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Abstract Combinatorial approaches comprised of combina-
torial magnetron co-sputtering deposition and fast screening
methods are introduced to study color as a function of com-
position in Au-based alloys. The microstructures of the thin
films and bulk alloys are identified by X-ray diffraction, and
their colors of the alloys are characterized by optical reflectiv-
ity. The results reveal that when comparing microstructures
and reflectivity, thin films are similar to bulk alloys. In Au-
Ag-Cu solid solutions, the color of the ternary alloy follows
the rule of mixture. For colors resulting from AuAl, interme-
tallic, the color of an alloy scales with the percentage of the
intermetallic phase and the deviation from its ideal binary
composition. In the Au-Al-Cu library, we found a ~90 %
AuAl, area fraction compositional window where copper ad-
dition can be tuned to improve mechanical properties while
keeping purple color, even though Al and CuAl, phases exist.
Moreover, when comparing the color in Au-Cu-Si-Ag
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amorphous and crystalline state solid solution for the same
composition, the colors are essentially identical.
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Introduction

Color is ubiquitous and plays an important role in our daily
life [1]. Although there are various mechanisms underlying
the generation of color, for gold(Au) and copper(Cu), it is their
electron configurations that are responsible for the significant
variation in absorption and reflection of light over the visible
part of the spectrum. This leads to their yellow and red ap-
pearance [1]. Because of their unique colors compared with
other metals, gold and its alloys have been used dating back to
early human civilizations for decoration, jewelry, dentistry,
and a wide variety of tools [2]. Since gold is soft, other ele-
ments, such as copper, silver, and nickel, are added to improve
mechanical properties. However, the addition of alloying ele-
ments into gold also results in variation of color, depending on
how the electron configuration changes with composition.
Dramatic changes in color as a function of composition exist
in systems which form intermetallic phases, such as gold(Au)-
aluminum(Al). In order to improve their workability, variable
of additions into Au—Al binary system are developed, such as
cobalt, nickel, palladium, and copper [3]. For instance, the
Au-Al-Cu system exhibits a wide range of colors, including
reddish, yellow, apricot, silver, and pink, among which the
pink color mainly originates from the formation of purple
AuAl, phase [4, 5]. AuAl, is the most thermally stable phase
in this system and mechanically brittle [2, 6]. This unique
color of AuAl, is due to the interband transitions between
the valence and the conduction bands, leading to a dip in the
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reflectivity spectrum at ~2.2 eV, corresponding to a wave-
length of 563 nm [7-9]. Because of this green light absorption,
the combination of reflected blue and red light of higher en-
ergy results in the intense purple hue exhibited by AuAl,. In
addition, the low energy bulk plasma frequency may also
contribute to the purple color of AuAl, [10]. Au-based alloys
also exist in an amorphous form [11-14]. These metallic
glasses have been discovered in Au-Si and extended to more
practical Au-Ag-Pd-Cu-Si alloys [15]. For Au-Ag-Pd-Cu-Si
alloys, the color and variation of color with composition have
been studied by measuring yellowness index after tarnishing
[15]. Such tarnishing mechanism lies in the internal oxidation.
Therefore, whether color change happens upon crystallization
without oxidation is not known.

Despite the wide use of some colored Au alloys, a
systematical investigation on the change of color with com-
position and thus phase formation is essential to gain a funda-
mental understanding of the color-microstructure relationship
and therefore better control over these properties.
Conventionally, the investigation of colored gold alloys relies
on the sequential casting technique [4, 5], which is extremely
slow and also discontinuous.

In the present study, we use magnetron co-sputtering to
create compositional libraries that represent large fractions of
the phase space with a continuous compositional gradient [12,
16, 17]. The material libraries can be categorized into three
different groups based on phases formed: solid solution, inter-
metallics, and amorphous state. We explore how color varies
with composition and phase formation by using systematic
compositional, structural, and optical mappings, which reveal
the dominant factors controlling the color of the alloys.

Experimental

Figure 1 illustrates our experimental strategy to study color in
gold-based alloys. We use magnetron co-sputtered deposition
to create material libraries in the form of films. A fully auto-
mated energy-dispersive X-ray (EDX) mapping technique
was used to quantify the compositional spread of the libraries.
The structure and phase formation were characterized by
using rapid scanning X-ray diffraction (XRD) mapping. We
measured the reflectivity of the library within the visible spec-
trum to quantitatively characterize their color. To summarize
the colors in a standardized manner, we converted the reflec-
tivity data into coordinates for the chromaticity diagram.

The continuous libraries were deposited on silicon sub-
strates using magnetron co-sputter deposition from elemental
targets. The three targets were placed in a tetrahedral config-
uration to result in compositional gradient across the substrate.
The composition gradient of the library was tuned by varying
the substrate-to-target orientation. The base pressure before
sputtering was below 10”7 mTorr. The thickness of the film
libraries were ~200 and ~600 nm which were controlled by
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deposition time based on the deposition rate measured using a
quartz thickness monitor. Since sputtering causes defects in
the structure, the as-sputtered films were subsequently
annealed at 330 °C for 10 min to reduce defects and hence
to reveal color (Fig. 2), the same parameters as Furrer et al.
[18]. The thin film library composition was compared to the
bulk samples. These bulk alloys were prepared by melting
elements with purities better than 99.99 % in an arc melter
under Ar atmosphere.

The composition of the alloys in the library was identified
by EDX mapping using an Oxford EDS system with their X-
Max 80 mm? detector and INCA software. The grid spacing is
4 mm for EDS measurement. Structural characterization was
conducted by using scanning XRD with a Cu K« radiation
source. The spacing between XRD scanning measurements
was 2 mm. Morphologies were observed using a Zeiss
SIGMA variable pressure scanning electron microscope
(SEM).

To quantify the color of the libraries, reflectivity with a
wavelength range from 345 to 790 nm was measured using
a microreflectance setup equipped with a commercial silver
reflector for calibration. Since color perception is highly sub-
jective, CIE 1931 XYZ color space was used to quantitatively
define the color differences of the alloys [19]. The reflectivity
over visible light range (380 to 780 nm) was chosen to calcu-
late the coordinates in the chromaticity diagram.

Results and discussions
Color of solid solution

The appearance of Au-Ag-Cu alloys with composition rang-
ing from 30 % (all compositions are in atomic percentage) to
90 % for gold, 6 to 62 % for silver, and 3 to 30 % for copper,
respectively, ispresented in Fig. 3. As confirmed by XRD, all
alloys are fcc solid solutions. Compared to the color of Au-
richalloysin thelibrary, the color of Cu-rich alloysisreddish
(Fig.3c). Thisisillustrated in the shift of the plasma frequen-
cytohighwavelength, absorbing the green colorcomponent.
The color of Ag-rich alloys appears white or colorless due to
the higher reflectance of shorter wavelengths. Since the re-
flectivity spectrum of Ag-rich alloys (Ausg 7Age1.7Cu7¢) is
comparable to that of pure silver, alloys with a Ag content
exceeding 62 % bleach the Au—Cu color on the thin film. As
summarized in the chromaticity diagram (Fig. 3d), the colors
within this AuAgCu library are essentially yellow. The vari-
ation in color within this system which is comprised only of
solidsolutionsis determined by the coloroftheir constituents
and can be essentially predicted by the weighted average of
the color of their constituents, namely the rule of mixture of
optical constants, refractive index 7, and absorption coeffi-
cientk[20].
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Fig. 1 Schematic of experimental strategy to study the effect of chemical
composition on color. a Magnetron co-sputter deposition from three 2-in
targets which are placed in a tetrahedral symmetry to create composition
gradients on a 4-in silicon substrate. b This results in continuous compo-
sitional libraries which are typically annealed to reveal the color. ¢ High-
throughput scanning XRD characterization on the library is used to de-
termine the structures and involved phases. d The determination of the

Color of intermetallics

Figure 4a shows the library appearance and microstructures of
the intermetallics forming Au-Al-Cu system. A color line with
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Fig.2 Au-Al-Cu compositional library sputtered on a 4-in silicon wafer
and annealed for 10 min at 330 °C. Gold composition varies between §
and 50 %, aluminum between 45 and 89 %, and copper between 2 and
13%
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chemical composition is carried out through high-throughput automated
EDX measurement which are summarized in Gibbs triangles. e Reflec-
tivity measurement are carried out at numerous locations on the library
within visible spectrum range, 380780 nm, to quantify the color of an
alloy. f Results from the reflectivity data are represented as coordinates on
the chromaticity diagram

bright and intense purple hue follows the composition line of
aluminum of 70~75 at%, and another short color line follows
the composition line of gold of 30~35 at% and copper of less
than 5 %. Compositions on both these two color lines are
marked as pink data points, serving as a practical composition
library for jewelry manufacture. In order to rule out film thick-
ness effects on the color, we fabricate Au-Cu-Al thin films
with ~200 and ~600 nm thickness. No recognizable difference
in color was observed between films of different thickness,
indicating that the color originates from intrinsic material
property. Figure 4 summarizes the SEM images, composition,
XRD spectrum, and reflectance spectrum for four points along
the color transition direction, respectively. The selected com-
pOSitiOIlS are AU12.4CU7_4A180.2, Au14.4Cu8_4A177.2,
Auy5Cug 3Al74 5, and Auyg 7Cug6Al70.7.

The four selected compositions are marked at their corre-
sponding positions on the thin film library. The color along
this compositional line gradually changes from colorless to
light purple. From the perspective of the reflectance spectrum,
the addition of Au causes a reflectance decrease in the short
and mid-wavelength range, resulting in a light purple and pink
hue. This results in the shift of the minimum which moves to
lower wavelength from 598 to 545 nm, corresponding to
2.3 eV in energy. This value is close to the dip in reflectivity
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Fig.3 Au-Ag-Cu compositional spread and reflectivity measured on Cu-
rich, Ag-rich, and Au-rich on thin film, characterized in chromaticity
diagram. a Sputtered Au-Ag-Cu library on 4-in silicon substrate. b In
Au-Ag-Cu library, gold composition varies between 30.4 and 90.0 %,
silver between 6.0 and 61.7 %, and copper between 2.6 and 29.7 %. ¢

at 2.2 eV in AuAl,. The XRD spectrum (Fig. 4c) reveals that
the Al phase disappears with increasing Au.

Reflectivity of Cu-rich, Ag-rich, and Au-rich on thin film, compared with
that of the corresponding pure elements. d Chromaticity coordinates of
Au-rich, Ag-rich, Cu-rich part, and AugssAg »5.7Cug 7 which locates at
the center on AuAgCu library marked in chromaticity diagram and their
location and composition marked in Fig. 3a, b, respectively

A detailed microstructure investigation is shown in Fig. 5
where more alloy compositions are studied along this highly
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Fig. 4 Microstructures, compositions, XRD spectrum, and reflectance
spectrum for Auis 4Cuy4Algo2, AuissCugaAlysa, AugssCugzAlyy s,
and Au;g-,Cujg¢Alyg.7, respectively. The compositions are chosen at
equidistantly alloys along the color transition in the copper rich part of
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the film. a Physical locations of the selected points and their
microstructures. b Composition range covered in the library and
colored compositions marked as pink dots. ¢ XRD spectrum of the
selected alloys. d Reflectance spectrum of the selected alloys
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Fig. 5 AuAl, phase percentage change, peak shifts for crystal planes,
and color transition along highly colored gradient line (Fig. 4a) with
composition transection of increasing Al% but decreasing Au% and
Cu%. a The corresponding AuAl, phase percentage drops from 100 %
to under ~10 % with increasing percent Al. b For alloys identified as
100 % AuAl, phase region, the peak shifts of (2,2,0) and (3,1,1) planes
as examples are shown with decreasing to lower degrees as increasing
Cu% constituent, indicating a solid solution of Cu into Au. ¢ Distance of
CIE coordinates to white point of several corresponding alloys compared
to that of bulk AuAl, alloy

colored gradient line. AuAl, phase percentage drops from
100 % to eventually under ~10 % with increasing Al% con-
stituents (Fig. 5a), while the overall alloy appears silver as the
distance of the CIE coordinates approaching white point
(Fig. 5c¢). For alloys identified in the 100 % AuAl, phase

region, the peak shifts of (2,2,0) and (3,1,1) planes, for exam-
ples, result from the solubility of Cu into Au (Fig. 5b).

In order to evaluate if this combinatorial method can be
used to draw conclusion about the bulk alloys, we com-
pared the microstructure (Fig. 6a, b) and reflectance spec-
trum (Fig. 6c¢) for the selected composition of
Au,; 7Cuj gAly; 3 in bulk and thin film. Although the bulk
sample exhibits a different microstructural morphology
from that of film (Fig. 6a), the dominant phase is AuAl,
in both bulk and film (Fig. 6b). According to EDS mea-
surement, AuAl, is the bright phase in the bulk sample
(upper panel in Fig. 6a), while the darker one is a mixture
of CuAl, and Al phase (Fig. 6a). The different length
scales in the microstructures of bulk and film samples
originate from the different cooling rates, growth mecha-
nisms, and growth direction. Despite these different mi-
crostructural morphologies, the reflectivity spectrum of
the bulk and thin film samples are essentially identical,
as shown in Fig. 6¢. The calculated coordinates in chro-
maticity diagram indicates that these two data points lo-
cate so close in chromaticity diagram that the color vari-
ation between bulk and thin film samples is negligible.
This indicates that the color of the alloys is determined
by the stoichiometry-driven phase formation; the influ-
ence of their morphologies is also negligible. Therefore,
the thin films can predict the color of bulk samples.

Furthermore, we fabricated bulk samples of five composi-
tions chosen from the library along the line of high color
gradient at Au—Al rich part (Fig. 7a). Their SEM images on
the right column reveal that the shape of the AuAl, phase
ranged from dendritic to circular. Figure 7b illustrates the cor-
relation between AuAl, fractions in the SEM image and the
constituent element percentage for each bulk samples. The
fraction AuAl, first increases and then decreases with the in-
creasing Au and Al ratio. At Au,g 3Cus »Alg7 s, where the ratio
of Au over Al approximates the AuAl, phase, the AuAl,
phase has the highest area phase fraction. In this case, AuAl,
and other phases present together following the rule of mix-
ture, meaning that the intensity of purple hue relies on the
fraction of the purple phase. Here, both Auyg;Cus,Alg7 s
and Auzg4Cus sAlgo; exist a high AuAl, area fraction over
~90 % and define a compositional window where Cu addition
can be tuned to improve mechanical properties while keeping
purple color.

By measuring the reflectance spectrum of the prepared Au-
Cu-Al bulk samples, we calculate and express their colors in a
chromaticity diagram, as shown in Fig. 8. All alloys are locat-
ed in the purple range. Because the saturation of the color can
be described as the distance to the white point, AuAl, is the
most saturated. Au,g3Cus,Alg7 5 is the most saturated in the
ternary library, which is in agreement with our previous ob-
servation that the highest AuAl, area percentage in
A, 3Cus ,Algy 5 results in the most purple color of the alloys.
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Fig. 6 Comparisons of microstructures and reflectivity between thin film
and bulk samples with same composition. a Microstructures of bulk form
Auy; 7Cuz gAlys 3 (top) compared with that of the same composition on

Color of amorphous alloys

Amorphous metals exhibit superior mechanical properties in-
cluding high strength, hardness, elastic strain limit, corrosion
resistance, and thermal plastic forming capability [21]. Due to
this combination of properties and processibility, they are
promising materials for applications [22]. However, whether
the amorphous metals will undergo a color change upon crys-
tallization is not well understood. Revealing that the possible
color difference of amorphous and crystalline phases is

(a)

Cu

A

Fig. 7 Microstructures of Au-Cu-Al bulk samples and their correspond-
ing AuAl, phase area fraction. a Arc-melted bulk alloys prepared with the
same compositions along the highly color gradient line on the film (/ef?)
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important, a possible appearance change might limit their ap-
plications originated from the customers’ aesthetic
preferences.

Figure 9a, b display the appearance of Au-Cu-Si-Ag amor-
phous and crystalline films with identical composition ranges.
The amorphous phase forming region is presented in Fig. 9a, b.
Intuitively, the color is essentially the same for amorphous film
(Fig. 9a) and crystalline film (Fig. 9b), indicating that the crys-
tallization has a negligible effect on color for this library. To
quantitatively reveal how the color of amorphous alloys varies
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with crystalline, we measured the reflectivity of three composi-
tions in both amorphous and crystalline states. As shown in
Fig. 9c, the reflectivity of the chosen amorphous alloys is nearly
the same as that of crystallized ones. Furthermore, the coordi-
nates of the amorphous alloys on the chromaticity diagram are
close to those crystalline alloys, suggesting that the color differ-
ence is indistinguishable to the naked eye.

These observations are not surprising, because the amor-
phous state is similar to disordered solid solution. For the

0.30
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current Au-Cu-Si-Ag system, the primary crystalline phases
are solid solutions as well. As showed in the preceding sec-
tion, the color of solid solution follows the rule of mixture,
e.g., the color is a mixture of the constitute elements.
Therefore, for the Au-Cu-Si-Ag alloy system, the color differ-
ence of amorphous state from crystalline state is minor proved
by the similar chromaticity diagram coordinates.

Typically, processing and shaping of amorphous alloys are
carried out taking advantage of their unique thermoplastic
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processability [23-25]. However, in this process, amorphous
alloys may transform into crystalline state, especially when
processing is conducted by temperature ramping to get max-
imum deformation [26]. Our finding that the color difference
between amorphous and crystalline state is indistinguishable
(Fig. 9) is encouraging, because the desired color can be re-
served after processing and one is relieved from one constrain
from the perspective of material selection.

Conclusions

We used combinatorial methods to study color as a function of
composition in Au-based alloys. When comparing micro-
structures and reflectivity, thin films are similar to bulk alloys.
In Au-Ag-Cu solid solutions, the color of this ternary alloy
follows the rule of mixture; it is determined by the weighted
average of the colors of'its elements. For colors resulting from
intermetallics, the alloy color scales with the phase percentage
of the intermetallic phase. In the Au-Al-Cu library, we found a
~90 % AuAl, area fraction compositional window where Cu
addition can be tuned to improve mechanical properties while
keeping purple color. Moreover, the color in amorphous and
crystalline state for same composition is essentially the same.
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