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1 Introduction

Fire gilding is a historic gilding technique, developed more than 2000 years ago. For
more than 1500 years, it was the dominant gilding method in Europe until it was
replaced by modern electrolytic gilding in the mid 19th century. The widespread
use through the centuries makes this method particularly interesting for historical
questions.

Characteristic of fire gilding is the use of mercury during the gilding process. The
mercury is largely evaporated, but a certain amount stays in the golden layer. The
presence of mercury in a sample is a giveaway for the use of fire gilding as gilding
method.

However, recent studies revealed that the process of fire gilding might not be suffi-
ciently understood for unambiguous identification of the technique.

Building on previous studies, this thesis works toward the development of a destruction-
free unambiguous method for identification of fire gilding. For this, a more in-depth
understanding of the process, and the behavior of mercury in the gilding is necessary.
This is why this thesis tackles the analysis of mostly lab-made fire gilded copper and
silver sheets from a variety of different angles.

The three general areas of interest presented in this thesis are:

1. The preparation of samples and the analysis of how mercury behaves during
the preparation.

2. The identification of a characteristic property of fire gilded objects apart from
the sheer presence of mercury. And a subsequent detection of this character-
istic with a destruction-free method.

3. How different factors, such as age and layer thickness, might influence the Hg
content.

This was mainly done through [X-Ray Fluorescence analysis (XRF)|performed at the
BAMline of Berliner Elektronen-Speicherring-Gesellschaft fiir SYnchrotronstahlung
IT. These measurements were complemented with Monte Carlo simulations
of spectra, and an initial set of [Particle-Induced X-ray Emission (PIXE)]

Particular fields of study were the development of the Hg content during the gilding
process, the influence of artificial aging and layer thickness on the detected Hg
content, and analysis of cross section cuts of the gilded layers with regards to the
Hg distribution.



1.1 Gilding

If not stated otherwise, the contents of this sections are based on publications by A.
Oddy [1} 2|, P.A. Lins [3], E. Darque-Ceretti [4] and A.V. Anikin [5].

The history of humanity is thoroughly intertwined with its metallurgic know-how,
the technological ability to extract and process different metals. The names of dif-
ferent periods in humanities prehistory (Chalcolithic, Bronze Age, Iron Age) attest
to this. Through the ages, technological advances facilitated civilizing, cultural, and
economic changes by creating new materials and thereby opening the door for new
possibilities.

Civilization changed a lot from the time humans first extracted solid copper from
colorful ores in the fifth millennium BC. What has not changed however is its fasci-
nation with gold.

Gold is the noblest of naturally occurring metals, has a distinct appearance and
great malleability. It usually is not present as a solid metal but in form of alloys
with other metals such as copper and nickel. Due to all these factors, gold is and has
been for a very long time, above all, a status symbol; used as jewelry, ornaments,
currency, and investment option. In modern times, gold became more important as
a valuable material in the field of electrical engineering due to its good electrical and
thermic properties and its resistivity to corrosion. This, however, has little relevance
to the topic at hand.

Apart from that, gold is not the most serviceable material. With a density of
19.3 L3 it is very heavy and with a Mohs hardness between 2.5 and 3, comparable
to that of copper, rather soft. It is also quite expensive and hard to extract in large
quantities. All this considered, gold was usually attached to the surface of pieces
of other metals/materials to ennoble and decorate them, a process known as gilding.

One of the oldest gilded objects ever found, an Egyptian vase with gold decorated
handles, dates back to approximately 4000 BC [4], silver nails found in Northern
Syria had their heads wrapped in gold and are more than 5000 years old [6]. Both
objects were gilded with a very rudimentary form of foil gilding: Gold is hammered
into thin sheets or foils, which are then wrapped around the object in question and
mechanically affixed.

The gold layer applied with this method was loose and not suited for normal
wear as it could easily detach. The method evolved, however, by either applying
some form of glue (e.g., egg white) or burnishing sheets of gold together. The latter
method is easily possible with gold due to its non-reactivity with air or other mate-
rials, allowing overlapping gold sheets to fuse.

Around 2000 BC, the method evolved once again when methods for further purifi-
cation of gold were invented in Mesopotamia. Pure gold can be hammered out into
very thin gold leaves, which were then attached with an adhesive or by carving small
grooves into the base material. The grooves are hammered shut to fix the foil and
leaves in place. Even today, organic materials are gilded with this method.

The natural decay of the organic glues used in archeological samples usually leads
to a loss of the gilding. Only small traces of gold stuck in groves and folds remain.
As a side note: The term gold leaf is usually applied to gold foils so thin that they



are not able to support their weight with a thickness <1pum.

The next large development in the gilding process was the introduction of mercury
into the process around the 3¢ century BC. One of the most important roman
sources for this is the Naturalis Historia by the Roman naturalist and author Pliny
the Elder |7).

A long-held misconception about the way mercury was used at the time, held
among other by Oddy and Vittori 8] and known as cold mercury gilding, that mer-
cury was used as an adhesive applied as a thin film to the material before it was
covered with layers of gold leaf and subsequentially evaporated at room temper-
ature, was based on a wrong translation of the primary source by Rackham and
Warmington [9], as shown by K. Anheuser in 1999 [10].

In reality, mercury was introduced in a process now known as fire gilding. The
method first occurred in china around the 3¢ century BC and spread to Europe
where it was commonly used since the 1% century AC. The general process involves
dissolving gold in liquid mercury to create an amalgam, applying the amalgam to
the desired surface, and heating the surface to evaporate the mercury, leaving a
golden surface of typically 5 - 20 pm thickness behind.

Fire gilding stayed the dominant form of gilding from the beginning of the Christian
Era up to the middle of the 19** century. Some less widespread alternatives were
depletion g¢ilding and powder gilding. The first of these applies a form of chemical
etching by oxidizing the undesired compounds out of the outermost layer of the
surface. The latter is a form of color painting as it disperses the fine gold powder in
a binder.

There are two significant drawbacks to fire gilding that eventually lead to its al-
most complete abolishment in the mid 19** century. It is more expensive than other
techniques and, with evaporating mercury, a huge health hazard. As soon as elec-
tricity generators were invented, people started thinking about utilizing the electric
power for electrolytic deposition of gold on metals. Today it is the dominant gild-
ing method. Alternatives are mostly applied in art and for restoration purposes.
Restoration work is the only field where fire gilding is still allowed.

1.2 Motivation & Aim of this Work

The focus of this work is the previously described fire gilding. K. Anheuser iden-
tified in his work [10] that the color change from silver/grey to golden appears at
around 260°C. For the goldsmith, there is no reason to further heat the material
once the desired golden-colored surface is achieved. They will, therefore, interrupt
the heating process and continue with polishing the material after it has cooled.

Referencing the Au-Hg-phase diagram [11] (see figure , it becomes clear that this
is not hot enough to fully evaporate mercury from the amalgam-system as there are
still stable solid Au-Hg configurations at this temperature (¢-phase). This observa-
tion is in agreement with empirical studies that determine the typical Hg content
of fire gilded materials in the range of 5-25%, occasionally even higher. This lead
many researchers to the conclusion that 5% is the natural lower limit for mercury



in fire gilded objects |10} (12} 13|

Figure 1 — Phasediagram of the Au-Hg-system under variable pressure. [11]

However, recent studies on gilded silver objects from the Antikensammlung Berlin
by B. Niemeyer et al. [14] showed some unexpected results (see figure [2).

Figure 2 — Mercury contents of 70 different fire gilded silver objects from the Antikensammlung
Berlin. The sample names in the upper part of the figure are the identification numbers used in
the Antikensammlung. Note that the x-axis is sorted chronologically but not scaled to represent
the actual age differences between the samples. [14]

The samples before the 15 century AC (shown in blue and red) show Hg contents
below 0.5%, which can be explained by insufficient purification or storage of the
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gold. Samples from the 2"¢ century onwards show elevated levels of the Hg content
above the 5% threshold, which identifies them as fire gilded. Within the 1% century
AC, however, there are a variety of samples with Hg contents in the region between
0.5 and 5% (e.g., samples 32-38).

These samples show that the current understanding of fire gilding might not be
sufficient for a clear identification of the process and are the main motivation for
this work.

This work builds on the Bachelor’s thesis by this author [15] and a previous Master’s
thesis by S. Kuhn [16] that both investigated possibilities for a destruction free
identification of fire gilding on silver and copper substrates by Kuhn and
combined with [Neutron Activation Analysis (NAA)| by Margreiter).

The Bachelor’s thesis posed new questions about the Hg content within the
golden layer and the behavior of mercury with time and during the gilding process.
It further indicated that the Hg content is affected by the chosen substrate.

This thesis tries to answer the raised questions with a particular focus on the de-
velopment of a destruction-free identification method for fire gilding in light of the
recent, so far unexplained, findings of slightly elevated Hg contents. Particularly
interesting is the identification of a characteristic of fire gilding beyond the sheer
presence of mercury. Previous studies suggest the existence of a distinct depth
profile. Which, if present, might be used for such an identification.

Additionally, this work tries to further study the suggested 5% limit as identifi-
cation for fire gilding.

With these goals in mind, efforts were taken to better understand the results
by simulating spectra with a Monte Carlo software. Additionally, initial
measurements of gilded samples were performed, aiming toward the identification
of fire gilding through the combination of two or more methods with different depth
resolution.



2 Methods

This chapter presents an overview of the methods applied during the project. It will
first give a summary of the basic principles of [KXRF] leading into an introduction
to the XMI-MSIM software package for the simulation of XRF}spectra via Monte
Carlo simulations.

Concluding the section of this chapter is an overview over IT and the
BAMline where the XRF}measurements were performed.

In the end, an overview of is given.

2.1 X-Ray Fluorescence Analysis

If not stated otherwise the content of this section is based on the books X-Ray
Flourescence Spectroscopy by R. Jenkins [17] and Instrumentelle Analytische Chemie
by K. Cammann |18|.

is a qualitative and quantitative spectroscopic technique for the chemical char-
acterization of a material. Tt utilizes the emission of characteristic X-rays for the
identification of different chemical elements in a sample. It allows simultaneous mul-
tielement analysis and is destruction-free.

The two basic concepts necessary for the understanding of are the photoelectric
effect and X-ray fluorescence.

The photoelectric effect is one of the possible interaction schemes between photons
and bound atomic electrons. Other possibilities are different types of scattering,
e.g., Compton-, as well as Rayleigh- and Raman-scattering, which will not be further
discussed in this thesis. These phenomena are responsible for the intensity loss when
radiation passes through matter, given by

]A :IO*e"pd (1)

with the [initial intensity (Iy)} the [intensity after passing the matter (74)] the mate-|
rial and wavelength dependend attenuation coefficient (1), the [density (p), and the
material thickness (d)]

If the energy (E) of the incoming photon at the moment of collision is higher than
the |binding energy (¢)| of the electron, the electron is ejected from the atom and
leaves the shell as a photoelectron with a kinetic energy of E{# leaving an ion behind.
This is the photoelectric effect as described by A. Einstein in 1905, earning him a
Nobel prize in 1921 [19). utilizes X-ray radiation to achieve this effect with
high-binding-energy-electrons of inner electron shells. The remaining ions, therefore,
have an electron vacancy on a low energy shell, making them excited ions.

The source of the incident/primary X-rays is discussed in section m

Deexcitation happens through the emission of characteristic X-rays. In this process,
an energetically higher electron of the same atom fills the lower energy vacancy.
The energy difference between the upper and lower electron state is emitted as a
photon in the X-ray frequency region. The energy differences between the various



Figure 3 — The figure shows the schematic basis of Photoelectric effect (left) and emission
of characteristic X-rays afterwards (right).

energy levels are element specific and, therefore, suitable for element identification
and quantification.
The process is visualized in figure

[BESSY]IT applies synchrotron radiation as a primary photon source for [XREF] anal-
ysis, spanning a wide area of the electromagnetic spectrum. Therefore, different
electrons can be knocked out of the atom. Furthermore, there are a variety of po-
tential electrons to fill the emerging vacancy, resulting in a large number of possible
deexcitation routes and emitted characteristic X-rays.

However, upon observing the emitted wavelengths, the so-called diagram lines, it
becomes clear that a set of selection rules apply to the deexcitation. To understand
these rules, a short introduction to the electron configuration is necessary.

A consequence of the Pauli exclusion principle is that every electron in an atom is
uniquely described by the four quantum numbers n, I, m, and s. With the
lquantum number (n)| taking positive integer values and correlating to the electron
shells in Bohr’s atomic model (K=1, L=2, M=3,...). The jangular quantum number]|
with integer numbers from 0 to n-1 represents the orbitals occupied by the
electrons O — 8, 1 — P, 2 — d, ...). Leaving the [magnetic quantum number|
with values from /| to and the [spin quantum number (s)| with a value of
1

either +% or - 5.

Due to spin-orbit coupling, the interaction of the intrinsic angular momentum

of the electron (i.e., its spin) and the orbital angular momentum, the ffotal angular
momentum (/)| is introduced as

J=s5+1. (2)

Combing these quantum numbers gives the transition levels as shown in table
With this established, the selection rules for are

o Alnj>1

o Nl=+1

e ANJ==+1,0r0



Table 1 — The table shows the contruction of transition levels by combining the quantum numbers
and |J] Table taken from [17]

There exists a variety of ways to denote a spectroscopic transition [20]. The widespread
Siegbahn notation is based upon relative intensities of lines. Notations take the form
Kay. The capital letter denotes the shell of the initially produced vacancy and the
following greek letter a set of transition lines grouped by there relative intensities,
with « being the set with highest intensities, 3 the set with slightly lower intensities,
and so on. An index Arabic numeral is used to further distinguishing between lines
in the corresponding set. In some cases, a Latin numeral is given as a superscript
to the greek letter if it is discovered that a line consists of a doublet.

The problem with this nomenclature is its unsystematic nature. From this, a variety
of difficulties arise, starting with the small amount of information transferred with
this system. That is why another notation system was introduced in the 90s, called
the ITUPAC notation.

It follows a simple structure, two transition/X-ray levels separated by a hyphen
(e.g., L3z - K). The small difference between the previously shown notation for transi-
tion levels (see tab. [1)) is that the X-ray levels are prescribed with an Arabic numeral
subscript in the IUPAC notation, as opposed to the previously used Latin subscript.
The first level denotes the vacancy and the second level the X-ray level of the elec-
tron filling the vacancy. The correspondence between the Siegbahn and the TUPAC
notation for the nomenclature of XRFLines is shown in table 2l

Some additional effects might cause confusion when studying [XRF}spectra, mainly
the Auger effect, and dual ionization. The Auger effect describes the possibility of
the characteristic energy being radiationless transmitted to an electron with the en-
ergy Ex_ray - Einding- This effect reduces the number of characteristic X-rays from
a certain energy level and is usually taken into account by the so-called fluorescent
yield.

On the other hand, dual ionization can lead to the emergence of low-intensity
satellite lines in the XRF}spectrum. Dual ionization hereby means an additional



Table 2 — Correspondence between Siegbahn and IUPAC Notations for the nomenclature of
lines. Table taken from [17]

ionization of an atom during the lifetime of the excited state.

2.1.1 XMI-MSIM

As part of this work, energy dispersive spectra were simulated using the XMI-
MSIM software by T. Schoonjans. This section will give a short introduction to the
software [21].

The samples simulated with XMI-MSIM consist of parallel homogeneous layers of
the desired composition. The X-ray source, as well as the geometry of the set-up,
are fully adjustable.

The Monte Carlo code simulates the path of individual photons in the material,
starting from a given direction and energy. Each photon path consists of a number
of subsequent interactions that potentially change the direction and energy of the
photon. Between every interaction, the photon travels a step length (.S;)|interaction-
free. In the end, the photon is either completely absorbed or leaves the material
again, where it can potentially be detected. Figure [4] demonstrates the basic step of
such an interaction.

The basis for the simulation is a generated probability for, among others, step
length, interaction mode, and property adjustment based on the starting configura-
tion, as well as a random number generation system applied to the probabilities to
determine the taken path. More details are given in [21].

2.1.2 BESSY II

The electron storage ring II is a third-generation synchrotron radiation
source operated by the [Helmholtz-Zentrum Berlin fiir Materialien und Energie|
(see figure [5). Tt employs a two-part set-up with a full energy injection
system and the actual storage ring. The injection system consists of a 70-kV DC
thermionic gun, a racetrack microtron for the initial acceleration of the electron,




Figure 4 — Basic picture of a photon-matter interaction as simulated by the Monte Carlo code.
Shown here is the change of photon properties (©;, ®;, ¢;) as a result of a photon-matter interaction,
r;, with the step length, S; between interactions. Picture taken from [22].

and a 1.7 GeV booster synchrotron. [23|

The 1.7 GeV electrons are injected in the storage ring, where they are kept on a
circular path of 240 m circumference by 32 deflector magnets.

Synchrotron radiation is radiation emitted by accelerated charges. It was first
observed by Elder et al. in 1947 [25] and covers a broad part of the electromagnetic
spectrum, ranging from infrared light to hard X-rays. In[BESSY|II, the photons used
for our experiments are generated in undulators, periodically arranged sets of dipole
magnets, forcing the electrons to oscillate and emitting radiation as a consequence

(see [6]).

2.1.2.1 BAMline [27, 28|

The BAMline is a hard X-ray beamline set up and operated by the [BundesAnstalt|
ffir Materialforschung und -priifung (BAM)| the Federal German insitute for ma-
terial research and testing and the [Physikalisch-Technische Bundesanstalt (PTB)]
the German national institute for metrology.

A superconducting 7T wavelength shifter is the source for the photons utilized on
the beamline. Afterward, two individual monochromators (a [Double Multilayer|
Monochromator (DMM)| and a [Double Crystal Monochromator (DCM))) are the
main optical elements that can be used individually or in combination. The beam-
line set-up is shown schematically in figure [7}

Choosing the monochromator is mainly a consideration of resolution vs. flux. The
selects a relatively wide energy band but allows for a high flux rate, while the
does the opposite, sacrificing flux rate for a small energy band. The
uses diffraction as described by Bragg’s law for monochromatization, while the
utilizes interference from photons reflected of different layers for the monochroma-
tization.

Not shown in figure [7] are a set of [Compound Refractive Lenses (CRLs)| which are
used in the set-up to focus the monochromatized high-intensity beam to a diameter
of ~1um [30]. They are shown, together with the Si(Li) semiconductor detector, in
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Figure 5 — Components of BESSY IL [24].
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Figure 6 — Schematic picture of an undulator. The figure shows the alternating arrangement
of dipole magnets (1) with the [spatial period (A,)l the electron beam (2), and the synchrotron
radiation (3). [26].

. .I'—":__-.---— = w DMM DGM
I Wi{1.2nm)/Si{1.68nm), Si(111) or Si(311)
! 300 layer, 2d=5.76

! EE— -___F S —
| s
16000 1610 | 1690 | 4700 5300

0 16000 17640 13300 drStant 10 Source point fmm 27000 oo 37000

Figure 7 — Beam path at the BAMline (top: side view, bottom: top view). Originating from a
7T wavelength shifter, the beam can be monochromatized with a and/or a .

figure [8] A schematic picture of the set-up is shown in figure [J]
Through this set-up, the samples were irradiated with X-rays with a 40 keV excita-
tion energy.
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Figure 8 — Picture of the measurement set up at the BAMline. The synchrotron beam (green)
passes through the focussing the beam to ~1um in diameter. After hitting the sample at
a 45°angle, fixed into a motorized holder, the characteristic X-rays are emitted as fluorescence.
They are detected in the Si(Li) semiconductor detector. Also in the picture are a camera and a
microscope to aim the beam at a particular spot of the sample.

Figure 9 — Schematic picture of the measurement set up at the BAMline with

2.2 Particle-Induced X-ray Emission [31]

Just like is an analytical method based on the emission of characteristic
X-rays after inner-shell ionization. The conceptual difference is the utilization of
accelerated ions, instead of primary X-rays for the ionization.

It is a destruction free method for qualitative and quantitative analysis of liquid and
solid samples.
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3 Experimental

This chapter deals with the experiments performed for the thesis at hand. Starting
with an introduction into the process of fire gilding as performed in the lab, contin-
uing with an overview of the measurements, and ending with a detailed look into
the gathered results.

3.1 Sample Preparation

The preparation of the samples for this thesis was performed in the lab by the author.

The amalgam paste was created by mixing leaves of pure 24 kt gold (Wasner
Blattgold >99%) with mercury five times the mass of the gold. When the ma-
terials came into contact, the gold immediately started to dissolve in mercury and
greyed out while the amalgam was formed. The mix was thoroughly kneaded until
the amalgam paste had a uniform color; the desired texture of the amalgam is thick
and firm but ductile. If the texture is too firm more mercury can be added to reach
the desired ductility.

However, adding more mercury should be avoided if possible, as it may lead to
a very thin and visibly uneven golden layer on the substrate.

Before the paste can be applied to the substrate, the silver and copper sheets had
to be cleaned with water and acetone. This is sufficient for the silver sheets. The
copper sheets additionally had to be treated with diluted acetic acid to remove the
oxide layer.

Previously, the copper sheets were treated with a mercury salt to amalgamate
the surface of the substrate [15] as it is modern practice during the gilding process
[32]. This greatly simplifies the application of the gold amalgam on the copper
substrate but is not a historical approach to the method. The step was, therefore,
substituted for most of the samples with the diluted acetic acid cleansing, which can
be assumed to be a more historically accurate approach.

The amalgam paste was then applied to the prepared substrates with a spatula and
brush. The paste sticks very well to the silver sheet and can be easily spread with
the brush. One has to be careful when applying the amalgam to the silver. Due
to the ease of application, the resulting amalgam layer can become very thin and
result in only a faint golden color at the end.

The opposite is true for the copper. Even with the pretreatment, the amalgam does
not stick very well to the surface, and the application has to be done with care. The
best method was to press small pieces of the paste onto the substrate with a spatula
and then very carefully using the brush to smoothen out the surface.

After that, the covered sheet was heated in the open flame of a bunsen burner at the
top of the colorless flame, with the covered side facing upwards. This is important
since the color is the indicator for when the heating can be stopped. Figure
demonstrates the three stages of the heating process. Shortly after the color-change
to gold, the substrate should be taken out of the flame and left to cool. If done
correctly, the surface looks like shown in figure
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Figure 10 — Picture series of the heating process during fire gilding of a copper substrate. Left:
Glossy amalgam with a lot of excess liquid mercury bubbling off at the start of heating. Middle:
Dull silver/grey amalgam after around 15 seconds of heating. Right: Desired golden surface after
an abrupt color change at the end of the heating process (around 20 seconds of heating).

Figure 11 — Unpolished fire gilded metal sheets. Copper substrate on the left, silver substrate on

the right. .

The results of two common mistakes during the gilding process are shown in figure
The picture on the right shows the typical results of fire gilding on copper when
the amalgam was not applied with enough care, or the treatment with acetic acid
was insufficient. The picture on the left shows the results of heating the samples
too long. On silver, the golden layer fades out, mostly due to diffusion between the
amalgam and the substrate, and on copper, the heat finally leads to oxidization of
the substrate. The layer blackens and crumbles off.

After cooling, the dull golden layers can be hardpolished to get the expected glossy
golden surface.
The described method was assessed during the already quoted Bachelor’s thesis by
this author. For that work, the lab-prepared samples were compared to samples
made by a professional goldsmith, specialized in fire gilding. While the professional
samples look more uniform with the naked eye, the results showed that the lab
samples compared well for homogeneity of the Hg content across one sample and
between different samples. This demonstrated that research on the gilded layers can
be performed on lab-made samples and does not require preparation by a professional
goldsmith.

Another step performed for the thesis was the application of a second golden
layer, done similar to the first. It was shown that this did not affect the Hg content
in a meaningful manner. The step was, therefore, omitted for the work at hand.
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Figure 12 — Pictures of fire gilding done wrong, showcasing some common difficulties and mistakes.
Left: Heating for too long. The golden color fades out on the silver substrate due to diffusion, and
the golden layer crumbling off the copper substrate due to oxidization. Right: Irregular golden
layer on copper substrates due to insufficiently adherent amalgam before heating. .

3.1.1 Additional or adjusted steps

During the course of this work, this standard method was sometimes adjusted or
extended to prepare samples for different measurements.

An adjustment was made to prepare samples for the measurement of a temperature
profile. For this purpose, long copper substrates (3-4 cm long) were covered in the
amalgam and then heated only on the very tip. This creates a heat gradient along
the sample. Heating was stopped when the side in the open flame took the desired
golden color.

To analyze the effects of aging, some samples were heated for a fixed time span at
defined temperatures in an oven.

Cross section samples were embedded in Struers EpoF'ix epoxy-resin after the gilding
process. They were cut and polished in the [HZB| workshop.
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3.2 Measurements

This section will give a detailed overview of the performed measurements. It is
structured after the final purpose of the measurements, i.e., spectra simulation,
preparation analysis, artificial aging, cross section analysis, and one-off |[PIXE| mea-
surements.

3.2.1 Spectra simulation

Utilizing the Monte Carlo simulation software XMI-MSIM, 54 different [XRE]spectra
of a homogeneous amalgam layer with 9 different Hg contents and 6 different layer
thicknesses (see table [3) were simulated. Details on the simulation parameters are
given in the appendix.

Table 3 — An overview over the different simulation parameters used with the XMI-MSIM Monte
Carlo software. The amalgam layer was treated as a single homogenous layer of varying composition
and thickness.

This was done to evaluate the influence of self-absorption and scattering effects and
at least rudimentary correcting for it, if necessary.

3.2.2 Preparation analysis

The purpose of the measurements in this category was to answer questions directly
relating to how the preparation method influences the final results. This is done to,
on the one hand, better understand the process itself and, on the other hand, deter-
mine the necessary preparation steps to acquire consistent and robust results, and
eliminating redundant steps. Two different kinds of measurements were performed
for this.

Influence of polish. The first is the evaluation of whether polish might affect the
quantification of the Hg content. Half of a prepared sample was polished with agate
stone. The other half was left untouched (an example is given in fig [13).

Three silver and three copper samples were prepared with this method. The copper
sheets had previously been used in the Bachelor’s thesis and are therefore treated
with mercury salt for amalgamation during the gilding process.

The copper sheets were measured six times each on the polished and unpolished
sides. The silver sheets were scanned from the polished to the unpolished side with
16 equidistant measuring points.

Temperature profile As described above, a total of three temperature profile
samples on copper substrates were prepared. A first temperature profile sample was
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Figure 13 — Fire gilded silver (left) and copper (right) sheets. The left side of each sample is
polished.

Table 4 — Table of samples analysed for the influence of polish on the determined Hg content.

made to understand the gilding process from the perspective of the Au-Hg phase
diagram [l| (sample: cg). It is important to note that this sample was still prepared
with amalgamation as pretreatment.

With this in mind, two additional temperature profile samples were analyzed during
a later beamtime. These samples were prepared to explicitly compare the influence
of amalgamation on the Hg content during the gilding process. This is why one of
the samples (tg-Hg) was prepared with previous amalgamation and the other one
(tg) without.

A picture of the very first temperature profile sample is shown in figure

Figure 14 — Picture of a temperature gradient sample (cg). The sample was heated from the left
side.

Measurement details are given in table [

Table 5 — Table of samples prepared for temperature gradient analysis during the gilding process.
Sample cg was thoroughly analyzed, samples tp and tp-Hg were prepared to verify previous results.
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3.2.3 Artificial aging

Historic fire gilding samples can be as old as 2000 years. For this reason, a series of
samples and measurements were dedicated to the understanding of how fire gilded
layers evolve over time.

It was assumed that by rule-of-thumb, the reaction rate of a given process (here:
the aging) doubles with a temperature increase of 10 °C. Through this, aging was
artificially accelerated by heating the samples for a set amount of time at a set
temperature.

To be able to perform all measurements during one beamtime, the effect of aging
was not tested with a single sample (heated, measured, heated, measured, ...), but
with a set of samples heated for different amounts of time.

An example of such a set of samples is shown in fig

wiele] | ||
TEELL

Figure 15 — Exemplatory picture of a series of artificial aging samples. Artificial aging time
increases from left to right. Copper substrates at the top, silver substrates at the bottom. The
samples were treated with 200°C between 0.25 (left) and 21 days (right), more details can be found
in table [§] for samples Cu/Ag I-x.

A total of 60 samples were analyzed for this aspect of the ratio, split into three
different series of measurements.

The first sample set was prepared for an earlier beamtime and meant as a prelimi-
nary test run to build on for later sample sets. An overview of the preparation- and
measuring parameters is given in table [0}

Based on these preliminary results, the next set of samples was prepared. The sam-
ples are purely copper substrates. This time, three sample sets were heat-treated
at three different temperatures for clearly defined periods of time to allow for a
comparison between the sets. The amalgam mixtures used for the preparation of
the different sample sets were prepared at different times, leaving room for poten-
tial differences in the gilding based on the amalgam mixture. An overview of the
preparation- and measuring parameters of the 18 samples is given in table [7]

The last set of samples consists of a total of 30 samples, 15 each on copper and
silver. To give the best possible basis for comparison, the same amalgam mixture
was used for the preparation of samples on the same substrate. An overview of the
preparation- and measuring parameters of the 18 samples is given in table [§
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Table 6 — Table of preparation- and measuringparameter of the artificial aging samples for prelim-
inary measurements. The measurement series was used to establish a foundation to plan further
artificial aging measurement series.

Table 7 — Table of preparation- and measuringparameters of copper substrate artificial aging
samples for a systematic measurement series of the effect of aging a sample at different temperatures
and for different periods of time. The t20, t19, and t18 samples were prepared from different
amalgam mixtures.

3.2.4 Cross section analysis

The previously established aim of this work was the establishment of a destruction
free method for the unambiguous identification of fire gilding apart from the sheer
presence of mercury in the sample.

For this, it is necessary to identify specific characteristics in fire gilded samples,
e.g., a distinct depth profile, and subsequently establishing a method to detect this
specific characteristic. The results of previous projects lead to the assumption that
mercury distribution in the fire gilded layer is not homogenous but varies across the
cross section of a gilded layer. This is in partial agreement with K. Anheuser, who
found an enrichment of mercury at the interface of fire gilded silver substrates if
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Table 8 — Table of preparation- and measuringparameters of artificial aging samples for a system-
atic measurement series of the effect of aging a sample at different temperatures and for different
periods of time. Measurements were performed with copper and silver substrates. All samples
were prepared from the same amalgam mixture.

these were pretreated with a mercury salt [10].

If such an interface could be found, a destruction free method for its identification
could be developed, e.g., combination of different techniques with different informa-
tion depths.

Therefore, cross section analysis was a significant part of this project. The general
idea for this kind of research was to physically cut a fire gilded sample and analyze
the cross section with precise, small step measurements, as they are possible
at the BAMline at IT.

To achieve this, samples were embedded in an epoxy-resin and subsequently cut
and polished. Figure shows an exemplary picture of samples prepared as de-
scribed.

A total of 16 samples were prepared this way. 11 on silver substrates, 5 on copper
substrates.

During the first beamtime for this sample set, two mapping scans on one fire gilded
Cu substrate and one fire gilded Ag substrate were performed. These measurements
were initial proof-of-concept tests. The details are given in table [9

Table 9 — Measurement parameters for two cross section analysis samples (1 Cu substrate, 1 Ag
substrate). Both measurements are mapping scans consisting of a variety of linescans across the
sample cross section. The samples were embedded and cut at an angle to increase the cross section
surface.
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Figure 16 — Exemplatory picture of fire gilded copper and silver substrates embedded in epoxyresin
and subsequently cut and polished for cross section analysis. Top: Silver substrate; Bottom:
Copper substrate

Based on previous results, the measurements during the next beamtime focused
solely on cross section analysis of fire gilded Ag substrates. The primary goal was
to verify previous observations. Details are given in table [10]

Table 10 — Measurement parameters for 6 Ag substrate cross section analysis samples. Samples
prl - pr6 were measured with 3 individual linescans each, sample pr8 was analyzed with a mapping
scan.

The last set of measurements regarding cross section analysis focussed once again on
Ag and Cu substrates, but with different purposes. Ag substrates were prepared by
varying the time between the application of the amalgam and the Hg evaporation,
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ranging from immediate heating to a resting period of a whole week. Cu samples
were measured with the main goal of verifying the previous observations.

Table 11 — Measurement parameters for 8 cross section analysis samples (4 Ag substrates, 4 Cu
substrates). One Ag and one Cu substrate sample were analyzed with a mapping scan, the other
samples with 4 individual linescans each. The Ag sample nomenclature (s0x) denotes the number
of days x between the application of the amalgam and the heating process.
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3.2.5 PIXE

To perform a first test on whether profiling information might be extracted, a set of
samples (Ag 0 to Ag I-V), previously used for artificial aging analysis, was measured
with at the Liese-Meitner-Campus of the The samples are shown in
figure [17) and the measurement parameters in table

Figure 17 — Fire gilded silver substrates on a PIXE sample holder. The samples were previously
used during the artificial aging analysis. Information about the samples can be found in table

Table 12 — Measurement parameters for the PIXE analysis of artificially aged fire gilded silver
substrates. The samples were previously analyzed with XRF (See table .
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3.3 Results

This section will give a detailed overview of the data collected during the measure-
ments, presented in a constructive manner corresponding to the respective question.
This section will not present the results of every single measurement. It instead
focusses on a meaningful, sometimes exemplary presentation of the results. A more
comprehensive overview of the data is given in the appendix.

Throughout this thesis, the term Hg content is used as the percentage of mercury
within the gilding layer (consisting of Au and Hg). In praxis this usually refers
to the line intensity ratio of the L, lines in the spectra given by equation
corrected for the different self-absorption of the Hg and Au lines, as presented in
the following section.

I(Hyg)
(I(Hg) + 1(Au) (3)

The line intensities for all XRF measurements are determined by automatic
fitting of the X-ray line intensities with the AXIL code [33].

Hg content =

3.3.1 Spectra Simulation

For the evaluation of the simulation data, the L, ; and L, 5 lines of Hg and Au were
used.

Plotting the simulated Hg content vs. the thickness of the simulated layer yields
results as shown in figure

The simulation was set up in such a manner that the actual Hg content of the ho-
mogeneous mix layer was exactly 25%. However, none of the simulated Hg contents
are below 26.2% and as high as 27.4%. The determined Hg content additionally
significantly increases between layer thicknesses of 0.1 to 20 um.

This observation suggests that the L, lines of Au are more affected by self-absorption
than the L, lines of Hg. The almost constant Hg content determined from samples
with layer thicknesses above 30 pum also suggests that the effective detectable pen-
etration depth of X-rays is around 30 pum. Which is in good agreement with the
literature [34].

To adjust for this, the differences between the actual Hg content and the measured
Hg content were calculated for different layer thicknesses and plotted against the
measured Hg content (see figure [19). Fitting the data sets yielded equations, that
can be utilized to determine the difference between the measured and the actual Hg
content for a given layer thickness (see table [13)).

All further results presented in this thesis were corrected for the determined differ-
ence for a layer of 20 pum thickness, the typical thickness observed in our samples.
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Figure 18 — Hg content determined from simulated spectra of a homogenous layer with
varying thickness and a fixed Hg content of 25%. The figure shows Hg contents determined from
the L, 1 line, the L, 2 line, and the sum of both lines.

Figure 19 — Difference between the measured and the actual Hg content plotted against the
measured Hg content for various layer thicknesses. A fit through the data sets yields an equation
to determine the difference between measured and actual Hg content for a given layer thickness.

26



Table 13 — The table lists the equations that, for a set layer thickness, can be used to determine
the difference between measured and actual Hg content. x refers to the measured Hg content.

3.3.2 Polishing & Temperature Profile

Polish Figure shows the results regarding the evaluation of the influence of
polish on the measured Hg content.

The linescans on the silver samples result in trendlines with varying slopes from
slightly positive to slightly negative. Additionally, the polish edge is not apparent
from the data. This suggests that polish does not affect the measured Hg content
of fire gilded silver samples. The small slopes are probably due to inhomogeneities
of the gilding layer.

A similar conclusion can be drawn from the copper substrate data. Samples C5 and
CE3 show no difference between the polished and unpolished side. An exception is
sample C3, which shows a significant difference between the measurements on the
polished vs. measurements on the unpolished side. Here it appears as if polishing
decreases the determined Hg content. In the light of the other samples, however,
this difference most likely also arises from inhomogeneities.

Temperature profile Figure[21|shows the development of the Hg content during
heating. The sample used for this measurement was prepared with the additional
amalgamation step before the gold amalgam was applied. To verify that the gen-
eral structure of this temperature profile is the same regardless of amalgamation,
a single linescan over two other (one with amalgamation, the other one without)
temperature profile samples were performed. A figure comparing the measurements
is shown in the appendix.

After a steady decrease of the Hg content for about 20 mm, the Hg content drops
over the course of less than 1 mm, remaining almost constant afterwards with a
small decrease during the last 15 mm. This behavior can be understood if it is
viewed through the lens of the phase diagram (see figure 22)).

The rapid decrease in Hg content corresponds to the phase transition from the grey
AusHg phase to the golden AusHg phase with excess liquid mercury. Due to the
high temperature, the excess mercury evaporates almost immediately, causing the
sudden drop in Hg content.
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Figure 20 — Analysis of the influence of polish on the measured Hg content in a sample on copper
and silver. Top: Three fire gilded copper substrates measured on the polished and unpolished
side, shown are the mean values of 9 measurements on each side. Bottom: Three fire gilded
silver substrates measured as a linescan from the polished to the unpolished side. Also added is a
trendline as a rough visualization of the general trend.

3.3.3 Artificial Aging

Three different measurement series for artificial aging were performed. The first was
meant as a test run for later measurements to choose a good temperature for the
analysis, that would, on the one hand, simulate long aging in a small amount of
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Figure 21 - Development of the Hg content during fire gilding on a copper substrate. The sample
was measured from the unheated side (left) to the heated side (right) in 10 linescans. The data
points were adjusted so that the leap in the middle of the figure fell on the same relative position
for all linescans. Displayed are the mean values of these adjusted linescans with their standard
deviation.

Figure 22 — Development of the Hg content during fire gilding on a copper substrate in the
context of the Au-Hg-phase diagram. Temperature profile on the lower left side, Phase diagram in
the upper right. The color gradient is used to represent the measured data in the phase diagram,
color coding different areas of the temperature profile.

time, while still leaving the sample intact, i.e., not visually destroying it. 200 °C
was chosen as the maximum temperature applicable to artificial aging based on the
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results.
However, the results were analyzed in light of the simulated aging time as shown in

table [14] and figure

Table 14 — Table showing the rough timeperiode simulated with the artificial aging at a fixed
temperature for a set amount of time, if the +10 °C — 2x reaction rate rule-of-thumb applies.

Figure 23 — The determined Hg content in artificially aged fire gilded Ag and Cu substrates
plotted against the simulated years as shown in table

Based on these results, it seems like the reduction of the Hg content due to aging
is minimal even over a few millennia. The measurement series was, however, not
optimized for such an analysis. Interesting to note here, is that even samples Ag01
and Cu01 do not undercut the 5 % Hg content, although the samples are visually
destroyed. The last observation is particularly interesting for the initial question of
the validity of the 5% minimum as accepted in the literature.

The follow-up measurement series investigated the influence of varying heating times
at different temperatures. The results are presented in figure
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Figure 24 — Absolute Hg contents of the artificially aged fire gilded Cu substrates plotted against
the heating time, for different temperatures.

For a better comparison between the different temperatures, the Hg contents were
converted from their absolute values to relative values, compared to the highest Hg
content in the respective aging series. These relative values were plotted against the
simulated time, calculated, just like before, from the rule-of-thumb that a tempera-
ture increase of 10 °C doubles the reaction time. This plot is shown in figure

The results suggest a logarithmic relation between the Hg content and the simulated
aging period.

The follow-up measurement series, yielded inconclusive results, mainly due to the
small number of measurement points on the samples. A figure showing these results
can be found in the appendix.

As a closing remark for the artificial aging results, single measurements yielded Hg
contents as low as 3.4 % and 4.5 % for averaged measurements on the Agl-V sample.
They undercut the accepted 5 % limit, although a more thorough examination of
the sample might be necessary, as demonstrated by the inconclusive results of the
whole set of measurements.

3.3.4 Cross section Analysis

Figure [26| presents the key findings regarding the cross section analysis of this thesis.

Cross section analysis shows a distinct distribution of the Hg content across the
sample for Ag substrates. Figure shows an Hg accumulation at the interface
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Figure 25 — Plotting relative Hg contents of artificially aged Cu substrates at different tempera-
tures against the simulated aging periode. Simulated aging periode determined with the assump-
tation that +10 °C — 2x reaction rate. The data suggest a weak logarithmic relation between
both parameters.

between gilded layer and Ag substrate. This cannot be observed for Cu substrates.

Another observation not as apparent as the Hg accumulation, is that the determined
Hg content after the interface, i.e., within the substrate, stays constant for more than
10 pm in Ag substrates and starts fluctuating just a few pm in the substrate for
Cu. Both observations, likely depend on amalgam/Hg diffusion into the substrate.
They suggest that diffusion is significantly easier into an Ag substrate then a Cu
substrate. This is in agreement with previous studies [10].

A general observation is that the development of Hg-accumulated interfaces does not
depend on amalgamation previous to the application of the Au-amalgam. None of
our Ag substrates were treated with the Hg-salt, but all showed the Hg accumulation,
while none of the Cu substrates, independent of previous amalgamation, show such
an accumulation. In fact, the Cu sample in figure 26| was treated with Hg-salt.
This is a new insight into the process and a direct contradiction to previous findings
by K. Anheuser.

The formation of the Hg-accumulated interface is ascribed to the diffusion behavior
of Hg/amalgam. This leads to the question if the peculiarity of the accumulation
is affected by the time between the application of the Au-amalgam and the Hg
evaporation. A set of measurements was dedicated to this question.

The Hg profile was recorded in a small mapping scan across the four samples. To
allow a comparison, the absolute Hg contents were converted to relative values and
the maxima of the profile placed atop of each other. This is shown in figure
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Figure 26 — cross section analysis of a fire gilded silver (top) and copper (bottom) substrate.
The figure shows the development of the Hg content across the interface of the substrate and the
gilding. The surface of the sample is on the right side of the diagram.

The diagrams were the results of mapping scans across the interfaces of the samples (Ag: pr8 from
June 2017; Cu: pra from February 2017). Apart from the Hg content, the diagrams also display
a line for the relative intensities of the substrate. They are shown to visualize the position of the
interface and were used to line-up the different linescans of the mapping to produce this picture,
also giving the uncertainties as the standard deviation.
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Figure 27 — Comparison of relative Hg content distribution across the interface of fire gilded Ag
substrates with different amounts of time between Au-amalgam application and Hg evaporation.
The sample label should be read as S0z, with x representing the number of days between application
and evaporation. Uncertainties omitted for readability.

Due to relatively high uncertainties, the reliability of figure 28| is limited. However,
it appears that the accumulation of Hg at the interface does, in fact, depend on the
time between application and evaporation, since the accumulation is least distinct
for the sample heated immediately after the amalgam application (S00).

A conclusive statement about the time period over which the accumulation takes
place, be it minutes, hours, or days, is not possible from our results. The initial
accumulation, however, only seems to take a few minutes, since it is already clearly
visible in S00.

3.3.5 PIXE

Figure 28| shows the Hg contents of the artificial aging samples Agl-1 to Agl-V as
determined with and

The measurement shows significantly higher Hg contents in the samples when de-
termined with [PIXE] vs. [XRE]| There is no trivial explanation for this observation,
based on our previous results. The only trivial explanation would be that
reaches the accumulated Hg at the interface with a higher information depth, but
this cannot be the case. The L lines, used for the determination of the Hg content
in both methods, allow for a maximum information depth of 20-30 um, as evidenced
by our simulations. This depth is reached by the more energetic primary X-rays

used in the XREl
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Figure 28 — Hg contents of fire gilded and artificially aged Ag substrates as determined with XRF
and PIXE.

4 Conclusion

This work is an important step towards the establishment of a new, destruction-free
method for the identification of fire gilding.

The main achievements are a better understanding of the Hg behavior during gilding,
the development of a correction term to adjust the measured Hg content to
better represent the actual sample composition, insight into the development of
measured Hg content during aging processes, the identification of a characteristic
Hg-accumulation at the interface of fire gilded Ag substrates, and the confirmation
of the accepted 5% minimum.

4.1 Summary

Through Monte Carlo simulations of spectra, we were able to find a correction
term to adjust the measured Hg contents to match the actual batch composition of
the sample.

We also found the information depth of applied to fire gilded layers to be be-
tween 20-30 pum, a value in accordance with the literature.

Regarding sample preparation, the measurements showed that polish does not sig-
nificantly affect the measured Hg content.

The creation of a temperature profile sample enabled us to study the Hg content

during the Hg evaporation. With this, the gilding process could be integrated into
the Au-Hg phase diagram.
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Preliminary results from the analysis of artificial aging, suggest a logarithmic re-
lation between the Hg content and the passed aging period. We also found some
individual measurements that clearly undercut the assumed lower Hg content limit
of 5%. However, these single measurements might not represent the whole sample.

Careful examination of cross sections of fire gilded Ag and Cu substrates found an
Hg accumulation at the interface of Ag substrates, not present in Cu substrates
and independent from amalgamation of the substrate before the application of the
Au-amalgam. An observation directly contradicting previously held assumptions.
Further tests suggest that the formation of this Hg accumulation might depend on
the time between the application of the Au-amalgam and the Hg-evaporation.

First [PIXE| measurements showed Hg contents higher than those determined with
XREl An observation yet to be understood.

4.2 Discussion

The initial observation leading into this work was that fire gilded silver objects from
the 1%¢ century AD in the Antikensammlung Berlin showed low but clearly enriched
Hg contents between 0.5% and 5%. The previously accepted minimum limit for Hg
in fire gilded objects was 5%, leaving the Hg contents in those 15 century samples
unexplained. This lead to two main questions that this work tried to answer.

1. Does the 5% minimum need to be abolished? — Can we reliably reproduce
such low Hg contents in our own fire gilded samples, and if so, how?

2. Can we find another method for the identification of fire gilding except for the
pure presence of mercury, based on other characteristics of fire gilded samples?

In all our samples, a Hg content of even 10 % is rarely undercut, there are very
few single measurements that undercut the accepted 5% minimum limit, but those
were part of an inconclusive measurement series and not robust enough to challenge
the accepted limit. Additionally, even visually destroyed artificial aging samples
showed Hg contents above the limit. Generally speaking, our measurements further
substantiate the accepted limit.

In addition, we found a Hg enrichment at the interface of fire gilded Ag substrates
that forms quickly after the amalgam application due to diffusion of Ag and Hg.
There is no reason to believe that this characteristic vanishes over time. Further-
more with the Hg enrichment at the interface, superficial influences of the sample
surrounding such as leaching in the soil will not significantly reduce the measured
Hg content.

From all this, the elevated Hg content in the 1% century samples of the Antiken-
sammlung Berlin are probably not explained by fire gilding. The concentration of
these samples on a single century, on the other hand, suggests that they are probably
not explained with flawed measurements.
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It might be, that our artificial aging measurements were not sufficient as they did
not take the influences of the environment, e.g. soil, into account, potentially lead-
ing to a depletion of Hg in the sample.

On the other hand, the Hg contents might be explained by the introduction of Hg
into the workspace of ancient goldsmiths during the 1% century. Hg vapor could
diffuse into separately stored gold, which would be used for other types of gilding.

Regarding identification beyond the 5% criteria, we found a clear Hg enrichment at
the interface of fire gilded Ag substrates. This characteristic could be identified with
destruction-free methods by combining techniques with different depth information.
Some preliminary tests were performed during this thesis, such as measure-
ments with yet to be understood results and a rough series of low angle measurements
with inconclusive results, probably due to suboptimal surface conditions.

No characteristic of fire gilded Cu substrates could be found.

4.3 Outlook

Although some important steps toward a new destruction-free identification ap-
proach, at least for Ag substrates, were made, no such method could yet be estab-
lished. Low-angle scans do not seem to be practical due to the surface condition of
the samples. Neutron activation analysis as a bulk method was tested in a previous
work with insufficient results. The application of this method to historical samples
is also quite difficult.

PTXE] seems like a promising method, especially in combination with [KXRF] How-
ever, this work showed that a variety of parameters might affect the detection of the
interface, e.g. varying thickness or even parameters during the preparation of the
samples. This leaves such analysis far outside the scope of this thesis.

Further investigation into the development of the interface through cross section
analysis of artificially aged samples and temperature profile samples are suggested.
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Appendix

Simulation parameters

The only parameters changed between simulations are the thickness and the com-
position of the reference layer in weight percentage (according to table |3)).

Figure 29 — Simulation Parameters of the XMI-MSIM calculations.
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MC Simulations Data

Shown here are the results of the MC simulations with the XMI-MSIM software.
The Hg content was determined from the simulation data and compared to the
actually set Hg content of the simulated layer. The difference between these two
values is shown here.

Figure 30 — Simulation data for the XMI-MSIM calculation. The tables show the determined
differences between the Hg content of the simulated layer (Soll) and the Hg content as deter-
mined from the line comparison (Ist) for the comparison of different lines (Lyipha,1; Laipha,1 and
Laipha,1+Laipha,2) for different layer thicknesses.



Polished vs. Unpolished

Shown here are the line intensities as determined with the AXIL code from the XRF
spectra for the Cu, Au, and Hg lines. From these intensities, the Hg content was
determined, the average calculated and standard deviation determined.

Figure 31 — Line intensity data for the Cu, Au, and Hg lines of the polished vs. unpolished
measurements with Cu samples on the left and Ag samples on the right. Given are the line
intensities for Cu, Au, Hg L lines as determined with the AXIL code, the Hg content calculated
from the intensities, as well as the average and standard deviation for Cu samples on the polished
and unpolished side.
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Temperature Profile

The following figure compares the single line scans over comparison samples for
amalgamized and not-amalgamized Cu substrates to the amalgamized Cu substrate
mapping sample. The aim was to verify a similar structure in the Hg content
development.

Figure 32 - Comparison between the Hg content of temperature profile samples of not-
amalgamized and amalgamized Cu substrates. Aim of this was to see if amalgamation influences
the general structure of the Hg content in a temperature profile. This does not seem to be the
case.

Artificial Aging

This section shows the measurement data for artifical aging analysis during this
thesis.

Figure 33 — The figure shows all Hg contents determined during the preliminary artificial aging
test run. Ag samples are off-set to the right for readability, the sample label is the same as for the
Cu samples to the left. An overview over the details of the different samples is given in table @
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Figure 34 — Hg contents determined from every measurement of the first structured artificial aging
samples of fire gilded Cu substrates. The table is split in six sample(Probe)/Hg content columns.
The samples are uniquely identified by their combination of a temperature (180°C, 190°C, 200 °C
and time (0d, 0.25d, 1d, 3d, 7d, 10d).
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Figure 35 — Hg contents as determined from a second structured artificial aging run of fire gilded
Ag and Cu substrates. The results are very inconclusive due to the low number of measurements
performed to acquire this data.
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Cross Section Analysis

This section shows measurement data of cross section analysis of fire gilded Ag and
Cu substrates in various forms.

Figure 36 — Measurement data for cross section analysis of six different fire gilded Ag substrates.
Formatted to show the general trend of Hg enrichment at the interface. The figure consists of six
graphs, one for each sample. Each graph shows the relative intensities of Ag, Au, and Hg of three
different line scans across the cross section. Relative values are the ratio of a measured intensity
vs the highest measured intensity of the respective element during the line scan. Through this, the
relative information between Au and Hg intensities is lost. Instead the emphasis is on the possible
observation of a Hg enrichment. If Hg and Au peak at different positions the Hg content will not
be constant from surface to substrate.
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Figure 37 — Hg content depth profile of four Cu samples, determined with 4 cross section line
scans each. Surface on the right, substrate on the left. Uncertainties are the standard deviations
from the average.

Figure 38 — Hg content depth profile of four Ag samples, determined with 4 cross section line
scans each. Surface on the right, substrate on the left. Uncertainties are the standard deviations
from the average.
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