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ABSTRACT 

 
Bronze was well known in ancient Egypt since the 12th dynasty (1991-1759 B.C). Bronze artifacts endure different 
types of corrosion due to intrinsic and extrinsic factors before and/or after extraction. This led to various deteri-
oration aspects: corrosion products of several colors, pits, cracks, grooves and lost parts. Nanometerials and 
nanocomposites were widely used for the inhibition of micro – organisms, consolidation, and protection of arti-
facts. But very few studies were concerned with the completion of lost parts, which is considered a challenge in 
the conservation of cultural heritage. This research focused on finding out a suitable nanocomposite for this 
purpose. Three polymers: Paraloid B-66, Plexisol P-550, and thermoplastic polyurethane were evaluated through 
mechanical properties before and after exposure to artificial ageing (ultraviolet radiation). Nan-copper and 
nano-silver particles were added in three concentrations 0.25. 0.5, 1% w/v to plexisol P-550, which donate the 
best results to form nanocomposites. Shear strength and color change of nanocomposites were determined. 
Transmission electron microscope TEM was utilized for characterization of nano-particles. Whereas stereomi-
croscope SM, polarizing microscope PLM, scanning electron microscope SEM, attached with energy dispersive 
X- ray unit EDX, and portable X-ray fluorescence p-XRF spectrometer were used to diagnose deterioration phe-
nomena, to determine microstructure and to analyse chemical composition of the studied statue's alloy. Data 
declared that 1% nano- copper plexisol P-550 composite was the best one for improving mechanical properties 
without effect on color. It was applied for the completion of lost parts in an ancient Egyptian bronze sacred Ibis 
bird statue, Late Period (664 -332 B.C), from the Grand Egyptian museum, Giza, Egypt. 
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1. INTRODUCTION 

In ancient Egypt, bronze alloy was used for manu-
facturing several artifacts, such as statues, beads, 
stoves, surgery tools, coins, mirrors, daggers, weap-
ons, and house tensiles. Bronze is an alloy consists es-
sentially from copper and tin, in addition to intended 
metals such as lead. This alloy is harder and more du-
rable than copper, has lower melting point, and better 
mechanical properties (Figueiredo, 2010; Scott, 2002; 
Selwen, 2004; Smith, et al., 2011; Wang. et al., 2009). 
Metallic artifacts whenever were found, they were 
covered by encrustations of metallic compounds 
known as corrosion products. There is no difference 
between these compounds and their corresponding 
prototype minerals in the earth's crust: mineralization 
process of ancient metals). This process was occurred 
due to internal and external factors. The 1st concerns 
essentially with chemical composition of metallic ob-
jects and their manufacturing methods. Whereas the 
2nd one includes the surrounding environment (physi-
cal, chemical, and biological effects (Robbiola, et al, 
1998; Scott, 2002; Scott, et al., 2000; Selwen, 2000; Ty-
lecota, 1979; Robbiola et al., 1996).  

All these deterioration factors caused distortion and 
consuming the constituting metals of artifacts. In seri-
ous cases this may led to a loss of some parts. The 
completion process of these lost parts in metallic ob-
jects is very important and urgent for their protection 
and preservation. In the past, it was carried out either 
by soldering a metal or using adhesive polymers with 
addition of coloring materials, glass fibers, and, metal-
lic powder. These previous materials, have disad-

vantages such as distortion, presence of fine cracks 
and decreasing of compressive strength (Odgan, 2000).  

Nowadays, nanomaterials and nanocomposites at-
tracted the attention of scientists to apply them for 
conservation and pretection of cultural heritage, (Fed-
el, 2010; Joseph, et al. 2013; Langrodi, 2009; Pothak, et 
al., 2012; Riad, et al., 2015; Tsirita, 2012; Vassilioui, 
2008; Wang, et al., 2004; Yan, et al., 2010). This is due to 
their excellent properties (physical, chemical, electri-
cal, and antibiological activity. In the present study it 
is the 1st time to apply nanocomposites for the comple-
tion process of metallic artifacts. The aim of the pre-
sent work is to evaluate nano copper and nano silver 
composites for protection of bronze artifacts.  

2. MATERIALS AND METHODS  

2.1. MATERIALS  

2.1.1 Nanoparticles  

Copper and silver nanoparticles Cu NPs & Ag NPs 
were used. The 1st one was prepared by the national 
research center, Egypt, and the 2nd one was supplied 
by Sigma Aldrich chemical company, Germany. 

2.1.2 Polymers  

Three polymers: Paraloid B-66 (polymethyl butyl 
methacrylate (C8H14C12XC5H8O2), plexisol P-550 (Poly-
butyl methacrylate (C2H14O2), and thermo plastic pol-
yurethane (based on isocyanide and alcohol) were 
used. They were evaluated through mechanical prop-
erties to select the best one for preparing nanocompo-
sites. The 1st two polymers were supplied by Italian 
CTS company, whereas the 3rd one was purchased 
from pharaonic Egypt company.  
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2. 1.3 Nanocomposites  

Two nanocomposites were prepared by adding 
copper and silver nanoparticles in three concentra-
tions: 0.25, 0.5, 1.0% w/v to the selected polymer plex-
isol P-550, which gave the highest values of mechani-
cal properties.  

2.1.4 Bronze statue  

Sacred ibis bird statue is referred to the late period 
(664 – 332 B.C.) from the grand Egyptian museum in 
Cairo was picked to apply the best nanocomposite for 
the completion process (see Fig. 1). 

2.1.5 Bronze strips  

Bronze strips were manufactured by the central 
metallurgical research development institute, Egypt. 
They had similar chemical composition of the statue's 
alloy, to carry out the experimental study. Their di-
mensions were 10 x 2x 2.5 cm3. 

3. METHODS 

Transmission electron microscope TEM using Jeol 
JEM, 2100 Model was used and copper and Silver na-
noparticles Cu NPs & Ag NPS were characterized.  

Zeiss stereomicroscope, Discovery V.20 Model was 
utilized for declaring deterioration aspects of the stat-
ue.  

Zeiss PLM, model Imager was used for determina-
tion the type of the statue's alloy, and its corrosion 
products. 

 Examination of the statue surface by SEM model 
FEI Quanta 3D 2001 was realized to investigate its 
morphology, and to measure the thickness of the re-
maining metal in micrometers. EDX analysis was ac-
complished to determine the constituting elements of 
the statue's alloy.  

Thermo scientific Nitron portable x-ray fluorescence 
type, model XLT3 Golded x-ray analyzer was used for 
characterization the chemical composition of the alloy. 

Shear, tensile, and compressive strengths of the se-
lected three polymers were determined before and 
after exposure to artificial ageing (ultraviolet radia-

tion)  312 nm till 168 hrs) according to ASTM D 1002 
– 10. 

The change of bronze strips' color was evaluated af-
ter application of nanocomposites. 

4. RESULTS 

4.1 NANOPARTICLES  

TEM images showed that the grain size of copper 
nanoparticles CuNPs is between 12.09-24.25 nm, and 
those of silver nanoparticles is between 10.38 – 13.62 
nm as given in Fig.2. 

 

Fig. 2. TEM images of nanoparticles. (A) Nano copper (200 nm scale), (B) Nano silver (100 nm scale) 
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4.2 CHARACTERIZATION OF THE STATUE'S 
ALLOY  

Stereomicroscopic examination Figs. 3, 4 indicated 
that hollow cast technique was used for manufactur-
ing the statue as well as corrosion products.  

 

 

Polarizing microscopic investigation revealed that 
cold hammering. technique was utilized as clear from 
twinning of crystals in Fig.5. 

 

SEM micrographs showed morphology of the stat-
ue's surface and corrosion layers (see Fig.6). 

 

Whereas EDX analysis visualized that the statue 
was made from lead tin bronze alloy Cu: 22.99%, Pb: 
46.58%, Sn: 3.76% as shown in Fig.7. The internal core 
of the statue constitutes mainly of silica Si: 23.79% and 
Al: 8.02% . 

Fe: 9.48 %, (see Fig8). Portable x-ray fluorescence 
pXRF data confirmed the previous EDX results of the 
alloy (Fig. 9). 
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4.3 MECHANICAL PROPERTIES OF POLY-
MERS  

4.3.1 Shear strength (i.e. adhesion force) 

Data showed that plexisol P-550 polymer is the best 
one, comparing with paraloid B-66 and thermoplastic 
urethane ones after exposure to artificial ageing . It 
gives higher values and in the meantime a lower de-
crease in values after exposure to artificial ageing. Be-
fore ageing the value was 77.85, after 48 hrs ageing 
was 66.98 and reached to 62.78 after 168 hrs ageing. 
Concerning paraloid B-66 polymer there is a sharp 
decrease in its values as follows: before ageing :21.1, 

after 48 hrs ageing: 7.22, and after 168 hrs: 7.11. For 
thermoplastic polyur-ethane gives the following val-
ues: before ageing: 10.29, after 48 hrs ageing : 9.32, and 
after 168 hrs ageing: 8.98, (see Fig.10).  

 

4.3.2 Tensile strength 

Results declared that Polyurethane polymer has 
high flexibility, value: 630%. It Kept this flexibility af-
ter exposure to 48 hrs ageing, but it decreased to 573% 
after 168 hrs ageing. On the other hand paraloid B-66 
Polymer was completely destructed and became frag-
ile after dryness. So, this test could not be continued. 
Plexisol P-550 polymer gives the same tensile strength 
value: 250% before and after exposure to ageing for 
168 hrs (see Fig.11).  

 

4.3.3 Compressive strength  

Thermoplastic polyurethane polymer demo-
nstrated deformation and changes in its dimensions 
after exposure to compressive forces as follows: before 
ageing: 49.76 N/cm2 after ageing 34.64 N/cm2. Also 
paraloid B-66 polymer was fractured during exposure 
to small compressive forces, before ageing : 68.32 
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N/cm2 and after ageing 168 hrs. 52.6 N/cm2 .On the 
other hand plexisol P- 550 polymer showed high re-
sistance to large compressive forces, before ageing : 
1399 N/cm2 and after ageing for 168 hrs: 1018 N/cm2 
as shown in Fig.12. 

 

5. ASSESSMENT OF NANOCOMPOSITES  

5.1 NANOCOPPER PLEXISOL P- 550 COMPO-
SITE  

Data declared that addition of nano-copper particles 
CuNPs to plexisol P- 550 polymer ameliorates shear 
strength, values, (see Fig.13). It increases parallely by 

increasing the percentage of the added nano Cu parti-
cles from 0.25% to 1%, values as follows:  
Concentration of Cu NPs %   Shear strength N/cm2  
                                    0.25        85.23 

 0.50   124.02 
 1.00   182.31 

It was found that 1% nano – Cu plexisol P-550 com-
posite had the lowest change in color after exposure to 

artificial ageing for 168 hrs. E value: 2.54 as given in 
Table 1. 

5.2 Nano silver plexisol P-550 Composite 

 By increasing the percentage of the added nano sil-
ver particles AgNps from 0.25% to 1% there 

was a decrease in shear strength values as follows (see 
Fig. 13). 
 

Concentration of Ag NPs %   Shear strength N/cm2 

0.25                                               139.00 
     50.0                                               126.87 

 1.00                                                 60.00 
 
With respect to color change test, there was a large 

change in color. Its E value is 7.52 (see Table 1). 
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L : Brightness, a: Change of color from red (+value) to green (-value), b : Change of color from yellow (+value) to blue (-
value), ∆E: Total chromatic change 

6. DISCUSSION AND CONCLUSION  

In the current study, three polymers were assessed: 
Paraloid B-66, plexisol P-550, and thermo- plastic pol-
yurethane copolymer, through mechanical properties 
(shear, tensile, and compressive strengths). Plexisol P-
550 polymer donates the best mechanical properties 
after exposure to artificial ageing (UV radiation).  

 Nano-copper and Nano-silver particles CuNPs & 
AgNPs were added in three concentration 0.25, 0.5, 1.0 
w/v to plexisol P-550 polymer to form polymer nano-
composites. Evaluation of nanocomposites was carried 
out by determining shear strength (i.e. adhesion force), 
and change in color.  

The properties of polymer nanocomposites PNc de-
pend to a great extent on the polymer type (i. e. chemi-
cal composition) matrices, nature of nanoparticles 
(size/shape), and loading method in which they were 
prepared. There is an influence of the nano-particle 
type on the mechanical properties of the obtained pol-
ymer nanocomposite, (Aki Kutvanon, et al., 2012; 
Ciprati., 2004; Ciprati, et al., 2006; Tjung, 2006, Koo, 
2016; Grosby, et al., 2007). 

The success of 1% nanocopper plexisol P-550 com-
posite for enhancing shear strength is due to strong 

polymer–nano copper particle intera-ctions. The for-
mation of polymer network (cross links) has a pre-
dominant role on the PNc reinforcement (Dinari, at al., 
2014). Nano – copper particles have small nano size, 
and sherical shape, which are compatible to that of the 
polymer monomers, more effective at toughening the 
polymer nanocomposite, and uniform dispersion in 
the polymer matrices (Tjong, 2006; Aki Kutvanon et 
al., 2012)  

It is found that shear strength values of the nano–
copper plexisol P-550 composite were increased paral-
lely by increasing the conc-entration of nano-copper 
particles from 0.25 to 1% . It reaches its highest value: 
182.31 N/ cm2. Moreover, data declared that it gives 

the lowest change in color  E : 2.54.This character is 
urgent and essential in restoration and conservation 
field of artifacts.  

On the other hand, data of nano – silver plexisol P-
550 composite showed that there is an increase of 
shear strength value at 0.25% concentration of AgNPs 
only. But there is a continuous decrease by increasing 
the concentration of Ag NPs from 0.5 to 1%. It reaches 
its lowest value: 60.00 N/ cm2 This refers to agglomer-
ation areas of nano-silver particles in the polymer ma-
trix (Riad et al., 2015). This nano- composite gives the 
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highest change in color   E: 7.72, which is refused in 
cultural heritage field.  

In conclusion, 1% nano-copper plexisol P-550 com-
posite is recommended for the completion of lost parts 

in ancient bronze artifacts. It enhanced the adhesion 
force of the Polymer, conserved the alloy's color, and 
precluded distortion caused by utilizing conventional 
materials. 
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