Characterization of 14 Karat Gold Alloys

Table 1 Composition of the 14K investigated yellow
AbStraCt gold alloys (weight %)

This paper is a continuation of the project we : —
presented at the 2010 Santa Fe Symposium® in Specimen | Au | Ag | Zn | Cu | GRI | GR2 | Deoxidizers

which we defined a characterization system and Alloyl |58 | 207 | 415 | Balance | X

analysis of data on 18K gold alloys. The research

. . Alloy 2 585 | 2075 531 | Balance X
carried out since then has enabled us to connect Y

the physical-mechanical characteristics of each Alloy3 | 585 | 207 | 664 | Balance | X

alloy with its chemical composition, thereby iden-

L . i Alloy 4 585 | 2075 | 945 | Balance X
tifying the best solution possible to produce a
specific item. We have decided to report all data Alloy5 | 585 | 07 | %45 | Balance | X
related to the analysis of 14K white- and colored- Alloy6 | 585 | 2075 | %45 | Balance X
gold alloys, including alloys suitable for both in-
Alloy 7 585 | 415 581 | Balance X

vestment casting and fabrication. We used the

same characterization method presented in our Alloy8 | 585 | 415 | 705 | Balance X

2010 paper, so it will not be specified once again. Alloyd | 585 | 415 | ® | Balance| X

Alloy 10 585 | 415 9%45 | Balance X
. Alloy 11 585 | 51875 | 56025 | Balance X

Data Analysis

Alloy 12 585 | 5395 | 945 | Balance X
Fourteen-karat colored-gold alloys have been di- Alloy 13 | 585 | 6225 | 6225 | Balance | X
vided into yellgw- _aqd rgd-gold alloys. We decid- Alloy 14 | 585 | &% | @25 | Balance <
ed to adopt this distinction because of the large
number of redgold alloys at our disposal and to Alloy15 | 585 | 8 | 415 | Balance | X
carry out more extensive analysis. Since all test- Lega16 |585| & | 2% |Balance | X
ing was carried out only on 14K alloys, from now

Lega 17 585 83 664 | Balance X

on we will omit specifying we are talking about
14K gold alloys. Lega18 | 585 | %45 | 373 | Balance X

Thirty-two yellow-gold alloys were analyzed and

. .. Lega 19 585 | %45 | 53% | Balance X
are in Table 1. These alloys were sorted in in-
creasing order based on silver and zinc concentra- Lega20 | 585 | 101675 | 664 | Balance | X
tions. We also l}lg.hhghted any presence of grain Lega2l |585| 187 | & |Balance <
refiners or deoxidizers for each alloy.
Lega 22 585 | 119935 | 39965 | Balance X

Lega 23 585 | 1245 | 10375 | Balance | X

Lega 24 585 | 1245 | 10375 | Balance X

Lega 25 585 | 12865 | 4357 | Balance | X

Lega 26 585 | 130725 | 42745 | Balance X

Lega 27 585 | 1875 | 415 | Balance

Lega 28 585 | 19505 83 Balance

Lega 29 585 | 22825 | 2905 | Balance

Lega 30 585 | 234475 | 14525 | Balance

Lega 31 585 | 2573 | 625 | Balance
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Lega 32 585 | 2666 | 14525 | Balance




First of all, we highlighted solidus and liquidus
temperature values, which are symbolized by a
square and a triangle, of all alloys in Table 1. We
carried out a first interpolation with all values,
which resulted in the graph in Figure 1.
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Figure 1 Graph of liquidus and solidus temperatures
(°C) against silver concentration (wt.%)

We then decided to get interpolation curves ex-
cluding liquidus and solidus temperature values
of alloys with a zinc content above 8.0%, i.e., al-
loys 4, 5, 6, 9, 10, 12, 21, 23, 24. Best fit curves
were determined on twenty-three values and can
be seen in Figure 2.
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Figure 2 Graph of liquidus and solidus temperatures
(°C) against silver concentration (wt.%), excluding al-
loys with zinc concentration above 8.0%

Analyzing changes in experimental data based on
silver content, we see that by increasing the silver
content, both solidus and liquidus temperatures
initially decrease, then they enter a second stage
where they increase. The difference between the
interpolated solidus and liquidus values decreas-
es with the addition of silver, showing an opposite
behavior compared to that seen with 18K alloys.
This can be linked to the fact that with 14K alloys,
an increase in silver content means a decrease in
zinc. The wide melting range could be influenced
by the zinc concentration (which on average is
greater for alloys with less silver content).

The graph of Figure 3 shows density variation
based on silver content. It shows that an increase
in silver causes an increase in density. The in-
fluence of zinc on density can be observed with
alloys 1, 2, 3 and 4 in which, silver concentration
being equal, zinc increases from alloy 1 to alloy 4.
The result is that, with an equal content of silver,
an increase of zinc means a decrease in density.
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Figure 3 Graph of the density (g/cm?®) against silver
concentration (wt.%)
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Figure 4 Graph of L* against silver concentration
(Wt.%)

Analyzing L* color coordinate changes in Figure
4, there is a general increase with silver content.
It appears that, silver being equal, an increase
in zinc is followed by an L* value increase (little
information is available in this respect). On the
other hand, no law seems to explain this phenom-
enon. For this reason we decided to analyze L*
progress based on the sum of silver and double
the content of zinc.

This way we achieved a more defined trend (Fig-
ure 5) but still not acceptable in our view because
some data are still too far from the interpolation
curve (e.g., alloy 13 diverges a lot from the best-fit
curve).
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Figure 5 Graph of L* against silver and double the
zinc concentration (wt.%)

In a* color coordinate, an increase of silver makes
the color change from red to green. In Figure 6 we
considered a* progress depending on the sum of
silver and double the zinc concentration. This de-
cision was made because zinc seems to influence
the change of color toward green more than sil-
ver. After analyzing all alloys we can affirm that
the resulting interpolation is good and allows us

to confirm that the influence of zinc in changing
color toward green is double compared to silver.
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Figure 6 Graph of a* against silver and double zinc
concentration (wt.%)

Looking at the b* color coordinate, in which “color
dimension” changes from blue to yellow, we see a
rising trend depending on silver and zinc content
with a consequent shift towards yellow (Figure 7).
Comparing alloys 21, 27, 30 and 31, we see that
by increasing zinc concentration there is a gradual
shift of the b* color coordinate toward blue. The in-
terpolation curve was achieved by excluding data
on alloys 23 and 24, which were too far from the
other dots (we are referring to the two dots on the
right of the graph, much lower than all the other
data). The reason is because alloys 23 and 24 have
a higher zinc concentration, and this probably
strongly influences final experimental results.
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Figure 7 Graph of b* against silver and double the
zinc concentration (wt.%)

Let’s proceed by analyzing the registered hard-
ness trend. Figure 8 shows that hardness chang-
es after solution annealing and after precipita-
tion hardening, both of which show significant
trends as we already explained in our 2010 Santa
Fe Symposium® paper. Hardness after casting,
on the contrary, could be influenced by cooling
conditions.

The graph highlights how an increase in silver
concentration increases hardness (which is ex-
actly the opposite for 18K), both for solution-
annealed and precipitation-hardened specimens.
The square symbol represents hardness after so-
lution annealing and the triangle refers to hard-
ness after hardening heat treatment. (We have
reported the maximum hardness value recorded
irrespective of temperature and time necessary
to reach that specific value.) Our results clearly
indicate that silver is the element that affects
the matching hardness the most. This leads us
to think hardness happens through precipitation
in a second stage, which is silver-rich, and not in
order and disorder as with 18K alloys. With an
equal content of silver, alloys with more zinc seem
to have slightly lower hardness values. It is still
to be seen whether zinc can influence maximum
reachable hardness values by changing tempera-
ture and time. Based on our data it seems that,
silver being equal, an alloy with more zinc can
reach maximum hardness values by staying in
the furnace a shorter time. The graph in Figure
8 seems to indicate that in order for an alloy to be
hardened (with proper heat treatment), it must
have at least 7.5% silver.
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Figure 8 Graph of hardness against silver concentra-
tion (wt.%)
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Figure 9 Graph of average grain size against the silver
concentration (wt.%)

With reference to grain size in the graph in Fig-
ure 9, it is not possible to extrapolate a trend
based on silver concentration. We can only say
that alloys with grain refiner 1 (GR1) are on aver-
age well refined whereas alloys with grain refiner
2 (GR2) clearly show larger grains (they should
be considered non-grain-refined alloys). Alloys
with deoxidizer, on the other hand, clearly have
the largest grains.

Observation carried out with 14K confirmed what
was observed with 18K. In this case as well, grain
refiner 2 is cobalt and we believe that, as for 18K,
this element should be considered a solid-phase
grain refiner, i.e., it can produce relatively small
grains only during annealing.

Before analyzing 14K red-gold alloys we sepa-
rately took into consideration all data about al-
loys for investment casting and alloys suitable for
deformation.

14K Yellow-Gold Alloys for
Investment Casting

Eleven 14K alloys were suitable for investment
casting, i.e., alloys 6, 8, 10, 11, 14, 17, 18, 19,
21, 24, and 26. Different from 18K, we decided
to consider alloys with at least one deoxidizer as
suitable for investment casting because the high
amount of zinc in 14K could cause surface defects.
We also believe that alloys with little zinc (with
no deoxidizer) could be considered suitable for
investment casting, such as alloys 28 or 31, but
for investment casting we prefer to consider and
suggest only 14K alloys with deoxidizer. After
casting, ultimate tensile stress (UTS) and yield
strength (YS) show a rising trend following an in-
crease in silver concentration (Figure 10).
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Figure 10 Graph of UTS and YS (after casting) against
silver concentration (wt.%)

We can generally affirm that tensile strength
increases by increasing silver. The divergence
of some data is due to the high content of zinc.
For example, alloy 24 has the highest zinc con-
tent and displays the most divergence from the
calculated best-fit curve. It seems that increases
of zinc are followed by a reduction of ultimate ten-
sile stress and yield strength.

We would like to stress that, with reference to de-
oxidized alloys, it is possible to reach a maximum
silver concentration around 13%. There is almost
no alternative to this choice because silicon is the
most used deoxidizing element, and it has little
solubility in gold-silver systems. It tends to con-
centrate on the grain boundaries, constituting
low-melting phase compounds causing embrittle-
ment. For this reason you cannot have silver con-
tent higher than 13% when silicon is present.

As far as after-casting elongation is concerned,
there is a decreasing trend with silver content. In
this case an increase in silver reduces elongation,
in line with what we observed with tensile and
yield strength, i.e., greater UTS and YS see minor
elongations. In the following graph (Figure 11),
we considered only alloys with silicon (alloys 6, 8,



10, 11, 14, 17, 18, 19, 21, 24, and 26).
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Figure 11 Graph of percent elongation to rupture
against silver concentration (wt.%)

Wrought 14K Yellow-Gold Alloys

Twenty-one 14K alloys are suitable for plastic de-
formation (alloys 1, 2, 3, 4, 5, 7, 9, 12, 13, 15, 16,
20, 22, 23, 25, 27, 28, 29, 30, 31, and 32). In this
case we considered only alloys with at least one
grain refiner. We measured mechanical charac-
teristics, drawability and work hardening curves.
With reference to tensile and yield strength fol-
lowing annealing, results are shown in the graph
in Figure 12. In this case, as well, we would like
to stress that both the tensile and yield strength
are increased with greater silver concentration in
the alloy. The graph features several experimen-
tal dots that diverge from the interpolated line.
These can be caused by several factors linked to
the chemical composition of each alloy but, fore-
most, it depends on the zinc concentration. We
believe that a higher zinc content causes lower
tensile and yield strength. Alloys with grain re-
finer 1 show greater tensile and yield strength
compared to alloys with grain refiner 2.
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Figure 12 Graph of UTS and YS against silver concen-
tration (wt.%)

The deformation trend after annealing (Figure
13) shows a decrease when silver concentration
increases. Please note that alloys with low tensile
strength show high deformation, as expected. An
increase in zinc is followed by greater elongation.
Tensile and yield strengths are clearly higher in
the wrought alloys compared to investment cast-
ing alloys, which only have the deoxidizer, where-
as elongation is less (see graphs in Figures 10 and
12 and in Figures 11 and 13).
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Figure 13 Graph of percent elongation to rupture
against silver concentration (wt.%)

Drawability values in Figure 14 are greatly af-
fected by silver and zinc content.

More specifically, in the following graph we see
a decreasing trend in drawability when the sil-
ver concentration increases whereas, silver being
equal, an increase of zinc causes drawability to
increase. Another parameter which influences
this property is grain size. Silver and zinc con-
tent being equal (alloys 4, 5 and 6), the bigger the
grain size, the greater the drawability is. In the
interpolation of the graph in Figure 14, we did
not consider values of alloys with grain refiner 2
(alloys 4, 7, 12 and 22 — the stars in the graph).
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Figure 14 Graph of drawability against silver concen-
tration (wt.%)

The graph in Figure 15 features work-hardening
values of just some alloys (alloys 1, 13, 16, 20, 25,



28, 30, and 32), each featuring a different content
of silver. By analyzing work-hardening curves we
can affirm that materials tend to work harden
more with increasing silver content.
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Figure 15 Work hardening best-fit curves for 14K
yellow-gold alloys

6 Progold S.p.A

14K Red-Gold Alloys

Table 2 features 18 red-gold alloys. These alloys
were sorted by increasing order of silver and zinc
concentration.

Table 2 Composition of the investigated 14K red-gold
alloys (weight %)

Specimen | Au | Ag Zn Cu GR1 | GR2 | Deoxidizers
Alloy 1 585 | 6.225 | 6.225 | Balance X

Alloy 2 585 | 6.225 | 6.308 | Balance X
Alloy 3 585 10 15 Balance | X

Alloy 4 585 | 14.525 | 14.525 | Balance X

Alloy 5 585 | 16.6 | 1245 | Balance | X

Alloy 6 585 | 415 8.3 | Balance X

Alloy 7 585 | 41,5 | 1245 | Balance | X

Alloy 8 585 | 45.65 | 249 | Balance | X

Alloy 9 585 50 15 Balance | X X
Alloy 10 585 52 5 Balance | X X
Alloy 11 585 [ 56.025 | 20.75 | Balance X
Alloy 12 585 | 70.55 | 18.675 | Balance X

Alloy 13 585 | 74.7 | 4.15 | Balance X

Alloy 14 | 585 | 747 | 415 | Balance | X

Alloy 15 585 | 747 | 4.15 | Balance | X

Alloy 16 585 83 20.75 | Balance | X

Alloy 17 585 | 120.35 | 12.45 | Balance X
Alloy 18 585 | 1328 | 83 | Balance | X
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Figure 16 Graph of liquidus and solidus temperatures
(°C) against silver concentration (wt.%)

Both the solidus and liquidus temperatures de-
crease progressively as the silver content is in-
creased in 14K red-gold alloys as opposed to yel-
low-gold alloys. However, the decreasing trend
for solidus is more marked. With more silver, the
difference between liquidus and solidus is greater
(alloy melting range increases).

Density increases as the silver content is in-
creased in 14K red-gold alloys, as is observed in
yellow-gold alloys. No specific remarks can be
made about the influence of zinc in this regard
because of the small number of alloys analyzed
and the variation in zinc content (please note that
we are talking about a maximum density varia-
tion in the range of 0.5 g/cm3). Interpolation was
carried out without considering alloys 12 and 15,
which greatly diverged from the other results, as
seen in Figure 17 (the two stars).
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Figure 17 Graph of the density (g/cm?®) against
silver concentration (wt.%) in red-gold alloys

Looking at L* color coordinate, no trend regard-
ing silver concentration could be interpolated
(Figure 18). We can only affirm that by increas-
ing silver the L* value increases, but we are not
able to say according to what law. Even consider-
ing the “double effect” of zinc, a reasonable curve
cannot be achieved. In any case, in Figure 19 we
tried to mark an increase in L* depending on sil-

ver and double the zinc.
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Figure 18 Graph of L* against silver concentration
(Wt.%)
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Figure 19 Graph of L* against silver and double zinc
concentration (wt.%)

With color coordinates a* and b*, considering the
trend based on the sum of silver and double the
zinc, we managed to get fairly reasonable trends.
As expected for a*, increasing the content of sil-
ver and zinc changes the color towards green (less
red), and zinc has double the effect compared to
silver (content being equal). The b* value shifts
towards yellow when silver and zinc increase.
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Figure 20 Graph of a* against silver and double zinc
concentration (wt.%)
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Figure 21 Graph of b* against silver and double zinc
concentration (wt.%)

With reference to hardness, we believe the same
considerations stated for yellow gold still apply.
Hardness tends to increase with silver concentra-
tion, as seen in Figure 22. Please note that for
alloys with less than 6.0% silver, there is no dif-
ference between hardness before and after pre-
cipitation hardening. In this case the minimum
concentration for an acceptable hardness in-
crease following heat treatment is fixed at 7.5%.
Therefore, in this case hardness is through pre-
cipitation and is not influenced by possible gold-
copper order.
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Figure 22 Graph of hardness against silver concentra-
tion (wt.%)

14K Red-Gold Alloys for
Investment Casting

Twelve 14K alloys were suitable for investment
casting (alloys 2, 3, 5, 7, 9, 10, 11, 14, 15, 16, 17,
and 18). With reference to 14K red-gold invest-
ment casting alloys, we considered only alloys
with at least one deoxidizer or grain refiner 1 and
zinc content less than 2.1% (alloy 8 is therefore
excluded).

L [MP|
-]
-
k
™

| em

Siver conceniration [wis]

Figure 23 Graph of UTS and YS against silver concen-
tration (wt.%)

The graph in Figure 23 highlights how UTS and
yield strength tend to increase with silver concen-
tration. It appears yield strength is more influ-
enced by silver concentration than UTS. Trends
were calculated without considering alloys with
deoxidizer, which are represented by stars and
pentagons (alloys 2, 9, 10, 11, 17). We did not
manage to calculate a trend even considering all
investment casting alloys, thereby confirming
how much the deoxidizer influences mechanical
properties of the examined alloys. Based on the
same graph, it should be noted that with refer-
ence to yield strength, alloys with deoxidizer
have a trend similar to alloys with only grain re-
finer, i.e., a similar trend could be calculated for
alloys with grain refiner only. With reference to
UTS as well, we can affirm that its trend is simi-
lar to that of alloys with grain refiner only. The
two stars that diverge the most refer to alloys 9
and 10, which contain a grain refiner as well as a
deoxidizer. They seem to increase UTS more than
YS and do not follow the trend exhibited by alloys
with only a deoxidizer. To summarize, we believe
the deoxidizer reduces the mechanical properties
of the alloys but that trend depends on silver con-
tent and is more or less the same as for alloys
with a grain refiner. We could also say that the
deoxidizer reduces tensile strength more than
yield strength.

The graph in Figure 24 shows the trend of elon-
gation without considering alloys 2, 9, 10, 11, 17
(represented by stars), namely alloys with deoxi-
dizer. It should be noted that elongation decreas-
es when silver concentration increases (in accor-
dance with the growth of mechanical properties
observed in Figure 23). In the case of elongation
we believe the previous considerations on the de-
oxidizer still apply, i.e., that generally speaking
elongation is decreased depending on silver, and
alloys 9 and 10 do not reflect this trend because
they are grain-refined. The elongation of deoxi-
dized alloys is inferior to that of grain-refined al-
loys.
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Figure 24 Graph of percent elongation to rupture
against silver concentration (wt.%)

Wrought 14K Red-Gold Alloys

Thirteen 14K red-gold alloys were suitable for
plastic deformation (alloys 1, 3, 4, 5, 6, 7, 8, 12,
13, 14, 15, 16 and 18). In this case alloys with at
least one grain refiner (either 1 or 2) were deemed
suitable for deformation. We observed mechani-
cal properties, drawability and work hardening
of plastic deformation alloys. We used stars and
pentagons to mark alloys with grain refiner 2 (al-
loys 1, 4, 6, 12, 13). The resulting trends were
determined considering all alloys regardless of
whether they featured grain refiner 1 or 2.

Generally speaking, Figure 25 shows that plas-
tic deformation alloys have greater mechanical
properties than investment casting alloys. Yield
strength appears to increase with high silver con-
centration whereas UTS appears to have smaller
increases. Truthfully, we did not achieve as clear
a trend as we did with investment casting alloys.
Rather, we found a wide range of values in the
data that did not allow linking physical proper-
ties to chemical composition.

Figure 26 shows the graph on elongation based
on silver concentration. In this case, as well, stars
indicate alloys with grain refiner 2 and squares
alloys with grain refiner 1. As with mechanical
properties, it is not possible to correlate the re-
sulting data with the variation of silver concen-
tration and or with the type of grain refiner pres-
ent.
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Figure 25 Graph of UTS and YS against silver concen-
tration (wt.%)
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Figure 26 Graph of percent elongation to rupture
against silver concentration (wt.%)
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Figure 27 Graph of drawability against silver concen-
tration (wt.%)

Moving on to analyzing general drawability, it
should be noted that by increasing silver concen-
tration drawability decreases. A clear trend cannot
be set,this depending also on the fact that draw-
ability is influenced by several factors as we have
repeatedly highlighted, i.e., zinc concentration and
grain size. For this reason we drew the graph in
Figure 28 to show the trend of drawability for only
those alloys containing grain refiner 1.

Considering that this is all experimental data, we



can affirm that alloys with grain refiner 1 (which
feature a very close crystalline structure) tend to
decrease in drawability when silver concentra-
tion increases, as is clearly shown in Figure 28
(the farthest value from the calculated trend is
that of alloy 8, the alloy with the most zinc con-
tent but at the same time the one with the small-
est grain size). Divergence can be imputed to dif-
ferent zinc content in different alloys.
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Figure 28 Graph of drawability of alloys with GR1
against silver concentration (wt.%)
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Figure 29 Grain of average grain size against silver
concentration (wt.%)

As far as the size of crystalline grain is concerned
(Figure 29), the same considerations stated for
14K yellow gold apply. Basically, alloys contain-
ing grain refiner 1 are well refined, excluding al-
loy 10, which in addition to grain refiner 1 also
features a deoxidizer that tends to increase the
size of the grain. Please note that alloy 9 has a
grain refiner and a deoxidizer but features fine
grain because the content of grain refiner in alloy
10 is much lower than in all the other alloys with
grain refiner 1. After casting, grain refiner 2 does
not appear to work any longer, whereas alloys
with deoxidizer feature the largest grain possi-
ble. Our experience confirmed what we were ex-
pecting from a theoretical point of view.
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Figure 30 Work hardening best-fit curves for 14K red-
gold alloys

Work-hardening curves highlight how increasing
silver content in the alloy increases hardness, in
accordance with trends observed for hardness in
the graph in Figure 22. In this case, as well, we
have drawn the curves of only some alloys (1, 3, 5,
7, 15, 18) to better appreciate their trend.



14K White-Gold Alloys

Seventeen white-gold alloys were analyzed, as
seen in Table 3. These alloys were sorted in in-
creasing order depending on nickel and zinc con-
centration.

Table 3 Composition of the investigated 14K white-
gold alloys (weight %)

Specimen | Au | Ni Zn | Ag Cu GR1 | GR2 | Deoxidizer

Alloy 1 | 585 | 415 | 415 Balance X

Alloy 2 | 5685 | 415 | 62.25 Balance | X X
Alloy3 | 585 | 498 | 83 Balance X
Alloy 4 | 585 | 62.25 | 41.5 | 62.25 | Balance X
Alloy 5 | 585 | 62.25 | 62.25 Balance X

Alloy 6 | 585 | 62.25 | 62.25 | 62.25 | Balance X
Alloy 7 | 585 | 62.25 |103.75 Balance X

Alloy 8 | 585 | 6226 | 33.2 | 41.5 | Balance | X

Alloy 9 | 585 |62.363| 62.25 Balance | X X
Alloy 10 | 585 |62.454| 58.1 Balance | X
Alloy 11 | 585 |62.505| 58.1 Balance | X X
Alloy 12 585 | 80 70 30 | Balance | X X
Alloy 13 585 | 83 | 498 Balance X
Alloy 14 585 | 83 | 747 Balance X
Alloy 15 585 (83.204| 58.1 Balance | X
Alloy 16 585 [83.255| 58.1 Balance | X X
Alloy 17 585 (84.504| 74.7 Balance | X X
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Figure 31 Graph of liquidus and solidus temperatures
(°C) against nickel concentration (wt.%)

After analyzing all available data, it is not pos-
sible to extract a trend on solidus and liquidus
temperatures. However, it should be noted that
these alloys feature very different compositions.
More specifically, we have to consider that all the
compositions contain a different amount of zinc,
even though they are nickel-based alloys with sil-
ver. This does not allow us to carry out specific
observations on melting range based on data in
Figure 31. For example, for alloys 4, 6, 8 and
12, silver tends to decrease solidus temperature
and decrease the liquidus temperature even less,
thereby increasing melting range compared to a
silver-free alloy. Zinc content being equal, liqui-
dus temperature tends to increase when nickel
concentration increases (alloys 2, 5, 10, 15 where
the zinc content is slightly different). Nickel con-
centration being equal, solidus temperature tends
to decrease more than liquidus temperature when
zinc content increases, thereby increasing melt-
ing range (a less marked phenomenon than the
one observed with silver, i.e., alloys 1, 2, 5, 7, 10,
13, and 14).

Density analysis suffers as well from very differ-
ent compositions. We can exclude the four alloys
with silver, which obviously feature higher den-
sity than other alloys, and the resulting data is
indicated with triangles in the graph in Figure
32. We believe density value can be considered
constant when nickel content changes.

Basically, the graph shows there is a maximum
density variation between the different silver-
free alloys of less than 0.2g/cm3 (a value slight-
ly greater than the limits of our measurement
method). This, together with different zinc-con-
tent alloys, leads us to consider density constant
when nickel concentration changes. For the same
reason, the contribution of zinc to density varia-
tion is negligible.
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Figure 32 Graph of the density (g/cm?®) against nickel
concentration (wt.%)

With reference to L*, a* and b* coordinate trends,
we plotted graphs in Figures 33, 34, 35 and 36.
No trend depending on nickel can be found for L*
coordinate. It appears L* is influenced by the con-



tent of zinc, but also by analyzing L* data based
on zinc concentration, no acceptable trend can
be found. We tried to check whether there was
a correlation between L* and the sum of nickel
and zinc (and also of nickel and double zinc), but
with no result. We decided not to add these last
two graphs because they are not significant. We
can only say that, nickel being equal, L* seems to
increase when zinc increases. Alloys with silver
are indicated by stars.
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Figure 33 Graph of L* against nickel concentration
(wt.%)

With reference to a* coordinate in Figure 34, it
appears that it decreases when nickel increases.
It is evident that a* is influenced also by zinc
concentration so we decided to analyze the trend
depending on nickel concentration added to zinc
concentration, which would be the same as con-
sidering the content of copper. We used stars
to indicate alloys with silver, which we did not
consider in the interpolation in Figure 35. It is
evident that when the sum of nickel and zinc in-
creases, the hue of a* tends to shift towards green
(to be more precise, it tends to be less red).
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Figure 34 Graph of a* against nickel concentration
(Wt.%)
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Figure 35 Graph of a* against nickel and zinc concen-
tration (wt.%)
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Figure 36 Graph of b* against nickel concentration
(Wt.%)

On the contrary, the b* value displays a certain
trend dependent on nickel concentration (b* de-
creases when nickel concentration increases). As
was found for L*, it is probable that zinc concen-
tration influenced b* even though no trend can
be found either by analyzing data based on the
sum of nickel and zinc or in the sum of nickel and
double zinc (the last two graphs are not shown
because they are not typical).

As for colored gold, we analyzed the hardness
trend after solution annealing and precipitation
hardening (Figure 37). It should be noted that in
general hardness tends to increase when nickel
content increases. It is also clear why few alloys
can be hardened. We believe we should consid-
er only alloys 4 and 6 as hardenable because of
6.225% silver content. The other two alloys with
silver (alloys 8 and 12) cannot be considered
hardenable because hardness difference follow-
ing precipitation hardening is less than 20% with
alloy 8 and less than 10% with alloy 12 (compared
to solution-annealed specimens). No other alloy
displays hardening increases after hardening
treatment. We believe the hardening mechanism
is the same one as in colored gold (silver-based).
The minor quantity of silver needed in the case
of white gold is linked to the different starting



composition (the latter being nickel-based alloys).
Even with 14K white gold, hardness is exclusively
due to precipitation of a second silver-rich phase.
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Figure 37 Graph of hardness against nickel concentra-
tion (wt.%)
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Figure 38 Graph of average grain size against nickel
concentration (wt.%)

With reference to grain size, alloys with larger
grains are the ones with the deoxidizer only. Al-
loys with grain refiner 2 also feature noticeably
larger grains compared to alloys with grain refin-
er 1. When grain refiner 1 is used together with
the deoxidizer, grains are comparable (same mag-
nitude when talking about size) to the grains of
alloys with grain refiner 1. Contrary to 18K, no
decrease in grain size was observed when nickel
and deoxidizer increased. We believe that in the
case of 14K, the deoxidizer is solely responsible
for grain size growth.
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Figure 39 Graph of nickel-release rate against nickel
concentration (wt.%)

The graph in Figure 39 is about nickel-release
rate. As for 18K white gold, deoxidizers greatly
foster the rate of nickel release. The alloys with
higher release rates contain deoxidizers. Alloys
with grain refiner show lower release values,
composition being equal, thereby confirming the
positive effect of grain refining on nickel release.
Adding silver does not appear to have any real
effect on release values (with the exception of al-
loy 8, the only one with silver but no deoxidizer).
It could be assumed that the negative effect of
deoxidizers is greater than the positive effect of
silver (in 18K we did observe that silver reduced
nickel-release rate). We can confirm that in this
case nickel-release rate depends on nickel con-
centration but not exclusively.



14K White-Gold Alloys for
Investment Casting

Eleven 14K alloys were suitable for investment
casting (alloys 2, 3, 4, 6, 7, 9, 11, 12, 14, 16, and
17). We only considered alloys with at least one
deoxidizer (grain refiner 1 may or may not be
present).

With reference to UTS and yield strength, it can
be generally affirmed that they both increase
when nickel increases (Figure 40). We would like
to emphasize that the four alloys with silver (rep-
resented by a star in the graph) tend to have UTS
and yield strengths greater than the hypotheti-
cally silver-free alloy (with the same main com-
position). These alloys were not taken into con-
sideration in the best fit plotted in the graph. A
comparison of values shows that alloys with grain
refiner show UTS and yield strengths greater
than alloys with the deoxidizer only.
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Figure 40 Graph of UTS and YS against nickel concen-
tration (wt.%)
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Figure 41 Graph of percent elongation to rupture
against nickel concentration (wt.%)

It is not possible to draw an unequivocal trend in
Figure 41 after casting deformation. It should be
noted that alloys with only the deoxidizer show
the most reduced elongation after casting. Nickel
increase is followed by the tendency to reduce

elongation. Silver, on the other hand, does not re-
ally seem to influence elongation.

Wrought 14K White-Gold Alloys

Eleven 14K alloys were suitable for plastic defor-
mation (alloys 1, 2, 5, 8, 10, 11, 12, 13, 15, 16,
and 17). In this case alloys with at least one grain
refiner (and the likelihood of having at the same
time a deoxidizer) were considered suitable for
deformation. For plastic deformation alloys we
recorded drawability and work-hardening curves
in addition to mechanical properties. It appears
that UTS and yield strength following annealing
increase when nickel content increases, as with
casting alloys. A behavior strictly dependent on
the addition of grain refiner or deoxidizer ele-
ments can be observed. More specifically, there
seems to be a great difference between alloys
with both grain refiner and deoxidizer, which
show greater UTS and yield strengths, and alloys
with only grain refiner, as can be seen in Figure
42. Investment casting alloys with silver have
superior mechanical properties. Silver therefore
seems to increase mechanical properties of nickel
white-gold alloys. In this case, as well, alloys with
silver are represented in the graph with stars and
pentagons.
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Figure 42 Graph of UTS and YS against nickel concen-
tration (wt.%)

Elongation following annealing (Figure 43) shows
the same trend as observed in the previous graph,
ie., alloys with grain refiner only (regardless of
whether it is grain refiner 1 or 2) display greater
elongation compared to alloys with grain refiner
and deoxidizer. The elongation trend between the
two groups tends to decrease when nickel content
increases. Composition being equal, alloys with
only grain refiner 2 display slightly greater elonga-
tion compared to alloys with only grain refiner 1.
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Figure 43 Graph of percent elongation to rupture
against nickel concentration (wt.%)

The Erichsen test results, in our opinion, confirm
what we already saw with tensile test data. Alloys
with highest drawability values feature a grain re-
finer (either grain refiner 1 or 2), whereas alloys
with grain refiner and deoxidizer display lower val-
ues. Drawability tends to decrease when nickel con-
tent increases. Alloys with silver display lower Er-
ichsen test values, which are indicated in the graph
in Figure 44 with a star.
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Figure 44 Graph of drawability against nickel concen-
tration (wt.%)

Hardness |HV]

a0 0 3 B ]

Thickness rcucion |

Figure 45 Work-hardening best-fit curves for 14K
white-gold alloys

Work-hardening curves display the same trend as
for 18K, i.e., when nickel increases the material
tends to work harden more. The graph in Figure 45
features alloys 8, 10, 15, and 17.

Conclusions

As anticipated last year, we focused this paper on
14K alloys. We can confirm that the data collected
basically reflect what our daily experience tells us.
Clearly there are a few results that departed from
the expected trend. We have to analyze if they could
depend on the experimental conditions. To do that,
we should characterize tailor-made alloys in order
to observe the accuracy of trends. It appears we
must carry out more tests on white gold because,
in many cases, we did not find correlations between
the different compositions. Nonetheless, because of
the information now at our disposal, we believe the
data enable us to choose the best composition for
the use required.
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