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Summary 

Colour and microhardness were the main two properties of 

thin coatings studied. The thinner the coatings, the more 

difficult it is to measure the properties of thin coatings 

(including thickness). The factors that influence the 

colour of thin coatings were examined. Yellow gold was 

deposited on white metal substrates by vacuum deposition 

and electrodeposition. Colour was measured using spectro- 

photometric techniques. CIE chromaticity co-ordinates 

were calculated from spectrophotometric data using a 

computer programme written for the purpose. The minimum 

thickness of coating required to produce its fixed colour 

and completely hide the underlying substrate was measured 

and found to depend on the nature of the substrate and 

coating, the method of applying the coating and the applica- 

tion operating conditions. 

The second part of the thesis covers the measurement of 

microhardness. A new technique was developed for the 

production of tungsten microindenters with tips between 

O.lym and 1.0um diameter. The tips were formed by electro- 

machining tungsten wire in an electropolishing solution 

controlled electronically to avoid etching. An instru- 

ment was developed using the microindenters for determining 

the microhardness of surfaces within the specimen chamber 

of a scanning electron microscope. Preliminary results 

were compared with those of conventional microhardness 

testing in air. 

Keywords: thin coatings, colour, hardness, gold.
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Part One 

Thickness measurement and the influence of substrate compo- 

sition on the optical properties of thin coatings.
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Chapter One 

Introduction 

Film fabrication has been developed and studied widely because of 

its many applications in industry and technology (51, 59, 60, 61, 

62). It is a very broad subject and embraces films whose thickness 

varies from about a nanometer to a few microns. 

Metal films have been the subject of many investigations (20, 21, 

22,25; 365 91) < The first films were developed more than one 

hundred years ago and were mainly precious metal coatings. Later 

many different coatings were applied for corrosion protection in 

industry. Nowadays their many uses and applications (59,160; 62, 

62, 63, 64) cover the whole range of surface properties. Films of a 

few atomic layers thick are called thin films and in most cases the 

film properties and their reproducibility can vary within rather wide 

limits. Many basic studies (65, 66) were conducted on the thin 

films where one dimension was extremely small compared with the 

other two. Although these studies were aimed at determining the 

characteristics of the film im the one dimension, the studies of 

the thin films stimulated great interest for the industry in general 

and in the electronic industry in particular. 

With the rising cost of oil, work on alternative sources of energy 

has increased. Surfaces with solar absorption characteristics are 

being sought and research has escalated in the production of the 

desired properties in thick and thin films employed in solar cells (61).



There are many methods for making thin films (18) but vapour deposi- 

tion, vacuum evaporation and sputtering, and electrodeposition are 

those commonly employed in research and industry. Vapour deposition 

is attractive because of its simplicity. The first vapour deposition 

was performed in 1893 when de Lodyguine (i893) attempted to coat the 

carbon filaments of incandescent lamps with tungsten by heating in a mix- 

ture of H2 and WCL6 (21). Evaporation and sputtering are usually 

preferred for dry and clean metallic coatings (67, 68). Nahwold 

(36) and Kundt (37) were the pioneers of the technique while R. Pohl 

et. al. (38) carried out the first successful evaporation in vacuum. 

Grove (22) and Plucker (23) studied the basic phenomena of sputtering. 

Sputtering is a very simple technique in principle, but the practice 

is comparatively complex. Electrodeposition also is simple but 

it is not a dry method. The first electrodeposition was done in 

1838. It is now a major commercial method for producing decorative 

and protective coatings (60). 

The first problem encountered when studying the properties of the thin 

films is the selection and characterisation of the initial surface of 

the substrate before deposition. The crystal structure, lattice 

orientation and the density of the dislocations at the material 

surface all affect the formation of film. Surface preparation is 

essential. This can involve the cleaning of the substrate in 

vacuum and also various environmental conditions during the cleaning 

procedure. 

Recent developments (51, 67, 68, 69, 70, 71) show various tech-
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niques of substrate cleaning and coating. These techniques result 

in an increase in the reproducibility of the properties obtained on 

thin coating systems. However, there are still variations in 

reproducibility even under controlled conditions. 

The study of the physical properties of the film, such as the optical, 

electrical, mechanical and magnetic properties are related to the 

function of the coating and its use in industry or scientific develop- 

ment. With the progress of sophisticated methods of production and 

examination, the understanding of many of the unusual characteristics 

of the thin film behaviour is steadily improving. The reasons for 

many of the discrepencies in the early experiments on coatings are 

now known. Advances in many of the necessary accompanying tech- 

nologies have enabled work on coatings to be carried out under 

conditions allowing a high degree of control (58). It is also 

interesting to note that the properties of the thin films differ 

from the properties of the bulk in many cases (57). 

The purpose of the present work wasto study the influence of the 

substrate and film thickness on the optical properties of the coated 

component. It was also the aim to find the minimum thickness of 

gold coatings to replace the colour (whiteness) of the substrate 

completely with the characteristic spectral colour of gold. 

The second part of the work was to adapt a micromanipulator (64*) 

* References at the back of the second part.
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for the scanning electron microscope (SEM) as a microhardness tester. 

This involved design of a microindenter and holder which was 

controlled by the manipulator lever with 1-5 gram loads. An 

automatically switched electropolishing system for making the 

microindenter tungsten tips (*6) was developed. The reproducibility 

of tip sizes was assessed and the microindentations made with the tips 

were compared with microindentations made with the DM41 microhardness 

tester (*65). The reproducibility of the microindentations made 

with the tungsten tips was also assessed. 

Further work has been suggested for development of the converted 

micromanipulator (microhardness tester) for use in the scanning 

electron microscope. 

Chapter 2 is a brief review of coating techniques. Chapters 3 to 10 

are divided into two areas of property measurements of thin coatings 

(1) the influence of substrate materials on the optical properties 

of thin coatings and (2) microhardness measurement and microindenta- 

tion techniques for thin coatings. General discussion of the 

relevant theories in the two areas is also included. Experimental 

techniques and results are described in Chapter 4 and 9. At the 

end of each discussion section, conclusions and suggestions for future 

work are made. Appendices contain details of computer use and 

software.
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Chapter 2 

Coating Techniques 

2.1 Introduction 

There are many coating techniques (1, 51, 60, 63, 64, 67, 68) 

which are widely used in the aeronautical, electronic, mechanical, 

nuclear and optical engineering industries. 

is Electrodeposition. 

ii. Vapour deposition. 

ae Sputtering. 

iv. Thermal evaporation. 

They include the following: 

The last three techniques are broadly classified as the vacuum 

deposition techniques (51, 52). Depending on the operating condi- 

tions, there are many variations which may be subclassified and which 

were summarised by J.J. Bessot (51). 

Chemical vapour deposition (CVD) 

Cathode sputtering 

Ionic treatments (+ 
sputtering) 
Plasma deposition 

(+ sputtering) 
Plasma polymerisation 
(+ sputtering) 
Low pressure (CVD) 

D.C. diode sputtering - 
D.C. magnetron 
H.F. diode sputtering - 
H.F. and ion magnetron. 
Triode sputtering - ionic 
activation. 
Reactive sputtering.



Vacuum evaporation : Reactive evaporation. 
Ion plating (sputtering). 

2.2 Electrodeposition has been used commercially for producing 

coatings since as long ago as 1838. The process is much more 

complicated (72, 73) than it seems at first sight. The migration 

of the metallic ions in a chemical solution to the cathode in the 

presence of an electric field between the electrodes is the basic 

phenomenon. The metallic ions are neutralised at the cathode and 

incorporated into the metal lattice. Complications arise in the 

cathode layer at the interface of the cathode surface and the 

electrolyte. This interfacial region acts as a dielectric layer. 

It also has capacitance due to the electron transfer across the 

interface. 

There are also many operational factors which influence the deposition 

and include (a) current density, (b) temperature and agitation of the 

electrolyte, (c) convection in the immediate vicinity of the cathode, 

(d) migration and diffusion of the ions, and (e) shape and geometric 

arrangement of the cathode. 

The influence of each one of them may be observed in the structure 

properties of the deposited film. 

2.3 Vapour deposition. In vapour deposition a volatile compound 

of the coating material is reduced or decomposed on a heated sub- 

strate at a temperature below the melting point of the coating 

material and the substrate. The deposition parameters include the
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temperature of the substrate (21). . The possible formation of an 

oxide film on the substrate surface, the concentration of the volatile 

compound in the coating chamber, the total gas pressure and the film 

rate of the gas in the open tube process, are all factors which 

influence the properties of the film produced. 

2.4 Sputtering. The observation that material can be sputtered 

from the cathode in the electrical gas discharge was first made by 

Grove (22) in 1852 followed by.Plucker (23) in 1858. The phenomenon 

is based on ions striking the cathode, having been created by the 

ionisation of the gas in an electrical discharge. Sputtering has 

always been an attractive means for film deposition due to the 

simplicity of the equipment as shown in Figure 2.1. The planar 

anode substrate is made the earth while the sputtering voltage is 

applied to the planar cathode. The whole arrangement is evacuated 

in a vessel or chamber, and deposition commences at a threshold 

valve after admitting sputtering gas to the chamber. There are many 

other types of sputtering systems employed choice of which depends on 

the desired properties of the films (27-32). 

Since sputtering can be performed at relatively high pressures of up 

to several torr ormore, there can be impurities in the sputtering 

atmosphere. Therefore modern sputtering systems employ high vacuum 

technology in order to obtain low residual gas pressures (32) and 

sputtering gases of high purity are used. Whener, et. al. (24, 25) 

have shown that the momentum transfer between impinging ions and the 

target atoms must be the controlling mechanism. The sputtering 

threshold atom ejection pattern and the related factors have been
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FIGURE 2.1 

  
  

    

    
      

  

A Sputtering Unit 

A = Argon gas 

V = vacuum valve 

AN = Anode 

CA = Cathode 

PC = Power supply for cathode 

PA = Power supply for anode
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discussed in detail elsewhere (26-32). Since the sputtering rate 

is proportional to the number of ions impinging on the cathode, i.e. 

the current density, most films are deposited at pressures in the glow 

discharge region. Collisions between gas atoms and the sputtered 

atoms cause back reflection of the sputtered material, forming 

multi — charged ions and gas occlusion in the film (26). Other 

parameters which affect the sputtering rates are: 

(i) gas temperature; (ii) accelerating voltage which affects the 

momentum and kinetic energy of the impinging ions; (iii) composition 

and crystallographic orientation of the cathode; (iv) electrode 

spacing; (v) cathode surface contamination; (vi) cathode shape and 

shielding (27). 

The temperature of anode and cathode influence the structure of the 

deposited film and therefore cooling is often utilised in sputtering 

systems. When volatile compounds are formed through reactions at 

the cathode, the process is termed ‘chemical sputtering' and if the 

atmosphere contains gases which react with the sputtered films, the 

process is known as 'reactive sputtering’. In both of these 

processes the reaction could occur either (a) at the cathode or 

(b) during transport of the sputtered atoms to the cathode, or (c) 

during deposition (27). 

The process of sputter removal (74) of atoms from surfaces has become 

a very important adjunct to the technological analysis of surfaces. 

Argon ions in the energy range 500-3000eV are used, although on 

occasions, xenon is preferred (75). Compositional depth profiling
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(76) has become a technique for the.analysis of surface layers in 

microelectronics (77, 78), corrosion science (79), evaluating basic 

parameters such as diffusion constants (80, 81) and the localisation 

of segregation at grain boundaries (82). 

A review of the literature (77, 83) covers the sputtering of a wide 

range of metals. Whener (86), his co-workers (88, 89) and 

Oechsner (87) include the data of Weijsenfeld (90), Southern (91) 

et. al. and Keywell (92) for sputtering 36 metals including gold. 

Whener (86) has shown the sputtering yield for gold is 2-3 atoms per 

argon ion. 

M.P. Seah (74) has compared the data of Whener (86, 88, 89),and 

Oechsner (87) with the theoretical predictions of Sigmund ( 4 ) 

and found fit within 20% scatter. 

2.5 Evaporation. Film deposition by evaporation of material is a 

simpler process than sputtering (18). The necessary equipment is shown 

in Figure 2.2. The first evaporation was carried out by Nahwold (36) 

in 1887 followed by Kundt (37) in 1888. The earliest evaporation of 

metal films in vacuo was carried out in 1912 (38). The major 

difficulties are contamination of the evaporant and incorporation of 

gas from the residual gas atmosphere. The absorption of gas into 

the substrate surface depends on the degree of vacuum, the film 

composition and the nature and temperature of the substrate. For a 

given gas composition, surface temperature and film composition, the 

amount of gas occluded in the film will be proportional to the relative
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partial pressures (40). The substrate surface, its roughness, 

composition and crystalline state are of primary importance in the 

formation of the film; surface mobility also influences the number of 

collisions among atoms on the surface of the substrate, since the 

nuclei for the formation of crystallites can result from the 

collisions. 

The rate of deposition and substrate temperature are important in 

determining the film structure. The binding forces between the 

atoms of the film and those of the surface determine the mode of 

growth (continuous, island formation, etc.). Impurities or contamina- 

tion can alter the growth conditions completely (40). 

Evaporation is generally performed at low pressures such that the 

mean free path of the residual gas molecules is much longer than the 

distance between the source and the substrate. At such pressures 

the probability of collisions between the residual gas molecules and 

the film atoms is small, and the atoms will essentially travel in the 

straight lines. The evaporation characteristics of the source and 

the thickness distribution of the film are therefore calculable 

assuming impurities are avoided.



olde 

Chapter 3 

Optical properties - theory and measurement 

3.1 Introduction 

In this chapter theory of colour, the meaning of colour and its 

measurement are discussed. The theory is outlined of techniques 

used to measure the thickness and optical properties of coatings in 

general and of gold coatings in particular. The chapter is arranged 

in the following sections: 

1. The nature of light. 

2. The nature of colour. 

3. The specification of colour. 

4. Basic principles of the measurement of colour. 

5. The influence of the atomic structure on the colour of metals. 

6. The formation and growth of coatings. 

7. The principle of scanning electron microscopy. 

3.2 The nature of light 

The optical studies of the thin coatings on a metal is a branch of 

physics. The earliest work on this was reported ninety years ago. 

Drude (41) examined the influence of a thin superficial film pro- 

duced on a metal on the measured optical quantities. Clulow (11) 

states that the colour and light are inseparable and that in order 

to understand colour we must first understand the nature of light.
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Light is a form of electro-magnetic energy. It travels and is 

transmitted through space. White light consists of light of various 

wavelengths ( » _) from 400 to 700nm (Figure 3.1). The diagram 

below (Figure 3.2) illustrates the meaning of the terms wavelength 

and amplitude. 

Figure 3.2 

= wave length 

I\ ay a Pea 

Blue Red 

  

Illustration of the terms wavelength and amplitude 

Light stimulates the nerves of the eye to produce the sensation of 

light. Sunlight contains all the visible radiations and is known 

as white light. Light rays are not coloured themselves, but when the 

light of different wavelengths strikes the eye, the sensation of 

different colours is produced in the brain. An object producing a 

white 'colour sensation’ may be a primary light source or a secondary 

light source, i.e. a ‘white’ reflecting surface (10). 

3.21 The nature of colour: The term colour is used by people in 

different ways. For a chemist it is a generic name for dyes, pigments
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Figure 3.3 

  

Dispersion of the white light 

Figure 3.1 

Composition of wavelength in white light
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and similar materials. A physiologist and a psychologist often 

use this term in a different sense since they are interested 

primarily in the nature of the visual process, the consciousness of a 

human observer and colour sensation. The physicist measures and 

concentrates on the optical properties of the material. The 

definition of a colour therefore requires a comprehensive physical 

and objective specification. 

3.3 The spectrophotometric specification of colour 

A glass prism splits white light into its constituent parts. a 

the emergent rays are projected on to a screen a visible spectrum 

of the constituent wavelengths is seen as shown in Figure 3.3. 

Seven major divisions are recognised as seven colours from violet to 

Ted. If, for example, a green object is put under violet illumina- 

tion, then most of the illuminant light is absorbed and a very 

small quantity % will be reflected back. This amount of light 

can be accurately measured with an instrument known as spectrophoto- 

meter. The reflectance or absorbance of a surface is an inherent 

property. If the film on the surface is thin (a thickness of a 

few monolayers of atoms of material), then the optical properties 

of the film will be dominated by the properties of the substrate 

surface. The reflection characteristics of the surface or coating 

do not depend upon the intensity of the incident beam to which it is 

exposed, but on physical properties of the surface layers which in- 

clude part if the substrate of the coating is thin. 

White magnesium oxide (ig0) reflects back almost all the light in the
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visible spectrum. If magnesium dxide is examined in the spectro- 

photometer and intensity of reflected light is plotted against 

wavelength, a horizontal line across the whole spectrum at the top 

of the spectrophotometer chart. On the other hand, a black object 

absorbs all the light and shows a horizontal line at the bottom of the 

chart. In this way the colour interpretation or colour mixtures can 

be standardised. This of course formulates the language of the 

colour and the stimulation of the colours can be set under any 

specified conditions. 

3.4 Basic principles of the measurement of colour 

The colour of the material can be seen on illuminating the material. 

If the material is transparent we see its colour by the colour of the 

light transmitted through it. Other properties such as reflection, 

absorption and refraction are also important in the complete speci- 

fication of the colour of the material. 

3.4.1 The function of reflectivity and absorbance 

It is a common fact that a 'perfect' white surface reflects most of 

the incident light, while a 'perfect' black surface absorbs most 

of the light incidents upon it. Similarly, transparent colourless 

materials transmit a high proportion of the incident light. Sub- 

stances which absorb light from one part of the spectrum and reflect 

the remainder are said to be coloured. No coloured material exists 

which reflects light of one wavelength only, but a material of say
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ted absorbs most of the violet, green and yellow light and reflects 

mainly red light. 

In general, a coloured object reflects a mixture of wavelengths 

consisting of light of its apparent colour together with the light 

of the colours adjacent in the spectrum and small quantities of 

other wavelengths. Reflectivity and absorbance charts are used 

to characterise the colour of a material. 

3.4.2 The measurement of colour 

Colours and their specification have been standardised by the 

British Standards Institution (42) and the Commission International 

de 1l'Eclairage (CIE) (43). The terms include hue, saturation, 

lightness and dominant wavelength which are defined as follows:- 

Hue This indicates the character or kind of colour, that is, 

whether it appears green, blue, yellow, orange or red as 

shown in Figure 3.4(a) (11). It is the property of the 

material which allows the eye to distinguish different parts 

of the spectrum. 

Lightness This denotes brightness, brilliance or intensity under 

the same conditions of comparative observation. It is the 

property of the colour which distinguishes the dullness or 

darkness as illustrated in Figure 3.4(b) (11).
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Saturation This indicates the strength, richness or purity of a 

colour and denotes the extent to which hue is diluted with 

white colour and appears whiter or greyer as the saturation is 

reduced as shown in Figure 3.4(c) (11). 

Luminosity This is the corresponding term to lightness usually 

used when referring to light sources but it may also be 

used for the light reflected back from an object. 

The dominant wavelength 

White light is composed of seven colours and each colour consists of a 

band of wavelengths of which there is a dominant wavelength. In 

the measurement of colour, the dominant wavelength is defined as in 

Section 3.4.5.4. 

There are various methods used to determine the colour of a sub- 

stance. These can be summarised as follows: 

i. Matching methods. 

2. Colorimetry. 

3. The Commission Internationale de 1'Eclairage system 

(C.1.£. system). 

3.4.3 Matching methods 

Comparison with standard charts or cards is the simplest method to
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specify colour. Many systems based on colour matching have been 

developed including Nu-hue, the colorizer and the Plochere colour 

systems. Atlases have been produced and a series of charts have 

been developed including the Ostwald (96) and Munsell systems (97). 

3.4.4 Colorimetry 

The principle of colorimetry is based on matching the colour by the 

correct mixture of three selected radiations, namely, red, green and 

blue. There are many colorimeters used to match colour. They 

include additive colorimeters, substractive colorimeters and photo- 

electric spectrophotometers. 

3.4.4.1 Additive colorimeters 

The illustration in Figure 3.5 outlines the basic principle of the 

additive colorimeter. The instrument allows the three light 

sources (red, blue and green) to be selected to match the colour 

under test. The two screens are placed at 90° to each other. 

The specimen under test is illuminated by a standard white source 

uy while the other screen illuminated by the three primary light 

beams (Lo). The light beams are adjusted until a match is obtained 

by the observer's eye (0). The controls of the instrument 

indicate the relative intensities of the three primary light beams 

required, and these are termed the tristimulus values. The con- 

struction of substractive colorimeters is similar to that of 

additive colorimeters but with some differences of application.
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3.4.4.2 Visual Colorimeters . 

The diagram in Figure 3.6 illustrates the basic principle of the 

visual additive colorimeter. After being collimated by a lens L, 

light is passed through three adjustable colour filters (AB). 

The emerging rays are then passed through a revolving prism which 

combines them to give the appropriate colour. The radial shutters 

are adjusted by the operator until the test colour is matched. The 

results tend to vary from observer to observer. 

3.4.4.3 Photoelectric colorimeters 

Subjective variation from observer to observer has been overcome by 

using a photo-electric cell instead of the human eye. The cell 

is calibrated against a white standard such as magnesium oxide. 

The modified version of the photoelectric colorimeter in which 

light is transmitted via several fibre optics to a photo-electric 

photomultiplier (94) is known as a fibre optic colorimeter. 

3.4.4.4 Photoelectric spectrophotometers 

The basic principle of photoelectric spectrophotometers is 

illustrated in Figure 3.7. White light from uy is collimated 

through Lens Lo and is then split into its constituent parts by 

the prism P. A moveable screen (M) allows the monochromatic light 

to impinge onto the specimen (S) after passing through the lens Los 

The reflected rays from the specimen are allowed to fall onto a 

photocell (C) which transforms the light energy into an electrical
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signal. In this way a graph is obtained of the variation either 

reflectivity or absorbance with wavelength over the visible spectrum. 

Measurements were made in this way in the present study. 

3.4.5 Graphical representation of colour specification 

The absorbance or reflection/transmittance values of a substance 

at each wavelength can be used to specify the colour of the sub- 

stance (the spectrophotometric specification). There are many 

methods to evaluate a stimulus that an eye accepts as equivalent 

under certain standardised conditions. To represent hue (kind of 

colour) or visual efficiency, dominant wavelength and purity of a 

colour, a method was introduced in 1931 known as the C.I.E. system. 

It involved defining the standard illuminants, the colour triangle, 

the spectral locus and the CIE chromaticity chart. 

3.4.5.1 The standard illuminants 

For the perception of colour, the character of the incident light 

is very important. Three standard illuminants were adopted by 

the CIE in 1931. They consist of SA (tungsten lamp), SB (sunlight) 

and SC (overcast sky) and are defined for the wavelength range 

400-700nm. For the range 300-830nm which includes ultra-violet 

and infra-red D6500, D5500 and 07500 illuminants are used. All 

the standard illuminants are detailed in Appendix 1. 

3.4.5.2 The colour triangle 

The CIE gives numerical values which indicate the amount of redness,
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greenness and blueness in a colour and these values can be plotted 

on to a colour triangle in order to indicate the colour. The 

triangle may be constructed by placing at each apex of an equilateral 

triangle a spectral primary light (red, green and blue) s\BGR 

Figure 3.8. If the lamps are placed at the apexes such that their 

intensities are zero to each other, the centre of the triangle shows 

a white point (W). By dropping a perpendicular from each primary 

(R) to the opposite side (ct), the colour directly opposite to the 

primary will be the complementary colour. Such a triangle BGR 

is called the colour triangle and is shown in the Figure 3.9. 

3.4.5.3 The spectral locus 

It has been noticed that there are some colours for which a match 

cannot be obtained within the actual triangle. These are colours 

of the spectrum which are more saturated than any of the saturated 

mixtures of any two of the primaries. These spectral colours can 

only be matched by first mixing some of the third primary with the 

spectral colour and therefore the spectral colours must be outside 

the triangle. For example to match the spectral cyan (495nm) , 

some red is required to add to the blue and green primaries. The 

amount of red added corresponds to =e" in Figure 3.8. The 

colour equation is now g+b-r=1. The spectral locus can be 

plotted in a similar way for other spectral colours, giving a 

curve shape called spectral locus as shown in Figure 3.9. The 

base of the spectral locus is straight, because purple or magentas 

are not spectral colours.
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FIGURE 3.8 
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3.4.5.4 The dominant wavelength 

Consider a colour M (Figure 3.9) in the spectral locus. If a 

projection line is drawn through the white point W to the spectral 

locus, the point P where this line cuts the spectral locus is called 

dominant wavelength. For a colour N in the magenta segment the 

dominant wavelength is defined by its complementary wavelength by 

drawing a line from N through W to the spectral locus (QQ). 

3.4.5.5 The chromaticity chart/diagram 

Since the postulated three primaries with a greater degree of satura- 

tion do not exist physically, they are termed as stimuli and 

designated x, y and z. These three values are the arbitrary values 

such that they surround or superimpose on a right angled triangle 

with apexes accommodating the spectral locus. The chromaticity 

co-ordinates may then be plotted on ordinary rectilinear graph paper 

as shown in Figure 3.10. The values of x and y can be plotted 

while z is implicit, because the sum of x, y and z is one. Any 

visible colour can be specified within the spectral locus using 

xyz stimuli and such a representation on a graph paper is called 

the CIE chromaticity chart. 

3.4.5.6 The_spectrophotometer readings 

The measurements from a spectrophotometer given reflectance values 

over a range of wavelengths of incident light. To specify the colour
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it is necessary to convert the values obtained into CIE chromati- 

city co-ordinates. Tables of distribution co-efficients by 

standard observers are used by measuring the amounts of X, y. and Z 

stimuli corresponding to each wavelength of the spectrum under 

different conditions of illumination. The tristimulus values for 

the spectral wavelength are designated X, Y andZ. The distribu- 

tion co-efficient for x is multiplied by the reflectance at each 

wavelength and the sum of these values obtained. Similar calcula- 

tions are carried out for the y and Zvalues obtained. These totals 

then express the redness (X), the greenness (Y) and the blueness (2) 

of the sample. The redness, greenness and blueness are expressed as 

proportions of the total red, green and blue to give numbers between 

0 and 1 called the chromaticity co-efficients such that 

xty4+ze1 

By convention the y total indicates luminosity. The colour position 

may now be plotted on the CIE chart and the dominant wavelength 

and saturation can be calculated. 

A Fortran computer programme using the ICL 1900 computer hardware 

at Aston University was used. The software (programme) is given in 

Appendix 2. The tristimulus values of distribution co-efficient 

under equi-energy conditions and under SA for a gap of 5nm were 

kept in two permanent files. The list of one file is given in 

Appendix 3.
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3.5 The influence of atomic structure on the colour of metals 

In the present study thin coatings of gold were sputtered on different 

substrate materials and the optical properties determined. Saeger 

and Rodies (7) have related the optical properties of gold and its 

alloys to the influence of incident light on the free electron 

distribution in gold. They explained that the gold colour is 

governed by the dependance of its reflectivity upon the incidence of 

light. A material of high reflectivity for the low energy end of 

the visible spectrum (red and yellow light) than for other parts 

of the spectrum will have a red or yellow colour. 

Thus the yellow colour of gold is caused by the pronounced step in 

the reflectivity curve at an energy of incident light of approximately 

3.7 x nes (2.3ev) (7). Absorption processes in metals are due 

to the band transitions of electrons from the conduction band to 

energetically higher bands or the transitions from lower bands to 

energy states of the conduction band situated above Fermi level. 

Osborne, Fletcher and Miller(1974) and Fong ét.al.in 1975 carried out 

the complex band calculations for the pure metals, a number of inter- 

metallic compounds, and a few dilute alloys. In the case of gold 

the conditions for an intense absorption process are met at the 

energy 3.7 x 97 )73 from the d band to unoccupied states in the 

conduction band. 

3.6 The formation and growth of gold coatings 

Vook (102) has shown that the mode of growth for gold on copper is the



= 

formation of small islands, which grow to about 4-5 monolayers thick. 

These islands then widen by thin extensions, which are estimated to 

be about 1 monolayer thick and tend to thicken as more deposition 

takes place. At the thickness of — 0.6 to 1.1nm the coating is 

said to be continuous. In the present study the coatings were 

deposited on the white metals nickel, aluminium and stainless steel 

and the influence of the substrate on the similar gold coatings 

was studied. The structure of the materials in the thin coatings 

depends on so many factors that only rather broad generalisations 

are possible. In the case of thermal evaporation and sputtering 

these factors which are related to the coating methods are discussed 

in Chapter 2. 

3.7. The principle of scanning electron microscopy (SEI) 

The principle of scanning electron microscopy is illustrated in 

Figure 3.11. The basis of the principle is analogous to an 

optical microscope with a fine beam of electrons replacing the light 

beam. Electrons are very easily absorbed so it is necessary for 

the electron microscope to operate in a system evacuated to a 

pressure of less than ADs torr. Electromagnetic lenses Ly and 

Lo focus the beam of electrons generated from the filament (f). 

Deflector coil D is used to scan the beam across the surface in a 

raster. The magnetic lens system is analogous to that in an 

optical microscope, but the focal length of the lenses is controlled 

by regulating the current through the coils of the lenses, and 

magnified images of up to 100,000 times may be obtained on the 

viewing screen.
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FIGURE 3,11 
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The wave-like character of electrons was most clearly demonstrated 

by de Broglie's experiments showing the diffraction of electrons 

by crystals. The inter-relation can be seen by equating the well 

known Einstein equation for energy and mass. 

  3-1 

where E = energy 

m = mass 

c = speed of light 

According to Planck, energy in the form of radiation can only be 

emitted in units or quanta of magnitude: 

  E = hy Bee 

where y = frequency of the radiation and 

h = Planck's constant of action. 

or hy¥= mee 

Also Cea re oe 

where A = wavelength of light 

Therefore m = hy 2 De 

Cc a 

h 
a 

me 

The wavelength of the electrons in the electron microscope is 

dependent upon the accelerating voltage (V) applied to the electron 

gun, and is given approximately by A = ¥(1s0) x 10s ems She 
Vv
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Normal operating voltages are of the order 100kv, so that 4% may be 

about 3.5 x 107/4n, 

In order to form an image in any optical system, the wavelength 

has to be small compared to the size of the features which is 

desired to distinguish or to resolve. Therefore the optical micro- 

scopes have limitations while the magnification and the resolution 

of the electron microscope is very much dependent of accelerating 

voltage and the functions of the microscope. A scanning electron 

microscope obtains topographic information directly from a metal 

specimen. An electron beam of — 2-3 x1078m diameter scans a small 

area of the specimen (s) in the same way that a television screen 

is scanned and the electrons scattered (secondary electrons) are 

collected by the detector (5) and the signal from this detector 

is used to modulate the brightness of a beam scanning the fluorescent 

screen of a cathode ray tube (C) in synchronism with the electron 

beam scanning the specimen. A television 'picture' of the small 

area of the surface is thus produced. 

The scanning electron microscope can be used for examining metal 

fracture surfaces at high magnifications (i.e. up to 50,000 times), 

and also with high depth of field. It is also used to study wear 

processes on abraded surfaces, as well as the early stages of oxida- 

tion and film formation of the metalic and non-metalic surface. 

In the present study, a Cambridge Stereoscan No. 150 (Figure 3.12) 

has been used to determine the thickness of the coatings and to check 

the reproducibility of the tungsten microindenters and the micro-
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indentations made on aluminium and brass samples. Appendix 4 

includes the basic features of the scanning electron microscope 

used in the present work.
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Chapter 4 

Results and Techniques 

4.1 Introduction 

The experimental procedures, techniques and results are described 

in this chapter. To determine the influence of the substrate materials 

on thin gold coatings, the following experimental research programme 

was carried out. 

(1) The working conditions and the operation parameters of an 

existing automatic coating unit (Appendix 5), using both the evapora- 

tion and the sputtering options, were tested and checked. 

(2) A semi-circular disc with the radial sections (Figure 4.9) 

vas designed and used in attempt to achieve exact and systematic 

changes in the thickness of the coating. 

(3) The thicknesses of the gold coatings were also examined and 

determined using scanning electron microscopy, resistance measure- 

ment and gravimetric methods. Calculated and observed values were 

compared. 

(4) A spectrophotometric method of measuring the colour of gold 

coatings on various substrate materials was tested and used. 

The influence of the substrate on thin gold coatings was observed 

and discussed. A computer programme (Appendix 2) was designed and 

used to calculate the colour co-ordinates and to draw the reflectivity 

curves obtained from gold coatings on different substrate materials.



Sas 

4.2 Specimen preparation 

Most of the work was done on nickel supplied as discs cut from 1%" 

diameter bar. Stainless steel and aluminium sheets were polished 

and pre-treated from which specimen discs were punched. The 

nickel discs were approximately 1.75mm in thickness and 32mm in 

diameter. Before coating the nickel discs, different pre- 

treatments were applied. These included: 

(i) Abrading of the discs by normal metallographic techniques, 

i.e. use of silicon carbide papers of increasing fineness, turning 

through 90° on changing grade, both on paper supported on glass 

plates and on rotating wheels. During abrading water was used as 

lubricant and coolant. 

(ii) Discs were machine lapped down to 600 grit. 

(iii) Discs were polished on a diamond wheel down to either 

1 to 6 4 diamond, utilising either a plastic mould holder (Figure 

4.1) to hold the discs on the rotating wheel or they were hand held 

on the wheels. During all the pretreatment steps all the specimens 

were secured to a conductive Bakelite metallographic mount as 

shown in Figure 4.2. The pretreatment steps are mentioned in 

Appendix 6. Preliminary experiments also included the pretreat- 

ment of the substrates of the brass pallets. 

4.3 Results of aluminium coatings 

4.3.1 Experimental procedure 

To determine the working conditions and the operating parameters of a
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FIGURE 4.1 

Plastic mould for lapping the discs 

  

Cross-section of the holder mould
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Figure 4.2 

   
The coated specimen pieces mounted with 

conducting Bakelite in cross sections.
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Nanotech vacuum coating unit brass specimens were coated with 

aluminium by thermal evaporation. The brass specimens were discs 

of 2.5cm diameter and lmm thick machined from bar. Each disc was 

polished mechanically from 150 grade silicon carbide paper to 1 

micron diamond grade sprayed cloth. A plastic mould holder was 

made and used when abrading the specimens. All pretreated specimens 

were kept in a desiccator before and after being coated. Brass 

and aluminium were chosenfor the contrast in their colour and optical 

properties. 

4.3.2 The evaporation 

Equal lengths of aluminium wire, each weighing—.0.0001g were cut 

and each piece was mounted around the tungsten filament to be 

evaporated. The substrate was mounted beneath the filament for 

convenience at a distance of 10cm. Figure 4.3 illustrates the 

experimental set up. The system was subjected to vacuum of the 

order of 107? Torr and the filament was heated electrically. Lt 

caused the aluminium wire to melt and on further increasing the 

filament voltage up to 3kV evaporation started. Five brass speci- 

mens coated with aluminium were obtained (Series A) for a coating 

(evaporation) time of 30 seconds under the same conditions. 

To test the operating parameters of the coating unit cross sections 

of the coatings were examined using the optical projection micro- 

scope and coating thickness measured. These specimens were pre- 

pared as mentioned in Appendix 6. Four of such metallographic 

specimens are shown in Figure 4.2.
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FIGURE 4.3 

  

Experimental set up for Aluminium coatings 

C = Evacuation chamber 

E,and E, = Electrode 

F and Al = Filament and Aluminium source material 

G = Ground potential
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4.3.3 Optical microscopy of the coatings (projection microscope ) 

The metallographic specimens were examined using the projection 

microscope at 560 times magnification (lem = 17.86 M )- The 

thickness of the coatings at three positions are tabulated in 

Table 4.1. 

The thickness at various positions show a wide variation; the 

values are higher in the middle than at the sides. The weighted 

mean of all five mean values has a standard deviation of 5%. 

These results show that the operating parameters of the coating 

unit for evaporation are quite adequate to achieve reasonable 

reproducibility. 

4.3.4 Aluminium coatings produced by evaporation for different times 

A few experiments were carried out to examine the relation between 

the coating thickness and the evaporation time for aluminium on 

polished brass and to determine the minimum thickness of aluminium 

to replace the colour of the brass substrate with that of aluminium. 

These experiments involved the development of a mask used within 

the existing coating unit, which produced layers of coating of equal 

areas but different thicknesses. The thickness of each layer was 

proportional to the time it was exposed to evaporation. 

Six brass discs of the similar size were polished as described 

previously and coated with aluminium under the same operating conditions.



ay 

  

  

  

Table 4.1 

Specimen No. Thicknesses at three positions Mean Weighted 
ie vy Mean 

Middle Right Left 

iL 23-22 17.86 14.29 18.46 

2 21.43 19.65 17.86 19.65 19.4 +0.9 

3 25.00 17.86 14.29 19.05 + 5% 

4 26.79 14.29 12.50 19.05 

5 25.00 21.43 16.07 20.83 
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but for different evaporation times. Duplicate specimens were 

coated each time. A glass slide was also used each time and its 

weight was noted before and after the coating procedure. The 

coating weight was used to calculate its thickness using density 

area and mass relation (gravimetric method) in each case. The 

metallographic specimens of the coatings were prepared as detailed 

in Appendix 6 and their thicknesses were measured from cross sections 

examined using the projection microscope. The mean values of the 

thickness were calculated. Evaporation times ranged from the 

minimum practicable to those which ensured complete replacement of 

the colour of the brass substrate by the colour of aluminium. 

The results are tabulated in Table 4.2. 

The mean values of the thicknesses for different evaporation time 

were plotted respectively and a curve (Figure 4.4) drawn. The 

curve indicates a decreasing trend in the deposition rate which is 

expected because of the loss of source material with time. 

The table 4.2 shows a reproducibility of 91% to 96.4% on the 

coatings. It was noted previously of the 5% spread on the coating 

thickness on the same specimen which may be due to the unmeasureable 

changes in the operating parameters; therefore 4% error was due 

to the deposition rate making the total error — 64% on the repro- 

ducibility of the coatings.
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4.4 Thin gold coatings 

The Nanotech vacuum coating unit used previously as a thermal 

evaporation unit may also be used as a sputtering unit for gold. 

Basically it is used to prepare specimens for examination in the 

electron microscope. Thin gold conducting coatings make materials, 

particularly non-conducting materials, ready for the examination. 

The use of this facility was extended to study the properties of 

gold coatings and particularly determination of the thickness of a 

gold coating needed to replace the colour of the substrate. 

4.4.1 The sputtering electrode 

For the study of thin gold coatings, a brass disc similar to the 

existing sputtering electrode in the Nanotech vacuum coating unit 

was made (Figure 4.5) and a gold film of several hundred angstrom 

units was deposited on to it. This sputtering electrode was used 

for coating the surfaces of aluminium, nickel, stainless steel and 

glass slide cover slips, the latter used for comparative purposes. 

4.4.2 Deposition of gold coatings (series B) 

Nickel was selected as a substrate material because of its white- 

ness and non-tarnishing properties. 2mm thick nickel discs were 

cut from a nickel rod of 3.2cm diameter (Figure 4.6). The discs 

were polished as described in Section 4.3.1. Usually a few mono- 

layers of gold atoms on a non-conducting material are sufficient to 

conduct heat and electrons. To produce such coatings takes
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Figure 4.5 

  

Sputtering electrode coated with gold 

deposits of a few thousand Angstrom units.
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approximately 2 to 3 minutes in argon at 200 torr, when a current 

of 15 to 20 mA is passed through the sputtering electrode at a 

distance of approximately 1.5cm from the substrate. For such 

coatings the colour of the nickel substrate predominated over the 

gold colour. The experimental set-up of substrate and cathode is 

shown in Figure 4.7. Five of the polished nickel discs were coated 

alongside glass slide cover slips (Figure 4.6), ensuring sputtering 

conditions. Sputtering times were 3, 6, 7, 8 and 9 minutes timed 

by stopwatch. 

4.4.3 Thicknesses of the gold coatings 

Determination of the thickness of the thin coatings is difficult 

and is more difficult the thinner the coating. G. Brown (94) 

used a gravimetric method to calculate the thickness of gold 

coatings about lpm thick (Appendix 7(a)). F. Ogborn et. al. (13) 

measured thickness by examining the cross section of the specimen 

in a scanning electron microscope (SEM). SEM magnification is 

calibrated with a stage micrometer scale and measurement made on 

conventional photomicrographs. For improved accuracy, measure- 

ments are made on photographs of the SEM video waveform signal. 

Ogburn also discussed the uncertainty involved in their thickness 

measurements which was estimated to be about 0.06um at a magnifica- 

tion of 10,000. 

Coating thickness has also been calculated by determining the 

resistance of the coating to a passage of a known current. Since
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Figure 4.6 

(A) 

Four gold coated Nickel discs. 

Figure 4.6 

(B) 

Six gold coated glass cover slips with 

identification labels.
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FIGURE 4.7 

      

  

Experimental set up of gold coatings 

C = Sputtering chamber 

EB = Electrode lead 

S = Sputtering material 

Ss = Substrate 

G = Ground potential
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the resistivity of the material is. known, the thickness can be 

calculated (Appendix 7(b)). P.G. Borziak et. al. (100) measured 

the thickness by electrical conduction in discontinuous gold films 

with a mean thickness of 30-60A°. 

The thickness of the coatings, prepared by sputtering (as detailed 

in Section 4.3.2) were determined gravimetrically and electrically 

as detailed in Appendix 7(a) and (b). The resistance of the coatings 

was determined using a holder designed for the purpose (Figure 

4.8). To check the thicknesses of the coatings so obtained, 

the coated nickel discs were cut and the metallographic specimens 

were prepared as detailed in Appendix 6. The metallographic 

specimens of the five discs were examined in the scanning electron 

microscope. Photomicrographs were obtained and measurements 

from these prints, together with the results of thicknesses 

calculated using resistivity and gravimetric methods, are tabulated 

in Table 4.3. 

The results indicate that the values of the thicknesses of the thin 

coatings determined by the resistivity and gravimetric methods 

are closer to each other than the values measured from the photo- 

micrographs of the metallographic specimens of the same coatings. 

The latter are higher than the calculated values. The values 

from the photomicrographic prints are plotted against their 

respective coating time (curve A) and shown in Figure 4.9. The 

values of the coating thicknesses calculated from the values of 

their respective weights (B) and resistances (C) are also plotted
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FIGURE 4.8 

  

Resistance measuring probes mounted with 

the non conductive coatings 

P and pe = Resistance measuring probes 

M = Non conducting materials
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FIGURE 4.9 

Methods of thickness measurement 
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Sputtering time (Minutes)
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in Figure 4.9. An almost linear relation between the coating 

thickness and the coating time is obtained by each method. To 

obtain better results on the thinnest coatings and to improve 

reproducibility a moving mask system was designed for use in the 

existing coating unit and is described in the following section. 

4.4.3.1 The semi-circular disc with radial sections 

An aluminium semi-circular disc with radial sections (Figure 4.10) 

was made to mask the substrate to be coated for various periods of 

time. The disc was rotated over the specimen under the sputtering 

electrode during the coating process. The disc rotated in the 

horizontal plane driven by an electrical motor at a predetermined 

rate. The radial sections were cut in such a way that they pro- 

duced coatings of different thicknesses, i.e. related to each 

other in fixed ratios provided that the motor remained constant. 

Using the rotating mask it was possible to obtain a series of 

coatings of increasing thickness all exposed under identical 

sputtering conditions in a single experimental run. 

4.4.3.2 Gold coated specimens obtained using the semi-circular 
  

disc (series C) 

Those polished nickel dises (series C) were coated with gold using 

the sputtering electrode and the semi-circular disc for 3, 6 and 9 

minutes. The coated specimens were cut and mounted in such a way 

to show the decreasingly thick layers of gold. Two metallographic



Gl 

Figure 4.10 

  

Semi circular disc with radial sections.
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cross-sections were examined in the SEM. Photomicrographs of the 

thickest coating and an intermediate coating are shown in Figure 

4.11. The thicknesses of the two sections and their mean values are 

tabulated in Table 4.4. 

The values of the thicknesses in both regions of the specimens 

coated for 3, 6 and 9 minutes, are plotted alongwith the results 

of the coating thicknesses of series B (Figure 4.12). On 

comparing the three different series of coatings, it is obvious 

that the thicknesses of the coatings of the series B are higher 

than the thicknesses of the coatings at the series C, i.e. 

specimens coated using the semi-circular disc. Although the 

coating conditions were approximately the same, the deposition rate 

is non-linear with time. Comparing the thicknesses at the 

extremities (i.e. Section 1 and Section 2) values of the thick- 

nesses are not in the ratio of 2:1 expected from a linear relation- 

ship. 

Although the mask gave results different from those expected it 

was nevertheless useful in experiments to determine the minimum 

thickness of gold required to replace the colour of the substrate 

with that of gold. The mask resulted in a series of samples 

with increasing thickness of coating. 

4.5 The influence of substrate composition on the colour and 

properties of gold coatings 

4.5.1 The coating arrangement 

To study the influence of substrate composition on the optical
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SEM specimen stage mountings end the mounted coating pieces
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Figure 4.11 

Section 1 

(A) 

  

SEM photomicrographs of gold coatings after 3 minutes sputtering on Nickel. 

Section 1 

(B) 
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Figure 4.11 

Section 2 

(A) 

  

SEM photomicrographs of gold coatings after 3 minutes sputtering on nickel. 

(B) 
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FIGURE 4.12 

Gold sputtered coatings 

Coatings B 

on Nickel 

Section 1 
C 

Section 2 
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properties of gold coatings, it was planned to use polished 

stainless steel, aluminium and nickel. Polished sheet was used in 

attempt to have similar standard surface conditions. The speci- 

mens were punched discs of 1.5cm diameter (Figure 4.13). Glass 

cover slips were also coated at the same time as the metal sub- 

strates were coated. The glass cover slips were obtained to 

enable calculation of the coating thickness using the gravimetric 

method. Coating times of 2, 3, 4, 5 and 6 minutes were used. 

Repetition of the experiment was made to assess reproducibility. 

Altogether, twenty-four specimens were coated (series E) and the 

colour of each was determined using a Unicam SP800 spectrophoto- 

meter (Figure 4.14). The output of the instrument was as 

absorbance/transmittance chart (Figure 4.15). 

The above experimental procedure was repeated (Experimental 

Series F) in order to check reproducibility. When coatings 

on the same substrate material under the same operating conditions. 

The influence of surface roughness of the substrate was studied by 

abrading the surface with silicon carbide paper. An aluminium 

holder (Figure 4.16) was made for holding the specimens while being 

abraded. A few of the photomicrographs are shown in Figure 4.17 

A, B, C, D after abrading with different grades of silicon carbide 

paper. 

4.5.2 Standard specimen for colour measurement 

Before measuring the colour of gold coatings on various substrates, 

it vas necessary to establish a 'white' standard. G. Brown (94)



Figure 4.13 

  

Punched discs of the substrate materials.
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FIGURE 4.16 

  

  

Cross-section of the holder jig
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Figure 4.17 

(A) 

  

15 x nickel surface abraded with 120 grit 

(B) 

  
15 x nickel surface abraded with 240 grit.
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Figure 4.17 

(c) 

  

15 x nickel surface abraded with 400 grit. 

(D) 

  
15 x nickel surface abraded with 600 grit.
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has done a study on various materials in order to determine the most 

suitable for convenience and reproducibility. Absorbance 

wavelength graphs for Analar grade magnesium oxide (Mg), condensed 

Mg@ vapour, Barium sulphate (Ba SO,)5 magnesium carbonate (MgCO,) 

and white paper were obtained. The spectrophotometer was zeroed 

at 700nm and the graphs were drawn over the range 700-380nm. The 

general shape of the graphs was very similar except that for white 

paper, which showed slightly greater absorbance at the violet end 

of the spectrum. There was negligible difference between the 

graph for pressed magnesium oxide and condensed Mg0. Therefore 

a freshly pressed magnesium oxide (Mg9) standard was used before 

each experiment and the spectrophotometer zeroed. A standard 

mask was designed and used in the diffuse reflectance attachment 

of the spectrophotometer to illuminate with equal intensity equal 

areas the standard and the specimen to be measured. Figure 4.18 

illustrates the mask and its size. 

4.5.3 The measurement of colour 

The optical properties of the coatings were measured with a Unicam 

spectrophotometer type SP800 fitted with a diffuse reflectance 

attachment type SB 890 photographed in Figure 4.14. The optical 

system of the spectrophotometer is shown in Figure 4.19. Light 

from a standard tungsten lamp source splits into its constituent 

wavelengths. For chemical analysis of coloured liquids each 

increment in wavelength is directed through the liquid and its 

absorbance measured and recorded over the spectrum of wavelengths.
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FIGURE 4.18 
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For solid materials the apparatus was modified, and a Unicam 

diffuse reflectance attachment SP890 is substituted as shown in 

the photograph (Figure 4.20). Figure 4.21 shows the optical 

system of the diffuse reflectance attachment. Light from the 

sample and the reference beams of the spectrophotometer are 

focussed by the lenses ui uy to form images of the monochrometer 

slit at the apertures in the side of the ellipsoidal mirror Mp. 

Light from the sample beam falls upon one side of mirror Ms and 

then illuminates the sample over a small range of angles near 

normal incidence. An image of the prism is formed on the sample 

by lens Los thus ensuring even illumination of the sample. Light 

from the reference beam is reflected by the rear of mirror Ms on 

to the face of the photomultiplier (94). 

The light which is diffusely reflected by the sample is collected 

by the ellipsoidal mirror over a range of angles of reflection 

between approximately 35° and 55°, and is focussed on to the face of 

the photomultiplier. The ellipsoidal mirror collects about 30% 

of the total diffusely reflected light and to compensate for this, 

an attenuator A is fitted in the reference beam. The main 

instrument plots absorbance over the range of wavelengths of the 

visible spectrum as shown in the photographic print in Figure 4.15. 

4.5.4 Measurement procedure 

(i) The diffuse reflectance attachment (Figure 4.20) was substituted 

for Mis to My 

Appendix 8 and the designed mask mounted with it. 

section of the spectrophotometer as explained in
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FIGURE 4.21 

  

Optical system of the Diffuse Reflectance 
Attachment 

L, L,* = Lenses 

Ly, L* = Lenses 

My, Ms” = Reflecting Mirror 

Mo = Ellipsoidal Mirror 

M; = Double sided reflecting mirror 

s = Sample 

P = Photomultiplier 

A = Attenuator
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(ii) A standard specimen of magnesium oxide was prepared in a 

hollow disc using the jig shown in Figure 4.22. A glass slide 

was used to apply the pressure so that a smooth surface was obtained. 

(iii) The magnesium standard was placed in the jig with the mask 

which was positioned in the diffuse reflectance attachment. 

(iv) The zero of the instrument was then adjusted and the absorbance 

of the standard measured over the spectrum of wavelengths, resulting 

in a graph as shown in Figure 4.15. 

(v) The dise under test was then substituted for the standard and 

the absorbance measured. 

(vi) The difference in absorbance (A) the standard and the disc was 

then derived from the graph at 5nm intervals. From this informa- 

tion the reflectivity (R) was derived using the relation R = io°7 

4.5.5 Calculation of the chromaticity co-ordinates 

Each reflection value was multiplied by the chromaticity co- 

efficients (C.1.E. value) (Appendix 3) for both equi-energy and for 

the illuminant SA to get the C.1.E. tristimulus values (X, Y and Z). 

They indicate the amount of the three theoretical primary stimuli 

that would be required for a colour match. The chromaticity co- 

ordinates x, y and z for a colour are calculated from its C.1.E. 

tristimulus values by dividing each of these values with their total
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FIGURE 4.22 
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5 x Y Ed X= Ee eee ee sum, i.e. on GE? yi Xavez? and a Kez" 

The resulting co-ordinates add up to unity as required for the 

chromaticity chart (Figure 4.23), i.e. x+y+z = 1. The co-ordinates 

are the proportions of x, y and z that constitute a particular 

colour. The values of x and y define the hue and saturation of the 

specimen by fixing its position on the chromaticity chart. The box 

in the chromaticity diagram (Figure 4.24) represents the limits of 

the yellow colour, part of which is used in defining the colour co- 

ordinates of the gold coatings and the influence of the substrate 

material on them in the present study. 

4.5.6 Fortran computer programme OK#2 

A computer programme was designed to do the calculations and to print 

and plot the required output. Appendix 2 shows the programme, 

which required an input data file for the absorbance values for the 

standard and each specimen at 5nm wavelength steps from 380nm. 

Examples of such files are shown in Appendix 9. The programme also 

requires an input data file for the standard illuminants. The sets 

of values for the two standard illuminants used in the present study 

i.e. for equi-energy (EE) Figure 4.25 and for tungsten lamp SA Figure 

4.26 were required. One of them is listed in Appendix 3. 

All of the data files were stored through the MOP terminals to the 

magnetic tape memories of an ICL 1904 computer. The absorbance 

values of approximately fifty specimens were logged into the 

computer and the results obtained in form of output prints for each 

specimen. For each step of 5nm in wavelength values were given of
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absorbance, reflectivity, the tristimulus values % Yand Zand 

the colour co-ordinates x, y and = The printed results for a 

blank and a coated specimen are shown in Appendix 10 and 11 

respectively. The other output of the programme was a 

reflectivity curve (as in Figure 4.27). This shows the colour 

characteristics of the Al coatings. 

4.5.7 The optical properties of thin gold coatings (Au coatings on 

glass cover slips) (Series E and F) 

In order to determine the thickness and colour co-ordinates of 

thin gold coatings of different thicknesses, glass cover slips 

were used as a substrate. The colour co-ordinates of uncoated 

glass cover slips were determined and compared with the white 

standard and with a series of gold coatings sputtered for in- 

creasing times on similar glass cover slips. Two series of 

experiments (E and F) were carried out with similar operating 

conditions and for the same sputtering times. There were six 

discs of each stainless steel, aluminium and nickel, as well as 

the six glass cover slips coated for 2, 3, 4 (and a duplicate), 

5 and 6 minutes. The above three substrate materials were used 

to observe their influence on the coating achieved for a same period. 

Each specimen was labelled to indicate the substrate material and 

coating time. 

The average thickness of the glass cover slips was less than 0.005cm, 

but its effect on the colour co-ordinate was measureable. There- 

fore the colour of the gold coatings was measured in the two
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positions A and B, one directly on the gold, the other through the 

glass, as shown in Figure 4.28. The colour co-ordinates of the 

glass cover slips coated with gold for different times were 

determined and plotted in Figure 4.29. The colour of the coatings is 

more yellow when determined in position B compared with position A 

(Figure 4.29). The behaviour of both the complete and broken 

lines (Figure 4.29) is similar. The colour co-ordinates of the two 

coatings coated for the longer time (series F, i.e. KGO7 to KG12) 

are not as yellow as series E (i.e. KGOl to KG06). 

The reflectivity curves for the gold coatings in both series are 

shown in Figures 4.30 and 4.31. The reflectivity values of the 

curves are higher at the lower frequency of the light waves for the 

F series compared with the E series. This means that there is a more 

reddish influence in the gold colour in the F series than at the E 

series. One specimen i.e. KGO6 in the E series of coatings shows 

a darkish influence on the colour, although the reflectivity is 

slightly higher at the yellowish and reddish part of the spectrum. 

Photographs of the apparent surfaces of the coatings on the glass 

cover slips were taken at a magnification of 15 times using the over- 

head projection microscope. Figures 4.32 and 4.33 show the micro- 

photographs of the four coatings. 

4.5.8 Thickness of the gold coatings 

Gold was deposited on glass, nickel, stainless steel and aluminium 

at the same time. The thickness of the gold coatings of the two



=86— 

FIGURE 4.28 

A 

tte 
ST VS oe 

Se 
G ao q 

C 

Positions of the coated glass cover 
slips 

“ 

a 

1 Gold coatings 

Glass cover slips



=B7= 

       

     

     

  

  

  

    

   

    

FIGURE 4.29 

gee 560 570 580 
T pa 7 PA 

ae Key: x Standard, Mgo 
° Glass slide cover 

slip 
43 ~~~ Sample position A 

—— Sample position B 42 

a1 Samples KG) -KG, 

*< Samples KG.-KG 40 fi 12 

39 

38 

37 

36 

5S 

34 

53 

74 

3] — 10% saturation 

50 

Au Coatings on Glass Coating Time 
29 oe SS Minutes 

Series 5 Series E 
28 a 

1 7 2 
ED 2 8 5 

3,4 9,10 4 
5 a 5 6 6 12 6 eg 

S 1 L 1 hl 
Oo. 31 0235) 0.40 0.45 0.47 

Values of x 

Colour co-ordinates of gold coatings on glass cover slip



-88- 

KGSLIP 

95, FIGURE: 4.30 

Au gold coatings on 
98] Glass Cover Slips a rea eS. 

82. Uncoated 

eu 

70. 

654 

68 

Doe 

—_ Ss —— § m 

a oe 
a     OT 

350 385 420 455 498 525 560 595 638 G65 700 

WAVE LENGTH NM 

Reflectivity curves of a glass cover slip coated with 
gold for different length of time



-89- 

188 FIGURE: 4.31 ———————-. KG Slip 

Au coatings on glass 

954 Slide Coper Slips ee 

ean a ahaa Sd Fae to teats ene KG 09 

35] ee ee ea 

Uncoated 

204 

20 

  

    Oe oe 

350 385 420 455 490 925 S68 S95: 620 GE> 780 

WAVE LENGTH NM 

Reflectivity curves of a glass slip coated with gold 
for different length of time



~90- 

Figure 4.32 

  

Gold coating for 2 minutes of sputtering time on glass cover slip. 

  
Gold coating for 3 minutes of sputtering time on glass cover slips.
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Figure 4.33 

  

Au coating for 4 minutes of sputtering time on glass cover slips. 

  
AU coating for 5 minutes of sputtering time on glass cover slips.
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series deposited on the glass cover slips were determined gravi- 

metrically. The thicknesses and the colour co-ordinates (both 

at equi-energy and illuminant SA) are shown in Table 4.5 and 4.6. 

Gaps in the table are where a few of the specimens were damaged. 

The values of the thicknesses of the coatings obtained for different 

coating times for Series E and F are shown graphically in Figure 

4.34. The figure indicates a linear relation between the thick- 

ness and coating time; the slopes differ and indicate the rate of 

deposition was different for the two series. The standard devia- 

tion on the measurements of mass of the glass cover slips was 

%; instrumental error was 9%; thus the uncertainty on the 

coating thickness is 11%. 

4.5.9 Influence of substrate composition on the colour of gold coatings 

The colour co-ordinates of the gold coatings deposited on glass 

nickel, stainless steel and aluminium were determined at equi- 

energy EE, and plotted in Figures 4.35, 4.36 and 4.37. The 

reflectivity curves for the substrate materials and for each series 

of gold coated specimens were obtained from the computer output. 

These curves are shown in figures 4.38-4.43. 

4.5.9.1 Influence of .nickel 

Figure 4.35 shows the colour co-ordinates of the gold coatings on 

nickel substrates for both series. Broken and unbroken lines have 

been drawn connecting the co-ordinates and show the increasingly 

yellowish hue with thickness of gold. The dominant wavelength is
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between 580 and 583nm. Two points exceptionally have a reddish 

influence on colour. The brightness of the coatings is between 

25% to 41%. The reflectivity curves in figures 4.38 and 4.39 show 

the detailed characteristics of the coatings. It can be concluded 

for the two specimens in Figure 4.39 that the higher reflectivity 

at the lower end of the energy spectrum produces the reddish 

influence on the coatings. 

4.5.9.2 The influence of stainless steel 

Figure 4.36 shows that the polished stainless steel substrate and 

the gold coated stainless steel have the similar colour co- 

ordinates to nickel and gold coated nickel (Figure 4.35). With 

stainless steel the substrate, the trend is an almost linear in- 

crease to the yellow colour with increasing thickness of gold. 

The same progressive change to yellow is observed in the reflectivity 

curves for all of the coatings on stainless steel (Figure 4.40 and 

4.41). 

4.5.9.3 Influence of aluminium 

The colour co-ordinates for gold on aluminium for both series are 

plotted in Figure 4.37. The surface colour of aluminium is 

whiter (7% brightness) than nickel and stainless steel (15% 

brightness). The colour co-ordinates show an increasing trend 

to the yellowish hue with the dominant wavelength between 577nm 

and 579nm and the saturation/brightness of the coatings is between 

21% and 40.5%.
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FIGURE 4.36 
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FIGURE 4.37 
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FIGURE: 4.39 
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FIGURE: 4.40 
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FIGURE: 4.41 
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The colour co-ordinates of the white standard (AnalaR Mg0) are 

plotted as each diagram for comparison. The white standard has 

a 20% brightness at a dominant wavelength of 585nm. 

The influence of surface roughness of the aluminium substrate on 

the colour of gold coatings was examined. The reflectivity 

curves of abraded aluminium specimens are shown in Figures 4.42 

and 4.43. The curves show a slight green influence compared with 

bluish white polished aluminium.
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Chapter 5 

Discussion and Conclusions 

5.1 Discussion 

5.1.1 Thin coatings; techniques and methods 

The techniques and methods used in this study were used to produce 

thin gold coatings based on recent developments published in the 

relevant literature. Various workers (52, 53) have reviewed 

coating techniques. 

Sputtering takes less time, less room, less material, less energy 

and a lower initial investment than other processes. Spalvins 

(52) has shown the capabilities to form new layers of materials 

using ion-plating and sputtering. He has established great 

flexibility by forming graded compositien interfaces. Bucklow (44) 

and Bessot (51) have also described various deposition techniques 

and discussed their merits and disadvantages. 

Cathodic sputtering has been employed in the present study. Al- 

though the precise coating rate was undetermined, the sputtering 

rate seems to be higher in the present study, as estimated from 

the thickness coating time results than the rate reported by 

Bessot (51) which for gold was 5.4um/hour or 0.09 jm/minute.
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5.1.2 Thickness measurement 

Although Ogburn et. al. (13) estimated uncertainty of about 0.06un 

for the thickness measurement of the thin coatings using scanning 

electron microscopy at a magnification. of 10K and Borziak et. al. 

(100) have reported the possibility of measuring thicknesses of 

30-60A° gold coatings, scatter of 26% was seen in the thickness 

measurements for gold coatings in the present study, using SEM 

photomicrographs. Gravimetric and electrical conduction methods 

were also adopted to measure the thicknesses of the gold coatings in 

the present study and a thickness of 0.064 yim was measured with an 

uncertainty of 9%. P.G. Borziak et. al. (100) plotted histograms 

of initial island sizes and inter-island spacings (Figures 5.1 and 

5.2) for the islands nucleated in the initial stages of forming 

coatings and showed inherent reasons for the inaccuracy of thick- 

ness measurement of thin coatings. The gravimetric method is 

considered to be the most convenient and useful with an accuracy 

of 11%. Brown (94) also selected this method for thickness evalua- 

tion. 

5.1.3 Colour _measurement 

The intrinsic colour of thin gold coatings was determined employing 

glass cover slips. The gold coatings on such glass slips were 

also used to determine their thicknesses employing both gravimetric 

and electrical resistance methods. The influence of the substrate 

material was determined and compared using nickel, stainless steel 

and aluminium. The colour co-ordinates of the uncoated surfaces
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were also determined and compared with the white standard which was 

AnalaR MgO. A comparison of results is made with other workers in 

Table 5.1. The colour co-ordinates for the coatings obtained for 

the maximum coating time on nickel in the present study are same 

as the values obtained by Gardam (2) for pure gold. It is seen 

that the colour co-ordinates for stainless steel are higher in the 

present study whereas the values for polished nickel are 1% lower than 

those of Gardam (2). Our values for polished aluminium are higher 

than his values obtained on evaporated coatings of aluminium. The 

values of Brown (94) for rolled aluminium are high compared with 

those of ours and those of Gardam (2), but the condition of the 

surface must be considered and these were not alike. Similarly 

the colour co-ordinates of the polished nickel of Brown (94) are 

higher than those of ours. Her values for the electroplated gold 

coating deposited in five seconds at a current density of 25 a.s.d. 

at a temperature of 65°C in K Au (CN), both are lower than those of 

ours and Gardam (2). Reasons for the differences include differ- 

ences in thickness distribution and surface condition of the sub- 

strate. Roberts et. al. (3) also determined the colour co- 

ordinates of gold (99.99%) and obtained lower values than all 

others reported. Considering the 11% scatter inherent in the 

coating method and the thickness measurements the results achieved 

in the coatings are reasonable and if the values of Gardam (2) 

are taken as standard for the colour co-ordinates of pure gold, 

then our values can be treated with confidence and show the trend 

of colour change with increasing waiting thickness.
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5.2 Conclusions 

(1) A reproducibility of 89% can be achieved using the vacuum 

deposition techniques to produce thin coatings of gold. Stpice 

control of the operating parameters, working conditions and the 

surface conditions of the substrate are essential. 

(2) The chromaticity co-ordinates (colour co-ordinates) of the 

coatings are very much dependent of the surface condition and 

composition of the substrate. 

(3) The average thickness of thin gold coatings is a difficult 

method and is most conveniently determined gravimetrically. The 

scanning electron microscope is useful in showing the heterogeneity 

of thin coatings. 

5.3 Suggestions for further work 

(1) It has been shown that the colour of gold coatings thinner 

than lam depends on the surface roughness and composition of the 

substrate. A systematic study of the influence of substrate 

composition on colour of thin coatings is now needing to gain 

insight into the physical behaviour of light in films thinner than 

Jum. 

(2) To improve the reproducibility of sputtering the development 

of microprocessor control of the sputtering conditions is required.
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(3) Colour measurement was carried out using a spectrophotometer 

and laboriously transferring data to a computer programme to 

calculate the colour co-ordinates. It is timely to develop 

microprocessor control for the entire process and produce an 

instrument capable of determining the colour co-ordinates and 

presenting the calculated co-ordinates as direct readings.
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Part Two 

Thin coatings: hardness measurement and micro-indentation techniques
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Chapter 6 

Introduction 

Hardness is a term having a different meaning to different people. 

It is 'resistance to penetration’, to a metallurgist, ‘resistance 

to wear' to a lubrication engineer, 'a measure of flow stress’ 

to a design engineer, 'resistance to scratching' to a mineralogist 

and 'resistance to cutting' to a machinist. Although these 

several actions appear to differ greatly in character, they are all 

related to the 'plastic flow stress' of the material. 

There are various hardness test procedures. These include: 

static indentation tests, scratch tests, cutting tests, ploughing 

tests, rebound tests, damping tests, abrasion tests and erosion 

tests. The values of hardness obtained by different methods are 

to some extent related to each other. A few of the hardness test 

methods are described in chapter seven. 

In the present study of micro-indentation testing, phenomenological 

characteristics of micro-indentation behaviour are outlined in 

chapter eight; the load dependance of hardness is also discussed. 

The modifications to the micro-manipulator and the design of an 

indenter and holder for micro-indentation testing are described 

in chapter nine. 

A method of making very sharp pointed tungsten tips was developed 

for the production of microindenters. The micro-indenters
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produced were evaluated on aluminium and brass specimens. 

The reproducibility in making these tips was examined and various 

other factors in preparing the micro-indenters were investigated. 

The reproducibility of micro-indentations made with the modified 

micro-indenter was also assessed. The tester was tested after 

being installed within the stereoscan SEM (66). It was compared 

with the Vickers (65) micro-hardness tester on aluminium and brass 

specimens. 

Conclusions and suggestions for future work are given in chapter ten.
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Chapter 7 

Methods of hardness testing and micro-indentation 

7.1 Introduction 

The hardness of a metal is one of its properties and one that can 

be compared with the hardness of well known standard hard materials. 

Serious attempts were made to produce a comparative scale of hard- 

ness values of materials as early as 1722 with a series of minerals 

(5) in a scratch test. 

The hardness of a metal is related to the other properties of the 

metal. Since it is not a single property but a complex integra- 

tion of properties it is useful in assessing the influence of 

chemical and structural heterogeneities, diffusion gradient, 

percipitates, eutectics, dendrites and grain boundaries. Due 

to the link between the mechanical properties and the hardness of 

the materials coupled with the ease and convenience of hardness 

testing, the measurement of hardness is widely used in science and 

industry. 

The measure of hardness of a metal by indentation is similar to 

that of man's sense of softness or hardness on pressing or squeezing 

a material. Indentation of a material like clay or a solid metal 

deforms the material and leaves a permanent impression. The 

size of the indentation left on the specimen is a measure of its 

hardness .
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7.2 Methods of hardness testing | 

There are various methods to produce differently shaped indenta- 

tions for hardness testing, but whatever the shape, the indentations 

are geometrically similar to that of the indenters. Various 

indenters of differing shapes have been considered. They were 

used to investigate the relationship between indentation size and 

the hardness of the material. The following tests with differently 

shaped indenters have been developed and are in current use: 

(1) cone indentation tests. 

(2) the Rockwell test - 120° diamond cone. 

(3) Ball indentation tests. 

(4) Pyramid indentation tests. 

(5) WMicro-indentation tests. 

7.2.1 Cone indentation tests 

A standardised cone indentation test is one of the attractive 

ways of measuring hardness. With a very small load on a flat 

surfaced specimen plastic flow is produced by the indent. Ludwick 

(14 ) used sharp steel and diamond cones having an included angle 

of 90°, with a very large load on iron. Devries inl91l, also carried 

out several cone tests and measured the movement of the indenter 

from the original surface during the application of the load. 

The phenomena of elastic recovery and ridging in the specimen were
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also considered. For soft metals like copper, aluminium, zinc 

and lead, the elastic recovery of the indentation impression (after 

the release of load) results in a change of size and shape of the 

impression. This property has also been studied by many authors 

(50,51). 

Buckle (50) studied pyramid indenters and concluded that the diagonals 

of the indentation do not suffer from recovery effects and therefore 

do represent the indentation under load. Dluebeck (51) studied the 

recovery and recrystallisation of plastically deformed<+ B brass 

by the position annihilation technique and obtained detailed informa- 

tion about the recovery process for a two phase alloy. The 

important practical consideration so deduced was that the depth 

measurements of recovered indentations are much more unreliable than 

the width (diagonal or diameter in the case of a ball indentation 

test) measurement. The effects of the cone angle and friction 

have also been studied (52, 53, 54, 55) and led to the conclusion 

that 90° cone indenters were chosen to be used for comparative 

purposes. 

7.2.2 The Rockwell test - 120° diamond cone 

In about 1920 Rockwell introduced a direct reading tester which was 

further developed when Wilson produced his polished sphero 

conical diamond indenter. This had an included angle of 120° 

and a tangential spherical tip of 0.40mm diameter. The test 

consisted of applying a preliminary load Fg=10kg, setting the dial 

depth gauge to zero and applying on additional load Fy=140Kg for a
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definite time. After releasing the load, it was noticed that the 

dial movement of the machine showed the elastic recovery of the 

indentation, which was dependant on the Young's modulus of the 

specimen. The hardness is a number, called the Rockwell number 

and is read off directly as: 

Rockwell hardness (HRC) = 100 - e —————7.1 

where e is the permanent increase of the initial depth in mm. 

7.2.3 The pyramid indentation test 

In the pyramid indentation test the metal flow is not as regular or 

uniform as in the cone or ball indentation tests because of the 

sharp edges of the pyramid indentor. 

The diagonal distance between the corners of the square indentation 

are measured with the aid of a microscope and the mean of the 

diagonals of the recovered indentation is used to calculate the 

hardness using either of the two following relations: 

(1) Pyramid hardness (mean pressure HP) = load 2E 7.2 
projected area d2 

(2) Vickers hardness (HV) = load = 2F_sin 9/2 _ 1.854F(7.3) 
cavity area a2 dz 

when = 136° 

If ho depth of the unrecovered indentation, the g = ho 2./2 tan V2 

° 
  d Tho when Y = 136 7.4. 

Therefore the relation between the Vickers hardness and pyramid
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hardness is: HV = 0,9272 HP 

The test method is outlined in B.S. 427: 1961 (9) and a standard 

table for various materials has been produced. 

Many materials flow or creep under stress and loading for some period 

is usually specified until equilibrium is reached. This period 

may be up to 2 minutes. Hardness testing specifications should 

specify the minimum load and duration of the load. 

Experimental results show that the expression F = co 7.5 

is valid for the pyramid indenter except for very small indenta- 

tions (12). The elastic recovery of the diagonals of the 

pyramid indenter appears to be practically negligible (50) and 

since the area is calculated from the diagonals (Expression 7.5) 

the hardness value is independent of the recovery of the material. 

Very small pyramids are now employed in low load hardness testers. 

This technique is now the basis of micro-indentation hardness 

testing. 

7.2.4 Ball indentation tests 

Brinell used hard steel ball-bearings as indenters. The load 

on the indentor was maintained for 15-30 seconds and after the 

removal of the indent€r the diameter of the recovered permanent 

impression was measured with the aid of a microscope and gauge. 

He used a relation to calculate the hardness using the mean of the 

diameters across 90°, such that the
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7.6 Brinell hardness (HB) = I ery eee 

Since d/D = sin ?/2 

HB = 2F 

Toe (l- Cos 9/2) 

HB = E 
m™D ho 

Mayer (56) calculated the hardness value using a single relation: 

Mayer hardness - 4F Ped 

= i 4 

Dee eing 9/2 

where for a load F with a ball of diameter D, d is the diameter of 

the ball indentation at a surface, so the indentation ratio is d/D 

and the angle of indentation (%) and ho is the initial depth of 

the indentation. 

Brinell hardness tests show a variation in hardness values with load. 

Brinell attempted to reduce this variation to a minimum and 

specifications were produced with a certain range of standard loads 

for a given ball diameter on metals of various hardnesses. 

7.2.5 Micro-indentation testing 

Scratch hardness testing with diamond scribes were used to 

investigate metallographic structures during the early years.
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The accuracy of the results obtained were comparable with Brinell, 

Rockwell and Vickers indentation tests. 

The success of the Vickers diamond indenter prompted Lips and Sack 

(57) to use diamond at low loads. A new field of micro-indentation 

developed, resulting in the Knoop (58) apparatus being equipped 

with a diamond indenter. Knoop measured micro-indentations 

obtained with low loads up to a few grams. Mott (15) reviewed the 

subject in detail, but the main area of difficulty was the 

logarithmic relationship between the load and indent size. Buckle (50) 

examined the problems and concluded that the classical theories were 

no longer applicable to interpretation of the results when the size 

of the indentation was near to the size of micro-constituents. 

He put forward the following suggestions for classifying indent 

size and load.(Table 7.1) 

Gone and his co-workers (60, 61) conducted studies on the indenta- 

tion of metals using extremely fine indenters and very low loads. 

These indentation studies have been carried out inside a scanning 

electron microscope to enable observation of the penetration of the 

indenter into the surface of the specimen. They have shown that 

in the presence of surface contamination, penetration does not occur 

until high pressures are developed. Tabor (63) has suggested that 

the surface contamination has a lubricating effect rather than 

strengthening. Micro-indentation inside a SEM is a useful 

technique for the study of the nucleation of dislocations in 

crystals.
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Table 7.1 

DESCRIPTION LOADS INDENT DIAGONAL 

(a) Standard or mean hardness above 3Kg above 3mm 

(b) Low-load hardness 200g-3Kg 300 

(ce) Micro-hardness 1-200g max. 30-50M 
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Chapter 8 

Theory of micro-indentation and micro-hardness testing 

8.1 Basics of micro-indentation hardness testing 

Indentation hardness is proportional to the resistance of a specimen 

to the penetration of a non-deformable indenter under a given load. 

It is generally expressed in terms of the ratio of the load P 

(applied force) to the surface area A of the indentation. The 

area of the indentation is dependant on the slope of the indentor 

and is calculated from the characteristic length measured under 

the microscope. 

Hardness is generally given by: 

H = K(P/A) in Kg/mmé   8 (1) 

where K is a constant depending upon the shape and the material of 

the indenter. The Vickers hardness (tetragonal pyramid) corres- 

ponding to an impression of diameter (diagonal) d is given as H = 

Zi 
  1854-4 (P/d2) in Kg/mm 8 (2) where P is expressed in grams 

and d in microns. 

In the case of micro-indentations,hardness testing is dependant 

on the applied force, which is in accordance with an empirical rule 

expressed in the term of the diagonal of the indentation: 

An 
Posvad 8 (3)
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This relation is known as Meyer's formula and n is called the Mayer 

Index. 

Combining equations 8(2) and 8(3): 

Hevea, dose 8(4) 

Since n is dependant on the load P, the formula is unsuitable for 

standardisation(14). However the variation of the mean value of n 

can be interpreted empirically using the experimental results, 

thereby making equation 8(3) approximately satisfactory. The 

results obtained under controlled conditions are presented either 

by plotting the curves of log P = F (log d)——8(5) or the curves 

of H = F (log D)—8 (6). 

The curves which represent the characteristics of the measured data, 

provide a rational interpretation of the indentation and load 

relationship. 

It is generally understood that the value of the micro-hardness 

increases with decreasing load (14, 15, 16) and is independent of 

instrumental error or surface preparation. 

This aspect of micro-indentation has been the subject of considerable 

controversial discussion. Mott (15) has suggested that the indenta- 

tion hardness of a given material will be a constant above a critical 

size of impression, and a steady increase in hardness value will 

occur as the load is decreased. 

Orowan (17) has given a theoretical justification based on his 

model of work hardening. Buckle (14) has suggested that due to
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the presence of 'coherent regions! in the material, an increase 

in indentation hardness is observed at decreasing loads, but when 

the size of the indentation falls below the size of these coherent 

regions, there is no further increase in hardness. Yoshino (16) 

has proposed that the increment of the hardness with decreasing 

of load is due to heterogeneity of the deformation produced by the 

penetration of the indenter into the material, and so to have 

heterogeneous impressions. 

Gane (18) et. al. have suggested that the observed load dependence 

of micro-indentation hardness is due to an increase in the stress 

necessary to operate the dislocation sources. Therefore the 

stress required to operate a dislocation source is dependant on the 

work hardening. The flow of stress of the material sampled by 

the indenter is then a sum of the work hardening and source 

hardening. It is therefore apparent that the indentation hardness 

is load dependant. It is associated with the movement of disloca- 

tion introduced by the indenter. This can be visualised from the 

punching mechanism. Freidel (19) deduced an expression by taking 

into account the detailed mechanism at the micro-indentation. 

According to him, the micro-indentation creates an impression by 

introducing loops of prismatic dislocations, with the sum of 

energy of the dislocation loops created, including their Peierls- 

Nabarro energy AW, and the surface energy Y; 

If the load or applied force F which is applied to a rigid flat- 

ended punch of diameter D produces an impression in a surface of 

depth b, where bg is the Burgers Vector, the load is then:
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F = Mb- In Ds 
4k bo 

  TD (AW +¥s) 8(7) 

where: 

M = shear modulus. 

az
 u bulk modulus. 

The contact pressure o that maintains the dislocation loop is given 

by o=_4F 
Tbe 

8.2 Related features of micro-hardness testing 

Resistance to the movement of dislocations, which determines the 

hardness of the material due to pinning and blocking, arises from 

the following lattice defects: (1) grain boundaries, (2) vacancies, 

(3) solute atoms, (4) precipitates and other imperfections as 

shown in Figure 8.1. 

The elastic recovery that an impression undergoes after the indenter 

is withdrawn from the material is another feature which makes micro- 

hardness testing a complex operation. 

When the indenter is pressed against the metal, there is firstly an 

elastic front of deformation which moves below the indenter, followed 

by a curved zone of plastic deformation. Experimental results 

(20, 21) indicate that the deformation mechanism by a pyramid 

indenter leaves a uniform radial compression. This is the boundary 

between the zone of plastic deformation (work hardened) and the zone 

of the material to be stressed to the yield point. This remains
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FIGURE 8.7 

Diamond under load 
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Grain Boundaries 
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rigid but it is approximately a hemisphere and virtually unaffected 

by the detailed shape of the impression itself. 

On withdrawing the indenter, the impression undergoes an elastic 

recovery, and the unrecovered part of the impression is comprised 

of the material plastically deformed with a local hardening 

gradient and zone of influence around the impression. This zone 

is generally assumed to have a radius of action, equal to 10-15 

times the depth of the indenter penetration (14, 22). 

Many experimental results indicate that a considerable elastic 

recovery of an impression takes place in the opposite direction to 

the indentation, whereas it is negligible in the direction of the 

diagonal of the impression (14, 15, 23, 50). 

8.3 Precautions and experimental conditions for micro-indentation 

The micro-indentation test is very much dependant on the conditions 

under which the material is tested. 

8.3.1 

Ay The use of the proper load on the indenter in the hardness 

investigation is crucial. Many attempts have failed (14, 15) to 

give reliable and interpretable results because of the improper 

selection of loads. Large loads very often are not suitable for 

the micro-indentation test since they cause the effect of impurities 

and other imperfections of the lattice to be noticed (24, 25). Very 

small loads require the strict control of experimental conditions (18).
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The results of /. Brounovic et. al. (24) for iron containing 0.002 

atomic % tungsten shows a considerable variation of micro hardness 

because of the increment of grain-boundary hardening at low indenter 

loads (Figure 8.2. ). 

8.3.2 

8. Surface preparation is another very important aspect in micro- 

indentation testing. Coarse machining and polishing of the 

specimen surface produce large errors in micro-hardness measure- 

ments and consequently make the results invalid (14, 15, 16, 25). 

Therefore in order to eliminate any undesirable influence due to 

work hardening, great care and consideration are taken in preparing 

the specimen surface. Electro-polishing is an important technique 

to prepare a good surface, but surface micro-hardness is also 

dependant on polishing time. 

8.3.3 

Cc. The effect of grain boundaries is a very important contributing 

factor in the measurement of the micro-hardness. Even though the 

concentration of defects and impurity segregation affect micro- 

indentation, segregation of solute atoms at the grain boundary 

can increase the micro-hardness 10 to 50% compared with that of the 

grain interior. The hardening region appears to extend several 

microns from the boundary into the interior of the grain. 

This phenomena occurs in a wide variety of materials. Ferene (27) 

has detected an increase of about 15% in hardness at grain boundaries 

in fully annealed pure iron when using a load of 5 grams. It has
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been concluded that the impurity segregation at grain boundaries 

is responsible for this increased hardness. Westbrook and Wood 

(28) have shown a hardness profile increasing about 40% which 

extends 50 microns on either side of the boundary (Figure 8.3), 

on a high purity e-Fe prepared by Ainslie et. al. (29). Further 

studies on hardness measurements show that the addition of W, Mo 

and Mn up to certain limits under certain conditions have no 

effect on the hardness of such metal systems. 

In the case of non-ferrous metal systems, Westbrook and Aust (31) 

have studied zone-refined lead containing minute concentrations of 

Au, Ag, Sn and In, and have found that the addition of even very 

small amounts of these solutes produces a considerably harder 

grain boundary region than the adjacent grain interior. On further 

increase of solute concentration the grain boundary hardness 

increases, but there is no systematic variation in the hardness of 

the interior of the grain. Thus there is a systematic increment 

of boundary hardening on the inclusion of impurities in non-ferrous 

metal systems, depending upon the nature of the solutes or 

impurities (32) and the heat treatment condition of the alloys (33). 

8.3.4 

QO. Grain size is also an important factor affecting the mechanical 

properties of the metals. Hardness is dependant on the grain size; 

as the grain size increases the hardness decreases. This phenomenon 

was demonstrated on brass by Basset and Davis (34) as early as 1919. 

Later W.J. Babyok (35), P.C. Jindal (36, 37), R.M. Douthwaite (38) 

and K. Farrel (39) demonstrated the same on brass, but no theoretical
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model has been developed for the effect on grain size on hardness. 

However, several attempts have been made to correlate the hardness 

(H) of a material with its unidirectional stress-strain character- 

istics. 

Hall (40) has proposed and shown the dependance of hardness (H) 

of polycrystalline material on the size of the grain (L) as follows: 

1/2 Hiatio) eK aging 188) 

where Ho and K,, are the experimental constants. 

Several investigators (41, 42, 44) have measured this dependance 

and Mohrhiem (43) has shown a semi-logarithmic relation between 

grain size and Brinell hardness, such that 

  H = Ho + Kj, log (L): 8(9) 

where Ho is a constant, and Ky is the slope. 

He has also shown the semi-logarithmic relationship between grain 

size and ultimate tensile strength for pure iron, using the data 

of Edvards and Pfeil (45). Great care must be taken however in 

using any relation between the grain size and the hardness of a 

polycrystalline material because the influence of the grain 

boundaries will be dominant when the indent overlaps grain 

boundaries.



-146- 

Chapter 9. 

Techniques and Results 

9.1 Introduction 

The techniques of microindentation and microhardness testing and 

their accompanying test results are described in this chapter. 

It is arranged as follows: 

1. The micro-indentation tester 

Zz. The preparation of tungsten micro-indenters. 

3. Vickers (65) micro-hardness tests. 

4. Micro-indentation testing using the modified micro- 

manipulator system with the tungsten micro-indenters. 

9.2 Modification of stereoscan SEM micromanipulators for micro- 

indentation testing 

9.2.1 The function of the SEM micromanipulator 

An attempt has been made to use the stereoscan micromanipulator 

(64, 66) as a microindentation tester by modifying the manipulator's 

arm and the probe holder. The conventional function of the micro- 

manipulators is to probe specific areas of specimens within the SEM 

as shown in Figure 9.1.



FI
GU
RE
 

9,
1 

-147- 

  

= 
M
o
u
n
t
e
d
 

S
p
e
c
i
m
e
n



-148- 

9.2.2 The modifications 

The lever arm on the right hand side of the equipment was modified 

for use as a microhardness tester as illustrated in Figure 9.2. 

The micromanipulator incorporates the load (W), the holder (H) and a 

holder tightener (S) with a snap in load pin (P) for the holder. 

A new holder lever (L) was designed to replace the micromanipulator 

lever (Ly). The indenter (1) which was either the micromanipulator's 

probe needle or the electropolished tungsten microindentor was 

“ mounted in the holder (H) and held firm by tightening the holder 

tightener (S). 

Two modified micromanipulator levers are shown in Figure 9.3 along- 

with their holders and the holder tightener. Difficulty in 

mounting the load around the original (fixed) load pin (Figure 9.3A) 

was overcome by designing a new snap-in load pin. There was very 

little play, the holder moved up and down freely without frictional 

resistance, and loads from a minimum of 1 gram to a maximum of five 

grams could be used to indent materials. The movement of the lever 

in all the directions is controlled by the micromanipulator, ensuring 

indentation at a required location on the specimen. Centrally 

drilled brass blocks were made of different size to provide a range 

of loads*for the indenter and the tungster microindenters are shown 

in Figure 9.4. 

9.2.3 The microindenter holder 

The microindenter holder was made from a solid brass screw of 1.5cm 

* (Wl - WS) the weights are mentioned in Table 9.6
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Microprobes and the Loads used 
for microindentations
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in length and 1mm in thickness cut vertically from the bottom to the 

top up to lem in height. The cut of the cross section is shown 

in Figure 9.5. The top of the screw was drilled to hold the load 

pin. This indenter holder could be used to mount the micro- 

indenters of a minimum thickness of 0.1mm to a maximum thickness 

of 0.5mm in diameter. The cutter used was a 0.1mm thick diamond 

wheel and the lem deep cut ensured vertical and firm mounting of the 

microindenters. 

9.2.4 Procedure for using the microindentation tester 

The micromanipulator was used to control movement in the horizontal 

plane and position the indenter at specific sites. Vertical 

movement was used to indent at the required site on the specimen, 

either by lowering the arm lever or by raising the specimen stage. 

Careful attention to the following points is very important to 

ensure a satisfactory indentation: 

1. The microindentation tester lever must be in a horizontal 

plane. 

2. The microindentation holder must be in a vertical plane. 

3. The microindent@rs must be carefully mounted. Loose or 

unaligned mounting may cause an irreproducible change in 

the shape of the microindentation. 

4. The load pin must be fixed in the holder. 

De To avoid any relative movements of the load blocks, no 

more than two load blocks should be used to indent the 

specimen at any one time.
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9.3 The indenters for microindentation 

9.3.1 The tungsten micromanipulator needles 

Initially, attempts were made to use the tungsten needles (supplied 

with the SEM micromanipulator for its probe) as the microindenter. 

The needles were available in two sizes - 3ym and 5um tip diameter. 

Indentations were made with both sizes of needle. Figure 9.6 

shows photomicrographs of the needle tips and Figure 9.7 and Figure 

9.8 show microindentations made with the needles. 

The indentations made using indentor holder A (Figure 9.3) proved 

unsatisfactory because of the relative motion between the lever hole 

and the microindenter holder. The indentation load was five grams 

and the average diagonal of the indentations was 42um. The 

indentation load was decreased from 5 grams to 2 grams and the size 

of the indentation correspondingly decreased to 25um (Figure 9.8). 

These indentations were made on an aluminium specimen. The 

indentations indicated the necessity for improving the operational 

design of the holder and the use of thinner microindenters. 

9.3.2 The choice of suitable microindenters 

A survey was done to choose a suitable microindenter better than the 

tungsten micromanipulator needles. Vickers Limited (3) and Relion 

(4) diamond tool makers were contacted about possible fabrication 

of a diamond microindente r to be used with the modified micro- 

manipulator. The use of the diamond tip of a commercial gramo-
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Figure 9.6 

  

Micromanipulator's probe needles. 

  
The diameter of the tip of the probe needle.
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Figure 9.7 

  

The microindentations with the micromanipulators probe needles 

at 5 gram indentation load on aluminium. 
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The microindentations made with the micromanipulator's 

probe needle at 3 gram indentation load on aluminium. 
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phone stylus (1, 2) was also considered as a microindenter. 

The problem in both cases was the diameter of the tip which was 

too large. Even modern styli, which are more durable (sapphire 

or diamond tipped needles) than the old traditional steel or 

chrome-plated needles were found unsuitable for use as microindenters. 

9.3.3 Electro-polished tungsten microindenters 

The preparation of tungsten field emission (FE) tips by controlled 

electropolishing of tungsten wire using an automatic switch has been 

reported (6). The diameter of the tips were claimed to be about 

O.lunm. It was therefore decided to make an electro-polishing 

unit, suitable modified, for the production of microindentors. 

9.3.4 The preparation of tungsten tips 

In a simple electropolishing system (6), a polishing electrolyte 

and a steady flow of electric current are required. The current 

is passed through the cathode to an anode, which is the specimen 

being polished, via an electropolishing liquid for a certain period 

of time. 

For a very small current passing through a thin tungsten wire 

dipped in a 2Molar sodium Hydroxide (Na oH) solution, electro- 

polishing produces a fine sharp tip. The diameter of the specimen 

tip dependant on the polishing time and the handling of the specimen 

when taking it out of the solution. If the latter is done manually 

it is very difficult to produce tungsten tips which are fine
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enough, i.e. O.lum in diameter. The tungsten wire eldctro- 

polishes preferentially at the Hectnotyes meniscus and a point 

is reached where the end falls off the wire with sudden increase 

of resistance of the polishing set up. Human observation of the 

drop of the polishing current on a milliameter and switching off 

manually is too slow. The fine tip present at the instant of 

breakage is blunted by continuing action for a few milliseconds. 

Therefore an automatic switch is required in the circuit (as shown 

in Figure 9.9). 

9.3.4.1 The functioning of the automatic switch 

The polishing current is arranged to pass through a magnetic relay 

switch which is energised by a power supply. This supply is itself 

switched between two voltage states according to a control signal 

derived from the resistance change due to the breakage of the tip 

in the solution. 

This automatic control of switching the circuit is a type of 

"Schmitt Trigger' or cathode coupled bistable circuit which feeds 

the relay switch via an output transistor. 

9.3.4.2 The characteristics of the circuit 

A few preliminary experiments revealed the following circuit 

characteristics for the automatic switch (Figure 9.10). 

For tungsten wire of a diameter 0.1mm dipped 4mm below the meniscus
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of 2M NaOH solution, the polishing current is initially about 4mA 

at 12V. It rapidly falls to about 2mA and then slowly to about 1mA 

(or less) before the breakage occurs. The rate of decrease 

speeds up considerably just before breakage. This behaviour 

markedly influences the operation of the automatic trigger. At 

breakage, the current drops from 1lmA to 7O\A. The resistance of the 

polishing circuit therefore rises from 3kaat the start to 12kanear the 

end and then suddenly to 170ka, The detailed features are given in 

Appendix 12. 

9.3.5 Preparation of the polishing solution 

The molecular weight of NaQH is 40 gram. 80 grams of the compound 

were mixed with distilled water to give 1 litre of 2M NaOH. The 

mixing must be carried out with care because the reaction is 

exothurmal. After cooling, some of the solution was transferred 

to two beakers connected with a tube as shown in Figure 9.9. 

Lids for the beakers must be used when the solution is not being 

used for polishing. Each time the indenters were prepared, a new 

solution was made and used. 

9.3.6 The tungsten microindentors 

Tungsten wire of different diameters (0.5mm, 0.45mm, 0.40mm, 0.25mm 

and 0.1mm) were selected and pieces of equal length (1.5cm) were 

cut. The dip length of the wire piece used as an anode was 

approximately 2-3mm for all diameters. Dipping tungsten specimens 

more than 4mm in the solution caused damage to the polished tip and 

made it somewhat blunt. The polishing time for each tungsten
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specimen was noted. The time varied from specimen to specimen 

and was greater, the thicker the specimen and,the longer the dip 

length. 

9.3.7 The tungsten microindenters 

The automatic switch based on the circuit shown in Figure 9.10 

was modified for a lower value resister at the base and was 

employed in the electropolishing unit shown in Figure 9.9. 

Initially a current 4.5mA flows through the polishing solution 

with a P.D. of 12 volts when the thickness of the polishing tungsten 

wire is 0.45mm. The initial current is the same for all diameters 

of tungsten wire used. Five tungsten wire (series A) of different 

thicknesses were electropolished and used as microindenters. 

Details of thickness and polishing time are given in Table 9.1 

and SEM micrographs showing the tip shapes produced are showing in 

figures 9.11 to 9.13. 

The polishing current was changed to 3.35mA on placing a resister of 

lkain series with the circuit for tungsten wire of thickness 0.1mm. 

The polishing time was 7 minutes. The shape of the indenter tip 

was conical, but because of its length and thickness the indenter 

was insufficiently stiff and rigid, therefore tungsten wire of 

0.45mm thick and 1.5cem long (KB, to KBy¢) with a few of lem long 

(KC, to KC,) were cut, and were dipped 2-3mm in the solution during 4) 

polishing to observe the effects on the shape of the polished tips 

after the breakage of the polished material in the solution. 

These microindenters (series B and C) are listed in Table 9.2. The



-161- 

Figure 9.11 

A conical shaped turigsten microindenter. 

ee     
A ball shaped tungsten microindenter. 

 



-162- 

Figure 9.12 

  

Microindenters polished from the tungsten wire 

of various thickness. 
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Figure 9.13 

  

Microindenters polished from the tungsten 

wire of various thickness. 
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Table 9.1 (Series A) 

  

  

No. Diameter of Tungsten wire Electropolishing Shape of 
time taken the tip 

a 0.1mm 4 minutes cone shaped 

2 0. 25mm 30 minutes ” 

3 0.25mm 30 minutes a 

4 0.45mm 150 minutes Ball shaped 

a 0.5mm 180 minutes 
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The table shows the specimen code number, the diameter of the tip 

in microns (ym) and the shepe of each of the microinderiters. 

Each microincenter was examined in the SEM (Figure 3.12) and 

photomicrographs of most of them are displayed in Figures 9.14 

to 9.20. 

The results shown in Table 9.2 indicate that the preparation of 

microindent®rs is not completely reproducible. The tungsten 

wire should be cut with a proper wire cutter. It was also 

concluded that a laboratory height control unit should be used for 

controlling tungsten wire dip length in the polishing solution 

and for lowering beakers after the breakage of the polished tip. 

During electropolishing the adjustable height control was put on a 

metallic laboratory stand which in turn was placed on a heavy 

metallic block on a 2cm thick, dense foam sheet to minimise 

vibrational noise arrangement of the polishing unit (shown in 

Figure 9.21) was designed to produce tips of reproducible size 

and shape. 

Five of the tungsten wires (Series E) of the same length and 

diameter as in series B were dipped 4mm in the solution using a 

Gallenkamp adjustable height control and electropolished. The 

microindenters so produced were examined in the SEM; microphotographs 

are shown in Figures 9.22 and 9.23. The results are tabulated 

in Table 9.3. The results indicate an improvement in the 

reproducibility (86%) of the tip sizes of the microindenters.
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Figure 9.14 

pte 

  
Tungsten microindenters of Series B.
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Figure 9.14 
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Figure 9.15 

  

Tungsten microindenters of Series B. 
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Figure 9.15 
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Figure 9.16 

  

Tungsten microindenters of Series B.
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Figure 9.17 

  

Tungsten microindenters of Series B.
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Figure 9.18 

  

Tungsten microindenters of Series B.
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Figure 9.19 

  

Tungsten microindenters of Series B.
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Figure 9.20 

  

Tungsten microindenters of Series B.
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Figure 9.22 
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Figure 9.22 

  
Tungsten microindenters of Series E.
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Figure 9.23 

  

Tungsten microindenters of Series E. 
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The incorporation of aikaresister in the circuit ensures production 

of a conical shape of tip of similar angle with a lower current and 

a higher polishing time than that of series B and series C. 

Some of the microindenters (e.g. 8), By, Bs, C3, C, and Es, Ey) 

were used to indent aluminium and 60/40 brass specimens detailed in 

Appendix 13. After use the microindenters were re-examined in 

the SEM. One of them (B,) was damaged during indenting (Figure 9.24). 

Others (e.g. C3/B15 and c,) remained undamaged as shown in Figure 

9.25. 

9.4 Microhardness testing using a Vickers microhardness tester 

Pretreated (Appendix 13) 60/40 brass specimens KBI-2 and KBI-4 

and polished aluminium were used for assessing the microindenters 

produced in the present work and comparing the results with those 

obtained with a standard Vickers microhardness tester. 

9.4.1 Microhardness testing 

Microhardness testers use comparatively low loads. They are 

delicate instruments requiring a high degree of precision, both in 

the application of load and in the measurement of the indentation 

produced. It is essential, therefore, to know the exact load 

applied to avoid friction in the loading system. In addition, 

the instrument used to measure the indentation must be accurately 

calibrated. A D. M41 Vickers microhardness tester as shown in
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Figure 9.24 

Cea 

  

Used microindenters of Series B. 
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Figure 9.25 

pte 

  

Used microindenters of Series C. 
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Figure 9.26 was used in this study for comparison with the micro- 

indentations made the tungsten microindenters discussed in previous 

sections. The assembly and experimental procedure are detailed in 

Appendix 14. Low loads were applied in order to observe the hard- 

ness of comparatively small regions. 

9.4.2 Results of microhardness tests 

The results of microhardness tests on both 60/40 brass and aluminium 

specimens are shown in Table 9.4. The photomicrographs of the 

indented brass are displayed in Figure 9.27 for loads of 20 grams 

and 5 grams. The smallest load used was 5 grams and attempts 

were made to indent each of the two phases in the brass specimen 

separately wherever possible. However the size of the two phases 

was sometimes smaller than the size of the microindenter. 

9.5  WMicroindentation tests on 60/40 brass and aluminium using the 
modified micromanipulator tungsten microindenters 

The two brass specimens and the aluminium specimen used in the 

previous microindentation hardness tests were indented using the 

modified micromanipulator and tungsten microindentérs. Since 

the size of the phases of 60/40 brass was smaller than the tip size 

of the tungsten microindenters, individual phases could not be 

indented separately. Preliminary microindentations were made 

outside the SEM. The specimen holder was used to hold the 

aluminium and a small workshop vice was employed to grip the 

specimen to be indented. The experiments were designed to test 

the modified system with the tungsten microindenters to be used as a 

microhardness test mounted in SEM specimen chamber.
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FIGURE 9.26 

  

DM41 Microhardness tester 

A = Filar eye piece micrometer 

B = Graduated tube 

C = Centering mount 

D = Reading objective 

E = Indenter objective 

F = Anti-vibration platform 

G = Transmitter
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Figure 9.27 

  

Microindentations made with the Vicker's 

microhardness tester. 
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9.5.1 Reproducibility of the microindenters 

Four microindentations were made using the nominal 3gram load on 

the brass specimen at various points. Similarly two indentations 

were made on aluminium with the nominal lgram load. The tungsten 

microindenters (KB5*) and Kc,* were tried out on brass and aluminium 

respectively and the indented sites were marked and examined in 

the SEM. The photomicrographs which are displayed in Figures 9.28, 

9.29 and 9.30 show the indentation depths and diameters. Figures 

9.28 and 9.29 indicate the profile of the microindenter KB,* shown in 
3 

Figure 9.15. 

Microindenter KB, is more conical than KB) which is shown in Figure 

9.14. The diameter of each microindentation was measured at 

four positions, the mean value and standard deviation calculated for 

all four microindentations and the percentage error calculated as 

detailed in Table 9.5. 

The results in Table 9.5 show a reproducibility of 87% for micro- 

indentations made with the modified micromanipulator and tungsten 

microindenter. The photomicrographs of the microindentations 

(Figures 9.28 and 9.29) on brass show the indenter scratched the 

surface either before or after indentations. This phenomenon 

may occur if the length of the indenter is excessive. 

9.5.2 Calibration of the indentation diameter and load 

The two specimens detailed in Table 9.5 were also used to calibrate 

the microindentation system with different loads (applied force). 

* Code details given in Table 9.2.
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Figure 9.28 

Microindentations made on brass. 
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Figure 9.29 

Microindentations made on brass. 
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Figure 9.30 

Microindentations made on aluminium. 
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The brass specimen was indented with the loads Wy W, and Wi* 
Zz a 

59 W, and Were 

The indented sites were marked on both of the specimens and SEM 

and the aluminium was indented with the loads Wis W. 

photomicrographs (Figures 9.31, 9.32 and 9.33) obtained. The 

diameter of each microindentation was measured in four positions 

and the mean value and standard deviation calculated. 

The values (tabulated in Table 9.6A) were used to evaluate the 

values for 2g to 4g loads as shown in Table 9.6B. Linear re- 

gression analysis was carried out to evaluate these values. The 

weight of the microindenter holder was one gram and was added to 

the weight of the load blocks to derive the total load (force) 

applied which also included the weight of the tungsten micro- 

indenter. 

The weight of 1.5cm long and 0.45cem thick tungsten wire was 0.0023 

grams. The weight of lcm of the same wire was 1.56 x 1077g 

which was included in the total load applied to indent a specimen, 

but the weight of the lost polished material during the electro- 

polishing process was neglected. 

The results in Table 9.6 indicate a maximum error of 16% in estimating 

the size of microindentations in the brass specimen. The estimated 

error in measuring the indentation in aluminium was 9%. These 

figures show a maximum uncertainty of + 16% on the microindenta- 

tion produced with the modified system. This indicates + 14% 

* Details of loads given in Table 9.6
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Figure 9.31 

Microindentations made with different load on brass. 

 



-195- 

Figure 9.31 
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Figure 9.32 

Microindentations made with different loan on aluminium 
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Figure 9.33 

Microindentations made at different load on aluminium 
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Table 9.6A 

  

Specimen Load No. Total Indentation Diameter in Mean diameter in 

  

  

weight Load position im (4) + standard 
gram. g deViation 

Brass WL A 18.19 
KBI-2 2.681g 3.683 B 13.43 15.33 + 2.46 

c 16.57 y 
eee BD 13.14 16% 

: w2 A 16.00 
2.762g 3.765 B IZ.7L 

c 13.41 Ree cteg ie 

D 12.18 7 
W3 A 15.38 
Zs/9 30159 B 10.46 13.39 + 2.08 

c 13.85 16% 
D 13.85 

Aluminium W1 A 13.60 

KA1-2 2.681g 3.683 B 10.93 12.33 + 1.14 
C 12.00 0” 

Indenter D 12.80 ee 
KC, 

W. A 12.27 11.47 + 0.69 

2.1379 Seloo B 10.67 o 
c 11.20 & 
D 11.73 

W, A 13.00 
5 11.7. z 1.604g 2.606 : ae sea ge 

D 11.89 e 

We A 6.48 
B 6-13 6.35 + 0.27 

0.874g 1.876 c 6.13 i 

D 6.67 
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Table 9.6B 

  

Specimen Load (applied force) Evaluated Extrapolated /Interpolated 
gram constants values using the mean 

values (1) 

  

  

Brass 3.00g m= 1.73 13.26 

nBie 3.259 c = 8.07 13.69 
3.509 14.13 

3.759 14.56 

4.009 14.99 

Aluminium 
KA1-2 1.59 m = 3.11 6.35 

2.09 c = 1.68 7.90 

2.59 9.46 

3.09 11.43 

3.59 12.57 

4.09 14.12 
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scatter obtained on microindentation with the same load. On sub- 

tracting this error quadratically, + 8% error was estimated for 

microindentation produced with different loads. By comparison 

+ 2% error is given for reading the Filar micrometer divisions with 

the Vickers (65) microhardness testing equipment. 

Since the maximum load used with the modified system and tungsten 

microindenters was lower than that of the minimum with the Vickers 

equipment, the microhardness values for the microindentations 

with the modified system could not be compared directly but by 

extrapolation. 

9.5.3 Microindentations with special features 

Several microindentation tests were carried out with the modified 

system on aluminium and brass. Some of the microindentations, 

selected for their special features, are discussed below. 

9.5.361 Series C (Table 9.2) Microindenters 

The microindenters from series C were found to have shapes 

particularly suitable for indentation. These microindenters, 

because of their suitable length (lem), could be mounted in the 

indenter holder with their tips just protruding. Fine pointed 

tweezers were used to mount the microindenters in the holder. The 

microindentations made with two of these microindenters (viz. KC, 

and KC,) was perfectly shaped with no sign of undesired lateral 

movement.
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925.502 Microindentations on aluminium 

SEM photomicrographs of the microindentations made with micro- 

indenter KC, are displayed in Figure 9.34. Plastic flow of 

material may be visualised with upward extrusion in the surface 

near the ridge (this is known as the ridging effect). 

The ridging effect may also be seen in photomicrographs of other 

indentations reported earlier in this study. The elastic recovery 

of the material after the release of the microindenter results in a 

change of size and shape of the impression. For aluminium, 

5 to 20% recovery in the depth direction has been reported (50). 

9.5.3.3 Microindentations on brass 

SEM photomicrographs of the microindentations made with the micro- 

indenter KC are displayed in Figure 9.35. The indentations on 

brass show very little recovery of the metal after indentation. 

It is also observed that the ridging effect round the impressions 

is noticeably lower than those on aluminium. The size and shape 

of the indenters KC, and KC, were different; there must be more 

extrusion on the edges of indentation after the release of the 

more conical shaped microindenter.
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Figure 9.34 

Some selected microindentations on aluminium 

 



-203- 

Figure 9.34 
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Figure 9.35 

Some selected microindentations on brass 

pte 
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Figure 9.35 
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Chapter 10 

Discussion and Conclusions 

The results obtained in the present study and the associated 

techniques of microindentation and microhardness testing are of a 

rather more practical than theoretical nature. The development 

of a stereoscan micromanipulator for a microindentation hardness 

testing and the manufacture of tungsten microindenters employing 

an electropolishing circuit with modified automatic switch are 

the main contributions to the science of microindentation and micro- 

hardness testing. 

Although most of the microindentations were made on aluminium and 

brass, these techniques may be applied to other materials including 

coatings of 40um or more in thickness. The size of the tungsten 

microindenter tip was reduced to 0.5m in diameter from a 0.45mm 

thick wire. Finer tips of such microindenters are so fragile 

that they break or get damaged during preparation or handling. 

Indenters with tip sizes of diameter 0.1 and 0.251 could not be 

handled for mounting. Even the microindenters made of 0.45mm 

diameter tungsten wire with tips lum or less in diameter (series E, 

Table 9.4) were damaged during indentation. The SEM photomicro- 

graph of a damaged indenter is shown in Figure 9.36. 

The reproducibility of 86% in the preparation of the microindenters 

may further be increased by minimising vibration, draughts and any 

movement in the laboratory. Microindenters with tips of about 0.1
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Figure 9.36 

A damaged microindenter 
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to 0.54m diameter can be coated with carbon of a few nanometers 

in thickness. Such carbon coated microindenters can be hardened 

by heat treatment to diffuse the carbon into the tungsten to give 

tungsten carbide tips. These tips are harder than tungsten tips. 

The ductite tungsten supports the tungsten carbide wating and 

prevents the tips being too brittle to cee The tips are 

fragile and require very careful handling. 

Microindentations made using the tungsten microindenters in the 

modified system are observed to be 84% reproducible. The use of 

machined brass blocks to change the load on microindenters of 

various diameters was 92% accurate. 

Scratch damage from lateral movement of the indenters which was 

observed with the microindentations made with the microindenters 

1.5cem in length (series B), was minimised by the use of short 

microindenters lem long (series C). The length of the micro- 

indenter can be shortened using a tungsten wire cutter with care, 

while holding the tip side without damaging the fine tip. 

The basic features of the microindentations show that the system 

can be further developed into a reliable microhardness tester to 

investigate the science of microindentations and microhardness 

inside and outside a scanning electron microscope. However it 

is essential to calibrate and assess the modified system at loads 

of above 4 grams since the lowest load used in the Vickers 

microhardness test is only 5 grams.
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In the light of the above discussion of the results the following 

future work is suggested: 

1 The tungsten microindenters should be prepared in a draught- 

free and vibration-free environment. 

2. To avoid atmospheric contamination during microindentation, 

the testing should be carried out in a vacuum. 

3. The microindenter should be calibrated and assessed by 

comparison with standard microhardness test equipment like 

the Vickers microhardness instrument.
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Appendix 1 

Standard Illuminants 

Illuminant Description 

Sa A gas filled tungsten filament lamp operated 
at a colour temperature* of 2854K, typical of 
average artificial tungsten lamp illumina- 
tion. 

Sg Typical of sunlight with a colour tempera- 
ture of 4900K. 

Se Typical of an overcast sky (average day- 
light) with a colour temperature of 6700K. 

Desoo Typical of average daylight with a colour 
temperature of 6500K. 

Desoo Represents a yellower daylight, colour 
temperature of 5500K. 

Drs00 A bluer daylight (north skylight), colour 
temperature of 7500K. 

* Theoretically the colour temperature is defined as a temperature 

at which a perfect black body emits light of the same colour as the 

source in question. Since most light sources only approximate to 

black bodies the values quoted are in fact correlated colour 

temperatures.
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APPENDIX 3 
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Appendix 4 

Cambridge Stereoscan 150 

Stereoscan 150 (Figure 3.12)is a total SEM capability in a single 

integrated entity in which operating parameters can be completely 

optimised, complete with a comprehensive automatic compensation 

network. 

Standard features include: 

* Two visual displays each with independent signal selection 

and control. 

* Comprehensive signal processing including derivative, 

ep and three forms of contouring. 

* full data display and exposure control for each micrograph. 

The specification includes: 

Electrical beam shift in x and y directions, 204m compensated for 

continuously variable kV and working distance. 

System resolution 100A° from 20 to 60kV 

250A° at 10kV 

1000A° at kV 

7OA° in transmission.
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Appendix 5 

Nanotech automatic high vacuum coater 

Nanotech coaters have a fully automatic vacuum pumping sequence and 

are equipped with chamber jigging receaeesy) for the production of 

thin films (of carbon or metal) for transmission and scanning 

electron microscopy. The 'S' models include a comprehensive 

selection of vacuum and process components to augment the essential 

equipment in the basic models. 

Specification includes: 

2 stage rotary pump 2.5m°/h 

Diffusion pump 1501/sec. 

Pirani and Penning guages 2 heads and one standard. 

L.T. supply 1kvA-10v/20v.
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Appendix 6 

Procedure for preparing and mounting metallographic specimens 

Coated specimens were cut cross sectionwise into pieces at 

three positions, i.e. middle, left and right. 

Three such suitable pieces were selected for each specimen 

and mounted cross-sectionwise in conducting Bakelite. 

Each mounted specimen was abraded with increasingly fine 

grade emery paper, i.e. 150, 200, 300, 400, 600 grades. 

Each specimen was washed with Inhibisol (cleansing liquid), 

dried and polished en 6 grade diamond sprayed cloth. 

Each dried specimen was then etched for 5 seconds (to show 

the thin coating clearly) in a solution of 7% Fe C1, 

% Hcl and 90% distilled water. 

The etched specimens were washed in distilled water twice, 

dried and then washed with Inhibisol solution and finally 

polished again on 6 diamond sprayed cloth to achieve 

uniform polishing the substrate coating and interface 

regions. 

All the specimens were dried and kept in a desiccator until 

examined under the projection microscope or scanning electron 

microscope (S.E.M.).
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Appendix 7 

Determination of coating thickness 

A. Gravimetric method for determining coating thickness. 

If the weight of the glass cover slip before coating = x gram 

  

weight of the glass cover slip after coating = x + m gram 

Surface area of the coating (assuming it to be uniform) = A cme 

density of the coating material ie g/em? 

thickness of the coating = t cm 

then We m (1) 
Pf. A 

2 _ 3 
Density of gold = 19.3 g/cm 

B. Resistivity method for determining coating thickness. 

If R is the resistance in ohms (0 ) of a wire £m long, of 

uniform cross section a = Exum’ and resistivity @ is in ohm 

meters then 

t=fxd (2) 
  

Resistivity (f) of gold is = 0.02 micro meter.
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Appendix 8 

Installation Procedure 

Unicam SP 8000D spectrophotometer with a Unicam SP 890 diffuse relfec- 

tance attachment 

The SP 890 attachment (figure 4.20) fits within the cell compart- 

ment of the SP 800 instrument and can be used to record the diffuse 

reflectance spectrum of solid or powder samples throughout the 

visible and ultraviolet. To install the SP 890 attachment in the 

main instrument (spectrophotometer): 

1. Lift out the cell compartment partition. 

2. Remove the plane mirrors M13 and M14 (see figure 4.19) by 

unscrewing the two 2BA cap screws with the Allen key provided, 

and lifting the mirror assembly from its locating pins. 

This assembly can be stored in place of the diffuse 

reflectance accessory in the carrying case. 

EX Install the SP 890 in place of the plane mirror assembly.
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APPENDIX 9 
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Appendix 12 

Features of the automatic switch for electropolishing the tungsten wire 

The circuit diagram which was shown in Figure 9.10, has the following 

features: 

1 The transister Th begins to conduct if its base is more 

positive than 1.06v. Ty is therefore 'off' when the voltage 

at point 'A' is -1.06V. 

The potential at the base of qT, is then determined by the 

potential divider made up of resistors Rl, R2 and R3. The 

value is approximately -10V and Ty is thus 'On' or conducting. 

The potential of 10V is applied to the base of the output 

transister Ts, which is arranged as an emitter follower via 

the resistance of the relay coil. 

Supposing that the voltage of A rises until th just begins 

to conduct, then an incremental positive signal at the base 

of Ty will produce a negative signal at the collector, and 

hence a negative increment at the base of Ty. 

TT, is disarranged as an emitter follower, so this negative 

signal appears at its emitter, which is fed back to Thy 

because both T, and qT, emitters are coupled. A negative 
i 

pulse on the emitter of Ty is equivalent, as far as its 

collector output is concerned, to a further incremental 

positive feedback loop. This rapidly causes the base of 

T, to go so far negative that To cuts 'off' at the end of its 
Z 

characteristics and its collector goes much more positive 

than previously to about - 1.3V.
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6. This is fed to the base of q; and appears across the relay 

coil. The overall potential difference applied to the coil 

fell down enough to release the magnetic switch making the 

situation reversed, so that Ty is 'off' and qT, is 'on' 

and the potential at 'A' falls back to the last point. 

In fact there is always hysteresis in a bistable circuit so that a 

value at 'A' less than -1.06V will be needed to revert to polishing 

a state. This is provided by the reset line. The change in the 

potential at A to cause switching is derived from the change in the 

resistance at the polishing solution, when the tip breaks. When 

the polishing current is first started, 4mA gives -8.8 Volts at 

point B.
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Appendix 13 

Details of specimens used for assessing microindenters 

Ls 60/40 brass 

60% copper and 40% zinc. 

Two phases, B is hard and o< is soft. 

KBI-2 No. 33.321 annealed at 200°C and then water quenched. 

KBI-4 No. 33.341 annealed at 400°C and then water quenched. 

2. Aluminium 

KA1-2 punched discs from a polished sheet of soft aluminium.
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Appendix 14 

Vickers D M41 microhardness tester 

Assembly 

The indenter objective and 40 times reading objective are mounted 

directly into the objective changer, the objective apertures and 

objectives being coded in the standard manner. 

The pneumatic transmitter cylinder is placed on the anti-vibration 

platform. The larger nozzle on the air line is inserted into the 

transmitter. The smaller nozzle on the air line is inserted into 

the indenter objective, care being taken to ensure that this nozzle 

is only turned clockwise to avoid damage to the air inlet hole 

sealing. The centering cone with its adjustable graduated draw 

tube and filar micrometer eyepiece is attached directly to the 

monocular viewing head on a cone fitting. 

Procedure 

1. Plug in and switch on light. Fit indenter objective turret 

and connect air hose. 

20 Focus specimen at low magnification (10 times) to find 

approximate area required. 

3. Change to indenter objective, re-focus and position accurately 

with specimen stage centroids (cross wire on exact position).
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Set correct lead, press lever down for 30 secs. (views from 

objective indentation disappear). Raise lever (view re-appear). 

Change to measuring objective (x 40), re-focus, put in green 

filter and close down field iris and give sharper definition. 

Measurement 

a. More specimen stage until vertical line is on left 

hand edge of diamond. 

b. Rotate measuring eyepiece knob until second vertical 

line is at right hand corner. 

Cs Note filar micrometer reading and look up hardness 

reading in correct table. 

d. Rotate filar 90° repeat for second diagonal. 

Change back to indenter objective, open field iris, re- 

focus and move it to a new position. It is now ready 

for a second check. 

The hardness values, against the filar micrometer divisions 

are tabulated in the Vickers microhardness testing instruc- 

tions (65) booklet.


