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MICROSTRUCTURAL EMBRITTLEMENT OF GOLD AND SILVER

R.J.H. Wanhill
National Aerospace Laboratory NLR, Anthony Fokkerweg 2,
1059 CM Amsterdam, The Netherlands

ABSTRACT

Empirical and theoretical metallurgical knowledge enables specifying which elements, in
amounts less than about 5 at. %, could embrittle or impair the mechanical properties of gold and
silver. There are two categories of this microstructurally-induced embrittlement: alloys most
probably embrittled as-cast, and alloys that could be embrittled by low temperature ageing.
From the chemical compositions and current evidence for microstructural embrittlement of
archaeological gold and silver, the most likely embrittling elements are lead, bismuth and
antimony, especially lead. As yet there is no good evidence for microstructural embrittlement of
archaeological gold. But archaeological silver can suffer age-embrittlement, most probably due

to lead. Suggestions for further investigation are made.

KEYWORDS: ARCHAEOLOGICAL GOLD AND SILVER, EMBRITTLEMENT,
CRACKS AND FRACTURE, IMPURITY AND ALLOYING ELEMENTS, PHASE
DIAGRAMS, MICROSTRUCTURE, PRECIPITATION, SEGREGATION.

INTRODUCTION

Gold and silver are normally soft, ductile and easily fabricated. However, both can be embrittled
by small amounts of metallic impurities or alloying elements. The purpose of this report is to
discuss and explain this microstructurally-induced embrittlement and examine its significance

for archaeological gold and silver.

EVIDENCE OF EMBRITTLEMENT

Gold

The first systematic evidence of gold embrittlement was obtained by Hatchett (1803). He added
small quantities of metals to fine gold (99.5 wt. % Au) or standard coinage gold (Au-8 wt. %

Cu) and showed, by hammering or bending, that some of the as-cast alloys were brittle. The
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most detrimental additions were arsenic, antimony, lead and bismuth. Arsenic embrittled fine
gold down to 0.1 wt. %, and antimony, lead and bismuth embrittled standard gold down to
about 0.05 wt. %.

Following Hatchett’s work, Roberts-Austen (1888) prepared and mechanically tested cast bars
of binary gold alloys. These contained about 0.2 wt. % of elements selected from all the Groups
in the Periodic Table. Roberts-Austen plotted the mechanical properties against the theoretical
atomic volumes of the alloying elements. Analogous plots are given in figure 1, which,

however, uses the atomic diameters of the elements when alloyed with gold, see footnote (2) in
table 1.

Figure 1 shows that elements with larger alloying atomic diameters tend to be more detrimental
to the mechanical properties, in particular potassium, lead, bismuth and tellurium. Roberts-
Austen reported that the fracture surfaces of bars containing these elements, as well as bars
containing antimony, indium or thallium, had a marked “crystalline structure”. In modern
parlance this means fracture occurred partly or wholly along the crystal or grain boundaries that
formed during solidification of the cast bars. Grain boundary fracture is a sign of weakness or
embrittlement in normally ductile metals (Thompson and Knott 1993) and is often the result of

impurity element segregation to the grain boundaries (Shewmon 1998).
Silver

It has long been known that certain elements can embrittle silver, notably lead and tin (Ercker
1574) and antimony (Gowland 1918). The first detailed investigation appears to be due to
Thompson and Chatterjee (1954). They studied the embrittlement of silver by age-hardening
(age-embrittlement), prompted by the brittleness of archaeological silver coins that must have

been ductile when struck.

Thompson and Chatterjee analysed fifteen brittle silver coins, finding copper and lead in
appreciable quantities, but no other element except as a trace. The copper contents were up to
several weight % and the lead contents varied from 0.25-1.6 wt. %. From these analyses they
considered that embrittlement could be due to age-hardening owing to precipitation of lead from
supersaturated solid solution in the silver matrix of Ag-Pb or Ag-Cu-Pb alloys. They provided

evidence for this possibility as follows:

(1) By determining the silver-rich low temperature region of the Ag-Pb phase diagram,

figure 2. This required weeks and months of ageing supersaturated solid solutions of lead
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in silver, and showed that a lead-rich phase (B) precipitates out of solution even at very
low lead contents, less than 0.1 wt. %, and down to ambient temperatures.
(2) By mechanically testing age-hardened Ag-Pb and Ag-Cu-Pb alloys, figure 3, and showing

that prolonged ageing led to brittle fracture.

However, lead-rich precipitates may not be necessary. Wanhill et al. (1998) examined a
severely embrittled Egyptian silver vase, figure 4a. Microstructural embrittlement was

characterized by “clean” grain boundary fracture with no sign of precipitates. This is illustrated
in figure 4b, with the caveat that features on the grain boundary facets are due to localised
corrosion after fracture. In view of the vase metal analysis (in weight %: 97.1 Ag-0.9 Cu-
0.8 Au-0.7 Pb-0.3 Sb-0.2 Sn) and a theory of adsorption-induced embrittlement (Seah 1980a),
Wanhill et al. concluded that embrittlement could have been due to lead atoms segregating to

grain boundaries and reducing their cohesive strength (Wanhill er al. 1998; Wanhill 1998).

Be that as it may, Thompson and Chatterjee (1954) made the essential point that the type of
embrittlement they studied was age-embrittlement, whereby the silver alloys were initially
ductile, but the type of embrittlement investigated by Roberts-Austen (1888) was present

directly in as-cast gold alloy bars.

EMPIRICAL AND THEORETICAL METALLURGICAL CONSIDERATIONS
The starting point for this section is the observation that gold is embrittled by elements having
very low solid solubilities in it (Shewmon 1998). The topics are: primary solid solubility;
equilibrium grain boundary segregation; and alloy phase diagrams, non-equilibrium cooling and

mechanical behaviour.

Primary solid solubility

Primary solid solubility is governed by atomic size differences between the solute and solvent
and by the tendency to form intermediate phases and intermetallic compounds. These
observations can be expressed, in order of importance, by the size-factor rule, the
electrochemical differences and hence chemical affinities of the alloying components, and the
electron concentration change upon alloying (Hume-Rothery and Raynor 1954; Pettifor 1984,
1988; Massalski 1996).

The size-factor rule states that when the atomic diameters of solute and solvent differ by more
than 14-15 %, the size-factor is unfavourable and the primary solid solubility will generally be

restricted to a few atomic per cent. It is, however, a negative rule: favourable size-factors do not
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necessarily mean high solid solubilities. Figure 5 illustrates the rule for solid solutions in gold
and silver. Rubidium, potassium and sodium have very unfavourable size-factors and, as table 1
shows, zero solid solubility. They are followed by lead, bismuth and thallium, with solid

solubilities less than 8 at. %.

In the case of gold we can compare figure 5 with figure 1. Of the four most embrittling elements
investigated by Roberts-Austen (1888), potassium, lead and bismuth have unfavourable size-
factors and zero or very low solid solubilities. Tellurium is the exception in terms of size-factor,

and this leads to the next criterion, electrochemical difference and chemical affinity.

The greater the electrochemical difference between solute and solvent, the greater is their
affinity and tendency to form intermediate phases and intermetallic compounds. In turn, this
means primary solid solubility will be restricted (Hume-Rothery and Raynor 1954; Massalski
1996). The electrochemical difference is quantifiable by differences in electronegativity of the
alloying components (Pauling 1945, 1947; Darken and Gurry 1953; Gordy and Thomas 1956).

Much effort has been put into combining the size-factor rule and electronegativity differences
on Darken-Gurry (D-G) maps, e.g. Darken and Gurry (1953), Waber er al. (1963), Gschneider
(1980). D-G maps are supposed to enable predictions whether solid solubility is low or
moderate-to-high. Figure 6 shows D-G maps for solid solutions in gold and silver, using data
from table 1. Solute elements outside each solvent’s ellipse should have low solid solubilities,
while elements within the ellipse are predicted to have solid solubilities greater than 5-10 at. %.
However, again using table 1, we see that for gold this latter prediction is incorrect with respect
to rhodium, germanium, arsenic, antimony and tellurium, and for silver with respect to
tellurium. Also, lithium is incorrectly predicted to have low solid solubility in gold and silver, as

are palladium, arsenic and antimony in silver.

These and other inadequacies of D-G maps have been explained by Gschneider (1980) in a
general way, i.e. not specifically considering gold and silver as the solvents. To overcome these
inadequacies Gschneider presented several new rules, which he realised would make D-G maps

largely unnecessary.

More recently, Pettifor (1984, 1988) derived a series of the elements that goes beyond
electronegativity by also acknowledging the chemical similarity of elements from the same
Group of the Periodic Table. Each element is given an empirical ordering number, and examples
are given in table 1. Pettifor demonstrated the usefulness of this deceptively simple empirical
approach by showing it enabled systematic separation of the crystal structures of many binary

intermetallic compounds.
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The third factor to consider is the electron concentration, which is the ratio of valence electrons
to the number of atoms. Empirical studies of binary gold, silver and copper alloys, in particular
with B-subGroup elements, have shown that when the effects of size-factor and electrochemical
difference are “relatively small”, the primary solid solubility limits occur at fairly constant
values of electron concentration (Hume-Rothery and Raynor 1954). In a famous theory, Jones

(1937) provided an explanation of this phenomenon and derived a theoretical critical electron
concentration of 1.41.

Figure 7 illustrates the electron concentration effect for binary gold and silver alloys, whereby
the solutes have favourable size-factors but the combination of electronegativity and chemical
differences, expressed by Pettifor’s empirical ordering sequence, increases in going from
cadmium to antimony. Most of the alloys have primary solid solubility limits at electron
concentrations between 1.21-1.33 (gold) and 1.35-1.42 (silver). The latter agree with Jones’
theoretical value of 1.41, but the lower values for gold alloys are anomalous. Hume-Rothery and
Raynor (1954) suggested this anomaly could be due to gold’s general tendency to be more
highly ionised than silver, such that gold ions in the alloys contribute more than one valence
electron. This means that the critical electron concentration, and hence the primary solid
solubility limit, would be reached at lower solute contents. Whether or not this suggestion is
correct, and although there are problems with Jones’ theory (Cottrell 1988; Massalski 1996), the
fact remains that many of the elements listed in table 1 have lower primary solid solubilities in

gold than in silver.

Equilibrium grain boundary segregation

Equilibrium grain boundary segregation involves the solid state redistribution of solute elements
and their adsorption at grain boundaries. Solutes of low solubility generally segregate strongly
and vice versa (Seah 1980b). Another important characteristic is that at the commonly observed
levels of segregation many elements co-segregate rather than compete for grain boundary
adsorption sites (Hondros and Seah 1977; Seah 1980b).

This type of segregation can greatly reduce the cohesive strength of grain boundaries, leading to
grain boundary fracture and embrittlement (Seah 1980a, 1980b; Shewmon 1998), and Seah
(1980a) has developed a theory of embrittlement owing to adsorption-induced grain boundary
decohesion. Figure 8 shows the theory’s predictions for segregant elements in gold and silver.
This figure should be interpreted as follows: elements with sublimation enthalpies lower than
those of the matrix will, if segregated, cause embrittlement of the matrix grain boundaries, and

the embrittling effect will be greater the lower the sublimation enthalpy of the segregant
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element. (The sublimation enthalpy is a measure of the heat required to evaporate atoms from

the solid surface of an element.)

Figure 9 correlates alloying element primary solid solubility limits in gold and silver with their
sublimation enthalpies. The elements are arranged according to Pettifor’s (1988) empirical
ordering numbers, unfavourable size-factors are indicated, and it is also seen that most elements
from cadmium onwards have lower solid solubilities in gold. The shaded regions in figure 9
indicate the matrix and alloying element combinations that would seem most likely to result in
segregation-induced grain boundary fracture under equilibrium conditions: gold and silver
containing sodium, potassium, rubidium, lead, bismuth, tellurium and selenium, and gold
containing thallium, germanium, antimony and arsenic. There are other possibilities also,

notably gold containing tin, and silver containing thallium, tin, antimony and arsenic.

However, the key question, unanswerable by figures 8 and 9, is whether the indicated alloying
elements actually segregate to grain boundaries to cause embrittlement. Another important
question is whether they might cause embrittlement in another way. To try to answer these
questions, and also to explain the observed embrittlement of gold and silver discussed earlier, it
is necessary to consider the alloy phase diagrams, the effects of non-equilibrium cooling on the

phase changes, and the likely mechanical behaviour of the alloys.

Alloy phase diagrams, non-equilibrium cooling, and mechanical behaviour

Table 2 lists the equilibrium phase diagram characteristics and ambient temperature phases for

dilute gold and silver binary alloys whose alloying elements have low primary solid solubilities.

Phase changes for the alloys in sub-table 2.1 should be independent of cooling rate, within
normal metallurgical variations, except for the possible low temperature solid state
decomposition of Au,Bi, likely to be suppressed by fast cooling. This basic independence of
cooling rate means that in the as-cast condition there will always be intercrystalline or
intergranular phases. Many are intermetallic compounds, which are usually brittle and cause
poor mechanical behaviour. Roberts-Austen’s (1888) data, figure 1, provide evidence for this,

specifically for gold alloyed with potassium, lead, bismuth and tellurium.

Phase changes for the alloys in sub-tables 2.2 and 2.3 will depend on cooling rate. This will be
illustrated with the aid of figure 10, which shows schematic binary alloy equilibrium phase
diagrams involving eutectic or peritectic reactions. Consider two dilute alloys whose bulk

compositions approach the primary solid solubility limits, o3, and are represented by the
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vertical lines meeting the abscissae at X. Non-equilibrium cooling has two major effects on the

phase changes:

(1) If cooling is fast enough the solidification compositions follow the curves o,—0l;' rather
than o,—0;. This means the solid solubilities are reduced, final solidification is at
temperatures T3 instead of T,, the last liquids to solidify have compositions L; instead of
L,, and the alloys do not finally solidify only as o. Instead the eutectic or peritectic
reactions occur at Ts: the remaining liquids either solidify as eutectic o+ between the
primary o crystals or grains, or else react — the peritectic reaction — with some of the

primary o crystals or grains to form [} between them.

(2)  Suppression of solid state reactions (already mentioned concerning Au-Bi alloys) and the
retention of metastable phases down to ambient temperatures. This is possible because the
diffusion of atoms is much slower in solids than in liquids. From figure 10 we see that
under equilibrium conditions the two alloys undergo solid state partial decomposition
(a—0+f) at temperatures below T,. However, faster cooling will cause supersaturated o

to be retained, at least temporarily, down to ambient temperatures.

These effects may be interpreted to some extent for the alloys in sub-tables 2.2 and 2.3. Firstly,
non-equilibrium cooling could cause alloys with bulk compositions below PSSL,,,, or PSSL.
to finally solidify as though their bulk compositions were above these limits, leading to poor
mechanical properties. Indirect evidence for this is the behaviour of gold containing thallium. In
this system the solid solubility of thallium becomes zero well above the eutectic temperature,
resulting in eutectic Au+Tl between the primary crystals or grains however dilute the alloy.
Roberts-Austen (1888) noted the “crystalline structure” of the fracture surface of an as-cast

Au-0.2 wt. % (= 0.2 at. %) Tl bar, and figure 1 shows its tensile elongation was low.

Secondly, the solid state decomposition reactions listed in the last two columns of sub-tables 2.2
and 2.3 could be partially or wholly prevented by non-equilibrium cooling. Subsequent ageing
at low or even ambient temperatures could then result, in some cases, in alloying element
segregation and precipitation, and mechanical behaviour deterioration and embrittlement. The
archetype is provided by the Ag-Pb alloy experiments of Thompson and Chatterjee (1954),

discussed in the previous section of this report and illustrated by figures 2 and 3.

Other systems that are candidates for mechanical behaviour deterioration and embrittlement
owing to alloying element solid state segregation are gold containing germanium, tin (Hondros
et al. 1996) and antimony; and silver containing arsenic, bismuth and thallium. The Ag-Sb and

Ag-Sn systems are less likely to belong to this category, even though antimony and tin can
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embrittle silver (Ercker 1574; Gowland 1918). This is because the solid solubilities of antimony
and tin in silver are still significant at ambient temperatures, sub-table 2.2. Also, the Ag-Ge
system would appear to be excluded, since germanium has a higher sublimation enthalpy than

silver, table 1 and figures 8 and 9.

Summary

Empirical and theoretical metallurgical knowledge enables specifying which elements, in
amounts less than about 5 at. %, could embrittle or impair the mechanical behaviour of gold and
silver. There are two categories, alloys most probably embrittled as-cast, and alloys that could
be embrittled by low temperature ageing. These categories are given below, whereby asterisks
indicate known embrittlement or poor mechanical behaviour of dilute alloys (Hatchett 1803;
Roberts-Austen 1888; Thompson and Chatterjee 1954; Raub 1995).

(1) As-cast : Au-As*, Au-Bi*, Au-Ge, Au-K*, Au-Na, Au-Pb*, Au-Rb, Au-Sb*, Au-Se,
Au-Te*, Au-TI*; Ag-Bi, Ag-K, Ag-Na, Ag-Pb, Ag-Rb, Ag-Se, Ag-Te*.
(2) Aged . Au-Ge, Au-Sb, Au-Sn; Ag-As, Ag-Bi, Ag-Pb*, Ag-TI.

For both categories the presence of more than one of the specified elements in gold or silver
could be cumulatively detrimental. This seems likely for aged alloys since, as remarked earlier,

many elements co-segregate rather than compete for grain boundary adsorption sites.
COMPOSITIONS OF ARCHAEOLOGICAL GOLD AND SILVER
Gold

Both native and pyrometallurgically processed gold alloys have been used for archaeological
artifacts, e.g. Tylecote (1987). Chemical analyses have often been limited to the main alloying
elements gold, silver and copper, but extensive compilations including more detailed analyses
exist (Hartmann 1970, 1982; Taylor 1980; Eluere 1982). In particular, Hartmann analysed for
several minor or trace elements, including the known embrittling elements arsenic, antimony,
lead and bismuth. From these and other data some distinctions can be made between native and

processed gold:

(1)  Main elements. The silver content of native and processed gold varies widely, from less
than 1 wt. % to 40 wt. % (native gold) or more: see for example Hartmann (1970, 1982),
Tylecote (1986, 1987), Hauptmann et al. (1995) and Pingel (1995).
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The copper content of native gold is limited, usually no more than 2 wt. % (Pingel 1995).
But copper in processed gold often reaches 5-10 wt. % and exceptionally can be more
than 50 wt. % (Pingel 1995; Waldhauser 1995). Note, however, that gold coins
historically have been severely debased, with copper sometimes exceeding 70 wt. %
(Oddy and La Niece 1980).

(2)  Other elements. Native gold usually has only traces, less than 0.1 wt. %, of other
elements. Mercury is most often reported, less frequently iron, tin and lead, and more
rarely platinum, zinc, bismuth, arsenic, antimony and tellurium (Tylecote 1986, 1987;
Raub 1995; Hauptmann et al. 1995).

Processed gold differs, depending partly on the overall purity. Table 3 classifies several
impurity elements in native and processed gold lying within two ranges of high gold
content. Unlike native gold, processed gold often contains tin but not mercury, and its tin
content tends to increase with decreasing overall purity. Also, though there are few
detailed analyses of native gold, it does appear that platinum is more likely to occur in
processed gold, and lead too, in the lower purity range. There is additional evidence for
these “trends”. Platinum Group Element (PGE) inclusions occur rather frequently in gold
jewellery and coins (Ogden 1977; Meeks and Tite 1980). And Hartmann’s compilations
show that higher silver contents and especially higher copper contents, well above the
2 wt. % limit of native gold, increase the occurrence of trace or minor amounts of

antimony, lead and bismuth.
Silver

Native silver alloys may or may not have been used for Old World archaeological artifacts
(Lucas 1928; Gale and Stos-Gale 1981a; Philip and Rehren 1996). However, the general
scarcity of native silver compared to silver-containing minerals, mostly lead ores, and the early
development of lead cupellation resulted in pyrometallurgy becoming the main source of silver
(Gowland 1918; Gale and Stos-Gale 1981a, 1981b; Tylecote 1986; Raub 1995).

Cupellation is very effective in producing silver above 95 wt. % purity (Tylecote 1986, 1987),
though it usually contains minor-to-trace amounts of gold, copper, lead and bismuth, and traces
of antimony, arsenic, tellurium, zinc and nickel (McKerrell and Stevenson 1972; Gale and
Stos-Gale 1981a; Raub 1995). Gold, copper, lead and bismuth contents are generally below
I wt. % for each element: higher copper and lead contents in finished artifacts and coins, and
also tin or zinc above 0.1 wt. %, suggest or indicate deliberate alloying, see McKerrell and
Stevenson (1972) and Gale and Stos-Gale (1981a).
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Figure 11 quantifies actually or potentially embrittling elements found in archaeological silver
artifacts and coins lying within two ranges of high silver content. Though there are wide
variations, lead is the main impurity, averaging 0.5-1 wt. %. Bismuth, antimony and tin are

generally below 0.5 wt. %.

DISCUSSION

Archaeological gold embrittlement

Macroscopic photographs and drawings of damaged archaeological gold artifacts in Hartmann
(1970, 1982) were assessed by the author for evidence of brittle fracture, see Appendix C. One
artifact, sample number 575 and shown in figure C.2, was assessed to have probably undergone
brittle fracture, forty-one as containing possibly brittle [ fractures, and ninety-six as containing

possibly brittle 1I fractures, in decreasing order of likelihood.

Figure 12 shows the assessment results in a silver-copper compositional diagram, which
includes two important boundaries for Au-Ag-Cu alloys: the primary solid solubility limit and
the lower limit of susceptibility to stress corrosion cracking. These boundaries are derived from
modern alloy research, which means they are useful but perhaps not definitive for ancient gold

alloys.

With this caveat in mind, the artifact data in figure 12 indicate that most of the more or less
brittle-looking damage is unlikely to be attributable to a loss of ductility owing to long-term
formation of Au-Cu ordered phases in the alloys (Prince er al. 1990) or to stress corrosion
cracking. Conversely, two or three of the artifacts in Hartmann (1982), sample numbers 3619,
3829 and 4447, have crack patterns suggesting stress corrosion cracking. The clearest example,

sample number 3619, is in figure C.4 of the present report.

The other potential causes of brittle-looking damage are ductile tearing of thin materials,

corrosion and microstructural embrittlement:

(1) Ductile tearing. In thin materials ductile tearing can give a macroscopic impression of
low ductility or even brittleness. Since nearly all the artifacts in Hartmann (1970, 1982)
were made of thin materials, it is possible or probable that ductile tearing was responsible

for much or most of the observed damage.

(2)  Corrosion. Crack-like damage by corrosion is unlikely, for two reasons. First, most

artifacts exceeded 18k purity, see figure 12, which implies high corrosion resistance.
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Second, corrosion in high-karat gold alloys results in thin porous outer layers (Lehrberger
and Raub 1995; Moller 1995) rather than cracks.

(3)  Microstructural embrittlement. The artifact most likely to have undergone brittle fracture
owing to microstructural embrittlement is sample number 575 from Hartmann (1970), see
figure C.2. Besides fulfilling all the macroscopically-based criteria indicative of brittle
fracture, table C.2, this 20k gold disc also contains 0.025 wt. % Pb, which may have
embrittled the alloy since the disc’s fabrication. Be that as it may, figure 12 and table C.1
show that only eighteen artifacts containing more or less brittle-looking damage were
found to have embrittling impurity elements: antimony, lead and bismuth. And one
artifact, sample number 119 in Hartmann (1970) was successfully fabricated and is
apparently undamaged despite having 0.04 wt. % Te. This is remarkable because
tellurium is a potent embrittler of gold: see figure | and Okamoto and Massalski (1987)
and Raub (1995).

Overall, it seems microstructural embrittlement of high-karat archaeological gold will be very
rare, if it occurs at all. This general statement pertains to both fabricated and as-cast artifacts,
since the latter are themselves rare, at least in Europe: Hartman’s 1970 and 1982 compilations
list only four castings (sample numbers 10, 448, 2211 and 3208) out of more than five thousand
samples. One might argue that the situation could be different for pre-Columbian goldwork,
which is very different in composition and manufacturing technique compared to European gold
(La Niece 2000). However, high-karat cast gold also seems to be exceptional in the New World
(Furihata 2000).

Archaeological silver embrittlement

There is good evidence for both corrosion-induced and microstructural embrittlement of
archaeological silver artifacts (Thompson and Chatterjee 1954; Werner 1965; Ravich 1993;
Wanhill er al. 1998; Wanhill 1998).

Corrosion-induced embrittlement is partly or mainly due to copper segregation. At low
temperatures copper can segregate to grain boundaries, resulting in discontinuous or cellular
precipitation (Scharfenberger er al. 1972; Gust et al. 1978; Schweizer and Meyers 1978) and
intergranular corrosion (Werner 1965; Ravich 1993). At high temperatures copper segregates
during alloy solidification. This type of segregation results in ambient temperature corrosion
that is either interdendritic, in essentially as-solidified microstructures (Scott 1996), or along

copper-rich segregation bands (Wanhill 1998). These bands are the remains of solute element
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segregation (coring) and interdendritic segregation that have been modified and reduced by

mechanical working and annealing.

Microstructural embrittlement appears to be due to lead segregating at low temperatures to grain
boundaries (Thompson and Chatterjee 1954; Wanhill ef al. 1998; Wanhill 1998), at least for the
artifacts so far investigated. This attribution is consistent with the compositional data in
figure 11, where it is seen that lead is the main impurity in archaeological silver, as pointed out
earlier. However, microstructural embrittlement by other impurity elements - notably bismuth —

is possible, especially in conjoint action with lead.

Differences between gold and silver: the role of primary solid solubility

From metallurgical knowledge and the chemical compositions and current evidence for
microstructural embrittlement of archaeological gold and silver, the most likely embrittling

elements are lead, bismuth and antimony, in that order, with arsenic and tellurium less likely.

Table 1 and figure 9 show the primary solid solubilities of lead, bismuth and antimony are much
lower in gold than in silver, especially for lead and bismuth. Thus gold is likely to be embrittied
only in the as-solidified (cast) condition, with little or no possibility of age-embrittlement. On
the other hand, silver is likely to be embrittled also in the aged condition, though not by

antimony alone, as mentioned earlier and with reference to sub-table 2.2.

These indicated differences in susceptibility to microstructural embrittlement lead to an
essential point. By far the majority of archaeological gold and silver artifacts were mechanically
worked and annealed to their final form. As-cast embrittlement could not have been tolerated:
the metals would have been reprocessed until ductile. For gold the reprocessing would be
expected to eliminate embrittlement. But for silver it is more probable —or even certain
(Thompson and Chatterjee 1954; Wanhill etal. 1998) — that elimination of as—cast

embrittlement need not prevent age-embrittlement.

There remains the assessment of damaged archaeological gold artifacts, notably sample number
575 from Hartmann (1970). This 20k disc contains 0.025 wt. % Pb and its current appearance,
see figure C.2, makes it a prime candidate for establishing age-embrittlement of archaeological

gold, however unlikely this is.
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CONCLUSIONS AND RECOMMENDATIONS

(1) Many impurity or alloying elements could cause microstructural embrittlement of gold
and silver. But only lead, bismuth and antimony are likely to be relevant to archaeological

gold and silver, especially lead.

(2)  As yet there appears to be no good evidence for microstructural embrittlement of high-
karat archaeological gold. However, reasonably high purity archaeological silver can
suffer age-embrittlement, owing most probably to low temperature segregation of lead to

grain boundaries: but see point (4) below.

(3) More than half the damaged archaeological gold artifacts assessed as the likeliest
candidates for containing brittle fractures are in the National Museums of Copenhagen
and Dublin. Thus it seems feasible to investigate the damaged artifacts at one or both of

these locations. Suggestions for investigation are given in Appendix C.3.

(4)  Age-embrittlement of archaeological silver should be investigated further. Although lead

seems the most likely perpetrator, this has not been established directly.
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Table 1 Selected metallic and semi-metallic element properties

ALLOYING ELEMENT PRIMARY SOLID
royrc | FMPIRICAL | ATOMIC PAULING ATOMIC COLUBILITY LIMIT ELECTRO- NUMBER OF | SUBLIMATION
ELEMENT | | ORDERING | DIAMETER | DIAMETER, C.N.12 IN COLD IN SILVER NEGATIVITY VALENCE ENTHALPY

NUMBER (nm) (nm) Wt 8 ot % wt. % at 3 (ev)”? ELECTRONS (J/m%)
Li 3 12 0.3456 0.3098 0.7 16.7 9.1 60.9 0.95 1 3.37
Na 11 11 0.4226 0.3792 0 0 0 0 0.95 1 1.53
al 13 80 0.3164 0.2858 2.0 13.0 6.1 20.6 1.52 3 8.34
K 19 10 0.5236 0.4698 0 0 0 0 0.83 1 0.84
MR 25 60 0.2856 0.2522;0.2612 11.0 30.7 31 47 2.24;1.92 7;5 8.83
cu 29 72 0.2826 0.2552 100 100 8.8 14.1 1.82 1 10.7
Zn 30 76 0.3076 0.2758 14.0 32.9 29.0 40.3 1.66 2 3.50
Ga 31 81 0.3344 0.2816 4.8 12.5 12.0 17.4 1.80 3 6.19
Ge 32 84 0.3510 0.2732 1 2.7 6.7 9.6 1.90 4 7.70
As 33 89 0.3452 0.2780 0 0 5.5 7.7 2.08 5 6.46
Se 34 93 0.3726 0.280 0 0 0 0 2.46 6 3.79
Rb 37 9 0.5600 0.4960 0 0 0 0 0.83 1 0.67
Rh 45 65 0.2974 0.2684 0.82 1.6 0 0 2.20 9 15.9
Pd 46 69 0.3042 0.2746 100 100 100 100 2.21 10 10.4
Ag 47 71 0.3196 0.2884 100 100 100 100 1.68 1 7.09
cd 48 75 0.3452 0.3086 21.6 32.6 43.2 42.2 1.58 2 2.40
In 49 79 0.3682 0.3320 7.8 12.7 22.1 21.1 1.82 3 4.58
sn 50 83 0.3724 0.3084;0.3240 4.3 7.0 12.5 11.5 1.83;1.65 4;2 5.55
sb 51 88 0.3864 0.3180 0.75 1.2 8.1 7.2 1.98 5 4.52
Te 52 92 0.4010 0.320 0.10 0.15 0 0 1.92 3 3.12
au 79 70 0.3188 0.2878 100 100 100 100 1.90 1 9.25
T1 81 78 0.3784 0.3424 1.04 1.00 13.8 7.8 1.86 3 3.24
Pb 82 82 0.3898 0.3492 0.12 0.11 5.2 2.8 1.93 4 3.29
Bi 83 87 0.4072 0.340 0 0 4.9 2.6 1.86 5 3.23

(1) Empirical ordering number acknowledges chemical similarity of elements

(1965) and Pauling (1947).

(2) Atomic diameters from King

numper, C.N.)
(3) Primary solid solubility limits from Baker et al. (1992) and Massalski
(4) Electronegativities and number of valence electrons from Teatum et al.
according to Seah (1980a)

(5) Sublimation enthalpies (per unit area)

using Hultgren et al.

from the same Group of the Periodic Table

et al.
(1968) .

(1986) .

(1973) .

The latter depend on the number of nearest neighbour atoms

for each atom in solid solution in the matrix. C.N.=12 for atoms in solid solution in gold and silver.

(Pettifor 1988).

(coordination

é

85¢-000T-d.L-dIN
- SZ_




Table 2 Gold and silver binary alloys with alloying element low primary solid solubility: PSSL = Primary Solid Solubility Limit; max = maximum; eut =

eutectic temperature; amb = ambient temperatures. Data (phase diagrams) from Baker et al. (1992), see Appendix A, and Thompson and

Chatterjee (1954)
2.1 Zero or very low PSSL
EQUILIBRIUM PHASES AT
BINARY AMBIENT TEMPERATURES
ALLOY DILUTE ALLOY PHASE DIAGRAM CHARACTERISTICS REMARKS
PRIMARY BETWEEN PRIMARY
SYSTEMS CRYSTALS/GRAINS CRYSTALS/GRAINS
Au-As Au-As eutectic, 56.6 at.% As, 636°C Au eutectic Au+As
Au-Bi Au-AupBi peritectic, 371°C Au AugBi AuyBi—Au+Bi below 116°C?
Au-K Au-AuskK eutectic, 7.1 at.% K, 975°C Au eutectic Au+AusK
Au-Na Au-AuyNa eutectic, 16.8 at.% Na, 875°C Au eutectic Au+AuzNa AusNa formation below 800°C?
Au-Rb Au-AusRb peritectic, 730°C Au AusRDb
Au-Se monotectics, 963°C and 760°C; Bu-AuSe peritectic, 425°C Au AuSe
Au-Pb Au-AupPb peritectic, 434°C o,max.0.11 at.% Pb AuyPb
Au-Te Au-AuTe; eutectic, 52.5 at.% Te, 447°C o, max.0.10 at.% Te eutectic Au+AuTe;
Ag-K phase diagram not available (Massalski et al. 1986) Ag
Ag-Na Ag-AgoNa peritectic, 322°C?; Ag-Na eutectic, > 99.9 at.% Na, Ag Na or possibly AgiNa
97.7°C

Ag-Rb phase diagram not available (Massalski et al. 1986) Ag
Ag-Se monotectic, 890°C; Ag-Ag;Se eutectic, 12.1 at.% Se, 840°C Ag eutectic Ag+Ag;Se
Ag-Te Ag-AgyTe eutectic, 11.5 at.% Te, 869°C Ag eutectic Ag+AgrTe

CONTINUED ON NEXT PAGE
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Fig. 1 Tensile strength and elongation of cast Au - 0.2 wt. % alloys versus alloying element
atomic diameters in solid solution. Mechanical property data from Roberis-Austen
(1888), atomic diameters from table 1
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Fig. 2 Silver-rich low temperature region of the Ag-Pb equilibrium phase diagram,

determined by ageing supersaturated solid solutions at the indicated temperatures

(Thompson and Chatterjee 1954)
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rig. 4 Brittle grain boundary fracture in a sample from an Egyptian silver vase
(Wanhill et al. 1998)
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Fig. 11 Actually or potentially embrittling impurity elements in archaeological silver artifacts
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see Appendix B
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Appendix A Gold and silver binary alloy equilibrium phase diagrams in support
of table 2

A.1 Atomic weights

ELEMENT SYMBOL ATOMIC WEIGHT* ELEMENT SYMBOL: ATOMIC WEIGHT*
silver Ag 107.880 lead Pb 207.21
arsenic As 74.91 rubidium Rb 85.48
gold aAu 197.2 antimony Sh 121.76
bismuth Bi 209.00 selenium Se 78.96
germaniun Ge 72.60 tin Sn 118.70
potassium K 39.096 tellurium Te 127.61
sodium Na 22.997 thallium T1 204.39

* As published in the Journal of the American Chemical Society, April 1950.

A.2 Interconversion of weight and atomic percentages in binary alloy systems

If wy and a, represent the weight and atomic percentages of one component having atomic
weight x, and if wy, a, and y represent the corresponding quantities for the second component,

then:

wy = 100 - wy
a, = 100 - a,

The conversion from weight to atomic percentages, or vice versa, may be made by use of the

following formulae:

- 100

Tl (/Y007 wy )~ 1]
100

WX

T+ (y/ 0110072, ) —1]
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A3 Phase diagrams (courtesy of ASM International)

A.3.1 Alloying elements with zero or very low primary solid solubilities
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A= A.3.2  Alloying elements with maximum primary solid solubilities at eutectic or
peritectic temperatures
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Temperature (°C)
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A.3.3 Alloying elements with maximum primary solid solubilities above eutectic
temperatures
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Appendix B Classification of archaeological silver artifacts and co

of figure 11

: artifacts

Table B.1

B.1
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Appendix C Classification of damaged archaeological gold artifacts in support of
figure 12

Artifacts illustrated in Hartmann (1970, 1982)

.
.

Table C.1

C.1
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C.2  Fracture classifications and codes, criteria and examples

The damaged artifacts were assessed from macroscopic photographs and drawings in Hartmann
(1970, 1982). This was the only feasible option for the present report. However, as discussed in

Appendix C.3, the assessment has enabled suggestions for more definitive investigations.

Table C.1 shows the damaged artifacts consigned to three fracture classifications: probably
brittle, possibly brittle I and possibly brittle I, in decreasing order of likelihood. The
classifications were made using five fracture classification codes, which are also listed in
table C.1.

Table C.2 gives the criteria for the fracture classifications and codes. Nearly all the artifacts are
made of thin materials. This greatly complicates the damage assessment, since ductile tears in

thin materials can give a macroscopic impression of low ductility or even brittleness.

Figure C.1 quantifies the results of applying the criteria listed in table C.2. Only one artifact,
sample number 575, was assessed as probably having undergone brittle fracture, Figure C.2
shows this artifact, a highly decorated 20k gold disc, which fulfils all the criteria listed in
table C.2, namely:

* many intersecting and branching cracks and acute angled missing pieces
¢ no visible deformation circumjacent to the cracks

e crack, gap and hole edges consisting of rectilinear segments.

Forty-one artifacts were assessed to contain possibly brittle I fractures, and ninety-six to contain
possibly brittle I fractures. Figure C.1 and table C.2 show the distinction between these two
classifications is based mainly on whether there were intersecting or branching tears or cracks

and any macroscopically visible evidence of circumjacent deformation.

Figures C.3 and C.4 and figures C.5-C.7 respectively give examples of artifacts assessed as
containing possibly brittle ] and possibly brittle II fractures. The latter classification is
particularly uncertain for thin materials like the ornament and disc in figure C.5, since the

damage could well be due to ductile tearing.

Finally, it is important to note that “brittle fracture” does not necessarily mean the material is
microstructurally embrittled. It is also possible for brittle-looking damage to be caused by
corrosion or stress corrosion cracking, though this seems unlikely for such high-karat artifacts,

as discussed in the main text of this report.
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C.3 Suggestions for further investigation

Table C.3 shows that more than half the artifacts assessed to contain probably brittle
(sample 575) or possibly brittle T fracture are at two locations, the National Museums of
Copenhagen and Dublin. Thus it is reasonable to suggest that more definitive investigations of
the nature of the damage to archaeological gold artifacts be done at one or both of these

locations.

Firstly one may consicier visual inspection and X-ray radiography, in relation to the criteria in
table C.2, for a more definitive assessment of the damage. This could be followed, in some
cases, by Scanning Electron Microscope (SEM) fractography of whole artifacts (if small, less
than about 10 cm in any dimension) or already separate pieces of artifacts. Fractography is a

powerful nondestructive diagnostic technique for assessing brittle fracture.

More problematical is metallography. Although it is likely the most important diagnostic
technique for assessing damage and embrittlement (Wanhill 1998), metallography is necessarily
destructive, however small the specimen taken. On the other hand, in a wider context the
eminent metallurgist C.S. Smith demonstrated decades ago how important metallography can be

for understanding archaeological metallic artifacts (Smith 1965).
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* : intersecting or branching tears or cracks
AAMP : acute angled missing pieces

ALDT/C : apparently low ductility tears or cracks
LDT/C :low ductility tears or cracks

LDC : low ductility cracks
D068-01N
o T T T
R
_8 100 probably brittle (1 sample) .
%
2]
o
©
o 80- -
=
§ possibly brittle 1 (41 samples)
& 60 -
8
i)
3 possibly brittle 11 (96 samples)
= 401 .
2
w
&
@ 20- .
T
o
=
g 0 , ‘ | x 1
= * . AAMP | ADT/C |  LDTC | LDC
o™ : 1 i 1

Fig. C.1 Results of applying the criteria listed in table C.2 fo damage assessment of the
archaeological gold artifacts illustrated in Hartmann (1970, 1982)
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Fig. C.2

Probably brittle fracture of a 20k archaeological gold disc, composition
Au-12 wt % Ag-4.82 wt. % Cu-0.07 wt. % Sn-0.025 wt. % Pb:
National Museum, Dublin. The iflustration is from Hartmann (1970),
scale 1.1, and has been coloured 1o befter indicale the damage

DoBB-01N
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Fig. C.6 Possibly brittle II fractures (low ductility tears or cracks) in an 18.5k
archaeological gold armband compared with ductile deformation of
a 19k archaeclogical gold armband. The compositions are
Au-ca. 18 wt. % Ag-4.9 wi. % Cu-0.16 wt. % Sn and Au-16 wt. % Ag-
51wtk % Cu-0.18 wt. % Sn, respectively: National Museum,
Copenhagen. The photographs are from Hartmann (1982), scale 1.1,
and have been coloured

Fig. C.7 Possibly britile If fractures (low ductility cracks) in 18.5-20k archasological goid open
rings, compositions Au-17 wi. % Ag-4.82 wi. % Cu-0.38 wt. % Sn, Au-16 wt. % Ag-
3.83 wt. % Cu-0.48 wt. % Sp and Au-13 wi. % Ag-3.81 wt. % Cu-0.38 wi. % Sn-trace Pb,
respectively: National Museum, Dublin. The illustrations are from Hartmann (1970},
scale 2 1 1, and have been coloured



