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New Methods to Characterise and to Consolidate the Polychrome Qi-lacquer 
of the Terracotta Army 

Abstract 

A method for the conservation of aged qi-lacquer layers on sili­
cate material such as terracotta is described. Detachment of the 
layers would result in the loss of the paint layer. The terracotta 
army of the Chinese emperor Qin Shihuangdi in Lintong / Chi­
na is a prominent example of this problem because the paint lay­
er is bound to the surface by an intermediate qi-lacquer layer. 
This layer has aged 2200 years, buried in wet clay and will 
detach from the surface if relative humidity drops below 84 % 
after the excavation. Mcthacrylic monomers were of special in­
terest as solidifying materials because of their long lifetime and 
their excellent transparency. Lacquer samples were treated with 
watersolublc 2-hydroxyethyl-methacrylatc (HEMA) which was 
polymerised by electron-beam radiation with an electron energy 
of 1.0 McV In the experiments the dose was administered in 
three steps of 20 kGy. Micro-organisms and mould are destroyed 
by the electron-beam radiation. Infra-red- and mass spectros-
copical evaluation shows no damaging effect of electron-beam 
radiation (300 kGy) on the qi-lacquer. Original qi-lacquer and 
lacquer consolidated with the method described above were 
characterised by laser desorption mass spectroscopy (LD-MS). 
The formation of HEMA polymers with 4-6 monomer units 
within the lacquer was proved by laser desorption MS. Infrared 
spectroscopy reveals that the degree of polymerisation is pro­
portional to the applied dose. 

Three original polychrome fragments were successfully treated 
by electron beam curing. The qi-lacquer is bound to the terra­
cotta, the fragments can be dried, a natural look (not shiny) of 
the polychrome surface is obtained. Laser video holography 
was employed to investigate if drastic changes in humidity will 
affect the consolidated polychrome layer. No damage could be 
detected after four humidity cycles (35-83 % r. h.). The long 
term stability will have to be evaluated. 

The application of electron-beam polymerisation seems to be 
a promising method for the conservation of the terracotta army 
of Qin Shihuangdi and other works of art. 

Introduction 

The change of polymeric bindings with time is an important 
factor for the ageing of art objects. The detachment of qi-lacquer 
layers (urushi) from the basic material would result in the loss of 
paint layers and solidifying such layers is a central point in the 
conservation of such works of art. The terracotta army of the 
Chinese emperor Qin Shihuangdi in Lintong / China is one of 
the most important archaeological objects and is a prominent 
example of this example because the paint layer is bound to the 
terracotta surface by an intermediate qi-lacquer layer1. This layer 
has changed during the long time span of 2200 years, buried in 
wet clay so that it detaches from the surface if relative humidity 
drops below 84 %. This condition occurs during excavation of 

the coloured fragments. Until now, the conservation of the paint 
layers is an unsolved problem. 

Results and Discussion 

We tried to rcbind the qi-lacquer layer to the terracotta by the 
application of organic polymers. This seems to be an extraordi­
narily difficult problem if the support is not an organic material, 
but a highly hydrophilic surface of a silicate such as terracotta. 
The application of radical initiators and monomers such as 
methacrylic esters solidified the qi-lacquer, but could not bring 
about a f i rm connection of the lacquer to the terracotta support. 
Inorganic pigments constitute the polychromy of the conserved 
works of art. A second problem was the lustrous surface of the 
solidified material which impairs the visual impression by 
changing the tonality of the colours. 

We wanted to avoid these problems by the application of 
a two-step process. Firstly the terracotta and the overlying layers 
were impregnated with cotton wool compresses containing 
the liquid monomer. The monomer concentration in water 
was increased to 1 0 0 % in several steps. During this process 
unwanted polymerisation was inhibited by the stabilisers 
which arc generally added to the monomers to allow storage 
(up to 650 ppm hydroquinonc-monomethylcthcr). Thus the 
monomer had enough time to penetrate all organic and in 
organic material. 

Secondly the polymerisation was induced. This could be done 
neither by conventional thermal radical initiators nor by photo-
polymerisation which was prevented by the dark colour of the 
lacquer layer. Therefore we tried initiation by penetrating radia­
tion with which we could start polymerisation from within the 
terracotta support. 

Polymerisation by the application of X-rays gave very poor 
results. The photons were not absorbed properly within the thin 
qi-lacquer layer and the silicate material to induce polymer for­
mation. 

However, good results were obtained by the application of an 
electron beam for initiation. This forced the start of the poly­
merisation within the terracotta propagating toward the outside 
through the monomer impregnated qi-lacquer to the outside air. 
After the electron radiation is switched off. there is no radioac­
tivity left within the irradiated material: of course there is a very 
intense X-ray radiation during the application of the electron 
beam which must be thoroughly shielded. Mcthyacrylic 
monomers were of special interest as solidifying materials be­
cause of the long lifetime and excellent transparency of their 
respective polymers. Mcthylmethacrylatc seemed to be less suit­
able because of its low polarity so that watersolublc 2-hydroxy­
ethyl-methacrylatc (HEMA) gave even better results. It was ap­
plied as a commercial formulation Plex 6803-1 (Rohm). De­
tachment of consolidated qi-lacquer by volume shrinking of 
HEMA cannot occur because of the thin HEMA layer. 
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Polymerised HEMA can take up water up to 40 % of its 
own mass. This implies that the polymerised product lets 
water penetrate. If applied to wet terracotta water can cross 
the polymerised HEMA film and evaporate. In contrast to a 
f i lm which seals the surface, the formation of blisters can be 
avoided. 

The application of an electron beam (EB) initiates a radical 
polymerisation which is inhibited by molecular oxygen con­
tained in a i r . Therefore oxygen must usually be thoroughly 
excluded to obtain a smooth and solid surface. On the other 
hand, the influence of oxygen is desirable for obtaining a lustre­
less surface of the solidified works of art. Therefore one should 
initiate the polymerisation with electron beam radiation with air 
surrounding the monomer soaked qi-lacquer layer. After the EB 
cure small residues of monomer can easily be removed from the 
surface by wiping off or by evaporation of the monomer at room 
temperature. 

A central diff iculty in conserving paint layers by the applica­
tion of electron beam polymerisation is the potential damage of 
the lacquer by radiation. Ions and radicals remaining af ter the 
radiation process can be starting points for further decay. The 
qi-lacquer, however, contains ortho-hydroxy phenyl moiet ies ' 
which are known to be radical scavengers. 

Electron beam curing experiments were carried out at the 
Institut fiir Polymerforschung (IPF) in Dresden with the Russian 
electron accelerator ELV-2. INP Nowosibirsk. A sketch of 
the electron accelerator is shown in fig. 1. Electron energies can 
be varied between 0.6 to 1.5 MeV. the maximum radiation cur­
rent amounts to 25 mA. For further experiments in Xi 'an 
the electron accelerator ELV-8 can be used. This apparatus is 
from the same Russian producer and provides a wider range of 
electron energies. 

The electron beam (EB) is focused and scans the substrate. 
Extensive shielding is required due to "bremsstrahlung". The 
absorbed dose the sample receives as a result of passing under 
the beam is obtained by integration of the Gaussian function for 
the beam shape. The sample speed is thus inversely proportion­
al to the absorbed dose. In the experiment the dose was admin­
istered in steps of 10 and lOOkGy. The total dose absorbed is the 
sum of"all the individual doses. 

For all experiments an electron energy of I MeV was used. 
This value determines how deep the radiation can penetrate into 
a substrate. At an energy of 1 MeV electrons can penetrate up to 
5 mm into a medium of density 1 (water), with a maximum 
intensity at 1.6 mm. At longer EB exposures if all monomers are 
consumed by the polymerisation reaction main chain scission is 
possible. 
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Fig. I. Sketch of the electron accelerator ELV-2, INP Novosibirsk. 
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Analytical Methods 

Among the methods that we have used, I want to focus shortly 
on the following three: 
Infra-red spectroscopy, cross sections / microscopical evaluation 
and laser desorption mass spectroscopy. 

Infra-red Spectroscopy 

Infra-red Spectroscopy does not show damaging effects of the 
electron radiation up to 300 kGy. Spectra taken from irradiated 
and not irradiated samples were alike. No damage by electron 
beam irradiation can be detected by infra-red spectroscopy. 

Preliminary Experiments 

In preliminary experiments original qi-lacquer ground layer 
flakes were flattened on a terracotta support with H : 0 dest. and 
were impregnated during three days with various consolidants 
before electron beam irradiation. 

The HEMA formulations polymerised at an energy dose of 50 
to 60 kGy. Polymerised Plcx 6803-1 shows the best results con­
cerning the mechanical strength of the binding of the qi-lacquer. 
Unreactcd monomers on the surface evaporated after a few days. 
Af te r three years the original Qin-dynasty qi-lacquer is still 
f i rmly bound to the terracotta, the surface is not shiny or lus­
trous and the terracotta has completely dried. 

Infra-red Investigation of the Degree of Polymerisation 
of Pure Monomer 

In order to f ind the best conditions to consolidate the monomer 
soaked samples a multitude of preliminary experiments were 
carried out. Test tubes were filled with equal amounts of the 
respective consolidant. Some of the test tubes were filled 
with the inert gas argon to exclude oxygen which is known to 
be a radical scavenger and polymerisation inhibitor. The test 
tubes were exposed one or more times to a certain dose of 
electron beam radiation to evaluate differences in the effect of 
the irradiation. 
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Fig. 2. Electron beam curing of Plex 6803-1 at different doses (one step 
treatment). 

Fig. 3. Electron beam curing with 60 kGy dose 
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The effect of argon to exclude air (which contains oxygen and 
thus inhibits polymerisation) is only minimal. If Plex 6803-1 is 
irradiated in argon atmosphere the dose necessary for consoli­
dation is only lowered by 10 kGy down to 50 kGy. The exclusion 
of oxygen can lead to the formation of a transparent and shining 
film on the surface of the consolidated original qi-lacquer. The 
use of argon "blanketing" is thus not recommended. 

Pure HEMA cannot be polymerised as easily as the HEMA 
formula Plex 6803-1, which contains a few percent of cross-
linker. Plex 6803-1 is therefore found to be superior to pure 
HEMA. 

The dose necessary to obtain the solidification of Plex 6803-
1 was found to be 60 kGy. In different experiments the dose was 
administered in one step, in two steps (20 kGy + 40 kGy) and in 
three steps (3 x 20 kGy). All experiments proved the Plex 6803-
I to be solid after the irradiation. It can thus be confirmed that 
the overall dose given is of importance, independent of the num­
ber of steps it is accumulated in. 

During all experiments the accelerating voltage is kept con­
stant at 1 MV. In the last set of experiments the radiation current 
of the electron beam was varied. The lower the radiation current 
the less electrons penetrate the monomer soaked samples. The 
lower the amount of electrons initiating a polymer chain, the 
longer the polymer chains grows. This means that longer poly­
mers form at a lower radiation current. At 2.4 mA a dose of 
60 kGy resulted in solidification and evaporation of monomer. 
Too much energy is transferred in this one step treatment. At the 
lowest radiation current of 0.6 mA the maximum dose obtain­
able in a single step is 25 kGy. This treatment led to the forma­
tion of a very hard solid. 

The solidified samples of Plex 6803-1 were further inves­
tigated by quantitative infrared spectroscopy with a Perkin-
Elmer IR-1420 FT-IR spectrometer. This method allows to de­
termine the degree of polymerisation. The samples investigated 
had very different consistencies: liquid, viscous, rubber like and 
rock hard. It was preferred to monitor a peak that was linearly 
proportional to the degree of polymerisation. The polymerisa­
tion of Plex 6803-1 afforded the formation of linear chains like: 
- [ -CH : -CR : -CH : -CR : - ] - . 

The newly formed methylene group (CH ; ) is found at 748.5 
cm 1 and its peak is proportional to the degree of polymerisation. 
The longer the chain the more methylene groups arc formed, the 
higher the absorbancc at this wavenumber. 

After thorough investigation the IR-spcctra were normalised 
for the -CH : -H valence vibration at 2957 cm 1 (methyl group is 
not affected in the reaction). The baseline was corrected and 
the wavenumber 780 cm'1 was set to zero. Fig. 2. presents IR 
spectra focusing on the peak at 748.5 cm 1 taken after a single 
step electron beam curing with doses from 0 to 80 kGy. The 
proportional relationship between dose rate and absorbance is 
evident. 

At a dose of 80 kGy the Plex 6803-1 became solid, indepen­
dent of the number of steps. The single step electron beam treat­
ment leads to a higher degree of polymerisation. Fragment 
F009-98 was consolidated with a dose of 4 x 20 kGy. 

The lowest dose necessary to obtain solid Plex 6803-1 was 
found to be 60 kGy. The dose was applied in a single step, in two 
steps (20 kGy + 40 kGy) and in three steps (3 x 20 kGy). The re­
sulting spectra are shown in fig. 3. All three curing methods af­
ford about the same degree of polymerisation. This dose was to 
be used for one of the original polychrome fragments (Fragment 
F011-98). 

In another set of experiments the electron beam current was 
varied. The lower the beam current, the longer the polymer 
chains, the higher the absorbance at the CH2 rocking vibration 
(748.5 cm'1). Fig. 4. shows the spectra taken from samples irra­
diated with an electron beam with a beam current of 0 .6 ,2 .4 and 
4.2 mA. 

The highest degree of polymerisation was obtained at 0.6 mA. 
The solidified Plex 6803-1 was rock hard. The original fragment 
F006-98 was treated in this way. Irradiation with a beam current 
of 2.4 mA (60 kGy) resulted in the evaporation of the consoli-
dant. Although longer polymers are formed the detrimental 
effect of the heat-up of the polychrome lacquer and the fragment 
disqualifies this curing method for further experiments. 

Although FT-IR Spectra allow for a quantitative measurement 
of the relative polymer length, further experiments will have to 
be done to determine the distribution of the absolute length of 
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the polymer chains after electron beam curing. Laser desorption 
mass spectroscopy (LD-MS) is an elegant method to obtain the 
exact mass distribution. 

Cross Sections and Microscopical Evaluation 

Light microscopical investigation and cross sections provide an­
other possibility to evaluate the penetration of the consolidant 
into the lacquer and the terracotta. Original qi-lacquer samples 
consolidated with electron beam and the HEMA formulation 
Plex 6803-1 were used. At magnif icat ions of 50 x to 200 x a 
colourless transparent polymer fi lm of Plex 6803-1 can be de­
tected between terracotta and qi-lacquer. This can be clearly 
seen in the cross section. However, on top of the qi-lacquer no 
polymer f i lm is found. Owing to this the surface of the consoli­
dated qi-lacquer appears dull, it does not shine. 

In this cross section the polymerised H E M A layer is thicker 
than the original qi-lacquer layer. This is due to the fact that 
detached original flakes were consolidated onto a new terracotta 
support . Original samples, where the lacquer layer still adheres 
to the original terracotta, do not show an intermediate H E M A 
layer af ter consolidation. 

Laser Desorption Mass-spectroscopy 

Laser desorption mass spectroscopy (LDMS) was carried out on 
irradiated samples at the Max-Born-Insti tute in Berlin. Adlers-
hof , Germany. The degree of polymerisation of the applied 
m o n o m e r and possible EB cure damaging effects were moni­
tored. For laser desorption a XeCl excimer laser LPX-100 
Lambda Physik ( 308 nm, 30 ns pulse width) was used. The pos­
itively charged ions generated were separated by a non-com­
mercial reflectron t ime-of-fl ight mass-spectrometer (RETOF-
MS, see fig. 5. ) with a mass resolution4 o f m / A m = 2000. In 
contrast to most commercial systems, the laser desorbed ions 
were allowed to drift for ca. 2 cm before being extracted by a 
pulsed electric f ield. The ions were detected by dual multi-
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Fig. 6. Laser desorption mass spectra of 2-hydroxyethyl-methacrylate 
(HEMA) polymerised by electron beam irradiation. Upper spectrum: 
HEMA polymerised in hardened qi-lacquer. Lower spectrum: HEMA 
polymerised in the terracotta support. 
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channel plates and the signal was collected by a digital oscillo­
scope. The spectra were then transferred to a PC for further eval­
uation. The delay between laser pulse and ion extraction allows 
one to preselect the mass of the ions detected. 

Mass-spectroscopical evaluation shows no damaging effect of 
the EB radiation (300 kGy) on the qi-lacquer. To prove the poly­
merisation of the applied monomers within the terracotta and 
the original qi-lacquer L D M S spectra were taken. L D M S of 
H E M A polymerised by electron beam curing usually determines 
the average polymer chain length in the terracotta support and 
within the qi-lacquer. The spectra are depicted in fig 6. 

In the terracotta support only polymer f ragments mainly con­
sisting of 2-4 monomer units were detected. Within the solidi­
fied original qi-lacquer layer solely fragments with 4-6 monomer 
units were found. Unfortunately the LDMS spectra do not show 
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long polymer chains, but only fragments of these. The reason for 
this is the three-dimensional cross-linking, which occurs during 
the polymerisation. A large network is formed and the laser 
pulse can only dcsorb small parts of this network. For every 
polymer a combination of peaks can be observed. This is due to 
sodium and lithium adduct peaks ' and because of the cleavage 
or addition of a hydroxyethyl fragment ( small bond dissociation 
value). In the mass spectrum of HEMA polymerised in terracot­
ta fewer lithium adduct peaks can be found. Furthermore hy­
droxy) endgroups arc detected which were formed through EB 
radiation by reaction with the terracotta. 

Investigation of the influence of electron radiation on qi-lacquer 
by IR and mass spectroscopy confirmed that even a dose of 
300 kGy (30 Mrad) does not result in a detectable damage of the 
qi-lacqucr. However this dose is far beyond the dose which is nec­
essary for polymerisation. Additionally the radio-biological effect 
of electron beam and "bremsstrahlung" destroys micro-organisms 
ami can be used to disinfect contaminated lacquer". 

After the promising preliminary experiments we started 
experiments with original samples. The experiments were per­
formed at the Institute for Polymer Research in Dresden. Ger­
many by the Bavarian State Conservation Center and three 
Chinese colleagues from the Museum of the Terracotta Warriors 
and Horses: Zhou Tie, Rong Bo and Zhang Zhijun. 

Before the irradiation with the electron beam three original 
samples (Fragment 6-98. 9-98 and 11-98) were pre-treatcd as 
follows: During three days the samples were impregnated with 
the commercial formulation Plcx 6803-1 which was applied 
with compresses. The concentration of Plex 6803-1 in water was 
raised from 33% on the first to 66% on the second and finally to 
100% on the third day. Thus the consolidant had enough time to 
penetrate the qi-lacquer. its overlying paint layer and the terra­
cotta. In order to evaluate different electron beam curing meth­
ods every original fragment was treated with a different method. 

Fragment F006-98 
Part of body armour with qi-lacqucr and red iron oxide. 
Treatment: 1 time 25 kGy at 1 MeV and 0.6 mA. 
The fragment was not cleaned after the irradiation. Surplus con­
solidant was allowed to evaporate for several days. After irradi­
ation the sample was stored under ambient conditions. 

Fragment F011-98 
Part of body armour with qi-lacqucr and stripes of red cinnabar. 
Treatment: 3 times 20 kGy at 1 MeV at 4.2 mA, 
The fragment was not cleaned after the irradiation. Surplus con­
solidant was allowed to evaporate for several days. After irradi­
ation the sample was stored under ambient conditions. 

Fragment F009-98 
Collar with Han blue, cinnabar, pink colour and qi-lacquer 
Treatment: 4 times 20 kGy at 1 MeV and 4.2 mA. 
Surplus consolidant was removed between the irradiation exper­
iments with a laboratory tissue. Along rims and creases liquid 

consolidant collected to form a pool which can harden and lead 
to shiny spots on the treated fragment. These pools were drained 
by pressing the edges of the tissue into the rims and creases. The 
fragment was immediately freed from surplus consolidant after 
the last irradiation by pressing the laboratory tissue onto the 
lacquer. The result was a fragment with virtually no shining 
spots on the surface. The sample was stored under ambient 
conditions. 

After irradiation all fragments showed a good mechanical f ix­
ation of the original qi-lacquer and the overlying polychrome 
layer. A rub test was performed. The terracotta dries out com­
pletely after a few days, the stability of the polychrome qi-
lacquer is retained. All three fragments are in good condition 
after three years at ambient temperature and humidity. The 
coloured lacquer layers are bound tightly to their original terra­
cotta support. A natural look (not shiny) of the polychrome 
surface is obtained. Laser video holography was employed to 
investigate if drastic changes in humidity will affect the consoli­
dated polychrome layer. No damage could be detected after four 
humidity cycles (35-83 % r. h.). We are all looking forward to 
seeing the effect of long-time storage under ambient conditions 
in Lintong, China. 

Finally I would like to repeat all advantages offered by the new 
method: 
- The consolidant is watersolublc in every ratio. 
- The consolidant is similar to water in viscosity, colour and 

density, it has only a faint odour. 
- Only two solutions of consolidant in water arc required for 

the whole preparation. N o more chemical operations needed. 
- The consolidant is a commercial formulation of HEMA (Plex 

6803-1) which is commercially available. 
- It is used in very hostile environment for long term sealing of 

broken canal pipes. 
- The consolidant is stable under normal conditions, no auto-

polymerisation occurs. 
- Monomer treated samples can be stored because the poly­

merisation starts with the electron beam irradiation only. 
- The polymer has an excellent transparency like most 

mcthacrylates, but treated samples do not have a shiny ap­
pearance. 

- The polymer binds to qi-lacqucr and terracotta alike. 
- The polymer is not poisonous, it is the main component of 

contact lenses for the eye. 
- Irradiation with an electron beam can be carried out in Xi 'an , 

China with a suitable electron accelerator like the ELV-8. 
This apparatus was produced by the same company as the ac­
celerator used in Dresden. 

- Electron irradiation effectively destroys bacteria, micro­
organisms and most important: mould. 

The application of the rapid electron beam polymerisation is 
therefore a promising method for the conservation of the terra­
cotta-army of Qin Shihuangdi and other art objects. 
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