisms over limited 
travel. 

Typical performance 

921 00 series 

12 
- -  10 
z - 8 

6 

f 4 
2 

0 
0 100 200 300 400 

steps per sec. 

9221 1 series 

20 -- 
15 - 

m 
2 10 
0 
LL 

5 

0 
0 100 200 300 400 

steps per sec. 

- - 

L92411 

80 

Z 60 - 
40 

0 
20 

0 

0 100 200 300 

steps per sec. 

The above performance describes pull-in ( startlstop ) operation when the actuators are driven with an LIR drive. 
Increased performance can be obtained with Ll4R drive techniques using drives such as the EM162 series 

Specification 

Kg2211 -P2 

0.001 10.0254 0.001 10.0254 
2 

L92000 series using standard screw mm 
using extended screw m m  

Kg2000 series m m  
Maximum Pull-in rate Stepslsec. 

Stepslsec. 

-- 
Mass Kg 
Nominal Voltage-( LIR Drive ) Vdc 

Inductance per phase m H  2 9 5.0 3 0 25 
Suitable drives SAA 1027 MSE422 SPA 1027 MSE422 

MSE422 EM162 MSE422 MSE542 
EM162 TM 162C EM162 EM 162 

Alternative low inductance models are available to special order, 

Mclennan Servo S~~ppl ies Ltd. Tel: +44 (0)8707 700 700 www.mclennan.co.uk Mrkc~~nt~rj 

47.6 
259 
12.7 

380 
650 * 

Radial Ball 
0.0425 

12 
84 

0.146 
Resistance par phase 
Current per phase 

Ohms 
Amps 

47.6 
259 

N / A  ----- 
425 
700 * 

Radial Ball 
0.0425 
5 

15 
0.333 ----- 

47.6 
215 

22.2 
425 
700 * 

Radial Ball 
0.198 

12 
5 8 
0.208 

76.2 
233 

N I A  
275 
400 * 

Radial Ball 
0.45 

12 
2 5 
0.453 



Dimensions mm. 921 00 series 

L92100 series Kg2100 Series 

@ 3.66 

#4-40 UNC threa 
eads 304.8 rnrn long 

92200 series 

L92200 seires Kg2200 series 

120.7 Leads: 304.8 rnrn long 

Versions illustrated with optional heatsink 

92400 series 
L92400 series with optional heatsink 

2 point fixing 0 6.73 

9.4 

Leads: 304.8 

Optional Leadscrews for 'L' series actuators: 

O p t ~ o n a I  300 mm long L f 'L' series actuators 

Mclennan Servo Supplies Ltd. Tel: +44 (0)8707 700 700 www.mclennan.co,uk Mc~er7~nan 



Issued 1 Hei-a usgegeben / Publicado 1 Publication I Publicaf to 

Instruction Leaf let 
Bedienungsanleitung 

Ho jas de instrucciones 
Feuille d'instructions 
Foglio d9instruzioni 

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 

I 

I RS stock 1 1 4 5 6 

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

leadscrew 

stock no. 

340-6445 Linearstellglied 7,23 N 
340-6467 Linearstellglied 12,5 N 
340-6473 Linearstellglied 20,9 N 
340-6489 Linearstellglied 88,O N 

Eine 305mm lange Leitspindel ist ebenfalls lieferbar. Sie kann als 
Ersatzteil oder zur Verlangerung des Verfahrwegs verwendet 
werden. 

RS  Components shall not be l~able 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 US technical literature. RS Components haftet nicht fur Verbindlichkeiten oder Schaden jedweder Art (ob auf 

Fahrlassigkeit von RS Components zuruckzufijhren oder nicht), die sich aus der 
Nutzung irgendwelcher der in den technischen Verijffentlichungen von US 
enthaltenen lnforrnationen ergeben. 



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,O N 

I I 

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

Codgio 340-6467 340-6502 B 
340-6473 340-6495 A 

RS Components no sera responsable de ninglin daiio o responsabilidad de cualquier 
naturalera (cualquiera que fuese su causa y tanto si hubiese mediado negligencia de 
RS Componentscomo si no) que pudiese derivar del uso de cualquier informacibn 
inclu~da en la documentation tecnica de RS. 

340-6445 Actionneur lineaire 7.23 N 
340-6467 Actionneur lineaire 12.5 N 
340-6473 Actionneur lineaire 20.9 N 
340-6489 Actionneur lineaire 88.0 N 

Vis sans fin de 305 mm (12 po) egalernent disponible, qui peut 6tre 
utilisee cornme piece de rechange, ou pour allonger la 
course. 

Actionneur lineaire avec Vis sans fin 
vis sans fin standard 

340-6445 340-6495 A 
cornmande 340-6467 340-6502 B 

340-6473 340-6495 A 
340-6489 340-6524 C 

La societe RS Components n'est pas responsable des dettes ou pertes de quelle que 
nature que ce soit (quelle qu'en soit la cause ou qu'elle soit due ou non a la 
negligence de la societe RS Components) pouvant resulter de I'utilisation des 
informations donnees dans la documentation technique de RS. 

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 

RS Volt 

E' disponibile anche una vite madre lunga 305mm (I?), che puo 
essere utilizzata come ricambio o per aumentare la lunghezza di 
corsa. 

alternativa 12" 

340-6467 340-6502 B 
340-6473 340-6495 A 

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



issi~ed / Hemusgegeben / Publicado / Publicaljon 05/2001 V6771 

4-Phase Unipolar Stepper Motor Drive Board @ 
4-Phasen-Einpol-Schrittmotor- 

Antriebsschaltung 
Instruction Leaflet 

a 
Bedienungsanleitung Tarjeta controladora para motor paso a paso 

unipolar de 4 fases 
Hojas de instrucciones 

CE_) 
Feuille d'instructions Carte d'entrainement de moteur pas-a-pas 
Foglio d'instruzioni unipolaire quadriphase (33 
Betjeningsvejledning Scheda di trasmissione per motore passo- 

Instructies passo unipolare a quattro fasi 
Instruktionsfolder 

a 
Driverkort ti1 4 faset, enpolet stepmotor (%& 

Besturingskaart voor enkelpolige 4-fasen 
stappenmotor 0 

Drivkort fiir 4-fasig unipolar stegmotor a 

Ci 

@ Board conneclions a Cannexions de carle 
A 

A Exlerllal cannecl~ons A Commandes exlernes 
B Full I Ihall slep 8. Pas complel, deml-pas 
C Clock C tiorloge @-A- 
D Dlrecllon D. Direcllon c 
E Presel E Pr6rBglage 
F Aunlno#y odlyul 12VDC,50ma F Sorlle auxllialre 12 V c c , 50 I ~ A  

ti rnzrr-n 

G B O ~ I N I  5 ~ l p p y  [r5-30VDC) G.Alimenlalion de carle (15-30 V c.c.) E -A- 
H Boerr l ,~r~u~nmof  may share llle same supply H.La carle e l  le lnoleur peuuenl parlager la meme 
I +V mn1r.r l.*ftllC max) alimenlallon 
J All i:orrrl r a~~ rwc l l ons  are lo Ihe 'N s~de  I. Tensun paslllve du moleur (30 c c. maxl mum) 

01 Ihe DIN connector J. ~ o u l e s  les conmx~on; d a r l e  s o l s  6 I b  A b - -  
K Molor vlindings 0 1  - 0 4  du cannecleur DIN 
L Osc~llatar control lnpuls K Boblnaye du moleur -. 

E .  -1- 
M.On-board osc~llalar [when assembled) L Enlrbes de commande de I'asclllaleur 
N (see o.rd.rter skcllmh M.Dmlh ln#n atr car* [m mid) o 
0 .R = 

+VMolof. ltnlwt w n M  ~!Ahrl~ N. (vow 1,) snrllan FLW FTTX.IIIIIP~~I~J 
rL,*ln<l Y I I I I ~ I ~ ~  rurmrll O.-R T n l l w n  r ln Imhmoc rln mlm r Y  a Schallungsanschll jsse (: l l~rnn l  rmr,,rc?' '1,. 4,~[1#11~ 

A exlerne Regler 
a Collegarnenti della scheda a Aansluit ingen kaarl 

B Voll-IHalbschnll A Conlrol esleml A. Exlerne aanslullingen 
C Uhr B Paso lnlero I melH B Volled~gelhalve slap 
D Rlclltuny C Draloglo C.Klak 
E Voreinslellung 
F H~lsausgang 12V Gle~chslram 50mA 

D O~rez~one D.Rlch11ng 

G Scl~allungsnelr (15-30V Gle~chslrom) 
E. Preregolalo E Voarlnslelling 

H Scllallung und Malor kolrnen das glelche Nelz ~,~~~ka,~~b',":'"d21~V,",~ed","';1",.30V ,, ) 
F Hulpu~lgangspann~ng 12 V yelljkslroom. 50 mA 

tellell 
G. Voedlng kasrl (15 - 30 V geljkslroom) 

I +V-Malor (30V Gle~chslrom max.) 
H.La scheda e 11 molore possono canriiv~dere la H.Kaatl en molor kunnen derellde voed~ny gebruken 

J a l e  Schallr~~~gsanschlusse slnd aul der'a'-Selle 1, ~ ~ ~ r a e ~ { ~ ! ~ ~ ? , , a x  ] 
I. +V molor (maxlmaal 30 V gel~~kslroom) 

rles DIN-Verblnders TUll,I COllegamenli dl scheda sllulali sul lalo 
J AIle kaarlaansluillngen 2l1n aan de 'K-zllde van de DIN- 

K Malorvilcklilngen 0 1  - 04 a' d e  connellore DIN 
conneclor 

L Osr~llalor-Regelelngange K. Ellellroavvoly~menll 0 1  - 8 4  
K. Motorwlkkellngen 0 1  - 0 4  

M.Scl~allu~~gs-Oszllator (wen11 lnanllerl) L Enlrale dl conlrollo dell'oscilialore L. Regelingangen osclllalor 
N s e l w  Osz~llalar-Abschnlll M.Osc~lla1are su scheda (quando assembla lo1 M Geinlegreerde oscillalor (~ndlen ge~nanleerd) 
0 .R = +V-Molor. Nennwlckelspannung N Vedl sezlone Osc~llalore N [Zie gedeelle over osclllalor) 

Nenniu~ckelslrom .R "lurt - v .  lulalnmr n m k d w n ] ( m e n l o  0 .R =+V malor - namlnale wlkkellngsvallnlng 

a Canexiones de la tarieta - ~ n ~ r c n ~ o  r-n~-*lr~m CIS ?vv:~>l~rn~.ru.) 
nom~nale w~kkel~ngslroom 

@ Tilslulningsr pa korl Kortansluiningar 
A Conlroles exlerlores 
B Paso enlerolmed~o A.Ekslerne lorb~ndelser A Exlerna anslulnlngar 
C Relol B Hel-I halvslep 8. HelIhalvl sleg 
D Senllrlo C Ur C. Klocka 
E Prealusle D FIctmn D . R t i l n r ~ ~  
F Salda aux~ l~a r  12Vcc 501nA E For~rrlrulUUet E. F n r ~ c s l a h q  
G Amenlacldn de la laqela 15-30V F H ~ : ~ l y o i ~ r v u l  lam. F F;rll,trg~Ang i 2  V aC 60 mh 
H La lariela y el molor p ~ ~ e d e n  comparllr la lnlsma ~ . s ! ~ ~ ~ , ~ ~ l ~ ~ ~ . ~ ~ , ~ ~ ~  ~nk,on\~ilr.mV DC) Q S l ~ ~ > r r ~ ' & r ~ h t ~ t ~ ~  bH km l  115-30 V OCi 
I +V  nol lor (3OVcc m i x )  

Todas las conexlones de la son hac,a el 
H ~ c r ~  WI 11.:.104 l ~ l r  f j o ~  p.mlnlne slromlorsynlng Ii Kr.rr I*-I> rnu:b3nndi:u,!x Ir,\rr raarllilr slromlorsorlnlog 

I ..:' nloror (.,Car, m ~ k r  L I WV molar !rl:sr :LO V CICJ 

lado 'N del coneclor DIN ,,.lr Ilorl!li.. 17P, el 1N slden DIN slikkel 1. S ~ ~ l ~ l l ~ g r n  i ? l ~ :~ I~ l n~ :~g i l t  til? LO l l l l l gM  IIA DIN- 
K Arralam~enlos del molar 0 1  - 0 4  K. Molurr~mv.:~~ r r  6 1  - 0 4  .III.-~UIPIIIII,I:~~ -11.-..111? 
L Osclllalor conlrai ln uls K Mu'n4~o~mb~ngn~ O; - 0 4  
M Enlradas de coolroPdel oscilador fE oscflador de ~ ~ ~ , ? . ~ ! ~ ~ ~ ~ ~ '  $ ; r ? ~ ~ ~ ~ o n f e r e ~ )  L SI, ~ ~ r u , L ~ n l ~ ~  III! fi\c'!mlm 

la la i lnu ( 1 4  va rnwmdol N (5 ,,,I ~nrr ,  r. C, 1~~101) M lnl;ylllrl v',1..1'11111# [ I I ! !Y~~]  
N (venr.,. lu ~ c c c i m  (k1 u~tIladOIJ r V.18,>u, - I < . r , r h w ~ k ~ M T m n  N (Se r ' , ~ ~ l ~ : b ! ~ ~ r , u v ~ , ~ ~ ~ t ! r ~ l l  

!,lr~lr.l~.~~~,n(lsslmrn 0 .R = ,V h6u:or - I ~ r ~ r ' ~ ~ r ~ ~ m ~ l L I l l l m a D u l l l l l n U  
LI"--II,II-WIIIIE trrnIk$Huln 
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A B 

C D 

@ 
A Open colleclor T.T.L. A 1TL en colector abierto 

a 
A. 1TL a collettore aperto 

@9 
A. Open collector TTL 

0 C.M.0 S. (operating B +12V) 0. COMOS (trabajanda a +12V) 8, CMOS (funzionante a+12V) 8. CMOS (lunctioneert bij + I2  V) 
C Opto-coupler C Optoacoplador C. lsolatore ottico C. Optokoppelaar 
D. Simple swilcli D. interruptor simple 0. Cornmutazione sernplice D. Eenvoudige schakelaar 

E 3  m 
A. Collecteur ouverl T.T.L A. Aben kornrnutator TTL 

G9 
A. Offenkollektor-TTL A. TTL med nppen kollektor 
8. CMOS (Belrieb B +12V) 0. C.M.O.S. 8. C-MOS. (drifl ved +12V) 8. CMOS (drillspZnnlng + I2  V) 
C. Optokoppier (fonctionnant a + I2  V) C. Optokobler C. Optakopplare 
D. Einlachschalter C. Photocoupleur D. Sirnpel bryder 0 .  Enkel slrBrnbrytare 

D Contacteur simple 

1 2 

RS 332-947, 332-953 RS 440-464 

1.7.5" Stepper motor a 1.Motw ~ p m 0  ds7,5' 1.7 5" Motore passo-passo 1.7,S0 stappenmotor 
@ 2.1.8" Stepper motor a.Motor apeso #e 1.8. a 2 . 1 : ~  Motore passo-passo 2.1,8" stappenmotor 
A Black a. ~ e g m  A. Nero A. Zwart 
0. Orange 8. N,ir,mjn R Arnnclm 8. Oranje 
C. Red C. flnln C. nosso C. Rood 
D Yellow 0. nli l rulk I). Gtnlln D. Geel 
E White I Black E. Alnnco E flmo E. R~I I~ :o  t IICIO E. WiVzwart 
F. While I Orange F. Rleucn E f k ~ f ~ n J a  F. Irrothco IsranUoIla F. WiVoranje 
G Red I White G Tlnlu l hluncn G, nrrsso l hlnr ic~ G. Roodlwit 
H Yellow I White H Arnnrlnol hl i lwo H Cilnlln l hlnneu H. GeeVwil 

1.7,5'-Schritmotoren 1. Moteur pas a pas 7 5" 1.7,5' stepmotor 1.7.5" stegmotor a 2.1.8"-Schriltmotor a 2. Moteur pas a pas 1:8" @ 2.1,B" stepmotor @ 2.1,8" stegmotor 
A Scllwrur A Noir A Sort A. Svarl 
I I  Uri,ll(r! 0 Orange 8. Orange 8. Orange 
c no\ C. Rouge C. Red C. Rbd 
a c~l l l  0 Jaune D Gul D. Gul 
E w~ l f r  r Wlvrar2 E. Blanc/nolr E. Hvid I Sort E. ViVsvart 
F \'?118n I ~ i ~ ~ ! b ~ ~ ~ ~  F. Rlanc/orange F. Hvid 1 Orange F. Vitlorange 
13 l4i1l: We10 G. RougelRlanc G. Rod 1 Hvid G, Rbdlvit 
H Gcth Wrll* H. JaunelBlanc H. Gull Hvld H. GuVvil 



G 3  
A To pln 24a 
8. Running speed conlrol 
C Clock output 
D Slarting (base) speed control 
E Stop 1 run (12V)/(OV) 

R22 100K<l resislor RS 131-491 l off 
R23. 24,25 lOKn resistor RS 131-378 3 otf 
D6, 7. 8. 9 signal diode RS 271-606 4 O W  
IC6 CMOS I.C. RS 306-645 1 olf 
R26, C11 & C122 (value depends on application) t olf each 

A. An Stilt 24a 
B Laulgeschw~ndigkeitsregslung 
C Uhrenausgang 
D Start- (Basis-) Geschw~nd~qkeitsregelunq 

- .  . 
D6, 7. 8. 9 Signaldiode RS 271-606 
IC6 CMOS-IC RS 306-645 
R26, C11 8 C12 (Wert hangl von Anwendung ab) 

R control de la velocidad de funcionamlento - -~ 

C. Salida de relo] 
D. Control de la velocidad iniclal (basica) 
E. Parada / rnarcha (12V)I(OV) 

R22 Resistencla 100 W1 RS 131-491 
R23. 24. 25 Resistencia 10 W1 RS 131-378 
D6,7,8,9 Diodo lndlcador RS 271-606 
ICG CMOS I.C. RS 306-645 
~ 2 6 , c l l  & C122 (valores seglin apl~caciirn) 

rn 
A A la Ilche 24a 
8. Cornlnande du reqlme de fonctionnemenl 
C Sortle d'horloge 
0 Commande de regime de ddmarrage (base) 
E Marclielarr6l ( I  2 V)I(O V) 

R22 Rdsistancs 100 KC1 RS 131-491 
R23, 24, 25 R~slslance 10 K$1 RS 131-378 
DG, 7. 8, 9 Diode de signal RS 271-606 
IC6 CMOS I.C. RS 306-645 
R26. C11 e l  C122 (la valeur depend de rapplicalion) 

1 SlOck 
3 Sliick 
4 Sluck 
1 Stuck 
je 1 Stuck 

1 Ud. 
D ud, 
n ud 
1 Ud. 
1 de la cada 

- ~~ 

C. Uscita orologio 
D. Controllo veloclta di partenza (di base) 
E. Arrest0 l esecuzione (12V)/(OV) 

R22 resistore lOOM1 RS 131-491 n.1 
R23, 24. 25 resistors 10kCl RS 131-378 n.3 
D6, 7. 8, 9 diodo dl segnale RS 271-606 17.4 
IC6 circuit0 integrato CMOS RS 306-645 n 1 
R26. C11 e C12 (11 valore dipende dall'applicazione) n 1 clascuno 

@ 
A. Til ben 24a 
0. Regulering af korehastighed 
C. Ur - output 
D. Regulering af starthaslighed (basis) 
E. Slop / kor (12V)/(OV) 

R22 IOOKOhm modstand RS 131-491 
R23. 24,25 lOkOhm madstand RS 131-378 
D6. 7. 8, 9 signaldlode RS 271-606 
lC6 CMOS-IC RS 306-645 
R26, C11 og C122 ( v ~ r d i e n  afhznger af anvendelsen) 

@ 
A. Naar pen 24a 
8. Bedrljlsloerentalregeling 
C. Uitgang klok 
D. Basistoerentalregeling 
E. UII bedrijflin bedrijf (12 V)/(O V) 

W 2  100K$2 weerstand RS 131-491 
R23. 24.25 10KIl  weerstand RS 131-378 
D6, 7, 8. 9 slgnaaldiode RS 271 -606 
IC6 CMOS lC RS 306-645 
R26. C l l  & C122 (waarde hangt van toepasslng af) 

G9 
A. Tlll stiR 24a 
B Va~talsreglering 
C. Klockutghng 
D. Starl(grund)varvtalsreglerlng 
E. Stopplkbr (12 VIO V) 

1 slukket 
3 slukket 
4 slukket 
1 slukkel 
1 Ira hvel 

1 stuk 
3 StUk 
4 stuk 
1 stuk 
ieder 1 stuk 

R22 Reslstor 100 kc1 RS 131-491 I st 
R72 74 75 Resistor 10 ki1 RS 131-378 3 d . - -, - , - - 
D6.7.8, 9 Signaldiod RS 271-606 4 st. 
IC6 CMOS lC RS 306-645 I sl. 
R26, C11 och C122 (vardetberor pA lillampningen) 1 st. av varle 
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@ a 
A Drive board A.Scheda di trasrnissione 
B Use mulli-lurn patenliomelers B. Usare polenziornetri rnuiligiri 

(VRI & VR2) (VR1 & VR2) 
C Running speed conlrol C Controllo deila veiocili di 

t 
I 

Motor speed-ramping Caratterislica d i  @@ characteristic progresslone-velocita 
A R22 x 611 lime conslant del rnotore 

(lyplcally 50rns) A Conslante di tempo R22 x C11 
8. Base speed (lipicarnente 50rns) 
C Swilch On B VelocitB di base 

D Base speed canlroi ese~uzlone 
E Slop I run D Canlrollo delia velocili di base 

F OFF E Arresla I esecurione 
G ON F ON 

D Swl On C. Accensione 
E Ramp-up D INTI ON 
F Running speed E Pmgressione 
G ~ w l  OH F. VeiocilB di esecuzlone 

H Run G OFF 
i Slop H.Esecuziane 

I Arreslo 

A Anlr~ebsschallung a 
B benutzen Sle ~nehrgsngige A Driverkorl 

Polenliometer (VRI a VR2) B Anvend polent~ornelrs, der kan 
C Laufgesci~windigke~lsregelung kore fiere orngange (VRI og VR2) 
D Grundgeschwindigke~ts- C Regulering af korehastighed 

Regeiung D. Regulering af basisslarlhaslighed 
E Slopp I Lauf E. Slap I ker 
F EIN F Slukkel 
G AUS G Tsendl 
H.Lauf H.Kor 
I Slapp I. Slap 

rn @ 
A Tarjela conlroiadora A Besturingskaarl 
B Ulllizacldn de potencidmetros de B Gebruik 

vuellas multiples (VRI y VR2) rneergangenpotentlarnelers 
C Control rle velocidad de rnarcha (VRI & VR2) 
D conlrol de la velocldad beslca C Bedrijisloeranlalregeiing 
E Parada I marcha D Basisloerenlairegeling 
F OFF E Uil bedrljWln bedrill 
G ON F Ull 
H Marcha G.Aan 
i Parada H.ln bedrijf 

H Decay G lNTl OFF 
I Swilch Off H Smorzarnenlo 

a Motorgeachwindigkeit- I Spegnimento 
Antiegseigenschaften a Matorhastighed - 

A. R22 x C11-Zeilkanstanle accelerationsegenskaber 
(lyplsch 50117s) A. R22 x 611 lldskonslanl 

B Grundgeschwindigkelt (lyplsk 50rns) 
C AUSschallen B Grundhast~ghed 
D SWl  AUS C Brydertsendl 
E Abfail D. Br. 1 land1 
F Laufgeschwindigkeil E Accelleration 
G SW1 EIN F Kerehaslighed 
H. Anslieg G B r  1 slukkel 
i ElNschalten H. Henfaid 

rampa vs velacidad del 
Characteristlcas de la I. Bryder slukkel 

@ Karakterlstiek van de 
motor oploopsnelheid van het 

A. RZ2 x C11 conslante de tiernpo motoltoerental 

(norrnel50rns) A. R22 x C11 tiidconslanle 
8. Velocidad base (slandaard 50 rns) 
C. lnlenuplor Coneclada 8. Basislaerental 
D lnterruplor 1 C. lnschakelen 
E Rarnpa de aceleracidn D. Schakl aan 
F Velocidad de rnarcha E Oploop 
G lnlerruplor 1 Descansclado F. Bedr~fsloerenlal 
H Deceleracldn G. Schakl  uit 
I. inlerrr~plor Descondeclado H. Velvai 

I Ult bedrijf a G9 A Carle d'enlrainement 
B Ul~liser des potenl~om8lres a A Dnvkod 

plus,eurs lours (VRI el  VR2) B.AnvBnd flerva~spolentiometrar 
C Commande du reglme de (VRI ach VR2) 

foncttonnernenl C Varvlalsreglerlng 
D commande du reg~rne de base D Grundvarvlalsreglering 
E Arritlrnarche E Stopplk6r ( I 2  V/0 V) 
F ARRET F. Fr ln 
G MARCHE G.TiII 
H Marche H Kdr 
i Arr i l  I Slopp 

m Caracteristique I. Uitschakelen 
d'acdl-jration du regime 
d u  moteur @ rampkaraktaristik 

Motorvarvtal. 

A Temps de rnlse en A R 22 x C 11 lldkonslanl (lypiskl 
lonclionnemenl R22 x 611 50 rns) 
(habiluellemenl 50 ms) B Grundva~lal  

C Acc6leralion D. Brytare 1 1111 

B Regime de base C. Slrarnbrytare 1111 

D Conlacleur 1 allurn6 E. Uppramp 
E Mise en marche F. Drikanrtal 
F Regime de fanctionnernent G- B~~~~~ 1 han 
G Conlacleur 1 =leint H. Avklingning 
H Exlinclion I. Str6mbrylare f r ln 
I. Ralenlissement 

A (R26 = - VR2 = min.) 

10' @ 
A Base frequency 

a 
vn! . lo?k A. Frequenza di base 

a G B  
A. Grundfrequenz A. Gwndfrekvens 

lo'  10' 

10' 

0 

1 
911, A. rn Frecuencia base A. @ Basislrequentie 

a G9 
A. Frequence d e  base A Grundfrekvens 

10 ' 10, 10' 10 ' I C12(,tll 
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Max. power dissipated through R = (rated motor current) 2 x R. I i  the power 
dissipation is high it is advisable to arrive at the requ~red value of 'R' by uslng 
a nelwork of serles or parallel resistors. (The use ol higher wattage resistors 
and heat sinks may be required). 
Max. current consumption (motor & board) = 2 x (currenl per phase) + 60mA. 
Thus ensure power supply cables used are suflicientiy rated. 
External control signals e.g. lulllhalf step, direction etc. as well as the 
oscillator (if f~lted) s t o p / ~ n  signal can be applied to the clrcull in any of Ihe 
melhods of Figure 2. 

Connection to RS stepper motors 

69 a 
A Max running lrequency A .  Frequenza dl esecuzione max. 
I base frequency I frequenza dl base 

@!D 
A. rlbor. L;nrlirnq~m I A. Maks. karselsfrekvens 

When the winding of the RS stepper motors are assigned (81 - 04)  as shown 
in Figure 3, they can be connected to the board according to Figure 1. 
If the supply voltage is set to 24Vdc then 'R'values for use with the RS motors 
are given in lable 1 below. 

Table 1 

Rated Rated Power 
G ru r~ r l r r~~ rc r r r  I grundfrekvens 

G 9  
A. Ffccul!~ruln ~lenlaterl;i rnhlrne A. Maimale bedrijfsfrequentie/ 
I Irnruenr:lll llnCc basisfrequentie 

G9 
A. FrcWUCnCr! maYlmln rlu A. Max. driilfrekvensl 

lonctinnnemnl I grundlrekvens 
I r b ~ l m r m  rlo 1%-0 

@ A  Lr B 
I 
I 
I 
I 

Min. C Max. 

@ a 
A Max running lrequency A. Frequenza di esecuzione max. 
B Base lrequency 8. Frequenza di base 
C. VR2 selling C. lmpostazione VR2 

a @ 
A max. Lauffrequenz A Maks. k0rselsfrekvens 
B Grundfrequenz 8. Grundfrekvens 
C VRE-E~nslellung C. VR2-~ndsliliing 

CD 09 
A. Frecuencla de marcha maxima A.Maximale bedijfsfrequentle 

@ 
through R (W) 

332-953 0 24 12 47 
440-464 10.5 

For other details and motors performance refer to RS data sheet on stepper 
motors. 

On-board oscillator assembly 
i f  external clock source is not available, on-board oscillator can be assembled 
simply by soldering into place the required RS Componenls listed below. 

Note : the oscillator clock output must be externally wired to the clock, input- 
pin 24a. 

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

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 iinal value (the runnlng motor 
speed). This iacllity is available lo start the molor wllhin its pull-ln performance 
region and then accelerate the motor lhrough so that it can operate w~lhin the 
pull-out mode. On switch-oif the motor decelerates automatically. 

Three parameters need to be determined for any application : 

a) The starling speed: this should be below the pull-in speed tor the motor 
(with any additional load). 

b) The runnlng (final) speed: this should be within the pull-out capability of 
the motor (with any additional load). 

c) The acceleration and deceleration rate belween starling and running 
speeds: this Is lhmiled by motor capability to accelerate through its own 
(plus any load) inertla, 

Oscillator controls (external) 
Note : Oscilialor frequency corresponds directly to motor speed in stepis or 

half step/s depending on motor drive mode. 

For a 1.8' stepper motor : 

speed in revs / min = 60 x speed in step/s 
200 

8. Frecuencla base 8.Basisfrequenlie 
C Alilsl de VR2 C.VR2 instelling 

G 9  
A. Frequence ~naximale de A. Max driltlrekvens 

foncllonnement B Grundfrekvens 
8. Frequence debase C. VR2-installning 

or 
speed in revs / min = 60 x speed in 'hall' stepls 

400 

For a 7.5- stepper motor : 
speed in revs 1 min = 60 x speed in stepls 

48 
C. Reglage de VR2 or 

speed in revs I min = 60 x speed in 'half' slepls 
96 



Oscillator frequency setting 
Recolnlnended component values : 

VRI 0 - 1MC1 
VR2 0 -  lkb> 
R2G 0 - 10k<l 
C12 greater lhan IOOpf 

Deler~iilne the base frequency and mavitnum running frequency. Using F I ~  7 
a ~ l d  Ilie base frequency value choose a value for C12 and VRI. Calculate tlle 
,alto max runnlng irequencylbase lrequency to determine the ratlo : 

VR1 + R23 (lixed at 10kIl) 
- 

Mi5 

a ~ l d  thus uslng Flgure 8 eslablish the requlred value lor R26. 

Once all component values are established and assembled the oscillalor 
frequency range IS as shown in Figure 9. If SW1 is 'OFF' the oscillator runs a l  
hase irequency. When SW1 in 'ON' Ihe osclllalor builds up (at a rate 
depending on R22 x C11 time constant) to a frequency determined by VR2 
seltlng 

WARNINGS: Turn OFF power supply before Connectlng or disconnecllng 
any wlrlng, c~rcuitry, molor etc.. to Ilie board. 
DISCONNECTING THE MOTOR WITH THE POWER ON 
WILL DESTROY THE RSAIT134. Molor windings can 
generale very high discharge vollages. 

Technical s~eci f icat ion . - - - ~ - - -  - 

S~ze standard Euro card (168 x 100 x 15) 
Mat~ng edge conneclor standard 32-way DIN 41612sockel e.g. 

-- (RS stock no. 471-503 or 467-453) 
Supply (board and lnolor) 15-30Vdc + 10% max. 

unregulated smoothed 
Current consumption: 

Board o ~ i l y - ~ -  GOmA 
Motor w~nding dependent on Ihe molor 

used-up to 2A per phase max. 
On-board auxiliarv output l2Vdc 50mA max. regulated 
Svi~tchlng log~c cdn~ ro~  ( C M O ~  and open collector T.TL, compatible): 

Level '0' OV 
Level '1' 12V 

I~ipuls plns: 
25.Full / lhall step Level '1' full step / Level 'O' half step 
23. Direction. Connecting lhis pin to Zero volts will change Ihe 

direclion of the motor. 
24 Clock 1 Hz-25kHz, lops mln. pulse 

width negatlve edge triggered. 
22 Preset -Active Level '0' set motor drive states to 01, & 0 3  'OFF', 

0 2  & 0 4  'ON' (lull step mode) 01,  
Q2 & 0 3  'OFF'. 0 4  'ON'(Half step mode)-see Figure 1. 

Automalic presel at switch-on 

R S  Colnponenls shall no1 be liable tor any liabillly or lass ol  any nalure (howsoever 
~suserl anrl ivheliwr or no1 due l o  RS Componenls' negligence) which may resull 
l ror  Ihe use ot any I!,larmal~on provided ~n RS lechnical literature 

Maxllnale durch R verlorene Leistung = (Motornennslrom)P x R. Wenn die 
Verlustle~slung hoch  st, ist es ratsam, zum eriorderllchen Werl von R durch 
Vsrwenduna eines Netres von Reihen- oder Parallelwiderstanden zu 
geiangen i ~ e r  Gebrauch von Widerslanden hdherer Wattzalil und 
Warmesenken kann notig seln). 
Maxtliiaier Slromverbrauch (Motor & Schaltung) = 2 x (Slrom pro Phase) 
+(iOlnA. Veroew~ssern Sie sich daher, daB benutzte Leislunqsnelzkabei 
ausre~cliende Nennleistung haben. 
Exlerne Regelslgnale, r B. Voll-/Halbschritl, Rlchtung usw., und auch das 
Oszillator- (wenn e~ngebaul) 
Slopp-ILaufsignal konnen auf den Schallkrels durch jegllche der Methoden In 
Abb. 2 arlgewendet rverden 

Tabelle 1 . - - -. . - . 
Nennstrom Nennwicklungs- 1 R Verlustleistung 

Motor (A) spannung (V) (0) durch R [W) 

332-947 1 0 , i  I 12 

Fbr andere Konstruktionseinzelheiten und Motorenlelslung bezielien Sie sich 
auf RS-Dalenblatl tiber Schriltmoloren 

Montage des Schaltungsoszillators 
Wenn externe Uhrenquelle nicht verlugbar  st, kann ein Schaltungs-Osz~llator 
einfach monliert werden, indem die unten angegebenen RS-Bauleile elnfach 
in Stellung gelntet werden. 

Hinweis: der Osz~llator-Uhrenausgang muR exlern an dle Uhr verdrahtet 
werden, Eingangs-Stift 24a). 

Wenn Osz~llator-Fernsleuerunoen erlorderlicli sind fz. 8. 

Kabelgehause ~ ~ 4 6 7 . 6 2 7  und Ouetscianschl~ssen RS 467-598. 

Start. (Basis-) und Laufgeschwindigkeits-Regelung 
Der Schallungs-Oszillator kann angeordnet werden, um be1 elner festen 
Frequenz (daher elner feslen Motorgeschwindlgkeil) zu starten und dann aul 
einen Endwerl zu steigen (die Motor-Laufgeschwindigkell) Diese Einrichlung 
ist veriOgbar, um den Molor lnnerhalb seines Milnahnle-Leistungsbereiches 
zu starten und dann den Motor durchzubeschleunigen, soda8 er ~nnerhalb 
des AuRerlrittfall-Modus arbeilen kann. Beim Ausschalten verzogerl der Motor 
automat~sch. 
Drei Parameler mussen fur jede Anwendung bestlmml werden. 

a. Die Slarlgeschwindigkeil: diese sollte unlerhalb der 
Milnahrnegeschwindlgkell fur den Motor (mil jegllcher Zusalzlast) 
iiegen. 

b. Die Lauf- (End.) Geschwindigkeit: diese sollte ~nnerhalb der 
AuRertrittfalleistung des Motors (mit jeglicher Zusatzlasl) Ilegen. 

c. Die Beschleunigungs- und Verzdgerungsrale zwischen Start- und 
Laufgeschwindlgkeiten: dies wird durch die Fahlgkeit des Motors. 
durch seine eigene (plus jegliche Last)-Tragheit durchzubeschleunigen. 
begrenzl. 

Oszillatorsteuerungen (extern) 
Hinweis: Oszillatorfrequenz entsprichl direkt der Motorgeschwindigkeit in 

Schritt(en) oder Haibschritt(en), abhanglg vom Molor- 
Antriebsmodus. 

Fur einen 1,80-Schrittrnotor 
Geschw~ndigkeit in Ulmin = x Geschwindigkeil in Schrittenls 

200 
oder  

Geschwindigkell In Ulmin = 3 x Geschwindigkeil In Halbschr~ltenls 
400 

Fur einen 7,50-Schrittrnotor 
Geschwindlgkeit in U/min = 60 x Geschwlndigkeit In Schrittenls 

48 
oder 

Gescliwindigkeit in Ulmln = g x Geschwindlgkell In Halbschr~ltenls 
96 

Oszillator-Frequenzeinstellung 
Ernpfohlene Bauleilewerle 

VR1 0 - 1 MU 
VR2 1 kt1 
R26 10 kc1 - 1 mi2 
C I2  gr60er als 100 pF 

Besllmmen Sie die Grundlrequenz und maximale Lauiirequenz Abb 7 und 
den Grundfrequenzwerl benutzend, wahlen Sie einen Wert fur C12 und VRI. 
Berechnen Sie das Verhaltnis max. Lautgeschw~nd~gkeiVGrundfrequenz, urn 
das Verhaltnls von 

vnr 4 1-423 l i ~ x e d  nt 10kc1) 
R7R 

AnschluB an  RS-Schrittmotoren zu beslimmen und daher, Abb. 8 benutzend, den erlorderiichen Werl fur R26 
Wenn dle W~cklunge~i der RS-Schriltmotoren zugewlesen s~nd (01 - 04). ,u e,m,tteln 
-,we in Abb 3 geze~gt, konnen sie gelnil? Abb 1 an die Schaltung 
;~~lgesclilossen werden. 

Sobald alle Bautellewerte bestimml und zusammengetragen s~nd, 1st der 

Wenl, die Nclzspannung 24V Gleichstrom Isl, dann sind R. 
O~zlllator-Frequenzbereich wie In Abb. 9 gezelgl. Wenn SW1 AUS (st, lault 

Werte run) Gebrauch mit den RS-Motoren In untenslehender Tabelle I 
der Oszillator mit Grundlrequenz. Wenn SWl EIN lsl, dann baul der Osz~llator 

angegehen' 
(In einem Mane, das van der Zeitkonstante R22 x C11 abhangt) auf elne 
durcli VR2- Einslellung beslirnmle Frequenz auf 



ACHTUNG: Slromversorgung ausschalten, bevor Schaltungen, 
Verdrahtungen. Motoren u.a. an die RSAIT134- 
Treiberplatine angeschlossen werden. ABTRENNEN DES 
MOTORS BE1 EINGESCHALTETER VERSORGUNG 
FUHRT ZUR ZERSTORUNG DER RSAIT134- 
TREIBERPLATINE. Die Wicklungen konnen hohe 
Enlladespannungen erzeugen. 

Technische Daten: 
GroRe -- Standard-Eurocard 168 x I 00  x 15 
passender Kantenslecker slandard-32-POI DIN 41612-~uchse, 

z. B. RS 471-503 oder 467-453 
Nelz (Scliallung ulid Molor) 15-30V Gleichslrom +10%niax. 

ungeregell geglallet 
Slromverbrauch' 

bis zu 2AIPhase rnax. 
Sclialtu~igs-H~lfsausgang 12V Glelchslrom 50mA rnax g-li 
S r l ~ l l l 0 h h k 4 0 ~ h r 1 .  Flhrmlr 'O' OV 
CMOS- und ~ffenkolleklor - TTL-komoatibel 
E~ngangsslllle: 
25 Voll-IHalbschr~ll Pegel .,I' - Vollschritl i Pegel . ,O  - Halbsclir~ll 
23. Drelirlclitung- Wird dieser Still an 0 Volt gelegt, 

andert sicli die Drehrichlung des Motors. 
24 TOHI 1Hr bis 25kH2, 1 0 ~ s  mln. lmpulsbreile, 

Auslosung auf negative Flanke 
22 Vore~nslellunn Aktiver Peael ..0 setzl Motorantr~ebszuslande aul 

Q l  & Q3 OFF (Aus) 
Q2 8 Q4 ON [EIN](Vollschr~Ilmodus), 

Q1. Q2 & Q3 OFF IAUS1. . . 
0 1 ON [Elh] (ha uscnr llnlorl 151 - 416'1 1, Alru I 
A..lomar~s~ne Vl~rl'11s1 . . I I ~  bc rn F1~1si:t '1 ,811 

Potencla maxlma d~sipada a lraves de R = (corrienle nominal del motor) 2 x 
R Si liay una d~s~pacion de potencia elevada es aconsejable llegar al valor 
reo~ierldo de 'R" utilizando una red de resistencias en serle o en paralelo 
1~1;ede ser necesarlo uliiirar resistencias con un wataje superlor, asi como 
d~s~padores de calor) 
Consumo lnaxllno de cornenle (molor y tarjeta) = 2 x (corriente por lase) + 
GOlnA Por ello es necesarlo cerciorarse de que 10s cables de alimenlacion 
lengan capacldad suf~ciente. 
Pueden aplicarse al clrcuito en cualqulera de 10s melodos de la figura 2 
sellales de conlrol exlenores, por elemplo, paso enterolmedio, senlido de 
glro, elc., asi como la sefial de marchalparada del osc~lador (si lo Ileva). 

Conexidn con 10s rnotores paso a paso RS 
Cuando estan asignados 10s arrollamientos de 10s motores paso a paso RS 
(01  - 0 4) tal conio se indica en la llgura 3, se pueden coneclar a la larlela 
seym la llgura I 
SI la tensloll de allmentacion esla f~jada a 24Vcc entonces 10s valores de 'R" 
clue han de ullllzarse con 10s motores RS figuran en la tabla 1 slgulente. 

Tabla 1. 

Potencia 

traves de R (Wj 

47 
440-464 10,5 

Montaje del oscilador en  la tarjeta 
Si nose dispone de una luenle de reloj exlerlor, se puede nlontar un oscliador 
en la larjeta, sirnplernenle soldando en su lugar 10s colnponenles RS 
necesarlos que se indican a conlinuac~on. 
Nota : la salida del relo] del oscilador debe cablearse exlernamente con el 

reloj, pin de enlrada 24a. 
Si se requieren controles rernotos para el oscilador (por ejernplo, controles en 
el oanel Ironlal), enlonces ouede ahadir la clavila PLI fde 5 vias entre PCBs. . . 
c6bigo RS 4671576). junlo'con la correspondiente carcasa de cable (codigd 
RS 467-627) y terminales de engarzar (codigo RS 467-598). 

Control de la velocidad inicial (bdsica) y de rnarcha 
El oscilador de la tarjeta se puede disponer de manera que arranque a una 
frecuencia lija (por lo tanto, una velocidad de motor fija) y a conllnuacion, 
suba hasta un valor linal (la velocidad de rnarcha del motor). Esta posibilidad 
liene el lin de arrancar el rnolor dentro de su zona de Dreslaclones de 
arranque, aceierando a conlinuac~dn el rnolor hasla que bueda lunc~onar 
dentro de su reglmen de par rniwmo en servlcio conllnuo. Al desconectar, el 
motor decelera automalicarnenle. 
Para cualquier apllcaci6n es necesario deterrnlnar Ires parametros: 
a. La velocidad de arranque: debe ser lnlerlor a la velocldad de 

Y1,ll.r ,I) lac. <,ll no rnolor (con c 12 11.. +r 1 nr!];l all 1'nrl;i) 

D. . B re 111 fl.111 r l l !  IIO~~I.-I a I ~ l a l '  d c o c  eslnr flenlrn n~ las puz I. ~li>llc:s ill? 

lunc~onarnienlo contlnuado v sincronizado a oar m&imo del lnotor Icon 
cualquler carga adicional). 

c. La tasa de aceleracion y deceleracion entre las veloc~dades lnicial y de 
marcha: viene l~mitada por la pos~bilidad que Ilene 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 rnolor en pasos o medios pasos, segun el mod0 de 
acclonamlento del molor. 

Para un motor paso a paso de 1.8' 
Velocidad en r.p.m. = x x  velocidad en pasos 

200 
6 

Velocidad en rp.rn. = x x  velocidad en "medios pasos" 
400 

Para un motor paso a paso de 7.5.  
Velocidad en r.p.m. = E x  velocidad en pasos 

48 
6 

Veloc~dad en r.p.rn. = &x velocidad en ''medios pasos" 
96 

Ajuste d e  la frecuencia del oscilador 
Valores recomendados para 10s componenles: 

VRI 0-1 Mb) 
VR2 0-1 kbl 
R26 0-10 k l l  
C12 lnayor que 100 pF 

Determine la lrecuencia base y la lrecuencia de func~onamiento maxima, 
Ulilirando la llgura 7 y el valor de la frecuencia base, elija un valor para C t2  
y VRI. Calcule la proporcion mki rna entre trecuenc~a de marcha/lrecuencia 
base para determlnar la relacion. 

VRI + R23 ffhada a 10 k l l )  

y de esa manera ulilizando la llgura 8, determine el valor necesarlo para R26. 
Una vez nue se havan determinado 10s valores de lodos 10s comuonentes v 
se hayan honlado istos, el rnargen de frecuencla del osciladores'el ind~cadb 
en la ligura 9. Si SWt es l i  "DESCONECTAOO, el oscilador funclona a la 
frecuencia base. Cuando SWt esta "CONECTADO", el oscllador va 
acelerando (a una razon que depende de la constante de llempo R22 x C l t )  
hasta una frecuencia delerm~nada por el ajuste de VR2 

Para ios demas delalles y prestaclones del motor vease la hop  de 
caracter~stlcas RS de 10s molores paso a paso. 



ADVERTENCIAS: Desconecte lafuente de alimentacion antes de conectar o 
desconectar cualquler bobinado, circuiteria, motor, etc, a 
la tarleta RSAIT134. DESCONECTAR EL MOTOR 
CUANDO HAY ALIMENTACION, DESTRUIRA LA 
RSAITI 34 Los bobinados del lnotor pueden generar alta 
tension 

Especificaciones tecnicas 
D~~lle~lslones Te~pleln Eurocard-eslandar ( I  68 x I 00  x 15) 
Coneclor de borde correspondiente Eslandar 32 vias DIN 41612 

zocalo eslandar, etc. p.e. 
(Codlgo RS 471-503 6 467-453) 

Alilnentacion (larjeta y lnolor) 15-30Vcc + 10% m&. 
sin regular fillrada 

Coilsunlo de corrlente: 
Tar~eta sola 60mA 
~rrbllamienlos del motor seglln el molor utlllzado 

- hasta 2Nfase mix. 
Saiida auxlllar en la tarjeta - 1 PVcc, 50mA mix. regulada 
Co~itrol de la loglca de conmutacian 
lcolnpatible con CMOS v TTL. de colector abierlo): 

Nivei 'W OV 

Terliilnales de enlrada. 
25 Paso complelo 1 medio NLvfll ' I '  paso completol 

Nivel 'O' medio paso 
23 Sent~do Si se conecta este termlnal a cero vollios. 

se cambiara el sentido de glro del molor. 
24 Relo) 1 Hz - 25 kHz, lmpulso minlmo de 1 0 ~ s  con 

acllvaclon por llanco negatlvo 
22 Preajuste -- pp El nivel aclivo '0' fija 10s estados del motor 

en Q1 y 0 3  DESCONECTADO, 
Q4 "CONECTADO" (modo de medio paso - ver Flg 1) 

Prelilado automatico al coneclar 10s interruptores. 

A S  Camponenls no sera responsable de nlngljn daRo o responsab~lidad de cualquler 
naluralera (cualq~~~era que luese su causa y lanlo sl hublese mediada neyligencla rie 
AS Componenlscorno st no) qus pudlese derlvar del usa de cualquler 1nlarmac16n 
~nclu~da en la docnme~~lacdn tBcnlca de RS. 

217-3611 

Pu~ssalice maxtmale dissipee par R = (courant nominal du moteur) 2 x R. SI 
la diss~pallon de pulssance esl elevee, on recommande d'atteindre la valeur 
voulue de R en ullllsanl un reseau de resislances en sene ou en parallele. 
(rles resistances de pulssance superieure et des dissipateurs de cllaleur 
peuvent etre necessalres). 
Consom~nal~on maxltnale de courant (moteur et carte) = 2 x (couralil par 
phase) + 60 mA Ceci assure que les czbles d'alimenlation ulilises ont une 
capacite sulflsante. 
011 peul transmeltre des signaux de commande, par exemple pas conlplet, 
rlemi-pas, dlreclion, etc., ainsi que le slgnal marchelarrel de I'oscillateur (le 
cas eclieant) au circull dans une des methodes quelconques de la llgure 2. 

Connexion aux moteurs pas-a-pas RS 
Ouand les boblnes des moteurs pas-a-pas RS sont anectees (01 - 04), tel 
q~t'~lluslre a la figure 3, on peut les raccorder a la carte, conformement a la 
f~gure 1. 

SI la tensloll dallmentation est reglee a 24 Vcc , les valeurs R 2 uliliser avec 
les lnoteurs RS sont donnees dans le tableau 1 ci-dessous. 

Tableau 1 

Pour d'autres details el connaltre la performance des ~noleurs, se reporter a 
a Icl ie teclinlque de RS sur les moteurs pas-a-pas. 

8 

Ensemble oscillateur integre 
Si on ne dispose pas d'une horloge externe, on peul monter un oscillateur 
lntegre slmplement en soudant en place les composants RS necessa~res 
enumeres ci-dessous. 

Nota : La sortie d'horloge de I'osc~llateur dolt etre raccordee exterteurement 
a I'horloge, llche d'enlree 24 a. 

Dissipation 
de pulssance 

par R (W1 
1 2  
3 
5 

Moteur 

332-947 
332-953 
440-464 

Si des co~nmandes a distance de I'osc~llateur sotit necessatres (par exe~iiple, 
commandes du panneau avanl), la prlse PL1 (carte de clrcuits imprimes 
lnlertnedialre a 5 I~ches, Code commande RS 467-576) peut alors Blre 
ajoutee avec I'isolant de csble correspondant (Code comtnande RS 467-627) 
et des bornes serties (Code commande RS 467-598) 

Commande de regime de demarrage (base) et de 
fonctionnement 

Courant 
nominal 

(A) 
0 , l  

0.24 
2 

On peut prevoir de falre demarrer I'oscillateur lntegre a une lrequence fixe 
(donc a un regime de moleur fixe), puis de le laire accelerer a une valeur 
finale (le regime de fonclionnemenl du moteur). Celte caracterislique esl 
disponible pour faire demarrer le moleur dans la plage de synchron~sation, 
puis le faire accelerer afin qu'il puisse fonclionner dans le mode de 
desynchronlsalion. A la coupure, le moteur decelere aulotnallquement 

II faul determ~ner trois parametres pour une application quelconque. 

a. Le regime de demarrage : il doit dtre interieur au regime de 
synchronisalion pour le moteur (avec une charge supplementalre 
quelconque). 

b. Le reglme de fonctlonnement (flnal) : il doll etre conlorme a la capacite de 
desynchronisation du moteur (avec une charge supplementalre 
quelconque), 

c. Le taux d'acceleration el de deceleration enlre les regl~nes de demarrage 
et de fonctionnement : il est limite par la capaclle du moleur d'accelerer par 
sa propre inertie (plus une charge quelconque). 

Commandes de I'oscillateur (externe) 
Nota : La frequence de I'oscillateur correspond d~reclemenl au regime du 

moteur en paslseconde ou en demi-paslseconde, selon le tnode 
d'entrainement du moteur. 

Tension 
nominale 

de bobine (V) 
12 
12 
3 

Pour un moteur pas-*-pas de 1.8" : 
Regime en tourslminute = 60 x regime en paslseconde 

200 
OU 
regime en tourslminute = 60 x regime en deml-paslseconde 

R 

(2)  

120 
47 

10,5 

Pour un moteur pas-&pas de 7.5" : 
Regime en lourslminute = 60 x regime en paslseconde 

48 
OU 
regime en tourslminute = 60 x regime en demt-paslseconde 

96 

RBglage de la frequence de I'oscillateur 
Valeur de composant recommande : 

VR1 0-IMC2 
VR2 0 - l k52 
R26 0 -  10 kc2 
C12 superieur a I 00  pF 

Determiner la frequence de base et la frequence lnaxllnale de 
fonctionnement En ullllsant la figure 7 el la  frequence de base, cho~slr une 
valeur pour C12 et VR1. Calculer le rapport Irequence maxlmale de 
fonclionnementJfrequence de base pour delermlner le rapport 

VR1 + n23 (lwd a 10 kcll 
naa 

el ainsl, en utllisani la flgure 8, etablir la valeur necessalre de R26 

Une fois loutes les valeurs de composants elablles el ceux-CI montes, la 
plage de frequence est telle quindiquee a la figure 9. SI SWI esl a la posltlon 
OFF. l'osclllaleur foncllonne a la frequence de base. SI SW1 esl a ON. 
.N: a~c - r  acce ere (<I 111 I:ILX <]#.I III:IIC!I 11 III! a I:I~IIS.J,I.- ,I? le.iq)s H72 x 

C I  1) ;j ..oc l r c q r c ~ c ~  deter 11 I ae pdr le r rq l rqr  Iln V k i  
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Hel lnaxlmale gedisslpeerde vermogen door R = (nominale rnotorslroom) 2 x 
R Als lie1 gediss~peerde vermogen hooy is, is he1 aan te bevelen de 
Ilenorl~yde waarde van 'R' te bereiken door een nelwerk van serie- of 
~uarallelweerstanden te aebrulken. lHel kan nodla ziin weerstanden en 

mA. Zory er dus voor dat de gebruikte voedlngskabels voldoende nom~naal 
verlnogeli Iiebben. 
De externe bestur~ngsslgnalen, bv. vollediye/halve stap, richting etc en he1 uit 
lierlnlltrn bedr~jf-s~gnaal van de oscillator (indien gemonleerd) kurinen op he1 
c~ rcu~ l  worden aangesloten op Ben van de manieren van atbeelding 2. 

Aansluiting op de RS stappenmotoren 
Als de wikkeling van de RS stappenmotoren zlln toegewezen (Dl  - 04) als 
aangegeven in afbeelding 3 kunnen zi] op de prlntplaat warden aangesloten 
als In aibeeldlng 1. 

De 'R'-waarden die voor de RS motoren dlenen te worden gebruikt als de 
voedingsspannlng is ingesteld op 24 V gelijkslroom warden in label 1 
hleronder weergegeven. 

- 

Fiaadpleeq voor meer qegevens en vermoyens van motoren het RS 

Tabel 1 

gegevensblad over stappenmotoren 

Montage van geintegreerde oscillator 
Als de exlerne bron van de klok nlel beschikbaar is, kan de geinlegreerde 
oscillator eenvoudig worden gemonteerd door de hleronder aangegeven 
benodigde RS componenten op hun plaals te salderen. 

Gedissipeerd 
vermogen 
door R (W) 

1.2 

Motor 

332-947 

Opmerking: de Ltllyang van de klok van de oscillator dient met externe 
kabels op de klok te worden aangesloten, ingangspen 24a. 

Als de osclllalor op afstand rnoel kunnen worden bediend (bv. 
Irontpaneelregelingen), kan stekker PLI (5-weg, in de printplaat, RS 
voorraadnulnmer 467-576) worden toegevoegd samen met een bijpassend 
kabelolnhulsel (RS voorraadnummer 467-627) en krulklemmen (RS 
voorraadnu~n~ner 467-598) 

Basis- en bedrijfstoerentalregeling 
De aelnteoreerde oscillator kan worden afqesteld om met een vasle 

R 

(R) 

120 

Nominale 
stroomsterkte 

(A) 
0.1 

- - 
Ireqoentte (en dus een vast motortoerental) te beginnen en daarna op le 
i o ~ e n  tot een u~teindelljke waarde (liet bedrljfstoerental). Met deze 

Nominale 
wikkelingspanning 

(v) ----- 
12 

vunrrlening kan de motor starlen binnen het vangvermogengebied en dan 
versnelle~i zodal deze kan werken blnnen de inzetmodus. Na ullschakeling 
retiit de motor aulornalisch at 

Voor elke toepass~ng dlenen dr~e paramelers te worden geconligureerd: 

a) Hel bas~stoerental: deze dient onder de vangsnelheld van de motor te 
i~ggen (ook me1 exlra belasling). 

t,) Hel (ultetndelilke) bedrljfstoerental: deze dient b~nnen het inzetgebled van 
de rrtotor te ilgyen (ook met extra belasting). 

c) Ue versnellings- en vertraglngstijd tussen de basis- en 
bedrlllstoerenlallen: deze wordt beperkl door liet vermogen van de motor 
om door dlens elgen massatraaghe~d (plus die van de extra belast~ng) te 
versnellen 

Besturingen van de oscillator (extern) 
Oprnerking: De frequenlie van de oscillator koml dlrecl overeen !net he1 

molortoerental in stap(pen) ol halve stap(pen), alhankelijk van 
de moloraandrijvingsmodus. 

V o o r  e e n  1.8" s t a p p e n m o t o r :  
toerenlal in omw./min = E x  toerenlal In slappenis 

200 
of 

loerental In omw.imin = K x  toerental In 'halve' slappenis 
400 

V o o r  e e n  7.5' s t a p p e n m o t o r :  
toerental in omw./min = K x  loerental in stappenis 

48 
of 

loerental In omw./min = &x loerental In 'halve' stappenis 
96 

Instelling frequentie oscillator 
Aanbevolen waarden componenten: 

VRI 0-1 M < l  
VR2 0-1 k l l  
R26 0-10 k l l  
C12 groter dan 100 pF 

Bepaal de basisfrequenlie en de maxlmale bedrijfsfrequentie. Gebru~k 
albeeldlng 7 en de waarde van de basislrequent~e om een waarde voor C12 
en VRI te kiezen. Bereken de verhouding max~maal 
bedrijfsvermogen/basisvermogen om de verhouding 

VRI + R23 (vastqeleqd op 10 kc)) 
R7fi -. 

te berekenen en gebruik vewolgens atbeelding 8 om de benodigde waarde 
van R26 le  bepalen. 
Als alle waarden van de componenten zijn bepaaid en samengebracht ziel 
liet lrequenliebereik van de oscillator eruit ais aangegeven In albeeldlng 9. 
Als Schakl 'UIT staal loopt de oscillator op de basisfrequentie. Ais Schakl 
'AAN' slaal, versnell de oscillator (de snelheld waarmee hangt af van R22 x 
C11 lijdconstante) tot een frequenlie bepaald door de VR2 Instelling. 

WAARSCHUWINGEN: Schakel de voeding UIT voordat u bedradiny, 
circuits, motor enz. op de RSAlT134-kaart aanslull 
oi daaNan losmaakl. WANNEER DE MOTOR 
w o n o T  _OSGCXOPPELD ~ E ~ G I .  . C)F 
VOEDII\(; S NGESCHAKELU. ZAL UE 
riSA T I 3 4  Ohr~Cr IS ' r t -BAAn BESChAD GD 
WORDEN. Motorwikkelinoen kunnen reer hooe 
ontladlngsspann~ngen genereren 

Technische gegevens 
Aflnel~ng standaard Europese kaart (168 x 100 x 15) 
Connector aanslu~tende randen -standaard 32-wey 

DIN-houder 41612, bv. 
(RS voorraadnummer 471-503 ol 467-453) 

Voeding (kaart en motor) - 1 5 - 3 0  V gelijkstroom + maxlmaal 10%. 
afgevlakt en nlet gestabillseerd 

Stroomverbruik: 
Alleen kaarl 60 mA 
Motowlkkellng -- -afhankeiijk van de gebruikle motor, 

tot maximaal 2 A per lase. 
Ge~nlegreerde hulpultgangspanning- 12 V geiijkstroom. 

lnaximaal 50 mA, gestabiliseerd 

Schakellogicaregeling (compatibel met CMOS en open collector TTLJ: 
Niveau '0' 0 V 
N i v a ~ u  '1' 12 V 
Ingangen: 
25 Vollediyeihalve slap niveau ' I '  volledige slap / niveau '0' halve stap 
23. R~chling. Rks deze pen op nu1 volt wordt aangesloten, 

keert de draalricliling van de motor om. 
24. Klok 1 Hz-25 kHz, m~nimaal 10 11s. 

pulsbreedle getriggerd op neyatieve rand 
22. Voorinstelling Actiel niveau '0' zet de moloraandr~jfstalus op 

Q1, & Q3 'OFF', 
Q2 8 Q4 'AAN' (rnodus volledlge slap) Q1. Q2 8 

Q3 'UIT', 0 4  'AAN' (rnodus halve stap) - r le  afbeelding 1 
Automalische voonnsleillng bq l~ischakellny 

RS Companenls accepteeti geen aansprakelllkheld me1 belrekklny tot enlye 
vsranlwoardel~jkheId of enlg verlles (door vielke oorzaak dun ook en ai of nlel le 
wllen aan nalallgheld van de rllde van RS Componenls) d ~ e  rou kuhnen antslaan I" 
verband me1 het gebrulk van gegevens die ~n de lechnlsche dacumenlal~e van R S  
Componenls zlln opgenomen - 

11 





E Series Multifunction DAO - 
100 kS/s, 16-Bit, 16 or 64 Analog Inputs 

NI 6030E, NI  6031 E, NI  6032E, 
100 kS/s, 1 6-bit resolution, up to  
64 single-ended analog inputs 
Two 16-bit analog o u t p ~ ~ t s  
8 digital I/O llnes (5 VlrTLI; 
two  24-l31t counte~./timers 
Analog and cllgltal triggering 
Available fol- PCI, 
PXI/ColnpactPCI, and ISA 
1\11 DAO dr~ver software simplifies 
conflguratlon and tneasurelnents 

Models 
N16030E 

PCI-M10-1 GXE-I 0 
PXI-G030E 
ATMIO-1 GXE-10 

NI 6031E 
PCI-6031 E 
PXI-6031 E 

N16032E 
PCI-6032E 
AT-AI-1 GXE-10 

N16033E 
N16033E 

PCI-6033E 

Real-Time 
Seepage 142 

N I  Application Software 
LabVIEW 
Measurement Studio 
VI Logger 

Operating System Compatibility 
Wlndows 2000/NT/Me/9x* 
Mac OS -no t  for all hardware 

Accessories 
See page256 

$ 7 .  - ,  
, , . : : ; .> ' !< !? : '  : :$: , - , ,  ,, > c::. * , $ , a > , : )  

See page 24 

"Vis~t . - : , , - : . i i < ' : > . t .  and enter wlnxp for the 
latest operation system information. 

Firjrire I Nl lii i3Oi NI (i031E. Nl 6032E. aild N l  G033E H a i d ~ l a r e  Block Diagram 

Overview 
, -  r ! $;<*:$;.,: 

The NI 6030E, NI 6031 E, NI 6032E, Fo, Inforlnatlon 

and NI 6033E DAQ devices use E Serles or to order products 

technology to dellver high performance o ~ " ' " ~ '  ""lt ."- ""- '' 

and enter. 
and reliable data acquisition capabilities 

pc1m1o16xel0 
to  meet a wide range of application 

px16030e 
requirements. You get up t o  100 kS/s, a t ~ n ~ o l  6xelD 
16-bit performance, with a choice of pc16031 e 

either 16 or 64 sinale-ended analos px16031 e 3 - 
pc16032e m 

inputs. Depending on your hard drive, m 
atail 6xe10 M 

these devices can stream to disk at 
pc16033e 5 

rates up to  100 kS/s. 3 m 
These E Series DAQ devices feature ONeiM! 2 

analog and digital triggering capability, 

as well as two  24-blt, 20 MHz counter/ 

timers; and eight digital I/O lines. The NI 6030E and NI 6031 E also 

feature two  16-bit analog outputs. 

See the E Series Multifrmction DAQ Overview on page 230 for a Consider our NI 6052E high-speed, 16-bit products. See page 241. 

rrrore detailed lrardware overview. 

.... .- -- 
> . -, - , - - - _  _ . . r  .- - -- - .,, , . ,- . - - . . . - - - - 

I ' ' . , . I  I .  I , . I, . ' 

.. , 

Nl li030E PCI, PXI!CPCI. AT 16 SE/S Dl 16 b~ts 100 kS/s +O 1 to r10 V 2 
I 

16 b~ts 100 kS/s +I0 V 11 2, 24-b~ i  Analog and D~g~tal 

NI G031E FICI, PXlICPCl 64 St132 Dl 16 b ~ t s  100 kS1s ?O 1 to r10 V 2 i 16  b~ts 100 kS/s r10 V 8 2, 24-b~t  Analog and D~g~tal . 
NI 6fl32E PCI, ISA 16 St/B Dl 1G b~ts 100 kS/s ?O 1 to r10 V - - - - 8 2, 24-b~t Analog and D~g~tal 

P.11 hO33t PC1 64 St132 Dl 16 blts 100 kS/s 4 1  to +10 V - - - 
-- 

H 2, 24-b~t A~ialag aid Dig~tal , 
- - - . . -  

1 
- 

Cihle I Nl Giij ' i l i IVI fin3 1 E Nl 6032E, ail[/ NI G033E C l ~ a i ~ i ~ e l ,  Speed, aiirl Resolutroi~ Specificahoils (See page 271 for detailed specificatio~ls./ 

National Instrurnents*Tel: (800) 433-3488 Fax: (512) 683-9300 info@nt.com ni.com 247 



E Series Multifunction DAQ - 
100 kS/s, 16-Bit, 16 or 64 Analog Inputs 

?0 1 0 1 0.0444 0 0461 12.7 19 6 1 8  0 0006 0.061 24 1 2 4  ' 
10.0 0 0 0.0044 0.0061 326 G 417 8 36 6 0.0001 0,976 482 2 48 2 

5.0 0.0 0.0344 0.0361 167 3 208 9 18.3 0.0006 1 992 241 1 24.1 1 
2 0 0 0 0 0344 00361 71 7 83 6 7 3 0.0006 0.802 96 4 9 6 

1 0  0.0 0.0344 0.0361 39.9 41 8 3.7 0.0006 0 405 48 2 4.8 

0 5 0.0 0.0344 0 0361 23.9 28 1 2 5 0.0006 0.207 33 1 3 3  * 

0 2 0 0 00394 0.0411 144  19 6 1 8  0.0006 0.098 24 1 2 4 

0 1 0.0 0 0444 0.0461 11 2 18 1 1 7  0.0006 0 059 22.9 2.3 ' 

Notr Ar:l:~~r;~c~es are vallrl lor ~~ ie i l h l~ re~~ ien ts  foilow~ng an lntet~ial E Serles Ca l~b ra t l o~~  Averagerl numbers assume clitllerlng a~ id  averagillg of 100 single-cliali~lsl rearlings Measure~ l~e~ i t  accuracles are lister1 for 
o l i e~auo~~a l  t o ~ ~ ~ l ~ e r d t o r e s  wltl1111 +1 " C  of  ~ ~ ~ t e r l l a l  ca l~brat~on te~~i j~erature a~ id  k10 "C o l  external or factory~calil~ration temperalure. One-year calibration illlerval reco~nlllentletl Tlle Allsolute Accuracy at Full Scale I 
~:il l l : l l ldlloll~ were pe r fo r~~~er l  for a lnlaxllriuni range 111put voltage (for example, 10 V for tlle 210 V range) after one year, assulning 100 p t  averaging of  data See overview 011 (page 234 lor an exalilple calculatlolls. -- -- - - -- - -  - - 

G032E. and NI 6033EAnaIog Input Accurzcy Spec~ficat~ons 

10 -10 00045 0 0053 0 0062 812 8 0 0001 
10 U 0.0045 0.0053 0 0062 583,9 0.0001 

Notr Tellil, b i t  ;ll,lilies ollly f i l ~ ~ l l l ~ e ~ l t  IS CIreater l i lall ~ 1 0  " C  of  Ilrevlous exterllai calibralio~l See llagc 234 for exalllllle calr:lllatlolls 
. - - -  - - -- -- - 

iable 3 NI G030E. NI G031E. Ni G032E, a11d NI M33EAilalog Output Accuracy Speoficatlons 

Ordering Information 
m 
C C N I  6030E 

......................................... E P C I - M I O - 1  6XE-1 0 7 7 7 3 8 4 - 0 1  

................... .............‘............ 2 P X I - G 0 3 0 E  .... 777555-01 
=I 
m A T - M I O - I G X E - 1 0 *  ........................................... 7 7 7 1 8 1 - 0 1  
m 

NI 6032E 

................................ ...................... P C I - G 0 3 2 E  .. 777422-01 

A T - A I L 1  G X E - 1 0 "  ...................... .. .................... 7 7 7 2 7 9 - 0 1  

N I  G 0 3 3 E  

........................................................ P C I - G 0 3 3 E  77751 6 - 0 1  
I l c l ~ i d e s  N I -DAO d r ~ v e r  so f twa re  
W ~ n c l o w s  o~ i iy  

F o r  ~ n f o r m a t ~ o n  on extended w a r r a n t y  a n d  v a l u e  a d d e d  

services, see p a g e  2 2 .  

See 1~age 233 in the E Series Multifunction DAQ Overview 

for I/O connector diagrams. 

See page 271 for detailed specifications. 

Recommended Confi~urations 

For E Series a c c e s s o r y  a n d  c a b l e  i n f o r m a t ~ o n ,  see p a g e  256. 

248 N a t i o n a l  I n s t r u m e n t s  * T e l :  ( 8 0 0 )  4 3 3 - 3 4 8 8  Fax: (512) 6 8 3 - 9 3 0 0  i n f o @ n i . c o m  n i . c o r n  



E Series Multifunction DAQ Accessories 
m 
.E L Selection Guide 

Step 1 S p l e c t  your E Series device, 
m 

Step 2. Usrng Tnblas 1 and 2 as a gt~~de, determine which accessorres 

2 aar aappropnatc for that dsvlce. SBIBC~ an accessor)r, Table 3 provides 
a c j e a c r ~ p t ~ o l i s  for E Series device accessortes. 

Stepl. Using Tables 1 snd 2, datermine which cable is required to 
m 

connect yaltr selected device and accesswrv. ,- 
L 

lili p ~ i l  f Snrr85 51 lr# WFP {~I~~PI(IF!III Ciltlnc~ts tl~rcclly l o  Ser! ~mqe 395 !or Sce rlnflc 4F;I la1 SET. MrlO~lla~ 

{ ~ x c c n t  O A i l T ~ ~ r t l l  RM68 (r~nshlerdcdl t l x  ~ ~ I L c I I ' X I  nnlyt SCXl :;ug~\al Conili~im~lnq de~adlt S~qnal Crh~lil~tunnlno deta~ls I 

Lni'lllnn LlAOC~trls S1 ICGR.F#-EP Ish~p[derlI NlA Spe p7ge 385 for Ser! pqe  d61 lor SCC Modular ! 
MI 6074E. NI M62E IlC(iR.liR (~wlucldctl) SCXl Slgnal Conrtrtinnrng cletatls Siqrial Cnndi~~nninq deiajls 

Nonlnlch~nq I lhOTart  PSHHGH 68 1~111eldprl) NIh Sw page 3 5  lor be page 161 for SCC Mmllllar 

AI.lSF 4. A1 IfiXE.50 PRGP.TflFlunsh~aldedl SCXl Sjgnal Conrlitronlny doralls Signal Condrl~nn~n[j deta~ls - - -- - - -- .+- - - 
Tablr I r l c c ~ s ~ ~ r ~ e s  and G7blts fm M.PIo md M 0 C n ~ l  CSer~m Deuicts 

Sk i  lI106W18 {?lbl~ltlrrl], spl~rs illto stn 

t ik111 r8nllKtOI~. ltlpSp i lmWIE3 

alp t l s ~ d  wltll thp 1rrst (iB.pm conmtm 
See Frqt~ie lGon pnl)e 7GD 

SH1M6868 lsh~elddk sp l i~  Inn Iwn 
C ~ B . ~ I ~ I  mmmK uw a m s n r w v  
are u d  wfl h the first m p ~ n  r n f l n m  
S0: F~qlve 1fi M\ nage jKl 

Cables W 1W.Pin ond UAObCord F $errs Devrces 

SI I I[IW;PW1 [AIIPI~MJ, S F I I ~ S  
1n1o IWO li8.flin crlnlleclors. 
h e  mwssortEs am rwd 
mnrl~ the monrl G&p~ii 
CnaaeEtOr 
SHINEIS8 (~InelMl: splits 

III~U two Wpln connacfors. 

thpre accessories are used 
wrth the second li&pn 
CIlrmMOl 

%1001W SeepnqeX5 Inr See pqer161 (w 
Isk~elrirdJ SCXI Signal SCI: Muhr SIIJ~! 

Conrlilion~ry rlntails Condulim~ng d ~ ~ a ~ l c  I 

1 SCXl S~qnal Cnti.i~lnn~il" Hran chanriel-CQIIII~ slrrlwl conrlir~olt~~iq platforrul 
SCC Mn'r\~tnr C~r~nal Cnndn~on~no Sll~yle or dud channel slymil conrl~tlnnrng mcilules 
AMIJK.611.5I3. SSA. FR ,  ar!d SC-2Ddx S ~ g w l  Cninlunnn~ng E ~ ~ r l n ~ l  srynsl colld~tcor~~ny 3CCO;sor~Fs 

ONt ?I10 RNC awccs.;ow lor fin ptn E Settes rlwtces 

8N[: 11 15 DNC accessory lor ~xter~rled l/D on l l ln.~in f SWIM IJEVICBS 

RN6-2190 ANC occsaoly wrlll luntrron qoncrator Ifor GRgin E Series devlce?l 

IINC MY1 Ibck-~noi~n~alrln RNC e c c ~ s o ~ y  llnr W1 prru E Sekres ddvtc~sl 

Cd. 1000 prirloat~rn Cnnf~qurahle ~ n n n c ~ ! ~ v r n ~  enclmara 

77l.77l1!1 Larcli~rig sc~aw terni~r!nl blwk tm PXI E S e t ~ ~ s  mndulrs 

i:r.t~ 100 IMl.nllr, t l ~ ~ ~ l d ~ d  SCIPW ~crrn~nal block with brcadbmrd area 

SCD GO li8-pun, shlslded xtiw t m ~ n e l  hlmk w~tlr I~rea(llrlk~rtl alms 
1 IKX.I# I&-gin. D1N ~a~l.rnounmhla s c r w  larmrnal b l ~ k  

CR BOLC CR SRLPtl MI-p~n, lowcost tcmw uton~nal hlnck 

S ~ n l t ~ l  Sn~rrcr and QP~ID AFCBSWW DRO signal accessnuy lo demo anrl rwi analog, d~g~ta l  and ~5~1thet/ l im~l luncllmrs 
t I,, I n~l>lii+lr ,1111 ~III.,I)~~ LII. u~~fodl~rnf~n~u a!ra*ncmner. vlnl U O P  '* , 

-. - - - - - - 

h)!$:t> .': n ~ ~ r f i ~  nf f Sct1~7.c DAII Ammnos 

256 National Instruments *Tel: (800) 433-3488 Fax: (512) 683-9300 infoQni.com nixom 



E Series Multifunction DAQ Accessories 
r-- -- m 

SCXl High-Performance Signal Conditioning (see Figure I) V) 
* . -. 

SCXl IS a modular hlgh performance slgnal condltlonlng platform that you use as a ,'% - 2. m 
front end to your E Serles DAQ devlce Wlth the SCXI rnultlplexlng architecture, you R a' M j; 1 .--- -, a 
can expand your analog lnputs to 3,072 channels Addltlonally, SCXI offers a varlety of I , - -  D - . .? C, 
 nodules for connecting to  thermocouples, RTDs, straln gauge transducers, LVDT * .  - - - -  
posltlon sensors, ICP-compat~ble accelerometers/m~crophones, thermtstors, mlll~volt 

z 
r J  

- m 
Inputs voltage Inputs up t o  1000 V, current Inputs (0-20mA), frequency Inputs or 4 .  -- , I a -  M 

M 

dynamlc s~ynals : a  

m 
Figure 1 SCXl Hlgh Performaiice Sigiial Condlt~oi~lng M 

See page 385 for details on SCXI S~gna l  Condittoning. 

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 

d~gltal 110 lhnes of your plug-in E Series DAQ device. The SCC Series offers slgnal 
, * condltlonlng for a variety of inputs, including thermocouples, RTDs, strain gauges, 

ICP-compatible accelerometers, accelerators, analog inputs requiring isolation, Figure 2 SCC Portable. Modular Sigilal Co~ldit~oi l ing 

high voltage (up to  100 V), current (0-20mA), and optically isolated digital 110. 
Lowpass f~l te l -~ng and bread boardlng modules are also available. 

See page 461 for details on SCC Signal Conditioning. 

Connector Blocks 
BNC-2100 Series Connector Blocks (see Figure 3) 
Shielded connector blocks w ~ t h  signal-labeled BNC connectors for easy connectivity of 

your analog input, analog output, digital I10 and counterltimer slgnals to your E Series 

devlce. The BNC-2110 and BNC-2120 work with all E Series devlces. The BNC-2120 Figure3. BNC-2100SenesCoili1ectorBiocks .- 
also provides a functlon generator, quadrature encoder, temperature reference, 

0) M 

thermocouple connector and LED so that you can test the functionality of your hardware. C 

2 
The BNC-2115 has 24 BNC Inputs for connecting to the extended 110 channels of our : 
100-pin E Series DAQ devices. 2 

W -. 
BNC-21 10 .............................................................................................. 777643-01 E, $63.tr+*-c*.39 q 

Dimensions - 20.3 by 11.2 by 5.5 c m  (8.0 by 4.4 by 2.2 in.) &*n*3L* .w9>$ $ 
BNC-21 15 .................... .. ...................................................................... 777807-01 

Dimensions - 20.3 by 11.2 by 5.5 c m  (8.0 by 4-4 by 2.2 in.) 

BNC-2120 ..................................... .. ......................................................... 777960-01 

D~mens~ons - 26.7 by 11.2 by 6.0 c m  (10.5 by 4.4 by 2.4 in.) Figure 4 BNC-2090 Sliielded BNC Adapter Cliassis 

BNC-2090 Shielded BNC Adapter Chassis (see Figure 4) 

Shielded, rack- nount table adapter with signal-labeled BNC connectors, spring 

ter~nnal  blocks, and component locatlons for passive signal conditioning. Consists of 

22 BNC connectors and 28 spring terminals to simplify connection to  your analog, 

dtgltal, trigger and counterltimer signals. The BNC-2090 has silk-screened 

co1nl2onent locatlons that you use to develop simple signal conditioning circuits. For 

added flex~billty, you can connect any E Series DAQ dev~ce to  the BNC-2090 from ?% ! .--I  

the front or rear through dual 68-pin connectors. 

B N C-2090 ..................................................... ..77727001 Figure 5. CA- 1000 Configurable Sigilal Coilditioi~ing Enclosure 

Dlinensions - 48.3 by 4.4 by 18.8 c m  (1 9.0 by 1.7 by 7.4 in.) 
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w Fiijiiie fi T6 2705 Teri~liiial Block 

Fig~i ie 7 S C 6 W  aild SCB- 100 Sliielded I/O Connector Blocks 

Figiiie 8 T6X-68 l/O Cofiilector Block 
e 

F ~ g ~ i i e  g CB-GBLP a i d  CB-GBLPR I/O Con~~ector  Blocks 

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 t o  

9 panelettes. 

Dimensions - 30.7 by 25.4 by 4.3 c m  (21 .I 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 w l th  your PXI E Serles 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 counterltimer 

signals through screw terminals. 

TB-2705 ................................................................................................ 778241 -01 

Dimensions - 8.43 by 10.41 by 2.03 c m  (3.32 by 4.1 by 0.8 in.) 

SCB-68 and SCB-100 Shielded I/O Connector Blocks (see Figure 7) 

Shielded I10 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 ................................................................................................ 776844-01 

Dimensions - 19.5 by 15.2 by 4.5 c m  (7.7 by 6.0 by 1.8 in.) 

SCB-1 00 ......................... .. ................................................................... 776990-01 

Dimensions - 19.5 by 15.2 by 4.5 c m  (7.7 by 6.0 by 1.8 in.) 

TBX-68 I10 Connector Block with DIN-Rail Mounting (see Figure 8) 

Termination accessory wi th 68 screw terminals for easy connection of field I10 
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 

wlth hardware for mounting on a standard DIN rail. 

............................................... ...................... TBX-68 ...... 777141 -01 

Dimensions - 12.50 by 10.74 c m  (4.92 by 4.23 in.) 

CB-68LP and CB-68LPR I/O Connector Blocks (see Figure 9) 

Low-cost termination accessory with 68 screw terminals for easy connection of 

field I10 signals to  68-pin E Series DAQ devices. Includes one 68-pin male 

connector for direct connection t o  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 rlght-angle mounted 

connector, and is used with the CA-1000 (see page 2631. 

CB-68LP .............................................................................................. 777145-01 

Dimensions - 14.35 by 10.74 c m  (5.65 by 4.23 in.) 

CB-68LPR ................................................................................. ... ........ 777145-02 

Dimensions - 7.62 by 16.1 9 c m  (3.00 by 6.36 In.) 

figlire 10 LlAU Sigiial Accessory 
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Signal Source and Demo Accessory (see Figure 10) i - -. 
Tlie DAQ S~gnal Accessory demonstrates and tests the use of analog, d~gital, and 

counter/t~~ner functions of DAQ devices. You can connect the DAQ Signal , . .  
b .  . . . .  Accessory d ~ ~ e c t l y  t o  your DAQ dev~ce, It features a bu~ l t -~n function generator, 

, . 
cj~~aclhature encoder, sol~d-state relay, IC temperature sensor, noise generator, 

-, - . . 
~n~ct-oplione jack, thermocouple jack, four LEDs, and a digital trigger button. The 

. . DAQ S~gnal Accessory works with all E Series DAQ devices. 

DAQ Sgtial Accesso~y .............................. ... ....................................... 777382-01 

Di~nens~ons - 12.7 by 12.7 c ~ n  (5.0 by 5.0 in.) Figure 11 RTSI Bus Cable 

RTSl Bus Cables (see Figures 11 and 12) 
Use RTSl bus cables to  connect t iming and synchronization signals among 

Meas~~rement,  V~sion, Motion, and Controller Area Network (CAN) boards for PC1 

ancl ISA ancl DAQPad 6070E boards. For systems using long and short boards order - w  I 

the extended RTSl cable. .<:* \E - ,< - .  
., 

. . -+... &. y 
2 boat-cls .................................................................................................. 776249-02 , , 

3 boards ........................ .... .............................................................. 776249-03 

4 Iboal-ds ........................................................................................ ..... 776249-04 

5 boal-ds ................................................................................................. ,776749-05 Figure I 1 2  Exteilded RTSl Bus Cable 

Exte~icled, 5 boards ................................................................................ 777562-05 

3 extel nal boards .................................................................................... 186464-01 

Shielded I/O Cables 
SH68-68-EP Shielded Cable (see Figure 13) 

Sli~elcled 68-conductor cable terminated with two  68-pin fe~nale 0.050 series 

D-type connectols. Features individually-shielded analog twisted pairs for reduced 

ct-osstak w ~ t h  Ii~gh-speed devices. Th~s  cable works with all 68-p~n E Series 

dev~ces (except latching DAQCards). If you need a right-angle connector, the 

SH68-68R1-EP sh~elded cable is fully compatible. Figure 13. SH68-68-EP Shielded Cable 

1 ~n ...................................................................................................... 1 84749-01 

SH68-68R1-EP Shielded Cable (see Figure 14) 

Sli~elcled '68-conductor cable; one end termlnates with a 68-p~n female 0.050 

serles D-tyl,e connector and the other end tel-minates w ~ t h  a rght-angle 68-pin 

fe~nale 0.050 serles D-type connector. 

1 IT.. ..................................... .. ..................................................... 187051-01 

SH100100 Shielded Cable (see Figure 15) Figure 14 SH68MBR I ~ E P  Shielded Cable 

Sh~elded 100-conductor cable terminated with 100-pin male 0.050 series D-type 

cor~riecto~'s T l i~s  cable connects the 100-pin E Ser~es dev~ces to  100-p~n accessories. 

1 m.. .................................................................................................. 182853-01 

2 111. ......................................................................................... I 82853-02 

f igure 15 SHIOOlOO Sliielded Cable 
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a 
Figure 1G SH100G868 Sliielded Cable 

Fiqliie 17 SHCG8-G8-EP Shielded Cable 

Figure IS PSHRG8-G8 Sliielded Cable Kit 

Figuie 19 fSHRG8-G8M Sliielded Cable 

SH1006868 Shielded Cable (see Figure 16) 

Shielded cable that connects to  100-pin E Series devices and terminates with t w o  

female 68-pin 0.050 series D-type connectors. See Table 2 on page 256 for accessories 

compatible with each 68-pin connector. 

........................................................................................................ 1 rn 182849-01 

............................................................................. .................. 2 m ... 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 6024E) to 

standard 68-pin accessories, Latching screws secure the sh~elded connector to 

the PCMCIA DAQCard. The SHC68-68-EP is a shielded 68-conductor cable 

terminated with a VHDCl 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 t o  the 

SHC68-68-EP except it uses an ~nverted VHDCl 68-pin male connector. Use the 

SH68U-68-EP for a DAQCard located in the bottom PCMCIA slot in your laptop. 

Use the SHC68-68-EP cable with a DAQCard inserted In the upper PCMCIA slot 

in your laptop. When using t w o  E Series DAQCard PCMCIA devices in adjacent 

slots, you must use one SHC68-68-EP and one SHC68U-68-EP. 

SHC68-68-EP 

0.5 rn ..................................... .. ................................................... 86838-OR5 

.................................................................................. I m .................. ... 186838-01 

SHC68U-68-EP 

0.5 rn ..................... ... ..................................................................... 187406-OR5 

............................................................................................ I m .. .... 187406-01 

PSHR68-68 Shielded Cable Kit for Nonlatching DAQCards (see Figure 18) 

Shielded cable for use in connecting non-latching E Series DAQCards (AI-16E-4 

and AI-16XE-50) with 68-pin accessories. The kit contains the PSHR68-68M, the 

PCMCIA Stra~n-Relief Adapter and a 1 m SH68-68-EP cable. 

........................................................................................................ 1 m 777293-01 

PSHR68-68M Shielded Cable for Nonlatching DAQCards (see Figure 19) 

Shielded cable for use in connecting non-latching E Series DAQCards (AI-16E-4 

and AI-16XE-50) wi th custom cables and other 68-pin cable assemblies. 

.................................................................................................... 0.1 m 183569-01 
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Ribbon I10 Cables 
R6868 Ribbon Cable for E Series Devices (see Figure 20) 

68-conductor flat ribbon cable terminated with two  68-p~n connectors. Use this 

cable to connect a 68-p~n E Series device to 68-pin accessories. 

1 IT ............................... .. .................................................................. 182482-01 

RC68-68 Ribbon Cable for Latching DAQCards (see Figure 21) 

Ribbon cable that connects to  a latching E Series DAQCard (NI 6062E, NI 6024E) 

and 1s terminated w ~ t h  a 68-pin female connector that attaches directly t o  68-pin 

accessories. Two RC68-68 cables can be used together in adjacent PCMCIA slots. 

0.25 In .................... .. ....... .,. ................................................... 187252-OR25 

I m ................................... ......... ........................................................... 187252-01 

PR68-68F for Non-Latching DAQCards (see Figure 22) 

R~bbon cable that connects to  a non-latching E Series DAQCard (AI-16E-4, 

AI-16XE-50) and IS tel-minated with a 68-pin female connector that attaches 

d ~ ~ e c t l y  to  68-p~n accessories. 

0.2 I n  ................................................ .... .............................................. 183646-OR2 

1 ~n ........................................ ......... ...................................................... 183646-01 

Custom Connectivity Components 
68-Pin Custom Cable Connector/Backshell Kit (see Figure 23) 

68-p~n female mating connector and backshell kit for use in making custom cables. 

Solder-cup contacts are available for soldering of cable wires to the connector. 

68-p~n connector/backshell k ~ t  ................................................................ 776832-01 

PCB Mounting Connectors for Custom Accessories (see Figure 24) 

PCB connectors for use in building custom accessories that connect to 

68-conductor 01- 100-conductor shielded and ribbon cables. Two connectors are 

ava~lal~le, one for right-angle and one for vertical mounting onto a PCB. 

68-posltlon, male, rlght-angle mounting ............................................... 777600-01 

68-positlon, male, vert~cal mounting ...................................................... 777601-01 

1 00-posit~on, female, right-angle mounting ............................ ,,777778-01 

100-pos~t~on, female, vert~cal mounting ............ ... .............................. 777779-01 

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 cal-d(s). Used w ~ t h  non-latching E Series DAQCards (Al-I 6E-4, Al-I 6XE-50). 

PCMCIA Stl-aln-Rel~ef Accessol-y ............................................................ 77755001 

r 

Figure 21 RCG8-68 Ribboii Cable 

Figure 25 PCMClA Strain-Relief A c c e s s o ~  

Figure 22 PRG8-68F Ribboii Cable 

Figure 23. G8-Piii Custom Cable Coniiecror/BackshelI Kit 

Figure 24 PCB Mouiitiiig Coiiiiectors for Custom Accessories 
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USB 

Figure 27 IEEE 1394 Cable 

USB Cable (see Figure 26) 

Cable that connects DAQPad devices for the Universal Serial Bus (USB) to  a USB port. 
,' 

The USB cables have a USB B-type connector and a USB A-type connector. 

........................... 1 m ............. ................................................................ 184125-01 

2 m 1841 25-02 
* 

IEEE 1394 Cable (see Figure271 

Cable that connects DAQPad devicesfor IEEE 1394 (Firewire) to  an IEEE 1394 port. 

I m (latching) .......................................................................................... 185798-01 

2 m (latching) ........................................................................................ 185798-02 

Use Interactive Online Catalog Configurator for 
Quick Product Selection 
You can now easily configure NI multifunction data acquisition (DAQ) 

measurement systems using a new, interactive feature 

of oul- online catalog. The interactive online catalog offers a better, 

easler way to select and purchase measurement solutions 

from Nat~onal Instruments. Based on user imput, the interactive online 

Z! catalog suggests products and then suggests the appropriate cables 
C 

and accessories for those products. This new automated tool helps 

ellm~nate ordering mistakes and product-compatibility errors. 
a 
V) 
m To take advantage of the online catalog for multifunct~on DAQ 

devlces, vlslt : .: :I ; s:; .;;.:,r 

From the Products and Services menu, select Data Acquisition, 

then select Multifunction 110. The online catalog prompts you with a 

serles of questions regarding preferences for operating system, 

coniputer bus, number of channels, and maximum sampling rate. 

The online catalog then recommends several appropriate DAQ 

dev~ces. You can review specifications on each device and select 

you1 preferl-ed product. Next, the catalog suggests the preferred 

accessol-y and cable solution designed t o  work with the selected 

DAQ devlce. You have the option of choosing the preferred 

configuration or choos~ng from a separate list of accessories and 

cables that also work  w ~ t h  the selected DAQ device. You can 

purchase the selected items onllne. 

Flgure 28. Use the ~nteract~ve conhgurat~on tool 111 tile NI oil111le catalog to select and 

purchase mulbfunctlon OAR solut~ons 
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Configurable Signal Conditioning Enclosure 

Versatile connector/enclosure Interface Panelettes 
system Momentary pushbutton switch 
Houses siclnal conditioning and Potentiometer 
connector-block accessorks Toggle switch 
Wide variety of I/O connectivity Rocker switch 
and panelette options LED 
Holds maximum of 18 
connectiv~ty/interface panelettes 
Low profile enclosure 
Rack-mount and stacking kits 
available 

I10 Connectivity 
BNC 
Thermocouple 
Banana jack 
LEMO" connector (B-Series) 
MIL-Spec 
SMB 
Dual 9-pin D-Sub 
Straln relief 

Overview 
The Nat~onal 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 slgnal condi t~on~ng accessories, such as the SC-204x signal 

conditioning products, and the SCB-68, CB-68LPR, and CB-50LP 

termlnal blocks. The result is a compact, portable, flexible, and 

colnprehensive s~gnal condit~oning/interconnection system. The 

CA-1000 also facilitates quick connection and disconnection with 

standard I/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) 110 and interface panelettes, 3 )  signal conditioning or 

IneasLlrement accessories installed in the CA-1000, and 4) for 

50-p~n accessorles, an internal cable adapter to  connect the signal 

concl~t~oning accessory to  the cable attached to  the CA-1000. 

CA-1000 Enclosure 
The metal enclosure provides a low-profile, portable housing for 

signal condltloning 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 t w o  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 t o  your 

meascllrement device on either the side or the rear of the CA-I000 

enclosure. Please note, the CA-1000 
8 ,: -. > ,,c r-,. 

1s sh~pped wlthout any panelettes, s~gnal , . '  . - 1 :  

For more ~nfomtron 
cond~t lon~ng accessorles, connector or to ordar ordi~cts " .. . 

blocks, or cables Order all of these ::r,"hy:r': 'I' ' ' """' 
.- 

components separately. 
ca 1000 

Internal Accessories 
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. 

I10 Panelettes 
The CA-I000 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-I000 front panel 

offers nine panelette slots. The rear panel can also be removed 

offering nine more panelette slots. However, t h ~ s  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 t o  any I/O signal available 

on the accessory. 
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Interface Panelettes 
Nat~onal Instl-uments also offers interface panelettes, which expand 

the f~llict~onallty of the CA-1000. Interface panelettes Include traditional 

lnteltace controls and displays, such as rocker swltches, toggle 

sw~tclies, lnornelltary swltches, potentiometers, and LEDs. Uslng 

nteltace panelettes, whlch are mounted alongside I f0  panelettes, you 

can change Iiardware Inputs, trigger events, or verlfy operational status. 

Each Interface panelette includes lead wlres for connection to the 

screw terminals of the accessory mounted inside the CA-I 000. 

Cabling 
The cabllng needed to connect the CA-I000 to the measurement 

device depeiids on the accessories installed in the CA-1000 and the 

measurement device used. Some accessories Installed in the CA-1000 

require internal cabling to connect the accessory to the CA-I 000 wall. 

Use Table 1 to determine what cabling components you need, 

Including the cable to your measurement device. 

The CA-I000 also provides the flexib~lity of flve external 

interconnect~on locations, giving convenlent cabling for laptop 

applications by aligning the I10 connector with the locatlon of the 

PCMCIA slots on laptop computers. With the five external 

interconnect~on locations, you can also customize desktop and 

rack-mount applications for added convenience. 

G8 1,111 E Serles DAO Dev~ces (except DAQCards) 

100~11111 E S e t e s  DAO Devlces' 

Latcli~~ig E S e r ~ e s  DAQCards 

DAUCard~GOGZE. DAOCard-G024E 

I No~ilatcli~~ig E Serles DAOCards 
D A Q C ~ I ~ I ~ A I ~ I G E - ~ ,  D A Q C ~ I ~ - A I - ~ G X E ~ ~ O  

68~11111 Dgital 110 aiirl Couliter/31ner Devlces (except DAOCardsl 
PC-010-32HS. PXI 6533, AT~DIO-32HS. 
NI 6534, NI 6GOx 

No~ilatcli~~i(~ F 8 ~ p 1 1 i  D~g~tal 110 DAOCards 

LlAUCar[l~G533 
S~multa~ieous Salnl~lllig Mult~f~~~ict~on DAO Devlces 

PCI~G503 

R68M-50F and SH68-68-EP' 

Applicable far one leg 

R68M-50F and  SHCG8-68-EP 
- 

RG8M-50F and PSHRG8-68 Sl i leded Cable Klt2 

NIA 
NIA 
N/A 
- 
NIA 

NIA 
- 

- 
NIA 
R5DM-50F and SH50~50 

- I 
PSHRGB-68 Sli~elded Cable KIP I 

i 
SH68-68-Dl 
- 
- 

PSHRG8~68-Dl Sliielded Cable Kit 
I - 

SH68-G8~EP' 
N/A I 

PC-010~24 - - - R 

DAOCa1rl-Dl0~24 NIA R50M-50F and PSH27~50F-Dl NIA 
1.11 6527:. PCI~D10~96j. PXI-G5083. DAQPad~G508' NIA Two R50M-50F and R1005050 ' NIA 

P C ~ D I O ~ Y G -  N/A Two MOM-50F and NB5" NIA 
' f o , ~  I.CIII , ! b o  1 1 ~  I I I ~  SHGB-GBRI~EP or RG8GC i Y o ~ ~  rao also LISC t l ~ e  PR68-GBF 'YOLI I:~II use LWO CA-1000 e ~ l c l o s ~ ~ r e s  w t l i  OIIC of t l~ese rlev~ces. Please Iiote: If you are IISIII!~ a NI 435x serles data logyer, []lease 
aea F g ~ r s  1 011 pa!le 298 for l io1111at1o11 on ca11l11ig to a CB-GBT all11 CA~ l000 .  ' S p l ~ t s  111to two 50~11111 conllectors. See 11age 319 for 111for1ilat1011 on uslllg tlle CA-1000 wltll algllal sourrs prorlilcts. .,.I- _ -  _ _ - ^ 

i I 

264 National Instruments -Tel: (800) 433-3488 - Fax: (512) 683-9300 info@ni.coln ni.corn 



Configurable Signal Conditioning Enclosure 

Uncompe~isated 2 1 

Tlierrnocuuj~le Jack J-type 1 1 
K-type 1 1 

Uncompensated 1 1 
BNC BNC connector 2 1 

SMB SMB co~lnector 4 1 

R a ~ i a ~ i a  Jack 
LEMD 

Rockel Swltcli 

LEO 

Banana Jack 

2-p111 fe~na le  

4, 6-p~n female 

2, 4, 6-p111 female 

S~ng le  (male) 

S~ng le  (female) 

Dual (male) 

Oual (female) 

On - off 

(On - off - on) 

(011 o f f  - 011) 

A red, green, yellow, 

and orange LED 
1 turli, 10 k W  

Screw clamp 

Fllle~ panel 
-. - 

Table 3 [ A -  1000 Pa~ielette descr~ptioiis 

Ordering lnformation 
CA-1000 (enclosure only) .................................... 777664-01 

D~tnenslons -30.7 by 25.4 by 4.3 cm (21 .I by 10.3 by 1.7 in.) 

I10 Connector Panelettes 
M~n~thermocouple, J-type (2 included) ................ 184736-01 

................ Minltliel- noc couple, K-type (2 included) 184736-02 

M~nithermocouple, uncompensated (2 included) ...... 184736-03 

Thel-mocouple, J-type ................... ... ................ 187597-01 

Thermocouple, K-type ..................................... 187597-02 

Thel-mocouple, uncompensated .......................... 187597-03 

BNC (2  ~ncluded) .................................................. 184737-01 

Banana jack (2 included) .................... ... .......... 186405-01 

LEMO connector (B-Series) 

Dual 2-p~n, female ............................................ 187585-01 

4.~117, female .................................................... 187585-02 

6-pln, female .................... ... ........................ 187585-03 

MIL-C-26482 (Series 1) 

...................... MS31 12E8-2 S ................... ... 187591-01 

MS31 12E8-4 S ............................................... 18759102 

MS31 12E10-G S. ............................................. 187591-03 

SMB (4 ~ncluded) .................................................. 185505-01 

Ordering Information (continued) 

.......................................................... Strain relief 184721-01 

9-Pin D-Sub 

...................................................... Single male 184738-01 

.......................................................... Dual male 184738-02 

.................................................... Single female 184738-03 

.................................................... Dual female 184738-04 

.................................................................... Blank 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 (1 0 kQ, single turn) .................... 185377-01 

LED 4 - (Includes: 1 green, 

1 red, 1 orange, 1 yellow) ................................ 185376-01 

External Cables 
.................................................. SH68-68-EP, 1 m 182419-01 

............................................ SH68-68-Dl, I m 8 3 4 3  2-01 

.................... .................... SH68-68R1-EP, I m .. 187051-01 

...................................................... SH50-50, I m 777720-01 

.......................................................... R6868, I m 182482-01 

....................... ................... R1 005050, 1 m .... 182762-01 

............................................................. NB5, I m 181304-10 

................................................ SH1006868, 1 m 182849-01 

............................ PSHR68-68 Shielded Cable Kit 777293-01 

...................... PSHR68-68-Dl Shielded Cable Kit 777420-01 

...................................................... PR68-68F, I m I 83646-01 

............................................. PSH27-50F-Dl, 1 m 776989-01 

............................................... SHC68-68-EP. I m 186838-01 

Internal Cables 
...................................... R50M-50F ribbon cable 184526-OR3 

R68M-50F M I 0  bulkhead ribbon cable .............. 777660-OR3 

Accessories 
.............................. CA-1000 Rack-Mount Kit (1 U) 777665-01 

.... .............................. CA-1000 Stacking Kit .......... 777666-01 

.................................... CA-I 000 Panel Mount Kit 1 87243-01 

................................................... Straln Relief Kit' 187407-01 

'You cannot use the Strain Relief Klt in conjunction with 

the rack-mount, panel-mount, or stacking k~ ts .  

For information on extended warranty and value added 

services, see page 22. 
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E Series Multifunction DAQ Overview 

Measurement & Automation Explorer 
NI Measurement & Automation Explorer (MAX) software, which is 

Self-Calibration Using an Internal Reference bundled with every E Series multifunction DAQ device, guldes you 

The E Serles analog Inputs and outputs have calibration circuitry to  through hardware configuration, channel scaling, and sensor set-up. 

correct yaln and offset errors. You can calibrate the device In You can also test the basic operation of your E Series dev~ce and 

software to avo~cl analog I/O errors caused by time and temperature signal connections using a test panel, ACHIG 
AlGNO ACH24 

drlft at run tlme. No external circuitry is necessary; an internal ACHO A C H I ~  
ACHE ACH25 

t-efel-ence ensclres high accuracy and stability over time and What About Signal Conditioning? 
ACHIE ACH26 

temperature. Factory-calibratton constants are permanently stored Signal conditioning is one of the most ACHIS 
ACH21 

ACH3 ACH2O 

~n an onboard EEPROM and cannot be modifled. A modifiable ~ m p o r t a n t ,  and m o s t  over looked, A;;;; ACH28 ACH21 

sect1011 of the EEPROM stores user-modifiable constants. You can components of a data acquisition system. ACH29 
ACH22 

ACHl3 ACH30 
I-etuln the devices to thetr initial factory callbration by accessing the Many sensors require specla1 signal 2;; ACH23 

ACH31 

~ i t imod~f~ecl  factory constants, Included with all E Series devices is conditioning technology, and no DAQ 2;; ACH32 
ACH4O 

an NIST-traceable and ISO-9002 certified calibration certificate. Vis~t device has the capability t o  provide all Di1CSaFo; 
A C H E  
ACH4l  

OACIOUT' ACH34 

', , , for more information. types of signal conditioning to  all :",;",';: ACH42 
ACH35 

sensors. Using NI signal conditioning DiE! ACH43 
AlSENSE2 

D l 0 4  AlGND 

110 Interface - MITE and DAQ-PnP products, you can measure a wide variety ;;;; ACH36 ACH44 

All of the PC1 and PXI E Series use the MlTE ASlC as a bus master of signals and sensors. These modular :i:i A C H 3 l  
ACH45 

0103 ACH38 
Interface to the PC1 bus. The E Serles products for ISA use an ASIC conditioning devices come in a range of Dl07 ACH46 

OGNO ACH39 

that fully i~nplelnents the Plug and Play ISA Specification, so that the sizes, from rack-mountable SCXl systems :;; A C H 4 l  
ACH48 

SCANCLK ACH56 
DMA level, interrupt channels, and base I/O address are all software t o  portable SCC systems. EXTSTROBE' ACHII 

PFIOIIRIGl ACH51 

conflgurable. All other E Series devtces are inherently Plug and Play PFII I IRIGZ ACH50 
PFIZICONVERT' ACHSE 

compatl ble. Vislt ..::, .. and enter exniev to  download See page 383 for more information PF1$~I",~~$l"_"G~~ ACH51 
ACH59 

GPCTR1,OUT ACH52 
a teclin~cal papel- on bus mastering. on Signal Conditioning, PFIYUPOATE' PFIGIWFTRIG ACHGO ACH53 

Figure 4 1 O O A i i  I/O Coil~iector for 

Nl 6021E aiid NI G025E Dev~ces 

National Instru~nents Tel: (800) 433-3488 Fax: (5121 683-9300 info@ni.co~n ni.coln 

ACHE RTSl Bus Interface ACHI 

AlGNO All E Serles devlces except DAQCards, USB DAQPads, and PXI 
ACHIO 

niodules are interfaced to  the National Instruments RTSl bus with ACH3 
AlGNO 

an enibedded cross-matrlx switch In the DAQ-STC. This switch ACH4 

AlGND 

synclironizes several DAQ devices by sending timing signals to  &CHI3 
ACHB 

them on the RTSl bus. Uslng RTSl bus, a single master device can AIGND 
ACHlS 

control one or tnore slave devices for both single and multiple AID DACOOUT' 
OACIOUT' convel-slons. The PXI Tr~gger bus serves the same purpose for PXI EXTREF' 

0104 systetns as RTSl bus. OGNO 

0101 

0106 

E Series Multifunction DAQ Software OGNO 

+ 5 V  

NI-DAQ DGNO 
OGNO 

NI-DAQ, oclr drlvet- software bundled with every E Series multifunction PFlOlTRlGl 

PFIIIIRIGZ 
DAQ devlce, prov~des access to the features of your DAQ hardware, OGNO 

+ 5 V  
so that you can eas~ly develop powerful measurement solutions. DGND 

PFI5lUPOATE* You can use Nl-DAQ to  perform single-point and buffered V F I W ~ R I G  
DGNO analog 110, d~gltal 110, and counter/timer input operations. You can 

PFIIGPCTRO.GATE 

perform those operations indlvldually, or program your device to  GPCTROLOUT 
FREO-OUT 

1pet.form n l u l t ~ ~ ~ l e  operations s~multaneously. To facilitate Integration 
DAOCard AI-16E~4,OAaCnd-AI- IWE-YI of slgnal condltiontng in your system, NI-DAQ provides you with a PFlnllRIGI GNO 

PFIIITRIG? PA4 
PFIUCONVERT GND 

slngle ntelface for  programming both the E Serles device and signal Figure 3 G 8 - P i i i  I/O Coiiiiector for NI 6070E. PFIIIGPCTRILSOURCE PA3 
PFI4IGPCTRILGATE GNO 

co~idtonlng ~noclules. Using NI-DAQ, you can also synchronize your NI606OE. NI GOG2E. N/6052E, NlG041E. GPCTRILOUT PA1 
PFISIUPOATE' GNO 

PFl6\"lFIRIG PA1 
E Ser~es ~multtf~lnct~on DAQ device with other measurement devices, NIG040E. Nl603GE NI6035E, NI 6034E. PFIIISTARTSCAN GNO 

GPCTRO_SOURCE PA0 

to build measurement systems customized to your particular needs. NIG032E. NI6030E. NIG024E, NIGO23E, GPCTRO_GATE GNO 
GPCTROKOUT 15 V 

FREU-OUT GNO 
NI G020E. NI G012E aiid NI GO1 IE Devices 

. 

7: 

. 

PFIlISTARTSCAN ACHGI 
PFlEIGPCTRO_SOURCE ACH54 

ACHO PFI9IGPCTROLGATE ACH62 

AIGNO GPCTRO-OUT ACHS5 

ACHB 
FRED-OUT ACH63 

ACHZ 
'NO, o v u ~ a b ~ e  ON, PCI 6033E 

AlGNO 
A C H l l  

figure 2 IM-Pill I/O Coiinector for NI 6071E. 
AISENSE NI GOGIE NI 6031E, NI 6033E Devices 
ACHI2 

ACHS AIGND PCI 
AlGNO AlGND GND 
a c H l r  ACHO ACHB PC6 GNO 

ACH7 ACHl PC5 
AIGNO ACHY GND 
AOGNO'  ACH2 PC4 

AOGNO' 
ACHlO GND 

ACH3 PC3 
OGNO ACHlI  GND 

0100 ACH4 PC2 

0105 
ACHl2 GNO 
ACHS PC1 

OGNO ACHl3 GNO 

- 
- 
11 - 
>1 

- 11 

.7 

:l 

a 
11 

W 
81% 

w' - 
6 1  

80 

,,, .... I r ,  I 0102 
ACHE PC0 

n] 0101 
ACHl4 GNO 

ACHl PB7 

?cy 
[ t o  
:'# j '0 . ., 
-;.lj 

:I rn 5 ,  

I >  

,I: 
11 

.. 
--'I 

7d .. 
I: 
LI -. 

2 0103 A C H E  GNO 

rt SCANCLK 
AISENSE PB6 

OACOOUT GNO 
-. i',' EXTSTROBE" 

. 
'k 
rml 
'4 .... 
-!: 
P . 

I!/.:=: 
10 "2, 

:I R 
B 

1 

I 

OACIOUT PB5 

2 OGNO RESERVED GNO 

t l  PFIUCONVERT' 
AOCNO P84 

OGNO GNO !> PFIIGPCTRILSOURCE 0100 P83 

PFl4lGPCTRILGATE 0104 GNO 

GPCTRI-OUT 
D l 0 1  PBZ 
0105 GNO 

L [!n. OGND 0102 PBI 

I 1l PFIlISTARTSCAN 0106 GNO 

_1_,.31 PFIUGPCTRO_SOURCE 
0103 PBO 
0107 GND 

7 m' OGNO OGNO PA7 T!~, OGNO + 5 V  + 5 V  GNO PA6 

, , ~ u , r v a , l n b l e o , ~ A I ~ 1 6 X E 1 0 , P C 1 6 0 3 2 E ,  EXTSTROBE' SCAIJCLK GNO PAS 



E Series Multifunction DAQ Specifications 

Specifications - 16-Bit E Series NI 6052E, NI 603xE, and NI 601xE 

These spec~f~cat~ons are typlcal for 25 "C unless otherwise noted 

Analog lnput 
Accuracy spec~f~cat~ons See tables In E Serles product pages 

Illput Characteristics 
Numher of channels 

- - 
Tfl5?E 1G s~qllt-n'~rlvrln 8 rliflcmbli;~l 

' G030E [software selectable per clia~inell 
' G032E I 

G034E I 

G035E 
I GO3GE 

GOlxE -- - I 
G031E 64 single-ended or 32 differential I 
6033E (roltware selectable per chan~iell I 

Type of ADC 
Resolution 

Maximum sampllng rate - 
6052E 333 k5h 

too Ls-ts 

I 
- - -- -. 

20 kS/s: I 

200 kS/s s~~igle~clianllel sampling with 1 

tl~e OA[1Card"'-Al-lGXE-50 - i - 

Streamlngto-dlsk rate (system dependent)! 
- -  - - 

G052E 333k9s - -. - 
G034E 200 kS/s I 

G035E 

G031E 
G032E 
G033E 
GOlxE 2_0 kS/s - -  -- 
~S~ren~~~~~i!l-to-rl~sk retes ~ l o  ~lot apply to RT Serles devices 

- I 

lnput slgnal ranges 

! - - 'i!mqv 

I l0OlllV -I- 
.- - 

l 6 0 3 4 ~  20 V I 

I 6035E 10 V 
rn G036E 1 V 

! 100 1nV -; 

GOlxE 
I i ;:: I 
I 5 v 

Y I 2 v  
1 v i 200 n~v  I 

+2 v 
*1 v 

r500 1nV 
- 

noo  IIIV 

*I00 lllV 

........ ........................ Input coupling ... DC 
Max~mum working voltage 

[signal + common mode) ............. Each Input sho~lld remaln wlthln 
* I 1  V of ground 

Overvoltage protection 
.... .................... Powered on i25 V 

.................................. Powered off *15 V 

Inputs protected .-. --A- - - -  
I ~ Y F  A C ~ C O  is>, AISLNSC I 

G035E 
G03GE 

L s o l ~ f  -. - - 
6031E ACH<O..G3>, A ~ E N S E .  
6033E AISENSEZ 

-- A - - - 1  

........................... FIFO buffer slze 
512 DAQCard; samples, 2048 11024 for PCI-MIO-16XE-501 samples for 1 

Data transfers 
PCI. PXI. AT . . . . . . . . . .  DMA. Interrupts, programmed I10 
DAOCard . , ,  , Interrupts, programmed I10 

DMA modes 
PC!, PXI .. Scatter-gather Islngle transfer. 

demand transfer) 
AT Slngle transter, demand transfer 

. . . . .  Configuration memory size 512 words 
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E Series Multifunction DAQ Specifications 

16-Bit E Series NI 6052~. NI 6 0 3 ~ ~ .  and NI 6 0 1 ~ ~  (continuedl 

Transfer Characteristics 
Rel:ht~vc ill:curcy Idrllieretfl - . - 

" ' . . I _  - r<l3x~l~tf*l 
- 

m521 k1.5 LSB +3 LSB 
-1 

rA:! :F 
M'Rt I 
ln.;r>F 
t;v1r a.75 LSB +I LSB 
r i ' l : ~ ~ ~  - - ----! 
I;l.iZI 

Dynamic Characteristics 
Bandw~dth 

I-~iamc+- F;ariri:s 

6052E 

6031E 

I G'l'uE I 
603ni  1 rill rmqlc~ 

I rd1~t 

. . 5 . . . . .  .- ';. . . . .  .I 

480 kHz 
255 kHz 

413 kHz -1 
..- 

+I LSB 

- 
! F&w.mri~n - lusioyl- _. 

i i . 5  LSB I +I LSB 
l!ib?"E I I 
rqii IE - 
1~1lZt +; 5 TO .O 75 1SR dZ5 re .I.O-LSB -. ,- -- 

................................ No ~nisslng codes ..... 16 blts, guaranteed 

System noise ILSBnna, including quantization) 

Amplifier Characteristics 
Inout lm~edance 

li?J,! w11lr I& I* 
L ~ J I x F  7 GR ill parallel witll 100 16 CZOIL 1201'1: 

1 k11 1m' 1 I k h l  lo1 

- IrRUCnnl I D&RC,II~I - - 

III~NII I H ~  ;IIH~ dlser cllrrenr - - -. - -. - -. - - - 
. . 

' - . - r , w -  - - - - - - . - 0-5 I ,i,*Li- - - 

 rim^ n o o  PA 3103 @ 
wl:I 
mc>l 
W3GI -. 
WO E *l nA Q l!h 

I r!,:v F 
M:Qt 
t.'iZ'{F 1 
~.I)I 1 F - t r o j l a  - - - - ??I~L--. 
wI7E 4 0  nA +14nA - - =  - 

i AII 40 11s liiax XI la lurin - 10 ps inlax - 1 
I , , ~ ~ ~  . _ --i- - - - I 
1 ifi7lF All , 50ps nax 25\6max , - l0us11iax - - 1 

I N G ~ E  lWlnV I - - , -  
! GZF. -I 

IIU~I)V I - % I n ~ x *  - 
MO mv fl~ldn~ 75 11% 1M 

I - .  I M n i ~ l ~ r r p l a l  , 7511% m.u : 
6012E I l r r l G V  - Wlulr13~ 

333 IN ll:,irh!, 1 V)(al!m 
1 - - ] J ~ ~ ~ m l ~ ~ l R l l p ~ ~ ~  .- WIlrrli- IT 

Crosstalk 
.. - - . . . . . . .  

1 I, ., ,I, .-,:, , , , ,, 
-75 1111 

- .  
GOlxE 

. . -  
-85 rlB 

. - 
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E Series Multifunction DAQ Specifications 

16-Bit E Series NI 6052E. NI 6 0 3 ~ ~ .  and NI 6 0 1 ~ ~  [continued) 

Analog Output Voltage Output 
qng05 

-. rl0v.0 lo ~ O V . ~ E I K ~ E F U  4 0  ~ ~ ~ ~ ~ f ~ o f l m r r ~ d e c ~ ~ l r l r :  1 

~ I O V .  n 10 !nv M~I\WIE kttltl,~!n~e -1 
Output Cllaracteristics 
Number of channels 

G052E ? wllqp a~llw~ls 
G030E 
G031E 
G035E 
G03GE 

- -  lI 
I 

- - - -. - - - . . 
*I0 V 

1 

. .--  - - 
output coupl~ng ............................ DC 
Output ~mpedance ................... ... ........... 0 1 R max 
Current dr~ve . . . . . . . . . . . . . . . . . . . . .  -t5 mA max 

. . . . . . . . . . . . . . . . . . . . . .  Protect~on. Short-c~rcu~t to ground 
Power-on s t a t e -  - - - 
I mnr: I O V ~ & I &  

8 P l l l t  !-O)JAE I I I~ 

Eternal reference Input (6052E only) 
Range .............................................. +1 1 V 
Overvoltage protection ......................... +25 V powered on, * I 5  V powered off 

............................... Input ~mpedance.. 10 kn 

............................. Bandw~dth 1-3 dB1 3 kHz 
........................................... Slew rate 0.3 Vlps 

M a x ~ ~ n u ~ n  update rate 
- - - - 

G052E 3 3  kS/;lr - 1 
6035E 10 1S/s. systeln rlel~e~lrlelit 
G03GE 
G030E loo kSis -I Dynamic Characteristics 

Settling tlme and slew rate 
-. - --- ., , ,, I # ,  2 ,  . 1 *;?. L,,l,!h i!P$P , \ :  ,,.1!-,,4, I ,,;. 

, . 
3 5 I I S ~ O  51 LSB accu~ay - 15 V/II:, 

I G030E 10 us to +1 LSB accuracy 5 V/pr 
Type of DAC . Double buffered, rnultlply~ng G031E -, 

10 11s to ffl !i_LSB*~lrac~ 6035t -- . -. ..... 
R m E  - 1 '5115 tn t l  LSO mtllrgcy . 

1 G O ~ I E  50 11s to 4 5 LSB accuracv 
FIFO buffer s12e 

G062E 1.6X ~!III&< 

6030E 

I ~N!E. . 
I 

. . , -, - .- - -- - - - - - - I 

j W3$E -1 -200 $~V,,fi DC ID I MHz- - 
z 
m 

Data transfers 
PCI. PXI, AT 
DAOCarcl 

DMA  nodes 
PCI, PXI 

.... DMA. Interrupts, programmed 110 
Interrupts, programmed I10 Glltch energy [at m~d-scale transit~onl 

Digital I10 
................................. Number of channels 

..... Scatter-gather (s~ngle transfer. 
demand transfer) 

. Single transfer, demand transfer 

Transfer Characteristics 
Relat~ve accuracy 

GO52E F0.35 ~ ~ ~ l y p i c a ~ .  ri'iSii'n1ax 
I G030E rO 5 LSB lyp~cal, rl LSB rnax 

G031E 
G035E t0 3 LSB ty~~cal. t 0  5 LSB ~iiax 1 

d LSB liiax - -- ' 
r0 5 LSB Illax i 

1 . . . . . . . . . . .  Power-on state Input Ih~gh ~mpedance) 
Data transfers . . . . . . .  Programmed I10 
D~g~ta l  log~c levels DNL . . .  tlOCSRmnl* 

Monotonlc~ty 

G052E 16 b~ts. !)~~ara~~teerl 
GOJGE 
G030E 
(i031E - 
G035E 12 lilts. yl~araliteed 
FOiIE - 

i i .  I 
- 

,I .I, 

IIIJILI~ low voltage nv 
1n11~1t 111g11 voltage 2 V 
Outp~~t low voltage Ilout = 24 IIIA~ - 

I Outl~i~t l i ~g l~  voltage [lout = 13 IIIA~ 
, . -- 

4 3 5 v  
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E Series Multifunction DAQ Specifications 
E 
0 . - 
C 
m SpeCif iCati~I l~ - 16-Bit E Series NI 6052E. NI ~ O ~ X E ,  and NI ~ O I X E  Icontinuedl 
0 . - 
C 
0 

Timing I10 Triggers 
m 
a General-Purpose UplDown CounterlTimers Analog Triggers 

. . . . . . . . . . . . .  V) Number of channels 2 Number of triggers 
ln Resolution . . . . . . . . . . . . . . . .  24 blts (1 In 16, 777, 2161 . GO%E -- - 
m . - . . . . . . . . .  
L Compat~bll~ty 5 V m L  6030E 
m -- 6031E i 1  
V) 

w Dlg~tal loglc levels ................. - ... ........ ......-.... j 6032~ 
. .!..I ,.,., .ri ?&a: 7 G033E 

I 
.v . - 

III~IIII low voIIa[~c !lOV ; 0.8 V 6034E 

- --I Nolle z l111111t IIILIII volla~~e . . 211b' .& . . 50V 603% 
F 0ul111lt low voltarle Ilout = 5 IIIA~ 0.4 V f ! 6036E 

011tli11t lilgll vollage (lout = 3.5 mAl 4.35 V - - ! 
. . . . . . . . . .  Base clocks available 20 MHz and 100 kHz 

Base clock accuracy .................. +0.01 % 
........... Max~mum source frequency 20 MHz 

External source selections , PFlO PF19. RTSlO RTSI6, analog 
trlgger, software selectable 

External gate selections .............. PFIO..PFIS. RTSIO..RTSI6, analog 
trigger; software selectable 

Mln~mum source pulse duration ................ 10 ns 
................. Mlnlmum gate pulse duratlon 10 ns, edge-detect mode 

Data transfers 
..................................... PCI, PXI, AT DMA, Interrupts, programmed I10 

DAOCard . ............. Interrupts, programmed I10 
DMA modes 

............................... PCI. PXI Scatter-gather lslngle transfer, demand 
transfer] 

AT ................... Slngle transfer, demand transfer 

Frequency Scaler 
................... Number of channels 1 

Resolut~on ...................... 4 blts 
Cornpatuhll~lr . . . .  5 V m l  

III~ITOI llX11r 1cvsl5 .. -- - - 
111. 111 

lt11~111qr.v w1l.111n OOV O H V  
~ l l ~ l l 1 ~ ~ l l ~ ~ l ~ 0 ~ l ~ ~ J ~  . -. . - ?,OK . - - 5ov 
Out1111t low volla!je Ilo~lt = 5 mAl 04V 

0utl111~ l11g11 voltage (lout = 3 5 11iAl 4.35 V 
- - - - . - - - - 

....... ................... Base clocks available ,.. 10 MHz, 100 kHz 
Base clock accuracy ................. +0.01 % 
Data transfers ................... Programmed 110 

Purpose 
Analog Input .......-..............<.. ....... Start and stop trigger, gate, clock 
Analog output ....................... Start trigger, gate, clock 
General-purpose counterltlmers . Source, gate 

Source - - -- - - - - - -- - - 
' G052E ACH<O.I5>, PFlOflRlGl 

Level 
.......... Internal source. ACHc0..15/63> *Full-scale 

External source. PFlMRlGl  .. +I0 V 
..................................................... Slope Positive or negative; software selectable 

.............. .................. Resolution ..-......... 12 blts. 1 ~n 4,096 
............................................ Hysteres~s Programmable 

Bandwidth (-3 dB1 
Accuracy ........................................ -tl % of full-scale range max 

- - - -  - - . .  
..I,,. . ., I .  I 

':i:.:r..* . . L ,  ,, (i - 
- 

, / , 1 , .  , I. . ! 
- 6052E -- - i'~ kHz 700 kHz 

1 6om€,rd~l€. tom. ~ 1 3 ~  - - 755 tHI 4 Mt11 - A - , i 
i Digital Triggers (all devlcesl 

......................... Number of trlggers 2 
-- -' Purpose 

Analog Input .......... Start and stop trlgger, gate, clock 
Analog output .................................... Start trlgger, gate, clock 
General-purpose counterltimers ........... Source, gate 

....... Source PFIO. PF19. RTSIO..RTSIG 
....................................................... Slope Posltlve or negative, software selectable 

........................................ Compatib~lity 5 VRTL 
................................... Response Rlslng or falling edge 
....................................... Pulse wldth 10 ns m~n lmum 
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E Series Multifunction DAQ Specifications 

16-Bit E Series NI 6052~. NI ~ O ~ X E ,  and NI 6 0 1 ~ ~  tcontinuedl 

External Input for Digital or Analog Trigger IPFIDflRIGl) 
. . . . . . . . . . . . . . . . . . . . .  Impedance.. 10 kn 

trrrrlihr~q . DC 
I'lorcr.ilcur 

.... ilrrl~lnl ~ t l q q ~ r  -0.5 lo Ncc r 0.51 V 
:#I l,~I<~!l \ t l y y ! r  

nr~MIf#rselAW . . . . .  t 3 S V  

Calibration 
....... ntial~n~irr?nn<!cn rvnrmwp trrne. 15 Inlnum: 30 mmvtos k r  DhOCard 

G1ltbr~r~011 h*~utvnI . . . . . .  1 wnr 
tii!lm;lrfl c;llil~r.~tlar~ rdvrmce  

I li: I.svrt 
- - 

G[151C socv l t l8  I I ~ L  Om lull a~Hm[ill!j I c ~ r ~ n l ! ~ m .  
W.JOI 1 ocrila~ m~~rl! Yiorejl Ilr EEFRCM 
Rs7lE I 

fir:1:3 I I 
l:!Mif. 
li'll>t I 
I,:,;:!. s nwr v la 5 rr#I 
I,:'>!>F 
ar!liC - 
fhillt 

- I 
SllrPJ V lr3 0 I JI _ I . - -  -- i 

RTSl [PC] and ISA only) 
............................ Tr~gger l~nes 7 

PXI Trigger Bus (PXI only) 
Trrgger lines . . . . . . . . . . . . . . . . . . . . .  6 
Star Trigger ........................ 1 

Bus Interface 
.................... ............................ PCI. Pxr ... IWDSIUI. slave 

. . . . . . . . . . . . . . . . . . . . .  A T  OAQCarrl Slave 

Power Requirements' 
. .- ..... - . - 

' .  :. , ,,*:.:.1.. , I.', 1. 11 ,,,, m ,  , 
- . -  c4 ti6 lo ,525 VOC. 1 A _ 1 ; 

+*I G5 to 4 2 5  WUC. I h Il 

. - 4-65 to-+5.25 VDC. 1 A , 
,455 1or5.25 VTIC. 1 A 

' 
....... 

~ L S S M C I ~ ~ V U C . ~ ~ ~ ~ ~  I 
+n 65 I!) +5.75 unc. I n 1 . - 

Ilimnnsions Inof rnctutllng cormeerors)l 
PCr ............................................. 175t-f 1 0 6 c m I ~ E 9 b y 4 2 1 n . l  
PXI 16.0 by 10.0 cm llj.3 by 3.9 1n.l 
ISA 33.8 lw 9.3cm 113.3 bv 3 9 111.l 

ISA Isl~onl ......................................... 17 5 W s.9 cm 6.9 Bv 4 2 In,l 
DAOCad ................... .. ............... T y ~ e  It PC Coid 

Environment 
...................... Operar~ng remporaiurr! fl to 55 "C: DAOCards sMukJ rmr 

cmoed 55 'C wll~lo rn X l v tC tA  slor 
............................ Srornge rmcraruro  -20 ru 70 "C 

................................ Refatwo ht~rnldiry 10 ro 90T7, mnconriensmg 

Certifications and Compliances 
CE Mark Compliance C 6 

'See page 148 for RT Serles dev~ces power requirements and phys~cal pararne7er.s 

National Instruments Tel: (800) 433-3488 Fax: (512) 683-9300 inTo@ni.com ni.corn 275 



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. NI provides 

detalled 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 

al3proprlate hardware for your application. These tables are found 

on the pl.odc~ct 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 1s a percent of the actual input voltage. 

Offset 1s a constant offset applled t o  all measurements. 

Noise t Quantization is based on noise and depends on the 

numbel- of polnts averaged for each measurement. 

Drift IS based on variations In your ambient temperature. 

Based on these components, the formula for calculating absolute 

accuracy IS:  

Absolute Accuracy = _+[(lt~put Voltage X % of Readit~g) i 

(Offset t Noise t Quantizatio~i t Drift)] 

Drift IS already accounted for unless your ambient temperature is 

outs~de + I 5  to  +35 "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 Differelice X % Drift per "C X Input Voltage 

Absolute Accuracy at Full Scale is a calculation of absolute accuracy 

fol- a speclfic voltage range uslng the maximum voltage within that 

range taken one year after calibration, the Accuracy Drift Reading, 

and the Nolse + Quantization averaged value. 

Below is t he  Absolute Accuracy at Full Scale calculation fo r  t he  

PCI-MIO-16XE-50 after one year uslng the + I 0  V input range 

while averaging 100 samples of a 10 V input signal. In all the 

Absolute Accuracy at Full Scale calculations, w e  assume that the 

ambient temperature is between 15 and 35 "C. You can see on 

the next page that the calculation for the +I 0 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=_+[(10X0.0001)t397.2pVt 45.8pV]=_+1.443mV 

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 t ((45 "C - 35 "C) X 0.000002PC X 10 l/l=_+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 t Quantizatiotl for x averaged points = 

Averaged Noise t Quat~tization from table X= 

For example, if you are averaging 1000 polnts per measurement 

with the PCI-MIO-16XE-50 in the + I 0  V input range, the Noise + 
Quantization is determined bv: 

Noise t Quatltization = 45.7 p~ ~-S100/1000 = 14.5 pV 

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 :si,rti$:.,: :~~:;:,j~i<~;:;~::>g,,<:><:~:i;~::, ; 
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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 

othel-. The two  major contributors to  relative accuracy are the 

~resolut~on of the device's analog-to-digital Converter (ADC) and the 

systein nolse. The accuracy tables show both single-point and 

averaged relat~ve accuracy, which include both ADC resolution and 

systeln noise effects. Averaging will improve your relative accuracy 

for DC measurements. 

As an example, assume you are monitoring a voltage once per 

second uslng the * I 0  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 

Th~s  lneans that a measurement taken at tlme t, would have to  be 

60.3 pV greater or less than the measurement taken at time t l  in 

orde~ to detect a difference in the input voltage. Relative accuracy 

does not depend on DAQ dev~ce calibration. 

Detailed Specifications 
The pages starting at page 266 contain detailed specif~cations 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 PC18052E in unipolar range, you would look at the 16-bit 

E Series Multifunction DAO specification on page 272. For the 10 V 

range, the CMRR specification for the NI 6052E devices is 97 dB. 

110 0 0058% 0 0078% 0 0100% 397 2 526 4 45 8 0 0002 1 443 602 7 6 0 3  i 
+5 0.0208% 0 0228% 0.0250% 200.6 263.2 22 9 0 0007 1 474 301 4 30 1 1 
t 1  0 0208% 0.0228% 0 0250% 43.3 52.6 4 6 0.0007 0.298 60.3 G O  I 

t o  1 0 0408% 0 0428% 0.0450% 7 9 8.4 0 7 0.001 2 0.054 9.6 1 .O 
0 to 10 0.0058% 0.0078% 0.0100% 244.6 263.2 22 9 0.0002 1 268 301 -4 
0 to 5 0 0208% 0.0228% 0.0250% 124 3 131 6 11 4 0 0007 1 386 1507 
O to I 0 0208% 0 0228% 0.0250% 28 1 26.3 2.3 0 0007 0.280 30 1 

OtoOl 0.0408!% 0 0428% 0 0450% 6.4 7 0 0.6 00012 0.052 8.4 D.R ' 
110 0 00750,b 0 0095% 0.0117% 815 4 1029 1 91 6 0 0005 2.077 12054 
15 0.0225% 0 0245% 0 0267% 409.7 514 6 45.8 00010 1791 602.7 

0.361 120.5 il 0 0225% 0 0245% 0.0267% 85 1 102 9 9.2 0.0010 12 1 
10 1 0 0425% 0.0445% 0.0467% 12.1 12.2 1 1  00015 0.060 14 5 

Oto 10 0 0075% 0 0095% 0 0117% 591.2 5146 45 8 0.0005 1 807 602 7 60 3 
0 to 5 0 0225% 0 0245% 0.0267% 297.6 257 3 22 9 0.0010 1656 301 4 

l 4  I 
30 1 

Oro 1 0 02259'~ 0.0245% 0 0267% 62 7 51.5 4 6 0,0010 0 334 60.3 6 0 
OtoOl 0 0425Yo 0.0445% 0.0467% 9.9 8.0 0 7 0.0015 0 057 9 6 1 0  

Note Ar:curac~cs ;~rc v;1l111 lor ~llcasurell iel l ls following all ~ ~ i t e r ~ i a l  E Ser~es Calibrat~o~~ Averagerl ~ i u ~ r ~ l i e r s  assume d ~ t l ~ e r ~ n g  and averaging of 100 single-cllannel rearlln!)~ Measurcnlent accurar:les are llstetl lor 
o l l ~ ! r ; ~ t o ~ ~ a l  lellllieratllrt!a \~~I I I I I  k1 O C  of l ~ ~ t t i r ~ i a l  calil~rat~o~l telilperature a ~ i d  +I0 "C of  exter~lal or factory-calibrat~olr te~nperalure. O~ ie~yea r  callbrat1011 illterval rer:o~~li~lenrled Tlle Al~sol~ite Accuracy a t  Full Scale 
III:LII,IIOII~ n t :  lierio1111r1 for a \11n1111orn m11gc III~ILII vol lage (lor exa11111l IOV for l l ~ e  11OV ra11ge) aller o11e year, ~SSLIIIIIII~ 100 plaveraglng of data See O v e r w w o ~ ~  l~age 231 for a11 rxa111111e I:~ICIII~~IOII o f  IIils t y ~ e  i - - . - - - - - - - 

T$~ii: I N i  ti0 IxE Aiiaiug 11ip11t Accuracy Speoficatioiis 

National Instruments Tel: (800) 433-3488 * Fax: (512) 683-9300 info@ni.co~n ni.corn 235 



P N a t i o n a l  August 2000 

Semiconductor 

LM741 
Operational Amplifier 
General Description output, no latch-up when the common mode range is ex- 

ceeded, as well as freedom from oscillations. 
The LM741 series are general purpose operational amplifi- 
ers which feature improved performance over industry stan- 

The LM741C is identical to the LM7411LM741A except that 
the LM741C has their performance guaranteed over a O'C to 

dards like the LM709. They are direct, plug-in replacements 
+70mC temperature range, instead of -550C to +, 25eC. 

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 Features 

- 

Connection Diagrams 

Metal Can Package Dual-ln-Line or S.O. Package 

@ OFFS~HULL]-[;: 

OFFSET NULL 1 
INVERTING INPUT 

INVERTING IIIPUT 2 6 OUTPUT 
WM-~VERTWE a OUTPUT 

INPUT 
NON-INVERTING INPUT 3 5 OFFSET NULL 

V- 5 OFFSET NULL 

v- 
W934102 

00934103 

Note I: LM741H is available per JM38510/10101 Order Number LM741 J, LM741 Jl883, LM741CN 

Order Number LM741H, LM741H1883 (Note I), See NS Package Number J08A, MOBA or N08E 
I LM741 AH1883 or LM741 CH 

See NS Package Number H08C 

Ceramic Flatpak 

O F F S E T  :: 
I N P U T  LM741W V t  

+INPUT OUTPUT 

V -  -OFFSET NULL 

00934106 

Order Number LM741 Wl883 
See NS Package Number W1OA 

Typical Application 

Offset Nulling Circuit 

O 2004 Nat~onal Semiconductor Corporation DS009341 www.national.com 



Absolute Maximum Ratings (Note 2) 

If MilitarylAerospace specified devices are required, 
please contact the National Semiconductor Sales Office1 
Distributors for availability and specifications. 

(Note 7) 

LM741 A LM741 LM741 C 

Supply Voltage +22V +22V +I 8V 

Power Dissipation (Note 3) 500 mW 500 mW 500 mW 

Differential Input Voltage +30V +30V k30V 

Input Voltage (Note 4) *15V +I 5V 215V 

Output Short Circuit Duration Continuous Continuous Continuous 

Operating Temperature Range -55'C to +125'C -55'C to +I 25'C O'C to +70°C 

Storage Temperature Range -65'C to +150°C -65'C to +150°C -65~C to +150°C 

Junction Temperature 150'C 1 50°C 1 OO~C 

Soldering Information 

N-Package (10 seconds) 260'C 260°C 260°C 

J- or H-Package (10 seconds) 300'C 300'C 3OO0C 

M-Package 

Vapor Phase (60 seconds) 215'C 215°C 21 5'C 

Infrared (1 5 seconds) 21 5'C 21 5'C 21 5'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) 

I 



Electrical Characteristics (Note 5) (Continued) 

Parameter Conditions LM741A LM741 

Max Typ 

V/mV 

LM741 C 

Large Signal Voltage Gain 

TAMIN 1 TA 1 TAMAX, 
RL 2 2 kR, 

Vs = +20V, Vo = c15V 

Units 

32 

V/mV 

VImV 

TA = 25'C, RL 2 2 kR 

Vs = +20V, Vo = r t l 5V  

Vs = c15V, Vo = +1OV 

50 

Min 1 Typ 

V, = +15V, Vo = +1OV 

v, = +5v, vo = c 2 v  

25 

Max . - - -  

50 

10 

200 

Output Voltage Swing 

v 
v 

e12 +14 '12 f 1 4  v 
+ l o  + I 3  + I 0  k 1 3  V 

Output Short Circuit TA = 25'C 25 25 m A 

Current TAMIN 5 TA 5 TAMAX m A 

15 

Min 

20 

Common-Mode 

Rejection Ratio 

Supply Voltage Rejection 

V/mV 

VImV 

Typ 

200 

Ratio V, = +20V to V, = c5V 

LM741A 

LM741 V, = +15V 

TA = TAMIN 60 100 
I 

TA  = TAMAX 45 75 

Note 2: Absolute M a x ~ m u ~ n  Ratings" indicate lhmits beyond which damage to the device may occur. Operating Ratings indicate condit~ons for wh~ch  the device IS 

l~~nc t~ona l .  but do not guarantee speclfic performance limits. 

TAMIN 2 TA 5 TAMAX 
R s I  10 kQ, VCM=k12V 

Rs 1 50Q, VcM = +12V 

TAMIN I TA 5 TAMAX, 

Max 

80 95 ------------ 
70 90 

------- 
70 90 dB 

dB 



Electrical Characteristics (Note 5) (Continued) 
Note 3: For operation at elevated temperatures, these devices must be derated based on thermal resistance, and Ti rnax. (listed under "Absolute Maximum 
Ratings"). TI = TA + (OjA PD) 

Note 4: For supply voltages less than c15V, the absolute maximum input voltage is equal to the supply voltage. 

Note 5: Unless otherwise specified, these specifications apply for Vs = *15V, -55% 2 TA < +125'C (LM7411LM741A). For the LM741C/LM741E, these 
specifications are limited to O'C 2 TA S +70'C. 

Note 6 :  Calculated value from: BW (MHz) = 0.351Rise Time(ps). 

Note 7: For military specifications see RETS741X for LM741 and RETS741AX for LM741A. 

Note 8: Human body model, 1.5 kR in series with 100 pF. 

Schematic Diagram 

NON-INVERTING 

00934101 

Thermal Resistance 

O,,  (Junction to Ambient) 

Bj, (Junction to Case) 

Cerdip (J) 

100'CNV 

NIA 

DIP (N) 

1 0O0C/W 

N/A 

HOB (H) 

170'CNV 

25'CNV 

SO-8 (M) 

195'CIW 

NIA 



Physical Dimensions inches (millimeters) I 5 -1 I Unless otherwise noted 

10 8891 
112.701 MAX nn n 

- -- SEATING PLANE 

11 T T O.af5-0.040 
(0.381 - 1.018t 

I- - ue u uu 
I U.Pl6-B.IH9 DIATYP 

*' 10.406-0.4831 

Metal Can Package (H) 
Order Number LM741 H, LM74lHJ883, LM741AH1883, LM7 



I 

Physical Dimensions inches (millimeters) unless otherwise noted (Continued) 

RO.O1O TYP 
0 .400  MAX 

0.220 0.310 MAX /1 121 wl O j 9 1  

R0.025 TYP 

9 5 O i 5 O  TYP 

t 
0.200 
MAX 

1 - 

1 lip/ 9 0 ° *  4 O  TYP 

j - 1  0 .018+0 .003  TYp 

0 . 1 0 0 *  0.010 TYP 

Ceramic Dual-In-Line Package (J) 
Order Number LM741 Jl883 
NS Package Number J08A 

(1  ddl )  

PIN NO 1 IWRTAp&J - 
OPTION 1 

1 z s n  

(:.:::, 'IN 0 030 -I*P-LI 1- 
0 300-0.320 (0 162) MA -* 
(1.62-8.128) - 1 -  1 , I /  I I 

10.813 $0 117) 

PIN NO 1 IIIEHT-1 

y (1,016) "' - ' a - 0.039 OPTION 2 

ZO"+lA--H -7 I-K) r? 0.145-0.200 =a* c "0"s 

Dual-In-Line Package (N) 
Order Number LM741CN 

NS Package Number N08E 

JOUA (REV K )  



Physical Dimensions inches (millimeters) unless otherwise noted (Continued) 

0.080 4 

0.055 

0.035 
0.026 - 

TY P 

f 
* + 0.012 1 1  

0.008 

DETAIL A 

W I Q A  (REV E) 

0.006 ,il, 
0.004 

TY P 

10-Lead Ceramic Flatpak (W) 
Order Number LM741 W1883, LM741 WG-MPR or LM741 WG1883 

NS Package Number WlOA 

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. 

LlFE SUPPORT POLICY 

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LlFE SUPPORT DEVICES OR SYSTEMS 
WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT AND GENERAL COUNSEL OF NATIONAL SEMICONDUCTOR 
CORPORATION. As used herein: 

1. Life support devices or systems are devices or systems 2. A critical component is any component of a life support 
which, (a) are intended for surgical implant into the body, or device or system whose failure to perform can be reasonably 
(b) support or sustain life, and whose failure to perform when expected to cause the failure of the life support device or 
properly used in accordance with instructions for use system, or to affect its safety or effectiveness. 
provided in the labeling, can be reasonably expected to result 
in a significant injury to the user. 

BANNED SUBSTANCE COMPLIANCE 

National Semiconductor certifies that the products and packing materials meet the provi:;ions of the Customer Products Stewardship 
Specification (CSP-9-111 C2) and the Banned Substances and Materials of Interest Specification (CSP-9-111 S2) and contain no "Banned 
Substances" as defined in CSP-9-111 S2. 

E3 National Semiconductor National Semiconductor National Semiconductor National Semiconductor 
Americas Customer Europe Customer Support Center Asia Pacific Cuslomer Japan Customer Support Center 
Support Center Fax: +49 (0)  180-530 85 86 Support Center Fax. 81-3-5639-7507 
Elnall new.leedbackBnsc.com Ernail: europe supportOnsc.corn Ernall: ap.supportBnsc.com Ernail: jpn.feedbackBnsc corn 
Tel 1-800-272-9959 Deutsch Tel: +49 (0)  69 9508 6208 Tel: 81-3-5639-7560 

English Tel: +44 (0)  870 24 0 2171 
~sww.~nat~onaI cow Franpais Tel: +33 (0 )  1 41 91 8790 



Appendix - C 

Post processes ANSYS simulation results 

> Post process results of ANSYS modelling at 1:1 nitrogen gas pressure 

ratio on the tnlet pressure tube to pick up shaft (obtain from pressure plot 

of ANSYS result) 

> Post process results of ANSYS modelling at 1.8:l nitrogen gas pressure 

ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot 

of ANSYS result) 



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). 

.- - - - - 

NODAL SOLUTION Inlet pl'esstlw Tube A 
AUG 1 7  2 0 0 6  STBP=l 13: 44: 0.5 

SUB =1 
P R E S  (AVG) 
RSYS=O 
S N X  = . 6 2 3 B + 0 7  

Figure C2: Pressure plot fiom nodal solution shows the pressure of inlet tube and pick 

up shaft inlet are same means 1 : 1. 

lvii 



J 
OUTLET 

ratio. 

- -.- - ---A - - - - 
- - - ---- - - - - - - 

Figure C4: Velocity profile at outlet at 1:l pressure ratio (left VX and right VY). 

Velocity values are in d s .  

lviii 



- - --- 
--+3 . - 

1 r g 
POST1 

AUG 17 2006 
STEP=l 13: 51: 20 
SUB =1 
PATH PLOT 
NOD1=9368 
NOD239335 
vsmx 

DIST 

cm 

- - - - -  
- 

- --- - - 

Figure C5 : VSUM at outlet when pressure ratio is 1 : 1. Velocity values are in mls. 

OUTLET 

J 

lix 



AUG 16 2006 
18: 02: 09 

Tigure C7: Vector plot showing the path of the velocity particles at 1.8: 1 nitrogen gas 

Iressure ratio on the inlet pressure tube to pick up shaft (obtain from pressure plot of 

4NSYS result). 
--- - - 

> I  

AUG 16 2006 
181OZr51 

I 
I 

Figure C8: Pressure plot from nodal solution shows the pressure of inlet tube and pick 

up shaft inlet are same means 1.8: 1. 



-- - 
- 

L 
NODAL SOLUTION 

STBPs2 
AUG 16 2006 

SUB -1 

I 

I 

I W 1%:04:20 

VSUn IAVG) 
RSYS-0 
SHX =247.089 

OUTLET 

d s  
I 

32.686 65.373 98. Uar 
t 

16.343 49.03 81.716 114.402 147.089 

Figure C9: Velocity plot of the modelling from the nodal solution at 1.8:l pressure 

ratio. 

-A 
POST1 

STBP=1 
SUB =1 

13:57:35 

PATH PLOT 
NOD1=41 
NOD2=9879 
!a?< 

111.611 

W 

d s  38.455 

23.824 

-20.0dP 

X 0 8.824 17.626 26.442 35.256 44.074 
4.407 13.221 22.035 30-84g 39.663 

D I f l  

cm 

Figure C 10: VSUM at outlet when pressure ratio is 1 : 1. Velocity values are in d s .  
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AUG 16 
10: 

OUTLET 

Figure C11: Particle flow lines for nitrogen gas and powders for a pressure ratio of 

1.8:l. 
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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). 

k Results of powder flow bench tests using chamber 'A' when chamber 'B' 
was empty for reverse direction (4 mm to 0 mm). 

9 Results of powder flow bench tests using chamber 'B' when chamber 'A' 
was empty for reverse direction (4 mm to 0 mm). 

Exiii 



'Table D I :  Weight of stairlless steel (Diamalloy 1003) from Charnbcr 'By for 

various increments of its associated Needle. 

lxiv 

Experiment 

Number 

D 1 

- 
D2 

D3 

D4 

D5 

D6 

D7 

D8 

D9 

Dl 0 

Y a ~ i c a l  

Increment or the 

Nealle (mm) 

Dl 1 31.87 

Dl2 32.53 

- -- 
Dl3 91.01 

-- 
Dl4 89.41 

Weight of the 

container 

(gm) 

10.44 

23.46 

24.12 

Total weight 

(Container + 

2.03 

24.50 

Dl5 

Dl6 

- 
Dl7 

Dl 8 

Powder 

weight 

1 .OO 

2.00 

2.50 

82.60 

81.00 

-- 

I 

Powder) (gm) 

Average 

weight 

8 1.40 

89.00- 

- 

Dl9 

D20 

D2 1 

8.41 

---- 

8.41 

8.41 

(gm) (gm) , 

11.04 

- 
10.01 

4.50 

-- 

20.32 

17.78 

18.63 

26.91 

25.52 

29.64 

34.32 

8.41 

91.07 82.66 

- 
91.02 82.36 

90.21 81.80 

--- 
90.50 82.09 

90.59 82.18 82.39 

25.91 

91.32 

11.91 

9.37 

10.22 

5.00 

82.91 

10.50 

1 

8.41 

18.50 

17.11 18.95 

21.23 



Vedisal Increment vs Average Mass of powder flow af Stainless Steel [Diamallay 1003) 

0 1 2 3 4 5 6 

Vertical Increment [mm) 
- - -  - - 

Figure Dl:  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 Dl .  

lxv 



'I'able D2: Weight of Nickel alloy' (Diarnalloy 1005) from Charr~ber 'B' for 

val.ious increments of its associated Needle. 

I xvi 

Ex lperirnent 

Numbel- 

Powder 

weight 

(gm) 

E I  

E2 

E3 

E4 

E5 

EG 

E7 

E8 

E9 

E 10 

El  1 

E l 2  

E 13 

E l4  
- 

El5  8 

El  6 

E l7  

E l8  

El 9 

E20 

~2 1 

Vertical 

Increment of the 

Needle (rnrn) 

Average 

weight 

(gm) 

1 .OO 

- 

2.00 

--- 

2.50 

Weight of the 

container 

(gm) 

Total weight 
I 

(Container + 

Powder) 

(gm> 

1.70 

8.4 1 1.66 

- 
1.56 

34.88 

-- 

80.40 

83.80 

83.16 

3 1.26 

3 .OO 37.91 

35.46 

-- 

4.00 

4.50 

5.00 

9.72 

8.41 18.69 

26.52 18.11 

8.4 1 

1.3 1 

8.41 

21.01 

19.65 

20.31 

12.60 

11.24 

1 1.90 

11.91 

87.9 1 

86.88 

9 1.63 

91.69 

79.50 

78.47 

83.22 

83.28 

82.76 

82.37 

83.12 

82.61 

83.76 
- - -  

8.4 1 

------ 

92.17 

90.78 

8.41 

91.53 ' 

9 1.02 

92.17 



I p w t ' i  Increment us Average Mass of powder flow of Nickel base alloy (~iamalloy-1005)l 1 

Figure D2: Average mass of nickel base alloy1 (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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2 'I'able D3: Weight of Nickel alloy (Diamalloy 2001) fro111 Charnber 'B' for 

val-ious increments of its associated Needle. 

lxviii 

1 Expei~ment 

Number 

3.00 

4.00 

4.50 

5 .OO 

F2 1 

Vertical 

Increment of the 

Needle (mm) 

Weight of the 

container 

(gm> 

8.4 1 

F 1 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

F9 

F10 

63.35 7 1.76 

- 
70.08 

1 .OO 

2.00 

2.50 

Total welght 

(Container + 

Powder) 

(gm) 
- 

62.58 

--- 

8.41 

8.41 

--- 

8.4 1 

8.41 

8.41 

8.41 

' 

12.48 

9.27 

7.58 

39.90 

40.7 1 

40.10 

50.4 1 

52.43 

49.90 

62.72 

20.89 

17.68 

15.99 

48.3 1 

49.12 

48.51 

---- 
58.82 

60.84 

58.31 

---- 
71.13 

9.78 

40.23 

50.9 1 

Powder 

weight 

(gm> 

101.51 

101.83 

102.37 

Avei age 

weight 

(gm> 

93.10 

92.96 

93.96 

93 34 

103.87 

103.46 94.89 

-- 
102.59 

104.03 

104.89 

103.95 

95.62 

96.48 

95.54 

95.88 



- 

b l  Increment \rs Averaae Mass of ~mwder flow 01 Nickel base alloy (Dlamallay-2005) 1 

Vedcal Increment (mm) 
- - 

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. 
- - -  

Vert i ca l  D e c r e m e n t  vs  A v e r a g e  M a s s  o f  P o w d e r  F low 

- .  
0 1 2 3 4 5 6 

&moll bwmmnl  (mm) 

Figure D4: Comparison of average mass of stainless steel (Diamalloy 1003), nickel 

base alloy1 (Diamalloy 1005) and nickel base alloy2 (Diamalloy 2001) powder flow 

with vertical increment of the needle shaped bolt controlled via Lab VIEW 

programming. The combine graphical representation of figure D l ,  D2 and D3 and 

data obtained from Table D 1, D2 and D3 respectively. 
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?'able D4: Weight of stainless steel (Diainalloy 1003) from Chamber 'A' for 

various decrements of its associated Needle. 

lxx 

Powder 

weight 

(gm) 

Experiinent 

Number 

Average 

weight 

(gm) 

Weight of the 
I 

container 

(gm) 

---.- 

Vertical 

Dec~tmcnt of the 

Necdte (mm) 

82.3 1 

82.40 

Total weight 

(Container + 

Powder) (gm) 

GI 

- 
G2 

G3 

G4 

G5 

G6 

G7 

91.33 

-- 
89.97 

90.87 

90.95 

91.28 

90.20 

G8 

G9 

GI0 

G11 

G12 

GI 3 

82.92 

8 1.56 

82.46 
- - 

82.54 

82.87 

81.79 

5.00 

4.50 

89.88 81.47 

8.41 

------ 

8.41 

----- 

89.97 8 1.99 

- 
91.35 

GI4 

GI5 

GI6 

GI7 

GI 8 

G19 

G20 

G2 1 

4.00 

3.0 

33.85 

32.79 

32.65 

25.95 

8.41 

8.41 

25.44 

24.38 

24.24 

24.69 

17.54 

16.94 25.35 2.50 18.19 8.41 

- 
28.49 

17.96 9.55 

2.00 8.41 17.89 9.48 

-- 
19.95 11.54 

I - 

10.19 

I 2.99 

1 .OO 2.74 

10.34 1.93 



Table D5: Weight of Nickel alloy1 (Diarnalloy 1005) from Chamber 'A' for 

various decrements of its associated Needle. 

lxxi 

1 
' 

Experiment Weight of the Total weight 

N~unber Decrerncnt of (Container + 

~ h c  Needle (mm) Powder) 

- -- 

H 1 92.09 
- 
H2 90.98 

I H21 

Powder 

weight 

(gm) 

H3 

H4 

H5 

H6 

Average 

weight 

(gm) 

4.50 

H 14 

H15 

H16 

H17 

H18 

H19 

H20 

- 

83.68 

82.57 

2.50 

2.00 

-- 

1 .OO 

8.41 

8.4 1 

8.4 1 

10.27 

- - - 

83.32 

8.41 

---- 
H7 

H8 
- 

H9 

HI0 

H11 

H12 

H13 

1.86 

-- 
92.12 

91.09 

91.87 

9 1.24 

8.41 

8.4 1 

---- 

4.00 

3.0 

27.08 18.67 

88.23 

88.54 

90.07 

40.34 

45.66 

44.98 

28.55 

83.7 1 

- -  

26.89 

20.12 

21.09 

-- 
20.43 

9.96 

-- 
10.23 

82.68 

83.46 

82.83 

79.82 

80.13 

82.99 

80.54 

- -  - 

18.48 

12.02 

12.68 

12.02 

--- 
1.55 

1.82 

8 1.66 

12.24 

1.74 

3 1.93 

37.25 

36.57 

35.25 





- - - - - - -. 
- - - -  - - - -  

Vertical Decrement vs Average Mass of Powder Flow 
I 

I 

- - - 

Figure D5: Comparison of average mass of stainless steel (Diamalloy 1003), nickel 

base alloy1 (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. 
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'l'ablc D7: Weight of stainless steel (Lliamalloy 1003) from Chauxber 'B' for 

various decrements of its associated Needle. 

lxxiv 

Exper~ment 

Number 

Vertical 

Decrement of the 

Needle (mm) 
I 

Weight of the 

container 

(gm) 

Total weight 

(Container + 

Powder) (gm) 

J I 

54 

J5 

J6 

82.96 

81.82 

82.48 

82.59 

52 

53 

82.42 

Powder 

weight 

(gm) 

5.00 

89.91 

37 91 .OO 

4.50 

- 
J 8 

J9 91.05 82.64 

- 
J10 

J l l  

J 12 

3 13 

314 

J15 

Average 

weight 

(gm) 

81.50 

82.12 

8 1.82 

8.41 

516 

317 

318 

J19 

520 

52 1 

81.81 

pp 

90.53 

90.23 

8.41 

91.37 

90.23 

-- 
90.89 

2.00 

1 .OO 

8.41 

12.55 

- 
10.34 

10.52 

2.46 

2.54 

2.26 

20.96 

18.75 

18.93 

11.14 

I 

2.42 8.41 
I 

10.87 

10.95 

10.67 



'TaG~le D8: Weight of Nickel alloy1 (Dia~malloy 1005) from C11amber 'B' for 

various decrements of its associated Needle. 

lxxv 

I 

Experiment 

Number 

K 1 

K2 
- - 

K3 

K4 

K5 

- 
K6 

K7 

K8 

K9 

Vertical 

Dea-ement of 

I hc Nced lc (inm) 

5.00 

4.50 

I 

4.00 

Weight of the 

container 

(gm> 

----- 

8.41 

8.41 

8.41 

Total weight 

(Container + 

Powder) 

(gm) 

K 10 

K11 

K 12 

8.41 

- 

3.0 

92.17 
-- 

9 1.23 

91.59 

90.89 

91.57 

92.04 

89.65 

88.09 

90.67 

Powder 

weight 

(gm) 

K13 

42.09 

43.34 

45.08 

27.95 

Average 

weight 

(gm) 

K 14 
- 

27.32 

26.79 

83.76 

82.82 

83.18 

82.48 

83.16 

83.63 

8 1.24 

79.68 

82.26 

33.68 

34.93 

36.67 

19.54 

K 15 

2.50 

83.09 

8 1.06 

- 

35.09 

-- 

18.91 

18.38 

8.4 1 

K l6  
I 

I 8.94 

1 1.64 
- -  --- 

20.05 
- 

12.13 

-- 

2 IS 

K17 

K18 

K19 , 

K20 

K2 1 

12.93 

1 1.82 

I .OO 8.41 

10.56 

10.34 

10.78 

2.15 

1.93 

2.37 



'I'ablc D9: Weight of Nicltel alloy2 (Diarnalloy 2001) from Chanlber 'B' for 

various dccrerr~ents of its associated Needle. 

lxxvi 

Experi~ncnt 

Number 

L 1 

L2 

L3 

L4 

L5 

L6 

L7 

LX 

L9 

L10 

L11 

L12 

L 13 

L14 

L 15 

L 16 

L17 

L 18 

L19 

L20 

L2 1 

Vertical 

Decrement of 

the Needle (rnm) 

5.00 

4.50 

--- 

4.00 

3.0 

--- 

2.50 

2.00 

1 .OO 

Weight of the 

container 

(gm) 

Total weight 

(Container + 

Powder) 

(gm) 

8.41 103.14 94.73 94.89 

103.98 95.57 

101.41 93.00 

8.41 

8.41 

' Powder 

weight 

(gin) 

8.41 

Average 

weight 

(gm> 

102.79 94.38 

100.31 9 1.90 

7 1.62 63.21 

8.41 59.3 1 50.90 5 1.39 

8.41 

8.4 1 

63.4 L 

72.07 

10.30 

63.66 

39.37 

9.74 

61.02 

47.23 

47.43 

48.67 

17.98 

17.76 

52.6 1 

38.82 

39.02 

40.26 

9.57 

9.35 

7 1.78 63.37 



Vertical Decrement vs Average Mass of Powder Flow 

3 0 

Vertical Decrement (mm) 

Figure D6: Comparison of average mass of stainless steel (Diamalloy 1003), nickel 

base alloy1 (Diamalloy 1005) and nickel base alloy2 (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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Standard Test Methad for 
Flow Rate of Metal ~swders' 

I I :  I I I\ flnivi~~clvr finnrcl ! 1. is,  
1)  I:arin%:r c;~lil>~nfcd orilicc ol't) Iti rn. I1 54 ncrl rs tl~nrriclrr. 

9, Cnlt'bralji,rl uf Apparfitus 

9 1 l'tae rrianufueturer suupl~lies llic powder !lowmettr funlael 
calihrattcd 51s liollows: 

0.1 .I Heal ;m open glass jar of Cbit1r.s~ c n x 9  1t1 :: d~ying 
UVCII a1 n (elqwra[txe of 102" lo 107°C ( 2  15' to 22S2!:) 51 I 
f: 

9.1.2 roo1 the emcr,, to lovlri Icnpentor:: in a dcssitak!r 
o.1.j i:oltorv :hi. p:acdrrrc ourlinttl in sri.1:s iC . i  .l-;O.I.S . 
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Appendix F- SEM Analysis Results 
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Figure F1: A SEM image of the functionally graded coating sample 1 (Diamalloy 1003 and 

Dia~nalloy 200 1) (Represent of Figure 6.17 for the 2'ld and 3 1 ~  set of point analysis). 

Figure F2: Chemical composition of the final coat or the Top CoatIService Coat of Sample 

H . Ed r ,  > ,,n 
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- 
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1 (2"" set of point analysis). 
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1 
I 

I 

Elm Norm w e  

C 67.64 
0 11 -92 
S i  0.35  
Ni  1 . 1 0  
Fe 14.41 
T i  0 . 0 3  
C r 4 .12  
Mo 0.01 
Nb 0.00  
Ca 0.95  
Mg 0 .17  

Fa 
T o t a l  100.00 

N i Nb Mo . 
m 1 

0 0 5 0 10 0 15. 0 20.0 



E l m  Norm wW: 

M9 0.13 

Total 100.00 
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Figure F3: Chemical composition of the final coat or the Top CoatIService Coat of Sample 

I (3'd set of point analysis). 
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F i g ~ ~ r e  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'd 

set of point analysis). 
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Figure F6: Chemical composition of the first coat or the Bond coat of Sample 1 (2'ld set of 

point analysis). 
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Figure F7: Chemical composition of the first coat or the Bond coat of Sample 1 (3"' set of 

point analysis). 

,f 
Stainle so Steel (3 1 6L) Sub strate 

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"d and 3'" set of point analysis). 
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Figure F9: Chemical composition of the final coat or the Top CoatIService Coat of Sample 2 

(3"' set of point analysis). 
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Figure F10: Chemical composition of the final coat or the Top CoatIService Coat of Sample 

2 (3"1 set of point analysis). 
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Figure Fl  I :  Chemical composition of the middle layer or Middle of the Coat of Sample 2 

(2"" set of point analysis). 
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Figure Fl2: Chemical composition of the middle layer or Middle of the Coat of Sample 2 

(3"' set of point analysis). 
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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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Figure F14: Chemical composition of the first coat or the Bond coat of Sample 2 (3'"et of 
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Figure F1: A SEM image of the functionally graded coating sample 1 (Diamalloy 1003 and 

Diarnalloy 2001) (Represent of Figure 6.17 for the 2nd and 3L'd set of point analysis). lxxxiii 

I I * mamunl 
29758 Fs I 

- - I 
4 . - - = * 4. .. COB,SL 

s t a r t  S K O D  I I Y  LIIC. ' r -~YI  ""I I ~ N I - I  vrm! ' lxxxiii 

Figure F2: Chemical composition of the final coat or the Top CoatIService Coat of Sample 

1 (2"" set of point analysis). lxxxiii 
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