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a  b  s  t  r  a  c  t

Zwischgold  is  a  two-sided  metal  foil made  by adhering  a gold  leaf  over  a  silver  leaf  to  present  a  gold
surface  while  using  less  gold  than  gold  foils.  Corroded  Zwischgold  surfaces  appear  dark,  accompanied
by  gloss  loss  and  possible  mechanical  stability  issues.  Zwischgold  applied  artefacts  are  commonly  found
in  museums  and  churches  across  Europe  and  they  currently  face  an uncertain  future  as  conservators
have  little  knowledge  to  base  conservation  treatments  on.  We  present  a comprehensive  material  anal-
ysis  of Zwischgold  models  through  advanced  characterization  techniques  including  focused  ion  beam
coupled  with  scanning  electron  microscopy  (FIB-SEM),  transmission  electron  microscopy  (TEM),  scan-
old
ilver
orrosion
onservation

ning transmission  X-ray  microscopy  (STXM),  time-of-flight  secondary  ion mass  spectrometry  (TOF-SIMS)
and Rutherford  backscattering  spectrometry  (RBS).  Complementary  information  on the  foil  thickness,
sharpness  of the  gold-silver  interface,  gold  purity,  and  the formation  as  well  as  distribution  of  corrosion
products  on  Zwischgold  models  have  been  obtained,  representing  a starting  point  for  understanding  the
morphology  and the long-term  chemistry  of  Zwischgold  artefacts.

© 2017  The  Authors.  Published  by  Elsevier  Masson  SAS.  This  is  an open  access  article  under  the  CC  BY
. Introduction

Gold surfaces have been highly valued in sculpture since ancient
imes. However, gold has also been a very expensive material to
btain [1–3], driving artisans to develop techniques to either sim-
late or economize the production of gold surfaces. In medieval

imes, a two-layered metal foil of gold backed by another metal
usually silver) became popular, largely because it allowed the
old layer to be made thinner and thus becoming cheaper than
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regular gold leaf at that time by at least half [3], while still pre-
senting an actual gold surface [1,4,5]. This Zwischgold (German)
[5–7], also called Twistgold [8], zwischt golt [9], gedeild guld [8],
Zwischengolde [1], or part-gold (English) [1], is described in histor-
ical literature as using a “cold welding” technique [5,6] to adhere
the layers together using only mechanical pressure.2 Although
Zwischgold was  first mentioned by Theophilus in the 11th cen-
tury for metalwork and metallic threads [11], the application of
Zwischgold to works of art started from the beginning of the 13th

century [1,12] and became popular in German sculptures in the
14th century [1,13]. As an economic alternative to pure gold foils
[1,2,5,12,14–16], it was commonly applied in the non-prominent

2 Cold welding or contact welding is a kind of solid-state welding process in which
joining takes place without fusion/heating (i.e. at ambient temperature) at the inter-
face  of the two parts to be welded [10]. In the case of the production of Zwischgold
in  the Middle Ages, many historical literature have recorded that two metal thin
plates (e.g., Au & Ag) were hammered together to make an ultra-thin metal foil that
contained two metal layers.

 article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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reas of the sculpture or altarpiece such as the troughs of gown folds
r the rear side of the figures [1,17,18], as well as under coloured
lazing [9,12,15,18,19].

The historical and modern literature repeatedly records that the
isadvantage of applying Zwischgold is that its surface tends to

arken quickly in air, due to the vulnerability of the silver base
o corrosion on exposure to atmosphere. Therefore, the applica-
ion of Zwischgold was often prohibited or strictly controlled by

Fig. 1. The wooden sculpture “Hl. Bischof” in the Basel Historical Museum, 15
eritage 31 (2018) 122–132 123

the guild regulations of medieval cities [1,8]. In the regions where
Zwischgold use was  allowed, the application of a protective varnish
layer (e.g., mixture of drying oil and resin) over the Zwischgold
surface during the manufacture of the artefacts was usually sug-
gested or required [15,20–22]. However, after hundreds of years,

patches of darkened surface on artefacts applied with Zwischgold
can be observed in many museums, churches, private collections
or other historical sites (Fig. 1), which could be attributed to the

c. Zwischgold is present in the darkened areas inside of the red frame.
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ging mechanisms (or possible removal by cleaning processes) of
he varnish layer so that it no longer provides sufficient protection
o the Zwischgold.

Besides the widely accepted economic reason, other reasons
or the application of Zwischgold such as aesthetics, iconography
nd symbolism are recorded in historical literature and discussed
y many historians [12,15,19]. For example, Zwischgold was quite
ften applied (with oil gilding techniques) to the hair of the fig-
res [15,18,23], due to its paler or colder colour tone compared
o pure gold [12,22–24]. Other typical examples of the purpose-
ul application of Zwischgold are the Ortenberger Altar [12] in the
essian State Museum (Darmstadt) and the Leiggerner Altar [25] in

he Swiss National Museum (Zurich), where gold and Zwischgold
ere extensively applied in different prominent areas, presenting

 significant aesthetic contrast. Scientific analyses of Zwischgold
rtefacts can aid in understanding the art history and art technolo-
ies found in the object.

. Research aims

Nowadays most conservators hold a cautious and restrained
ttitude regarding the conservation of Zwischgold, due to a lack of
nowledge of the material. Our analyses should help conservators
o understand Zwischgold and thus provide a scientific foundation
or conservation treatments in future. Therefore, we  aim to link the

aterial science aspects of gold and silver to the art technology
f Zwischgold and to demonstrate useful techniques for the inves-
igation of Zwischgold. In this work, we present a starting point
or the study of Zwischgold through the use of advanced analytical
echniques to characterize the foil structure and aging mechanisms
f Zwischgold models. Discussion of the measurements will be
estricted to those illustrative of scientific insights, while the full
et of data is provided in the Supplementary data, along with an
ndex (Table S1).

. Theories

Zwischgold has so far received little attention in scientific stud-
es and only a few publications report on the materials analysis of
wischgold [12,26–32]. In most of these publications, Zwischgold
s only marginally described and not enough scientific detail is pro-
ided to understand its corroded states. To our knowledge, so far
he only image showing a clear structure and corroded states of
wischgold is presented in Louvre Crucifix by Giotto by Eveno et al.
26]. The Doerner Institute (Munich), Royal Institute for Cultural
eritage (IRPA-KIK, Brussels) and the Lower Saxony State Museum

Hannover) are currently collaborating to study the Goldene Tafel
rom Lüneburg, where metal foils have been investigated via X-
ay fluorescence analysis (XRF) and scanning electron microscopy
oupled with energy dispersive X-ray analysis (SEM-EDX). How-
ver, Zwischgold is not easy to differentiate from gold-silver alloy
hrough such techniques [33]. On the other hand, there exists a
reat deal of scientific literature on gold and silver (as discussed in
he following sections), as well as their alloys, that can be drawn
n to inform and focus our studies of Zwischgold. Since gold is well
nown to be inert to oxidizing species, silver is clearly the main par-
icipant in the corrosion chemistry of Zwischgold, while theories on
he diffusion of gold and silver help to explain why  the expectedly
ure gold surface of Zwischgold tends to accumulate dark coloured
ilver corrosion products.
.1. Gold and silver interdiffusion

Gold and silver are both noble metals with very similar atomic
adii and crystal structure [10]. Further, they are completely
eritage 31 (2018) 122–132

miscible in alloys [34]. On the other hand, silver is more reactive,
has a lower atomic mass (and thus lower material density also) and
has a slightly lower surface energy of 1140 mJm−2 [35] compared
to gold (1250 mJm−2 [36]) that causes gold-silver alloys to tend to
have silver-enriched surfaces.

At high temperatures, silver and gold atoms are able to diffuse
(i.e. move by jumping between lattice positions) in the alloy crys-
tals, but this becomes frozen at temperatures close to ambient.
However, Hwang et al. [34] observed silver diffuse through a poly-
crystalline gold film and accumulate of the surface at temperatures
as low as 47 ◦C, where lattice diffusion is not energetically possi-
ble. This diffusion occurred at the boundaries of the gold grains,
where the disorder of the mismatching adjacent gold lattices pro-
vides opportunities for lower-energy atomic movements. For thin
films of gold, as is found in Zwischgold, the grains of gold will tend
to be significantly wider than the film thickness and so have colum-
nar shape that means the grain boundaries provide relatively direct
paths across the film. The room temperature migration of silver to
the top surface is therefore surprisingly efficient, with a signifi-
cant surface concentration of silver being detectable after a period
of hours or days [37]. Since the diffusion rate of silver is higher
than that of gold, a grain-boundary Kirkendall effect is observed,
in which the mass gained or lost by the unequal diffusion in the
grain boundaries is compensated for by a mass flow in a direction
perpendicular to the grain-boundary plane [34]. This effect causes
the gold grain boundaries to open wider, allowing easier transit
for further silver, while silver atoms in the silver layer will tend to
move towards the gain boundaries, continuously resupplying the
grain-boundary regions such that there is a constant source of silver
atoms for the grain-boundary diffusion. The grain-boundary Kirk-
endall effect further causes vacancies to accumulate inside of the
silver layer, lowering its mass density.

Hwang et al. [34] also show that there should be a saturation
depth for the silver accumulation layer corresponding to at least
several atomic layers and silver atoms are distributed uniformly
over the surface in the lateral direction and concentrated homo-
geneously in the top two monolayers before saturation is reached.
This thin silver layer on the top Zwischgold surface could explain
the relatively colder colour tone of Zwischgold compared to pure
gold. However, this equilibrium thickness of silver varies, depend-
ing on the surface energy difference, the driving force of surface
corrosion and other factors [37].

3.2. Silver corrosion

Upon exposure to air, the top atomic layer of silver will quickly
oxidize, lowering the surface energy to 500 mJm−2 [35]. How-
ever, this monolayer oxide is quite stable when dry and further
chemical reactions do not occur at ambient temperatures in the
absence of water. Water adsorbed on the silver surface provides a
medium for the dissolution of oxidizing gaseous compounds such
as hydrogen sulphide (H2S) and carbonyl sulphide (COS) in the
atmosphere and the subsequent dissolution of silver and precip-
itation of corrosion products [38]. Silver sulphide, Ag2S, is the most
prominent corrosion product of silver, which has been well dis-
cussed in the literature [38–41]. The thickness of the adsorbed
water layer increases with humidity, thus enabling an increase in
the rate of corrosion.

The gold and silver diffusion theories as well as the silver corro-
sion mechanisms outlined above indicate that it is likely to observe
significant changes in the foil structure after the initial layering
of gold over silver. Therefore, we  have applied nanoscale analy-

sis techniques to investigate the foil structure and chemical states
of Zwischgold models in order to assess how these theories cor-
respond to the practical situation. We  observe silver corrosion
products on the top surface of the Zwischgold, that the gold layer
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ig. 2. Zwischgold models/object used in the investigation: a: non-aged Zwischgo
n  which silver foils (in the upper part) were also applied besides Zwischgold for 

reestanding Zwischgold foil: gold side (left) and silver side (right). Samples were ta

s not as pure as the manufacturer states it was initially, and the
ormation of large voids in place of the original silver layer – all
n agreement with the above theories of interdiffusion and silver
orrosion mechanisms.

. Materials and methods

.1. Sample preparation

Unvarnished Zwischgold models were produced in the
onservation-Restoration Division at Bern University of Applied
ciences (BUAS-CR), based on the bole gilding recipes recorded
n Liber Illuministarum [42]. The applied Zwischgold foils were
urchased from Noris Blattgold (Schwabach, Germany). The strati-
raphic structure of non-aged Zwischgold models, as well as the
rocedures and materials of model production are presented in
upplementary data (S1). The surfaces of some models were bur-
ished with an agate tool. Non-aged samples (burnished and
on-burnished) were stored in a nitrogen-filled box, preventing
xidation (Fig. 2a). Some burnished models were exposed to an
ndoor environment (23 ± 2 ◦C and 50 ± 2% RH) for natural aging
ver a period of 3 months (Fig. 2b). Besides the recently produced
wischgold models, a 35-year old Zwischgold object3 (Fig. 2c) was

lso sampled, by taking advantage of a demonstration artefact at
UAS-CR. Freestanding Zwischgold foils were used as samples for
ertain experiments (Fig. 2d).

3 The 35-year old Zwischgold object was produced in 1982 by Ulrich Schiessl, a
erman art historian and restorer (1948–2011) [43].
dels, stored in nitrogen-filled box; b: 3-month naturally aged Zwischgold model,
rpose of comparison; c: 35-year old Zwischgold object exhibited at BUAS-CR; d:

rom the areas inside of the red frames.

Sample cross-sections cut by ultra-microtomy4 and focused
ion beam (FIB) were provided for SEM experiments. Cross-
sectional thin slices were prepared either by ultra-microtomy for
transmission electron microscopy (TEM; 50 nm thick), scanning
transmission X-ray microscopy (STXM; 350–400 nm), or by FIB for
scanning transmission electron microscopy (STEM; 50 nm). The
time-of-flight secondary ion mass spectrometry (TOF-SIMS) and
Rutherford backscattering spectrometry (RBS) experiments did not
require special sample preparation as they probe the layers directly.
However, these Zwischgold samples were trimmed to an appropri-
ate size and the wooden substrate thinned in order to minimize
outgassing in the experiments vacuum chamber.

4.2. Experiments

As a practical analysis tool for obtaining the morphological and
compositional information of the sample, SEM-EDX was initially
used for investigating the foil structure and elemental associa-
tions of the Zwischgold samples at BUAS (“Zeiss EVO SEM”). In
order to avoid artefacts caused by conventional sample prepara-
tion methods (embedding and mechanic sanding/cutting), same
samples were also prepared and investigated through FIB-SEM

“FEI Helios Nanolab 660” in the Centre for Nanoanalysis and Elec-
tron Microscopy (CENEM) at the Friedrich-Alexander University
Erlangen-Nürnberg (FAU, Erlangen, Germany). The accelerating
voltage and beam current in the FIB-SEM experiments was set to

4 Knife “Diatome Ultra 45”, clearance angle 6◦ , knife angle 45◦ .
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ig. 3. Secondary electron (SE) micrographs through “FEI Helios Nanolab 660” for
a3m b”. Scale bar: 1 �m.

 kV and 0.40 nA respectively for obtaining high-resolution electron
mages. The accelerating voltage was then raised to 5 kV for ele-

ent identification and mapping through EDX, with quantitative
apping performed by spectral peak-fitting via the instrument’s

ntegrated “AZtec” software.
In order to get more detailed information about the 35-year

ld sample, the double aberration-corrected high-resolution TEM
Titan Themis3 300” was used at CENEM. During the experiments,
he STEM mode coupled with EDX was operated for the imaging and
he elemental identification (quantitative mapping performed by
pectral peak integration via the instrument’s integrated software).
onventional TEM experiments were also implemented through
he “Zeiss EM900” instrument at FAU.

Synchrotron-based STXM experiments were performed at
eamline I08 in the Diamond Light Source, (Didcot, United
ingdom) to measure nanoscale, quantitative element maps of
wischgold cross-sections. The X-ray beam is focused with a Fres-
el zone plate (25 nm outermost zone width for a spot size of about
0 nm). Transmission mode images were recorded at photon ener-
ies spanning 2200–3400 eV in order to image the samples at the
u M4,5-, S K- and Ag L3-edges. Quantitative STXM data analysis
nd element mapping (S8 in Supplementary data) was  performed
sing the MANTiS analysis software [44].

To acquire detailed information on the Au/Ag interface and the
irect molecular assessment of the corrosion products, TOF-SIMS
xperiments were implemented in the Swiss National Laboratories
f Material Science and Technology (Empa, Dübendorf, Switzer-
and). Depth profiling (depth resolution ∼ 2 nm)  was performed
sing a 25 keV Bi1+ analysis beam in high mass resolution mode
nd combined with a 1 keV Cs+ sputter beam. Negative secondary
olecular ions were detected from mass 1 to 800 Da on randomly

elected areas of 100 × 100 �m2 (with concentric sputter area of
00 × 500 �m2).

In addition, RBS, a non-destructive quantitative analysis tech-
ique, was also applied for obtaining the compositional depth

nformation of non-aged Zwischgold samples. Measurements were
erformed at the Swiss Federal Institute of Technology (ETH, Zurich,
witzerland) laboratory for Ion Beam Physics, using a 2 MeV 4He
eam and a silicon PIN diode detector at 168◦.

. Results and discussion

.1. Structure and foil thickness of modern Zwischgold foils

FIB-SEM micrographs of the non-aged and non-burnished
“na nb”), non-aged and burnished (“na b”), and 3-month aged
nd burnished (“a3m b”) Zwischgold model cross-sections are pre-

ented in Fig. 3. The contrast in these micrographs depends on
he density of the material, so gold appears the brightest and the
ilver slightly darker, while the bole materials (consisting of sili-
on, aluminium, oxygen and carbon) are even darker. The layered
 different Zwischgold model cross-sections (Mag 50,000): a: “na nb”, b: “na b”; c:

structure of Zwischgold is clearly observed, with a relatively thin-
ner gold layer above a thicker silver layer. The metal layers appear
smooth and are cleanly cut through by FIB; the heterogeneous
bole is below the foil. Note that Sample “a3m b” (Fig. 3c) shows
an uneven top surface compared to “na nb” (Fig. 3a) and “na b”
(Fig. 3b), which is attributed to an extra thin layer above the Au
layer. EDX measurements identified S and Ag as the main compo-
sitional elements in this top layer (S4.2 in Supplementary data),
indicating the presence of silver sulphide. This will be discussed in
detail in Section 5.4.

Fig. 4 shows the RBS measurements for non-aged Zwischgold
samples (“na nb” and “na b”). While modeling is required to extract
detailed information, some general meaning can be read from RBS
spectra: the peak positions provide information on the elements
present (heavier atoms appear further right), their depth below the
surface (the peak is swept further to the left at greater depths) and
the purity of the layer (by comparing the observed peak height
to reference spectra). The gold and silver layers of the Zwischgold
samples are clearly visible as separate regimes in Fig. 4 and the
relative layer thicknesses correspond to the width of these peaks.
The RBS data for the “na nb” sample fits well to a model involving
a 100 nm layer of 92% Au and 8% Ag (by atom ratio) over a 445 nm
thick 100% Ag layer, while the “na b” data fits well to a similar model
with a 108 nm layer of 92% Au on a 490 nm 100% Ag layer. The RBS
spectra will be further discussed in Sections 5.2 and 5.3.

Thicknesses of the gold and the silver layers measured with FIB-
SEM and RBS, as well as the overall thickness of the Zwischgold foil
measured with TEM (S6 in Supplementary data) and STXM (Fig. 6)
are summarised in Table 1. There are variations between some of
these measurements that do not consistently correlate with model
finishing treatments (such as burnishing) or the sample preparation
techniques used. Therefore we expect that the observed thickness
differences represent variations in the manufacture of the Zwis-
chgold foils. We  conclude that the overall thickness of modern
Zwischgold foil varies in the range of 500–700 nm and the gold
layer is equal to or less than 110 nm.

5.2. The gold and silver interface

RBS indicates that the interface between the gold and silver lay-
ers of Zwischgold is some combination of rough and/or diffuse for
non-aged samples. The fitting models for the “na nb” and “na b”
data involve an area-integrated composition gradient between
the two layers (combining the effects of interface roughness and
intermixing) having a sigmoid profile with a thickness of 90 nm
and 104 nm,  respectively. TOF-SIMS depth profiling offers a more
detailed view into the chemical speciation at and around the inter-

face by analysing fragments of material removed while sputtering a
crater into the sample. Fig. 5 presents depth profiles performed on
the non-aged (“na b”) and aged (“a3m b”) samples. Both profiles
clearly show the gold and silver layers of the Zwischgold foil via
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Fig. 4. 2 MeV  He RBS spectra for Zwischgold samples: “na nb” (in blue) and “na b” (in red). Flat background has been subtracted.

Table 1
Respective thickness of the Au and the Ag layer inside the Zwischgold foil (or overall foil thickness) for different samples, measured by different analytical methods.

Non-aged, non-burnished (nm) Non-aged, burnished (nm) 3-month aged, burnished (nm)

FIB-SEM (Au/Ag) 93 ± 11/603 ± 23 94 ± 9/383 ± 11 58 ± 16/373 ± 27
RBS  (Au/Ag) 100/445 108/490 –
TEM  (overall) 560–600a ∼ 590 ∼ 600
STXM (overall) ∼ 650 

a Measured from a freestanding foil.

Fig. 5. TOF-SIMS depth profiles of characteristic secondary ions of Zwischgold sam-
ples: a: “na b”; b: “a3m b”: Au (Au2

− + Au4
− , blue curve), Ag (Ag− + Ag3

109Ag2
− , red

curve), AgAu (AgAu− + AgAu2
− , black curve) and AgS (AgS− + 109AgS− , green curve).

Note that the profiles were normalized to 1 to increase the visibility. The x-axis
(sputter time) is representing the depth of the analysis into the Zwischgold and
w
T
i

t
s
h

peaks of “Ag” and “AgAu” in the first few data points at the surface.
Although within the transient regime, these peaks suggest that a
very thin and sharp layer of silver has formed at the surface of gold
as  shifted to align the Au top surface in both measurements (dashed grey line).
he dashed-dotted grey line represents the Au/Ag interface centre and the AgAu
ntermixing layer centre (they coincide in “a” but not in “b”).
he dominance of the “Au” signal (blue curve) in the shallower, low
putter time region and the “Ag” (red curve) signal in the deeper,
igh sputter time region. The gold layer in “a3m b” is observed to
– ∼ 380

be about 60% as thick as that in “na b”, in agreement with the thick-
ness measurements by FIB-SEM in Table 1. The “AgAu” signal (black
curve) shows a broad peak in the region of the gold-silver interface,
similar in width to the respective gold layers.5 This signal corre-
sponds to the detection of ions consisting of gold and silver atoms
bonded together, indicating atomic-level mixing of these elements
and proving that the gold-silver interface is diffuse. Further, the dif-
fuseness of the interface shown by TOF-SIMS indicates that the RBS
composition gradient should be dominated by this diffuse nature
and there must be little roughness of the interface (i.e. little varia-
tion in gold layer thickness within each sample). While the “AgAu”
maximum position aligns well with the crossing of the “Au” and
“Ag” signals in Sample “na b” (Fig. 5a), the “AgAu” maximum in
“a3m b” (Fig. 5b) is shifted into the gold layer compared to the
crossing of the “Au” and “Ag” signals (indicated with arrow). This
observation strongly supports the hypothesis that the intermixing
is predominantly governed by Ag diffusion into Au, as discussed in
Section 3.1.

Examining the surface region of “a3m b” (near zero sputter time
in Fig. 5b) clearly shows a series of three distinct peaks of the “AgS”
(green curve), “Ag” and “AgAu” signal before the gold layer begins
at ∼ 100 s (indicated by a dashed line). The first “AgS” peak indicates
a silver sulphide layer with a significant thickness of about 10% that
of the gold layer, i.e. ∼ 6 nm according to the FIB-SEM measurement
for the gold thickness. The slightly deeper “Ag” peak shows that the
Ag:S ratio is increasing with depth; the data suggests, but cannot
prove (since the signal could also originate from a fragmentation of
silver sulphide), that the silver could be metallic at the base of the
sulphide layer. However, the following “AgAu” peak clearly demon-
strates the presence of a thin intermixing layer at the top interface
of the gold layer. The depth profile of “na b” also exhibits narrow
5 The thickness of the intermixing layer can be estimated by the width of the AgAu
peak at its half-maximum.
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ig. 6. STXM-derived elemental composition maps in terms of the percentage num
ize:  1 × 1 �m.

≤ 2 nm)  even on a non-aged sample.6 However, no Ag corrosion is
bserved in this case.

.3. Layer compositions

Examining the STXM elemental composition maps for the
na nb” sample cross-section in Fig. 6a–d, we see two major lay-
rs, with a strong Au signal in the upper layer and a thicker layer
f mostly Ag below. There is also some S detected at the upper
nd lower surfaces. The “gold” layer shows variations in the Au
oncentration, ranging between about 35% and 50%, but nowhere
lose to the 92% Au observed by RBS in the “na nb” and “na b”
amples. The STXM Au map  of “a3m b” in Fig. 6e shows an even
ower Au concentration, varying between about 25% and 40%. Both
amples further show a 5%–10% Au concentration throughout the
ower “silver” layer (Fig. 6a and e), in disagreement with the RBS
bservation of high purity silver in this layer. Interestingly, if we
alculate the global composition from the “na nb” STXM data, we
et 13.6% Au, 84.8% Ag and 1.6% S, which is close to the 16.9% Au and
3.1% Ag calculated from RBS. This indicates that there has been a
ignificant migration of both gold and silver in the STXM sample
ross-sections. This effect will be discussed further in the following
ection with the example of an STEM lamella sample. According to
oris Blattgold, the Zwischgold foils were manufactured with 23.2
arat gold [45], equivalent to a purity of 96%. Therefore, the lower
old purity measured in the non-aged samples by RBS (92%) must
e due to the interdiffusion of gold and silver.

.4. Corrosion mechanism for unvarnished Zwischgold

Further examining the STXM composition maps for the “a3m b”
ross-section in Fig. 6f, g, a surface layer of about 30% S and 70% Ag
an be seen, consistent with a Ag2S corrosion layer. The composi-
ion of this corrosion layer shows a trend of decreasing S proportion
ith increasing depth, in agreement with the TOF-SIMS data.
SEM-EDX measurements of two aged samples (3-month and 35-
ear) showed that the dominant silver corrosion product was  silver
ulphide (S4.2 and S4.3 in Supplementary data), which deposits

6 The first few data points are subject to possibly large intensity variations due
o  initial surface chemistry changes (transient regime), and the silver surface layer
ppears thinner than the depth resolution, so an accurate quantification is not pos-
ible.
atoms, for a–d: “na nb” and e–h: “a3m b” Zwischgold sample cross-sections. Image

mainly on top of the gold layer and partially on the bottom of
the silver layer (S3 in Supplementary data). The porous mor-
phology of the silver sulphide surface layer is clearly observed
in Fig. 7, demonstrating that it cannot form an effective bar-
rier to air. When Au and Ag remain well adhered, no significant
Ag corrosion products are observed at the Au/Ag interface. In
the 35-year old sample, a significant delamination of the Zwis-
chgold foil from the bole layer is observed (Fig. 7). This indicates
that silver continues diffusing through the gold and transfor-
ming into silver corrosion products when there is no protection
barrier, such as varnish, between the foil surface and air; even-
tually, the metallic silver will be fully depleted, causing complete
delamination.

Besides the aged samples, a small amount of silver sulphide has
also been detected on the top surface of non-aged Zwischgold sam-
ples through STXM (Fig. 6b–d), as we  already discussed in Section
5.3. SEM-EDX spot tests support this observation (S3 in Supple-
mentary data). This demonstrates that when no protective varnish
applied, silver diffuses through gold and oxidizes on top of the gold
layer at a relatively rapid speed, even at room temperature.

The 35-year old sample was  further investigated by high-
resolution STEM. The SE image for the ultra thin cross-section
lamella (50 nm)  shows a clear layering of porous silver sulphide,
gold and silver, as well as a void between the foil and the bole
(Fig. 8a), when the lamella was  cut. However, after one night
storage at room temperature in a vacuum desiccator, silver was
observed to have migrated so rapidly that it already covered all
other layers (Fig. 8b), which caused difficulty in the STEM mea-
surements. In spite of this issue, STEM-EDX data on the area
where the migrated silver layer was disturbed by irradiation of
the electron beam (Fig. 8b, inside the red circle) still confirms
that Ag exists mainly above and beneath the Au layer, and there
is a gap inside of the original Ag layer (Fig. 9). S fluorescence
is observed in a band coincident with the Au layer (although
this is false7) and the upper Ag region, indicating that silver

sulphide is mainly aggregated on the top surface of the Zwis-
chgold foil. Note that there is a composition gradient in the
silver sulphide layer, in agreement with the TOF-SIMS and STXM

7 The S signal has some crosstalk from the Au signal, due to overlap of the XRF
fluorescence peaks. Therefore, the region with Au appears to have S, but closer exam-
ination of the measured spectra shows this to be false (Section S5 in Supplementary
data.
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Fig. 7. SE micrograph through “FEI Helios Nanolab 660” for the 35-year old Zwischgold sample cross-section (Mag 20,000×). Scale bar: 3 �m.
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ig. 8. a: SE micrograph through “FEI Helios Nanolab 660” for the cross-section lam
ut;  b: high-angle annular dark-field (HAADF) micrograph through “Titan Themis3 

as  migrated to cover all other layers. Scale bar: 1 �m.

bservations. The chlorine fluorescence map  displays only back-
round noise.

The ageing and corrosion processes of unvarnished Zwischgold
an be summarised as:

at ambient temperature, silver atoms diffuse through the gold
layer and accumulate on top of the gold surface, forming a thin
silver layer;
this thin, diffused silver surface layer interacts with oxidizing
compounds in the atmosphere in the presence of water, produc-
ing corrosion products such as silver sulphide;
since this corrosion layer does not function as an effective bar-
rier against further corrosion, its thickness increases based on

the consumption of metallic silver, as silver continues to diffuse
through the gold layer;
the migration of atoms away from the silver layer gradually
increases the porosity and large voids within the silver until
f the 35-year old Zwischgold sample (Mag 50,000×), taken when the lamella was
or the same lamella after one night storage at room temperature in vacuum; silver

delamination eventually occurs between Zwischgold and its sub-
strate.

A schematic illustration of the corrosion process of Zwischgold
is presented in Fig. 10.

5.5. Implications for conservation

Regarding the conservation of historical artefacts with corroded
Zwischgold surfaces, many restorers prefer to avoid any interven-
tion, because removing the silver corrosion layer would accelerate
the corrosion process. However, restorers need to be aware that
the silver corrosion layer will only slow the corrosion process
and cannot completely halt further corrosion. This is due to the

porous morphology of silver sulphide [46] that is also observed in
both normal (Fig. 7) and thin (Fig. 8a) cross-sections of our 35-
year old sample. If no barrier is applied to protect the Zwischgold
surface from air, then the Ag corrosion and diffusion will slowly
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Fig. 9. STEM-EDX element mapping for the 35-year old sample. Note that the S signal has crosstalk from the Au signal and so some S falsely appears to be present in areas
with  a high Au concentration.
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Fig. 10. Schematic illustration of the corrosi

roceed until the base Ag layer is eventually exhausted, leaving a
ap that reduces the stability of the foil on its substrate. In the long-
erm therefore, applying an extra barrier coating is recommended,
hich should be durable, provide sufficient protection as well as

echanical stabilization, and not disturb the original materials of

he artefacts. Finding such a coating is an important research topic
n the conservation of Zwischgold. However, any surface treatment
f historical Zwischgold, such as the removal of degraded varnish,
cess of Zwischgold without varnish applied.

needs to be carried out with special care due to the delamination
process taking place between the metal foil and its substrate.

The conservation and restoration of silver objects have
been heavily discussed. Common conservation recommendations

include avoiding high relative humidity, minimizing the concentra-
tion of invading species in the environment and also avoiding direct
light illumination [41], which can be applied to the Zwischgold
artefacts as well. Regarding invading species in the atmosphere,



ural H

i
i
s
t
c
t

6

u
o
5
b
i
i
s
p
f
d
t
l
t
a
p
a
i

t
c
t
c
s
r
c
b
a
O
s
i
a

h
i
p
p
c
l
p
p
c
g
a

A

t
R
U
a
L
S
D

[

[

[

[

[

[

[

[

[

[

[

Q. Wu et al. / Journal of Cult

t has been suggested that carbonyl sulphide (COS) might be more
mportant than hydrogen sulphide (H2S) in museum environments,
ince it was observed to have a higher and more stable concentra-
ion, regardless of geographic location [47]. Sources of COS include
ar exhaust, high temperature combustion and atmospheric pho-
ochemistry.

. Conclusions

In this paper, the foil structure and aging mechanisms of
nvarnished Zwischgold models/object have been presented. The
verall foil thickness of modern Zwischgold varies in the range of
00–700 nm and the gold layer is equal to or less than 110 nm.  The
urnishing during the production of Zwischgold models does not

nflict an obvious compress to the thickness of Zwischgold. There
s no sharp gold and silver interface, even for non-aged Zwischgold
amples. The gold layer inside Zwischgold is not pure, at least
artially due to the gold and silver interdiffusion. The aesthetic dif-
erence between gold and Zwischgold can be also attributed to the
iffusion of silver through the gold layer and accumulating on the
op surface of Zwischgold. We  have observed that this silver surface
ayer corrodes during exposure to air and this corrosion drives fur-
her silver diffusion until the base silver layer is exhausted, leaving

 void between the foil and the bole. The silver sulphide corrosion
roducts do not provide a complete barrier to further exposure to
ir and so the corrosion process will continue unless an extra barrier
s provided, or the environment is appropriately controlled.

The high consistency of the experimental results demonstrate
hat the techniques applied in the project are suitable and effi-
ient for the investigation of Zwischgold, which is important for
he further study of historical Zwischgold samples. However, spe-
ial attention needs to be given to the sample preparation and
torage for experiments that require thin sample lamellas. FIB is
ecommended for the preparation of thin lamellas and normal
ross-sections, due to the very high quality attainable. The latter can
e also cut with ultra-microtome for a smooth face, which requires
n embedding resin with similar hardness of the sample embedded.
ur experience suggests it is necessary to keep silver-containing

ample lamellas under cryogenic conditions to suppress the mobil-
ty of the silver atoms over the fresh-cut surfaces, as appears to have
ffected our STXM and STEM measurements.

As a first step in the study of Zwischgold, our investigation
as been restricted to unvarnished Zwischgold models. However,

n practice most of the historical Zwischgold artefacts have been
rotected with varnish during the production of the artworks,
reventing oxidation. Some of them have even experienced more
omplicated situations such as being applied with multiple varnish
ayers at different times, under coloured glazing [48] or over-
ainted layers [26], or even with gold foils during restoration
rocesses [49]. Therefore, the aging mechanisms of such artefacts
ould be diverse and complex. The study of historical samples will
ive more interesting information about materials, techniques and
ging mechanisms of this special metal foil.
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