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ABSTRACT

The process used to obtain foils of more and murethickness and coat them on artefacts varied
during centuries. It started from thick foils ofetfirst ages mechanically assembled and evolveil thet
rolled and beaten leaves, a few hundred nanomtiticds This paper will develop, through examplelseta
from laboratory studies on museum objects, the reaatution steps of gold leaf forming. It will disss the
present knowledge about processes used by handgodf different origins and periods: antic Egypt,
Roman Empire, western and oriental Middle-Age, Bofimerica, modern Europe. A recent mechanical
modelling work about gold forming by beating wik lexposed. Then will be described, still througters
examples, some of the non-destructive and destautdaboratory methods used to characterise anaisht
modern gildings, their composition, thickness aultiesion modes. The different coating process veéll b
discussed, owing to the presently available knogded hese depend on the substrate nature and skibleo
necessity to treat its surface before and durimgditding process. Such treatment varies from thbite
preparation” found on antic Egyptian artefacts alstd on wooden decoration of baroque Brazilian cihes,
to “oil gilding” used for the recent restoration thfe Invalides roof in Paris. It may also includénigh
temperature firing, as for gilding with powder isgufrom leaf grinding on Middle-Age Syria glass.eTh
paper will end with a listing of the numerous resbgerspectives open for the presently poorly hixes
study of the adhesion mechanisms between goldalefts substrate, to understand fully the gildingcess.
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1 INTRODUCTION

Gold foil and leaf have been used by most humaitisations to decorate all kinds of artworks:
bronze, stone, ceramic, wood, cartonnage of the@tagy sarcophagi, glass objects, etc. The presgergs
an attempt to draw a summarised story of the guilcahid leaf preparation and coating on variousemials
used in cultural heritage artefacts along the agtasting from the thick gold foils mechanicallysfaned onto
metal or ceramic pieces of ancient Egypt or Mesapéd to reach the very thin gold leaves appliedhen
surface of precious wood sculptures during the 8agoperiod or on the metallic roof of the Invaliiutch
in Paris. That crucial question of the mode of ninig of the gold leaves will be discussed from the
mechanical viewpoint and a model will be developggdlaining how the exceptional mechanical propsrtie
of gold allow obtaining metal leaves of an extreimnaness, a specific process refined by generatégsld
hand workers and still used at the present time.

But foil or leaf gilding is not only a question obtaining good quality and colour gold films; it is
also a process of coating which was applied torg laege number of substrate materials. This reglfrom
the artisans the invention of various kinds of pesito obtain more or less liable adhesion resuits those
substrates. That question will be discussed thrahghdescription of the gilding studied on cultunaetitage
material as different as metal, stone, ceramigsglevood or other organic artefacts. Some studirducted
in the laboratories of the present authors with enodinvestigation means will be described in that
framework.

The question of the structure of the interface leetwthe bulk object and its gold coating and of the
adhesion mode leading to a reasonable strengtieadgsembly will be detailed and the necessaryestid
be developed in order to better understand andryatéserve that strength will be discussed.
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2 A BRIEF HISTORY OF GILDING, DEFINITIONS

The base product used for gilding may be eithee mald or a gold-base alloy. The alloys were
traditionally obtained by alloying gold with silyezopper or both metals. The content of alloyirepent is
adjusted to obtain a desired colour, varying frdra pure “gold” colour to “red gold” (mainly copper
addition), “green gold” (limited silver addition)r d'white gold” (larger silver addition) 1. Modern
goldsmiths are using other alloying elements, saghpalladium, platinum, mercury, etc. but they rmoé
commonly used for gilding. The gold content of adgalloy is measured in carat; 100 % gold is 24tao
for instance 18 carat gold is a 75 % gold alloy.

The numerous authors who focused their writing$odrand leaf gilding agreed more or less to the
following definitions for the description of thertge range of gold film thickness applied to varisubstrates

[2-3].

- A gold sheets a thick plate of gold obtained by the first hmaring or rolling of the gold or gold
alloy ingot;

- Gold foils have an intermediate thickness, more than aboytriQ obtained by hammering or
rolling the sheets;

- Gold leavesare obtained by beating. Their thickness is smé#fian 10um and can be as low as
0.1um. They are not able to support their own massnamst be handled with a special knife blade or hrush

The first gilding technique was carried out usimjst As foil can be handled without special
precaution, it could be directly applied to theaatt$ and mechanically fastened. A stone vaseJJifpund
in south Egypt dating from the Nagada period (ehgrehistory 4000-3100 BC) is kept in the Louvre
museum. Its handles are decorated with thick guild mechanically fastened.

Figure 1: Stone vase with foil-gilded handles. South EgydGt3100 BC, Louvre museum

The first application of gold foil onto metal isparted on the '$ millenary BC B.4]. The British
museum holds a set of “nails” in silver from Syfia 3000 BC) whose heads are covered by gold foited
on the back of the nail's head to fasten th8mThat technique of foil mechanical fastening dasfor a long
period of time. For instance the child’s head ghife 2, from the treasure of Oxus dated of tHeéntury
BC is covered with a gold foil assembled on itsesdy burnishing4]. Similarly, on the bronze statue of
Karomama (850 BC) kept in the Louvre museum, ondsfion the arms and legs engraved incisions where
the edges of the gold foil, now lost, were forcedeep the foil in place.
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Figure 2: Foil-gilded head with mechanical fastening of thié Ancient Iran, 500 BC, British museum

The most ancient document about gold foil or leathanical forming was found in an Egyptian
tomb of Saqgara, dated of 2500 BC (fig. 8) [One sees a gold melting operation and a worketibg (or
hammering?) gold with a round stone. Another Egypiilustration, found on the funerary manuscript o
Neferhonpet (1% century BC) describes him as the “chief of the emalof thin gold” which indicates he was
probably a true goldbeater. The beating techniqueears to have been brought to its perfection mieam
Egypt as some authorS][report a leaf thickness of 0.2 um already in Lusaring the 18 Dynasty (1550-
1300 BC). This is not more than twice the ultimtdiiekness reached by the modern gold beaters (with
24 carat gold). Even if that value is not very Bafdtested, another value is given by Pliny thdeElat the
beginning of the % century AD B]. Starting from data given by that author on theight of a stack of 1000
gold leafs, a simple calculation shows that thellgehters of that period were able to reach a teskiof 0.4
pm. One can then consider that leaf processingcaawpletely mastered during antic civilisations, &e
and Rome, at least after th&rillenary BC. It was applied on all kinds of madés until now.

Blld 2287

This illustration from an ancient Egyptian tomb at Saqqara (2500 B.C.) shows the melting of gold with the assistance of
blowpipes and the beating of gold with a rounded stone held in the hand

Figure 3: lllustration from an ancient Egyptian tomb at Sagg(2500B.C.) showing the melting and beating
of gold

At the end of the L millenary BC, probably around thé& @entury BC in China, appeareakercury
gilding on metals. Pliny the Elder in its Encyclopaediéttem during the T century AD B] reports a special
foil gilding technique on metals in which mercusyused as an adhesive. That technique is mentiartbe
modern literature asold mercury gildingin opposition withamalgam gildingfor which gold powder or
fragments are first mixed with liquid mercury totain an amalgam further applied on the metal sertaw
heated to a temperature high enough (about 4005 €)minate most of the mercury by evaporatidh [

That technique of mercury gilding was the most camnfor metals (silver and bronze) gilding
during the whole period between th& dentury AD up to 19 century. Magnificent examples of artworks
may be mentioned as the Paradise door of the Baptisf Florence (Italy), achieved in 1452,

Mercury gilding of metals, a health-hazardous psscevas replaced IBlectrolytic gildingas soon
as the electrical batteries were invented, i.4.800 for the Volta battery, 1836 for the more édfit Daniell
battery.

In fact, gilding by an electrochemical process wagnted well before electrolytic gilding itselt. |
has been shown indeed that the ancient pre-Columbian South Americarilisations Vicus (300 BC-500
AD) and Mochica (100 BC-850 AD) used already théura electrochemical potential difference between
gold and copper to obtain thin gold deposits froohdgsolutions on their jewels or ritual objects.ath
technique, calleélectroless gildings still used in the electronic industry.

Those same pre-Columbian civilisations apparenitp anvented a very ingenious technique of
surface gildingdepletion gildingor mise en couleurfthe French term is used in all languages) in tizc
copper-gold alloy is oxidised and/or etched to &late the copper of the surface. A final polishing
(burnishing leaves a pure gilded surfacBurnishingis the technical term for mechanical surface ftattg.

The 13" century treatise of Bartholomeus AngelicDe Proprietatibus Rerummentions the
possibility of joining gold and silver by simple manering B]. That practice of joining gold leaf to a metal
substrate, not only silver but also bronze and,itmnsimple mechanical pressing (eventually hammggyi
was used during the Middle Age in Europe and inMiidle East.

Another ancient gilding process @wder gilding Less expensive than foil or leaf gilding and
normally easier to process, it appeared as sodnhveas possible to grind gold foils or leaves i@tdine
powder, which was then mixed with a binder, gemgrah organic binder, and appliedt as a paint @ th
surface to be gilded. The binder may be elimindgtieating. It can be applied on any kind of suistand
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is reported as soon as th& millenary AD in China. A good example is the en#lewand gilded glass
elaborated in Islamic Iran in the.2entury (fig. 4) ).

wd S

Figure 4: Enamelled and gilded glass fragmetdl][ Syria 12" -13" century. Louvre museum

To end that summarised history of gilding throulgé &ges, one comes to the moderr' @éntury)
gilding techniques. It was seen thaectrolytic or electroless gildingare still practiced in industry and
jewellery. Other processes are: gilding by therdeomposition of an organometallic compound coimgin
gold (“liquid gold™), physical deposition techniguas thermal evaporation or cathodic sputterirg,[£5)].

From now, this article will concentrate only onlfoi leave gilding, ignoring the other processes.

3 THE MANUFACTURING PROCESS OF GOLD LEAVES, AN EXAMPLE OF MODERN
PROCESS

For more than 4000 years man has been able of meouhg very thin gold foils with a 0.2-0.3
pm thicknessY, §. This impressive technical know how is based arery ingenious procesthe beating
where one strikes with a hammer many thousand timmesack put on a flat anvil. That stack may be
composed of up to 2000 elements with alternatigely foils and thicker inserts made of paper oypuwr.

The two main steps of the process are describefiins. Figure 6shows how a gold beater
workshop at the 8century was organised.

Shoder making
Melting and alloying Au foils 40x40 mm?2+ carbon papers (1000)

(Au, Ag, Cu) ¥
15t beating

Casting in steel mould 150x150 mm*- h~1.2 pm
220 g - h=5 mm- ~40 mm v
Cutting in 9 stacks - mould filling
J’ Au foils 50x50 mm?2 + mylar 18 um foils (2000)
Rolling passes L]
- h~17 pm 27 beating

122x122 mm? 2h,~ 0.2 pm
L 2

Annealing at 700-800°C Cutting and leaflets making

Figure 5: The successive steps of gold leaves manufactprimcess
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Figure 6: A goldbeater workshop at f&entury [from 10]

- After melting of gold in a furnace and alloy elemts addition, an ingot with 220 g and about 5
mm thickness is casted. The thickness is reducetbdat 17 pm by successive passes on a reversibigr
mill with mirror polished well lubricated surfaceBefore the invention of the rolling mill that ojpgion was
probably done by hammering (see fig.3). This stegséby an annealing in order to restore the gotdility.

- The step of beating is much more complex and timesuming. It includes not only the two
beatings, but also intermediate steps for treatiwegsurfaces of the inserts, making the stacksogehing
them for transferring and treating gold foils.

Some decades ago, four beatings were necessary. Wée brought down to two by various
improvements such as increase in the thinning bBingo larger dimensions of the actual paper irsevith
respect to those of the Montgolfier paper used iptesly, use of mechanical presses insuring about 4
strikes/s for performing the beatings and automationearly all operations.

During the first beating, the stack (shoder) istaoved in a parchment sheath. The inserts of the
shoder are made of paper covered with non eleatiostarbon black. The cutting after the first legis
performed by hand with a guillotine.

The mould used for the second beating is made sthek of mylar films with dimensions much
greater than the final dimensions of the gold Isawylar is bi-stretched polyethylene terephtal@&T).
These polymeric films replace now the old and mowre expensive “goldbeaters’ skins”. The films are
surface treated with organic varnish and a finegeveof gypsum and soap to ensure an adapted friotith
gold, as explained below.

Finally an operator opens the mould, cuts the ledoethe commercial dimensions (e. g 8 cm side
square) and inserts them in a leaflet of silk film$ie chemical composition and the final thickness
adapted to the destination of the leaves.

This process presents many exceptional aspectsnpibses a very high elongation, equal to
5/0.0002=25 000. The final product is very flexjblbait the risks of wrinkling and tearing it are higdt is
handled only with a special knife blade or brusbr. Fanufacturing 100 g gold leaves, it is necessastart
with approximately 400 g gold.

3.1 The minimal thickness obtained by rolling

The problem of the minimal thickness is well knoimrrolling shops. A natural idea for displacing
this limit is to roll several sheets together.dtused for instance for manufacturing packagingnalium
foils [11]. It cannot be applied to gold, because, as aegprence of their high oxidation resistance, putd go
foils weld to themselves when pressed together.

In fact, the friction and the rolls elasticity imgm a minimal thickness in rolling. Below some
thicknesdh;, the foil passes through the roll gap without fidastrain by elastically flattening the rolls.

Figure 7 shows the simplified set up used to cateuthe limit thickness. The two rolls of radRs
elastic modulu€, and a Poisson ratio, are replaced by a single roll of radius R* R/2 and elastic
modulusE* = E/[2(1-u:)] on a rigid plane. The foil has the flow stresswhile p is the pressure induced
by the combination of friction and strain in thdliray process.
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Figure 7: Minimal thickness in rolling (curvatures and eieisy reported to top roll)

A complete calculation1?] gives the value of the minimum thickness:

-2
2+ mME* /g, —+/2 .
h, =R* \/ 2 V2 and O, = 2%

2m ° /3 1)

Where m is the Tresca friction coefficient at the goldtiaterface.

By assuming that: (a) the Vickers hardness of liaagivn gold [13] is three times the flow stress of
rolled gold foil, (b) gy~0.2 GPa, and (c) for steel rolE*115 GPa) with radiuR* = 100 mm , then the
equation (1) givel; = 17 umfor M =0.05 anch;~32 umfor M = 0.1 (fig. 8).

50

-~ h (um)

actual value 17 pm

10 -

=1
0 0,05 0,1 0,15

Figure 8: Evolution with the friction coefficient of the nmimal thickness hin rolling gold foils @y = 0.2
GPa) with steel rolls (E*=115 GPa- R*=100 mrhp].

The minimal thickness increases strongly with foiet It is thus important to use mirror polished
well lubricated rolls in order to minimise that rimral thickness.

A minimum thickness limitation was evidently alsae for hammering of single foils practiced by

the antic artisans. It is the reason why they ladnvent composite stack beating, which will now be
analysed.

3.2 Mechanical analysis of beating

The basic facts to consider in the mechanical aimlgf a beater blow on a composite stack
containing alternatively plastic gold leaves anccmthicker polymer foil inserts are:

- Each blow induces only a small plastic strainrémeent to the gold foils and deforms only
elastically the inserts.
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- The elastic energy stored in the inserts woulsues their recovery between two blows without
damaging the gold leaves.

One considers the case of the second beating withoald, because one knows an order of
magnitude of the mylar inserts mechanical properfithe phenomena during the beating of the shager a
probably similar.

The full calculation is developed in another pudifion [L2], so here it is only summarised the main
principles and conclusions of that calculation. Ufégg 9 shows a simplified sketch of the part under the
hammer of a polymeric foil inserted between twadgehves.

Sliding zone Sticking] Zone 2
F 3
E
F 1
r OptdogE — o,
- = o Polymer H
X 0 I‘]’a fa L 3 +h
Cenld lesaf
—Cro *
|

Figure 9: Stress state in two foils of the mould during beating L2]

The penetration of the hammer provokes an elastining of the polymer foils which are stretched
at the impact boundary. Thanks to gold/polymertifsit this induces bi-tensile stresses on the gedlés.
These bi-tensile stresses induce the thinningeftild leaves. After release of the hammer thdielasergy
stored in the polymer foils promotes their separatirom gold by peeling. The coating of interlayéss
designed to favour that separation without damagfweggold leaves. The system is then ready fonthe
blow.

Evidently, the successive blows are distributedtimn surface of the mould to level evenly the
deformation. Moreover, the mould is turned oveligrically to compensate the fact that both the hamis
not flat as the anvil and straining is not unifdinom the bottom to the top.

Because the Young’'s modulus of golg, & much larger than the Young’s modulus of theypur
Ep, and the gold thicknedsis much smaller than the polymer thicknesghe deformation of the polymer is
exclusively elastic and gold can be consideredgig. iThe mechanical system of figuree@n then be solved
quite simply [LL2].

A numerical application may be done, using theofelhg estimations:

- Polymer: Young's modulus & 4 GPa; Poisson’ s ratiw= 0.35 ; thickness of one foil H =17 um

- Gold: Flow stresgp= 0.2 GPa; thickneds= 1 um

- Friction coefficient = 0.05.

After a first small step where the gold leaves renmigid, they thin rapidly whereas the sliding zon
width decreases (fig. 10). The gold strajp increases initially very sharply, much more qujcthan the
polymer contractiore,p. So thinning of the gold leaves is almost complefter the first quarter of the
beating. During almost the whole process the goidi$ strained under an in-plane isotropic tenstieess.
Because the metallic leaves stress state is maifyane bi-tensile stress, one understands waell this
process can be applied only to very tough alloyss Btress state explains why the gold leaves gonta
always pinholes which do not degrade the aestlaesiect, but confirm that the ductility limit is by
reached.
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Figure 10: Evolution with the reduced polymer thinning of thiglth a of the sliding zone and the reduced
thinning of the gold foil in the centre zone (Bhe polymer Young’s modulusy®)

The strain for a thickness change of 1.2 to 0.2iim(6)~1.79. Because for one blow the maximum
thickness stress is 3.5%, the minimum number ofvbloecessary for performing it is: 1.79/0.035~5he O
deduces from the previous values that about 326@shre necessary for extending a gold foil to wasg
surface with 120 mm side, in rather good agreemithtindustrial practice.

The elastic energy for a blow on an aBs45x15 mni is:

Wp ~210°15% 1710°°.200)%.(24000 1 =38 @)

This is within the order of magnitude of the availablergpeon a 9 kg hammer for a 0.5 m drop
height, which corresponds approximately to the old progedsrmed by hand.

An important problem needs also consideration. What happetmveen two blows? After each blow
the inserts must recover their initial size. The elastic energgdsin the inserts is available for this recovery
by peeling the gold/polymer interfaces. The available gnesigase rate at the end of the blow is:

Ug -2

This value seems high enough for insuring the sejoer of the polymer inserts from the gold
leaves. The surface treatment of the inserts ibghly the determinant factor of the process. Ittiis the
friction level between gold and polymer foils arlzbae all the critical value of the energy releaste G, of
the peeling process insert/gold leave.

To our knowledge, this model, developed for thstfirme is a good demonstration of the ability of
ancient artisans to overpass technical difficulties their artistic purpose, through sophisticateand
processing.

4  SOME LABORATORY TOOLS FOR THE STUDY OF LEAF GILDING ON CULTURAL
ARTEFACTS

Laboratory studies of cultural heritage objectsdgobatings are aimed to answer three kinds of
questions:

- The first concerns the composition, possiblydahigin of the gold leaf;

- The second is the thickness, if possible the asicucture and consequently the processing mode
of the leaf itself;

- The third is to try to identify the mode of adlmesof the leaf onto the substrate, and hence the
recipe used by the craftsman to apply it.
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As always when cultural heritage items are conakrtiee important question is: does the study
have to be totally conducted with non-destructieefmvasive methods or is it possible to obtain ias
taken from the object for a more comprehensive éxaton and analysis?

The choice of the used laboratory means dependtafoantally on the answer to that question and
the short inventory given here will follow that iog

4.1 Non-destructive characterisation

If the gilded artefact has to be examined withasgsgible sampling of a part, which is often the ¢ase
specially for museum items, it remains possibledaduct a series of analysis with the available enod
tools [14,15.

-X-ray fluorescenceThe well-known method of X-ray fluorescence unieray excitation allows
elemental analysis to be obtained from the surfdtiedern equipments and computer coded pre now
able to perform a quantitative precise exploitatidrthe X-ray spectra. Portable equipments arelavai
which bring a reasonable quantitative precisionifiositu analyses. For an analysis of very small areas it i
possible to perform microfluorescence measuremantssing the beam of the synchrotron radiation cesir
Depending on the synchrotron source, the diamétidreancident X-ray beam may be as small as leas i
pm.

- X-ray diffractionmay be useful to characterise the metallurgicaéstithe gold leafs, particularly
its possible crystallographic texturg7], but eventually also to identify the crystalliseampounds contained
in the adhesive or supporting layer of the leafcohsiderable improvement has been brought to thayX-
diffraction equipments quite recently, thanks te thse of X-ray focusing devices (multilayer mirrors
multicapillary devices) and of 2D acquisition oétpatterns (imaging plates). It is now possibladquire X-
ray diffraction patterns in a short time, on venyadl areas, a few tensm in laboratory practice, aboutn
on a synchrotron radiation source. Portable X-ridffyadtion equipments, coupled with X-ray fluoresce,
have been recently worked odify], allowing crystallographic characterisation orgka pieces in their usual
environment).

- Raman microspectroscopg a very efficient tool for identification of imganic compounds
contained for instance in the sublayers suppottirggold leaf. Because Raman effect is an ineldigfiit
diffusion phenomenon, it can be measured with agsimpe, on an analysed area of the order of qufefy
and it is contactless. Portable Raman microspeet@s were developed, using glass fibres to dfinee t
incident laser light to the specimen and colleetRaman-diffused light.

- Optical measurementsspecially photospectrometry, may also be usedcharacterize the
properties of coloured ceramics. Portable specttapheters exist.

- A particle acceleratomay be a very powerful tool for a set of measumemndt is all contactless
and possible to be used on large objects when dhiicle beam is extracted to the atmosphere ashtor
AGLAE accelerator of the C2RMHAJ].

Local chemical analysis is done IBIXE (particle-induced X-ray emission) and PIGE (padetinduced
gamma emission) with high precision and very lowedgon limits for a great number of elements;

Depth profiling of the elements from the surfacevddo a few pum into the object is obtained by
RBS(Rutherford backscattering spectrometry) with thea good depth resolution. RBS allows to obtain a
reliable value of the gold leaf thickness with @seantial procedure without any sampling. RBS allaws

4.2 Destructive characterisation

If one is allowed to sample a mall part of gildimmssibly still attached to a part of its substrate
supplementary tools may be used:

- Optical metallography(OM) or scanning electron micrograph§8EM), both on polished cross-
sections, give interesting information. One mustvéeer be conscious that polishing a cross section
including a gold layer and a much harder subsistedifficult operation, as the difference in haeds may
induce an uncontrolled spreading of gold onto thegimbouring substrate. The consequence is an
overestimation of the leaf thickness or of possidid diffusion phenomena into the substrate. Gnather
hand, microanalysis using EDS (energy dispersiwetspmetry) in the SEM is often the only way to &av
information on the composition of the materialstgyunder the gold leaf.

- Chemical analysis by usual chemical tools maynéeessary to identify the underlayers between
gold and the bulk substrate. This is especiallg ffuhese layers contain organic compounds (ghilegum
arabic, etc.). The analysis means are various, fiquid phase analysis and infrared absorption spe®try
to gas chromatography eventually coupled to masstgpmetry, etc.

- Evidently, X-ray diffraction on small samples mexisting X-ray microdiffractometre allows to
work with very small samples) is essential to idfgrthe crystalline compounds.
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5 EXAMPLES OF FOIL AND LEAF COATINGS

5.1 Egyptian gold leaves

The Egyptian antiquities department of the Louvigseum holds many gilded objects of different
kinds and various origins and ages. The most wadkn are numerous sarcophagi for which wood or
cartonnage substrate is covered with gold foilsteHeis discussed two interesting items also kephat
department: a set of small gold leaves fragmeiys {fla) found in a tomb of battering ram in Elepiiae
island, dated from the Late Period, and a set mfelagold leaves assembled as in a gilder book fidp)
whose origin is uncertain and the age probablydhthe Late Period20]. The “book” is in fact not what it
appears, but only an assembly of 8 leaves protdustedfolded copper sheet, something like a gitdeck.

Figure 11: (a): Gold fragmets found in a ram tomb in Elephantsland, Egypt, abouf’4century
BC, Louvre museum; (b): “Gilder book”, Egypt, dateknown, Louvre museum

The composition and thickness of these objects teen measured by PIXE, RBS, and SEM.
Figure 12shows the RBS spectra of each object. The Eleptefgaves are of a quite pure gold (1.3 wt%
Ag, 0.3 wt% Cu) and rather thin (about 1.2 pm). Theok” leaves are of an Au - 8 wt % Ag alloy, and
much thicker (about 5 um).
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Figure 12: RBS spectra of a gold fragment of fig 11a (a) ahd piece of the “gilder book” of figure 11b (b)

This confirms a number of data about Egyptian gidiwhich report that the composition and
thickness of the leaves have a very broad rangéewbathe age and location of the items. Compasitiay
vary from white gold (> 25 wt % Ag) or Au-Cu-Ag alls to very pure gold (> 99.8 wt % Au) and
thicknesses are between 1 pm and 10 pm. Thickne§degm or less were already reached at the bagjnn
of the second millenary B@{].

5.2 Gilding on bronze in the Meroe Kingdom

The Meroe Kingdom was established in the regiopreent Soudan, in the high valley of the Nil
river (old Nubia), during a period lasting from tered of the 8 century BC to the Roman period"(dentury
AD). A bronze statuette called Bowman King is aonabject, dated from the golden age of that caiion,
between the "3and the % century BC, and kept in the museum of Khartoune $tatuette is gilded (fig. 13)
and one gold leaf fragment temporarily separatethfthe object could be analysed by PIXE and RB& (fi
13b). It is a rather pure gold (2.6 wt % Ag, < @i % Cu) and the thickness is 7 um = 1.5 um. That
relatively thick gold leaf was not applied directiyn the bronze body, but an intermediate thick Hayfe
stucco, a mixture of quartz, calcite and an orgamder, lies in between the bronze and the gdid. fihat
stucco layer is itself engraved with decoratiorbfeed by the overlaying gold.
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Figure 13: (a): The Bowman King of Meroe "2 - 3% century: Khartoum museum;
(b): RBS spectrum of a fragment of gold leaf frdra Bowman King

This example confirms that the gilding thicknessdd limited by the technological skilfulness of
the hand workers but adapted to the shape and vélhe object. The technique of inserting a mihkxger,
often called “white preparation” between the sudtstand the gold leaf for bronze artefacts fromgEgnd
related civilisations, is frequent. That “white pagation” was usually made of calcite or plastemp&ym).
One does not know if it contained additionally agamic binder or a glue to ensure gold adhesionf, ibr
was covered with a layer of glue for that purpose.
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5.3 Gilding on bronze in the Roman Empire

The example chosen here is the statue called “Apote Lillebonne” shown in the Louvre
museum. This is a statue larger than natural hélgb2 m), dated of the®lor 2 century AD, entirely leaf
gilded on a bronze substrate (fig. 14). A carekareination of the surface reveals straight bandlhware
the places were the gold leave squares were ogtentatheir edges. The visibility of these bands esfinom
the fact that gilding is wear by multiple cleaniogerations. The object was much too heavy to badtoin
front of the AGLAE particle accelerator, and a pbte X-ray fluorescence and X-ray diffraction equgnt
had to be used to characterise the gilding leak Xkay fluorescence spectrum, quantified with the
computation code PyMCALE], shows not only the gold and silver lines dudhe gilding film but also a
signal of copper which may be a combination of ¢hpper contained in the leave and of copper froe th
substrate. It is thus impossible to know the coppamtent of the gold. Only the ratio Ag/Au could be
estimated as equal to 0.05, i.e.5 wt %. The golthefeave contains less than 5 wt % silver andrdmown
content of copper. A quantitative application oé tsame computation code in a multilayer configorati
allows an estimation of the gold leaf thicknessvas found to be about 1.5 pm.

wZe6'|

Figure 14: The “Lillebonne Apollo” £ 2™ century BC, Louvre museum

It has not been possible to obtain information lwa possible existence of an adhesive between the
gold film and the substrate. So the question of rd@pe used for gilding the Roman gilded statued a
related items remains open.

5.4 Summary on metal leaf gilding

Trying to gather what is known about metal leafdigiy recipes established through actual
guantitative measurements, one is drawn to thevatig conclusions.

In ancient Egypuilding could be done either by mechanical fastgrof foils or by applying thin
leaves of various thickness (between 1 and 10 pngnointermediate “white preparation” containindgita,
gypsum and perhaps an organic adhesive. Anotheiljlity could the use of a specific organic adkiesin
the top of the “white preparation” before applyihg gold leave.

During western antiquityGreece and Rome), no intermediate layer of a redde thickness exist
between the substrate and the gold leave. If apshdd was used to fix the leaves, it was probabiamic
and its composition is not known. Pliny the Eldeparts another possibility: using mercury as areailfe.

By western Middle Agethe preceding recipe was probably applied. Béotheus Angelicus
mentions also the possibility of mechanical adhesgjitding at least on silve].

At the present timeahe recipe commonly applied is “oil gilding”. Auily varnish is applied onto the
metal and let dry to a precise stage before applitie leaf. For instance the lead and copper rédhe
Invalides church in Paris was restored with thaipe
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5.5 Gilding on stone

Figure 15depicts the “Golden Rock”, Kyaik-Hti-Yo belonging & sanctuary in Burma which is
supposed to be dated more than 2400 years oldfihie shows that permanent gilding on stone ssjie
and was an ancient practice. Gilding the wallsetiernal decoration is observed on nhumerous montsmen
around the world. The known recipes mention thepgration of gilding by application ofgessg an Italian
word designating a coating often made with plagjgpsum) but sometimes more complex. An adhesive to
fasten the gold foil is either incorporated inte ¢fessoor coated on the top of it.

Figure 15: “Golden Rock”, Kyaik-Hti-Yo, Burma

On stone objects, as statues for instance, ingeggssois not always necessary. Recipes mention
only a careful cleaning of the stone surface foldvby application of an adhesives mixture like™dike. an
oily varnish or the well-knowArmenian bolea clay containing iron oxide and organic addgive

5.6 Gilding on ceramics. Example of Islamic gilded ceramics

In a recent studyl[7] a complete characterisation of Islamic gildedaceics dating from the 12—
13" century in Iran (Mongol period) and from the™415" century in Uzbekistan (Tamerlan period) has
been made. In both cases, the ceramic pieces weegerl with gold leaf decoration in a complex ofiera
after the primary glazing. It was generally a dation to enrich architectural pieces but also vasesble-
ware (fig. 16).
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Figure 16: Islamic gilded ceramic shards. (a): Uzbekistan; fan. (c) and (d) RBS spectra of
gildings [L7]
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The metal used was only pure (99 %) gold. The tiésk of the leaves could vary between a few
hundred nanometres (in Iran) up to more than 1 jmnJgbekistan). Often, specially during the Tamerla
period, the gold leaf was applied before addingo#namelled decorations made with pigmented glazes
The ceramic was fired again after those applicati@me understand then why it is quite impossibleniow
if an adhesive was applied to fasten the gold ¢eaits substrate. This is because that adhesiveexisted
contained probably organic compounds which werehposed during firing. The only detected fact istth
the gold leaf and the interface between it and uhderlying glaze is highly rough, indicating a sigo
interaction during firing.

5.7 Gilding on glass, tesserae

Apart from the above mentioned powder gilding ilatsic Syria still practiced for modern glass art
objects and théquid gold gilding presently done on dinking and table walne, occurrence of actual gilding
on glass is rare.

An exception is the technique of tessera, in wtdcgold leaf is incorporated between two glass
layers. The process is known since tHec@ntury BC (fig. 17a) and was fully developed afte 6" century
AD to give mosaics (fig. 17b). Byzantine mosaicge awvidently well-known and the technique is still
presently applied in Murano (Italy) workshops, fthe decoration of pavements or swimming-pool bostom
A gold leaf less than 1 um thick is placed on tindese of a transparent glass sheet, cut into ssgathres of
1 or 2 cm side. A powder glass is coated on it tnedpieces are fired to melt the over layer anduens
adhesion. Egg yolk is sometimes mentioned as aasagh applied under the gold leaf. A detailed stafly
tessera forming proces2d shows that a diffusion of gold into the undertyiglass occurs during the final
firing and is responsible for the good adhesion.

(@) (b)

Figure 17 Gilded glass by the tessera technique. (a): Gahowl, 3 century BC;
(b): mosaic from Ravenne™&entury AD

5.8 Gilding on wood

Gilding on wood is one of the most widespread dafion processes. It has been used on Egyptian
sarcophagi, as a background on paintings, latestatnes, on furniture, etc. (fig. 18). A very spectiar and
magnificent application is found in the Braziliahucches of the colonial Baroque, often entirelyatated
with gilded wood. A comprehensive physico-chemiascription of the results of that art may be foimd
the thesis of Luiz Souz23].
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(@) (b)

Figure 18: Leaf gilding on wood. (a): painting of Fra Angalic 1440, Louvre museum;
(b): Igreja da Ordem Terceira de S&o Franciscoatdnéncia in Rio de Janeiro.

The gold leaves composition and thickness and ilding process varied along the ages, but the
principles remained quite constant. The followirgsctiption gives a summary of the gilding processdu
presently in a gilder's workshop completed with somistorical comments.

There are two kinds of recipe: one is “bole gildinghere adhesion is ensured by a layer rich in
collagen glue; the other is “water gilding” whefeetleaf, always very thin, is applied directly waith
intermediate layer other than a tin water film.

The preparation of the substrate is very importafter surface cleaning of the wood, a first layer
of a collagen-rich glue (animal glue) mixture iphed to smoothen the surface and fill the porosigveral
layers of calcium carbonate solution with decregigidditions of animal collagen glue are then coated
individually dried. The surface is equalized torbady for the next steps. In ancient recipes, ghaliminary
layer, thewhite preparationcould be gypsum or a calcite-gypsum mixture, omewvstucco.

Gilding itself begins by humidification of the sacde and application of “gluing yellow” only in the
bottoms. A clay containing iron oxide and a smaltent of collagen glue is laid down and gently sthed
with a brush in order to eliminate large grainsahtient recipes, that clay containing iron oxideld be
Armenian bole, but it is now replaced by a clay eneasy to handle with controlled additions. Somesm
curious additives are proposed , as garlic juiagt.iBone knows that garlic juice contains sulphgidts and
that sulphide ions are recognised to have a stiategaction with gold metal, one understand bettese
empirical recommendations.

The gold leaf is then applied. The non adherenegxagold is eliminated by a gentle brushing.
Burnishing follows, as a mechanical operation wradgnalizes the surface, fills the pores and gapgggares
a bright polish. As a final operation, “mating” mhg done; it consists of a thin film of very dédtglue.

It is worth emphasising that leaf gilding on wosddie of the oldest gilding processes. Only gilding
on metal can be considered, at least to our knayeleds historically older (see above). Its masgehas
been improved and reproduced quite faithfully tlglouthe ages, with logical evolution linked to the
technological progress. Moreover, it is not difficto notice that many leaf gilding processes oheot
substrates than wood are adapted from the basiegsmn woodg].

5.9 Gilding on other organic substrates

Leaf gilding has been applied to many kinds of aigaubstrates: paper, cardboard, ivory, etc. The
gold leaves are very thin to be easily adaptetiembject shape.

The recipes, when they are known, mention diffetgpés of adhesives, often diluted collagen glue,
without any preparation laye2{].

An interesting operation is gilt-edging practicedibmokbinders on the edge high quality books (fig.
19). The gold leaf, of minimum thickness is appl@dthe whole edge of the compressed book, gewperall
only after a light humidification, sometimes witddition of egg white to the water. After dryingetheaf
remains pasted on each page edge. On linen and litis of woven fabric material, powder gilding is
preferred for evident reasor].
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Figure 19 Books with gilt-edge

6 CONCLUSION

This summarised and rather restricted review ohibtory and different applications of foil andfea
gilding brings nevertheless interesting informatmnthat ancestral cultural artistic practice, ofi¢he first
prestigious decoration technique invented by tra Givilisations:

Foil and leaf gilding is used since the birth oftafleirgy, thanks to the exceptional ductility oflgo
and, indeed, its high decorative and symbolic power

The fabrication of gold leaves can only be donebbwting, i.e. straining a large number of gold
films separated by polymer films. The process wasavered at very early times. It is a very ingesiovay
to overpass the thickness limitation imposed by hmaatal rules in nhormal hammering or cold rolling.
implies a sophisticated mechanical mechanism faclhva model has been developed for the first timéhle
authors of the present work.

Gold leaves have been coated onto a great varietybstrates: metal, stone, ceramic, glass, wood,
paper, ivory, etc.

The study of the interface between the gold ledfitsmsubstrate is still an open problem, espaciall
on ancient cultural heritage artefacts

That study of the interfaces is critical to undanst the mechanism of adhesion of the gilding
decoration, and to build a conservation policydidded cultural heritage items.
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