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1 Introduction and background

A modern look at a medieval bilayer metal leaf:
nanotomography of Zwischgold+

< Julian Muller,®
hi Mirko Holler,?

¢ Elisabeth MUller,
99 Andreas Spath,
hand

Qing Wu, ©22° Karolina Soppa,
Michal Odstrcil,*" Esther Hsiao Rho Tsai,
Manuel Guizar-Sicairos,® Benjamin Butz,® Rainer H. Fink
Benjamin Watts (2 *¢

Many European sculptures and altarpieces from the Middle Ages were decorated with Zwischgold, a
bilayer metal leaf with an ultra-thin gold face backed by silver. Zwischgold corrodes quickly when
exposed to air, causing the surface of the artefact to darken and lose gloss. The conservation of such
Zwischgold applied artefacts has been an obstinate problem. We have acquired quantitative, 3D nanoscale
images of Zwischgold samples from 15" century artefacts and modern materials using ptychographic
X-ray computed tomography (PXCT), a recently developed coherent diffractive imaging technique, to
investigate the leaf structure and chemical state of Zwischgold. The measurements clearly demonstrate
decreasing density (increasing porosity) of the leaf materials and their corrosion products, as well as dela-
mination of the leaves from their substrate. Each of these effects speak to typically observed issues in the
conservation of such Zwischgold applied artefacts. Further, a rare variant of Zwischgold that contains
extremely thin multiple gold layers and an overlapping phenomenon of Zwischgold with other metal
leaves are observed through PXCT. As supportive data, scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) coupled with energy dispersive X-ray analysis (EDX) were per-
formed on the medieval samples.

the ultimate position, reflecting the splendour of God and
representing the brilliance of divine wisdom, or simply the

Throughout the history of human civilization, lustrous gold
has been a favoured material for displaying wealth, prestige
and power. In the medieval material hierarchy, gold possesses
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Holy Scripture." The technical innovation of gilding, where
thin leaves of gold are used to cover a surface, greatly reduced
the cost of producing large “golden” artworks and significantly
expanded the decorative use of gold.

A further innovation appeared in medieval Europe, whereby
the gold leaf was backed by a relatively thicker, cheaper metal
(usually silver) so that the expensive gold layer could be made
thinner than contemporary gold leaf and hence reduced the
gilding costs by at least half.>® This new laminated metal leaf
has been known by many names in different languages, e.g.
part-gold in English,* or parti in French,>® and oro di metd in
Itatian,” but is now commonly referred to by the German word
Zwischgold.®* ' The production of Zwischgold is recorded to
involve adhering a thin gold layer over a thicker silver base
with a so-called “cold welding” technique.®® The materials for
producing Zwischgold were supposed to be fine gold and fine
silver'? and it is assumed that the gold was sourced from high
quality gold coins, e.g. florins and ducats, in the same manner
as contemporary gold leaf."® The silver component makes
Zwischgold susceptible to corrosion and its surface tends to
darken and lose its gloss when exposed to air. This occurs
because Ag atoms readily diffuse through the grain boundaries
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of the gold layer to reach the upper surface and then react with
S and Cl in the presence of moisture."*"® In regions where the
local guilds did not prohibit the use of Zwischgold, the appli-
cation of a protective varnish was usually a requirement.*"®
Since uncorroded Zwischgold applications are difficult to dis-
tinguish from gold leaf, it is probable that many Zwischgold
examples remain unrecognised. However, many of the known
late medieval Zwischgold-applied artefacts present a matte
black surface, likely due to the degradation of the organic
varnish materials over the centuries and subsequent silver
corrosion.

The application of Zwischgold in artworks began on paint-
ings of the early 13™ century* and became popular in German
sculptures from the 14™ century.'” Since it presents a real gold
surface while requiring much less gold than normal gold leaf,
it is typically thought that it was mainly used at the time as an
economical alternative to gold leaf.*®'®2° This theory is sup-
ported by many examples of Zwischgold being applied to less
prominent areas, such as the rear or within concave clothing
folds of altar sculptures,®>* especially with its corroded, dar-
kened appearance that can be easily distinguished from the sur-
rounding gold leaf surface. However, modern scientific analysis
reveals that Zwischgold has also been applied prominently, for
example, in the Leiggern Altar from the Swiss National Museum
(SNM) presented in Fig. 1a, the entire outer gown of the central
Mary figure, the clothes of three floating angels, hair/beard of
some wing figures, and the top frames of the shrine were applied
with Zwischgold.>*® In such a case, economic considerations
seem less convincing. The complexity of Zwischgold’s structure
and the reasons for its application make it an interesting topic
for research in art history and art technology.

The techniques for applying Zwischgold onto its substrate
were similar to those for gold leaf, among which the bole
gilding and oil gilding techniques were most commonly
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used.*?” Bole gilded Zwischgold leaves were directly applied
on the bole substrate with an aqueous solution and, once dry,
burnished with agate or animal horn to smoothen the surface
to a high gloss. Fig. 1b presents typical examples of
Zwischgold applied to limited areas of two late medieval
gilded sculptures, showing dark patches where silver has
diffused through to the surface and strongly tarnished."® One
of the very few exceptions is the central figure Mary of the
Leiggern Altar, which still appears golden in colour (if some-
what dark) and retains gloss. As such, Mary provides a good
opportunity to obtain a sample that is well known to contain
medieval Zwischgold that has not been heavily corroded.
Ptychographic X-ray computed tomography (PXCT) is a 3D
imaging technique that, instead of using image-forming
optics, uses iterative mathematical routines to analyse the
X-ray scattering patterns of a sample as a function of rotation
and translation to reconstruct a full 3D image of the refractive
index variations within the sample.?®*' The resolution of pty-
chography is not given by the scanning step nor by the beam
size, as with scanning probe microscopy, but rather by the
widest-angle scattering observed that correspond to the short-
est-length features, or sample variations.**** PXCT is thus
among the X-ray techniques with the highest resolving
power.**”7 PXCT provides a quantitative measure of the
complex-valued refractive index (both absorption f and refrac-
tion &) distribution in a specimen. Measurements performed
with hard X-rays tend to show higher contrast in § due to the
high penetration power (low absorption) of hard X-rays. While
measurements using an X-ray energy close to an elemental reso-
nance can be used to increase sensitivity to particular materials,
utilising an X-ray energy far from such resonances will provide f
and ¢ values that both correlate roughly proportional to the
mass density of the sample materials. Hence, given some fore-
knowledge of the sample composition, the identity of a material

Fig. 1

(a) The central altar figure Mary (Inv. No. LM16701.2) in the Leiggern Altar (Inv. No. LM16701.1), 1420, Swiss National Museum (SNM); (b)

sculptures St. Bishop (Inv. No. 1941.282) (left) and St. Nicolaus (Inv. No. 1941.281) (right), 15c, Historical Museum Basel (HMB), Switzerland. The

sample-taking positions are indicated by green arrows.
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can be inferred from the measured local § values, together with
variations in composition and/or porosity.*°

Due to its ultra-thin leaf thickness (e.g:, 500-700 nm for
modern Zwischgold'® and significantly thinner for medieval
Zwischgold®®), a characterisation of Zwischgold requires both
high resolving power and high sensitivity and is thus challen-
ging for conventional techniques. Recent work by our collabor-
ation group'>?®*%3° has demonstrated the use of modern
analytical techniques such as SEM-EDX to identify and charac-
terise modern and historical Zwischgold including its leaf
structures and layer/leaf thicknesses, as well as its complicated
individual ageing phenomena. These typically involve the for-
mation of silver compounds that can be distributed evenly or
in aggregates in regions surrounding the gold layer, and con-
sumption of the silver base which leads to delamination of the
metal leaf from the substrate. However, the 2D cross-section-
ing techniques provide only a limited view of the whole,
complex scenarios that are observed in historical Zwischgold
samples. Three dimensional imaging will certainly provide
more informative views of real objects than 2D cross-sections,
although the degree to which this is useful has not yet been
fully explored since nanoscale 3D imaging is relatively new and
still not easily accessible. Further, sectioning historical
Zwischgold samples is challenging due to the fragile nature of
the specimens; the substrates can be porous and brittle and
the leaf poorly adhered, while the corrosion products and
organic overlayers can be chemically and mechanically
unstable. Hence there is a strong possibility for any sectioning
technique to alter the sample materials and structures at the
cutting face. Therefore, we have applied PXCT to both modern
and historical Zwischgold samples, so that the structures and
chemical states of the Zwischgold and surrounding materials
can be observed in quantitative, 3D nanoscale images. The
PXCT will provide valuable observations of interior regions of
Zwischgold samples away from the cutting face and thus test
the validity of previous Zwischgold observations by conven-
tional techniques. The quantitative nature of the PXCT data
will also provide opportunities for novel observations.

2 Samples

In order to demonstrate the analysis of Zwischgold by PXCT
and provide a basis for comparison, a set of three modern and
four medieval samples were measured together with a pure
gold reference (impurities <100 ppm; Heraeus, Germany).

Two freestanding Zwischgold leaves (Recent and 10-year)
were included in the modern samples: one recently manufac-
tured (using 23.2 carat gold; Noris Blattgold, Germany), and
another manufactured approximately 10 years ago (manufac-
turer unknown). Both of these had been stored in their orig-
inal packaging in a cool, dry cupboard. A third modern sample
(35-year) was taken from an unvarnished and strongly corroded
area of a 35-year old Zwischgold demonstration object at the
Bern University of the Arts. The Recent and 35-year old
Zwischgold samples have been characterised in a previous

This journal is © The Royal Society of Chemistry 2022
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publication.” Although the original manufactured purity of
the Au layer in the 10-year and 35-year old Zwischgold samples
are not precisely known, it is very likely that the tradition of
using high-purity gold and silver was followed and they are
similar to that of the Recent Zwischgold sample. Elemental
analysis by Energy Dispersive X-ray (EDX) and X-ray
Fluorescence (XRF) analysis (see Fig. S1 and S2 in the ESIf)
did not reveal significant amounts of other metals, especially
copper, which would be the most likely indicator of lower-
quality gold and silver.*>*!

The Leiggern Altar (Fig. 1a) is thought to have been pro-
duced in the region of Ulm, Southern Germany in 1420.** At
the time of its purchase by the Swiss National Museum in
1925, it was displayed in the Leiggern mountain chapel in
Ausserberg (Valais, Switzerland) and from 2019 has been on
permanent exhibition in Zurich. The altar figure Mary (size: H
112.5 x B 44.5 x D 25 cm) stands at the centre of the Leiggern
Altar. Previous X-ray fluorescence measurements indicated
extensive use of gold, silver and Zwischgold leaves.”® The
Zwischgold-applied outer gown of Mary appears well preserved,
but is known to have been partly applied with gold leaf during
restoration treatments in the past; hence the sample Mary was
taken from an area, indicated in Fig. 1a by a green arrow, where
we expect that only original Zwischgold is present.”> A 1974
investigation®* on the altar figure Mary described an organic
varnish layer applied to the top surface of the object, which has
been confirmed by our SEM-EDX measurements showing sig-
nificant amounts of C and O in the top layer of a sample cross-
section (see Fig. S5 in the ESIf). SEM measurements further
provide evidence for a presence of Fe-containing particles in the
substrate and Zn-containing particles in the varnish (see
Fig. S5f). The former indicates the use of bole gilding
techniques.®**** The source of Zn-containing particles is uncer-
tain; possibly some Zn compounds were used as siccative
during the drying process of an oil-based varnish.*>*

Two 15-century polychrome wooden sculptures St. Bishop
and St. Nicolaus were acquired by the Historical Museum Basel
(HMB, Switzerland) via a private donation from Sedrun
(Grisons, Switzerland) in 1941."” Further details of their origin
and history are not available. Fig. 1b shows that these sculptures
contain dark, matte patches on their golden gowns, which is
indicative of corroded Zwischgold. Two samples (Bishop and
Nicolaus) were taken from the centre of a darkened patch on
each object and an extra sample (Nicolaus Border) was taken
from the border area of a darkened patch next to the neighbour-
ing gold surface. These three samples exhibit much stronger
corrosion phenomenon than the Mary sample, which can be
easily discerned by eye and has been further confirmed through
the SEM-EDX measurements (Fig. S12, S13 and S14 in the ESIf}).

3 Results and discussion
3.1 Modern Zwischgold

Fig. 2 shows views of the PXCT 3D images and stack plots of
the integrated depth profiles for the (a and b) Recent and (c

Nanoscale, 2022, 14, 15165-15180 | 15167
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Fig. 2
of the 10-year sample. (See Fig. 3 for further segmentation details.).

and d) 10-year Zwischgold leaf samples. Two front-facing edges
of the samples have been digitally removed to show an internal
cross-section. An expected structure of a thin gold layer atop a
thicker Ag layer has been revealed, with a thin outer covering
of silver corrosion products that appears relatively thicker in
the older, 10-year sample. Some carbon-based material that
was deposited during FIB preparation surrounds the samples.
The stack plots in Fig. 2b and d show the relative proportion of
each segment (by the amount of colour along a horizontal
line) as a function of their depth below the leaf surface (ana-
lysis details are provided in the ESIt). Both samples show the
same general structure with a red band above a thicker blue
band representing the Au segment layer above the Ag segment
layer of the Zwischgold leaf. The grey bands running down the
right hand side (also at the top and bottom) represent the FIB-
deposited carbon material around the samples that was used
to hold them in place. We can estimate the thickness of the
layers via a full width at half maximum (FWHM) measure by
examining the change in depth of the segment at the percen-
tage composition value that is half of the segments maximum
(i.e. by looking at the profile sideways). In this way, we find
thicknesses of the Recent and 10-year gold layers to be 81.8 and
74.5 nm respectively, while the corresponding FWHM of the
combined Au and Ag (red and blue) segments give full leaf

15168 | Nanoscale, 2022, 14, 15165-15180
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(a) Segmented PXCT 3D view and (b) depth profile of the Recent sample. (c) Segmented PXCT 3D view and (d) stack plot of the depth profile

thicknesses of 629 and 505.3 nm respectively. These thick-
nesses compare well with recently published SEM measure-
ments of a leaf from the same pack as Recent, with gold layer
and full leaf thickness of 93 + 19 and 573 + 71 nm.*®

Further detail can be seen in Fig. 3, which presents § histo-
grams from PXCT measurements of the gold reference
together with the Recent, 10-year and 35-year modern
Zwischgold leaves. The main materials of interest, namely the
metallic Au and Ag, are expected to be observable in peaks
located at 8-values of approximately 40 x 10~® and 25 x 107°,
while the main corrosion products (i.e., Ag,S and AgCl) are
expected to be significantly porous and so should produce
peaks at 8-values lower than the 17.6 x 107® and 13.6 x 107°
calculated from their respective bulk densities. Previous EDX
measurements'® and complementary XPS measurements (see
Fig. S167) confirmed the dominance of Ag,S in the 35-year
sample and therefore the peak centred at 15 x 107° is attribu-
ted to Ag,S. Since this Ag,S peak position has a &-value
approximately 15% lower than expected for the bulk material,
we conclude that the observed material has a 15% decrease in
density due to porosity below the resolution of this measure-
ment. The weak peaks observed near 10.5 x 10~° in the 10-year
and 35-year histograms would fit to AgCl with a similar poro-
sity to that of the observed Ag,S. The peaks at §-values of 7.0 x

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Comparison between the PXCT §-value histograms of the Recent, 10-year, and 35-year samples and a pure gold reference. The histograms
have been scaled to match the average number of total voxels with a 5-value above 3 x 107 in order to normalise against different sample sizes.
The colour bar along the lower edge indicates the segmentation for the PXCT tomogram presentations shown in other figures.

Table 1

Imaging parameters of each PXCT tomogram, detailing the field of view (FOV; horizontal and vertical), step size of the Fermat spiral scan,

the number of projections and total data collection time, as well as the reconstruction pixel size and the 3-dimensional resolution estimate by

Fourier shell correlation (FSC) using the 1/2 bit threshold

Sample FOV (H x V pm) Step size (pm) Projections Time (h) Pixel size (nm) 3D FSC (1/2 bit; nm)
Recent 13 %6 0.6 820 15 12.12 18
10-year 13 %6 0.7 870 18 20.27 24
35-year 15x6 0.6 700 13.2 15.3 35
Mary 10x5 0.6 480 6 15.3 30
Bishop 12 %6 0.6 400 6.8 15.3 39
Nicolaus 10x5 0.6 800 9.8 15.3 19
Nicolaus Border 12 x10 0.6 548 14.3 15.3 36
Au reference 6x6 0.6 160 1.7 15.3 —

107% and 7.9 x 107% in the 35-year histogram are attributed to
materials in the substrate, while the peak near 5.7 x 107° is
due to the carbon layer deposited on the sample surface to
protect it from Ga' ion implantation during sample prepa-
ration by focused ion beam (FIB) milling. Air surrounding the
measured samples produces a strong peak at a §-value of zero.
Table S1 in the ESIT lists additional candidate component
materials and their calculated X-ray refractive indices.

A striking trend in the histograms in Fig. 3 is that the right-
most (highest 6) peak, which corresponds to the highest density
material observed in the samples, only matches the é-value cal-
culated for bulk gold in the case of the pure gold reference
sample. The Recent and 10-year leaf samples show their highest-
& peaks at 36.5 x 107° and 32 x 107°, respectively, while the 35-
year sample shows only a monotonic decline as the §-value
increases above the Ag peak position. While this is partly due to

This journal is © The Royal Society of Chemistry 2022

the smaller amount of gold present in the older samples, blur-
ring and volume-mixing artefacts of the imaging technique tend
to reduce the apparent 5-values of the Zwischgold gold layers,
especially those that have a similar thickness to the imaging
resolution (see Table 1) and are surrounded by much lower-§
materials. The alternative explanation that the gold is signifi-
cantly decreasing in density or purity with time is contrary to
the well-known chemical inertness and low diffusivity of gold
lattices.*®* ! Indeed, STEM-EDX measurements of the medieval
Mary sample, discussed in detail in the following section,
demonstrate that the gold layer of Zwischgold retains its purity
and density over long time scales.

More subtle movement of the Ag peak is also observed in
Fig. 3, shifting from 24.8 x 10™° in the Recent sample, to 24.4 x
107° in the 10-year sample and to 24.5 x 10~° in the 35-year
sample, indicating a 1.6%, 3.2% and 2.8% respective decrease

Nanoscale, 2022, 14, 15165-15180 | 15169
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from the §-value of 25.2 x 107° calculated for bulk Ag. This
decrease is interpreted as an increase in porosity in the Ag,
due to the Kirkendall effect.”® The Ag peak of the 35-year histo-
gram is also much lower and broader than the Recent and 10-
year ones; since the broadening is roughly symmetric and
porosity can only make a material less dense (i.e. move a voxel
to the left in the histogram), we expect that this is also an
effect of the imaging resolution.

Fig. 4 displays segmented 3D visualisations from PXCT
measurements of the 35-year Zwischgold sample, with exposed
cross-sections and stepwise addition of materials in order to
highlight details in each layer. These tomograms have been
segmented according to the §-ranges indicated by the colour
bar along the bottom of Fig. 3. The view in Fig. 4a shows only
the red “Au” segment, while the view in Fig. 4b adds the blue
“Ag” segment and shows translucent surfaces of the internal
voids (which are shown in orange in Fig. 4d). Fig. 4c displays
the Au and Ag segments together with the green “silver sul-
phide” segment (centred on the 15% porous Ag,S peak).
Finally, Fig. 4d displays all material segments, including the
greyscale segments attributed to the bole, varnish and FIB-pro-
tection materials. Internal voids are shown as an orange
segment. While the Recent and 10-year leaf samples (Fig. 2)
display consistent and even layers of gold material over silver,
the gold layer of the 35-year sample (Fig. 4a) is much thinner
and shows strong thickness variations and no longer appears
to form a continuous layer (or perhaps gets thinner than the
imaging resolution). Fig. 4e shows an area-integrated depth
profile (aligned to the upper surface of the gold layer) of the
single-layered section of the 35-year sample that demonstrates
the proportions of the material segments as a function of
depth below the leaf surface. The FWHM thickness of the Au
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segment gives a gold layer thickness of 47.9 nm, which is
similar to the 3D Fourier shell correlation estimate of the
PXCT image resolution of 35 nm (see Table 1) and suggests
that the observed FWHM gold layer thickness is not reliable.
The observed gaps in the Au segment in Fig. 4a could also be a
consequence of insufficient imaging resolution rather than
actual gaps in the gold layer of the Zwischgold leaf. Fig. 4e
shows a depth profile of a single-layer section of the 35-year
sample; here we see a second red Au segment peak near
400 nm depth that indicates a thin layer of increased J-value at
the lower edge of the silver layer (also visible on the left edge
of the leaf in Fig. 4b). One could speculate that this thin layer
is gold material transferred to the bottom of the leaf by
contact with gold-contaminated manufacturing equipment.
Adding the Ag segment in Fig. 4b shows that a significant
amount of the silver backing layer of the Zwischgold leaf
remains intact. A flattened, S-shaped crease can also be
observed in the metal leaf towards the right-hand edge of the
tomogram. Wrinkles are commonly formed when a gilding leaf
is initially laid onto the substrate and the surface is typically
then burnished (rubbed with a tool) in order to flatten and com-
press these wrinkles to obtain a flatter, more shiny surface. The
crease observed in Fig. 4 is approximately 2 microns wide at the
front edge of the sample and gradually narrows to a point at the
sample’s rear. Burnishing of the surface also appears to have
dragged some metal across the trough next to the creased leaf,
demonstrating that burnishing a metal leaf surface can do more
than simply compressing ridges. This burnished surface layer is
also visible in distribution of Au and Ag in the depth profile
between —250 nm and the surface of the main gold layer.
Adding further components to the tomogram in Fig. 4c and
d, we observe a layer of silver sulphide (green) over the metal

-1000

-500 1'%

500

Depth (nm)

1000

1500

2000

Propér‘cion'

Fig. 4 PXCT 3D images of the 35-year old Zwischgold sample showing the addition of (a) Au, (b) Ag (with transparent voids), (c) “silver corrosion
products”, and (d) other segments (see Fig. 3 for segmentation details). (e) Stack plot of the depth profile of the single-layered section of the sample,

aligned to the main layer of the Au segment.
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layers and a few clusters below. The dark grey clusters just
below the metal leaf appear consistent with porous silver
chloride in both é-value and spatial arrangement. Previous
measurements of corroded Zwischgold have shown that the
silver sulphide layer becomes substoichiometric close to the
metal interface.'® The §-values used to segment the PXCT data
scale roughly linearly with material density and so it is not
possible to distinguish between small changes in elemental
composition and variations in material porosity. Examining
the orange segment representing internal voids in Fig. 4d, we
clearly observe a significant gap that has opened between the
metal leaf and the bole substrate. The extent of the gap can
also be clearly seen in the depth profile, where the void
occupies approximately 85% of the cross-sectional area just
below the metal leaf. Previous observations of such gaps in
neighbouring sections of the same sample™® showed a much
smaller separation that was consistent with consumption of
the silver layer, however, the gap observed here clearly involves
mechanical movement of the metal leaf away from the sub-
strate. We hypothesise that the gap observed here may have
been caused, or increased, by differential expansion and con-
traction of the metal leaf and the substrate during temperature
and humidity cycles over the lifetime of the object. While it is
possible that heating of the sample during FIB preparation® is
at least partly responsible for the separation of the metal leaf
from its bole substrate, similar measurements on the medieval
Zwischgold samples did not show the same pattern of voids in
all cases and so indicate that the observation of leaf-substrate
separation is likely not just an experimental artefact.

O
Ag.S
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3.2 Medieval Zwischgold

PXCT 3D views of the Mary sample in Fig. 5, show structural
similarities to the 35-year old modern Zwischgold sample
shown in Fig. 4, with a gold layer above a silver layer that is
undercut by a concentration of voids. In the case of Mary,
however, the gold layer is overall thicker, but very irregular
with thickness variations textured at length scales of about
200 nm. Horizontal migration of Au away from grain bound-
aries is an expected consequence of Au-Ag grain-boundary
diffusion, which suggests that this pattern is influenced by the
pattern of grain boundaries in the initial gold layer,'**
however this would be an extremely large scale to observe
grain boundary widening and it is not supported by comp-
lementary STEM measurements (Fig. 6) discussed below. This
variation is reflected in the depth profile shown in Fig. 5e,
where the gold segment forms a much broader and less
intense peak than that observed for the modern samples. The
silver layer in this specimen is also significantly thinner than
that of the modern samples and so the total Zwischgold thick-
ness is correspondingly lower. The FWHM thicknesses of the
gold layer and full leaf are 126.5 and 251.7 nm, respectively.
STEM (Fig. 6) and SEM (Fig. S5T) measurements of adjacent
sample cross-sections also show large variations in the gold
layer thickness, although with an average thickness below
100 nm. Previous SEM measurements of another adjacent
sample®® observed a thinner and more even gold layer thick-
ness of only 56 + 26 nm over 71 positions (and a similar full
leaf thickness of 307 + 68 nm). Kitagawa®® showed that when
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Fig. 5 PXCT 3D images of the Mary sample showing the addition of (a) Au, (b) Ag (with transparent voids), (c) “silver corrosion products”, and (d)
other segments (see Fig. 7 for segmentation details). (e) Stack plot of the depth profile of the sample, aligned to the main layer of the Au segment.
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Fig. 6 STEM-EDX analysis of a sample taken in an adjacent region to the Mary sample: (a and b) EDX elemental maps for Au and Ag, and EDX
spectra of area 1 and 2; (c and d) EDX elemental maps for Au and Ag, and EDX spectra of area 3 and 4; (e—g) EDX Au and Ag maps and high-angle

annular dark-field (HAADF) image of a gold grain boundary filled with silver
green arrow). Sub-panels (e—h) reproduced from ref. 38.

hammered into leaf, gold and silver will retain relatively large
grains that preferentially deform in specific ways that keep the
metal leaf uniform during the hammering process. The strong
variations in gold layer thickness observed in Mary suggest
that the manufacture of the Zwischgold leaf involved uneven
hammering.

Further evidence of the limits of the PXCT analysis is pro-
vided by an EDX analysis through STEM (operating with a
resolution of a few nanometers) on a sample taken in an adja-
cent region of the Mary sample, shown in Fig. 6. Fig. 6a—f
demonstrates that there is a clear separation between the gold
and silver layers and that these layers have purities of more
than 98 at% and 99 at% respectively. Such observations indi-
cate that no significant lattice interdiffusion has occurred in
this 600-year old Zwischgold sample. However, grain boundary
diffusion is expected to occur rapidly and can be observed in
Fig. 6e-h as a narrow line of Ag crossing the gold layer at the
boundary between crystalline grains. The grain boundary is
observed to be about 5 nm wide and so grain boundary broad-
ening cannot be a significant contribution to the strong gold-
thickness variations observed in the Mary sample.

The distribution of (green) silver sulphide in the Mary
sample (Fig. 5¢) shows two modes. The surfaces of the metal
leaf are covered by a very thin layer of corrosion products, but
there are also some bulk regions where the metallic silver layer
of the leaf has been replaced by silver sulphide. The layers

15172 | Nanoscale, 2022, 14,15165-15180

atoms; (h) EDX line profile across a gold layer grain boundary (along the

adjacent to the Zwischgold leaf in the Mary sample also show
interesting features in Fig. 5. The supporting substrate is
much more structured than that of the 35-year sample,
showing higher §-valued grains within a lower density matrix
that contains a well-connected pore network with voids on the
scale of 100-300 nm. Further, the depth profile in Fig. 5e
demonstrates that these voids show a concentration at the
underside of the metal leaf that reaches over 50% of the total
leaf area, meaning that less than half of the leaf area remains
attached to the bole substrate. The relatively low-6 and smooth
varnish layer similarly shows pores and although they are also
concentrated close to the leaf interface, they are much less
connected and only sum up to 11.2% detachment of the leaf-
varnish interface. These voids do not correlate with the con-
sumption of the silver layer, and are more consistent with
mechanical detachment via differential expansion-contraction
as discussed above for the 35-year PXCT.

Examining the histograms of the medieval Zwischgold
samples in Fig. 7, we observe a similar set of peaks to that of
the modern samples, but with much lower counts at the § posi-
tions corresponding to Ag and Au and an additional peak
located at a § value of about 10 x 10~°. While the Nicolaus
Border shows a strong profile extending to very high & values,
the PXCT images in Fig. 8 reveal a completely different situ-
ation from the other samples where the main gold segment is
below the silver segment and in some places separates into up

This journal is © The Royal Society of Chemistry 2022
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scaled to normalise against different sample sizes. The colour bar along the lower edge indicates the segmentation for the PXCT 3D model presenta-

tions shown in other figures.
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Fig. 8 (a—d) PXCT 3D images for different components (see Fig. 7 for segmentation details) inside the Nicolaus Border sample. (e) Stack plot of the

depth profile of the sample, aligned to the main gold layer.

to 3 layers. A clearer view of these layers is provided in Fig. 9
with a slice through the PXCT tomogram (a and b) and an
SEM image (c) of a separate cross-section region of the
Nicolaus Border sample, revealing that there are in fact three
gold layers; the lowest layer is about 106 + 24 nm thick, while

This journal is © The Royal Society of Chemistry 2022

the middle and upper layers are about 41 + 16 nm thick. The
mismatch between PXCT and SEM data in Fig. 9 clearly
demonstrates that the high 6 of these thin gold layers has been
blurred across adjacent PXCT voxels, which effectively shifts
the high-6 counts of the corresponding histogram in Fig. 7 to
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Ag corrosion

(a) A segmented and (b) raw PXCT tomogram slice for Nicolaus Border; (c) SEM image of a microtomed cross-section of the “Nicolaus

Border” sample labelled with observations from EDX analysis. Scale bar applies to all images.

lower 6, where they fall into another segmentation bracket.
Complementary EDX analysis of the Nicolaus Border sample
(Fig. S12 in the ESIY) further reveals that a mixture containing
elements Ag, S, Ca, O and C deposits mainly above the top
gold layer. Such observations indicate that a two-layered
Zwischgold leaf overlaps a normal gold leaf, and the metallic
silver in the Zwischgold leaf has largely transformed into silver
corrosion products (e.g. Ag,S), mixing with the varnish
materials. This is consistent with the fact that the sample was
taken from a border area between surfaces applied with
Zwischgold and gold leaf. The presence of the gold leaf pro-
vides a significant number of gold voxels, contributing signifi-
cantly to the highest § segment of the histogram and exhibit-

Fig. 10
the depth profile of the sample, aligned to the metal layer.

15174 | Nanoscale, 2022, 14, 15165-15180

ing a similar profile as the Mary sample. The Mary histogram
does not show a distinct peak for silver sulphide, but rather
shows a gradual transition between the Ag peak and the
d-position of the 15% porous Ag,S peak observed for the 35-
year sample, indicating significant variation in the stoichio-
metry and porosity.

Although EDX analysis identifies silver sulphide as the
main silver corrosion product in the Nicolaus Border sample,
no peak is visible at 15 x 107 in the histogram presented in
Fig. 7 as we have observed for 15% porous Ag,S in Mary
sample. We do, however, see a peak at 12.1 x 107° that is
spatially associated with regions close to the silver segment in
Fig. 7 and so probably consists of Ag,S that is either twice as
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(a—d) PXCT 3D images for different components (see Fig. 7 for segmentation details) inside the Sedrun Nicolaus sample. (e) Stack plot of
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porous (31%) or is mixing with lower delta materials from the SEM-EDX observations on different sites of this sample show
varnish. Our SEM-EDX observations indicate that each of these that S is spread quite evenly throughout the entire varnish
possibilities typically occur in different sites of each sample. layer and so the peak at delta value 9 x 10™® could perhaps
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Fig. 11 (a—d) PXCT 3D images for different components (see Fig. 7 for segmentation details) inside the Sedrun Bishop sample. (e) Stack plot of the
depth profile of the sample, aligned to the upper surface of the metal layer.
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Fig. 12 STEM-EDX analysis of a sample taken in an adjacent region to the Bishop sample: (a) high-angle annular dark-field (HAADF) image and (b)
EDX Au map of a Zwischgold leaf cross-section; (c and d) EDX line profile across the leaf along the green arrows in (b).
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also be described as corresponding to a mixture of Ag,S and
organic varnish.

The Nicolaus sample taken from the centre of a corroded
Zwischgold patch, Fig. 10, shows an extremely thin layer of
high-6 voxels segmented into the Ag,S, Ag and Au segments.
This is also reflected in the histogram presented in Fig. 7,
where the histogram drops rapidly above a ¢ value of about 17
x 107° due to the very low proportion of high § voxels. This
thin layer is consistent with a single Zwischgold Au-layer
matching the two Zwischgold Au-layers that overlay the gold
leaf in the Nicolaus Border sample. However, complementary
SEM-EDX measurements on a sample cross-section that was
taken in an adjacent region of the Nicolaus sample, show that
the Zwischgold leaf contains both single and double Au layers
(Fig. S11a and b in the ESI}), and their average layer thickness
of 29 + 10 nm (Fig. S1ict) is consistent with the PXCT data.
Previous SEM-EDX measurements of the Ag:Au elemental
ratio provide an estimated original total leaf thickness of 225 +
78 nm.*®

Unlike the 35-year and Mary samples, both of the Nicolaus
samples display only a few, poorly connected pores in the
varnish and bole layers. Further, these pores do not show sig-
nificant concentration adjacent to the Zwischgold leaf in these
two Nicolaus samples, demonstrating that the voids and dela-
mination effects observed in other samples are not simply due
to the sample preparation methods.

The PXCT data of the Bishop sample presented in Fig. 11
shows another highly corroded Zwischgold leaf that appears
similar to the Nicolaus sample and has a thickness similar to
the measurement resolution of 39 nm (see Table 1). Close
inspection of the gold layer in a FIB cross-section of a Bishop
sample by STEM reveals a triple-layer structure, as shown in
Fig. 12, with an average thickness of about 16 nm for each
gold layer. This fine structure is below the resolution of the
PXCT measurements and suggests that the Zwischgold leaf
applied to the Sedrun St. Bishop belongs to a rarely-observed
class of multi-layered Zwischgold leaves.* It is worth noting
that the green segment representing corrosion products
observed in Fig. 11 does not only reside above the original
metal leaf position but is also distributed throughout the sub-
strate, in the form of small aggregates. These aggregates dis-
tributed throughout the substrate could also be relatively large
grains of iron oxide mixed with the bole substrate, since Fe,0O3
has a § value of 13.5 x 107°. A few large-sized voids and lots of
smaller pores are present around the metal leaf and through-
out the substrate of the Bishop sample, though with less dela-
mination of the leaf than was observed in the 35-year and Mary
sample.

4 Conclusions

These pioneer PXCT measurements of both modern and med-
ieval examples of Zwischgold have demonstrated the ability to
reveal many features of thin, multi-layered metal leaves and
their surroundings with a resolution better than 40 nm in
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samples of more than 5 microns in size. The 3D images
provide quantitative measures of the layer composition and
thickness, as well as larger scale features, such as a fold in the
metal leaf that has been flattened by burnishing in the case of
the 35-year sample. Importantly, the imaged structures can
reside in regions away from the cutting face of the sampled
material and fragile, porous structures can be observed with
minimal alteration. This is important because strongly hetero-
genous samples like those examined in this work should be
expected to display many cutting-face artefacts that would
strongly limit the wuse of direct-sectioning tomography
methods. For example, FIB/SEM tomography, which uses a
focused ion beam to successively slice the sample and a scan-
ning electron microscope to image each cross-section with
nanoscale resolution, would be limited by curtaining artefacts
where variations in sample hardness cause the cutting face to
be significantly non-flat.>®> (An example SEM image of a FIB
cross-section of the Nicolaus border sample that displays sig-
nificant curtaining is shown in Fig. S17 of the ESI{).

The Mary sample, taken from the central figure of the
Leiggern Altar is quite similar in thickness and structure to
the modern Zwischgold, albeit with more lateral variation in
the thickness of the gold layer. The Sedrun Nicolaus and
Bishop samples, in contrast, are much thinner and are com-
posed of multiple layers. Further study is required to deter-
mine if the Sedrun sculptures are of novel construction, or if
ultra-thin, multi-layered Zwischgold leaves are actually more
common than is currently understood. The thickness of the
metal layers observed by PXCT was reasonably precise in cases
where the measurement resolution was well below the layer
thickness. However, one of the practical limits to the measure-
ment resolution is the mechanical stability of the sample
while measuring the set of projections, which was found to be
unpredictable for historical samples. Complementary electron
microscopy measurements proved invaluable for observing the
fine, ultra-thin details of the historical Zwischgold leaves.
Together, these observations provide insight into the relative
value of higher resolution versus higher dimensional imaging
techniques that can guide future studies.

The 3D imaging of PXCT also allowed us to assess the
degree of adhesion (or connectedness) between the
Zwischgold leaves and their bole substrates and varnish over-
layers. Each of the samples that included a substrate displayed
a series of voids within the substrate materials that were often
concentrated near the leaf interface in a way that could be
described as a partial delamination of the metal leaf. The 35-
year and the Mary samples displayed 84.7% and 53.9% delami-
nation area (respectively) at the leaf-substrate interface, while
the Bishop sample presented a 45.5% fracture surface about
750 nm below the metal leaf. The delamination patterns
appear more consistent with expansion-contraction tensions,
rather than being connected to corrosion mechanisms. A con-
centration of voids near the leaf-varnish interface was also
observed in the Mary, Nicolaus Border and Bishop samples, cov-
ering 11.2%, 5.3% and 5.5% of the respective interfacial area.
The quantitative nature of the PXCT data further allowed esti-

This journal is © The Royal Society of Chemistry 2022
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mation of the porosity of the corrosion products (e.g. 15%
porous silver sulphide observed in the Mary sample) and even
of the metallic silver (due to the Kirkendall effect).

This work has demonstrated PXCT as a powerful tool for
quantitative three-dimensional characterisation of very hetero-
geneous samples. While the resolution of our measurements
was not sufficient to fully resolve the very fine details of the
Nicolaus and Bishop Zwischgold foils, there are a number of
ways to improve future PXCT measurements. Firstly, cryo-pres-
ervation of the sample will help stop the sample from moving
or changing shape during the measurement (this can happen
due to radiation damage). Similarly, a more coherent X-ray
source (from a diffraction limited synchrotron®®) will improve
the dose-efficiency of the PXCT measurements so that less
radiation damage should occur. Secondly, improvements in
the measurement rate due to improvements in detector hard-
ware and photon flux of the X-ray beam can increase the rate
of measurements so that further projections can be measured
in the same amount of time. Finally, the reconstruction codes
for analysing ptychographic and computed tomography data-
sets are undergoing rapid development that make them more
tolerant of non-idealities in the raw data so that imaging arte-
facts can be minimised.

5 Methods

Applied Zwischgold samples were cut by focused ion-beam
(FIB) into cylinders with a diameter of 5-10 pm; below the
metal leaf part, an approximately 10 pm thick section of bole
was retained as an isolation layer between the metal leaf and
the sample holder. 10 x 10 pm squares of free-standing
Zwishgold leaf were cut by FIB for the Recent and 10-year
samples. Transfer of the samples onto OMNY pin sample
holders®” were performed via FIB and an in situ micromanipu-
lator. After removal of the cylinder, cross-sections of the
remaining sample were trimmed by FIB and measured in situ
by STEM or SEM, and EDX. TEM sample preparation and
STEM-EDX measurements were performed at the University of
Siegen (Siegen, Germany). The TEM cross-section lamellas
were prepared with a Thermo Fischer FEI Helios 600 by apply-
ing a standard lift-out with final polishing at 2 kv. A Thermo
Fischer FEI Talos F200X microscope, equipped with a SuperX-
detector, operating at 200 kV was used for STEM-EDX analysis.

PXCT experiments®>*® were carried out at the cSAXS beam-
line (X12SA) at the Swiss Light Source, Paul Scherrer Institut
(PSI), Switzerland. A general description of the PXCT measure-
ments is given as follows. A double crystal Si(111) monochro-
mator was used to provide a monochromatic radiation of 8.7
keV generated by an in-vacuum undulator. The beam was
focused by a Fresnel zone plate (FZP) with a diameter of
120 pm, outermost zone width of 60 nm (ref. 59) resulting in a
focal distance of 51 mm. The FZP was fabricated in the
Laboratory for Micro and Nanotechnology, Paul Scherrer
Institut, Switzerland. The sample was placed 1 mm down-
stream of the focus to give an illumination of approximately
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2.5 pm in diameter. The ptychography scans followed a Fermat
spiral pattern® with an average step size of 0.6 um over a field
of view (FOV) of up to 15 pm horizontally by 6 pm vertically.
Diffraction patterns were collected 7.4 m downstream of the
sample using a Pilatus 2M detector®" with an exposure time of
0.1 s. Projections were measured at uniform intervals of
sample rotation from 0° to 180°, with about 4 x 10’ incident
photons per square micron, per projection. The ptychographic
reconstruction of the 2D projections from sets of 400 by 400
pixel diffraction patterns was performed using the difference
map*® and maximum likelihood®*** methods to give an image
pixel size of 15 nm (except for the Recent and 10-year samples
with voxel sizes of 12 and 20 nm respectively). Subsequently,
projections were aligned®® to give 3D tomograms based on
modified filtered back projection.®® The tomogram half-pitch
resolution was estimated by Fourier shell correlation half bit
criteria®® to be between 18 and 35 nm, depending on the
sample. Table 1 provides the specific PXCT imaging para-
meters for each sample. The f and § parts of the reconstructed
data were observed to provide the same information, but with
lower noise in the & values, and so the § part was discarded.

Data obtained from PXCT experiments was processed in
Avizo 9.5 for quantitative analysis and 3D visualization. An
important step to reach this goal is the segmentation of
materials of interest, i.e. dividing the data array into materials
zones based on their §-value (which correlates closely with elec-
tron density when the X-ray energy is not close to an elemental
resonance®”). The most interesting materials in Zwischgold
samples are Au and Ag, the main Ag corrosion products such as
Ag,S and AgCl, and materials expected to be present in the
varnish coating and bole substrates. Quartz (SiO,), kaolinite
(A1,Si,05(0OH),, Na,SiO;, Mg;Si,0,9(0OH),) and calcite (CaCO3)
are main bole materials.®® The earth pigments red ochre (main
component hematite Fe,O;) and yellow ochre (main component
goethite FeO(OH)) were commonly mixed with bole materials to
make red and yellow boles. Other materials that are expected to
be observed include amorphous carbon and aluminium as pro-
tective and conductive coatings, as well as gallium which was
used as the FIB ion source. The § and f values for 8.7 keV
photons interacting with materials of interest in Zwischgold
samples were calculated using the atomic scattering factors
from Henke et al.®” and presented in Table S1 in the ESL}
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