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HIGHLIGHTS

o Silver gold alloy foils belong to Tomb No. 7 from Monte Alban Oaxaca.

e Mixtec goldsmiths prepared Au/Ag/Cu alloys for thin foil fabrication.

o There are solid evidence of depletion gilding to obtain different colorations.

o The microstructure indicates the main mechanical and thermal treatments.

o The nanoindentation is adequate for samples with grain sizes less than 20 pm.

ARTICLE INFO ABSTRACT

Keywords: This work evaluates four groups of silver gold alloy foil samples from Tomb No. 7 from Monte Alban, Oaxaca.

Monte Albén These were classified as received according to coloration as LG1, LG2, LG3, and LG4. These samples were called

&‘V Ag/Cu silver gold alloy foils because of their main elemental composition. These were analyzed (without alterations) via
icrostructure

optical microscopy, scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS). It was
necessary to prepare them by focused ion beam (FIB) cross section to know their real microstructure and finally
to test their indentation hardness (Hyr) and indentation modulus (E;r) to measure mechanical properties. The
experimental results revealed that silver gold alloys were cold-worked and annealed using a mixed technique of
hammering with intermediate annealing for grain-size refinement. These were modified in their mechanical
properties. The LG2 sample was the thinnest (27 pm) and hardest foil (Hyr = 1781.7 MPa). It has the highest Au
content (56.9 wt%) and the lowest Cu content (1.5 wt%) unlike LG4, which was the softest foil (H;y = 325.1
MPa). This sample showed non-recrystallized grains: This was the major superficial damage and led to a deficient
work metal.

Indentation hardness (Hyr)
Indentation modulus (E;r)

1. Introduction

The Mixtec goldsmiths were the most skilled metalworkers of Mes-
oamerica: The most important and outstanding collection of gold arti-
facts of pre-Hispanic Mexico is in the Gold Room of the Museo de las
Culturas de Oaxaca. Almost 80% of the existing Mesoamerican gold
artifacts belong to the Mixtec Culture [1]. The discovery of Tomb No. 7
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from Monte Alban in 1932 by Mr. Alfonso Caso and Valenzuela revealed
important data about the Mixtec’s funerary customs. This funerary
chamber contained the so-called “Treasure of Tomb No. 7 from Monte
Alban” with bony remains belonging to several important Mixtec per-
sons and an impressive quantity of objects manufactured with different
precious materials such as jade, pearls, turquoise, marine shells, silver,
and gold [2,3]. The recovery was highlighted by almost 121 gold pieces
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Fig. 1. Gold foils exhibition, Museo de las Culturas de Oaxaca.
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Fig. 2. Classification of silver gold alloy foils, from Tomb No. 7 Monte
Alban, Oaxaca.

Foil group 1 (LG1)

between breast pieces, rings, false nails, necklaces, bracelets, earrings, a
tiara and a feather made of gold foil, broach, and gold foils. There were
also objects used as ornamental pieces for funerary rites including
corporal ornaments, musical instruments, and tools [2,4,5]. In the late
post-Classic period (1300-1521 A.D.), pre-Hispanic goldsmithing in the
Oaxaca central valleys developed a proper style and designs that amazed
Spanish goldsmiths [3,6]. Monte Albadn city was abandoned by the
Zapotec culture. It was used later as a necropolis for the Mixtec culture.
Funerary customs in ancient Mexico were linked to the huge
magic-religious contexts belonging to pre-Hispanic cultures. These are
part of daily life according to the cultural groups, social and economic
organizations, grade of technological advancements, ideologies, com-
plex religious beliefs, natural resources, and other aspects [7]. Metal-
work was concentrated in specific areas of Mesoamerica where different
techniques for the manufacture of metal artifacts were adopted and
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developed [8,9]. Gold and silver metallurgy mainly occurred in the
Oaxaca area while copper metallurgy was more common in Western and
Central Mexico [1,10,11]. The kind of alloys used in this period were
selected according to the desired properties in ornamental wear such as
acoustic sound, hardness, coloration, and ductility [2].

Several authors including Motolinia, Las Casas, Sahagin, Bernal,
Cortés, and others reported techniques to work with these metals in
Mesoamerica. These approaches include ordinary casting, hammering,
cold-working, lost-wax casting, false filigree, a mixed technique of
hammering with intermediate annealing, and coloration. There were
also several types of gilding, ordinary and autogenous welding; wire-
drawing, embossed work, metallic covering, and unusual castings [2,
4-8,12,13]. Sahagtin describes how metal workers used crucibles made
with a mixture of vegetal carbon and refractory clay to cast native metals
and metals obtained from mineral decomposition (metallic carbonates
or sulfates; chapter 16, book IX from the Florentine Codex). These cru-
cibles could also be used to cast several metals together. Thus, such
crucibles are rarely found during excavations—they were destroyed
after several uses [2,7].

The Mixtec goldsmiths employed several techniques to obtain ingots
and artifacts with intricate details for jewelry, pectorals, and bells [12].
The first cold technique used in America was likely hammering for the
fabrication of foils with several thicknesses depending on the final use.
The technology used in Mixtec goldsmithing to produce gold alloy foils
was based on cold-working and intermediate annealing cycles [5]. Cold
techniques were applied to native metals and ingots of native metals that
had previously been molten. Ethnohistoric sources mention that lami-
nated gold was worked exclusively via hammering to achieve hardness,
employing stones with plane characteristics, and stone or copper tools
for embossed work [2].

Gold (Au), silver (Ag), and copper (Cu) tend to be ductile and can be
mechanically deformed, drawn out into wire, or hammered into sheets
[14]. The Au/Ag/Cu alloys are the result of three precious metals
combined in a FCC crystalline structure. These show a compact atomic
order and are ideal for hammering because of their malleability,
toughness, and resistance to brittle fractures. More specifically, gold
foils were very useful in Mesoamerica to cover wood and ceramic objects
by annealing several times to keep their malleability [2,11,15].
Regarding coloration, the Au/Ag/Cu alloys can vary between reddish,
yellowish, and silvery depending on the metals’ proportions defined by
the metalworkers. These reflect local innovation. Other causes of
coloration are changes in the surface composition for several gilding
processes such as a depletion process in objects buried for a long time by
damaging and corrosive effects, removing metals by etching [2,6], and
exposure to heat [13].

Chemical gilding, hand application, and electroplating are modern
methods of gilding [13]. Lechtman et al. say depletion gilding was first
developed by the Moche culture in Peru from 100 to 800 A.D. This

Fig. 3. Sample LG4, a) relative position of silver gold alloy foils mounted in resin, and b) FIB cross-sections, LV-SEM micrograph.
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Fig. 4. LV-SEM micrographs of superficial damage in samples as received: a) LG1, b) LG2, c¢) LG3 and d) LG4.

Table 1

Elemental composition of silver gold alloy foils after FIB cross-section (wt%).
Sample LG1 LG2 LG3 LG4
Au wt% 25.4 56.9 29.1 25.2
Ag wt% 67.9 41.6 63.6 68.2
Cu wt% 6.7 1.5 7.3 6.6
Total 100% 100% 100% 100%

1G1 LG2 LG3 1G4 Au
2536 56.95 29.07 25.17
67.91 41.56

6.73 149
100% | 100%

Fig. 5. EDS elemental mapping at 800x: a) Au, b) Ag, ¢) Cu and d) Composed
image. Sample LG1.
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Fig. 7. Liquidus projection of Au/Ag/Cu Ternary Phases Diagram [24].
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Table 2

Crystal structure data for the solid binary phases [25].
Solid Phase (Ag), (Auw), (Cu) o ol o2 AuCus AuCul AuCull AusCu
Prototype Cu Cu Cu Cu AuCug AuCul AuCull AuCus

technique then spread into Ecuador, Colombia, Venezuela, Panama, and
Mexico [2,4,9,16]. Most archaeologists believe that the Mesoamerican
metallurgy (Mexico and Guatemala) is related to cultures from other
regions of Central and South America because of certain similarities: It
could have come to the region via maritime trade routes with technol-
ogies exploiting a wide range of materials including alloys of Cu/Ag,
Cu/As, Cu/Sn, and Cu/As/Sn [4,6,8,11,17]. IN today’s society, gold is
used in money, jewelry, decoration, dental work, plating, and a wide
range of electrical circuit applications [11].

There are few studies on the gold alloy objects from Tomb 7 at Monte
Alban using microchemical tests, SEM, EDS, and nondestructive tech-
niques such as proton-induced X-ray emission (PIXE), X-Ray fluores-
cence (XRF), and UV/Vis spectroscopy (UV-Vis) [2,3,5,9,11]. Modern
nanoindentation studies of gold and gold alloys can determine nano-
indentation hardness and stacking fault energies via classical molecular
simulations [18]. The results can correlate hardness and onset of plas-
ticity of single crystalline gold thin films to understand their mechanical
properties [19]. However, this has not been extended to the analysis of
cultural patrimony objects. Our goals was to extend this analysis to the
objects from Tomb No. 7 of Monte Alban, Oaxaca to learn about the
techniques and manufacturing processes involved in their production.

The foil samples were initially analyzed as received via optical

microscopy, SEM, and EDS. Next, the samples were mounted in cross
section using a resin and etched to reveal microstructure. We prepared
the samples by a FIB cross section to reveal the real microstructure, alloy
composition, and internal porosity. Finally, tests for indentation hard-
ness (Hyr) and indentation modulus (Ery) were performed.

2. Materials and methods
2.1. Archaeological material

The Gold Room of the Museo de las Culturas de Oaxaca exhibits
famous gold pieces from the most important collection of gold artifacts
in Mexico [1] including breast pieces, pendants, bracelets, rings, neck-
laces, chin ornaments, zoomorphic pieces, bells, and big gold foils
(Fig. 1).

Small fragments of silver gold alloy foils were collected from a small
box with pieces of several materials from Tomb No. 7; this box remained
in the museum collection. The small fragments of silver gold foils were
studied as received without cleaning or alteration, and before to known
their chemical compositions. They were classified in four groups ac-
cording to their superficial color and labelled as LG1, LG2, LG3, and LG4
(Fig. 2).
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Fig. 8. FIB cross-section showing microstructure of sample LG1, a,b) transversal section and c,d) longitudinal section.
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2.2. Techniques

The first examination was low vacuum scanning electron microscopy
(LV-SEM) using an SEM model FEI XL-30 to observe the surface details
without chemical etching or any metallographic preparation. The first
approach for elemental composition and superficial mapping used EDS.
One piece of each group was selected, and a small section (4 x 2 mm)
was cut with sharp tweezers while trying to avoid deformation. The
sample was mounted in transversal sections using resin with a circular
mold 1 cm in diameter (Fig. 3a). The entire sample was polished and
etched to reveal their microstructures while applying ASTM E—93 and
ASTM E—407-93 standards [20]; optical photographs were recorded. A
Dual Beam Quanta 3D FEG from FEI Co. was used to make two erosions
with FIB via gallium ions: One was in a transverse cross section, and the
other was a longitudinal cross section (Fig. 3b). It is difficult to
cross-section particles and mechanically-weak structures. It is also
difficult to generate smear-free cross-sections of structures having layers
of differing hardnesses; however, this becomes routine with the dual
beam FIB. It is a tool for cross-sectioning MEMS devices without
inducing catastrophic damage. This tool can produce artifact-free
cross-sections of almost any material [21].

The samples were analyzed with SEM and EDS again after the erosion
of the two cross sections to identify the real microstructure and
elemental composition. Finally, the load P and the displacement h were
measured continuously during the test in the nanoindentation tech-
nique. This approach could extract the elastic modulus known as
indentation modulus (Eir) and hardness called indentation hardness
(Hi) of the material from load-displacement measurements [22,23]
with a CSM Instrument model TTX-NHT-bERCOVICH with a Berkovich
indenter and a force of 5 uN. Seven indentation tests were realized in
each sample, and all data are mean curves from the five best tests.
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3. Results and discussion

3.1. Superficial LV-SEM analysis (superficial damage, porosity and EDS
on the samples as received)

A superficial inspection of each silver gold alloy foil sample was
performed as received via LV-SEM to observe superficial damage caused
by processing, corrosion processes during burial, and ancient sample
management. LG1 samples had superficial damage such as pitting due to
copper loss during the possible gilding process or due to environmental
corrosion effects after hundreds of years at the burial site. Damage marks
are 20-180 pm (Fig. 4a). These holes usually contain some materials
such as powders. Topographic heterogeneities such as superficial pro-
trudes and pores with several sizes are seen. EDS showed 61.2 wt% Au,
20.6 wt% Ag, and 1.4 wt% Cu, which represents almost 83.2 wt%. The
most common nonmetallic elements were C, O, Al, and Si representing
about 15.0 wt%. Trace levels of Na, Mg, K, Ca, and Fe constitute the
remaining 1.9 wt%. A relevant detail was the presence of micro-
inclusions with iron. This led to additional non-metallic micro-in-
clusions due to the nature of the manufacturing process and direct
contact with the burial ground.

The LG2 samples had superficial damage such as pitting and porosity
(Fig. 4b). They had the same kind of superficial damage and nonmetallic
micro-inclusions. The superficial EDS results showed that the content of
Au, Ag, and Cu were 51.7 wt %, 13.0 wt%, and 0.9 wt%, respectively.
This group had Zr in very small as agglomerations.

In the LG3 group, different superficial damages were present than in
the other groups of gold foils. They had superficial small rounded par-
ticles on the order of 200 nm in diameter. These were mainly seen in the
big areas (Fig. 4c); LV-SEM micrographs showed topographic hetero-
geneities, longitudinal marks, and pores. Regarding the foils’ elemental
compositions, the first approach on the received samples by EDS showed
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Fig. 9. FIB cross-section showing microstructure of sample LG2, a,b) transversal section and c,d) longitudinal section.
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Fig. 10. EBSD micrograph and X-ray line scans on transversal section. Sam-
ple LG2.

the main elemental composition as 42.1 wt% Au, 36.2 wt% Ag, and 6.9
wt% Cu, which represents almost 85.2 wt%. The nonmetallic elements
identified in this group of foils were C, O, and Si representing approxi-
mately 14.8 wt%. Nonmetallic micro-inclusions were identified in the
LG1 sample.

The last LG4 group had the major superficial damage and extensive
areas with big pores that appear interconnected. They create narrow
channels similar to furrows (Fig. 4d); this may be a result of intensive
gilding processes or exposure to environmental corrosion effects. In
addition, superficial EDS results showed Au, Ag, and Cu amounts of 32.1
wt%, 16.1 wt%, and 1.2 wt%, respectively. The iron presence in this
sample was remarkable (2 wt%) and probably came from the vessel or
tools used for the foil processing. The remaining elements were C, O, Mg,

Materials Chemistry and Physics 242 (2020) 122475

Al Si, and Ca. There were many materials sucked in the surface and
incrusted in the pores— feldspars, clays, quartz, and some minerals from
the burial site.

The corrosion damage in the samples was probably related to the
removal of Cu from the surface and corrosion processes during burial.
LV-SEM observations at 100x of the samples helped us establish a proper
order of superficial porosity as follows: LG4 > LG3 > LGl > LG2.
Moreover, according to the first EDS approach, the samples richest in Au
showed minor porosity because this metal dominates the properties of
the alloy, which is less prone to corrosion than Cu. The LG2 sample had
the highest Au content followed by LG1, LG4, and LG3. LG3 had the
highest amount of Ag followed by LG4, LG1, and LG2. LG3 had the most
Cu followed by LG4, LG1, and LG2.

3.2. Thickness, elemental mapping, and chemical etching

The thickness foils were less than 1 mm. They are on the order of
microns and were 60 pm, 27 pm, 61 pm, and 48 pm for LG1, LG2, LG3,
and LG4, respectively. Fig. 5 shows the elemental maps of precious
metals in sample LG1 mounted in resin at 800x where the lateral sides
are located on the top and bottom of each image and correspond to the
original surfaces of the silver gold alloy foil. The elemental distribution
of Au (Fig. 5a), Ag (Fig. 5b), and Cu (Fig. 5c) appear uniformly
distributed. However, upon observing the composed image with over-
lapping maps, one can see certain gold enrichment on the top and small
concentrations of copper in areas slightly bigger than the gold and silver
in the center of the foil (Fig. 5d). The elemental maps on the four
samples indicate that Au, Ag, and Cu distributions are not completely
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Fig. 11. FIB cross-section showing microstructure of sample LG3, a,b) transversal section and c,d) longitudinal section.
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homogeneous in the transversal section before chemical etching with
aqua regia to reveal their microstructure. After chemical etching, sam-
ples mounted in the transverse section do not present defined grain
boundaries at 600x magnification. This suggests that the grain size could
be extremely small; it is even possible to appreciate three different
colors: green, purple, and red corresponding to copper, silver, and gold,
respectively (Fig. 6a). Reddish coloration in the edge of the sample in-
dicates gold enrichment on the foil surface (Fig. 6b).

3.3. Elemental composition by EDS after FIB cross-sections and phase
diagram

EDS analyses was repeated after FIB cross sectioning of an undam-
aged surface without traces of the abrasives used for polishing. We
compared the wt% contents of the precious metals. LG1, LG3, and LG4
have similar compositions with 25.2-29.1 wt% Au, 63.6-68.2 wt% Ag,
and 6.6-7.3 wt% Cu. These results could indicate that Mixtec goldsmiths
prepared Au/Ag/Cu alloys with similar elemental compositions for foil
elaboration. These are closer to actual 6-karat and 7-karat alloys. In
contrast, LG2 had different contents of these metals. It had the highest
Au content (56.9 wt%) and the lowest Cu content (1.5 wt%) with 41.6 wt
% of Ag close to actual 14-karat alloyat 58.5 wt% (Table 1). A com-
parison between the first EDS approaches of the received samples is
different to the EDS analysis over the cross section surface—especially in
Cu content that is higher in the cross section (nucleus of the foil) than in
the surface without cleaning. This suggests copper loss from the applied
gilding processes. Most ancient metals are impure or are deliberate al-
loys of two or more metals. Native gold usually contains some copper
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and silver; typical gold concentrations are 85-95 wt% with the
remainder being mostly silver [14]. Table 1 demonstrates that these
Au/Ag/Cu alloys are different than native gold and purpose fully
prepared.

Fig. 7 presents the liquidus diagram for the Au/Ag/Cu system
including the points corresponding to LG1, LG2, LG3, and LG4 compo-
sitions (wt%) [24]. The LG1 and LG4 present almost the same compo-
sition, and the LG3 composition is close to the elemental composition.
The LG2 sample has the highest Au (56.9 wt%) and Ag (41.6 wt%)
content with the lowest Cu content (1.5 wt%). Fig. 7 shows that LG1,
LG3, and LG4 were processed at almost the same temperature, which is
close to the melting point of Ag (Tag = 961.8 °C). LG2 was processed at
the highest temperature—less than the melting points of Au and Cu (Ta,
=1064 °C; Tcy = 1085 °C). Materials made from this system have a wide
range of flow points due to the wide temperature range covered by the
liquidus surface [20]. The most important colored alloy systems with
gold bases are Au/Ag/Cu alloys. They maintain 18-karat or 14-karat
specifications and can result in a yellow, pink, or red color by varying
the concentration of silver and copper [25].

Comparing our results for silver gold alloy foils from Tomb No. 7
with others reported by Penuelas et al., the compositions are different
than those reported for artifacts belonging to different museum collec-
tions: MNAH Museo Nacional de Antropologia e Historia (Zaachila-
Oaxaca, Aztecs, Maya), MTM Museo del Templo Mayor (Aztecs), MCO
Museo de las Culturas de Oaxaca (Tomb 7 Monte Alban, Caxonos), and
BSV Baluarte de Santiago Veracruz (Fisherman’s Treasure). The
analyzed pieces by Penuelas et al. from Tomb No. 7 were compared with
other gold collections from Oaxaca and other Mesoamerican areas.

Fig. 12. FIB cross-section showing microstructure of sample LG4, a,b) transversal section and c,d) longitudinal section.
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Table 3

Composition, physical and mechanical characteristics of foil samples.
Sample Thickness(pm) Range Grain size (pm) Pores Average size(nm) Au wt% Ag wt% Cu wt% Hyr (MPa) Er (GPa)
LG1 60 1-12 57 25.4 67.9 6.7 689.13 36.57
LG2 27 0.6-12 148 56.9 41.6 1.5 1781.70 51.93
LG3 61 1-14 137 29.1 63.6 7.3 1091.89 325
LG4 48 ND 106 25.2 68.2 6.6 325.13 17.1

ND - not determined.

There was good agreement with the composition of objects from the
Central Valleys of Oaxaca and Aztec. The gold in the Aztec area likely
came from Oaxaca—this gold was obtained as powder, flakes, and
nuggets from secondary deposits or on the banks of the rivers [4].
However, artifacts from Tomb No. 7 have a different composition to
Maya, Caxonos, and Fisherman’s Treasure items. The Ag alloys from
Tomb No. 7 had less than 5 wt% of Au and Ag contents higher than 90 wt
% [3]. In this sense, they are best described as silver/gold alloy foils
because the Ag content is 41 wt % - 68 wt%, and the Au content is in the
order of 25 wt% - 57 wt%. We next compared the composition of these
foil samples with the ternary diagram Au/Ag/Cu reported by Penuelas.
Three silver gold alloy samples are in the gap of the phase diagram
between 20 wt% Au and 50 wt% Au with no known museum artifacts of
this type [3]. Carmona mentioned that the Mixtec goldsmiths preferred
to alloy gold with silver to reduce the temperature during casting and
attain high-quality objects [4].

Currently, no ternary compounds have been reported in the Au/Ag/
Cu ternary system [25]; three main features enter into the ternary
equilibrium diagram: the AuCu and CusAu superlattices as well as the
region of separation in two FCC phases (solid solution region) that arise
in the Ag/Cu system [26]. Table 2 summarizes the crystal structure data
for the binary phases of the Au/Ag/Cu system.

The three binary subsystems, Au/Cu, Ag/Au, and Ag/Cu behave
quite differently [27]. The classical ordering system Au/Cu forms three
different ordered phases: All of the FCC type are AuCus, AuCu, and
AuzCu. The Ag/Au forms a solid solution over the entire composition
range in the liquid and solid states [24]. The Ag/Cu decomposes into a
Cu-rich and Ag-rich FCC phase. The ternary system Au/Ag/Cu is
dominated by the miscibility gap coming from the Ag/Cu binary edge
and the amount of Ag that dissolves in the ordered Au/Cu phases [27].
Upon addition of Ag, the ordered phases that exist below 410 °C on the
solidus diagram in the Au/Cu binary system are rapidly suppressed and
soon disappear [24]. Experimental information published for the

Load, P(uN)

T T v T T T T T r v T T r
0 100 200 300 400 500 600 700 800
Indentation depth, / (nm)

Fig. 13. Load-displacement curves from Nanoindentation tests with Berko-
vich indenter.

Au/Ag/Cu system from different authors is inconsistent; there is a
discrepancy between calculated and experimental phase diagrams
[24-27]. These data, combined with the fact that diagrams usually only
refer to very slowly cooled metals that rarely occur in archaeological
materials [14], make it difficult to predict with accuracy what phases
should be present in the gold alloy foils and the heat treatment
temperatures.

3.4. Microstructure and internal porosity in FIB cross-sections

To reveal the thin foil microstructures, a FIB cross-section with a
polished finish was carried out in two relative positions as described in
Fig. 3: transversal and longitudinal sections. Four micrographs were
presented for each sample. Two are a transversal section at 2,500x and
10,000x, and two are a longitudinal section at the same magnifications
to reveal micrometric and nanometric details. The LGl sample in
transversal section shows mainly recrystallized grains together with
small areas with no recrystallized grains (Fig. 8a) or annealing twins.
There are some intergranular micro fractures with a length of about 4
pm and tiny iron inclusions (Fig. 8b); moreover, the grain size is in the
range of 1-12 pm. In Fig. 9c and d, degasification pores appear with
different sizes: macropores bigger than 50 nm (from 54 to 68 nm) and
mesopores smaller than 50 nm (44 nm) are far away from the edges of
the foil.

Sample LG2 is the thinnest foil and only has grains completely
recrystallized and annealed in twins. It has macropores from 71 to 560
nm and mesopores from 16 to 47 nm. The big pores in the right side of
the transversal section images were probably produced during corrosion
process during burial (Fig. 9a and b).

The longitudinal section does not have any pores—only some
intergranular microfractures close to the surface of the foil with lengths
of 1-4 pm and twinned equiaxed grains with sizes between 0.6 and 12
pm (Fig. 9c and d). Some Fe inclusions in the range from 600 to 1000 nm
were identified. The EBSD image of the LG2 sample shows areas with
different compositions in Fig. 10a; high Z-contrast is especially common
at grain boundaries. The brightest area is 500 nm on diameter and was
selected to obtain elemental profiles of Au, Ag, and Cu. In Fig. 10b, the
X-ray line scans of Au, Ag, and Cu indicate the elemental variation along
the white outline; the white arrow points to the line section where the Ag
and Cu signals decrease and the Au signal increases. This is evidence of a
probable second phase rich in Au different to the equiaxial grains of
uniform composition.

The LG3 sample has equiaxial grains of 1-14 pm with some
annealing twins (Fig. 11a—d) as well as macropores with sizes of 73-326
nm. Intergranular micro fractures were not observed, but inclusions
from 200 to 1000 nm containing Fe were identified. LG4 had macro-
pores with sizes from 52 to 343 nm, and some mesopores smaller than
50 nm were observed in longitudinal and transversal sections as in the
LG3 foil sample. The most important characteristic in the microstructure
of this sample was the domain of non-recrystallized grains in both sec-
tions (Fig. 12). Clearly, there are no signals of grain enlargement in the
deformation direction as the black arrows highlight (Fig. 12b and d).
Small iron inclusions (300-1000 nm) were also identified as in the LG1
sample.

LV-SEM micrographs indicate that the original cast Au/Ag/Cu alloys
were cold worked and annealed using a mixed technique of hammering
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with intermediate annealing [7]. The microstructure revealed the main
mechanical and thermal treatments established for the metal [28,31].
FCC metals except for aluminum recrystallize by a twinning process
[14]. The processes that occur during annealing of metals are recovery,
recrystallization, and grain growth [15,30]. In cold-working, strain
hardening occurs due to plastic deformation below the recrystallization
temperature. Recrystallization will occur in a reasonable time (e.g., 1 h)
when the temperature is between 0.3 and 0.6 of the absolute melting
point. Moreover, this recrystallization temperature is affected by
different factors such as the chemical composition of the alloy, the
amount and type of plastic deformation, the time for the annealing
temperature, the original grain size, and the deformation temperature
[31].

The LG1, LG2, and LG3 samples showed well-developed equiaxial
grains and annealing twins due to operation at proper temperatures and
times. The LG4 was probably cooled very rapidly, and the normal
crystalline structure was suppressed. Slowly cooled melts rarely occur in
archaeological materials [14]. On the other hand, the Au/Ag/Cu alloys
have low vapor pressure, and therefore there is negligible volatilization
at their normal casting temperatures at approximately 1200 °C [32].
Usually, liquid metals contain certain amounts of dissolved gases; they
are removed when the annealing temperature decreases [7]. The micro
porosity occurs during solidification process. The presence of pores in
MesoAmerican objects is due to the high temperatures up to the alloys’
melting points (it is known that Mixtec goldsmiths were capable of
reaching high temperatures). The micro porosity has been reported for
cast metals with pore sizes from 5 to 0 pm in columnar grains and 25 pm
for equiaxial grains [15]. Nevertheless, in the case of these samples, the
degasification pore sizes are in the range of 57-147 nm after several
cold-worked annealing cycles. Finally, the presence of intergranular
micro fractures in LG1 and LG2 indicate that these foils were fractured
after a certain amount of plastic deformation at low temperatures [7,
14]. Data about grain and pore average sizes are presented in Table 3.

3.5. Indentation hardness (H;t) and indentation modulus (Er)

Experimental deep penetration versus load curves (Fig. 13) show a
hold period at a maximum load of 5 pN in a typical test cycle. The LG2
sample was 27.3 pm thick and is the hardest (Hyr = 1781.70 MPa/Ejr =
51.93 GPa). LG4 was 48.33 pm thick and is the softest (Hyr = 325.13
MPa/E;r = 17.1 GPa). Samples LG1 and LG3 had values of 689.13 MPa/
Eir = 36.57 GPa and 1091.89 MPa/Ejr = 32.5 GPa, respectively. They
had almost the same thickness foil (60 and 61.02 pm) and can be
observed in Table 3.

In general, samples LG1, LG3, and LG4 have similar chemical com-
positions and thicknesses. They have similar Hyr values; nevertheless,
the difference in Hyr values can be attributed to their microstructures as
a result of annealing temperatures and time applied during the final
thermal treating.

Gold with a purity of 99.90-99.99% has a unique property among
metals: its oxide is unstable (its surface remains bright indefinitely)
[29]. It is also extremely soft and ductile. It is known that the hardness
increases with trace impurities and rapidly rises with cold-work. The
effect on the hardness and ductility of the Au/Ag/Cu alloy depends on
the proportions of Ag and Cu. Moreover, the rate of hardening on
cold-working increases much faster with Cu than with Ag. In the
cold-worked material, the final ductility on the hard-drawn alloy in-
creases with the Ag content [32]. The traditional methods of strength-
ening include work hardening, formation of solid solutions,
precipitation hardening, and grain-size refinement [18,31]; the me-
chanical properties of solid solutions are sensitive to grain size in the
sense that the hardness and strength increase for Au/Ag/Cu alloys as the
grain size is reduced [15].

The grain size in traditional polycrystalline metals is on the order of
25-150 pm [15]. In this case and for Au/Ag/Cu foils, the grain size is
0.6-14 pm as a result of cold-working and annealing cycles, which
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explains their mechanical properties. Many improved strengths of
different karat golds have been developed, and Hy hardness values for
annealing and cold-work include 18-karat gold (Au 75 wt%; Ag 12.5 wt
%; Cu 12.5 wt%) with annealed hardness Hv values of 110 [32] and 150
[33]; the cold-worked hardness Hv was 190-225 [33]. Relatively few
micro-hardness values have been reported for ancient gold alloys. In the
case of a nail and a foil with the same composition (Au 83.7 wt%, Ag
12.8 wt%, Cu 1.5 wt%, Fe, Pt, Sb, Ni, As, Pb, and Si), the highest Hv
value of 60 was obtained from the nail tip, and the Hv values from the
gold foil were 37 and 49 [14]. Nanoindentation tests are more adequate
for archaeometric studies in small samples with grain sizes less than 20
pm because they provide the hardness of individual phases or grains in
the sample. The indentation marks are in the range of 50-100 nm, and
the damage is almost imperceptible unlike the Brinell and Vickers
indenter marks used for micro-indentation tests.

4. Conclusions

Mixtec goldsmiths used Au/Ag/Cu alloys for thin foil fabrication. All
samples analyzed contain these three elements in different proportions
with compositions close to modern 6-karat, 7-karat, and 14-karat gold.
Samples LG1, LG3, and LG4 have almost the same composition in wt%.
These may have been deliberately specified for silver gold alloy foil
elaboration. Superficial damage observations by LV-SEM and EDS
mapping in cross section before chemical etching are solid evidence of
depletion gilding processes applied to obtain different colorations by
removing copper or producing corrosion process during burial. Micro-
structure identification via metallographic analysis was not possible.
Thus, FIB erosion was necessary to reveal the microstructural details at
the micrometric and nanometric levels. This metallurgical insight is not
visible using traditional metallographic observations. LV-SEM micro-
graphs revealed that original casting Au/Ag/Cu alloys were cold-worked
and annealed using a mixed technique of hammering with intermediate
annealing for grain-size refinement. These were modified in their me-
chanical properties. The LG2 sample was the thinnest and hardest foil. It
had the highest Au content and the lowest Cu content unlike LG4 that
has the softest foil with non-recrystallized grains. The major superficial
damage was present on the as-received sample and suggests deficient
work metal. Moreover, the LG4 sample presented intermediate values of
thickness and Au content as well as the highest Cu content. Samples LG1
and LG3 were the thicker foils with similar ranges of grain size and Au,
Ag, and Cu contents but different indentation hardness and indentation
modulus values. This is probably due to LG1 having small areas with no
recrystallized grains as shown in LV-SEM micrographs. The experi-
mental results indicate that Mixtec goldsmiths sometimes did not have
precise control of all variables during metalworking.
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