
of Au-Pt-Pd-based high noble dental alloys. That is, 

by increasing e/a-value, a*-, b*-, C*- coordinates

systematically increased, giving a slight gold tinge to

the parent Au-Pt-Pd alloy within the limitation that the

structure of an alloy is a single phase. The addition of

Sn of 2 mass % or more produced a small amount of the

second phase of possible intermetallic compounds

between Sn and Pd or Pt. The coexistence of a small

amount of the second phase of possible intermetallic

compounds further increased a gold tinge. However,

the inclusion of 4 mass % Sn to the parent Au-Pt-Pd

alloy gave a very light tint of red to the alloy. Results of

the present study are expected to be useful in

controlling colour of Au-Pt-Pd-based high noble dental

alloys.

Keywords
Gold alloy, dental alloy, colour, spectral reflectance,

spectrophotometric colourimetry, chromaticity index

1 Introduction

The use of porcelain-fused-to-metal (PFM) dental restorations

has achieved widespread acceptance, and several high

nobility alloys are available for this specific application (1).

Among various types of alloys for PFM restorations, the Au-Pt-

Pd-based high noble alloys have the advantage of having

been around for some considerable time and clinical

experience has shown that they are extremely successful (2).

In particular, the bond between the ceramic and the metal is

very strong and highly reliable (2). Concerning the

formulations of these Au-Pt-Pd-based high noble alloys for

porcelain bonding, high Au contents are required to ensure

biocompatibility and large Pt and Pd concentrations are

necessary to raise the melting range sufficiently above the

porcelain firing temperature to prevent distortion during

porcelain application (2, 3). A minimum content of about 5%

Pd is recommended to increase the sag resistance (4). Base

metals such as In, Sn, Zn are added to form a thin oxide film

at the surface of the alloy during the porcelain firing cycle (4).

In addition to the extremely successful clinical experience,

the attraction of the Au-Pt-Pd-based high noble alloys is with

the light-yellow colour (b* typically ranges from 9 to 12) (3).

German et al. (5) mentioned that although the primary

concerns about cast dental restorations are with

biocompatibility and corrosion and tarnish resistance, it

would be naïve to discount the strong emotional attachment

to selected alloy colours involving gold. According to German

(3), it is easier to meet the physical and mechanical property

requirements for a ceramo-metal alloy using just the Au-Pd-

based alloys. However, these alloys tend to be 

very light in colour (b* 6-8) and have not been universally

accepted in spite of the very attractive properties (3). The
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Abstract
The effects of the addition of various alloying elements

(In, Sn, Zn) of up to 4 mass % on the optical properties

of Au-Pt-Pd-based high noble dental alloys were

investigated by means of spectrophotometric

colourimetry. Spectral reflectance data from the

mirror-polished flat samples were collected at 10 nm

intervals in the wavelengths ranging from 360 nm to

740 nm under the CIE standard illuminant D65 and the

observer of 10 degrees. Three dimensional colour

coordinates in the CIE L*a*b* and L*C*h colour spaces

were also obtained to specify the alloy colour. The

alloying addition of a small amount of Sn and/or In

increased the reflectance in the long-wavelength

range and decreased the reflectance in the short-

wavelength range. As a result, the maximum slope of

the spectral reflectance curve at the absorption edge

near 520 nm apparently increased with the additions

of Sn and/or In. This change in shape of the spectral

reflectance curve caused the increased chromaticity

indices, a*, b*, and chroma, C*.  On the other hand, the

hue angle was not greatly affected by the alloying

elements, with the exception of the alloy containing 

4 mass % Sn showing a slightly lower hue angle. It was

evidenced that in the single-phase structured alloys

the average number of valence electrons per atom, 

e/a, in an alloy is a controlling factor of the colour 
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whitish colour of these Au-Pd-based PFM alloys is considered

to be due to the very high level of Pd content of 35 to 45%.

Hence, it is suggested that colour control must be taken into

account as one of the criteria in manufacturing dental gold

alloys not only for crown and bridge restorations but also for

PFM restorations.

In the present study, we designed several Au-Pt-Pd-based

high noble dental alloys with small amounts of alloying

elements (In, Sn, Zn). These alloys can be used not only for

PFM restorations but also for inlay, crown and bridge

restorations. The effects of the addition of the above alloying

elements on the optical properties of the parent Au-Pt-Pd

alloy were investigated by means of spectrophotometric

colourimetry. The origin of colour variations with chemical

composition was discussed.

2 Materials and methods

2.1 Sample Preparation

Table 1 gives chemical compositions of the Au-Pt-Pd-based

multi-component alloys examined. The Pt and Pd

concentrations were controlled at 9.9 mass % and 5.0 mass

%, respectively. A very small amount of Ir was added to all the

experimental alloys as a grain refiner. The Au-Pt-Pd alloy R was

prepared as a reference alloy and small amounts of base

metals (In, Sn, Zn) were partly substituted for Au in the

reference alloy R.

All the experimental alloys were prepared from high-purity

constituent metals. Appropriate amounts of constituent pure

metals were weighed precisely, with a net weight precision of

0.01%, and melted together under inert gas atmosphere in a

high-frequency induction furnace. The molten alloys were

cast into discs with a diameter of 10 mm and a thickness of

1 mm by employing the dental lost-wax process. Because

weight change of the ingots before and after the casting

process was less than 0.1% in all the experimental alloys,

analysis of composition of the castings was not performed.

All disc samples obtained were homogenized by annealing at

930 degrees C for 10 min and bench cooled to room

temperature. The samples were then individually embedded

in epoxy resin and mechanically ground by using waterproof

abrasive papers adhered to a turntable of an automatic

polishing apparatus (MA-150, Musashino Denshi Co. Ltd.,

Tokyo, Japan). After being ground down to a 2000-grit finish,

the samples were then polished using an automatic polishing

apparatus (Doctor-Lap ML-180, Maruto Instrument Co. Ltd.,

Tokyo, Japan).  Aluminium oxide suspensions with a grain

diameter of 0.3 μm and 0.06 μm were successively supplied

on a polishing cloth adhered to a turntable of the polishing

apparatus. The mirror-polished surface of the samples was

rinsed with pure water, dried, and then subjected to the

spectrophotometric colourimetry.

2.2 Spectrophotometric Colourimetry

The polished samples were mounted on a computer-

controlled spectrophotometer (CM-3600d, Konica-Minolta

Co. Ltd., Osaka, Japan) and spectral reflectance data under

the CIE (Commission Internationale de l’Eclairage) standard

illuminant D65 were collected at 10 nm intervals in the

wavelengths ranging from 360 to 740 nm. The SCI (specular

component included) configuration and a 10-degrees

observer were employed. The measurements were repeated

three times, rotating the sample by 120 degrees each time.

Three-dimensional colour coordinates, i.e., lightness, L*,

chromaticity indices, a* (red-green direction) and b* (yellow-

blue direction), in the CIE L*a*b* system, and chroma, C*, and

hue angle, h, in the CIE L*C*h system were obtained to specify

the sample colour. The CIELAB colour difference parameter,

ΔE*, between two samples (sample 1 and sample 2) was

evaluated according to the following expression:

ΔE*= [(L*1 - L*2)
2 + (a*1 - a*2)

2 + (b*1 - b*2)
2]1/2 (1)
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Table 1

Chemical compositions of the alloys examined

Alloy Composition (mass %) Remarks

Au Pt Pd Ir In Sn Zn

R 85.0 9.9 5.0 0.1 - - - Reference

A1 84.0 9.9 5.0 0.1 1.0 - - 1.0In

A2 84.0 9.9 5.0 0.1 - 1.0 - 1.0Sn

A3 84.0 9.9 5.0 0.1 - - 1.0 1.0Zn

B1 81.0 9.9 5.0 0.1 4.0 - - 4.0In

B2 81.0 9.9 5.0 0.1 - 4.0 - 4.0Sn

B3 81.0 9.9 5.0 0.1 2.0 2.0 - 2.0In-2.0Sn

B4 81.0 9.9 5.0 0.1 3.0 - 1.0 3.0In-1.0Zn

B5 81.0 9.9 5.0 0.1 - 3.0 1.0 3.0Sn-1.0Zn

B6 81.0 9.9 5.0 0.1 2.0 - 2.0 2.0In-2.0Zn



3 Results

3.1 Spectral Reflectance Curves

Light microscopic observations performed on all the

experimental alloys revealed that the alloys R, A1, A2, A3, B1,

B4, and B6 were with a single-phase structure.  On the other

hand, a small amount of the second phase was observed in

the alloys B2, B3, and B5 containing Sn of 2.0% or more.

Accordingly, example spectral reflectance curves for the

single-phase alloys and the two-phase alloys will be presented

separately in the following two subsections.

3.1.1 Spectral Reflectance Curves for the Single-

phase Alloys

Figure 1 shows example spectral reflectance curves for the

single-phase alloys, i.e., for the reference alloy R and the

alloys A1 and B1 containing 1.0% In and 4.0% In, respectively.

In this figure and the following similar figures, error bars

showing standard deviations for three reflectance

measurements were indicated with data points. However,

standard deviations were so small that error bars were

embedded in the data points.  Although the addition of 1.0%

In to the reference alloy R only slightly lowered reflectance in

the short-wavelength range, the addition of 4.0% In

apparently increased reflectance in the long-wavelength

range and simultaneously decreased reflectance in the short-

wavelength range.  As a result, the slope of spectral

reflectance curve near 520 nm slightly increased with the

increase in In content.

Figure 2 shows spectral reflectance curves for the

reference alloy R and two alloys containing the same amount

of Zn of 1.0%, i.e., A3 (1.0Zn) and B4 (3.0In-1.0Zn).  It is

shown that although the addition of 1.0% Zn only slightly

decreased reflectance in the short-wavelength range, the

involvement of 3.0% In with 1.0% Zn substantially increased

reflectance in the long-wavelength range and slightly

decreased reflectance in the short-wavelength range.

3.1.2 Spectral Reflectance Curves for the Two-phase

Alloys

Figure 3 shows spectral reflectance curves for the reference

alloy R and three alloys B2, B3, and B5 containing Sn of

2.0% or more. In these alloys, with the exception of the

reference alloy R, a small amount of the second phase was

observed as mentioned previously. It is clear that in these

alloys containing Sn of 2% or more, magnitudes of both

increase in reflectance in the long-wavelength range and

decrease in reflectance in the short wavelength range were

somewhat larger than those for the single-phase alloys. As

a result, slope of spectral reflectance curve near 520 nm,

where absorption edge is located, became relatively

steeper compared to those for the single-phase alloys.  

This trend was apparent in the alloy B2 in which 4.0% Sn

was added.
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Figure 1

Spectral reflectance curves for the reference alloy R and the alloys

containing 1% and 4% In.  Note that these alloys were a single-phase

structure.
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Figure 3

Spectral reflectance curves for the reference alloy R and the alloys B2,

B3, and B5.  Note that the alloys B2, B3, and B5 were a two-phase

structure with a small amount of the second phase.
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Figure 2

Spectral reflectance curves for the reference alloy R and the alloys

containing 1% Zn with and without inclusion of 3% In.  Note that these

alloys were a single-phase structure.
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Table 2

Colour difference, ΔE*, between the reference alloy R 

and the sample alloys

Colour 

difference,

Alloy ΔE* Structure Remarks

R - Single-phase Reference

A1 0.4 Single-phase 1.0In

A2 0.6 Single-phase 1.0Sn

A3 0.3 Single-phase 1.0Zn

B1 2.8 Single-phase 4.0In

B2 4.7 Two-phase 4.0Sn

B3 4.1 Two-phase 2.0In-2.0Sn

B4 2.5 Single-phase 3.0In-1.0Zn

B5 4.8 Two-phase 3.0Sn-1.0Zn

B6 2.1 Single-phase 2.0In-2.0Zn

3.2 Chromaticity Indices

Figure 4 summarizes distribution of chromaticity indices, a*,

b*, for all the experimental alloys and for pure Au and Pt.  A

chromaticity index a* (red-green direction) was distributed

between about 2.6 and 5.2, while a chromaticity index b*

(yellow-blue direction) was distributed between about 9.2

and 13.5 for the experimental Au-Pt-Pd-based multi-

component alloys.  It is noted that the data points were

located near the straight line connecting the two points for

pure Au and Pt and that their positions were relatively closer

to the point for pure Pt rather than to the point for pure Au.

It is shown that chromaticity indices, a* and b*, for the single-

phase alloys B1, B4 and B6, containing 4.0% base metals

excluding Sn, were a little larger than those for the A-group

alloys.  Further, the two-phase alloys B2, B3 and B5,

containing at least 2.0% Sn possessed relatively higher

chromaticity indices.

Figure 5 shows chroma vs. hue plots for all the alloys

examined.  The chromas varied from about 9 to 14.  It is

shown that all the alloys can be divided into three groups,

according to their chromas, i.e., the group 1 (R, A1, A2, A3),

the group 2 (B1, B4, B6), and the group 3 (B2, B3, B5).  This

figure demonstrates that the involvement of at least 2.0% Sn

effectively increases chroma of the parent Au-Pt-Pd-based

high noble alloy.  On the other hand, hue angles of the

experimental alloys, with the exception of the alloy B2

containing 4.0% Sn, were not significantly affected by

alloying elements.  The alloy B2 showed a slightly lower hue

angle compared to the other alloys, indicating a very light

tint of red.

3.3 Colour Difference

The CIELAB colour difference parameter, ΔE*, between the

reference alloy R and the various sample alloys was

summarized in Table 2.  Since the ΔE*-value of 1.0 is said to

be just discernible by the average human eye (5), colour of the

alloys A1, A2, and A3 may be scarcely distinguished from that

of the reference alloy R.  On the other hand, colour of the

alloys B2, B3, and B5 are considered to be distinguished from

the reference alloy R without difficulty.  It is interesting to note

that all the alloys in the latter case, i.e., B2, B3 and B5, are two-

phase structured with a small amount of the second phase

embedded in the matrix phase.

4 Discussion

Since metals are opaque and highly reflective, the perceived

colour is determined by the wavelength distribution of the

radiation that is reflected and not absorbed (6).  For example,

a material possessing a much higher reflectivity for the low

energy end of the visible spectrum (red and yellow light) than

for the other parts of the spectrum will have a reddish to

yellow colour (7).  The rich yellow colour of gold is caused by
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Figure 5

Chroma vs. hue plots for all the alloys examined.  Solid circles

correspond to single-phase alloys and open squares correspond to 

two-phase alloys with a small amount of the second phase.
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Distribution of chromaticity indices, a* and b*, for all the experimental
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the pronounced step in the reflectivity curve at an energy of

incident light of approximately 2.3 eV (7).  On the other

hand, a bright silvery appearance when exposed to white

light indicates that the metal is highly reflective over the

entire range of the visible spectrum (6).  Aluminium and silver

are two metals that exhibit this reflective behavior (6).

Considering these facts, position of the absorption edge in

the visible spectrum and slope of the spectral reflectance

curve near its absorption edge are suggested to be two

possible factors affecting the colour of the present Au-Pt-Pd-

based high noble alloys.  To determine major controlling

factors of colour of the present alloys, we analysed the

observed spectral reflectance curves in terms of the position

of the absorption edge and the maximum slope of the

spectral reflectance curve near the absorption edge.

Figure 6 shows an example relationship between the

spectral reflectance curve and the wavelength distribution of

differential coefficient, dR/dL, for the alloy B5.  Here, R and L

represent reflectance and wavelength, respectively.  The

peak position of the dR/dL-curve, indicated by a double

arrow, corresponds to the absorption edge of the spectral

reflectance curve.  It is shown that although the peak of the

dR/dL-curve is slightly broad, its peak is located at about 520

nm (about 2.4 eV).  Similar analysis performed on the present

experimental alloys showed that their absorption edges were

also located at around 520 nm; only the steepness of the

slope, corresponding to the maximum value of dR/dL at the

absorption edge, varied with chemical compositions.  These

features are similar to those for the Pd-free Au-Pt-based alloys

containing a small amount of In/Sn/Zn, in which the

absorption edge was found to be located near 515 nm

(about 2.4 eV) (8).

Figure 7 shows relationships between chromaticity

indices, a* and b*, and maximum slope of the spectral

reflectance curve at its absorption edge for all the

experimental alloys.  It is shown that both chromaticity

indices increased with increases in maximum dR/dL-value at

the absorption edge.  Although this was true for both single-

phase alloy and two-phase alloy groups, the trend was clearer

in the single-phase alloy group.

Structure and composition of a small amount of the

second phase are still not known at present.  However,

considering the fact that the second phase was observed

only in the alloys containing Sn of 2.0% or more, the second

phase is likely to be an intermetallic compound between Sn

and Pd or Pt.  Although optical properties of this intermetallic

compound phase itself are unknown, it can be mentioned

that the coexistence of a small amount of this intermetallic

compound phase contributes to the increased chromaticity

indices to some extent.

Since reflection and absorption of light in metals and

alloys are determined by the interaction between free

electrons in a material and photons of incident light, average

number of valence electrons in the material is considered to

play a major role on the optical properties of the material.

Actually, it was revealed that the average number of valence

electrons per atom, i.e., electron : atom ratio (e/a), plays an

important role in determining colour of Pd-free Au-Pt-based

high noble alloys (8).  To conduct similar analysis, e/a-values

of the present single-phase alloys were estimated according

to the following equation:

e/a = �fiNi (2)

where, fi is the mole fraction of the component i and the Ni

is the number of valence electrons per atom of the

component i.  The mole fraction of the component i was

obtained by converting mass % numbers given in Table 1 into

atomic % numbers.  The number of valence electrons per

atom for each element was searched for in references.  Such

searching showed that the number of valence electrons per

atom is 1 for Au (9, 10), 0 for Pt (9, 11) and Pd (9, 11, 12), 3

for In (9, 10, 13), 4 for Sn (9, 14), and 2 for Zn (9, 13, 14).

Since Ir is one of the platinum group metals, the number of

valence electrons per atom was estimated to be 0 as it is for
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Figure 7

Relationships between chromaticity indices, a* and b*, and maximum

slope, dR/dL, of the spectral reflectance curve at the absorption edge for

both single-phase alloys (solid marks) and two-phase alloys (open marks).
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both Pt and Pd.  The estimated e/a-values for the single-

phase alloys are listed in Table 3.

Figure 8 shows the effects of e/a-value on both

chromaticity indices, a* and b*, and lightness, L*, for the

single-phase alloys.  It is shown that as the e/a-value

increased, the chromaticity index a* (red-green direction)

slightly increased and the chromaticity index b* (yellow-blue

direction) considerably increased, giving a slight gold tinge.

These features are analogous to those for the Pd-free Au-Pt-

based alloys (8).  Therefore, it can be drawn that the average

number of valence electrons per atom in an alloy, namely

electron : atom ratio (e/a), is a major controlling factor of

colour of the present Au-Pt-Pd-based high noble alloys within

the limitation that the structure of an alloy is a single phase.

We further investigated the effects of e/a-value on

chroma, C*, and hue angle, h, of the single-phase alloy in

which a small amount of additive elements are dissolved in

the matrix.  Figure 9 shows the relationships between e/a-

value and chroma and hue angle.  It is clearly shown that

although the hue angle was not greatly affected, the chroma

substantially increased with increasing e/a-value.

It is particularly interesting to note that the dual addition

of both Pt and Pd to Au has a great decolourizing effect.

That is, chromaticity indices b* for the present Au-Pt-Pd-

based alloys were considerably smaller than those for the

previously studied Pd-free Au-Pt-based alloys (8).  Similarly,

chromaticity indices a* for the present Au-Pt-Pd-based alloys

were slightly smaller than those for the Pd-free Au-Pt-based

alloys (8).  To survey causes for this strong decolourizing

effect of the dual addition of Pt and Pd to Au, we compared

spectral reflectance curves and colour coordinates of

simplified fundamental alloys.  Figure 10 shows spectral

reflectance curves for the reference Au-Pt-Pd alloy R and the

binary Au-9.8 mass % Pt alloy.  A drastic change in spectral

reflectance curve occurred with the addition of Pd to the

binary Au-Pt alloy.  That is, by adding 5.0% Pd, reflectance in

the long-wavelength range markedly decreased and

reflectance in the short-wavelength range markedly

increased.  As a result, a marked flattening of spectral

reflectance curve occurred, causing a marked decolourizing

effect as presented in Table 4.

The marked flattening of the spectral reflectance curve in

the present Au-Pt-Pd alloy may be explained by the

occurrence of “virtual bound states”, as first suggested by

Friedel (15).  That is, when monovalent noble metals are

alloyed with transition metals, so-called “virtual bound states”
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Figure 9

The effects of electron : atom ratio, e/a, on chroma, C*, and hue angle,

h, for the alloys with the single-phase structure.
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Comparison of spectral reflectance curves for the reference Au-Pt-Pd

alloy R and the binary Au-9.8 mass % Pt alloy.
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indices, a* and b*, for the alloys with the single-phase structure.
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Table 3

Estimated electron : atom ratio (e/a) for the single-phase alloys

Alloy electron : atom ratio (e/a) Remarks

R 0.814 Reference

A1 0.848 1.0In

A2 0.864 1.0Sn

A3 0.846 1.0Zn

B1 0.948 4.0In

B4 0.944 3.0In-1.0Zn

B6 0.941 2.0In-2.0Zn



would occur.  Due to this effect, the absorption process of

light starts in the infrared range (15).  In fact, marked

decreases in reflectance in the long-wavelength range were

evidenced when Au was alloyed with Pd (7) and with Pt (8,

16).  Based on the “virtual bound states” theory by Friedel

(15) and the previously reported experimental evidences for

the binary Au-Pd (7) and Au-Pt (8, 16) systems, it may be

reasonable to mention that an enhanced formation of

“virtual bound states” would occur when both Pd and Pt are

added to Au.  This would well explain the marked flattening

of the spectral reflectance curve for the Au-Pt-Pd alloy in

Figure 10 and the corresponding strong decolourizing of this

alloy indicated with markedly decreased chromaticity indices,

a* and b*, in Table 4.

5 Conclusions

The alloying addition of a small amount of base metals (In,

Sn, Zn) to a parent Au-Pt-Pd-based high noble alloy increased

activities of both reflection in the long-wavelength range and

absorption in the short-wavelength range in the visible

spectrum.  In the alloys with a single-phase structure, the

degrees of increase in reflectance in the long-wavelength

range and decrease in reflectance in the short-wavelength

range increased with increases in average number of valence

electrons per atom, namely, electron : atom ratio (e/a) in the

alloy.  As a result, a chromaticity indices a* (red-green

direction) slightly increased and b* (yellow-blue direction)

considerably increased, giving a slight gold tinge to the

parent Au-Pt-Pd alloy.  Although the alloying Au with both Pt

and Pd strongly decolourizes, the involvement of a small

amount of base metals (In, Sn, Zn) to the parent Au-Pt-Pd

alloy slightly recovers a gold tinge with increasing e/a-value in

the single-phase alloy.  In this regard, the addition of base

metals with a high number of valence electrons is effective in

controlling colour of the Au-Pt-Pd-based alloys.  It was also

evidenced that although hue angle (h) was not greatly

affected, chroma (C*) substantially increased with increasing

e/a-value in the single-phase alloy.  It is noted that the

addition of Sn of 2 mass % or more produced a small amount

of the second phase of possible intermetallic compounds

between Sn and Pd or Pt.  The coexistence of a small amount

of this possible intermetallic compound phase further

increased a gold tinge.  However, the inclusion of 4 mass %

Sn gave a very light tint of red to the alloy.  The present

findings are expected to be useful in controlling colour of Au-

Pt-Pd-based high noble alloys.
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Table 4

Comparison of colour coordinates for the reference Au-Pt-Pd alloy R

and the binary Au-9.8 mass % Pt alloy and their colour difference, ΔE*

Alloy L* a* b* ΔE*

R 81.1 (0.03) 2.7 (0) 9.0 (0)

Au-9.8 % Pt 82.9 (0.05) 4.8 (0.03) 16.7 (0.07)

Numbers in parentheses indicate standard deviations for three measurements.

8.1


