Abstract

Knowing gold alloys characteristics enables to get
precious information for selecting the most suit-
able alloy composition for each particular produc-
tion process.

Obviously, in the case of gold alloys, color plays a
fundamental role in the selection of the composi-
tion to be used, but in all cases minor additions of
some specific elements can contribute to improve
some characteristics that are important in the
production process.

On the basis of these considerations, we decided
to determine the chemical and physical proper-
ties of several 9, 10, 14 and 18 ct gold alloys.

The aim of this work was to correlate the char-
acteristics of each alloy with the chemical com-
position, to be able to select the gold alloy rep-
resenting the optimum solution for the different
practical uses. Considering the high cost of the
alloys, we have refined some methods for evalu-
ating the properties of precious alloys (or, better,
we improved evaluation methods already used in
different industry sectors), to obtain the data re-
quired to achieve this goal.

Introduzione

The study of materials properties is very impor-
tant in all industry sectors, to select the most
suitable material for each production process
and practical use. In our case, we need to study
the properties of gold (and silver) alloys for jew-
elry production. Therefore we decided to develop
evaluation methods enabling to get information
on the behavior of gold and/or silver base alloys,
to be able to use the correct composition for each
purpose. Obviously, we focused our efforts into
determining physical, chemical and mechanical
properties of the materials under study, but we
are also looking forward to develop technological
tests to evaluate alloy properties for specific uses
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(e.g. corrosion resistance during core dissolution
processes).

Summing up, we aim to characterize 9, 10, 14
and 18 ct gold alloys, and subsequently to analyze
the obtained data, to select the most appropriate
composition for obtaining the required character-
istics.

To be more specific, we emphasize that in the usu-
al practice gold alloys for jewelry are subdivided
on the basis of caratage and color, but up to now
there is not a classification based on mechanical
characteristics. The ambitious aim of this work is
to create a handbook of the characteristics of pre-
cious alloys, enabling to select the most suitable
one for each production process.

Obviously this handbook should be systematical-
ly updated with new data for new alloys, to have
more information available for an ever increas-
ing number of alloy compositions. It should be re-
membered that very often the final color (and not
the technical characteristics) is the only selection
criterion, but the availability of data enables to
say if a given composition can give good results
or if it requires special techniques — e. g. lower
deformation — to produce the final object. We be-
lieve that numerical, objective and comparable
data will enable to compare different alloys, to
find the best compromise between the specified
requirements and the production process.

Our work has been subdivided into three parts.
The first part includes the study and development
of the tests for the determination of the required
characteristics. The second part includes the col-
lection and analysis of data on the chemical and
physical properties of each alloy. The third part
includes the definition of the parameters more
connected with the specific production processes,
to readily find the most suitable alloy, or even to
be able to make a classification of alloys for each
type of production process.



Only part 1 and a portion of part 2 will be treated
in this paper. Part 1 will be exhaustively illus-
trated, while part 2 will be limited to 18 ct al-
loys.

All the compositions taken into consideration
correspond to alloys produced by our company,
but obviously they were not named with the cor-
responding commercial code, but a conventional
code was used. We emphasize that our testing
methods are based on European or ASTM stan-
dards developed for different industry sectors
(mainly steel industry).

Presently, if we do not consider color and carat-
age, the alloys are commonly classified on the ba-
sis of two main production processes:

1. Alloys for investment casting

2. Alloys for wrought products.

This classification has been followed also in our
paper for the sake of clarity.

The main difference between the above alloy
classes usually (but not always) is that alloys of
the first class contain specific deoxidizing ele-
ments (deoxidizers), while the alloys of the sec-
ond class do not contain deoxidizers. All of them
and can contain grain refiners.

The alloys we studied are quaternary alloys with
minor additions of different elements that give
specific properties. The various compositions
have also been subdivided into two families.

1. The first family includes “colored” gold alloys.
They have a quaternary Au-Ag-Cu-Zn basis, with
minor additions of various elements. We called
these alloys “colored” because the obtainable col-
ors range from deep red to green through various
hues of yellow.

2. The second family includes “white” gold alloys.
They have a quaternary Au-Ni-Cu-Zn basis, with
minor additions of various elements. These al-
loys are called “white” because they show various
hues of white (or we could say of “grey”).

The results will be presented according to this
classification.

Characterization method

The characterization method we developed is de-
scribed below.

Each alloy was pre-melted (800 g for 18 ct alloys,
700 g for 14 ct alloys, 600 g for 9 ct and 10 ct al-
loys). We used an open, induction heated, furnace
with a graphite crucible and subsequent casting
into ingots. An open furnace was used to allow
mechanical mixing for better homogeneity.

The pouring temperature depended on caratage

and color and the alloys were subdivided into
groups on the basis of composition. The metal
was protected by blowing inert gas in the crucible
during melting and pouring. Then the ingots were
rolled and cut into pieces for the second melt-
ing operation in a closed casting machine with
controlled atmosphere. After pre-melting, alloy
samples were submitted to DTA analysis, and
a pouring temperature 100° C higher than the
measured liquidus point was used in the closed
casting machine.

For each composition, a maximum of five casting
operations were carried out in the closed casting
machine, using pre-melted material. Ingots and
investment cast specimens were obtained for the
subsequent characterization. Namely:

1. 20 x 8 mm rectangular cross section ingots for
the work-hardening tests and for producing the
specimens for density measurement, color tests
(and nickel release tests). These ingots were cast
for all compositions.

2. 70 x 5 mm rectangular cross section ingots for
producing specimens for the deep drawing tests.
These ingots were cast for wrought alloys only.

3. 6 x 6 mm square cross section ingots for wire
drawing for the tensile tests on wrought material.
These ingots were cast only for wrought alloys.
4. A ask with 16 specimens for the hardness
tests and the determination of the average grain
size (24 x 12 mm, 4 mm thick plates) These speci-
mens were cast for all compositions.

5. A ask with 30 test pieces for tensile tests on
investment cast material. These specimens were
cast only with the alloys for investment casting.

The closed casting machine was formed of two
communicating chambers. The mold or the ask
was introduced in the lower chamber and the
crucible for melting was contained in the upper
chamber. Pouring takes place through a hole in
the crucible bottom, by lifting a rod plugging the
hole.

The molds were preheated to 320°C in an oven.
The dimensions of the molds are suitable for in-
troducing them in the casting machine with con-
trolled atmosphere. The preheated mold was put
in the machine after filling the crucible with the
metal charge, but before closing the machine and
starting the casting cycle (an automatic program
was used). This procedure was preferred, to cast
ingots of all alloys in the same conditions and to
avoid errors that could be caused by manual op-
eration.

After casting, the mold chamber was quickly
opened and the ingot was immediately water

quenched.

The ask with the plates was preheated at 600°C
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and the ask with the specimens for tensile tests
was preheated at 700°C, to avoid incomplete fill-
ing. In this case too the asks were put in the
casting machine before closing and starting the
casting cycle. After casting, the asks were water
cooled after 6 minutes for alloys containing grain
refiners or after 20 minutes for alloys containing
only deoxidizers.

The 20 mm wide and 8 mm thick ingot was rolled
with a set of rolling passes, to determine the work
hardening curve of the alloy. Hardness was mea-
sured on the as cast metal (8 mm thickness), after
40% rolling reduction (5 mm thickness), after 60%
reduction (3 mm thickness), after 80% reduction
(1,5 mm thickness) and after 90% reduction (0,8
mm thickness). Ten 16 x 8 mm specimens were
cut from the 1,5 mm thick sheet for density mea-
surement (5 specimens) color tests (2 specimens)
and annealing tests (3 specimens). Hardness of
the annealed specimens was measured.

The work hardening curve was determined only
for the wrought alloys. The alloys for investment
casting were rolled directly from 8 mm to 1,5 mm
thickness, then the various specimens were cut.
The nickel containing alloys were rolled to 2 mm
thick sheet. The sheet was cut into two parts and
a part was annealed. Then the thickness was re-
duced to 0,5 mm and three 12 mm diameter disks
were cut (with a central 1 mm diameter hole) for
the nickel release test, according to the Standard
UNI EN 1811.

The 70 mm wide and 5 mm thick ingot was rolled
to 2 mm thickness and then annealed. After fur-
ther rolling to 0,4 mm thick sheet, five 70 x 70
mm wide specimens were cut. These specimens
were annealed in suitable conditions (see Table 1)
and were used for the deep drawing tests.

The 6 x 6 mm square section ingot was rolled to 1
x 1 mm square section wire for the tensile tests,
with the following rolling schedule. Rolling from
6 x 6 to 4 x 4 mm square section (55% reduction) —
annealing — rolling from 4 x 4 to 2 x 2 mm square
section (75% reduction) — annealing — rolling from
2 x 2 mm to 1 x 1 square section - final annealing.
The 1 x 1 mm wire was used for the tensile tests.
Tensile tests on wire are carried out only in the
case of wrought alloys.

The annealing parameters depended only on al-
loy composition, according to Table 1.

Caratage Temperature Time [min] Cooling
[°C]
9,10, 1dct 725 18 Fast in oil
white
18 ct 700 18 Fast in ol
white
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9, 10, ldet 675 18 Fast in water
colored

18ct 650 18 Fast in water
colored

Table 1 - Parameters for annealing heat treatments

In all cases annealing was carried out in a static
laboratory oven, under reducing atmosphere.

The ask with the 24 x 12 x 4 mm plates was pro-
duced for determining the hardness of the alloys
as cast or after different heat treatments, i.e.:

- 1 plate as cast,

- 1 plate after solution heat treatment,

- 9 plates after age hardening at different tem-
peratures for different time.

The parameters for the solution heat treatment
(temperature, time) depended on composition, ac-
cording to Table 2.

Caratage Temperature Time [min] Cooling
[°C]
9, 10, 14ct 750 30 Fast in oil
white
18ct white 725 30 Fast in oil
9, 10, 14ct 700 30 Fast in water
colored

18ct colored 675 30 Fast in water

Table 2 - Parameters for the solution heat treatment

The age hardening heat treatment was carried
out on all alloys (irrespective of composition) at
250, 300, 350°C. Holding time in the oven was
60, 120 and 180 minutes for each temperature.
Therefore we had 9 hardened specimens. All the
specimens were solution heat treated before hard-
ening, according to Table 2, and water quenched
after hardening.

The hardening characteristics were verified on in-
vestment cast, undeformed specimens, after suit-
able heat treatment. This procedure is easier and
faster and even if it does not enable to find the
highest attainable hardness, it enables to identify
the hardenable alloys precisely. Anyway, the data
for precipitation hardened specimens are compa-
rable, and it is possible to obtain a classification
of the alloys in order of hardenability.

The ask with the investment cast tensile test
pieces was produced only for the alloys for invest-
ment casting. The test pieces had a 2 mm diame-
ter and a 12 mm utilizable length (L0), Figure 1.
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Figure 1 - Test piece for tensile tests
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After the preparation of the various test pieces,
data were collected by means of the tests we will
describe below. We will not dwell on details, be-
cause each test corresponds to an European or
ASTM Standard.

DTA test

The Different Thermal Analysis (DTA) test en-
ables to find the solidus and liquidus tempera-
tures (i.e. the melting range) of alloys. A 25 mg
pressed specimen was used. The DTA test was
carried out on the pre-melted metal to find the
pouring temperature in the closed machine and
again for confirmation on a sample from the alloy
cast in the closed machine (the alloys are more ho-
mogeneous after the second melting operation).

Density measurement

The density of the alloys was measured thanks to
the Archimede’s principle that says that a body
dipped in a liquid feels a positive buoyancy equal
to the weight of the liquid displaced by the speci-
men’s volume.

The following formula was used to calculate den-
sity:

d=w(@*d(fl)[w(a)-w(fl)]
where:

d = density of the solid specimen

d(f1) = density of the liquid

w(a) = weight of the solid specimen in air

w(f1) = weight of the solid specimen in the liquid

The work hardened 16 x 8 mm 1,5 mm thick
plates (5 specimens) were used for density mea-
surements.

Deep drawing test

The drawability was evaluated by measuring the
displacement of the punch when the specimen (a
70 x 70 mm 0.4 mm thick sheet) starts breaking.
This information is very important for the pro-

duction of “stampato”.

The value of drawability corresponds to the height
of the cup (in mm) produced by the punch in the
sheet. The punch is formed of a 20 mm diameter
steel sphere and is gradually pushed against the
sheet specimen until the operator detects the
initiation of a crack. The sheet is fastened with
a clamping device to avoid sliding during the
test. This is practically the Erichsen method, see
ASTM Standard E 643-84.

Tensile test

The tensile test enables to measure the ultimate
tensile stress (UTS), the yield strength (YS) and
the percent elongation to rupture (E%). The first
two parameters give an evaluation of the me-
chanical strength, while the third one refers to
the ductility of the material.

UTS is defined as the ratio between the maximum
applied load and the cross section area of the ten-
sile specimen before loading. It is a characteristic
property of the material. More specifically, UTS
is the maximum uniaxial stress the material can
tolerate before breaking. The yield strength is the
stress corresponding to the beginning of plastic
deformation, i.e. to the transition from an elastic
reversible deformation to an irreversible plastic
deformation. In this work the 0,1% deformation
yield strength (YSO0,1) was considered.

The deformation to rupture, commonly named
percent elongation, is denoted with E% and is
measured as the length of the ruptured tensile
specimen, expressed as the percentage increase
of the initial usable length of the specimen.

The tensile test was carried out on two different
types of specimens, depending on the alloy type,
i.e. an alloy for investment casting or a wrought
alloy.
In the case of alloys for investment casting the
tensile specimens were directly obtained from the
ask cast for this specific use. Therefore these
tensile specimens must be accurately inspected
to reduce the number of defective tests to a mini-
mum: i.e. the specimens must be free from visible
defects and perfectly centered. If, in the tensile
test, the rupture occurs out of the usable length
(LO Figure 1) the result is discarded, because it
is believed that stress concentration near the
change of cross section could alter the result of
the test. To have a usable result of the test, the
results of at least 15 valid tensile specimens were
considered: the final result is the average of these
tests. Also the clamping device was carefully de-
signed, to reduce clearance and positioning error
of the test pieces to a minimum.
In the case of wrought alloys, a square cross sec-
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tion 1 x 1 mm wire was used, with a 200 mm us-
able length. The samples were annealed after
rolling and carefully inspected, to avoid visible
surface defects. A pneumatic clamping device
with partial wire winding was used. Rupture of
the wire must take place between the clamps, to
have a valid result. In this case too a minimum of
15 valid tests was averaged. ASTM E8-00 was the
reference standard.

In the case of alloys suitable both for investment
casting and for plastic deformation, the tensile
tests were carried out both with as cast and with
wire specimens.

Hardness test

The hardness of the materials was measured in
various conditions: as cast, work hardened, an-
nealed, solution heat treated, precipitation hard-
ened. The Vickers method was followed, with a
500 g load for 15 s. See ASTM Standards E 92-82
and E 384-99. More precisely, the hardness was
measured on specimens treated as follows:

1. Work hardened: as cast; after 40%, 60%, 80%
and 90% rolling reduction. These measurements
were carried out only on the alloys suitable for
plastic deformation.

2. Annealed: 80% rolling reduction, followed by
annealing in accord with the parameters of Table
1.

3. Heat treated: the plate specimens were: as cast,
solution heat treated, precipitation hardened in 9
different conditions (temperature and time).

Measurement of grain size

The average grain size was measured according
to the Jeffries method, i.e. by counting the num-
ber of grains present in a predetermined area.
The as cast specimens were carefully polished
and submitted to a metallographic etching with
a cyanide solution to make grains visible. See the
ASTM Standard E 112-96.

The grain size was measured only on as cast
specimens, not on annealed specimens, both for
investment cast and wrought alloys.

Color evaluation

The CIELab color coordinates were determined
from the coefficients of re ection measured on test
specimens specifically prepared for this purpose
(work hardened and lapped 16 x 8 mm plates).
The re ection spectra of the specimens are com-
puter processed (see ASTM Standard E 308-99) to
obtain the CIELab color coordinates (L*, a* and
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b*). A single point in the three-dimensional color
space is identified for each alloy composition.

Measurement of the nickel release
rate

This test is designed to simulate the nickel re-
lease rate from articles coming in direct and pro-
longed contact with the human skin. The UNI EN
1811 Standard was carefully followed. The geom-
etry of the specimens of the different alloys con-
formed with the directions of the above Standard.
At the end of the test period, the concentration of
dissolved nickel in the solution was determined
through plasma spectroscopy (ICP-OES). The
nickel release rate was then given as mg/cm2/
week and the corrected value was taken into ac-
count.

The nickel release rate was measured only on
nickel containing alloys, i.e. on white golds.

Data processing

After establishing the practice for each character-
ization test, data were gathered for all alloys we
are producing. We emphasize that there are “uni-
versal” alloys that are suited both for investment
casting and plastic deformation. For these alloys
all the above described tests were carried out.
The results obtained for the 18 ct colored gold al-
loys are described in the following paragraphs.

18 ct colored gold alloys

Thirty-four alloy compositions were investigat-
ed. The compositions of these alloys are listed in
Table 3, where they are ordered according to the
silver concentration (and, secondly, according to
the zinc concentration). In Table 3 GR1 denotes
a type of grain refiner and GR2 denotes another
type of grain refiner.

SPec | Au |Ag |Zn |Cu | GR1 |GRg |Deexi-
men 1Zers
Alloy |50 | 375 | 375 | Ba- | x

1 ance

Alloy 1550 | 875 | 875 | Ba- | x

2 ance

Alloy 1250 | 10 | 75 | Ba- X

3 ance

Alloy | 250 | 25 s | By

4 ance

Alloy | 250 | 25 | 75 | Ba- X

5 ance

Alloy |50 | 425 | 1125 | B | x

6 ance

Alloy | 50 | 45 | 25 | Ba- | x

7 ance




Alloy 1950 | 45 | 25 | Ba- X
8 ance

Alloy | 950 | 45 | 125 | Ba- X
9 ance

Alloy | 250 | 705 | 75 | B2 X
10 ance

Alloy 1950 | 75 | 625 | Ba- X
11 ance

Alloy [ 750 | 75 | 25 | Ba- X
12 ance

Alloy Toeo | 775 | 2625 | Ba- X
13 ance

Alloy 750 80 5 Bal- X
14 ance

Alloy 1750 | 1105 | 475 | Ba- X
15 ance

Alloy 1550 | 1125 | 25 | Ba- X
16 ance

Alloy 1250 | 115 | 875 | Ba- X
17 ance

Alloy |50 | 1175 | s | Ba- | x
18 ance

Alloy 1950 | 1175 | 5 Bal- X
19 ance

Alloy 1050 | 1175 | 5 | Ba- X
20 ance

Alloy 1 7504 | 11875 | 2875 | Ba- X
21 ance

Alloy 1550 | 1205 | 205 | Ba- X
22 ance

Alloy 1950 | 1215 | o | Ba- X
23 ance

Alloy |50 | 123 | 875 | Ba- X
24 ance

Alloy 1750 | 125 | 26 | Ba- X
25 ance

Alloy 1550 | 1375 | 175 | Ba- X
26 ance

Alloy 750 | 141,25 8.75 Bal- X
27 ance

Alloy 150 | 14195 | 875 | Ba- X
28 ’ ance

Alloy 1550 | 143 g | bak X
29 ance

Alloy 1550 | 150 | 1125 | B3| x
30 ance

Alloy |50 | 155 | 375 | Ba- X
31 ance

Alloy 1950 | 160 | 875 | Ba- X
32 ance

Alloy 1250 | 160 | 875 | Ba- X
33 ance

Alloy | 250 | 190 | 375 | Ba- | x
34 ance

Table 3 - Composition of the 18 ct investigated colored
gold alloys (weight %o)

Initially, the variation of liquidus and solidus
temperatures was investigated. The results are
plotted in Figure 2 for all studied alloys.

The triangles correspond to liquidus tempera-

tures, the squares correspond to solidus tempera-
tures. The upper continuous curve is the best fit
of the liquidus temperatures, with the exclusion
of the alloys containing more than 12,5 wt%o zinc,
i.e. alloys 11, 12, 13, 16, 21, 22, 25 and 26 (only 24
alloys were considered for the best fit curve). As
can be expected, an increasing zinc concentration
lowers the liquidus temperature, but this aspect
was not considered for the moment. It is interest-
ing to see that with an increasing silver concen-
tration the liquidus temperature is initially low-
ered and then increased.

The lower continuous curve of Figure 2 is the best
fit of the solidus temperatures, with the exclusion
of alloys 11, 12, 13, 16, 21, 22, 25 and 26, as above
said. In this case too with an increasing silver
concentration the solidus temperature is initially
lowered and then increased.

= T solidus
9604 4 T liquidus . r
— Best Fit Curve

Temperature (°C)

T T T T T T T T T T T T T T
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Silver Concentration (wWt%o)

Figure 2 - Graph of liquidus and solidus temperatures
(°C) against silver concentration (wt%o)

It should be observed that the difference between
the liquidus and solidus best fit curves (i.e. the
melting range) increases with increasing silver
concentration. This increase can be more clearly
observed in Figure 3, where the melting range of
the above considered alloys (zinc concentration
lower than 12,5%0) is plotted vs. the silver con-
centration.

50 = T T T T T T
= Melting Range
Best Fit Curve 1

45+

Melting Range (°C)

T T T T T T T T T T T T T T T
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Silver Concentration (wt%o)

Figure 3 - Graph of the melting range (°C) against
silver concentration (wt%o)

ProGold Srl



In Figure 3 also the deoxidizers containing alloys
have been excluded, because it is well known that
elements such as silicon tend to widen the melt-
ing range. Although we excluded several alloys,
we can see that an increase of silver concentra-
tion tends to widen the melting range.
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Figure 4 - Graph of the density (g/cm3) against silver
concentration (wt%o)

Figure 4 shows that density increases with silver
concentration. In this case too the best fit curve
was calculated with the exclusion of alloys con-
taining more than 12,5%o zinc. Zinc in uences the
density value, but silver is the element affecting
density more noticeably.
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Figure 5 - Graph of L* against silver concentration
(Wt%o)

The results for L* color coordinate are plotted in
Figure 5 against silver concentration (wt%o). In
this case too the best fit curve (continuous curve)
was calculated with the exclusion of alloys con-
taining more than 12,5%o zinc. It can be seen that
L*increases with increasing silver concentration.
Moreover (even if the data were scarce) it appears
that also an increasing concentration of zinc can
increase L*. It appears that small additions of
grain refiners or deoxidizers scarcely affect the
value of L*.
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When we consider the value of a*, Figure 6, we
see that with an increased silver concentration
the color is shifted from red to green (it should be
remembered that a* represent the “color dimen-
sion” going from red to green).

In this case too the best fit curve (continuous
curve) was calculated with the exclusion of the
alloys containing more than 12,5%o zinc. It could
be interesting to consider the variation of a* as a
function of copper concentration instead of silver
(this is approximately comparable to considering
the sum silver + zinc, because the amount of oth-
er additions is small). But zinc seems to be more
effective than silver for shifting the color from red
to green. In our opinion the zinc seems to show
an effect two times stronger than silver, even if
it should be better to consider different composi-
tion ranges. To verify this effect a larger number
of compositions with various zinc concentrations
and constant silver concentration should be stud-
ied.

In Figure 7, a* is plotted against the silver con-
centration added to two times the zinc concentra-
tion. Figure 7 seems to confirm the hypothesis
that the effect of zinc is about two times stronger
than the effect of silver. In this case the best fit
curve was calculated taking into account all the
studied alloys, no one excluded.

" T T T T T T T

e Color Coordinate (a*)
Best Fit Curve

Color Coordinate (a*)

T T T T T T T T T T T T T
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210
Silver Concentration (wt%o)

Figure 6 - Graph of a* against silver concentration
(Wt%o)
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Figure 7 - Graph of a* against silver concentration
added to two times the zinc concentration (wt%o)

The value of b* is shifted towards the yellow when
silver concentration is increased (b* represents
the “color dimension” going from yellow to blue).
As usual, the best fit curve does not take into ac-
count the zinc rich alloys.
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Figure 8 - Graph of b* against silver concentration
(Wt%o)

The effect of zinc on b* seems to be weaker than
in the case of a*, but it should be confirmed with
the study of some suitable alloy compositions. It
seems that the effect of zinc could be similar to
the effect of silver when the value of b* is con-
sidered. Therefore we can plot b* against copper
concentration (i.e. concentration of silver added
to zinc concentration).

28 T T T T T T T
27 4
26
254
24 4
234
224
214
20 4
19
184
174
16
154

m  Color Coordinate (b*)
Best Fit Curve

Color Coordinate (b*)

T T T T T T T T T T T T T T
45 60 75 90 105 120 135 150 165 180 195 210 225 240 255
Cooper Concentration (wt%o)

Figure 9 - Graph of b* against copper concentration
(Wt%o)

In this case all alloys, no one excluded, were used
for drawing the best fit curve. This diagram shows
that the effect of zinc concentration on b* is lower
than on a*.
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Figure 10 — Graph of hardness against silver concen-
tration (wt%o)

Figure 10 shows the effect of silver concentration
on hardness. Hardness values are shown only for
solution heat treated and precipitation hardened
specimens, because these are more representa-
tive. Hardness of as cast specimens can be af-
fected by cooling conditions, while solution heat
treated specimens and annealed specimens can
show similar hardness. (It should be considered
that solution heat treated specimens are used for
precipitation hardening. So a possible hardness
difference can become more apparent). When we
consider the effect of composition on hardness, we
see that an increased silver concentration causes
a decrease of hardness both in solution heat treat-
ed and hardened specimens.

In Figure 10 square dots represent hardness val-
ues of solution heat treated specimens. Triangles
represent the maximum hardness attained af-
ter age hardening. Only the maximum hardness
value is shown for each alloy, irrespective of the
temperature and time required to attain it.

In our opinion, copper is the element showing the
strongest effect on hardness. Zinc appears to have
little effect on attainable hardness, or, better, it
could affect hardness in a less direct way, by shift-
ing the temperature and/or the time required to
attain the maximum hardness, for a given cop-
per concentration. This effect could be observed
by examining the temperatures and times used
for the hardening treatments, but we believe that
this does not belong to the goals of this work.

Figure 11 shows the graph of hardness against

the copper concentration for all the alloys, no one
excluded.
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Figure 11 - Graph of hardness against the copper
concentration (wt%o)

It is evident that an increased copper concentra-
tion increases the hardness of solution heat treat-
ed specimens and also of the as cast material. In
particular, the alloys can become age hardenable.
A relatively low copper concentration (about 80 to
90%0) can be sufficient to increase the hardness
through an age hardening heat treatment.
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Figure 12 - Graph of average grain size against the
silver concentration (wt%o)

Grain size measurement, Figure 12, evidenced
that alloys containing GR2 grain refiner show a
fine grain structure approximately independent
from the concentration of the main components.
Things are more complicated for alloys containing
GR1 grain refiner or deoxidizers, because there is
not refining of the grain by GR1. This behavior
could be expected, because GR1 grain refiner is
cobalt, that is known to act in the solid phase.
It means that cobalt seems to refine the grain or
keep a refined structure after annealing, while in
this work grain size has been evaluated in as cast
alloys. Therefore we can say that refiner GR1 did
not work correctly in investment cast specimens
and the trend to grain refinement with increas-
ing silver concentration could be ascribed to a
corresponding decrease of cobalt solubility in the
alloy.

In alloys containing deoxidizers a rule for the ef-
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fect of silver concentration was not found. It is
believed that, when deoxidizers are present, also
zinc has an effect, favoring an increase of grain
size. We can say that grain refiner GR2 is more
important than the concentration of the main
alloying elements, while deoxidizers tend to in-
crease grain size and their effect is affected by the
concentration of the main alloying elements.

In the following paragraphs we will consider the
results for investment cast and wrought alloys
separately.

18 ct colored gold alloys for in-
vestment casting

The 18ct alloys suitable for investment casting
are twenty-one, namely alloys 3, 5, 8, 9, 10, 12,
14, 15, 17, 19, 20, 22, 24, 25, 26, 27, 28, 29, 31, 32
and 34.

Our experience says that alloys containing the
GR1 grain refiner, more than 17,5%oc zinc and free
from deoxidizers are not suitable for investment
casting.

Tensile test have been carried out on investment
cast alloys; the results for UTS and YS0.1 are
shown in Figure 13.
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Figure 13 - Graph of UTS and yield strength against
silver concentration (wt%o)

A best fit curve (continuous curve) for UTS (tri-
angles) and yield strength (square points) can be
drawn for grain refined alloys (only GR2 grain
refiner was used). The fit of the points is satisfac-
tory and the strength decreases with increasing
silver concentration.

An effect of silver concentration was not detect-
ed in the alloys containing deoxidizer additions,
even if this could be ascribed to the narrow com-
position range. More generally, it could only be
said that deoxidizer addition lowers both UTS
and yield strength considerably, when compared
with grain refined alloys. The UTS is notably



more affected than the yield strength. The results
(stars) appear to show that UTS increases with
an increasing silver concentration: an explana-
tion could be found in the hardness values we dis-
cussed before, Figures 10 and 11. Hardness tends
to increase for lower silver concentrations (higher
copper concentration): therefore the deoxidizer
containing alloys (requiring a longer cooling time
than grain refined alloys) become more brittle.
This goes along with the everyday practice, where
in 18 ct copper rich alloys (red gold) it is quite
difficult to use deoxidizers, because of brittleness
problems (these alloys cannot be rapidly cooled
after casting).

Figure 14 shows the graph of elongation to rup-
ture (E%) against silver concentration. Elonga-
tion is notably higher for grain refined alloys, and
there is a small increase with increasing silver
concentration, in agreement with the above de-
scribed considerations. Elongation is much lower
for deoxidized alloys and there is an increase with
an increasing silver concentration. Zinc reduces
elongation considerably for the same silver con-
centration. This result requires a deeper study,
because the opposite effect could be expected.
Maybe, in the deoxidized alloys, zinc could con-
tribute to an increase of grain size with conse-
quent lowering of elongation, but a wider con-
centration range should be studied to make this
effect clear.
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Figure 14 — Graph of elongation to rupture (E%)
against silver concentration (wt%o)

18 ct wrought colored gold alloys

Twenty-four 18 ct colored gold alloys suitable for
plastic deformation were studied, namely: 1, 2, 3,
4,5,6,7,8,9,11,13, 14, 15, 16, 18, 19, 21, 23, 26,
217, 30, 31, 32 and 34. Mechanical characteristics,
drawability and work hardening curve were mea-
sured on these alloys.

The results for the tensile strength against silver
concentration are shown in Figure 15.
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Figure 15 - Graph of UTS and yield strength against
silver concentration (wt%o)

There are two best fit curves for UTS (triangles):
the upper curve refers to specimens grain refined
with refiner GR2, while the lover curve refers to
specimens containing the refiner GR1. The same
holds true for the yield strength (lower curves -
square dots).

The refiner GR2 seems to be more efficient even
if the difference between the two refiners seems
to decrease with increasing silver concentra-
tion. With higher silver concentration the yield
strength no more depends on the refiner type: it
appears to confirm the trend observed for grain
size.

A graph of the data on elongation to rupture is
not shown, because they are all very similar and
a correlation with alloy composition is not appar-
ent. Elongation values were in the range of 27 to
32% for red gold and 31 to 34% with higher silver
and zinc concentration.

Figure 16 shows the results of the deep drawing
tests. It is not possible to find a clear effect of com-
position on drawability. In our opinion, this hap-
pened because drawability is affected by many
parameters. We identified two main parameters,
zinc concentration and grain size: the higher the
zinc concentration the higher drawability will be.
In figure 16 the alloys with higher zinc concentra-
tion (alloys 11, 16, 21 and 26) gave the highest
drawability values. Alloy 14 gave an unexpected
result, but this datum will be neglected for the
moment.

It appears that, for the same zinc concentration,
alloys with larger grain size are showing better
drawability than alloys with finer grain size (with
the same zinc concentration, alloys refined with
GR1 show better drawability than alloys refined
with GR2). Moreover it appears than drawability
is increased by a higher silver concentration, i.e.
softer alloys show higher drawability.

To get a deeper understanding of drawability a
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wider experimentation should be carried out with
carefully selected silver and zinc concentrations.
Subsequently the same main alloying elements
concentrations could be tested with the addition
of the GR2 grain refiner.
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Figure 16 — Graph of drawability against the silver
concentration (wt%o)
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Figure 17 - Work hardening best fit curves for 18 ct
colored gold alloys

The work hardening curves, Figure 17, gener-
ally confirm the behavior of hardness of solution
heat treated alloys, i.e. an increasing silver con-
centration (or a decreasing copper concentration)
makes the alloys softer. Only the work hardening
curves of alloys 3, 4, 18, 19, 27, 32 and 34 are
shown in Figure 17, because they represent dif-
ferent concentrations of silver/copper. The other
curves have been omitted to avoid confusion in
the graph.

18 ct white gold alloys

Twenty-two white gold alloys were studied. Their
compositions are listed in Table 4 as a function
of nickel concentration (and, secondly, of zinc
concentration). In Table 4 GR1 and GR2 are the
same grain refiners already used for the 18 ct col-
ored gold alloys.

Table 4 — Composition of the 18 ct investigated
white gold alloys (weight %o)
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Spec- |y | Ni | zn | Cu | GRI|GR2| 2% | Ag

men S

Alloy | 750 | 25 | 25 | B
1 ance

Alloy | 250 | 375 | 375 | Bl | x
2 ance

Alloy | 750 | 375 | 375 | Bak X | X
3 ance

Alloy | 055 | 375 | e25 | Ba- X
4 ance

Alloy | 050 | 5o | 30 | Ba- | x
5 ance

Alloy 250 | 5o | 30 | Ba- X | X
6 ance

Alloy | 750 | 50 | 35 | Ba- X | X 5
7 ance

Alloy 250 | 50 | 45 | B2l X
8 ance

Alloy 250 | 605 | 175 | B2k X
9 ance

Alloy |05 | 625 | 30 | B2k
10 ance

Alloy 250 | 605 | 30 | B2k X X
11 ance

Alloy | 250 | 605 | 35 | Ba-
12 ance

Alloy | o5 | 625 | 35 | Bak X
13 ance

Alloy 750 75 35 Bal-
14 ance

Alloy 1250 | 75 | 35 | Bal X
15 ance

Alloy | 750 | 75 | 35 | Bl X | X
16 ance

Alloy | 250 | 75 | 50 | B2l X X | 25
17 ance

Alloy 1250 | 875 | 375 | B2
18 ance

Alloy |05 | g75 | 49 | Ba- X
19 ance

Alloy | 255 | 100 | 25 | B2l X X
20 ance

Alloy | 250 | 120 | 45 | B2
21 ance

Alloy | o5 | 120 | 45 | Ba- X
22 ance

In this case too solidus and liquidus tempera-
tures were measured for all the alloys, Figure 18.
A general trend depending on nickel concentra-
tion was not found. Therefore in Figure 18 the
alloys have been subdivided into 3 main groups,
i.e. alloys with refiner GR1, alloys with refiner
GR2 and alloys with deoxidizers (see Table 4).
This behavior should probably be ascribed to the
wide nickel and zinc concentration ranges: we can
only say that liquidus and solidus temperatures
seem to become higher with an increased nickel
concentration. Zinc appears to lower these tem-
peratures and the addition of deoxidizers mainly
lowers solidus temperature.
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Figure 18 - Graph of solidus and liquidus tempera-
tures against nickel concentration (wt%o)

To obtain a better understanding of the correla-
tion between composition and melting range, we
considered alloys with GR2 and deoxidizer addi-
tions (suitable for investment casting) and alloys
with GR1 and GR2 additions (suitable for cold
working) separately. In the case of alloys for in-
vestment casting, Figure 19, solidus and liquidus
temperatures seem to become higher with in-
creasing nickel concentration for the alloys con-
taining GR2. For the deoxidizer containing alloys
liquidus and solidus temperatures seem first to
increase and then decrease with increasing nickel
concentration. Also the melting range appears to
widen, going from alloys with GR2 additions to
deoxidizer containing alloys. Moreover it is evi-
dent that solidus and liquidus temperatures of
deoxidized alloys are lower than the correspond-
ing temperatures in alloys with GR2 additions.
We believe that this behavior could be ascribed to
the fact that in the alloys containing only deoxi-
dizer additions there is usually a higher zinc con-
centration that notably affects the melting range.
Alloys 7 and 17 were not considered, because of
the silver concentration (nickel concentration
50%0 and 75%o respectively) that strongly lowers
the melting temperature.
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Figure 19 - Graph of solidus and liquidus tempera-
tures against nickel concentration (wt%o) — Alloys for

investment casting
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Figure 20 - Graph of solidus and liquidus tempera-
tures against nickel concentration (wt%.) - Wrought

alloys

When considering wrought alloys, Figure 20, it
can be seen that, in the case of GR1 containing al-
loys, the melting temperature first increases and
then decreases with increasing nickel concentra-
tion. But the composition of alloy 21 is nearly
similar to alloy 22 (for investment casting) and
the anomalous behavior could be ascribed to the
high zinc concentration. Effectively a higher zinc
concentration — nickel concentration being the
same — lowers the melting temperature of all al-
loys. Therefore it can be said that zinc notably
affects the melting temperature.

Density is slightly lowered by an increased nick-
el concentration, Figure 21, but it could be con-
sidered as approximately constant, because the
variation is very small, similar to the margin of
error of the density measurement method. Also
the effect of zinc on density is negligible.
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Figure 21 - Graph of density against nickel concentra-
tion (wt%o)
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The results for the color coordinates L*, a* and b*
are shown in Figures 22 to 26.
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Figure 22 - Graph of L* against nickel concentration
(Wt%o)

Nickel appears not to have a clear effect on L*,
Figure 22, so a best fit curve was not drawn. Zinc
concentration appears to be more important, and
L* appeared to increase with increasing zinc con-
centration, for the same nickel concentration,
Figure 23.
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Figure 23 - Graph of L* against zinc concentration
(Wt%o)

Probably L* is also affected by other additions —

e.g. deoxidizers - , but experimental data are too
scarce to reach a reliable conclusion.
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Figure 24 Graph of a* against nickel concentration
(Wt%o)
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Figure 24 shows the effect of nickel concentration
on a*, but probably Ni + Zn concentration should
be considered.
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Figure 25 - Graph of a* against copper concentration
(Wt%o)

If the effect of copper on a* is considered a bet-
ter fit is obtained, Figure 25, where the most dis-
cordant point corresponds to alloy 17, containing
25%o silver.

A clear effect of nickel concentration on b* can be
seen, Figure 26, but in this case too there could be
an additional effect of minor alloying additions,
as in the case of L*. If the graph of L*, Figures
22 and 23, is compared with Figure 26, it appears
that the relevant additions could be the same and
also in the case of b* an effect of deoxidizers is
hypothesized.
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Figure 26 — Graph of b* against nickel concentration
(Wt%o)

Figure 27 shows the graph of hardness against
nickel concentration. As for the colored gold al-
loys, hardness values of solution heat treated
and precipitation hardened specimens are given.
Hardness of solution heat treated specimens
tends to increase with an increasing nickel con-
centration, while the maximum hardness of pre-
cipitation hardened material decreases. In this
case too there is a remarkable scattering of the
results and it is not easy to see a general trend.
We believe that hardness could be strongly affect-



ed by the concentration of main alloying elements
(ratio between nickel — zinc — copper) and negligi-
bly affected by minor additions (such as refiners
and deoxidizers), at least in our case.

Data scattering could be ascribed to the marked
differences in zinc concentration. To find a useful
correlation for production processes, we investi-
gated the effect of copper concentration on hard-
ness (this could correspond to considering the
concentration of nickel added to zinc). The results
are shown in Figure 28. It can be seen that, also
in the case of white gold, copper enables to in-
crease hardness after a suitable heat treatment.
The hardness values of alloys 7 and 17 have been
omitted in figures 27 and 28 because the addition
of silver makes these alloys not comparable with
the other alloys.
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Figure 27 - Graph of hardness against nickel concen-
tration (wt%)
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Figure 28 - Graph of hardness against copper concen-
tration (wt%)

Even if copper concentration is considered, draw-
ing a good best fit curve is not easy. We believe
that also in this case it could be ascribed to differ-
ences in zinc concentration. Therefore the curves
are only approximated, because several data
points were discarded, but an interpretation could
be given. In our opinion the hardness of solution
heat treated alloys decreases with an increased
copper concentration. This effect can be verified
in the everyday practice, where the feeling is that

an increase of nickel concentration makes the al-
loy harder. As for the maximum hardness after
precipitation hardening, the graphs seem to show
that the alloys become precipitation hardenable
with a minimum copper concentration of about
160%o.

Regarding grain size, it is evident that GR2 is
much more effective than GR1. It guarantees a
consistently fine grain (about 100 pm) irrespec-
tive of alloy composition. The trend of grain size
with GR1 seems to confirm our results with 18 ct
colored alloys: GR1 is not effective in investment
casting and probably its effect improves with low-
er copper concentrations.

The behavior of grain size is more difficult to un-
derstand for deoxidized alloys. The best fit curve
shows that average grain size decreases with in-
creasing nickel concentration, down to the fine
size obtained with GR2. This result was unex-
pected, because usually deoxidizers tend to in-
crease grain size. It should be verified whether
the grain refining effect depends on the nickel
concentration only (see also alloys with GR1) or
if nickel could form compounds with the deoxidiz-
ers that can act as grain refiners.
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Figure 29 - Graph of average grain size against nickel
concentration (wt%o)

The graph of nickel release rate against nickel
concentration is shown in Figure 30. It can be
seen that the addition of deoxidizers notably in-
creases the nickel release rate, with the same
main composition. The addition of the grain re-
finer has a beneficial effect on nickel release rate.
Also silver addition to the alloy, with the same
nickel concentration, reduces the nickel release
rate. Therefore we confirmed the results of other
works, i.e. that nickel release rate does not de-
pend on nickel concentration only.
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Figure 30 - Graph of nickel release rate against nickel
concentration (wt%o)

18 ct white gold alloys for invest-
ment casting

Thirteen 18 ct white gold alloys for investment
casting were studied, namely alloys 3, 4, 6, 7, 8,
11, 13, 15, 16, 17, 19, 20 and 22. We considered
all alloys containing also deoxidizer additions as
suitable for investment casting.

The results of the tensile tests are shown in Fig-
ure 31.
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Figure 31 - Graph of UTS and yield strength against
nickel concentration (wt%o)

The results from alloys 7 and 17 were not con-
sidered for drawing the best fit curves. Gener-
ally UTS and yield strength are higher for grain
refined alloys than for alloys containing only de-
oxidizers. UTS and yield strength increase with
increasing nickel concentration: UTS increase
seems higher for deoxidized alloys. This result re-
quires a confirmation, but it could be ascribed to a
grain refinement effect related to the increase of
nickel concentration. Generally a fine grain struc-
ture leads to improved strength characteristics.
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Figure 32 - Graph of percent elongation to rupture
against nickel concentration (wt%o)

Apparently an increase of nickel concentration
causes a decrease of elongation to rupture. This
could be related to the increase of UTS and yield
strength of the alloys with GR2. In the deoxidized
alloys elongation is more constant, even if alloy
22 shows a somewhat higher elongation. We be-
lieve that this behavior could be mainly related
to zinc concentration, because deoxidized alloys
usually contain more zinc than other alloys. Prob-
ably elongation should be related to nickel and
zinc concentration and to grain size.

Wrought 18 ct white gold alloys

Fifteen of the studied 18 ct white gold alloys are
suitable for plastic deformation, namely alloys 1,
2,3,5,6,7,9,10, 11, 12, 14, 16, 18, 20 and 21. All
alloys not containing deoxidizer additions were
considered as suitable for plastic deformation.
The results of tensile tests are plotted in Figure 33
against the nickel concentration. In this case too
grain refined alloys show higher tensile strength.
The GR2 grain refiner is clearly more efficient.
UTS and yield strength increase with increasing
nickel concentration.

A graph of the values of percent elongation to
rupture is not shown, because all the values are
quite similar and there is no appreciable effect
of alloy composition. Elongation values are in the
range 24 to 28%.
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Figure 33 - Graph of UTS and yield strength against
nickel concentration (wt%o)
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Figure 34 - Graph of drawability against nickel con-
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The results of the deep drawing tests are plot-
ted in Figure 34 against nickel concentration.
Drawability decreases with increasing nickel
concentration and is consistently lower for alloys
containing GR2, as compared with alloys con-
taining GR1. For the same nickel concentration,
drawability increases with an increased zinc con-
centration.

Nickel and zinc concentration and grain size
are the parameters affecting drawability more
strongly.

400 T T T T T T T

Alloy 1 4
Alloy 3 A

3754 @
*

3504 v Alloy 11
L]
A

Alloy 20
Alloy 21
—— Best Fit Curve

325 o

300

275 4

HV Hardness

250 4

225 4

200

175 -

150 T T T T T T T T T T

Thickness Reduction (%)

Figure 35 - Work hardening curves for 18 ct white
gold alloys

It has been found that an increase of nickel con-
centration goes along with an increased suscepti-
bility to work hardening. Only the work harden-
ing curves of alloys 1, 3, 11, 20 and 21 are shown
in Figure 35, to have a clearer representation.

Conclusions

The above described results are only the first part
of a much wider project.

After developing a suitable set of characterization
tests, data for all concerned gold alloy caratages
should be collected and analyzed. In this paper we
described the characterization methods, and the
data for 18 ct gold alloys are discussed. The data
for 14 ct gold alloys are already available and the

data for 9 and 10 ct alloys will be available before
the end of 2010. Therefore information for all car-
atages will be presented in the following years.
After concluding this part, we intend to determine
the parameters having a more important effect
in each production process, to be able to classify
each composition with regard to the intended use.
In this way, it will always be possible to recom-
mend the most suitable composition for each use
and, if the choice should be made on the basis of
color, we should already know possible contrain-
dications or processing limits.

Certainly the knowledge of physical and chemical
characteristics of the alloys allows a comparison
among the various compositions and enables to
make a selection based on objective information
and not on feelings or working habits.

As for the part presented in this paper, we believe
that the characterization method we developed is
suitable for our purposes. The required amount
of material, the number of tests and the physi-
cal state of the alloys appear to guarantee a very
good compromise between the data to be collected
and the required time.

We believe that the data we collected are quite
interesting and for several characteristics we suc-
ceeded to obtain a representation of the effect of
the concentration of the main components of the
alloys. The quality of the results seems to be good
and only a few results departed from the expected
trend. These are only a few and it could depend
on experimental conditions. Certainly we should
characterize tailor-made alloys to verify the ob-
served trends more accurately: in particular this
is true for white gold alloys.

These characterizations could also enable us to
find the interconnection among different param-
eters, when a characteristic is affected by many
parameters. For example zinc concentration could
affect drawability in conjunction with grain size.
It is obvious that also the effect of minor addi-
tions, such as grain refiners and deoxidizers,
should be investigated for the sake of complete-
ness. This work is not included in this project, but
it should be carried out in the future.

Another point for investigation is to develop tech-
nological tests, but these also are less important
in our priority list, that points to a basic charac-
terization of precious gold alloys.
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