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SUMMARY

In industry the colour of a gold alloy electrodeposit is checked by
visual comparison with standard panels. The aims of the present work
have been to assess the application of spectrophotmetric techniques to
~ the measurement of the colour of gold alloy electrodsposits and to
examine the factors that influence the colour of thin deposits. The
minimum thickness of deposit required to produce its final colour and
coripletely hide the underlying substrate was measured and found to
depend on the nature of the substrate, the plating solution and the
operating conditions. Bright and matt electrodeposits were studied.

The, influence of alloying gold by adding copper, silver and indium to
the plating solution were investigated. CIE chromaticity coordinates
were calculated from spectrophotometric data using a computer programme
written for the purpose. The addition of silver to a simple gold bath
caused the colour of the deposit to change from yelIow through green to
near white in a smooth progression as the amount of silver in solid
solution steadily increased. The colour of deposits formed when
additions of copper were made was complicated by the formation of
intermediate phases. £ colour in the blue region of the spectrum was

obtained in a few experiments investigating the influence of indium
additions to the gold bath.
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INTRODUCT ION

Pure gold is a noble metal of fine yellow colour, and it is ohe of the
few metals which may be found in nature uncombined.1 This is because
it is an extremely unreactive metal, as its standard electrode
potential of +1+7 volts shows.2 Most metals are basically white or
grey in colour but gold shares with copper the distinction of having

a definite colour.3

It has been known for many years that the addition of alloying elements
to gold changes the colour depending upon the particular element or

L

elements added. Increase in hardness and strength also occurs. It
has also been the practice to electrodeposit alloy golds from specially
formulated solutions. It is possible to obtain wide variations in
deposit colour by wvariations of bath composition and electroplating

conditions. Fig. 1 gives a selection of some of the electrodeposits

produced in the present work.

Fig. 1

A selection of coloured golds

Fischer and W’eimer5 give a table indicating these changes and this



is reproduced in Appendix 1. Much work has already been done on
formulations and conditions and comprehensive surveys have been
published.6'9 Thus it was decided that this aspect should not he
repeated in the present work, but that the main emphasis should be
directed towards the effect of substrate on the final colour, and the

feasibility of using colour measurement for control of colour.

It is the practice to control the colours of electrodeposits

obtained by reference to standard panels compared by the naked eye.10
Although it is recognised that the human eye is very sensitive, this
method must be subjective., ' Thus we require a method which does not
qdependéonnthe;humaneeleﬁent:and«which*yielda*a""colour—value",-which
can be guoted without reference to opinion. In this way a numerical
value defined in, for example, Great Britain, may be compared to one
produced in Japan without reference to actual weather conditions

(as it affects incident light) or to individual idiosyncrasies.

We may ask, "why is it necessary to define colour?" The answer is
that, in for example the jewellery tfade, it is very important.
Components.may .be produced iﬁndifferentqdepartments or.even.different
firms, but when they are assembled it is vital that they shall match.
When we buy a gold watch, and select a bracelet for it, it is
necessary that they match because slight differences are easily

apparent to the sensitive human eye.

When a metallic deposit is electroplated on to a substrate the
original colour of the substrate is gradually covered and then

transformed to the colour proper to the deposit itself. Thus we



require to know at what thickness a stable colour is obtained and
whether or not this stability lasts indefinitely with increasing
thickness. It is known that even in components of relatively simple
shape there is wide variation of current density over the surfaceT1
and therefore by implication thickness. Hence, unless we pbtain the
minimum thickness for "colour stability" om the low current density
areas, and less than any possible maximum on the high current
density areas, colour variations will be apparent. In the alloy

baths it is considered important that the variation of colour with
deposit composition should be established.

Inporder-tonestablish‘arnumerical*definition“of'colou%pabscrbancy
measurements were made on nickel discs surface finished by various
different processes, and on‘electroplated nickei discs. A small
number of experiments were carried out on a variety of metals during
the establishment of the experimental procedures. Reflectivity curves
were derived from the absorbance measurements and from these

chromaticity coordinates, which enabled the colour to be categorised.

Chapter 1 is devoted to a survey of the literature and a general
discussion of the relevant theory. The experiﬁenﬁal apparatus

and procedure is described in Chapter 2. In Chapters 3 to 9 the
experimental results are given, and are discussed, where necessary
for continuity, in interjections designated "comment". Chapter 0 is
the main discussion of the present work in which the various strands
are gathered together, and in which suggestions for further work are
given. The conclusions seétion completes the text. of the report and

Appendices 1-16 are included.



CHAPTER 1

THEORY AND LITERATURE SURVEY




1+1  INTRODUCTION

The intention of this chapter is to discuss the underlying theory of
colour in general, the theory of the techniques used in its
measurement, and the relationship of these concepts to gold and gold
alloys. Additionally the theory of the scanning electron microscope
will be briefly considered. Previous work in the field of colour
measurement will be surveyed. Accordingly the work will be arranged
in-the following order:

(1) The nature of colour

(i) The measurement{and éssessment of colour

(iif) ~The-effect ‘of“internal~structure on*the:resulting colour
of metals and alloys

(iv) The growth of electrodeposits

(v) The electrodeposition of alloys

(vi) The electrodeposition of gold and golﬁ based alloys

(vii) Previous work on the measurement of the colours of metals

and alloys.

(viii) The scanning electron microscope

1.2 COLOUR AND LIGHT

Except where indicated by other references much of the information

used in the following discussion has been obtained from works by
Clulow12 and W’right.T3



1+2+1 The Nature of Colour

Clulow states that colour and light are inseparable, and that in
order to understand colour we must first understand the nature of
light. Light is a form of electro-magnetic energy, and it travels or
is transmitted through space and transparent materials in a wave like
manner. White light consists of 1light of various wavelengths from
LOO to 700 nm. The diagram given in Fig. 11 shows what is meant by

the term wavelength

avelength

MM
Fig. 1°1

Diagrammatic representation of the wavelengths of light, ilIustrating

the terms wavelength and amplitude

Light has the property of stimulating the nerves of the eye and
producing the sensations of sight. Since sunlight contains the whole
gamut of visible radiations it is referred to as white light.
Coloured sensations are produced when less than the complete mixture
of radiations strikes the eye. Iight rays are not in themselves
coloured, but if the longest visible wavelength strikes the eye the

sensation we call red is passed on to the brain.



1+2+2 The Eye

Optic Nerve  Sclera

Fig. 1-2

A horizontal section through the eye

Fig. 1+2 shows & horizontal section of the eye. The part of the eye
most directly concerned with colour vision is the retina which is a
thin transparent membrane of nerve tissue lining the inner wall of
the eyeball. In this reg;‘.on .1ight energy .is converted .into.nervous
energy and this in turn produces "colour impulses" in the brain.

The retina is a complex assembly of nerve cells and fibres terminating
in rods or cone shaped bodie's » these are actually light detectors.

It is believed that the reaction is of a photochemical nature and
that substances within the rods and cones are decomposed by light.
The light sensitive chemicals are continuously reformed so that the
sensitivity of the eye is maintained. When the level of illumination

is high decomposition products accumulate in the eye, thus when we



go from bright sunlight into a darkened room, a short time is required
for the eye to adjust, to allow the light sensitive compounds to
reform. The rods and cones differ in function; the rods are the

light detectors for low intensity light, whilst the cones operate

in good light. In intermediate conditions both rods and cones are
operational. It has been computed that the eye contains 100 million
rods and 5 million cones. The fovea centralis is a very small
indentation in the centre of the retina; it is the most sensitive
part of the retina giving the best visual acuity. There is the
highest concentration of rods in this area, i.e. 100,000. Although

it is still the subject of some discussion, it is believed that the
colour cones distinguish one colour from another because the eye
contains three colour receptors in the cones, one which absorbs mainly

red light, one which absorbs mainly green, and another which absorbs
mainly blue Iight.

1+2¢3 The Spectrum of White Light

If white 1light is passed through a diffraction grating, the fine lines
. in the.grating-act-as-barriers-to-the -1light ‘causing the light to be
slightly bent in such a way that the longer the wavelength the

greater the deviation. Thus if the emergent rays are projected on to
a screen the rays are split up according to wavelength as shown in

Fig. 1+3. It has been calculated éhat there are about 150 different
spectrum colours, but since they merge into each other with only just
perceptible differences,‘it is considered that the fewer colour names
used the better. Newton designated seven colours in 1666, but latterly
indigo has been dropped, so that the spectrum is now designated violet,

(contd,p.10)
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Fig. 1+3

The spectrum of white light



blue, green, yellow, orange and red. The spectrum, together with the

relevant wavelengths, is given in Appendix 2.

1+2+]; The Function of Reflectivity and Absorbance

For practical purposes the light wave-band is regarded as extending
from LOO to 700 nm. If we look through a coloured transparent
material we see its colour by the light transmitted through it. But
as well as transmission we must also consider reflection, absorbance-

and refraction. All these concepts are thoroughly discussed in

standard works.

It is commonly said that white materials reflect the whole of the
spectrum of white light and that black materials absorb the whole of
the spectrum. This is an over-simplification since even a layer of
freshly prepared magnesium oxide absorbs 3% of incident light and '
carbon black rejects about 3%. Since these materials are taken as
standards of white and black respectively, it is obvious that a
"perfect" white surface reflects most of the light incident upon it,
while a "perfect" black.surface.absorbs:most of.the incident light.
Similarly, transparent colourless materials transmit a high proportion
of the incident light. Substanceg 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 what we can say is that a material of an accepted colour of red
absorbs most of the violet, green and yellow light and reflects mainly
red light. Thus stated generally we can say that a coloured object

will reflect 4 mixture consisting of light of its apparent colour

-10-



together with light of the colours adjacent in the spectrum. Small
quantities of other wavelengths may also be present. In some cases
the quantity of light other than that which predominates is
considerable, e.g. crimson pigments reflect considerable quantities

of blue along with the red light. Yellow is rather a special case;
these materials selectively absorb violet and blue light from white
i1Iumination, and reflect green, orange, yellow, and red rays. Fig. 1°+3
shows that yellow covers a very narrow band in comparison to the other
colours, hence it follows that the amount of red and green light must
be in excess of the yellow. 'The reason it appears yellow is that a
mixture of red and green light produces the visual sensation of yellow.
Thus we’can‘sée'that the measurement of colour is somewhat more

complicated than it appears at first sight.

1+3 THE MEASUREMENT OF COLOUR

Colour terminalogy has been standardised by the British Standards
Institution, > and the Commissfon International de 1'Eclairage (CIE).
The terms include hue, saturation, lightness and dominant wavelengthj

-and thesesterms:aresdefined in«detail=in~Appendix-3.

1+3+17 Matching Methods

In its simplest form matching is done by compgrison with standard

charts or cards, but it is obvious that any method depending upon
this type of comparisom must be subjective.* Many systems based on
colour matching have been developed including the Nu-Hue, the

Colorizor and the Plochere colour systems. Atlases have been



produced, some of them to assess the colours of nature such as the
plumage of birds, but which have found uses outside their original

fie1d.15-2T

A series of charts based upon so-called colour solids have been

developed including the Ostwald22 and the Munsell systems.2h

1¢3¢1+T The Ostwald System

This system was developed in the 1920s, and it consists of twelve
double triangles (diamonds) as shown in Fig. T-ha, to form a so-called
colour solid (Fig. T<Lb). If we consider each triangle separately for
| a given hue, the white, black and full colours are situated at the
three corners of the triangle. The colours within the triangle are
regarded as-an additive mixture of white, black and colour, such that:
W+ B+ C=1. Colours located along lines parallel to the line
joining white to the colour, are colours of constant black content
and ;re_called Isotones, while colours located along.a line parallel
to that joining black to the colour are lines of constant white content
=~andrare~called «Isotints. -Colours-located -on -a“line-parallel-to-that
joining white and black are colours of equal full colour content and
are called Isochromes. The full single chart consists of two triangles
joined base to base, each containing 6li colour patches, the two colours
situated at opposite points of the dilamond so formed are complementary.
If we now rotate the section about WB we obtain a colour solid of
double cone shape (Fig. 1+Lb). Twelve sections through this solid
give us twelve pairs of complementary colours. Colours which have

similar amounts of black and white (i.e. they occupy similar positions

0L






on different charts) are called Isovalent colours.

This method of defining colour has drawbacks in that the lettering
system is not easy to remember and to relate to a colour. More
importantly perhaps, there is no room in the system for any brighter
pigments than those already used, so that any new pigments will not be-
represented. The Container Corporation of America has produced a

Colour Harmony Manual based on the Ostwald System.22‘

13412 The Munsell System

This colour solid (Fig. 15) is irregular in shape, being like a
bushy tree. The axis-is the "grey scale" which consists‘?f nine steps
from white at the top to black at the bottom. The most saturated
coloprs lie on the periphery.af the circles. The intermediate colours
become increasingly tinted towards the top white, and increasingly
darkened downwards to black. The three Munsell properties are "Hue"
which indicates its position on the hue circle, R for red, Y for
yellow, etc., "chroma" corresponding to saturation or purity and
«'value™-indicating «the~proportion:of white+and black. The five
principal hues, red, yellow, green, blue and purple occupy thé central
planes of alternate segments, with intermediate hues being situated
in the mid-planes as shown in Fig. 1:5. A closer grading is provided
by dividing each segment into ten sections, with the main hue in each
segment being mumbered 5. A specification for a sample of TOF 5/8
indicates a hue of 1OP (é‘colour between blue-purple and red-purple
RP), a value of 5 (equal amounts of white and black), and a chroma of
8 (B0% saturated). The complete atlas comprises $60 patterns and

(contd. p.17.)

-1l



White

-
P

VALUE

-l Nlw Sy |9 e | o

Black.

Fig. 1+5a

Elements -of “the~Munsell .Colour -Solid

A



W
3 2
paxe  IILICICIC il
[ 2
S I O
pa (% %) (el B 2 (5 () (%]
O 2 O
CO0000GE0
px OO
=Yz
B

Fig. 1+5b
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A horizontal section through the Value 5 plane of the Munsell solid
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these have also been given as CIE specifications.

1+3¢1+3 The Limitations.of the Colour Solid

Any system which depends upon charts of pigment colours may be subject
to errors due to soiling or fading. The number of colours which it 1s
possible to include is only a small percentage of the several million
surface colours which ﬁay be discriminated. Furthermore surface

texture (matt, glossy, etc.) would also require an enormous number of

extra standards.

14342 Colorimetry

This is a fundamental method of measuring colour and many of the methods
depend on the principle that any colour can be matched by the correct
mixture of three selected radiations, namely, red, green and blue.
Furthermore, if two colours matched by this means are mixed together

the resultant will be matched by the sum of their separate matching
25-30

combinations. There are five main types of colorimeters,
.additive, subtractive, fibre optic, photoelectric and

spectrophotometric.

1+3¢2+1 Colour Mixing

Additive and subtractive colorimeters depend upon the process of colour
mixing. Although it can easily be demonstrated that white light can
be produced by mixing together all the coloured lights of the spectrum,

it is also possible, because of the response of colour sensitive

=17



cones, to produce white light by combining three selected monochromatic

light rays of selected wavelength.

We can show that R + B + G = W(initial letters of colours), and by
variation of intensity and amount of each light, the whole range of
colour sens;tions can be obtained. These lights are called "the
additive primaries". Binary mixtures of selected light rays also
produce white light and these are called complementary colours. -
Subtractive methods may be cons;dered in an_analpgous way. If we
‘pass white light through a yellow filter, the blue-purple part of the
spectrum is absorbed, and the light emanating appears yellow because
‘the mixture of red and green gives the visual sensation of yellow. If
the light is now passed through a cyan filter, red and orange rays are
absorbed.and the light emanating now contains only yellow and green,
which gives the visual sensation of gréen. If this is now passed
through a magenta filter, the remeining yellow-green part of the
spectrum is absorbed resulting in complete absorption of the light.

The filters which can achieve this are called subtractive primaries.

1¢3¢2+2 . fdditive.Colorimeters

The diagram given in Fig. 1+6a ilIustrates the principles of this
type of instrument. The instrument allows the three lights (red,
blue and green) to. be selected to match the colour under test. It is
important that the instrument is designed such that the lights must
be selected in groups of three members to produce white colIectively,
and so that no two can be combined to match the third. The diagram

shows that in essence the instrument consists of two white screens
’ (contd. p. 20)

-15_



Standard white lamp.

Sample under test

Standard lamp with three
primary filters.

Fig. 1-6; Additive Colorimeter
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Fig. 1+6b Visual Colarimeter
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Fig., 1-6c Spectrophotometer
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placed at 90° to each other, the coloured specimen is placed on one
screen and illuminated by a standard white illuminant, while the three
primary light beams are projected on to the other screen and adjusted

- until a match is obtained by the observer's eye. The controls of the
instrument indicate the amounts of the lights required, and these are
termed the tristimulus values.

12323 Visual Colorimeters

An early type of visual additive colorimeter designed by cuild®’ is
.shcwn in Fig. T+6b. ILight is collimated by the lene L into a broad
‘beam and is then passed through three adjustable sector shaped colour
filters. The emerging rays are 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. 'A more
modern adaptation of this instrument is the'Donalﬁson32’33 in which
- the ray mixing is accomplished by passing rays into an integrating
sphere, which is a sphere with a matt white interior, which acts as
a reflecting screen, in which the rays undergo repeated diffuse
ureflections-and*are*thus'miked“before*emerging*via a “window ‘in ‘the
sphere. Visual colorimeters, together with additive and subtractive

colorimeters, have the limitation that the results tend to vary from

observer to observer.

1+3+2+); Subtractive Colorimeters

This construction is somewhat similar to the additive cplorimeter.

In this case the standard white light is projected on to the "matching"

wZ20=-



screen via the subtractive primaries, which consist of sets of filters
of various intensities. Thus the correct mixture is selected and
recorded by the controls of the instrument to give the tristimulus
values. The Lovibond tintometerBh’35 is of this type and it has been
modified as the Lovibond-Schofield36 instrument to give units wh;ch

are easily converted to the appropriate CIE specification.

1+3+2+«5 Photoelectric Colorimeters

In order to eliminate the human eiement, the photoelectric method
developed by Hilger and Whtts;BT illuminates the specimen in turn by
‘three primary lights, and“the reflected light in each case is picked
up by a single photo-electric cell. The photo-electric cell is

calibrated against a standard such as magnesium oxide.

1+3¢2¢6 Fibre Optic Colorimeter

This is an adaptation of the photo-electric colorimeter. Light is
transmitted via several fibre optics to a photo-electric

photomultiplier.38

-sAn.advantagesof :the - fibre-optic colorimeter-is
that the sensing head may be placed at a distance from the

colorimeter, thus it is suitable for automatic production control.

1+3+2«7 Photoelectric Spectrophotometers

Fig. 1+6c indicates the principles of this type of colorimeter.
White light is split into its constituent parts, then a moveable

screen allows monochromatic light to impinge on to the specimen..
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The reflected rays are allowed to fall onto a pho£ocell which
transforms the light energy into an electrical impulse. By this
means the whole spectrum can be covered and the instrument draws a.
graph of either reflectivity or absorbance. A similar graph is

. drawn for the white standard for comparison.

1+3+3 The Commission Internationale de 1'Eclairage System (CIE)

There are many possible colour measuring devices, and it was decided
internationally in 1931 that efforts should be made to introduce
uniformity. This is the basis of the CIE system. This system
provides a common basis in which measurements are made on different
instruments may be related, without reference to individual judgement.
It gives a numerical code which defines the colour exactly. As we
would expect, certain standardisations must be made for this exact
definition. |

1+3+3+1 The Standard Observer

The~reaction of individual-:observers to-:various colours may well
vary, so the CIE defines an imaginery standard observer. The
definition is based on an amalgam of the results obtained by a number
of non-colour defective observers, when matching colours additively
under standardised conditions by means of'three selected primary
lights of 700, 5L6+1 and L435+8 nm. By this means the colours may be
matched through the spectrum to produce a table of distribution
coefficients to represenﬁ the colour matching characteristics of the

average eye. Guild39 and Wrightho have measured distribution
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coefficients using groups of.observers, and graphs of the form shown
in Fig. 1+7 were obtained. In the intervening years since 1931
further measurements have been made particularly for a T0% subtension
of angular vision (rather than the usual 2%) by Stiles,h1 JuddLL2

L3

and Speranska.

1¢3+3.2 The Standard IT1lIuminants

Since colour is perceived according to reflections of various
wavelengths from the object in question, the character of the

incident light must be very'importaqt, hence three standard illuminants

‘were *adopted ‘by“the CIE ‘in 1931. “They‘comprise'sA (tungsten lamp),

Sp (sunlight) and Sc (overcast sky). It was apparent subsequently
that these standards were deficient in the wltra-violet region, which
is important: for fluorescen? dyes and pigments. This has led to
standérds being defined for the wavelength range 300-380 nm,

i.e. D6500’ DSSOO and DTSOO’ All the standards referred to are
described fully in Appendix L. Colours may also be related to

theoretical equi-energy conditions.

1°3+3+3 The Colour Triangle

The numerical CIE values indicate the amount of redness, greeness

and blueness in a colour and these values could 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). Fig. 18 shows such an

artifect. If the lamps are adjusted so that they are at zero

w23
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intensity when they reach the opposite side, at the centre of the
triangle we obtain a white point. Between red and green primaries
the colours vary from red through orange, yellow, yellow-green to
green; between the red and blue primaries lie the reddish-purples,
magenta and bluish-purples; between the green and blue primaries lie
greenish-blues, cyan, and bluish-green. If we drop a perpendicular
from each primary to the opposite side, the colour directly opposite
to the primary will be complementary. As we move from the apex or
sides into the interior of the triangle the colours become

progressively less saturated.

“"Fig. 1+9 shows that if we wish to define the colour of the point P
we drop a perpendicular from the point to each of the opposite sides
and the length of the line defines the qﬁantity of the opposite
primary in the coiour. Geometrically the sum of the perpendiculars
from any point in'the triangle is equal to the perpendicular from

the apex to the opposite side. If this distance is taken as I then:
r+g+b=1I,

-13¢3+}; -~The ‘Spectral Locus

No matter what values are taken for the primary lights it has been
shown that there are some colours which cannot be matched within |
the actual triangle. These are the colours of the spectrum, the
spectral colours being more satﬁ}ated than any of the saturated
mixtures from any two of the primaries. These spectral colours can
only be matched bylfirst mixing some of the third primary with the

spectral colour. Thus the spectral colours must lie outside the
{conid. p. 27)
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Fig. 1+9 The Colour Triangle and Spectral Locus
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triangle and may be plottéd as follows. If we wish to match spectral
cyan (L95 nm) we require to add some red to the blue and green
primaries in order to obtain a match. The amount of red added
corresponds C-Ct. The equation is now g +b «-r = 1, The spectral '
locus can be plotted in a similar way for other spectral colours,
giving the typicai flat iron shape as shown in Fig. 1+9. It should
be noted that there is no curve around the base of the triangle

because purples or magentas are not spectral colours,

1+3+3¢5 The CIE Chromaticity Chart

In order to obviate the necessity to consider negative coordinates the
CIE postulated three theoretical primaties having a greater degree

of saturation than the spectral colours. These theoretical primaries
do not physicaily exist and are therefore referred to as stimuli

designated X, Y, Z.

If these stimuli are theoretical they can be designated at any

coqvenient values, and they are chosen so that the triangle with
«surrounding .spectral locus-can-be ‘accommodated-in-a right angled

triangle so that the chromaticity coefficients may be plotted on

ordinary rectiliéear graph paper. 6n1y the x and y coordinates

need to be plotted since if the sum of x, y and z is 1, the value of

z is implicit. Fig. 110 shows the spectral locus superimposed on to

a right angled triangle with the XYZ stimuli positioned as shown.
(contd. p. 29)
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1+3¢3+6 The Conversion of Colorimeter Readings to CIE Tristimulus Values

Providing the values of the three real primaries in an additive
colorimeter are known, the measurements for the colours can easily be
converted into CIE tristimulus values. A sample calculation is given
in Appendix 5.

13+l Spectrophotometer Readings

The end product of a SpectrOphotémetric measurement is a reflectance
curve against wavelength.of incident light. Although these curves

tell us which parts of the spectrum are the most strongiy reflected
they do not give us an immediate impression of the colour. Thus it

is necessary to convert the curves obtained into CIE chromaticity
coordinates, and in order to do this tables of distribution coefficients
are made use of. These have been determined by standard observers,

by measuriﬁg the amounis of X, Y and Z stimuli corresponding to each
wavelength of the spectrum. The tristimulus values for the spectral
wavelengths are designated x, y and z. Fig. 1+7 gives the distribution
“coefficients “for-the vstandard -observer -under ‘equi-energy-conditions.
The distribution coefficient for x is multiplied by the reflectance

at each wavelength and the sum of these values obtained. Similar
calculations are carried out for the y and z values. These totals

then express the redness (x), the greeness (y) and the blueness (z)

of the sample. The redness, greeness and blueness are expressed as
proportions of the total red, green and blue to give numbers between

0 and 1 called the chromaticity coefficients such that x + y + 2z = 1.,

A sample calculation is given in Appendix 6. By convention the y
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total indicates luminosity; it is calculated as a percentage of the

total possible for y assuming 100% reflectivity. .

The colour position may now be plotted on the CIE chart. From this
we can calculate the dominant wavelength and saturation, by the

methods given in Appendix 6. -

Real light sources do not give an equal energy spectrum so that when

we consider standard illuminants such as SA the distribution
coefficients are weighted by considering the actual energy distribution
at each wavelength, e.g. E X x = welghted distribution coefficient
-where ‘E -is‘the'actual percentage“energy at the wavelength under

considarqﬁion for the stated illuminant.

T-L, THE INFLUENCE OF ATOMIC STRUCTURE ON THE COLOUR OF METALS AND ALLOYS

Saeger and Rodieshh have related the colours of gold and its alloys to
the effect of energy band structures. They state that the colour is
governed by the dependence of its reflectivity upon the energy of the

~dncident light. .Thus:a.material.pessessing:a«much higher 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.
It is postulated that the yellow colour of gold is caused by the
pronounced step in the ;eflectirity curve at an energy of incident
light of approximately 3:7 x 1017 J (2+3e V). This is illustrated
in Fig. 6+2. Absorption processes in metals are made possible by

band transitions of electrons from the conduction band to

energetically higher bands or transitions from lower bands to energy
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states of the conduction band situated above the Ferml level. Thus
from band calculations we can predict the energy value of incident
light which leads to intense absorption. Band caiculations are
exceedingly complex but these have been carried out by Osborne,

Fletcher and Millerhs and Fongh6

et al, so that calculations are
available for most of the pure metals, a number of intermetallic
compounds, and a few dilute alloys. Whether or not an electron can
be promoted by incident light of a certain energy depends upon the
energy gap between conduction. band and the next lower energy level.
All these conditions are met in gold for an intense absorption
process at 3+7 x 10_19 J from the d band to unoccupied states in the
conductior'band. If we consider 'the electronic structure of gold,
copper, and silver given in Appendix 7 we see that they are all quite
similar, all of them containing a filled d band below the conduction
band. Copper gives a step in the reflectivity curve but at slightly
lower energy which accounts for the red colouration of copper. On the
other hand, the d bagds in silver are situated so far below the Fermi
level that energy in excesé of that found, even at the high energy
end of the spectrum, is required to promote the electron. Thus the
<reflectivity.curve~for-silver :is-flat, .and-silver is a white metal.

Koster and StalI’ and Fukutanit

have shown that as silver is alloyed
with gold the reflectivity edge is moved to higher and higher energies;
thus not only the red and yellow but green is strongly reflected.
EventualTy the step is moved out of the canfines of the visible

spectrum and the alloy is white. This behaviour is quite understandable,
since the structure of silver and gold is so similar that we would

expect the band structure to be preserved throughout the spectrum,

but with a widening of the original gold band gap leading to the

e



displacement of the reflectivity curve. Another mechanism is postulated

for the decolourising effect of nickel or palladium. When monovalent
noble metals are alloyed with transition metals virtually bound states
occur. Abelbsh9’5o showed that the maxima of the relatively broad
absorption peaks caused by these virtually bound states lie at
energies of 1429 x 1012 J for Au-Ni and 2+7L x 10°17 J for Au-Pd.
Thus absorption processes become possible at energies considerably
below those necessary for absorption processes in pure gold. Hence
the addition of these transit;on metals to gold results in markedly
decreased reflectivity in the red end of the spectrum and even in the
infra red. Thus the step becomes lesé pronounced and eventually is
flattened and ‘the ‘alloy-decolourised. 7Yet another mechanism is
responsible for the colours of intermetallic compounds. In the case
of intermetallic compounds an entirely new band structure is produced
which bears no resemblance to those.of the constituent metals, but
band calculations can still be carried out for them and it has been
shown that band translations can occur at specific energy values over
a small energy range.. Thus %hq reflectivity curves of such compounds

as AuAlz, AuIn2 and AuGaz, exhibit a dip in the middle of the visible

H

spectrum.with.asrise towards~the-violet~end. Thus-the-compounds
referred to exhibit a blue colouration, AuIn2 giving the most definite
blue colouration. All the forgoing refers to solid thermal alloys.

1+5 THE STRUCTURE AND GROWTH OF ELECTRODEPOSITS

Since the colour of a metal or alloy is closely linked with its
internal structure, it should be instructive to consider the growth

of an electrodeposit and themode of substrate coverage.
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15+ Epitaxy

LY

Wheﬁ metal atoms arrive at the aﬁrface of the substrate during
deposition, they tend to occupy positions that continue the grain
structure of the substrate even though this structure is not typical .
of the normal structure of the depositing m.e’cal.s‘I If the lattices of
the substrate and depositing metal are similar, this type of growth
can continue indefinitely and it is called "epitaxial". If the two
metals differ substantially, the growth pattern tisually shifts _
towards that of the deposit itself and 1s referred to as fpsuedomorphicﬁ
Patterns of growth may also be altered by the incorporation of
adsorbed material'into_tﬁe grcwiﬁg surface, and this may prevent the
formation of normal lattice and inhibit the formation of large grains.
The type of-metallographic structures commonly found in electrodeposits

include columnar, equiaxed and banded.

14542 Crystal Growth of Electrodeposits

Fig. 1+1T ilIustrates the mode of growth of electrodeposits in a
1spiral-~fashion. -Cations,which-are ‘positively charged, are attracted

to the. negatively charged cathode, and the hydration sheath is pushed
aside and finally removed as the cation is adsorbed on to the surface.
The adion then diffuses across the surface to a kink site where it can
be bonded in three directions. The result of this is a continual
changing of the orientation of the dislocatioﬁ edge resulting in a

52

spiral growth. This is a rather idealised picture referring to

single crystal conditions. It must be remembered that any substrate

surface consists of numerous cfystal faces of various orientations,

(contd. p. 35)
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and that in the (111) plane for example there will be stronger bonding

for the oncoming ion than on the (1170) plane.

1¢5+3 Studies of the Growth of Silver and Gold by Vacuum Techniques

Vook53 has shown that the mode of growth for silver and gold on copper
is for the formation of small islands which grow to about L-5 monolayers
thick, after which they widen by thin extensions estimated to be about

1 monolayer in height. These extensions tend to thicken as more
material is deposited. When the average growth is 5+5 nm for silver
and O-é to 1+1 nm for gold, the coating is said to be continuous.

‘The mode of growth is ilIustrated in Fig. 1+12. It must be emphasised
that these experiments were carried out by vacuum deposition on (111)

copper substrates produced on NaCl covered mica.

1+6 THE ELECTRODEPOSITION OF ALIOYS

14641 _The Formation of Alloy Electrodeposiis

Th order to codeposit two or more metals it is necessary that the
“decomposition-potentials of 'their ions in solution are close together.
]BoclcrisSl'l and Potter55 give an explanation of this summarised as
follows. Consider the polarisation curves of two metals X and B as
shown in Fig. 1-13. If the potential is held at_or more negative
than E1 then only metal A will be depésited and this will continue
until all the A which can be deposited at this potential hﬁsibeen
removed. It must be remembered that the equilibrium potentizl (which
must be exceeded in a negative direction for electrodeposition) is

continually becoming more negative as the activity of the ions
(contd. p.37)
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Polarisation curves

decreases according to the Nernst equation:

&MZ*-
EH' .

If the potential is now decreased to the more negative potential of

o] RT
Bzemt = B yze ¥ 77 10

E, then both metals can be simultaneously electrodeposited.
Current for the deposition of A = IA

Current for the deposition of B = IB

From this we can calculate the composition of the resulting deposits

T tA 0
Wt of £ deposited =—2—= b of B deposited = —I-',;-,-AE
ZA —-ZB

where t = time in seconds
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Kk = relative atomic mass of .the metal given as subscript

F = Faraday

z = change in charge number of metal given as subscript

L :I;}ln?B
Zg (T2) ﬂn(IBA'B" '

Thus we can see that the polarisation curves must be close together

wt of A in deposit = x 100

otherwise an unacceptably high current flow will result before the
second metal is deposited. In many cases the equilibrium potentials

of the two are much too far apart for practical codeposition and hence
the ions are complexed by such agents as cyanide. Many zlloy
electroplating solutions involve codeposition of hydrogen and this

also affects the deposition of the polarisation curves, and by inference

the composition of the deposit.

Observations on the current density-potential relationships made by

56 58

'Zvolner,57 Raub”™ and Krasikov59 indicate that the difference

Grube,
in potential in the cyanide gold-copper bath is 0-2'volt, and that this
gives ris; to a diffusion controlled process in which copper is
codeposited when the limiting current for gold is reached. The

“poﬁential*gap“iSfeven'narrcwer in"low pH, free cyanide baths.

1+6+2 The Structure of Electrodeposited Alloys

1+6+2+1 (Gold-Copper Alloys

The thermal gold-copper alloys form a single phase face-centred cubic
solid solution.?o At lower temperatures two ordered states of the
cubic phase exist (see Fig. 1+1L). An intermetallic compound, AuCu,

can exist below 42L°C (75:5% Au) and KuCug (51% Au) below 396°C.
(contd p.40)
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Information on the structure of gold-copper electrodeposited alloys

58,61 62

comes mainly from the work of Raub and Raub and Sauter

and their
work showed that the deposits consisted largely of separate crystals

of gold and copper. Raub attributed this two phase structure to the
gap between the deposition potentials of gold and copper, indicating
that the limiting current for gold would have to be exceeded before
copper would be deposited. Raub also found that whén low free

cyanide baths were used the deposit consisted of a mixture of solid
solution together with copper and gold cr&stals. The relative

amounts of each phase being dependent upon the copper: content of

the deposit, the higher the copper content, the greater.the

proportion of solid solution.

146422 Gold-Silver Alloys

The equilibrium‘diagram for the gold-silver system given in

Fig. 1+15 shows that the system consists of a continuous range of
solid Solutiona without any intermetallic compound formation.

The liquidus and solidus are very close together i@dicating a very
'small'melting ‘range. *Raub‘has shown that the structure of the |
electrodeposited alloy is very similar to that of the thermally

prepared alloy, namely a. single phase solid solution.

1+7 THE GOLD ELECTROPILATING PROCESS

1+7+«1 TIntroduction

Although it is approx:imately 130 years since the advent of commercial

gold electroplating it was not until the 1950s that the first patent
N (contd. p.42)
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for a bright gold bath made its appearanée. Until this time much of

the literature had been devoted to the regurgitation of recipes. Foulke

calls the 1950s the "explosive era!" with respect to gold plating, in

which low pH cyanide baths were developed. A review of gold

electroplating published by Pagé63 categorises gold baths as

(1) Alkaline cyanide

(i) Neutral cyanide

(1ii) Acid cyanide

(iv) Non-cyanide (comprising halide, sulphite and organo-metallic)

Clarke and Ieeds6h describe three gold electroplating baths,. the

alkaline cyanide bath, the acid citrate bath, and the phosphate bath.
“'Thus ‘we can 'see that“there is quite a large selection of types of

bath available.

1472 The Chemistry of the Process

Since most of the present work was concerned with the cyanide process,
the chemistry of this process will be considered. Much work has been
done on the study of complexes in the cyanide solution and an extremely
wcomprehensiveasurvey¢hasébeenwpublishedhby*Page:63"“He*conclﬁdesgfrom
stability constant values that the stable form of the ion in the cyanide
gold electroplating bath is Ku(CN)E. Although higher coordination
complexes are possible, notably Au(CN)E} thermodynamic data shows that
at potentials below 0491 volts reduction of the quadrivalent complex
will rapidly occur resulting in the stable monovalent form. This is
tantamount to saying that as soon as electrolysis commences the higher
valent complex will be reduced. The E° value for the Au(CN), complex

is -0+61 volt in comparisén with the simple ion value of +1:7 volts,
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and this explains the ease with which gold can codeposit with base
metals. Free cyanide, i.e. cyanide in excess of that required to form
the complex, has the major task of ensuring that the concentration of
metal cations remains negligibly small, so that deposition occurs
directly from the tetrahedral (sp) cyano-complex. Other functions of

the free cyanide include improvement in throwing power and conductivity.

1«7+3 The Electroplating Conditions

1*7+3«1 Anodes

Due to the tendency of gold anodes to dissolve during "down times", it
is now the practice to use inert anodes such as stainless steel or

platinised titanium.

1.7+3-2 Solutions

From the point of view of economy it is advisable to keep the gold
. content of the baths as low as possible (gold was quoted at £180-L5/
fine ounce on 28/9/19?965). The gold is added as gold potassium
- “*cyanide, with“free'poiassium’cyanide;“andwvarious'quantities'of*disodiﬁm
phosphate and alkali carbonate. Neutral or slightly acid solutions are

made possible by the use of citrates or phosphates.

1+7+3+3 Temperature

A11 the baths are operated in the region of 60-70°C.
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1+7+3+l; Current Density

Since the gold contents of the baths are in general low, current

densities are also low.

1+8 THE ELECTRODEPOSITED COLOURED GOLDS

K fair amount of information exists in the literature on coloured gold
electrodeposits, and although much of it consists of solution "recipes",

Brenner66 gives an impressive distillation of the available information.

1+8+1 The Production of a Desired Colou}

Brenner66 states that the procedures for obtaining a desired colour

are established by an operator on the basis of practical experience.

The addition of copper to an electroplating bath is the only metal which
increases the redness of the gold, other alloying elements lighten the
shade to white or éreenish colours. Fielt:.‘lk?1 has shown that*?O%'of
silver is réﬁuired in the deposit before a truly white deposit is

obtained, while“Raub72

*has “shown *that30% of *tin or 15% of mickel is
required for this condition. Brenner66 states that the electroplating
time is likely to have an effect on the alloy content of deposits,
since with time cathode layer depletion is likely to occur, which
because of the relevant electrode potentials leads to flash deposits

having a higher gold content than thicker deposits,
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14842

Gold-Copper Alloys

Brenner states that workers such as Dole,

62

Raub 68

67 and Krasikov et al

have studied the gold-copper electroplating system in dilute metal

cyanide baths and have shown:

(1)
(i1)

(111) -

(iv)
(v)

(vi)

Gold is by far the more readily deposited metal.éa’70

An increase in free cyanide markedly decreases the copper content
of the deposit.67 As would be expected from this Parker69 has
shown an increase in the free cyanide content of the bath makes
the deposit yellower, because it decreases the current
efficiency of copper deposition more than that of gold.

Addition :agents such as“thiourea-give rise-to ‘bright deposips,59
and increase in the copper content of the deposit.

The copper content of the deposit increases with .current denaitjr.62
The copper content of the deposit increases with increase in

temperature.67’70

Agitation of the bath decreases the copper content of the deposi‘b.62

AlT the factors mentioned must have an effect on the colour of the

deposit produced, since it is to be expected that with increasing

.copper,

baths t

content..the.deposit will be.more.red. .Thus.we.can see-that..the

hemselves have been quite thoroughly investigated. Hence it

was considered that it would not be fruitful to consider this aspect

in the

1.8+3

present work.

Other AKlJloying Metals

Similar investigations have been carried out on. other alloy systems

notably, silver,7?s56:58 nickel 22 73sThs75 1y cobalt.72:7357h
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1+9 COLORIMETRIC MEASUREMENTS ON VARIOUS METALS AND ALLOYS

Few fundamental colorimetric studies of alloys are reported in the

literature although Gardam76

has measured the spectral reflectivity
curves of metals and alloys including gold and gold alloys, sterling
silver, platiq;;f, nickel silver and stainless steel. Positions on
the colour triangle were calculated. It was found that copper and
gold and the alloys of these metals gave red or yellow colours with
low saturation values. The remainder were very near to the white
point, exhibiting a‘ﬁhite or grey colour with zine, chromium and_
aluminium exhibiting é bluish tinge. The copper and gold alloyg gave
rise to reflectivity curves containing a. step, whilst the basically
white or grey metals gave fairly flat reflectivity curves. Gardam77
has also studied the dyeing of anodised aluminium by the use of the
spectrophotometer, from the results of which he derived spectral
reflectivity curves, chromaticity coordinafes, and luminosity values.
He was able to determine the effect of process variables on the colour

of the films producéd. He included a brief but very useful summary

of the method of converting refleétivity measurements to chromaticity

-wcoefficients. E

Roberts and Clarke78 measured the colour characteristics of a number
of thermally prepared gold alloys in the binary and ternary
gold-silver-copper system. They comment on the paucity of informétion
on fundamental studies on gold alloys and remark that most colour
assessment of gold alloys has been carried out in the past by
comparison with specially prepared standards (Din 8238). They also

comment on other comparison methods such as that by Ieuser79 which
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