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he site of Tell Beydar is located in north-eastern Syria,

somewhat 30 km north of the modern city of Hasake, along
the river Khabur (Figure 1) [1]. The history of Tell Beydar starts
with the foundation of Nabada, its ancient name, around 2800
BC. Semitic nomad tribes were most probably the founders of
this city. A palace was built around 2500 BC and the city passed
through a period of great prosperity. At the end of the 25th cen-
tury BC Tell Beydar was placed under the reign of the kingdom
of Nagar (Tell Brak), whose king was visiting Nabada at regular
periods in order to participate in certain religious and political
events. The city was dominated by Akkadian oppressors during
the Akkadian period (2350-2200 BC) and was finally abandoned.
The lower parts of the city were again inhabited in 1500 BC by
the Mitanni. In the 7th century BC Assyrians built their homes
at Tell Beydar. Again Tell Beydar was departed until the Seleu-
cidians and Parthians started to inhabit the upper town in the 4™
century ad [2].

Excavations at Tell Beydar have been conducted by a Euro-
pean-Syrian mission under the direction of the European Cen-
tre for Upper Mesopotamian Studies in Brussels [3]. All of the
bronzes discussed in this work (twenty in total) were excavated
during the 1994, 1998 and 1999 field seasons. The samples date
to the Early Dynastic II-III period (2700-2300 BC).

In a preceding study, chemical analysis and metallographic
examination of a set of copper alloy objects were performed [4].
The objective here was to identify the metals used at Tell Beydar
during different periods of occupation. Drawings of the objects
are shown in Figure 2. Results showed that four different com-
positional groups could be distinguished based on their arsenic
and tin content: a low arsenic group (As < 2 w%),a high arsenic
group (As > 2 w%), an intermediate tin group (Sn between 3 w%
and 6 w%) and a high Sn group (Sn> 7 w%). Moreover a clear
chronological sequence in the use of copper alloys at Tell Bey-

< Fig. 1: Map of Syria

»>bronzes originating
from the EDII period
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Parthic periods (c).
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dar could be observed. Throughout the EDII period (2700-2600
BC) low and high arsenical bronzes were in use simultaneously,
while there is clearly no evidence of the presence of tin bronzes.
Later, during the EDIII period (2600-2300 BC), tin bronzes
come into use and the presence of high arsenical bronzes ceases.
Finally during the Akkadian (2300-2200 BC) period results
show that both tin bronzes and high arsenical bronzes are no
longer present. The fact that Tell Beydar was part of another
kingdom during this Akkadian period is a possible explanation
for the disappearance of the tin bronzes. Later on, during the
Seleucid and Parthian occupation (400 BC - 200 AD), tin
bronzes appear again in the metal repertoire of Tell Beydar.
Apart from these conclusions the results also indicated that the
studies of Tell Beydar bronzes have possibly a different prove-
nance. The study of the microstructure revealed that, in gen-
eral, the same basic working techniques were used during the
period studied. Basically the rough shape of the object was
formed by casting the liquid metal into a mould. The object was
hammered into shape, both cold and hot, after cooling down.
Although it is clear that the same basic methods were used
throughout the various peri-
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The aim of this work was to study the influence of the al-
loying elements on the corrosion behaviour. Numerous stud-
ies deal with corrosion products on copper-tin alloys [5-7].
Information on the corrosion of copper arsenic alloys, however,
is very scarce. In this work the assumption has been made that
the corrosive environment to which all the studied bronzes were
exposed was approximately the same, as most of the bronzes
studied originate from burial sites in the same geological re-
gion. Hence, the original composition of the bronzes will be
considered as the main variable affecting the corrosion, al-
though it needs to be realised that other factors (i.e. tempera-
ture, burial depth, position of the objects in relation to other
objects and the presence of certain micro-organisms in the soil)
besides the composition can have a possible effect.

Experimental

A total of 20 objects were analyzed. Their chemical bulk com-
position as measured by scanning electron microscopy with an
energy dispersive spectrometer (SEM-EDS) is listed in Table 1
[4]. Small samples (3-4 mm) were carefully removed using a
jeweller’s piercing saw. Prior to any sample preparation treat-
ment, a stereo optical light microscope was used to obtain a vi-
sual description of the corroded surface. The samples were
consequently embedded in an epoxy resin, after which they were
ground using silicon carbide and polished with diamond sprays
of decreasing grain sizes down to 0.25 um. The cross-sections
obtained in this way were investigated using an Olympus LM
SZX-12 optical research stereomicroscope equipped with a dig-
ital camera system DP 10 to obtain in a rapid manner visual in-
formation about the structure of the corrosion layer. The same
samples were used for SEM-EDS measurements, while thin sec-
tions with a thickness of about 300 um were prepared for the
synchrotron radiation X-ray diffraction (SR-XRD) analysis.

A Fig. 3: Optical micrograph of the surface of sample n17.

Previous experiments have shown that the combination of
optical microscopy, SEM-EDS and SR-XRD give the most in-
formative results to investigate the corrosion of archaeological
bronzes [8]. Therefore, whenever possible the combination of
these techniques was used in this work to obtain a thorough
overview about the influence of the alloying elements on the
corrosion behaviour for copper-tin and copper arsenic alloys.
In some cases, however, SR-XRD could not be used due to the
brittle nature of the corrosion products which made it very dif-
ficult to obtain thin sections of the samples without damaging
the corrosion structure of the bronze.

Backscattered electron (BSE) images and elemental X-ray
maps were acquired using SEM-EDS. A Jeol JSM6300 scanning
electron microscope equipped with a PGT-digital energy dis-
persive X-ray detector and PGT software was used for this pur-
pose. Typical acquisition settings included a current of 6-8 nA,

an acceleration voltage of 20 keV, a working dis-
tance of 15 mm and a detector to sample distance
of 50 mm. The X-ray acquisition mode was set to

ni7 ]35024-M4 10021033 1018 [9895 051 [- |- fast mapping and the acquisition time was typi-
n34 35170-M1 080 | 058 |- 9829 (033 |- - - Cally between 30 and 60 min.
n36 28099-M1 059 [0.18 [0.10 (9872|041 |- |- |- The SR-XRD measurements were per-
B4 | 9%I6M4 0.17 | 036 |008 [9804 [122 | 010 | 004 | - formed at station 9.6 of the Synchrotron Radia-
811 9620-M3 005 | 055 9820|121 |- . tion.Source (SRS) at Daresbury Laboratory, UK
TP | ey 017 losa |- lossslios |- losal- An intense be:am was used (ca 100 s collecting
time during single-bunch mode and beam cur-
Bey20 |8513-M4 0.16 | 0.59 97791128 | 005 |0.14 rent > 20 mA), with high energy (ie. high pen-
n5 35114-M1 006|026 |- 9866|102 |- |- |- etration) photons (E=14.25 keV, A= 0.87 A) and
n29 | 32956-M2 029 1078 9772 (121 |- |- |- a small beam footprint (100 pm) defined by col-
B9 9616-M7 056 | 028 [0.08 | 9660 | 169 | 037 [042 |- limator slits. The XRD patterns were collected
n6  |35111-M2  [027 |033 [007 |9741|135 | 048 |009 in transmission by a QUANTUM-4 CCD area
w7 31T1-M3 - 00 |- 97131 258 |- - detector. A miFroscope alignment system. al-
. 35090\ 003 1075 | - 9641|236 | 014 | 028 lowed the location of the beam on the Qesued
part of the sample. Data analysis was carried out
B18 28018-M1 0.04 | 002 {045 [ 9266 051 | 682 |- = using the ESRF package FIT2D [9] and refer-
B22 | 9612-M2 - [012 - 193331033 623 |- |- ence data from the JCPDS PDF cards were used
B23 9464-M1 032|048 |- 9464 [1.16 | 340 |- - to identify the corrosion C()mpounds,
n25 32803-M17 0.17 1025 [0.37 [ 9586 240 | 095 |- -
n30  |28512M2 |01 |015 [051 |9323 (077 522 |- |-
n33 35152-M3 046 1080 032 8599|147 | 477 |- 6.18 <« Table 1: Elemental composition of the analyzed samples
(Wt%) measured using SEM-EDS. The error is below 10%, except
n3/ 329072 006 | 023 |060 | 90091068 | 7.70 |- 073 for sulphur which is below 30%. —means below detection limits.
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A Fig. 4: Optical micrograph of a cross section of sample n17.

Results and discussion

Bronzes with a low arsenic content

A total of 3 samples with an arsenic content below 1 wt% were
analysed. Table 1 lists their elemental composition showing
only minor differences in their composition. Experiments on
the corroded surface with the above mentioned analytical tech-
niques demonstrate that the corrosion crust consists of various
layers (not clearly separated), with a total of about 200-500 um
in thickness. The crust is composed of malachite
(CuCO;.Cu(OH),) with embedded soil particles, underneath
cuprite (Cu,O) and nantokite (CuCl). Table 2 summarizes the
typical corrosion features encountered on low arsenical bronzes
and is in what follows elaborated in more detail.

Figure 3 shows an optical image obtained from the surface
of sample n17, demonstrating the presence of dark brown to
orange cuprite. In addition, light green corrosion products can
be distinguished covered by white compounds which are prob-
ably remaining soil particles. Optical micrographs obtained
from cross-sections of the samples visualize the structure of the
corrosion crust (Figure 4). The most remarkable feature is the
advanced intergranular corrosion. In addition the pitting cor-
rosion can be observed as a green layer (nantokite) in contact
with the metal. This layer is followed by a reddish cuprite layer,
with on top green corrosion compounds (malachite). This cor-
rosion pattern is typical for bronze disease [10].

The results are confirmed by the elemental distribution
patterns obtained with SEM-EDS (Figure 5). A chloride layer
in direct contact with the metal can be observed in the X-ray
maps. The chloride layer is covered by a cuprite layer and by
a layer that contains copper and soil elements such as silicon.

XRD patterns were recorded along a line starting from the
outer layer into the bulk metal. Results show the following
sequence of corrosion compounds: (a) malachite; (b) mala-
chite, cuprite; (c) malachite, cuprite, nantokite; (d) cuprite,
nantokite. This sequence implies that the corrosion crust is
composed of three layers: a malachite layer, a cuprite layer and
a nantokite layer. Similar results were found for the other
samples in the same group. In Figure 6, a typical diffrac-
togram is shown.

Bronzes with an intermediate arsenic content
Eight bronzes with an intermediate-arsenic content (between
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1 and 2 wt%) were analysed. The chemical bulk composition of
the bronzes is again listed in Table 1 and shows a close similar-
ity, except for 2 bronzes, n6 (35111-M2) and B9 (9616-M7),
which have higher contents of tin and antimony (the sum of
both elements being above 0.5 wt%).

The corroded surfaces of the studied bronzes are all similar
in appearance, mainly consisting of green, red and black corro-
sion compounds together with white soil particles. Optical mi-
crographs of the cross-sections of the samples show two different
corrosion structures: (1) a three-layered structure of 1000-2000
um thickness for the majority of the samples and (2) a two lay-
ered intergranular corrosion structure of 300-500 um thickness
for both samples with higher contents of tin and antimony.

Results show that the three-layered structure consists of (1)
a black to grey nantokite layer in direct contact with the metal;
(2) a red cuprite layer; (3) a green layer of malachite with cal-
cite and quartz particles. The two-layered structure consists of
(1) a top layer of malachite and soil and intergranular corro-
sion composed of cuprite and nantokite which is depleted in
arsenic and penetrates into the bulk of the metal. An overview
of the results is given in Table 3.

Bronzes with a high arsenic content

Only two bronzes with a high arsenic content were available
that had not been previously cleaned, meaning that only these
are suitable for this study. Table 1 shows their composition. In
contrast to the previous samples with a low and intermediate ar-
senic contact, it was clear that both samples showed a significant
difference in corrosion structure. Sample n7 (35111-M3) is al-
most completely corroded while sample n31 (35092-M2) is
hardly affected by corrosion. Table 4 gives an overview of the
results obtained.

Tin bronzes

A total of 7 bronzes with a tin content above 1 wt% were analysed.
Their chemical bulk composition is given in Table 1. Optical mi-
crographs of the surface show compounds with different shades
of green and blue, as well as red compounds and white soil par-
ticles. Cross-sections show two different corrosion structures:
(1) intergranular corrosion enriched in tin and (2) a three-lay-
ered corrosion composed of malachite, paratacamite, cuprite,
nantokite and cassiterite. Table 5 summarizes typical corrosion
features observed for both corrosion structures.

¥ Fig. 5: X-ray maps of sample n17 showing the elemental distribution of (a)
Al, (b) Si, (c) Mg, (d) Ca, (e) Cland () Cu.
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Intergranular corrosion

The BSE image in Figure 7 illustrates the intergranular charac-
ter of the corrosion as it occurs for most of the tin bronzes. X-
ray images of sample B22 (Figure 8) show that chloride
surrounds the central part of the sample containing the inter-
granular corrosion. The chloride containing layer is covered by
a surface layer which contains copper and soil elements. At the
interface between the outer layer and the internal layer, tin is en-
riched. Additional SR-XRD analyses show the presence of the
minerals quartz (Si0,), calcite (CaCOs3), kaolinite and montmo-
rillonite (both of them phyllosilicates) in the outer layer of the
sample. Underneath this layer, cuprite, nantokite and cassiterite

¥V Table 2: Corrosion characteristics of low arsenical bronzes

no clearly separated layers
irregular intergranular corrosion

200 - 500 um

light green powdery and red crystalline compounds
white soil particles

soil, malachite
cuprite, nantokite

n17,n34, n36

¥V Table 3: Corrosion characteristics of intermediate arsenical bronzes

3 layers
evenly structured

2 layers

intergranular corrosion
depleted in arsenic
500 - 1000 pm 300 - 500 um

green, red and black corrosion compounds
white soil particles

malachite, quartz, calcite | malachite, soil

cuprite cuprite, nantokite
nantokite
n5,n29,84,B16,B11,Bey20| n6,B9

¥ Table 4: Corrosion characteristics of high arsenical bronzes

3 layers Alternating structure

almost completely
corroded

<100 pm

bright green to blue green and brownish
corrosion red compounds
red crystalline compounds
malachite, soil nantokite
arsenic enrichment layer | cuprite
cuprite
nantokite
n7 n31
¥ Table 5: Corrosion characteristics of tin bronzes
2 layers 3 layers

intergranular corrosion
100 = 1000 pm

white soil compounds
red crystalline compounds
corrosion with different shades of green and blue
brown to black corrosion

evenly structured

far advanced corrosion

different copper
alteration compounds
intergranular
enrichment in tin

n25,n30, N33, B22

brochantite, paratacamite
cuprite
nantokite, cassiterite

B18,B23

32 e yolume 38 ® number 5

(Sn0O,) were identified. The observations made for the tin
bronze here are comparable to results described by Robbiola [5].

Layered corrosion

Two of the tin bronzes showed a layered corrosion structure.
The results are very similar to the three-layered structure of the
intermediate-arsenic content bronzes: a nantokite layer in direct
contact with the bulk metal is covered by a cuprite layer which
is covered by an outer layer containing calcite, quartz and cop-
per alteration products. The alteration product of copper in the
outer layer was identified by SR-XRD to be brochantite
(Cuy(SO,)(OH),) and paratacamite (Cu,(OH),Cl), an observa-
tion which is different from those for the arsenical bronzes
where malachite was the major corrosion compound of copper.
The presence of brochantite is surprising as it is well known that
it occurs mainly on bronzes exposed to an atmospheric envi-
ronment and is rarely observed for bronzes buried into the soil
[5]. One possible explanation for this different behaviour be-
tween the arsenical and the tin bronzes is that the brochantite
was formed after the excavation, an assumption supported by
the fact that the bronze disease, at least for sample B18, is active
in contrast to the other examined samples where it is passive.
The presence of paratacamite, an alteration product of nantokite,
supports the hypothesis of the activated bronze disease.

Conclusions

The corrosion of the Tell Beydar bronzes was investigated using
avariety of analytical methods. The results show that the struc-
ture and the composition of the corrosion are influenced by the
original composition of the bronze alloy.

In general the corrosion observed on the bronzes is con-
trolled by the presence of chlorides in direct contact with the
metal. This type of corrosion is well known as “bronze disease”
Although this corrosion is known to be generally very active, it
was not yet in the active state for the examined bronzes. This
is demonstrated by the absence of copper trihydroxychlorides
(e.g. atacamite and paratacamite). Nevertheless in the future
care must be taken to preserve the bronzes after excavation. It
is well known that the corrosion of bronzes containing chlo-
rides in contact with the metal is readily activated in the pres-
ence of humidity. Therefore conservation scientists advise to
store the bronzes in relative dry conditions (below 40 % of rel-
ative humidity).

The corrosion of bronzes with a low arsenic content does
not show in general a clearly layered structure. Intergranu-
lar corrosion covered by an outer corrosion layer was ob-
served, which is composed of nantokite and cuprite while
the outer corrosion layer contains the compounds cuprite
and malachite.

Layered corrosion structures were observed for bronzes
containing arsenic between 1 and 2 wt%. In this case a
three-layered structure could be distinguished consisting of
a nantokite layer in direct contact with the metal, followed by
a cuprite layer and layer containing malachite and some
minerals originating from the soil such as quartz and calcite.
Two samples with an intermediate arsenic content, however,
show a different corrosion structure, of the two-layered kind
of structure. The difference in corrosion structures for the
intermediate-arsenical bronzes is most probably due to

europhysicsnews
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A Fig. 6: Diffractogram of the corrosion of sample n17.

differences in composition. In the case of the two-layered
corrosion structure the bronzes contained copper and arsenic
and smaller amounts of antimony and tin.

The corrosion of the tin bronzes consists mainly of an in-
tergranular structure, with is enriched in tin. Tin is also en-
riched at the interface of internal corrosion with the outer
corrosion layer, which forms evidence for the selective disso-
lution of tin from the alloy. Also tin bronzes with a three-lay-
ered corrosion structure similar to the corrosion structure on
intermediate-arsenical bronzes were observed, be it with dif-
ferent compounds: the outer layer containing brochantite in-
stead of malachite. The layer in direct contact with the metal
contains nantokite and cassiterite. The similarity in corrosion
structure between the tin and arsenical bronzes illustrates that,
in addition to the composition of the bronze as a factor influ-
encing the corrosion, other factors such as for example the
corrosive environment are also of importance. m
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