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ARCHAEOLOGICAL SILVER EMBRITTLEMENT:
A METALLURGICAL INQUIRY

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

ABSTRACT

Some archaeologica silver artifacts and coins are found to be brittle. The brittleness is due to
long-term corrosion and microstructural changes. Recognition and determination of corrosion-
induced and microstructurally-induced embrittlement, and also their synergy, are important for
restoration and conservation of ancient and historic silver. This report is concerned mainly with
defining and explaining the types, probable mechanisms and severity of embrittlement, based on
current metallurgical knowledge and concepts. It also includes surveys of the diagnostic
techniques for determining embrittlement and the possible remedial measures to be taken.

Corrosion may be general, forming a brittle surface layer. But it can aso penetrate the metal
aong grain boundaries, segregation bands, interdendritic regions (in cast objects), and dip lines
and deformation twin boundaries in objects containing remanent cold-work. The probable and
possible mechanisms of corrosion-induced embrittlement include galvanic attack owing to long-
term low temperature segregation of copper to grain boundaries (discontinuous or cellular
precipitation), galvanic attack owing to the presence of the remains of high temperature
segregation of copper, and preferential stress- and strain-assisted corrosion along slip lines and
deformation twin boundaries.

Microstructurally-induced embrittlement is characterized by grain boundary fracture, which is
most likely due to impurity elements segregating to grain boundaries and reducing their
cohesive strength. Empirical evidence, empirical and theoretical concepts of segregation-
induced embrittlement, and consideration of the impurity elements in archaeological silver
result in identifying lead as the most likely perpetrator, with bismuth, arsenic, thallium,
antimony and tin asincreasingly lesslikely additional candidates.

The severity of both kinds of embrittlement is increased by the synergistic action of corrosion-
induced and microstructurally-induced embrittlement and a larger grain size. The effect of grain
size is explained and semi-quantitatively assessed using micromechanical models of corrosion-
induced, microstructuraly-induced and synergistic embrittlement. These models consider the
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interactions between microcracks, lattice didocations and grain boundaries, and are shown to
make a general prediction of the grain size effect.

The last main sections of the report give the surveys of diagnostic techniques and remedial
measures. The diagnostic techniques can be well specified. They include visua inspection,
X-ray radiography, optical and SEM metallography (the latter combined with EDX or WDX
chemical anaysis), microhardness testing and SEM fractography. The most definitive
technique, with the broadest diagnostic scope, is SEM metallography. The remedial measures
that could or should be taken during restoration and conservation — particularly restoration — are
less certain. Suggested remedies are intended to be used as a guide, whereby each case hasto be
considered on its own merits.

The report ends with a number of conclusions and suggestions for further research.

KEYWORDS: ARCHAEOLOGICAL SILVER, EMBRITTLEMENT, CRACKS, GRAIN
BOUNDARIES, SEGREGATION, CORROSION, GRAIN SIZE, MICROSTRUCTURE,
METALLOGRAPHY, FRACTOGRAPHY, RESTORATION, CONSERVATION

INTRODUCTION

Silver is normally malleable, ductile and easily fabricated. However, some archaeological silver
artifacts and coins can be brittle, as a long-term consequence of corrosion and microstructural
changes (Thompson and Chatterjee 1954; Werner 1965; Organ 1977; Kallfass et al. 1985;
Ravich 1993; Wanhill et al. 1998; Wanhill 2000a, 2001). Here it is opportune to distinguish
broadly between the types of embrittlement:

(1) Corrosion-induced embrittlement is a consequence of selective corrosion that penetrates the
metal and eventually fragments it (Werner 1965; Organ 1977; Ravich 1993; Wanhill et al.
1998). This occurs whether or not the object is acted upon by external loads or forces,

though they may hasten the process, as will interna stresses and strains (Wanhill et al.
1998; Lichter et al. 2001).

(2) Microstructurally-induced embrittlement causes apparently pristine metal to crack and
fracture under the action of external loads or forces (Wanhill et al. 1998).
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Despite these distinctions, it is important to note that corrosion-induced and microstructurally-
induced embrittlement can act synergistically, and that microstructural features are involved in
both types of embrittlement (Wanhill et al. 1998; Wanhill 2000a, 2001).

The present report is concerned mainly with defining and explaining these types of
embrittlement, their probable mechanisms, and the severity of embrittlement, based on current
metallurgical knowledge and concepts. However, surveys are included of the diagnostic
techniques for determining embrittlement and the possible remedial measures that could or
should be taken during restoration and conservation.

CORROSION-INDUCED EMBRITTLEMENT

Evidence and description of the types of corrosion

Figure 1 illustrates the types of corrosion observed for archaeological silver having a high silver
content. The examples are eclectic: a Roman cup (Werner 1965), a late Roman plate (Bennett
1994), a Sican tumi (Scott 1996) and an Egyptian vase (Wanhill et al. 1998).

General corrosion in high silver content alloys' is slow conversion of the metal surface to silver
chloride (Gowland 1918; Organ 1977; Scott 1996). The silver chloride forms a brittle, finely
granular layer but does not affect the remaining metal’s integrity. However, unfavourable
conditions may result in an object being completely converted to silver chloride, sometimes
retaining its shape, sometimes not (Gowland 1918; Organ 1977).

The other types of corrosion penetrate the metal along selective paths. Cracking along these
corrosion paths reduces an object’s resistance to fragmentation (Werner 1965; Ravich 1993;
Wanhill et al. 1998). Intergranular corrosion is the most commonly reported type. This can
occur in mechanically worked and annealed objects, which congtitute the maority.
Interdendritic corrosion can occur in castings with essentially as-cast microstructures, i.e. little
changed by any subsequent mechanical working or annealing, see Scott (1996). However, cast
archaeologica silver objects are uncommon, notwithstanding Scott’ s metallograph in figure 1.

Corrosion along dip lines and deformation twin boundaries can occur in an object that has not
been annealed after (final) mechanical working, which includes striking a coin (Thompson and

T Base silver containing major amounts of copper undergoes general corrosion whereby the copper
diffuses out of the alloy and becomes fixed on the surface as green copper carbonates (Organ 1977).
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Chatterjee 1954) and decorating by chasing and stamping (Wanhill et al. 1998). Inside the metal
these types of attack can lead to additional corrosion along segregation bands. These bands are
the remains, modified by mechanical working and anneaing heat-treatments, of solute element
segregation (coring) and interdendritic segregation that occurred during solidification of an
ingot or cupelled button.

Cracking along the corrosion paths in the metal usualy results in irregular fracture surfaces
having a findy granular appearance like that of the genera corrosion in the upper SEM
fractograph in figure 1. However, highly localised corrosion along dlip lines and deformation
twin boundaries results in crystallographic, faceted fractures, for example the lower SEM
fractograph in figure 1.

M echanisms of corrosion-induced embrittlement

Intergranular corrosion

Intergranular corrosion has been attributed, at least partly, to segregation of the solute element
copper to grain boundaries (Werner 1965; Ravich 1993). This segregation is of a specia type
called discontinuous (or cellular) precipitation”, and it appears to be associated with — and
sometimes the cause of — a meandering appearance of the grain boundaries (Smith 1965;
Schweizer and Meyers 1978a, 1979). Figure 2 shows some examples.

Discontinuous precipitation of copper in silver-copper aloys occurs in the solid state at
temperatures as low as 200 °C (Predel and Ruge 1968; Scharfenberger et al. 1972; Gust et al.
1978) and might occur very slowly even at ambient temperatures (Schweizer and Meyers
1978b, 1979). Thisis discussed in more detail in Appendix A.

The actual mechanism of intergranular corrosion is localised galvanic attack, whereby in the
presence of a moisture-containing environment the more noble metal (in this case the copper-
depleted silver matrix) acts as a cathode and the copper-enriched grain boundary regions
dissolve anodically.

T Itisimportant to note that copper precipitation at grain boundaries should be discounted as a cause of

microstructurally-induced embrittlement. This possible causal connection was suggested, somewhat
less specifically, by Smith (1965) and Werner (1965). My assertion that copper is not responsible for
microstructurally-induced embrittlement is based on mechanical property and other empirical
evidence (Norbury 1928; Thompson and Chatterjee 1954; Wanhill et al. 1998) and empirical and
theoretical concepts of microstructurally-induced embrittlement (Wanhill 2001). These topics are
considered in the sub-section of this report concerning the mechanism of microstructurally-induced
embrittlement.
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Interdendritic and segregation band corrosion

These types of segregation-induced corrosion are also due to solute element (copper)
segregation, which in these cases occurs at high temperatures during solidification of the metal.
Their origin lies in the process of solidification by dendrite formation, whereby gradients in
solute content occur in the dendrites themselves and between the dendrites and the final
solidifying liquid. Thisis illustrated schematically in figure 3. An actual example was aready
given in figurel (Scott 1996), which shows the solidified interdendritic metal and its
preferential corrosion from the outer surface.

Even so, cast archaeological silver objects are uncommon, as mentioned before. Most objects
were made from cast metal by mechanical working (usually cold-work) and annealing. Figure 4
Is a schematic of the microstructural changes owing to this fabrication method. The fina
microstructure would — or might — be expected to have a uniform composition, particularly if
there had been repeated cycles of working and annealing. However, the segregation can be very
persistent in silver aloys. An exampleis given in figure 5. Thisis a SEM metallographic cross-
section of the wall of an Egyptian silver vase (Wanhill et al. 1998). The segregation isvisible as
numerous bands that result from many cycles of working and annealing.

The mechanism of interdendritic and segregation band corrosion is most likely the same as for
intergranular corrosion, i.e. localised galvanic attack of the less noble copper-enriched regions.

Slip line and deformation twin boundary corrosion

Corrosion along slip lines and deformation twin boundaries will be discussed first in a general
way. Slip, which occurs in bands, and deformation twinning involve locally high strains
whereby some atoms are in non-equilibrium positions and have higher energies. In dlip bands
these are the atoms surrounding didlocation cores, and in deformation twins they are the atoms
in noncoherent regions of the twin/matrix interfaces. When slip bands and deformation twin
boundaries are surface-connected, these higher energy regions are exposed to the environment
and are consequently susceptible to preferential corrosion (e.g. Procter 1994, 1:37)
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More specificaly, for silver there are additional factors that could promote corrosion along slip
lines and deformation twin boundaries. These are silver’s low stacking fault energy™ (Hertzberg
1983, 80, 129) which results in planar dip and hence greater concentrations of dislocations in
dip bands; the narrowness of the deformation twins, e.g. the SEM metallograph in figure 1, and
hence the higher local strains associated with them (Hertzberg 1983, 111); and for
archaeological silver the possibility of long-term segregation of solute and impurity elements to
the highly strained regions, thereby aiding preferential corrosion (Procter 1994, 1:39).

Recently three models have been proposed that link corrosion along dlip lines to transgranular
stress corrosion cracking (SCC) in aloys with the same crystal structure as silver (Flanagan
etal. 1991, 1993; Lichter et al. 1996; Magnin 1996, 114; Magnin et al. 1996; Lichter et al.
2001). SCC is an important topic in its own right, though not necessarily relevant to corrosion-
induced embrittlement of archaeological silver. The models and associated concepts and
observations concerning archaeological silver are discussed in Appendix B, where it is
concluded that the strain-enhanced dissolution model of Lichter et al. (2001) provides an
explanation of crystallographic fracture in archaeological silver along dlip planes and occasional
non-slip planes.

MICROSTRUCTURALLY-INDUCED EMBRITTLEMENT

Evidence and description of embrittlement

It has long been known that certain e ements can embirittle 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 archaeologica 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

T In metals having crystal structures with close-packed atomic arrangements, including silver, the slip

plane dislocations can dissociate to form two partial dislocations bounding a stacking fault, which is a
local “error” in the atomic arrangement. The lower the stacking fault energy, the wider the stacking
fault, and the more difficult it is to recombine the partial dislocations to allow them to glide onto other
dip planes (so-called wavy dlip behaviour). Consequently, a low stacking fault energy favours
dislocation movement being restricted to the original slip plane (so-called planar slip behaviour).
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supersaturated solid solution in the silver matrix of Ag-Pb or Ag-Cu-Pb aloys. They provided
evidence for this possibility as follows:

(1) By determining the silver-rich low temperature region of the Ag-Pb phase diagram,
figure 6. This required weeks and months of ageing supersaturated solid solutions of lead
in silver, and showed that a lead-rich phase ([3) precipitates out of solution even at very low
lead contents, less than 0.1 wt. %, and down to ambient temperatures.

(2) By mechanicaly testing age-hardened Ag-Pb, Ag-Cu-Pb and Ag-Cu alloys, figure 7, and
showing that prolonged ageing led to brittle fracture of the lead-containing alloys.

However, lead-rich precipitates may not be necessary. Wanhill etal. (1998) examined a
severely embrittled Egyptian silver vase, figure 8a Microstructurally-induced embrittlement
was entirely intergranular with “clean” grain boundary facets and no sign of precipitates. Thisis
illustrated in figure 8b, with the caveat that features on the grain boundary facets are due to
localised corrosion after fracture™. The intergranular cracks were characteristically narrow and
sharp except where grains became bodily displaced, which is itself a characteristic of severe
embrittlement. One such displacement is shown in figure 8b. This fractograph aso shows no
evidence of plastic deformation of the grain boundaries.

In view of the vase metal analysis (in wt. %: 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 atomic segregation of lead to grain boundaries and a
consequent reduction in their cohesive strength (Wanhill et al. 1998; Wanhill 2000a). This
hypothesis leads directly to the next sub-section of this report.

M echanism of microstructur ally-induced embrittlement

There have been three suggestions as to the cause of microstructurally-induced embrittlement in
archaeological silver. These are copper precipitation at grain boundaries (Smith 1965; Werner
1965; Schweizer and Meyers 1978a), lead precipitation at grain boundaries (Thompson and
Chatterjee 1954; Werner 1965), and atomic segregation of lead to grain boundaries (Wanhill
et al. 1998).

T Presumably long-term environmental exposure caused many grain boundary facets to become locally
corroded where dlip lines, deformation twin boundaries and segregation bands intersected the
intergranular fracture surfaces. See also the discussion of synergistic embrittlement in this report.
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Empirical evidence on the effects of copper

The suggestion that copper precipitation at grain boundaries could cause microstructurally-
induced embrittlement of archaeologica silver is challenged by two lines of evidence. Perhaps
the best evidence, obtained for other purposes, is provided by Norbury (1928). Figure 9 shows
mechanical property data and a representative metallograph from Norbury’'s study of
solutionised, quenched and aged standard silver (Ag-7.5wt. % Cu). Ageing resulted in
discontinuous precipitation of copper at the grain boundaries and significant changes in tensile
strength and elongation. Nevertheless, the minimum tensile elongation was about 34 %, which
gtill indicates high ductility and certainly not embrittlement. Note that Thompson's and
Chatterjee’s results, figure 7, agree with Norbury’s in that a lead-free silver-copper alloy was
unembrittied by ageing.

The second line of evidence comes from ageing experiments by Ageew et al. (1930) and the
severely embrittled Egyptian vase investigated by Wanhill et al. (1998). Figure 10 shows the
most relevant ageing data: solutionised and quenched silver-copper alloys were aged for more
than 600 hours at 200 °C, resulting in an age-hardening response from the alloys containing
4.25-7.5 wt. % copper, but no change in hardness for an Ag-2.3 wt. % Cu alloy. The Egyptian
vase contained only about 0.9 wt. % copper. This is most probably too little to elicit an ageing
response, even at temperatures exceeding 200 °C; and anyway the vase had cold-work retained
in the microstructure (Wanhill et al. 1998), which excludes heating much above ambient
temperatures.

Empirical and theoretical metallurgical concepts

The starting point for this extensive sub-section is the observation that microstructuraly-
induced embrittlement and precipitation or segregation of impurity elements to grain boundaries
are characterigtic of elements having very low primary solid solubilities in the parent metal
matrix (Seah 1980b; Shewmon 1998). The topics to be considered are (1) primary solid
solubility, (2) equilibrium grain boundary segregation, (3) grain boundaries and (4) aloy phase
diagrams, non-equilibrium cooling and mechanical behaviour, followed by (5) a summary.

(1) 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 aloying (Hume-Rothery and Raynor 1954; Pettifor
1984, 1988; Massalski 1996).
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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 necessarily mean high solid solubilities. Figure 11 illustrates the rule for
solid solutions in silver. Rubidium, potassium and sodium have very unfavourable size-
factors and, astable 1 shows, zero solid solubility. They are followed by lead, bismuth and
thallium, with solid solubilities less than 8 at. %.

The next criterion, electrochemical difference and chemica affinity, is smply that the
greater the dectrochemica 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 et al.
(1963), Gschneider (1980). D-G maps are supposed to enable predictions whether solid
solubility is low or moderate-to-high. Figure 12 shows a D-G map for solid solutions in
silver, using data from table 1. Solute elements outside the dlipse 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 this latter prediction is incorrect
with respect to tellurium. Also, lithium, palladium, arsenic and antimony are incorrectly
predicted to have low solid solubility. These and other inadequacies of D-G maps have
been explained by Gschneider (1980) in a general way, i.e. not specifically considering
silver as the solvent. 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 crysta
structures of many binary intermetallic compounds.
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(2)

The third factor to consider is the eectron concentration, which is the ratio of valence
electrons to the number of atoms. Empirical studies of binary gold, silver and copper
aloys, in particular with B-subGroup elements, have shown that when the effects of size-
factor and eectrochemica 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 atheoretical critical electron concentration of 1.41.

Figure 13 illustrates the eectron concentration effect for binary silver aloys, 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 1.35-1.42, agreeing well with Jones’ theory. (However, this theory
is known to have some problems (Cottrell 1988; Massalski 1996).)

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 14 shows the theory’s predictions for segregant
elements in 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 element. (The sublimation enthalpy is a measure of the heat
required to evaporate atoms from the solid surface of an element.)

Figure 15 correlates alloying element primary solid solubility limits in silver with their
sublimation enthalpies. The elements are arranged according to Pettifor’s (1988) empirical
ordering numbers and unfavourable size-factors are indicated. The colour-shaded regions
in this figure indicate the matrix and alloying element combinations that would seem most
likely to result in segregation-induced grain boundary fracture under equilibrium
conditions: silver containing sodium, potassium, rubidium, lead, bismuth, tellurium or
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©)

selenium. There are other possibilities, namely silver containing thallium, germanium,
antimony or arsenic.

However, the key question, unanswerable by figures 14 and 15, 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 silver discussed
earlier, it is necessary to consider the grain boundary characteristics of archaeological
silver, the binary silver aloy phase diagrams, the effects of non-equilibrium cooling on the
phase changes, and the likely mechanical behaviour of the aloys.

Grain boundaries strongly influence the properties of metals and alloys, and there is much

evidence that grain boundaries have different properties depending on their character, i.e.
their type and structure (e.g. McLean 1957; Chadwick and Smith 1976; Bauffi 1980;
Watanabe 1984, 1993, 1994; Watanabe et al. 1980, 1989; Lim and Watanabe 1990).

From the literature and their own research Watanabe (1984, 1993, 1994) and Watanabe et
al. (1980, 1989) suggested dividing grain boundaries into three character-determined
categories. low-angle boundaries with misorientation angles less than 15°; high-angle
coincidence boundaries with low ¥ coincidence®; and high-angle random boundaries. The
basic distinguishing property is that low-angle and low Z coincidence boundaries are low-
energy boundaries, while random boundaries are high-energy boundaries. This differenceis
important for many other properties, including impurity element segregation, which occurs
preferentially to high-angle random grain boundaries (Watanabe et al. 1980). This is
illustrated schematically in figure 16, which aso shows — consistent with observations
(Seah 1980b) — that segregation tends to be greater for impurity elements having less
primary solid solubility.

This distinction between grain boundary types and structures is informative for
microstructurally-induced embrittlement of archaeological silver artifacts. These were
usually made using combinations of mechanical working and annealing hesat-treatments.
The resulting microstructures most probably contain a majority of high-angle random grain
boundaries, see by analogy Watanabe (1984) and Watanabe et al. (1989). In turn, this
suggests that archaeological silver artifacts contain many grain boundaries that would be
very susceptible to impurity element segregation if it occurred.

T

A coincidence boundary has the geometrical property of representing a lattice plane common to contiguous
grains. A boundary with low X~ coincidence means the contiguous grains have orientations resulting in a high
density of coincident lattice sites on the boundary, which therefore is alow-energy boundary.
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(4)

Furthermore, despite the presence of other types of grain boundary, the likely
preponderance of high-angle random grain boundaries in archaeological silver artifacts
means it is reasonable, and indeed consistent with empirical observations (Werner 1965), to
apply a simple length scale criterion — based on the average grain size or diameter — to
crack initiation. Thisis considered in the section of thisreport on the effect of grain size.

Alloy phase diagrams, non-egquilibrium cooling and mechanical behaviour. Table 2 lists the

equilibrium phase diagram characteristics and ambient temperature phases for dilute 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. This basic independence of cooling rate means that in the
as-cast condition there will aways be intercrystalline or intergranular phases. These are
usually brittle intermetallic compounds and cause poor mechanical behaviour. Evidence for
this is provided by Roberts-Austen’s experiments on binary gold alloys (Roberts-Austen
1888; Wanhill 2000Db).

Phase changes for the aloys in sub-tables 2.2 and 2.3 will depend on cooling rate. This
will be illustrated with the aid of figure 17, 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, az, and are
represented by the vertical lines meeting the abscissae at X. Non-equilibrium cooling has
two major effects on the phase changes:

(& If cooling is fast enough the solidification compositions follow the curves a;,—03'
rather than a;—03. This means the solid solubilities are reduced, final solidification is
at temperatures Ts instead of T,, the last liquids to solidify have compositions L
instead of L,, and the alloys do not finally solidify only as a. Instead the eutectic or
peritectic reactions occur at Ta: the remaining liquids either solidify as eutectic a+f3
between the primary a crystals or grains, or else react — the peritectic reaction — with
some of the primary a crystals or grainsto form 3 between them.

(b) Suppression of solid state reactions 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 17 we see that under equilibrium conditions the
two alloys undergo solid state partial decomposition (a - a+f3) at temperatures below
T, However, faster cooling will cause supersaturated a to be retained, at least
temporarily, down to ambient temperatures.



-19-
NLR-TP-2002-224

©®)

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 PSS, to finaly solidify as though their bulk compositions were above these limits,
leading to poor mechanica 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+TI| between the primary crystals or grains
however dilute the alloy (Baker et al. 1992; Wanhill 2000b). Roberts-Austen (1888) noted
the “crystalline structure” of the fracture surface of an as-cast Au-0.2 wt. % (= 0.2 at. %) Tl
bar whose ductility was low.

Secondly, the solid state decomposition reactions listed in the last two columns of sub-
tables2.2 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
aloying element segregation and precipitation, and mechanical behaviour deterioration and
embrittlement. The archetype is provided by the Ag-Pb aloy experiments of Thompson
and Chatterjee (1954), discussed earlier in this section of the report and illustrated by
figures6 and 7. Other —candidate — systems are silver containing arsenic, bismuth and
thallium. On the other hand, the Ag-Sb and Ag-Sn systems are less likely to belong to this
category, even though antimony and tin can embrittle silver (Ercker 1574; Gowland 1918).
The reason is that the solid solubilities of antimony and tin in silver are still significant at
ambient temperatures, see sub-table 2.2. Finally, the Ag-Ge system would appear to be
excluded, since germanium has a higher sublimation enthalpy than silver, see table 1 and
figures 14 and 15.

Summary. The foregoing empirical and theoretical metallurgical concepts enable
specifying which elements, in amounts less than about 5 at. %, could embrittle or impair
the mechanica behaviour of silver. There are two categories, aloys most probably
embrittled as-cast, and alloys that could be embrittled by low temperature ageing that
resultsin alloying element segregation and precipitation. These categories are given below,
whereby asterisks indicate known embrittlement or poor mechanical behaviour of dilute
alloys (Thompson and Chatterjee 1954; Raub 1995):

(@) Ascast : Ag-Bi, Ag-Na Ag-Pb, Ag-Rb, Ag-Se, Ag-Te*.

(b) Aged : Ag-As Ag-Bi, Ag-Pb*, Ag-TI.
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For both categories the presence of more than one of the specified elements could be
cumulatively detrimental. Thisis probable for aged alloys in which impurity elements have
segregated to grain boundaries since, as remarked earlier, many elements co-segregate
rather than compete for grain boundary adsorption sites.

For archaeological silver only the second category —aged aloys—is likely to be relevant.
Mogt artifacts were made by subjecting buttons or ingots with as-cast microstructures to
mechanical working and intervening annealing heat-treatments. As-cast embrittlement
could not have been tolerated: the silver would have been reprocessed until malleable and
ductile. By the same token, however, the microstructures of most artifacts will contain
many high-angle random grain boundaries, which should be very susceptible to impurity
element segregation owing to low temperature ageing.

Composition of archaeological silver

Native silver aloys may or may not have been used for Old World archaeologica artifacts
(Lucas 1928; Gale and Stos-Gale 1981a; Philip and Rehren 1996). However, the genera
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 1 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 (19814a).

Figure 18 quantifies actually or potentially embrittling elements found in archaeological silver
artifacts and coins lying within two ranges of high slver 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. %.



-21-
NLR-TP-2002-224

Most probable mechanism

The evidence and description of microstructurally-induced embrittlement, the non-embrittling
effects of copper during the ageing of silver-copper aloys, and empirica and theoretica
metallurgical concepts of embrittlement point to a mechanism involving long-term low
temperature segregation of an impurity element, or co-segregation of impurity elements, to grain
boundaries. The candidate impurity elements are arsenic, bismuth, lead, thallium and —less
probably — antimony and tin.

Lead is the most likely perpetrator. Thisis inferred from the long-term ageing experiments and
brittle coin analyses by Thompson and Chatterjee (1954); the Egyptian vase investigated by
Wanhill et al. (1998), which contained lead, antimony and tin, but no detectable arsenic or
bismuth; and the impurity element contents of many artifacts and coins, figure 18, where it is
seen that lead isthe main impurity. However, embrittlement by other impurity elements, notably
bismuth, see figures 15 and 18, is possible, especially in co-segregating action with lead.

SYNERGISTIC EMBRITTLEMENT

As stated in the introduction to this report, corrosion-induced and microstructurally-induced
embrittlement can act synergigticaly (Wanhill et al. 1998; Wanhill 2000a, 2001). Figure 19
gives examples of the appearances of synergistic embrittlement. Corrosion along dlip lines,
deformation twin boundaries and segregation bands can result in cracks under the action of
external loads or forces (e.g. crushing pressures during interment) and internal residual stresses
due to retained cold-work. These cracks can then initiate fracture along microstructurally
embrittled grain boundaries — which may fracture anyway, though less easily — under the action
of external loads or forces. In turn, grain boundary fractures expose more dlip lines, deformation
twins and segregation bands to the environment and therefore increase the opportunities for
corrosion.

The recognition of synergistic embrittlement is presently limited to the Egyptian silver vase
investigated by Wanhill et al. (1998). However, figure 20 shows another probable example, an
Indian silver coin examined by Thompson and Chatterjee (1954). Be that as it may, the effect of
synergistic embrittlement is to render an object frangible, or even friable if it is aso large-
grained, see the section of this report on the effect of grain size.
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It is worth noting here that the lower fractograph in figure 19 illustrates a point made earlier
during the description of microstructurally-induced embrittlement: namely that besides crack
formation, e.g. in the left-hand segregation band in the fractograph, the contribution of selective
corrosion to synergistic embrittlement includes local corrosion of “clean” grain boundary facets
produced by microstructural embrittlement.

Observe aso that the annealing twin boundaries in the upper right fractograph of figure 19 are
uncorroded. Apparently, the local environmental conditions were not severe enough to cause
selective corrosion at these twin/matrix interfaces, which by nature are coherent and without
highly strained regions.

NOTESON THE OCCURRENCE OF EMBRITTLEMENT

The remarks immediately preceding this section, concerning uncorroded annealing twin
boundaries, serve as an introduction to the following noteworthy points:

(1) Opinions differ on the extent of the problem of archaeologica silver embrittlement.
Schweizer and Meyers (1979) and Kallfass et al. (1985) state that ancient silver objects are
often found to be in an extremely brittle condition. However, Northover (1999) has
investigated some 300 silver vessels and over 2000 silver aloy coins and found only a
small proportion to be badly embrittled. On neutral ground, Thompson and Chatterjee
(1954) and Werner (1965) state that it is well-known that certain silver objects have
become very brittle.

(2) Another important point, in view of the most probable embrittlement mechanisms, is the
primary significance of the copper and lead contents. Archaeologica silver frequently
contains more than 1-3wt. % copper and 0.1wt. % lead (Gale and Stos-Gale 19814;
Bennett 1994): see figure 18 and Appendix D also. Exceedance of these fairly low values
should make possible corrosion-induced embrittiement owing to the discontinuous
precipitation of copper (which can occur, abeit at elevated temperatures, for copper
contents above 2 wt. %, see figure 10 and Ageew et al. 1930) and microstructuraly-
induced embrittlement due to lead, see figure 6 and Thompson and Chatterjee (1954).

Thus embrittlement should be due to an adverse combination of factors besides the copper
and lead contents. These factors include the object’s manufactured condition and burial
time, the average temperature, moisture content and chemical composition of the buria
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environment, especially the salt, nitrate and nitrite contents (Gowland 1918), and probably
the overall pH® of the burial environment as well.

With respect to an object’s manufactured condition, the retention of plastic deformation
(cold-work and residual internal stresses) in the microstructure should facilitate and
accelerate discontinuous precipitation of copper (Hornbogen 1972; Pawlowski 1979a,
1979b) and microstructurally-induced embrittlement by lead (Thompson and Chatterjee
1954). However, whether enhanced discontinuous precipitation of copper necessarily
increases the occurrence of corrosion-induced embrittlement is questionable: Northover
(1999) oObserved that “intergranular cracking/corrosion is most prevaent a low
concentrations of copper, i.e. in circumstances where discontinuous precipitation of copper
islikely to be minimal, if present at all.”

THE EFFECT OF GRAIN SIZE

ain boundary char acter

As

discussed in the extensive sub-section on empirical and theoretical metallurgical concepts,

microstructurally-induced embrittlement should mostly affect high-angle random grain
boundaries, which very likely predominate in the microstructures of archaeological silver
artifacts. This has two important implications:

D

)

Archaeological silver objects will contain many grain boundaries susceptible to
microstructurally-induced embrittlement, assuming that impurity element segregation has
occurred.

A preponderance of high-angle random grain boundaries makes it reasonable, and indeed
compatible with empirical observations (Werner 1965), to consider embrittlement in terms
of length scale criteria based on the average grain size or diameter.

T

The pH notation expresses hydrogen ion activities in aqueous solutions and also (wet) soils. The pH of a neutra
solution is 7. Acid solutions have pH less than 7; alkaline solutions have pH greater than 7. The same is true for
soils.
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Grain size and embrittlement

Archaeological silver may have large grain sizes, more than 0.1 mm, e.g. Werner (1965),
Wanhill etal. (1998), and Werner's metalograph in figure1l. Large grains are due to the
anneadling heat-treatments that were usually involved in artifact manufacture. The heat-
treatments were more or less uncontrolled, by modern standards, and the metal smiths would
likely over-anneal to ensure malleability and ductility during further mechanical working and
finishing.

Werner (1965) stated that larger grain sizes are a primary cause of silver embrittlement. Thisis
incorrect —or at least imprecise — since large grain size silver is usually ductile (Wanhill et al.
1998), as attested aso by the successful manufacture of large-grained archaeological silver
artifacts, and by mechanical testing of silver single crystals (Andrade and Henderson 1951; Rosi
1954). In particular, Rosi (1954) observed ductile behaviour in large cylindrical single crystals
9.5 mmin diameter and 127 mm long.

However, Werner's observations do show that grain size must be an important, albeit
secondary, factor for silver embrittlement. Four reasons can be given. These are discussed in the
following sub-sections.

Intergranular corrosion

A large grain size facilitates penetration of intergranular corrosion into an object. Thisis clearly
demonstrated by Werner's metallograph in figurel. The artifact concerned is a severely
embrittled Roman cup (Werner 1965) with grain sizes up to 0.4 mm, which is nearly the full
thickness of the cup wall.

Impurity element segregation

Microstructurally-induced embrittlement caused by impurity element segregation to grain
boundaries is likely to be exacerbated by a larger grain size. This will be explained using the
schematics in figure 21, which show two possible dependences of the degree of embrittlement,
represented by the loca fracture stress, o, on impurity element concentration a grain
boundaries.
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Figure 21a shows a “threshold” concept of embrittlement, for which the local fracture stress
abruptly drops to a minimum value at acritical impurity concentration C,. This concept predicts
no effect of grain size on embrittlement once Cy, is reached. Figure 21b shows a more redlistic
representation of embrittlement (Thompson and Knott 1993), whereby the local fracture stress
decreases gradually to a minimum at a critical impurity concentration C, . For this behaviour
larger grain sizes can increase embrittlement: larger grains mean less grain boundary areato be
embrittled by the impurity elements in an object, and hence increased concentrations of

impurities at the grain boundaries and increased embrittlement. (This assumes, however, that
C,, isnot easily reached and that thermodynamic equilibrium has not been attained.)

Microcrack initiation and micromechanical crack models

Embrittlement is manifested by cracking under the action of external loads or forces and internal
residual stresses, if present. Cracking begins with microcracks smaller than or equal to the grain
size. At this size or length scale the average grain size or diameter, d, symbolising a
preponderance of high-angle random grain boundaries, is likely to strongly influence crack
initiation.

Figure22 depicts micromechanical crack models applicable to archaeological silver
embrittlement. These models are described in detail, but mainly non-mathematically, in
Appendix E. Here the models are summarised in the following sub-paragraphs.

* Figure 22a Thisis the classic dislocation pile-up model of microcrack initiation, applicable
to corrosion-induced and microstructurally-induced embrittlement, whereby corrosion or
impurity element segregation reduce the grain boundary fracture energy. The criterion for
initiation of a grain boundary microcrack is obtained from Smith and Barnby (1967):

o 2rpye 1
Tapp ~Ti 2 ’(l—v)d —m D

where T4, = applied shear stress; 1; = lattice friction stress; p = slip plane shear modulus; y; =
grain boundary fracture energy; v = Poisson’s ratio; d = grain diameter; F(B) = an angular
function; S = dislocation source; O, & = edge dislocations of opposite sign.
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» Figures22b-22d: These models are applicable to corrosion-induced and synergistic
embrittlement, whereby microcracks develop due to corrosion along slip planes and facilitate
initiation of microcracks at grain boundaries weakened by corrosion or impurity element
segregation. The criteriafor initiation of grain boundary microcracks are:

Fig. 22b Top 2 2myy; 1 L1 )
2a<d @-v)d %_ 26, ot Bi% \F(8)
TTapp

/2
Fig. 22c 21y 1
> [T 1 3

2a=d = = @-vd  Jre) ©
Fig. 22d

2a=d 5 ) L

multiple Top 2 | A . (4)

-v)d [
dip plane 4=y EH/ 3oy 0.2865% FO)
™ [h
cracks

where h is the distance between multiple slip plane cracks, see for example figure 19.
Equations (2) - (4) are derived from eguation (1) and the analyses of Tanaka et al. (1986) for
equation (2) and Tada et al. (1973) for equation (4). N.B. For mathematical simplicity these
models assume the material to be elagtically isotropic and homogeneous. On the scale of
individual grainsthisisincorrect for most metals, including silver (Smithells 1967), but this
does not invalidate a generic assessment.

The models make the general prediction that the applied shear stress, T, required for initiation
of a grain boundary microcrack decreases with increasing grain size, d, and decreasing grain
boundary fracture energy, y:.

In fact, Top U 1/d, which is the same as the wdl-known Hall-Petch fracture stress

relationship for bulk metals (Hall 1951, Petch 1953). This effect of grain size on the stress
required for grain boundary microcrack initiation is very significant. To illustrate this, figure 23
plots ratios of applied shear stress, T,,, /T,y , versus ratios of average grain diameter, d,/d;,
whereby it is assumed that small and large grain sizesin archaeological silver are represented by
d; = 5-10 um and d, = 100-200 pm, respectively. Figure 23 shows that the applied shear stress
required for grain boundary microcrack initiation in the large-grained silver would be only

1/3-1/6 that for the fine-grained silver.
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With respect to the grain boundary fracture energy, s, alarger grain size can have two effects
that decrease yr and hence Ty, thereby promoting grain boundary microcracking. These effects
were aready discussed in the previous two sub-sections, namely that a larger grain size can
facilitate intergranular corrosion and exacerbate microstructurally-induced embrittlement owing
to impurity element segregation to grain boundaries.

Microcracks to macrocracks: frangibility and friability

As discussed above, microcrack initiation along grain boundaries weakened by corrosion-
induced, microstructurally-induced and synergistic embrittlement will be easier if the grain size
is large. Furthermore, a very likely predominance of high-angle random grain boundaries means
that archaeological silver objects should contain many grain boundaries susceptible to impurity
element segregation and hence microstructurally-induced embrittlement, if it has occurred.

The combination of large grain size and a predominance of high-angle random grain boundaries
in a microstructurally embrittled object signifies many potential initiation sites for microcracks,
and therefore an increased possibility for microcracks to link up and become macrocracks. In
other words, a large-grained microstructurally embrittled object is likely to be frangible, even if
there is no damage from corrosion.

Bethat asit may, it is known that severely corroded large-grained objects are frangible (Werner
1965). And the combination of alarge grain size with synergistic embrittlement is even worse:
corrosion can initiate microcracks and increase the possibilities for microcrack initiation at
microstructuraly embrittled grain boundaries, as discussed with reference to figure 19 in the
section on synergistic embrittlement, and the object then becomes friable (Wanhill et al. 1998).

DIAGNOSTIC TECHNIQUES FOR ARCHAEOLOGICAL SILVER EMBRITTLEMENT
Table3 provides a survey of the diagnostic techniques for determining the types of
embrittlement in archaeological silver. The survey is based on Wanhill (2000a, 2001) and

Wanhill et al. (1998).

Visual inspection

Thisis more or less obvious, but nonetheless essential. Only visual inspection gives an overall
impression of an object’s condition. This should be photographically documented, with colour
photography as an important option for corroded objects, e.g. Organ (1977).
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X-ray radiography

X-ray radiographs can reveal both internal and external “hidden” damage. For example,
externally-connected cracks can be obscured by surface topography (shadowing, light-fall),
corrosion and any previous restoration. Figure24 is an X-ray radiograph of the severely
embrittled Egyptian vase discussed earlier in this report. The X-rays revea hairline cracksin the
vase and aso its incompleteness: if we compare figure 24 with figure 8ait is evident the vase is
much restored.

Besides reveding cracks, figure24 shows important crack patterns. The “eggshell” crack
pattern at the upper centre of the X-ray image is diagnostic for very brittle fracture. These
cracks occurred most probably under the action of crushing forces. Equally important and very
interesting, as will be discussed in the next sub-section, are the arcuate cracks labelled IE .
These cracks follow external chased decorating grooves, identifiable from figure 8a.

M etallogr aphy, EDX or WDX, and microhardness testing

Metallography is generally the most important diagnostic technique, especialy when combined
with chemical analysis by using SEM+EDX or SEM+WDX combinations. EDX is more widely
available than WDX, which, however is more accurate and better able to determine the presence
of trace amounts of impurity elements, i.e. less than about 0.1 wt. %.

In addition to figures1, 2, 5, 9, 20 and A.3, the usefulness of metallography is demonstrable
from figure 25, which shows a metallograph and schematic for one of the external chased
decorating grooves on the above-mentioned Egyptian silver vase. The SEM metallograph used
backscattered electron imaging, which revedled a local deformation pattern. The schematic
interprets the deformation pattern from the dlip-line field theory of indentation (Johnson and
Mellor 1962, 333-334). This theory predicts that when t;/w = 4.4 a tension zone forms at the
surface opposite the groove, as well as the always-present compression zone directly under the
groove. The actual value of tj/w is 4.2, close enough to justify the interpretation. The tension
zone, retained as cold-work in the finished vase, promoted corrosion and intergranular fracture
a and near the internal surface, i.e. it caused “hidden” damage. The corollary to this
interpretation is of general significance: al thin-walled objects with chased decorations should
be examined for damage at and near internal surfaces.

With respect to chemical composition, fully quantitative EDX or WDX analyses using
elemental standards should provide two kinds of information. Firstly, the analyses should
distinguish whether the silver was obtained from lead cupellation, native silver or aurian silver.
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However, determination of provenance is more difficult: see, for example, Gale and Stos-Gale
(19814a). Secondly, the lead, bismuth, antimony, tin, arsenic, thallium and copper contents are
important for diagnosing the types of silver embrittlement, as follows:

(1) Lead is the most likely perpetrator of microstructuraly-induced embrittlement of
archaeologica silver. Long-term segregation or precipitation of lead at grain boundaries
can occur at bulk contents less than 0.1 wt. %, see figure 6. Other impurity elements might
be involved, notably bismuth, but possibly —and increasingly less likely — arsenic,
thallium, antimony and tin.

(2) Corrosion-induced embrittlement is partly or mainly due to copper segregation. At low
temperatures, possibly even at ambient temperatures, see Appendix A, copper can
segregate to grain boundaries, resulting in discontinuous precipitation and intergranular
corrosion. 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, or aong relatively copper-rich segregation bands.
These bands are the remains of solute element segregation (coring) and interdendritic
segregation that have been modified and reduced by mechanical working and annealing.

Furthermore, metallography is an integral part of microhardness testing, which is aso a useful
diagnostic technique, see table 3. As an illustration, figure 26 demonstrates how microhardness
indents can distinguish between corrosion and microstructuraly-induced embrittlement.
Figure 26a shows a hardness-tested internally corroded area, which underwent craze-cracking
mainly inside the indented region and had a very low hardness. Figure 26b shows a
microstructurally embrittled area that underwent grain boundary cracking mainly outside the
indented area. The hardness was also much higher, as can be seen from the indent sizes in the
metallographs.

Fractography

Fractography is an essential adjunct to metallography, see figures 1, 8, 19, B.1 and B.2, notably
—in the present context— for distinguishing between the types of embrittlement in
archaeologica silver. Detailed fractography requires considerable interpretive skill, for example
see Appendix B.
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REMEDIAL MEASURESFOR ARCHAEOLOGICAL SILVER EMBRITTLEMENT

I ntroduction: technical capabilities and ethical consider ations

Modern restorations and conservation are concerned, or should be concerned, with both
technical capabilities and ethical considerations. Essentially this means that an object’ s integrity
should be respected and restoration and conservation techniques should be reversible. However,
reversibility is a controversiad topic (Oddy and Carroll 1999) and is not always practicable: for
archaeological silver see e.g. Organ (1977) and Oddy and Holmes (1992).

Possible remedial measur es

Bearing the above remarks in mind, table 4 suggests how the basic condition and type of
embrittlement of archaeological silver could result in technically possible and potentialy
sanctionable remedies.

Nominally intact objects amost certainly would not be heat-treated. Coins are possible
exceptions, asindicated in the right-hand column of table 4. The main reason is their small size,
which makes them easier to heat-treat. Coins are also likely to be less rare, so that the risks
involved in heat-treatment may be perceived asless. see Note Cin table 4.

At the other extreme, if it is decided to restore severely embrittled and fragmented objects, then
heat-treatment may be essential (Organ 1977; Ravich 1993). The main objection to heat-
treatments is that they change the microstructure, and therefore information about an object’s
manufactured condition and subsequent history can be partially or completely lost. Even worse
is the possibility that some future investigator could be confused or misled by the changed
microstructure. Also important is that heat-treatments entail a risk of further damage, see
NotesC and F in table 4. All these considerations suggest most strongly that heat-treatments
should be allowed only if preceded by assessing the object’s frangibility or friability (i.e.
whether it is safe to handle without the benefit of heat-treatment), a thorough and meticulously
recorded diagnostic investigation, and if judged feasible and done by experienced technical
staff: see, for example, Oddy and Holmes (1992).

Table 4 aso includes a more acceptable remedial measure that is applicable to any embrittled
object. This remedy is cleaning, outgassing to dry crack surfaces and any entrapped corrosion
products, and application of a protective coating, all to stop further corrosion and embrittlement
(Wanhill et al. 1998). Some conservators may regard a protective coating, usualy to prevent
tarnishing, as undesirable (Born 1986). However, even though corrosion-induced and
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synergistic embrittlement must be very slow processes, they will most probably continue if
atmospheric moisture still has access to the cracks and corrosion damage. Thus in this context a
protective coating is truly needed after cleaning and drying.

The choice of cleaning methods and protective coatings requires much forethought and care (see
e.g. Organ 1977; Niemeyer 1997; van Reekum and Moll 2000). Recent coating devel opments
(Wood 2000) suggest that “Parylene” coatings should be favoured. These coatings can be
“tailored” for specific applications, they are very thin and uniform, and for cracked and
corroded objects they have the advantage of being applied by vapour condensation under greatly
reduced pressure. This means their application can be directly preceded by considerable
outgassing and drying of cracks and entrapped corrosion products in the objects.

The need to remove and exclude moisture is also why it may be sanctionable to disassemble old
restorations and reassemble with modern non-hygroscopic adhesives and fillers, followed by
outgassing and a protective coating. In fact, thisis a good procedure, if feasible, whether or not
the silver is embrittled by corrosion, since it ensures that not only cracks and entrapped
corrosion products are dried, but also any externally-connected crevices between the metal and
adhesives and fillers.

Findly, it must be emphasized that although table 4 is quite detailed, and table 3 as well, they
should be considered only as guides to investigating and treating embrittled archaeological
silver. Whether or not remedial measures should be employed, and which measures, is always
an issue of pros and cons: see, for example, Organ (1977), Oddy and Holmes (1992) and
Niemeyer (1997). Each case must therefore be considered on its own merits and in the light of
current technical capabilities and ethical considerations.

CONCLUSIONS AND SUGGESTIONSFOR FURTHER RESEARCH

Current knowledge enables identifying and providing reasonable explanations of the types of
embrittlement of archaeological silver and specifying diagnostic techniques for determining
them. However, remedial measures for restoration and conservation are less certain. Suggested
remedies should in the first instance be considered as guides, whereby each case is considered
on its own merits.
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Six detailed conclusions follow:

(1)

)

©)

(4)

()

Corrosion-induced embrittlement of archaeologica slver is due to several forms of
selective corrosion: intergranular or interdendritic; along segregation bands; and along slip
lines and deformation twin boundaries in objects containing remanent cold-work, resulting
in crystallographic fractures.

All these forms of selective corrosion are due to local galvanic attack, whereby copper
segregation has the primary role in intergranular, interdendritic and segregation band
corrosion. Corrasion along dip lines and the resulting crystallographic fractures along dip
planes are explicable from the strain-enhanced dissolution model proposed by Lichter et al.
(2001) for copper alloys and austenitic stainless steels. This model also explains occasional
crystallographic fracture in archaeological silver on non-dlip planes.

Microstructurally-induced embrittlement of archaeological silver is characterized by grain
boundary fracture. The cracks are narrow and sharp, except where grains have become
bodily displaced, and there is no evidence of plastic deformation at and near the grain
boundaries. The embrittlement is most probably a consequence of long-term low
temperature ageing, whereby segregation of an impurity element, or elements, occurs to
grain boundaries. The candidate embrittling impurities are lead, bismuth, arsenic, thallium,
antimony and tin, in that order. Lead is the most likely perpetrator, but this has yet to be
established directly for archaeological silver.

Corrosion-induced and microstructurally-induced embrittlement of archaeological silver
can act synergistically. The effect is to render an object frangible, or even friable if it is
also large-grained: see conclusion (6) also.

In view of the most probable embrittlement mechanisms, the copper and lead contents of
archaeological silver are of primary significance. However, since archaeological silver
frequently contains more than 1-3 wt. % copper and 0.1 wt. % lead, embrittlement should
be due to an adverse combination of factors besides the copper and lead contents. These
factors include the object’s manufactured condition and buria time, and the average
temperature, moisture content, chemical composition and pH of the burial environment.
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(6) Grain sizeis an important secondary factor for archaeological silver embrittlement. Larger

grainsincrease embrittlement in severa ways:

« by facilitating penetration of intergranular corrosion

e by enabling increased grain boundary concentrations of the impurities causing
microstructurally-induced embrittlement

* by facilitating grain boundary microcrack initiation, which may be involved in
corrosion-induced, microstructurally-induced and synergistic embrittlement

by providing many potential initiation sites for microcracks and easy fracture paths for
microcracks to become macrocracks.

Micromechanical fracture models of corrosion-induced, microstructurally-induced and

synergistic embrittlement that incorporate the grain size provide insight into the severity of

embrittlement.

Finally, some suggestions for further research will be given here. The present report relies much
on SEM metallography and fractography of one object, an Egyptian silver vase. This situation
should be improved by detailed investigations of other embrittled archaeological silver abjects,
whereby one must recognise that optical metallography is insufficient and fractography requires
considerable interpretive skill. The most suitable objects could be coins. These are less likely to
be unique or very rare, particularly if part of a hoard, and they are likely to contain remanent
cold-work, which favours observing severa forms of embrittlement.

Besides this database broadening there are two important and unresolved mechanistic aspects.
These are the definitive identification of the microstructurally-embrittling elements in
archaeologica silver, and the question whether discontinuous precipitation of copper can occur
at ambient temperatures.

Age-embrittlement experiments on silver containing selected impurity elements could be
combined with modern diagnostic techniques. These would narrow the interpretive window for
microstructurally-induced embrittlement of archaeological silver. However, ageing experiments
to detect discontinuous precipitation of copper in silver at ambient or near-ambient temperatures
are unfeasible, see Appendix A. In this case interpretive confidence can be improved by SEM
examination of a number of embrittled archaeological silver objects for evidence of a direct
association between intergranular corrosion and discontinuous precipitation of copper.
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NLR: D388-01N

General (surficial) corrosion

annealed
silver matrix

Metallograph (Bennett 1994) SEM fractograph (Wanhill et al. 1995)

Intergranular or interdendritic corrosion

Intergranular: metallograph (Werner 1965)

N TATAY

o i e

ﬁ segregation
. band 3

P o

b g W i

deformation twins [ AN -
1.

2y i

e

Y
L 1 20 um 5 ¥ &
Corrosion along slip lines, deformation twins and Crystallographic fracture owing to corrosion along slip
segregation bands: SEM metallograph lines and deformation twins; SEM fractograph
(Wanhill et al. 1998) (Wanhill et al. 1998)

Fig. 1 Types of corrosion of high silver content archaeological silver: SEM = Scanning Electron
Microscopy
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D388-01N

Fig. 2 Meandering grain boundaries (M), grain boundary precipitation (P) and intergranular
corrosion (C) in archaeological silver:
(a) Gundestrup cauldron sheet, 100 BC: M + P; remanent cold-work visible as slip lines
(b) Byzantine paten, c. 12th century AD: M + P(?)
(c) Roman cup, c. 50 BC — 50 AD: M (slight) + P + C (Werner 1965)
(d) Hellenistic silver dish: M (Schweizer and Meyers 1979)

The metallographs in (a) and (b) are courtesy of J.P. Northover, Oxford University,
Oxford, U.K.
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D388-01N

increasing solute

content of liquid

Schematic of alloy solidification by dendrite formation, proceeding from left to right in the diagram.
After Beckermann and Wang (1994)

o wadd and

IEI Schematic of dendritic segregation (coring) during dendrite formation

(1) Alloys generally solidify over a range of temperature

(2) For high silver content alloys the first part to solidify is richer in silver, and the melt becomes
enriched in the solute elements, including copper

(3) Progressive cooling under non-equilibrium conditions (the usual rapid cooling of cast metal)
results in
- dendrites varying in composition between their centres and surfaces (coring)

- the finally solidifying interdendritic liquid being rich in solute elements

Fig. 3 Schematics for explaining dendritic segregation (coring) and interdendritic segregation
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NLR: D388-01N

Ambient temperature mechanical working

A

| cold-worked |

Annealing Multiple cycles if necessary for
sufficient forming and shaping

| recrystallized |

S I e L T T
:rl‘. Er.r :‘I‘-':}‘r{i;:d
“""'-ql

[ ]

bty T

Prolonged annealing

|graingrovvth |

Fig. 4 Schematic relationships between as-cast, cold-worked and annealed
microstructures for a single-phase alloy. These are relevant to the
fabrication of archaeological silver objects which, however, are not
always annealed after cold-work, e.g. struck coins
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D388-01N

Fig. 5 Segregation bands visible via SEM backscattered electron
imaging of a metallographic cross-section of the wall of an
Egyptian silver vase (Wanhill et al. 1998)

500 T , | z
o (silver-rich solid solution) a
400 - i
a + liquid
o
o
© 304 °C
3000 O O =
O O O
Temperature o o0 o
(°C) o o o+B
o O '
200~ o i
o /e @
0]
00 o o
oo/ o @
100 8 o single phase |
o) ® two phase
0 | | | |
Ag 1 2 3 4 5

Weight % lead

Fig. 6 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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NLR D388-01N
A _
<& Qe T 150°C ageing T % ,
S0 —e— Ag-0.8 wt. % Pb B
—A— Ag-1.8 wt. % Pb
—0— Ag-8.3 wt. % Cu-0.8 wt. % Pb
—A— Ag-8.3wt. % Cu
401 %  Brittle fracture |
<4 . | '
100°C ageing 150°C ageing 100°C ageing

Screw turns 30
(slow bending)
to beginning

of fracture 201

200°C ageing

10

0 | I | I |
1 5 10 50 100 500 1000

Ageing time (hours)

Fig. 7 Age-embrittlement of cast, solution treated and aged Ag-Pb and Ag-Cu-Pb alloys.
Also ageing of Ag-8.3 wt. % Cu. Data from Thompson and Chatterjee (1954)

Fig. 8 Birittle grain boundary fracture in a sample from an Egyptian silver vase (Wanhill et al. 1998):
figure 8b is a SEM fractograph
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D388-01N
400
475
Ag-7.5wt.% Cu |

S -165

= 350

S —_

2 S

(&)

g 155 &

I o

= 300( W

—-45
135
250 | | | | | |
0 100 200 300 400 500 600 700
Ageing temperature (°C)

Fig. 9 Effect of 30 minutes ageing on the mechanical properties of 720°C solutionised and
quenched standard silver, Ag-7.5 wt. % Cu (Norbury 1928): the metallograph illustrates the
approximate amount of discontinuous precipitation at the maximum tensile strength and
minimum elongation
J\/| | | » T T T1T17171] | T T T 1711

150
7.5wt. % Cu

125

6.3 wt. %
100

75

50

Brinell hardness (2.5 mm ball, 62.5 kg load for 30 s)

Cu

4.25 wt. % Cu

Ageing temperature m
200°C

Ageing time (hours)

2.3 wt. % Cu

L @ o——0 L L . -

Ll | Ll | I
10 100

1000

Fig. 10 Effect of 200°C ageing on the hardness of solutionised and quenched silver-copper alloys

(Ageew et al. 1930)
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Fig. 11 The size-factor rule for solid solutions
in silver. The shaded region shows
the range of favourable size-factor,
bounded by the limits +15% of the
atomic diameter of silver. Data from

= = n N
&) © = N

Electronegativity (eV/chemical bond)l/2

=
N

0.9

0.2

D388-01N

D-G ellipse
for silver

+15% size-factor rule

0.25 0.3
Pauling atomic diameter, C.N. 12 (nm)

0.35

Fig. 12 Darken-Gurry (D-G) map for solid solutions

in silver. Solute elements within the ellipse
boundary, minor axes +0.4 (eV)l/z, are
predicted to have solid solubilities greater
than 5-10 at . % . Data from table 1

table 1
15
Jones'’ theory
cd In /
QO e el e ==
'5 1.4+ . Al - |
E Ga Sn
= ° y
[
8 1.3 G
g L e Sb
c
o
3 2 2 3 3 3 4 4 5
w12 —
solute valence for Ag-X alloys
11
Empirical ordering sequence
Fig. 13 B-subGroup alloying element primary solid solubility limits in silver, expressed as electron

concentrations, [V(100-PSSL)+vPSSL]/100, where PSSL is the primary solid solubility
limit in at. % and V and v are the number of valence electrons of the solvent and solute

respectively. Data from table 1
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Sublimation enthalpy per unit area (J/m?2)
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Rh
[ ]
15+ —
Cu
e M
10+ Au -
°
Mne Ale Ge
Ag L
______________ & — — —— —mm—— e e e e e e e e e e e e oo
Gae ®AS sn increasing grain
L InT Sh boundary _
S Li 2 ) embrittlement
an S Sce Pb Bi
® o 00
° T Te
Cd N.a <
SR
0 1 1 1
0.2 0.3 0.4 0.5 0.

Atomic diameter (nm)

Fig. 14 Embrittlement plot for matrix (Ag) and segregant elements. After Seah (1980a),

Alloying element primary solid solubility limit (at . %)

100

a
o

=Y
o

(&)

=

o
o

0.1

data from table 1

° unfavourable size-factors
I *
°
*
*
*
sublimation enthalpy of silver
very *
unfavourable
size-factors
—~———
*
* *
IR v R
Rb K Na Li Mn Rh Pd Au Ag Cu Cd Zn Tl In Al Ga Pb Sn Ge Bi Sb As Te Se
9 10 11 12 60 65 69 70 71 72 75 76 78 79 80 81 82 83 84 87 88 89 92 93
1A +— VIIIB—¢ 1B $— 1IB —¢ mB + IVB + VB +— VIB —
VIIA VIIIC

o Alloying element primary
solid solubility limits

* Pure element sublimation enthalpies
per unit area

D388-01N

6

Sublimation enthalpy per unit area (J/m?2)

D147-01N

Fig. 15 Correlations between alloying element primary solid solubility limits in silver and the pure
element sublimation enthalpies per unit area. The numerical sequence of the elements is
the empirical ordering due to Pettifor (1988). The shaded regions denote the matrix and

alloying element combinations that would seem most likely to result in segregation
grain boundary fracture (see text). Data from table 1

-induced
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Fig. 16 Schematic grain boundary segregation diagram for grain boundaries with
misorientations about a specific axis of rotation. After Watanabe et al. (1980)
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Temperature
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Fig. 17 Schematic binary alloy equilibrium phase diagrams involving eutectic or peritectic
reactions and illustrating the effect of non-equilibrium cooling on solidification of
dilute alloys of bulk composition X (see text)
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Fig. 18 Actually or potentially embrittling impurity elements in archaeological silver artifacts
and coins. Data from Appendix D

Corrosion along slip lines intersecting grain boundary Corrosion along deformation twin boundaries
facets: SEM fractograph (Wanhill et al. 1998) intersecting a grain boundary facet: SEM fractograph
(Wanhill et al. 1998)

ot '.~|_

L
& r o

Corrosion along segregation bands intersecting grain boundary facets: SEM fractograph (Wanhill et al. 1998)

Fig. 19 Examples of synergistic embrittlement in an Egyptian silver vase
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X

Corrosion along slip lines, possibly also along deformation twin boundaries, and intergranular cracks: metallograph
(Thompson and Chatterjee 1954)

Fig. 20 Probable synergistic embrittlement in an Indian silver coin

2 =]

Local
fracture
stress, of

Cer Ctr

Impurity element concentration at grain boundaries —

Fig. 21 Dependence of local fracture stress, oy, on impurity element concentration at grain
boundaries: (a) “threshold” model behaviour in which fracture stress is abruptly lowered at
a critical impurity element concentration, C,,; (b) more realistic behaviour with fracture
stress gradually decreasing to a minimum at a critical impurity element concentration, C¥;.
After Thompson and Knott (1993)
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Tapp~Ti

slip plane Tapp—

Fig. 22 Models of microcrack initiation at grain boundaries in embrittled archaeological silver.
Tapp = applied shear stress; t; = lattice friction stress; yf = grain boundary fracture energy;
2a = slip plane crack length; d = grain diameter; h = distance between parallel slip plane
cracks; S = dislocation source; 1,1 = edge dislocations of opposite sign
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Fig. 23 Dimensionless plot of the applied shear stress, Tapp: Versus average grain diameter, d,
using the proportionality Tapp - Vi/id

Fig. 24 X-ray image of an Egyptian silver vase (Wanhill et al. 1998).
Note the hairline cracks and the brittle “eggshell’crack pattern
at the upper centre of the image. The hairline cracks indicated
by |A| follow external chased decorating grooves
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Fig. 26 Vickers diamond pyramid microhardness indents on (a) an internally corroded
area and (b) a microstructurally embrittled area in a metallographic sample from
an Egyptian silver vase (Wanhill et al. 1998). The microhardness values were (a)
less than 20 HV and (b) 43 HV. The images are SEM backscattered electron

metallographs
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Appendix A Further information on discontinuous precipitation of copper in slver
alloys and archaeological silver

A.1l Introduction

Discontinuous precipitation of copper in silver-copper alloys was first investigated by Fraenkel
(1926). Many studies followed, e.g. Norbury (1928), Ageew et al. (1930), Barrett et al. (1935),
Cohen (1937), Jones et al. (1942), Gayler and Carrington (1947), Rose (1957), Leo (1967),
Predel and Ruge (1968), Scharfenberger et al. (1972), Gust et al. (1978), Pawlowski (19793,
1979b). All of these studies involved precipitation experiments (ageing) at elevated
temperatures, usually above 200 °C.

Smith (1965) and Werner (1965) kindled archaecometallurgical interest by suggesting
discontinuous precipitation of copper might be responsible for microstructurally-induced
embrittlement of archaeological silver. This was taken up by Schweizer and Meyers (19784,
1978b, 1979), who also suggested that the precipitation could occur very slowly even at ambient
temperatures, and that its microstructural characteristics might then enable distinguishing
between ancient objects and fakes. In the meantime this latter suggestion appears to have been
abandoned.

A.2 Discontinuous precipitation and silver embrittlement

The suggestion that discontinuous precipitation of copper could cause microstructurally-induced
embrittlement of silver is discussed and discounted in the sub-section of this report on the
mechanism of microstructurally-induced embrittlement. In particular, athough Smith (1965)
and Schweizer and Meyers (1978a, 1979) refer to Norbury (1928), it seems they overlooked his
mechanical property data’. Figure 9 in the main part of this report shows Norbury’s mechanical
property data. These demonstrate a minimum tensile elongation of about 34 %, which by any
standard is still high ductility.

On the other hand, it is reasonable that segregation of copper to grain boundaries, including
discontinuous precipitation, is a primary cause of corrosion-induced embrittlement: see the sub-
section of this report on the mechanisms of corrosion-induced embrittlement.

T Of the references listed in sub-section A.1, Norbury’'s paper is the only one to include mechanical
properties other than hardness values.
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A.3 Someother aspects of copper precipitation in silver

Figure A.1 shows the silver-copper equilibrium phase diagram and data by Gust et al. (1978) on
the precipitation of copper from silver-rich supersaturated (non-equilibrium) solid solutions.
Figure A.2 shows these data in detail, with well-defined boundaries between discontinuous,
mixed and continuous precipitation. A noteworthy feature is that the data for 7.5 wt. % copper
indicate completely discontinuous precipitation up to about 610 °C, and this agrees very well
with Norbury’s ageing experiments 50 years earlier, see figure A.3.

Figure A.4 shows discontinuous precipitate growth rates versus ageing temperatures for silver-
copper alloys annealed before ageing. The ordinate and abscissa scales assume Arrhenius-type
reaction kinetics and enable straight-line extrapolations of the data to lower temperatures. These
extrapolations suggest a maximum growth rate of 10° um/year at ambient temperatures. For
objects 2000-2500 years old this means maximum precipitate widths of 2-2.5 um at the grain
boundaries. These would be visible by optical metallography, but there are two major caveats:

(1) The extrapolations ask much of the available data. Figure A.4 shows that it is a long way
from precipitation at 200 °C to possible precipitation at ambient temperatures.

(2) Elevated temperature tests have shown incubation times before discontinuous precipitation
begins (Gust et al. 1978). Incubation times could be very long, centuries or even millenia,
at ambient temperatures.

In conclusion, it seems fair to state that discontinuous precipitation of copper in silver might
occur at ambient temperatures, and some archaeological silver objects appear to suggest this
(Schweizer and Meyers 1978a, 1979).
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Fig. A.1 Silver-copper phase diagram (courtesy of ASM International). Copper precipitation

data from Gust et al. (1978)
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Fig. A.2 Detail of figure A.1 (Gust et al. 1978)
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Fig. A.3 Discontinuous precipitation of copper at grain boundaries in 800°C solutionised,
quenched and 30 minutes aged standard silver, Ag-7.5 wt. % Cu (Norbury 1928):
(a) 250°C aged: precipitation beginning at some grain boundaries
(b) 356°C aged: precipitation further advanced
(c 440°C aged: precipitation still further advanced
(d) 570°C aged: precipitation practically complete
(photographs reproduced courtesy of the Institute of Materials, London)
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Appendix B Further information on corrosion along slip lines

B.1 Nomenclature, definitions and some interplanar angles

fee

SCC
O-n; Oni s O

O

cubic crystal
lattice planes

and directions

face centred cubic crystal structure, illustrated here
by a unit cell of the crystal lattice

Stress Corrosion Cracking

local normal stresses, i.€. stresses normal to

particular planes at particular locations

symbol for an edge dislocation, which is a type of line discontinuity in
the crystal lattice. The diagram below shows a unit edge dislocation in a

simple cubic lattice

extra half plane of atoms

dislocation core

dislocation line

each plane and direction is denoted by three indices, hkl. Families of
equivalent planes and directions are placed between braces { } and carets
<> respectively. Some important planes and directions are illustrated on

the next page.
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dlip; dip planes
and dip directions

<100>
A

<1db>"

<111>

<111>

<100>

<110>

<112>

<112>

<112>

dip isthe diding of one part of a crystal across a neighbouring part. Sip
is anisotropic, taking place along certain planes and directions inthe
crystal lattice, the dip planes and dip directions. Slip actualy occurs
incrementally, by the passage of numerous dislocations aong the dlip
planes. For fcc metals the dip planes are {111} type and the dip
directions are <110>

CUBIC CRYSTAL STRUCTURE

ANGLES BETWEEN SOME LOW-INDEX CRY STALLOGRAPHIC PLANES FOR THE

{HKL}

100

110

111

{hkl}
100
110
111
112

110
111
112

111
112

ANGLES BETWEEN {HKL} AND {hkl} PLANES

0°
45°
540
35°

OO
35°
30°

OO
19°

16'

16’

28'

90°
90°

65°

60°

90°

540

70°
61°

44

32
52

90°

73° 13

90°

90°
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B.2 Introduction

Corrosion along dlip lines can occur in an archaeologica silver object that has not been
anneaded after (final) mechanical working. The corrosion may eventually lead to cracking.
Figure B.1 illustrates dslip line corrosion, cracking and the resulting crystallographic fracture
observed for an Egyptian silver vase about 2200-2300 years old (Wanhill et al. 1998).

Unlike tarnishing, corrosion in silver must be slow. Figure B.1a shows the dlip lines are marked
by tiny pits, which probably represent highly localised corrosion at lattice dislocations. Since
didocations are “frozen in” when plastic deformation, e.g. mechanical working, ceases
(Kuhlmann-Wilsdorf 2001), the pits could be many centuries old.

Over the last decade models linking corrosion along dlip lines to transgranular stress corrosion
cracking (SCC) have been proposed for alloys with the same crystal structure as silver, namely
the face centred cubic (fcc) structure (Flanagan et al. 1991, 1993; Lichter et al. 1996; Magnin
1996, 114-124; Magnin etal. 1996; Lichter etal. 2001). These models are discussed
qualitatively in this Appendix and then related and compared to the corrosion-induced
crystallographic fracture in archaeological silver.

B.3 Thefirst stage of cracking: corrosion along dip lines and dlip plane dissolution

Several classes of fcc aloys undergo corrosion along dlip lines (Scully 1971; Lichter et al.
1996; Magnin et al. 1996) besides archaeological silver. Corrosion begins as pitting attack of
the highly strained crystal lattice at the cores of surface-connected dislocations. The pits develop
into slots that can eventually merge to result in dlip plane dissolution (Lichter et al. 1996, 2001)
and crack formation, asis seenin figure B.1b. For fcc metals the dip planes are { 111} type, and
so the crackslie on {111} fracture planes.

B.4 The second stage of cracking: transgranular SCC

At this stage the cracking diversifies in the choice of average crystallographic fracture plane and
the fracture topography. Single crystal SCC experiments have shown that the average fracture
planes are usualy {110} in copper aloys (Flanagan et al. 1991, 1993; Lichter et al. 1996) and
{100} in austenitic stainless steels (Magnin 1996, 88), athough average {110} fracture also
occurs in austenitic stainless steels (Magnin et al. 1996).

In more detail the fracture topographies reveal microfaceting. The fracture surfaces for copper
alloys show {110} microfacets whose morphologies depend on the average crack growth
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direction, see figures B.2a and B.2b. The fracture surfaces for austenitic stainless steels consist
partly, and sometimes entirely, of {111} microfacets. This is schematically illustrated in
figures B.2c and B.2d.

B.5 Comparison of thefracturesdueto dip planedissolution and transgranular SCC

The fracture topography due to dip plane dissolution in archaeologica silver, figureB.1c, is
less complex than the transgranular SCC fractures illustrated in figure B.2. The silver fracture
topography consists of {111} facets and mainly straight ledges. Most of these ledges could be
{111} type planes as well. However, figure B.1b shows alarge ledge “ dog-legging” and normal
to adip plane crack: this indicates another type of plane for the ledge, e.g. {110} or {112} .

B.6 Suggested models of transgranular SCC

The models proposed for transgranular SCC in fcc alloys have been termed “ corrosion-assi sted
cleavage’ (Flanagan etal. 1991, 1993; Lichter et al. 1996), “strain-enhanced dissolution”
(Lichter et al. 2001), and “ corrosion-enhanced plasticity” (Magnin 1996, 114-124; Magnin et al.
1996). Figure B.3 gives two-dimensional basic schematics of the models. These are discussed in
sub-sections B.6.1 — B.6.3.

B.6.1 The corrosion-assisted cleavage model

This model was developed to explain the transgranular SCC fracture features in single crystals
of copper-gold and copper-zinc aloys (Flanagan etal. 1991, 1993; Lichter etal. 1996).
Following the top diagram and the left-hand column in figure B.3, the proposed seguence of
eventsis:

(@) Arrest of a{110} type crack by dislocation blunting, i.e. emission of disocations on a slip
plane intersecting the crack tip.

(b) Pile up of dislocations at an obstacle, specifically a sessile dislocation called a Lomer-
Cottrell barrier (Lomer 1951; Cottrell 1952). There is aso renucleation of the arrested
crack by dlip plane dissolution at the crack tip. This changes the stress state at the Lomer-
Cottrell barrier by raising the local normal stress, o,,. The barrier is now the location of an
incipient crack.

(c) Failure of the Lomer-Cottrell barrier by {110} type cleavage microcracking.
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(d) Linking of the main crack and microcrack viafurther slip plane dissolution.

This proposed sequence of events takes place three-dimensionally, with multiple cleavage
cracks initiating from many Lomer-Cottrell barriers on a dlip plane intersecting the main crack
front>. The result is suggested to explain microfaceted fracture topographies like those in
figures B.2aand B.2b.

B.6.2 The strain-enhanced dissolution model

This model is considered by the authors (Lichter et al. 2001) to supersede the corrosion-assisted
cleavage model for transgranular SCC in copper-gold and copper-zinc aloys, and also likely to
be more generally applicable, e.g. to austenitic stainless steels. Following the middie column in
figure B.3, the proposed — here much simplified — sequence of eventsis:

(a, b) Crack growth by dlip plane dissolution, enhanced by the strain associated with the local
normal stress, o,;. The dip plane dissolution continues as long as 0,; exceeds the local
normal stress, o,,, on aternative planes, e.g. {110} or {100} type.

(c) Crack growth by strain-enhanced directed dissolution on an alternative plane whose local
normal stress, o,,, exceeds a,,; but is not high enough to blunt the crack tip by dislocation
emission.

B.6.3 The corrosion-enhanced plasticity model

This model was developed to explain the transgranular SCC fracture features in single crystals
of austenitic stainless steels (Magnin 1996, 114-124; Magnin et al. 1996). Following the top
diagram and the right-hand column in figure B.3, the proposed sequence of eventsis:

(a b) Slip occurs at the crack tip, depassivating the metal and allowing slip plane dissolution to
begin. This corrosion process causes a stress concentration, vacancy production and
adsorption/absorption of hydrogen, all of which reduce the shear stress needed for
didocation movement along the dlip plane. The result is corrosion-enhanced localised
plasticity whereby more dislocations are emitted from the crack tip. The dislocations pile
up against an obstacle, for example a precipitate or prior dislocation tangle. If the obstacle
is strong enough, and particularly if the local fracture energy is reduced by hydrogen
absorption, then the head of the pile-up becomes the location of an incipient crack.

T The crystallographic and mechanistic details of this model are complex. See Flanagan et al. (1991, 1993).
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(c) A microcrack forms at the head of the pile-up by a Stroh-like mechanism (Stroh 1954,
1957). The microcrack nucleates and forms owing to the combined action of the local
normal stress, o, and absorbed hydrogen. In general the microcrack forms on a {111}
type plane, but sometimes on {100} or {110} type planes.

(d) Linking of the main crack and microcrack via dip plane decohesion owing to the
combined action of the local normal stress, a,,, and absorbed hydrogen. This is followed
by dlip at the new crack tip and repetition of the entire sequence of events.

B.7 Comparison of the transgranular SCC models with corrosion-induced
crystallographic fracturein archaeological silver

Two main points can be made directly:

(1) The corrosion-assisted cleavage model is considered superseded by the strain-enhanced
dissolution model (Lichter et al. 2001).

(2) Silver corrosion does not result in hydrogen generation, see Pourbaix (1963), and so the
corrosion-enhanced plasticity model is not applicableto silver.

There remains the possibility that the strain-enhanced dissolution model could provide further
insight into the corrosion-induced crystallographic fracture in archaeological silver. In fact, it
does: the model’s hypothesis of strain-enhanced directed dissolution explains the large ledge
“dog-legging” and normal to the dip plane crack in figure B.1b. The 90° angle between the
ledge and slip plane means the ledge is not on a {111} type plane and therefore not due to slip
plane dissolution.

The strain-enhanced dissolution model also has a more general implication. It reduces the
distinction between corrosion along slip lines, slip plane dissolution and transgranular SCC. In
other words, these phenomena are seen to have a common cause, namely the enhancement of
corrosion by local strainsin the crystal lattice.
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B.8 Summary

Corrosion aong dlip lines, dip plane dissolution, non-slip plane dissolution, and the resulting
crystallographic fracture in archaeological silver are slow processes, taking many centuries.
These phenomena are explained by the strain-enhanced dissolution model proposed by Lichter
et al. (2001) to account for both slip plane dissolution and transgranular SCC in fcc aloys.
Thereis acommon cause, the enhancement of corrosion by local strainsin the crystal lattice.
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Fig. B.1 Slip line corrosion (a), cracking (b) and fracture topography (c) revealed by
synergistic embrittlement of an Egyptian silver vase (Wanhill et al. 1998):
SEM fractographs

D388-01N
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Fig. B.2 Transgranular stress corrosion cracking (SCC) topographies for (a,b) copper alloys
(Flanagan et al. 1993) and (c,d) austenitic stainless steels (Magnin 1996, 88-92;
Magnin et al. 1996). The SEM fractographs are courtesy of B.D. Lichter, Vanderbilt

University, Nashville, Tennessee, U.S.A.
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Fig. B.3 Schematics of models proposed for transgranular SCC in fcc alloys. o, = local normal
stress; 1,T = edge dislocations of opposite sign. See section B.6 for further information
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Appendix C Silver binary alloy equilibrium phase diagramsin support of table 2

C.1 Atomic weights

ELEVENT SYMBOL ATOM C VEEI GHT* ELEMENT SYMBOL ATOM C VEEI GHT*
silver Ag 107. 880 ant i nony Sh 121.76
arsenic As 74.91 sel eni um Se 78. 96

bi smut h Bi 209. 00 tin Sn 118.70

ger mani um Ge 72.60 tellurium Te 127.61

sodi um Na 22.997 thallium Tl 204. 39

| ead Pb 207. 21

* As published in the Journal of the American Chemical Society, April 1950.
C.2 Interconversion of weight and atomic percentagesin binary alloy systems

If wy and a, represent the weight and atomic percentages of one component having atomic
weight x, and if wy, & 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
X1+ (x/y)[(100/ wy ) —1]

_ 100
T 1+(y/x)[(100/ay) -1

Wy



-83-
NLR-TP-2002-224
NLR

D388-01N
> C3 Phase diagrams (courtesy of ASM International)
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A C.3.3 Alloying elements with maximum primary solid solubilities above eutectic
temperatures
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Appendix D Classification of archaeological silver artifactsand coinsin support

of figure 18

artifacts
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Appendix E  Micromechanical crack models applicable to archaeological silver
embrittlement

E.1 Nomenclature and definitions

half crack length

a . lattice parameter (characterizing interatomic distance in acrystal |attice)

b . Burgers vector of a didocation. Its magnitude and direction specify the
distance and direction by which atoms on one side of a dip plane have
moved with respect to those on the other side, owing to passage of the

didocation

Vi . grain boundary fracture energy, an elusive and much-debated quantity

d : grain size (average grain diameter)

0 . interplanar spacing between identical planesin acrystal lattice

e . the exponential number, approximately 2.718

¢ . strainrate

F(0), G(0) : angular functions, seealso 6

h . perpendicular distance between parallel dip band cracks

Ky :  stressintensity factor of a crack under shear loading paralel to the crack
length direction (mode Il loading, also called dliding mode)

kT| ©; k(e : modell stress intensity factor values required for dislocation emission

from the tip of afinite size crack and semi-infinite crack, respectively

K, (sb) : modell stressintensity factor for the tip of adlip band

K . shear modulus, an elastic parameter that is constant for isotropic materials

v . Poisson’s ratio, an elastic parameter that is constant for isotropic
materials

T : thewell-known transcendental number, approximately 3.142

re . didocation core radius, an uncertain quantity

S : didocation source, of which there are severa kinds, including cracks,

grain boundaries, and dislocations themselves — notably the famous
Frank-Read sources (Frank and Read 1950)

O¢ . fracture stress (or strength) of a material

oy . yield stress (or strength) of a material, usually defined as the stress at
0.1 % or 0.2 % offset of the standard stress-strain curve, corresponding to
apermanent plastic strain of 0.1 % or 0.2 %

Tap :  applied shear stress on adip plane or crack
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Tapp(€)

Ts

Tey(X)

Xo; X1

crack stress
image stress

applied shear stress required for dislocation emission from the tip of a
crack

lattice friction stress (shear stress) opposing dislocation glide along the
dlip plane; a much debated quantity

internal shear stress opposing dislocation glide aong the dip plane; an
indeterminate (variable) quantity

effective mode Il shear stress acting on an edge dislocation gliding along
the x-axis

angle between a didocation pile-up and a nucleated crack at the head of
the pile-up: see a'so F(B) and G(6)

distances along the x-axis at which 1,,(X) = T

symbol for an edge dislocation, which is aline discontinuity in the crystal
lattice and whose Burgers vector b is perpendicular to the line. The
diagram below shows a unit edge dislocation in asimple cubic lattice

extra half plane of atoms

dislocation core

dislocation line

locally increased stress owing to the presence of acrack

the strain energy of a didocation decreases when it approaches a free
surface, for example a crack tip, because the surface can give way easily
to the dislocation’s stress field. This means there is a force pulling the
dislocation towards the free surface. This force is approximately that
expected in an infinite solid between the dislocation and another of
opposite sign situated at what would be the position of the didocation’s
image on the other side of the free surface. The stress corresponding to
thisforceis called the image stress
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dip;dipplanes : dlipisthediding of one part of a crystal across a neighbouring part. Slip

and dip directions  is anisotropic, taking place along certain planes and directions inthe
crystal lattice, the dip planes and dip directions. Slip actualy occurs
incrementally, by the passage of numerous dislocations aong the dlip
planes

E.2 Introduction

Rigorous analyses of micromechanical crack models require considerable mathematical
expertise and knowledge: see for example the classic papers of Stroh (1954), Bilby et al. (1963),
Smith and Barnby (1967) and Rice and Thomson (1974). However, a generic description and
appreciation of the results is less demanding. This is the purpose of this Appendix, which
provides more information on the micromechanical models discussed in the main section of this
report on the effect of grain size on archaeological silver embrittlement.

E.3 Thebasic assumption of effectively infinite crack size

Micromechanical crack models nearly always assume the crack length to be effectively infinite,
I.e. the model analyses are independent of crack length. The validity of this assumption was
examined recently by Tanaka and Akiniwa (1999) for cracks under mode Il loading, i.e. shear
loading paralel to the crack length direction. Their approach is discussed here.

Consider the situation depicted in figure E.1. Under increasing modell loading an edge
dislocation (0) is emitted from the tip of a sharp crack along the coplanar dip plane (the x-axis).
For a crack of length 2a the effective shear stress 1,,(x) responsible for the glide force on the
didocation dong the x-axisis given by

Tapp (@1 X) b 2
— _ ap _ M . a
Ty () = / 2_.2 2n(l-v) 2 _52 (&)
(a+x)* -a [(@+x)” —a”](a+x)
crack stress dislocation image stress

where T4, IS the applied shear stress on the crack; | is the shear modulus; b is the Burgers
vector of the dislocation; 1tis the well-known transcendental number, approximately 3.142; and
v is Poisson’ s ratio.

From figureE.1 and equation (E1) it is seen that the effective shear stress acting on the
dislocation is the resultant of two opposing stresses, the crack stress and the dislocation image
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stress. The crack stress tends to drive the dislocation away from the crack tip, while the image
stress attracts the dislocation back to the free surface at the crack tip. Figure E.1 and equation
(E1) al'so show the following three important points:

(1) T.(Xx) isnegative very close to the crack tip, because in this region the absolute (negative)
value of the image stress is greater than the crack stress. With increasing distance from
the crack tip the value of T1,,(x) becomes less negative and then positive, reaching a
maximum and then decreasing gradually to zero.

(2) Between X, and x; the value of 1,y(x) exceeds the lattice friction stress, 1;, which always
opposes dislocation glide along the dip plane.

(3) T(X) isincreased by agreater crack stress, i.e. thefirst term in equation (E1). This means
that at any distance x from the crack tip the value of 1,,(x) becomes more positive with
increasing applied shear stress, Ty

These three points provide the conditions under which a dislocation can be emitted from the
crack tip. Firstly, a didocation is attracted back to the crack tip in the region x < Xo, asis seen
from the T1,,(x) distribution in figure E.1. Thus for dislocation emission to be possible this
“barrier” must be overcome. Rice and Thomson (1974) suggested emission is possible when the
crack stress, and hence the value of T,y(x), becomes high enough that x, decreases to the
didocation coreradius, r;.

Secondly, not only must it be possible for a dislocation to be emitted, but it must also be able to
move away from the crack tip. This can happen when 1,,(X) exceeds t;, and the dislocation will
then glide to the equilibrium position X; .

In short, the criteria for dislocation emission from the crack tip are Xo < rc and T/(X) = 1;. These
criteriaare combined in the following expression:

Tyy (fe) 2 T4 (E2)

From equations (E1) and (E2) we can now state the condition for dislocation emission from the
crack tip:

o = Tapp(€) (@+T1c) _ wo a2
' Jarr?oaz  2M@V) [a+r)? -a%l(atr)

(E3)
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where Tq,(€) isthe applied shear stress required for dislocation emission.

It is now convenient to introduce the stress intensity factor (k) concept. The stress intensity
factor is a parameter describing the local elatic stresses ahead of a crack in an isotropic and
homogeneous material. The stress intensity factor is useful because it incorporates the applied
stress and crack length. For a modell loaded crack the genera expression for the stress
intensity factor is k, :rapp«/ﬁ.

Specifically, the mode Il stress intensity factor corresponding to dislocation emission from the
tip of acrack is given by

ki1 (&) =Tap(0) VTR (E4)

where T.p,(€) is obtainable from equation (E3).

Equation (E4) has atwofold significance. First, a dislocation can be emitted from the crack tip
when the applied stress intensity factor is larger than le (e) . Second, this condition combines

different applied stresses and crack lengths: long cracks with low applied stresses can have the
same stress intensity factors as short cracks with high applied stresses.

Equations (E3) and (E4) enable determining kT| (e) for dl crack lengths. However, cracks of
effectively infinite length have a constant value of kT| (e) = k(&) . The value of kj,(e) is
obtained by simplifying equation (E3) using the condition a>>r., and substituting this
simplification into equation (E4). Theresult is

_ Hb
kll(e)—%f +m AL S (ES)

The last step in this analysis is to use equations (E3)-(E5) to determine the ratio kT| (e /ky (e
for different crack lengths: the crack length becomes effectively infinite when this ratio first
reaches unity. To calculate kT| (e)/ky (e) we need values for y, v, b, r. and ¢, together with

chosen values of half crack length a (or crack length 2a). The values of y, v, b, r. and 1; are
discussed briefly here, before giving the results of the calculation:

e The shear modulus U is a constant only for isotropic crystals. Like most metals, silver is
anisotropic. For polycrystaline silver u = 30 GPa (Smithells 1967). For the dip planes in
silver u = 20 GPa (Hecker et al. 1978).
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» Poisson’s ratiov for silver has been quoted authoritatively as 0.354 (Rice and Thomson
1974) and 0.367 (Smithells 1967).

» The Burgers vector b for unit didocations on the dip planes in silver is given by 0(/\/5

(Smallman 1963), where the lattice parameter a = 0.40856 nm (Barrett 1952, 648). Thusb =
0.289 nm.

The didlocation core radius r, is taken to be between 0.3b and 2b (Rice and Thomson 1974;
Rice 1992; Tanaka and Akiniwa 1999).

The lattice friction stress T; is a much-debated quantity. A first estimate is obtained from

21d

_ 2  b(-v)
- _“ . E6
T - e (E6)

where & is the interplanar spacing of the dlip planes. For silver the dlip planes are of {111}
type, i.e. their Miller indices are h=k=I=1. From Barrett (1952, 333, 633, 648) we can derive

thevalue of 5: 5= a/vn? +k2 +12 = 0.40856 nm/3 = 0.236 nm.

Equation (E6) was given by Cottrell (1953, 64), who also discussed its limitations, notably
that 1; estimates are much higher than the yield stresses of the softest single crystals.
Substitution of the foregoing values of p, v, b and & in equation (E6) gives T; estimates
ranging from 19-33 MPa. This range is close to the yield stress of annealed polycrystalline
silver (Coxe et al. 1979), but more than an order of magnitude higher than the yield stresses
of silver single crystals, ranging from about 0.5-1.5 MPa (Andrade and Henderson 1951,
Rosi 1954).

It might seem that the possible variations in p, v and t; values, especially the latter, constitute
significant problems for the calculation of kT| (e)/ky (e) . However, it turns out that the

kT| (e)/ k), (e) ratios are insengitive to variations in i and v and large variations in t;. Thisis
demonstrated in figure E.2, which plots le (e)/ k, (e) versus different crack lengths expressed

astheratio alr;.

The main result from figure E.2 is that le (€)/ ky; (€) reaches unity at alr, 0107 in other words
a maximum crack length 2a 11 pm. This means that mode Il loaded cracks more than 1 pm in
total length may be considered effectively infinite in size for the purpose of micromechanical
crack modelling. It al'so means that the model analyses can be applied to archaeological silver,
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even if fine-grained: a reasonable small grain size range for archaeological silver isd =5-10 pum,
which readily enables cracks within grainsto exceed 1 um.

E.4 Micromechanical crack models

Figure E.3 shows the four models of microcrack initiation at grain boundaries in embrittled
archaeological silver that are summarised in the main part of this report. These models are
discussed in more detail in sub-sections E.4.2 — E.4.4, but first it is convenient to consider the
basic interactions of shear mode cracks and dislocations with grain boundaries, in sub-section
E4.1

E.4.1 Shear mode crack/dislocation/grain boundary interactions, figure E.4

Cracks can form along dip planes in metals. Usually this occurs during the early stages of
fatigue failure. However, archaeological silver is a special case, whereby dip bands can be
partialy or wholly converted into cracks by preferential corrosion (Wanhill et al. 1998; Wanhill
20008, 2001), see also the main part of this report.

In polycrystalline metals dip band cracks are hindered or arrested by grain boundaries. This
phenomenon, which has great practical importance, has been analysed using dislocation theory
(Taira et al. 1978; Tanaka et al. 1986) albeit with the simplification that dislocation-free zones
at the crack tips and grain boundaries were neglected (Tanaka and Akiniwa 1999).

Consider the two basic situations depicted in figure E.4. These represent slip band cracks under
mode |1 loading that are contained within a grain. Figure E.4a shows a crack whose length 2ais
less than the grain diameter d, together with edge dislocations along the coplanar slip plane. The
dislocations ahead of each crack tip are of opposite sign (0 as opposed to M), corresponding to
the opposing directions of the applied shear stress 145, , and are shown piled up against the grain
boundaries. Figure E.4b shows a crack that has grown right acrossthe grain, i.e. 2a=d.

Analysis of these two basic situations assumes the materia to be isotropic and homogeneous
and makes use of the fact that the local elastic stresses ahead of a dip band or crack depend in
the same way on the distance from the tip of the slip band or crack (Tanaka et al. 1986). These
assumptions and condition enable use of the stress intensity factor (k) concept to describe these
situations. From Tanaka et al. (1986) we can derive the following expressions:
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2a<d 2T 40 a H
, Ky (SD) = Togy VTO/2 A -1 0 cos™t E7
(Fig. E.4a) 11 (D) = Tapp % oo cos E‘EQE (E7)
2a=d
(Fig. E.4b) ki =Tapp VIR = Ty /2 (E8)

where k;;(sb) and k;, are the respective mode Il stress intensity factors for the partially cracked
slip band in figure E.4a and the fully cracked dlip band in figure E.4b; T4, T, @ and d are as
defined earlier; and 1; is the internal shear stress opposing dislocation glide along the slip plane
and away from the crack tips. T; is a “catch-all” for various obstacles to didocation glide, see
Cottrell (1953, 103-104, 111-112), and in the present case represents mostly the back stress
caused by dislocations piling up at the grain boundaries, figure E.4a°.

The main result from equations (E7) and (E8) is that the stress intensity factors k;(sb) and k,

show a direct dependence on the grain size, expressed as the square root of half the grain
diameter,vd/ 2 . In other words, k;(sb) and k;, increase with increasing grain size.

E.4.2 Shear mode dislocation/grain boundary crack interaction, figure E.3a

Thisisthe classic dislocation pile-up model of microcrack initiation. In the present context it is
applicable to corrosion-induced and microstructurally-induced embrittlement of archaeological
silver whereby corrosion or impurity element segregation have reduced the grain boundary
fracture energy, ¥:.

Figure E.3a depicts two situations for an uncracked dip band subjected to an applied shear
stress:

(1) The left-hand side of figure E.3a represents what generally occurs in polycrystalline
metals. Under an applied shear stress, 14, , disocations are emitted from a source, S. The
didocations glide along the slip plane and pile up against a grain boundary, resulting in a
stress concentration at the head of the pile-up. An increase in the applied shear stress
causes more dislocations to be emitted and pile up. Eventually the stress concentration at
the head of the pile-up becomes high enough to activate a didocation source, and hence
slip, in the neighbouring grain (not shown in figure E.3a). In this way slip can spread
from grain to grain in a polycrystalline metal.

T 1, is often taken to be 1, the lattice friction stress. This adds unnecessary imprecision to Ty, which is

really only a component of T;.
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(2) The right-hand side of figure E.3a shows what can occur when a metal has relatively
weak grain boundaries®, as is possible for archaeological silver (Wanhill et al. 1998;
Wanhill 20003, 2001). Under the same applied shear stress, T4y, dislocations are emitted
from the source, S, and at first pile up against a weak grain boundary. However, with
increasing applied shear stress the stress concentration at the head of the pile-up causes
microcrack initiation along the grain boundary.

Stroh (1954, 1957) and Smith and Barnby (1967) analysed situation (2) with the trivial
difference, from an analytical viewpoint, that the microcrack need not initiate along a grain
boundary. Similarly, Smith and Barnby combined situations (1) and (2), i.e. they anaysed the
total configuration depicted in figure E.3a without requiring the microcrack to initiate along a
grain boundary. Using this analysis we obtain the following criteria for initiation of a grain
boundary microcrack:

21y 1
i Topp ~Tj 2 . E9a
complete analysis app ~ Ti a-vd Jre (E99)
|
ocal stresses due to the ap ~Ti 2 [
dislocation pile-up @-v)d  JG(o)

where Tqp, Tj, T, p and d are as defined earlier; v; is the grain boundary fracture energy; and F(0)
and G(0) are angular functions given by

F(©) = % (5+2cos0 - 3cos? 6) (E10a)

G(6) = % (sin? 8 cos? g) (E10b)

There are two main results obtainable from equations (E9) and (E10). The more important result
Is that the effective shear stress, Ta-Ti, required for grain boundary microcrack initiation
depends inversely on the grain size, which is expressed as the inverse square root of the grain
diameter, \/I/_d , in equations (E9). In other words, microcrack initiation becomes easier with

increasing grain size.

T The strength of grain boundaries in metals is somewhat controversial, see Cottrell (1989). Be that as it
may, archaeological silver can have grain boundaries seriously weakened by corrosion (corrosion-
induced embrittlement) and impurity element segregation (microstructurally-induced embrittlement), as
discussed in the main part of this report.
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The second main result concerns F(B8) and G(0). Figure E.5 depicts the inverse square roots of
these functions, as in equations (E9), for a wide range of 6. From the complete analysis F(8)
shows the criterion for microcrack initiation is nearly independent of the angle between the dip
plane and grain boundary for 0 < 6 < 90°. However, from the analysis neglecting loca shear
stresses due to the dislocation pile-up the function G(0) provides only a narrow range of 0
favourable to microcrack initiation.

This difference between F(8) and G(08) demonstrates the need to account for local shear stresses.
Although this might seem obvious, with hindsight, it is emphasized here because Stroh's
analyses (Stroh 1954, 1957) did not include local shear stresses, and his results — notably the
narrow range of O favourable to microcrack initiation — are often quoted without further
appraisal.

E.4.3 Shear mode crack/dislocation/grain boundary crack interactions, figures E.3b and
E.3c

Figures E.3b and E.3c depict two situations derived from those in figures E.3a and E.4, whereby
partly or wholly cracked slip bands result in microcrack initiation at relatively weak grain
boundaries. As discussed in the main part of this report, for archaeological silver these
situations represent either:

(1) Corrosion-induced embrittlement, with the dip band cracks and grain boundary weakness
caused by preferential corrosion.

(2)  Synergistic embrittlement, where the dip band cracks are caused by preferential corrosion
and the grain boundary weakness is due to impurity element segregation, i.e.
microstructurally-induced embrittlement.

With the knowledge that a dip band crack under mode Il loading is equivalent to a pile-up of
edge didocations, except that over the length of a slip band crack the applied shear stress, Ty,
is not opposed by an internal shear stress, T;, we can subgtitute equations (E7) and (E8)° into
equation (E9a) to obtain the following criteriafor initiation of a grain boundary microcrack:

T As before, see sub-section E.4.1, the material is assumed to be isotropic and homogeneous.
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2a<d 21TV 1
(Fig. E.3b) > | . (E11)
a-vyd % 2t | ocifa % V()

Tapp d/2

2a =d . 2T 1
(Fig. E.3¢) app 1-v) d F(0)

(E12)

where al the parameters are as defined previoudly.

The main result from equations (E11)° and (E12) is that the applied shear stress, T4y, , required
for grain boundary microcrack initiation depends inversely on the grain diameter, d, in the first
square root expression. This indicates that microcrack initiation becomes easier with increasing
grain size.

E.4.4 Multiple shear mode cracks/grain boundary crack interaction, figure E.3d

Figure E.3d depicts a situation similar to that in figure E.3c, but for two or more dip band
cracks separated by a distance h. An example is given in figure 19 in the main part of this
report. For this situation we modify equation (E8) with an approximation derived from Tada
et al. (1973):

Ky =TV 3; . é’%m.zsas% (E139)
3n
=TgpVm/2 e @% + 0.2865% (E13b)

where Ty, T, @ and d are as defined earlier. We can then substitute equation (E13b) into
equation (E9a) to obtain the following criterion for initiation of a grain boundary microcrack:

T Equation (E11) contains a minor complication. On the right-hand side the second (middle) expression is
a compensating factor, whereby the applied shear stress, T, required for grain boundary microcrack
initiation is increased by an increase in grain diameter, d. However, this compensating factor reflects
only the transition from a total slip band crack, 2a= d, to a dislocation pile-up of total length d, and a
concomitant change in the required shear stress from T, t0 T4p-T; , COMpare equations (E9a) and (E11).
In both cases there is the basic dependence of the required shear stress on the inverse square root of the

grain diameter,v1/d .
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2a=d

dip plane Tap 2 -nd. . (E14)
cracks 4-v) 3h, Eg+0.2865% VHO)

(Fig. E.3d) E\/ ™ Ch

The main result from equation (E14) is the same as that from equations (E11) and (E12),
namely the applied shear stress, T4, required for grain boundary microcrack initiation depends
inversely on the grain diameter, d, in the first square root expression. This indicates that
microcrack initiation becomes easier with increasing grain size.

E.5 Summary

For crack lengths beyond about 1um equations (E9)-(E12) and (E14) provide first
approximation analytical descriptions of shear mode crack/didocation/grain boundary crack
interactions in embrittled archaeological silver, whereby the angular function F(8) should be
used instead of G(0) for equations (E9), (E11), (E12) and (E14).

These analytical descriptions have limitations. They neglect features such as grain boundary
ledges, which are powerful concentrators of stress and strain (Li 1961; Das and Marcinkowski
1971), and did ocation-free zones near crack tips and grain boundaries (Ohr 1985; Tanaka et al.
1986). Also, they cannot be fully quantified, since the values of interna shear stress, 1;, and
grain boundary fracture energy, v, are variable or unknown.

On the other hand, grain boundary ledges are produced by dislocation pile-ups (Das and
Marcinkowski 1971, 1972; Murr 1975); dislocation-free zones near crack tips are highly
localised and generically neglectable, see Ohr (1985) and Tanaka and Akiniwa (1999); and for
the main part of this report it is sufficient to show the general analytical result that microcrack
initiation in embrittled archaeological silver becomes easier with increasing grain size.
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Fig. E.1 Schematic of the stress on an edge dislocation emitted from the tip of a sharp mode I1
crack along the coplanar slip plane. The effective shear stress, Txy (x), is obtained by
adding the shear stress due to the crack and the dislocation image stress. The dislocation
can glide in the x-direction if Txy (x) is greater than the lattice friction stress, .

This schematic is a modification of one given by Ohr (1985)
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Fig. E.2 Dimensionless plot of the mode II stress intensity factors required for emission of edge
dislocations from the tips of finite length cracks
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Fig. E.3 Models of microcrack initiation at grain boundaries in embrittled archaeological silver.
Tapp = applied shear stress; t; = lattice friction stress; y¢ = grain boundary fracture energy;
2a = slip plane crack length; d = grain diameter,; h = distance between parallel slip plane
cracks; S = dislocation source; L,T = edge dislocations of opposite sign
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Fig. E.4 Schematics of grains containing slip band cracks under mode II shear loading by an
applied shear stress, Tapp’ (a) crack length 2a less than the grain diameter, d;
(b) crack length 2a is equal to the grain diameter, d.
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Fig. E.5 Inverse square roots of the angular functions F(6) and G(6) derived by Smith and
Barnby (1967). F(6) is for a complete analysis of microcrack initiation ahead of an
edge dislocation pile-up, see figure E.3a. G(0) is for the same analysis but neglecting
local shear stresses due to the pile-up



