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ABSTRACT A Electron Backscatter Diffraction (EBsp) was used to study samples from the
Gundestrup Cauldron, a masterpiece of European Iron Age silverwork. One sam-
ple was essentially uncorroded and deformation-free. Three others contained
varying amounts of corrosion and cold-deformation. Another important differ-
ence was that the deformation-free sample showed grain boundary precipitation,
proven by essp to be discontinuous precipitation. Because the samples had com-
parable compositions, the results indicate that remanent cold-deformation was
much more detrimental to corrosion resistance than discontinuous precipitation.
This has implications for conservation, in that artefacts and parts of artefacts con-
taining remanent cold-deformation will likely be more damaged by corrosion,
and more susceptible to continuing damage. Another significant result, contrary
to previous suggestions, is that the discontinuous precipitation characteristics
cannot be used to determine the age, and hence authenticity, of silver artefacts.
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INTRODUCTION
Automated Electron Backscatter Diffraction (essp) has become available in the last
decade. Used with a Scanning Electron Microscope (sEm), EBsD is a powerful tech-
nique for microstructural analysis, including crystallographic texture, grain orienta-
tions and shapes, grain boundary and other boundary characteristics, deformation
microstructures and phase identification. In the present study essp has been used,
combined with a Field Emission Gun Scanning Electron Microscope (FEG SEM), to
analyse small samples from the Gundestrup Cauldron. The results are directly relevant
to conservation of ancient silver, and there are other implications too.

THE GUNDESTRUP CAULDRON
Figure 1 shows the reassembled Gundestrup Cauldron, which is 69 cm in diameter
and 42 c¢m high. It is the largest surviving silverwork from the European Iron Age,
dating to the 2nd or 1st century BcE, and was found dismantled in a peat bog in
Denmark in 1891. Owing to its size, high quality workmanship and iconographic
variety, the Cauldron has been the subject of many studies, particularly about its ori-
gin, which is still controversial.
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Fig.1 The Gundestrup
25 cm Cauldron.

The Cauldron consists of twelve plates and a bowl of 95-98% silver. Chemical analy-
sis shows comparable compositions, with copper as the main, and varying, impurity
element. This limited variation in composition is useful for archacometallurgical
studies.

EXPERIMENTAL INFORMATION

Four small samples taken from different parts of the Gundestrup Cauldron and
embedded in a conducting resin were prepared for metallography by standard polish-
ing and etching methods. The etchant was ammoniacal hydrogen peroxide. The sam-
ples were examined using a FEG sEM equipped with EBsD. As indicated in the intro-
duction to this paper, the EBsp technique provides many analysis options. We found
the following options of most use:

- Inverse pole figure (1p¥) colour coded maps.
- Boundary rotation angle maps.
- Coincidence site lattice (csL) maps.

Chemical analyses (wt.%) The samples had the following compositions:
Sample Cu Au Pb Bi Traces

361 464 0.29 0.39 0.07 Fe, Ni

363 .76 035 0.52 0.13 Fe, Zn

365 217 0.33 0358 oa1  FeNi,Zn
366 3.44 036 064 o011 FeNi,Zn
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Analysis Figure Observations

types numbers and interpretations
ipE colour 2 - random orientation equiaxed grains
coded map containing annealing twins

+ “black” ledges due to selective etching
at precipitate boundaries

Boundary rotation 3a - mainly 45° — 60° boundaries, mostly

angle map annealing twins; few low-angle (1°—15°)
boundaries

aSL map 3b - Y3 boundaries mostly annealing twins;

for X3 boundaries grain boundaries and precipitates visible

IPF map/SEM image 4 - precipitate nucleation and growth,

(details) diagnostic for discontinuous
precipitation

Table 1 EBSD analyses of sample 366.

Apart from the copper contents the samples had fairly similar amounts of other ele-
ments.

EBSD of sample 366 sEM imaging showed this sample to be virtually free of corro-
sion and cold-deformation, i.e. it had not undergone further mechanical processing
after a final annealing heat-treatment. The EBsD analyses are shown in Figures 2—4,
and their interpretation is given in Table 1. The most significant results are a random
microtexture and extensive precipitation at grain boundaries. Figure 4 compares
details of Figure 2, the 1pF colour coded map, with sem images. These comparisons
demonstrate that the precipitation is the type known as discontinuous?® precipita-
tion (Smith 1953; Williams and Edington 1976; Gust 1979; Doherty 1996). The precip-
itation is due to copper, first shown by Fraenkel (1926) and Norbury (1928).

3 The term “discontinuous” can be
confusing, It refers to an abrupt
change in alloy matrix composition,
not the percipitate technology.
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Fig. 2 Inverse pole figure (1pF) [001]
colour coded map.

Fig. 3 Boundary maps for sample 366.
(a) Image quality (1Q) map with
rotation angles.
(b) Coincidente site lattice (csL)
map with 23 boundaries.

BOUNDARIES: ROTATION ANGLE

Min. Max. Fraction
— 4 15° 0.178
——— 15° 30° 0.047
— 30° 45° 0.158

45° 60° 0.602

60° 75° 0.015
— 75" 90° 0.000
e 90° 180° 0.000
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40 pm

Fig. 4 Details of precipitate nucleation
and growth in sample 366.
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Analysis Figure Observations

types numbers and interpretations

Table 2 eBsD analyses of sample 361, 363 and 365.

EBSD of samples 361, 363, 365 sEM imaging showed these samples to be damaged
by corrosion and to contain remanent cold-deformation. The EBsp analyses are
shown in Figures 5-7, and their interpretation is given in Table 2. The most signifi-
cant results are increased corrosion damage, visible as cracking, with increased
remanent cold-deformation, and no evidence of precipitation at grain boundaries.
The corrosion-induced cracking occurred mainly at grain boundaries, but was also
transcrystalline, as is best seen in Figure 7a

The link between corrosion and cold-deformation agrees with results from
investigating an Egyptian silver vase (Wanhill et al. 1998) and re-interpretation of
damage in an Indian silver coin (Thompson and Chatterjee 1954; Wanhill 2002). In
particular, the Egyptian vase investigation showed that transcrystalline corrosion
occurred along slip lines and deformation twin boundaries.
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BOUNDARIES: ROTATION ANGLE

Min. Max, Fraction
—_— 1? 15° 0.678
—— 15° 30° 0.025
—_— 30° 45° 0.053
45° 60° 0.236
60° 75° 0.008
— 75° 90° 0.000
—_— 90° 180° 0.000
Fig. 5 eF and (1q) maps for sample 361.
(a) Inverse pole figure (1pr)
[o01] colour coded map..
(b) Image quality (1q) map with
rotation angles.
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Fig.6 1pF and (1Q) maps for sample 363.
(a) Inverse pole figure (1pF)
[001] colour coded map..
(b) Image quality (1q) map with
rotation angles.
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BOUNDARIES: ROTATION ANGLE

Min. Max. Fraction
12 15° 0.724
15° 30° 0.033
30° 45° 0.032
45° 60° 0.201
60° 75° 0.010
75° 90° 0.000
90° 180° 0.000



101 001

BOUNDARIES: ROTATION ANGLE

Min. Max. Fraction
— i 15° 0.798
— 15° 30° 0.031
— 30° 45° 0.021
45° 60° 0.143
60° 75° 0.007
P 75° 90° 0.000
—— 90° 180° 0.000
45 pm
Fig. 7 1pF and (1Q) maps for sample 365.
(a) Inverse pole figure (1pF)
[001] colour coded map..
(b) Image quality (1q) map with
rotation angles.
55 R.J.H. Wanhill ~ EBSD OF CORROSION, DEFORMATION AND PRECIPITATION

T. Hattenberg TN THE GUNDESTRUP CAULDRON
J.P. Northover



DISCUSSION

Corrosion, deformation, precipitation and conservation The present study indi-
cates that remanent cold-deformation is much more detrimental to the corrosion
resistance of ancient silver, in casu the Gundestrup Cauldron, than discontinuous
precipitation. This is remarkable because the eminent metallurgist Cyril Stanley
Smith opined that grain boundaries along which discontinuous precipitation has
occurred seem to be highly susceptible to corrosion (Smith 1965). On the other hand,
the present findings are consistent with previous work by one of us (yp~) on ancient
Bactrian silver. This showed intergranular corrosion and cracking despite copper
contents less than 1 wt.%, which is almost certainly too low for discontinuous precipi-
tation to occur, even at above-ambient temperatures: see Figure 10 in Wanhill (2002),
which replots data by Ageew et al. (1930).

From the above it is evident that conservation of ancient silver should include
assessment for remanent cold-deformation. Artefacts and parts of artefacts containing
cold-deformation will likely be more damaged by corrosion, and more susceptible
to continuing damage. Typical areas likely to contain cold-deformation are chased
and stamped decorations, whereby it is noteworthy that for sheet-metal artefacts the
reverse or internal sides may be more susceptible to corrosion (Wanbhill et al. 1998;
Wanhill 2002). Chasing and stamping can result in tensile strains on the reverse or inter-
nal sides, and these tensile strains promote corrosion that is analogous — or possibly
identical — to a type of stress corrosion cracking (Wanhill 2002; Lichter et al. 2001).

Discontinyous precipitation Several aspects of the discontinuous precipitation
in silver are of archacometallurgical and fundamental interest:

. Precipitate widths and morphology.
. Non-occurrence in samples containing remanent cold-deformation.
- Nucleation and growth.

(1) Precipitate widths and morphology. The discontinuous precipitation in
sample 366 had widths up to 7 mm and a finely-mottled appearance, see
Figures 3 and 4. Some precipitate widths were therefore well beyond 2 mm,
which is the maximum predicted for 2000 years of precipitation at ambient
temperatures (Wanhill 2002). This prediction assumes Arrhenius-type reac-
tion kinetics and requires extrapolation from experimental data obtained at
temperatures of 200 °C and higher. Thus, either Arrhenius reaction kinet-
ics do not apply to ambient temperature precipitation, or else the precipi-
tation in sample 366 occurred at an elevated temperature. Neither possi-
bility can be presently excluded.
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Fig. 8 Misorientation angle histograms for
samples 366 (annealed) and 361, 363, 365
(remanent cold-deformation).

The precipitate’s finely mottled appearance is consistent with many other
results, for both modern and ancient silver (Norbury 1928; Gayler and
Carrington 1947; Rose 1957; Smith 1965; Leo 1967; Predel and Ruge 1968;
Scharfenberger et al. 1972; Schweizer and Meyers 1978a,1979).

Taken as a whole, the sample 366 precipitate widths and finely-mottled
appearance refute a suggestion that the precipitate could be used to deter-
mine the age, and hence authenticity, of silver artefacts (Schweizer and
Meyers 1978b, 1979). First, many of the precipitate widths were unpredictably
large. Second, the precipitate does not form regular lamellae whose spacing
might depend on the ageing temperature such that one could distinguish
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between genuine long-term precipitation at ambient temperatures and short-
-term precipitation at elevated temperatures (Schweizer and Meyers 1979).

(2) Non-occurrence in samples 361, 363 and 365. Tests have shown that cold-
-deformation can reduce the growth rate, and hence width, of discontinuous
precipitation in silver-copper alloys at elevated temperatures, and this could
be due to deformation-induced continuous precipitation within the grains
(Scharfenberger et al. 1972). A similar effect could have been operating in
samples 361, 363 and 365 (note that sample 361 contains more copper than
sample 366), even to the extent that discontinuous precipitation was pre-
vented. However, verification of this will require Transmission Electron
Microscopy (TEM).

(3) Nucleation and growth. The nucleation and growth characteristics
illustrated in Figure 4 are hallmarks of discontinuous precipitation (Smith
1953; Williams and Edington 1976; Gust 1979; Doherty 1996). An interesting
problem is how it is possible for discontinuous precipitation to grow in
opposite directions from adjacent sites on the same grain boundary (Williams
and Edington 1976; Doherty 1996). An explanation for aluminium-lithium
alloys has been proposed (Williams and Edington 1976), but this cannot be
a general one or applicable to silver-copper alloys.

Grain boundaries and grain sizes Watanabe (1984, 1993, 1994) and Watanabe et
al. (1980, 1989) suggested dividing grain boundaries into three character-determi-
ned categories: low-angle boundaries with misorientation angles less than 15° ; high-
-angle cst. boundaries with low ¥, coincidence (less than X.29); and high-angle ran-
dom boundaries. The basic distinguishing property is that low-angle and low X
coincidence boundaries are low-energy boundaries, while random boundaries are
high-energy boundaries.

This distinction between grain boundary types and structures is relevant to
archaeological silver artefacts. These were usually made by combinations of mechanical
working (cold-deformation) and annealing heat-treatments. The resulting microstruc-
tures would therefore be expected to contain a majority of high-angle random grain
boundaries, by analogy with results for aluminium (Watanabe 1984) and iron-silicon
alloys (Watanabe et al. 1989).

Figure 8 shows misorientation angle histograms for the Gundestrup Cauldron
samples. The annealed sample 366 had an evident majority of high-angle misorienta-
tions. These corresponded mainly or entirely to high-angle random grain boundaries,
since other EBsD measurements showed very few cst boundaries apart from the >3
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annealing twin boundaries. The samples 361, 363 and 365 had progressively decreasing
relative amounts of high-angle misorientations, but this is because cold-deformation
introduced many low-angle boundaries due to slip dislocations.

On balance, we may conclude that the sample grain boundaries were mainly
high-angle random boundaries, as expected for most archaeological silver artefacts,
see above, This evidence and general supposition lead to two potentially important
consequences (Wanhill 2002). First, archaeological silver will contain many grain
boundaries susceptible to impurity element segregation, including discontinuous
precipitation of copper, but also possible segregation of microstructurally-embrit-
tling elements such as lead and bismuth. Second, if the silver contains cracks, then
the grain size is important.

In general, a large grain size is detrimental to archaeological silver embrittle-
ment, whether it is due to corrosion or segregation of microstructurally-embrittling
elements (Wanhill 2002). Figures 5a and 6a might seem to contradict this, since they
show intensive corrosion-induced cracking in areas of small recrystallized grains.
However, the damage is relatively superficial and does not penetrate deeply into the
samples. This latter aspect is more important for the overall integrity of an artefact.

CONCLUSIONS
Two main conclusions can be drawn from automated Electron Backscatter Diffraction
(eBsD) analyses of samples from the Gundestrup Cauldron, a famous silver artefact
over 2000 years old:

(1) Remanent cold-deformation was much more detrimental to the corrosion
resistance than grain boundary discontinuous precipitation. Conservation
of ancient silver should include assessment for remanent cold-deformation.

(2) The characteristics of discontinuous precipitation cannot be used to deter-
mine the age, and hence authenticity, of silver artefacts.
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