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Corrosion of metals

N. A, North and I. D. Mac.Lcod
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more relevince | studies carried ‘out on

actual marine locations, but.the materials and .condi-

tions are often quite different to those encountered
on wreck sites. Recéntly there has-appeared 2 number
of papers dealing directly with the corrosion of
metals on shipwrecks."* The development, of
marine disposal of toxic wastes and offshore mining
has provided an impetus for continuing this work as
shipwrecks provide practical examples of the effects
of long term immersion of metals in scawater, such
information- being useful for designing long-term
marine corrosion resistance. ‘

From various studies it is now possible to identify
the ‘major factors which affect metal corrosion on
shipwrecks. These factors are metal composition,
water composition, temperature, marin¢ growth,
scabed composition, position of objects in relation to

other shipwreck components, depth of burial bencath -

the seabed, and extent of water movement. These
factors are obviously interrelated and can affect the
extent of corrosion in different ways. In addition,
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many shipwrecks are in relauvely shallow offshore
waters and over a long period significant changes can
occur. in the wreck site conditions which serve to
complicate the corrosion patterns. Such changes
could be cither natural, such as shore line shifting, or
man-made, such as pollution and deoxygenation of
water following growth ‘of ncarby citics, the indis-
criminate use o% explosives, and salvage or excavation
atiempts. B

The combined effect of all these complex and often
interrelated factors is that each object must be con-
sideved-individually when attempting to evaluate its
corrosion history or when considering its recoverced
condition. Some_genceral observations can be made
concerning metal corrosion but exceptions are very
common, and quitc often apparently identical
objects, only a few metres apart on the same site, have
corroded in totally different ways. :
In this chapter we will first look ar the gencral
factors which influence metal corrosion before dis-
cussing cach of the major shipwreck metals in more
derail. These discussions will be limited o iron, cop- -
per, silver, gold, lead, tin, aluminium and their alloys.
Modern meuals and alloys (apart from aluminium)
will not be discussed as this would make the subjeer
much too diverse.

4.2 General factors in marine metal
corrosion

4.2.1 Basic corrosion theory

It is difficult to understand, and hazardous 1o inter-
pret, metal corrosion in shipwrecks without a
thorough knowledge of corrosion theory. In this
section the basic concepts of corrosion theory will be
reviewed but readers are urged to consult more com-
prehensive texts for a fuller understanding.'#4% The



points covered in this section are only intended as a
guide to those aspects of metal corrosion which are
relevant to shipwreck materials.

When a mezal, su¢h as iton, is placed in water in the
presence of atmospheric oxygen, corrosion .occurs.
The overall reaction, in the case-of iron is-

4Fe + 2H;0 + 30, - 4FeO(OH) 4.1)

with FeO(OH) formmg the rust-red depomts typxcal
of iron corrosion. However, if: this reaction’is exam-
ined closely it is found to consist of a number of
separate reactions occurring at different places on the
metal surface.

In some areas Fe?* ions are being produced by
oxidation of the iron metal and the surplus electrons
arc entering the metal. This reaction, written as

Fe— Fel* 4 2¢~

is known as an anodic reacuon anid'the areas whcre it

occurs are the anodic areas. In gther areas,.- .oxygen.
will be reduced by accepting cicctrons from -hc metal’

.according to the reacnon

: 02 + szo +4e" —>=-4'OH' EES

To maintain charge neutrah
anodic and cathodic reactions:must o¢cu
rate, i.e. the number of electsor
sumed per unit time must be

and they usually do this ;
metal, If there is 4 region of
between the anodic and cathods¢ areas this will retdrd
the movement of electrons. In ‘this case an accumu-
lation of electrons will occur at the anodic areas, the
clectro-potential (voltage) of these areas will become
more negative, and the anodic reaction will slow
down as it is more difficult to push electrons into an
area which already has a surplus of electrons. At the
same time the cathodic area will become more posi-
tive (electron deficient) and the. cathodic reaction will
also be retarded. This form of corrosion inhibition

may occur when the surface: of the metal becomes

coated with a layer of high. electrical resistivity
material. The anodic reaction ¢in occur at’the metal
surface beneath the film; the cithodic reaction. at the
outer surface of the ﬁlm and theelectrons must pass
through the high resistance film whien gomo from the
cathodic to anodic areas. .

During the corrosion process, positive ions
(cations) are generated at the anodic areas and nega-
tive ions (anions) are generated-at the cathodic areas.
To maintain charge neutrality i in the sohition' there
must be a net diffusion of cations to the cathodic
areas and/or anions to the anodic areas. This diffu-
sion occurs quite readily in solutions of high ionic

(4.2)

gh efectncal resistance
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conductivity (e.g. seawater). This is one of the rea-
sons why metals corrode faster in seawater than in
the lower conductivity fresh water. The anions and/

or cations which participate in the general diffusion
are the ones most readily moved in the solution.
- These:are not necessarily the same as thé iofis formed

cathodic: or ‘anodic reactions. For e; mpie, in

. séavrater the CI™ ion, because of its high concentra-

tion, is thé major anion moving from the cathodxc to
anodic areas.

In addition to this genetal movemem of ions there
must be a specific movement of reactants and prod-
ucts to and from the reactive areas if corrosion is to
continue rapidly. For example, in the case of iron
corrosion mentioned above; oxygen must be supplied
1o the cathodic areas o replace that used up 10 the
cathodic reaction.. Sirhilarly the Fe?* ions must be

_Plate 4 (a) Portion of cannonbali concretion from Batavia
(1629) cut to show compositional variation - cannonball’s

original surface at bottom rlght, open seawater at top left of
photograph.

{b) Micro thin section of the.same concretion shows mineral
replacement process — conversion of CaCO, 10 FeCO,. The
dark (red brown) phase is iron oxides while the lighter
(bright red) is siderite (FeCO;) - no calcium carbonate is
present bur note the structure of marine organisms is
retained. The white areas are voids, x 300
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removed from the anodic areas. The metal ions can be
removed by diffusion into the surrounding solution,
by formation of insoluble precipitates, or by combi-
nation with other species to form complex ions (see
Plate 4). The course followed will depend on the
metal and the solution composition. If a precipitate is
formed this may coat over the reactive sites and so
reduce the corrosion rate.

Corroston reactions are essentially oxidation and
reduction reactions and like all reactions involving
the acceptance or donation of electrons the tendency

for these réactions to occur is. cxprcsscd by’ thcu-..».
reduction potential. For convenience, these rcac.uonsrﬂ_
- where g isThCActE
- asaa for spcmes x, are rclau.d to" concentrations

are alwa»s tabulated as rcducuo “mcuons, thar 15

Taﬁle 4.1 Stmda rd fcducuon pou:n cxal&"’°(£°)
Volts versus hydrogen At 25°(‘ : Volts
Au{OH)y + IH" + 3¢ i Au % 3H" “1.45
Oy +4H"' +4c. = 2H,0 1229

AuCl, #* Je = Au+ 4Cl 10,994
Ag' +e — Ag : . 0.800:
Fe*' 40— Fe?!

9.770
A,g-)O) + Hno + 2(.‘ -2 7/\}.‘0 @ :
Cu* 4 e ->Cu .
H,SO;, + 4H' + 4 5§ +
Oz+ 2H,0 + 4e7 - 4®H
AgsO + H>O + 2¢” —->2A
Cut + 26" = Ca o)
AgCl +e¢ — Ag+ CI®
SO2 +4H" +2e'-—->H2 A
Cu?' 4 ¢ = Cu' .
S42H" + 2¢ - H;Saq
2HY +2¢7 me H, -
Ag»g +2H"' +2¢” . 7AL, o+ H,S

Pb?t + 2e -3 Pb ’
$n'" +2¢ —Sn
Cu(OH), + 2¢ " — Cu + ZOH'
PbCl, + 2¢" — Pb + 2C1
PBSO, + 2¢ — Pb + 50,2
Cu30 -+ H;O + 2¢ - 2Cu + 20H
Fed' 4 2¢ s e
3[(7 (OH)"'(. —"IL'\(.).;“ H'»O OH
PbO + H,O + 2¢ - Pb + 20H
AgS+ 2 =~ 2Ap + §!
a2 420 ~Zn
FexOu + 4H,0 4+ 8¢~ 3Fe + 8OH
$nQ, + 2H,0 + 4¢ - Sn + 40OH
Al Oy3IH,0 + 6e - 2A1 + 60H

This data refers to solutions when all ionic speties are at unit activity.

lute reduction potentials cannot be measured so for
convenience the reaction

2H* +2¢" = H, (4.5)

is arbitrarily given the reduction potential of 0.000
volts at 25 °C when the pressure of Hj is one atmos-
phere and the activity of the H™ is unity., All other
potentials used in this book are e\pressed relative to
'this potential.

The pH of a solution is defined by the following
expression:

~pH= —10gf51'kzg- T Ime (4.6)

3 of H * (Acnvltu.s, writteén

(4.7)

'—;;3LH\HUCS fOl‘ mQJOF lOﬂS m sc‘awatu arc shown in .

~Table 4.2}

The: reduction poremnals of all reactions depend on
e agtivities of the specics: takmg part in the reaction.

“If: aH of these acriviges arc:equal to unity then the

potcnt:al is called the standard reduction potential
(E°). This is the poténtial which normaﬂy appears in
tables such as Table 4.1. If the species are not at unit
activity then the reduction potental (£) can be calcu-
lated from £° by using. the Nernst equation. For
cxample, the reaction

Fe* + 2¢” =Fe - (4.8)
has £° of ~0.409 volts. At25°C, Eis gwen by
0.0
E:Ec 2 log [@pe fatg ] (4.9)

where 7 is the number of electrons involved (in this
case n =2), and ay, is the activicy of the iron in the

‘metak-For pure iron (ay, = 1) in a solution containing

Fe* at activity of 16°°M, E is —0.498 ‘volts. The
activity of pure solids is unity but the actvity in
alloys and solid solutions is dependent on clemental
composition and distribution, and can vary from onc
phase to another in the same alloy (see Plates 5 and 6).
The anodic reactions in corrosion process are Oxi-
dation reactions and thesc are simply the reverse of
the reduction reactions. The corresponding oxidation
potentals have the same numerical value as the
reduction potential but with the opposite sign. For
example, the oxidation reaction

Fe—s Fe?? (4.2)

has an oxidation potential of +0.409 volts. To avoid
confusion all potentials referred to in this book are
reduction potentials irrespective of whether the equa-
tions are written in the oxidation or xcducton form.
Metals arc commonly described as ‘active’ if they
have a negative £° value for their reduction reaction

4+ 2e7
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Table4.2 Major anions in seawater.'®

lon Total molality g/kg scatsater Free jon % Molal activity
Cl 0.356 19.85 100 0.319

SO~ 2,909 x 1072 2.79 69.9 220 %107
HCO, 1.86 x107* 0.113 74 1.04 X 1073
Cot 1 x107 0.007 10.2 242 x107¢

Mean analytical concentrations, free ion per cent and activities of the main anions found in seawater of salinity 35%0, 25°C, pH 7.87.

Plate 5 (a) Sectioned cast iron cannionball, Batavia (1629).

Norte residual metal core does not occur in centre of can-.

nonball due ro:differences in corrosion’ rates. ‘Cannonball
mounted in polyester for sectioning, X 2. A
(b) Micrograph of partially corroded cast iron. Ferrite phase

(B) adjacent to graphite nests (A) has corroded completely, -

and corrosion has commenced on the ferrite component of
the pearlite (C), % 600

in a solution of the metal ions at an activity equal o0
1.0. Such metals tend to corrode readily. Examples
from Table 4.1 are tn (£°= —0.136 volts), iron
(E%=—0.409 volts) and zinc (£°= ~0.763 volis).
Metals with positive £% are regarded as noble and
they do not corrode readily. Examples are gold
(E%= +1.45 volts) and silver (£°=+0.800 volts).
However, the £ value for the corrosion reaction only

Plate 6:(2) Wrought.ironinchor (1802): Now wood grain
pauern’ resulting. fromateack”on’ metal ‘adjacent to slag
inclusions. A

(b) Micrograph of cotrosion-of wrought iron attack occur-
ring deep into metal along slag inclusions, x 200

shows if a particular overall reaction can occur, it
gives no indication of the rate at which the reaction
will occur.

When a piece of metal is placed in seawater, a large
number of different oxidation and reduction reac-
tions can occur on the metal surface. Consequently
the metal acquires a potential which reflects the com-
bined rate and potential of all these reactions. This
potential is thus a mixed electrode potential and in
corrosion studies is referred to specifically as the
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corrosion potential (E corr.) (Tabie 4.3). All reactions
occurring at the metal surface which have an £ more
positive than £ corr. will proceed in the reduction
direction (accept electrons from the metal) and so
collectively form the cathodic reactions. Conversely
all reactions with E more negative than E corr. will
proceed in the oxidation direction (donate electrons
to the meral). and collectively form the anodic reac-
tions. For an inert electrode in the solution (e.g.
platinum) the measured potential will depénd solely

on the reactions between species inthe splution. The - -

: - corrosion rates depends not only on the difference in

© E cort. valiies but also on the relative surface areas of
“the two metals and the reaction kinetics.

measured potential in this case is referred to as the £h -
of the solution, - T

“Table 4.3.. -.C§rro§,i§n"pbt9ntidl‘s of metals in seawater .
{volts-vs hydrogen at'25°C). s e

Metal . .00 0wt CEeorn(VETEL e
Silver 7w o026 it active
Admiralty brass® (74 Cv, 28 Zn, 1 Sn)  '0.10" SN
Red'brass®(85-Cu, 45 Zn) 0.09: .o
Copper™ ~ . . - 007, -
Yellow'brass® (65 Cu, 35 Zn) . 0:04

Muntz meral® (60 Cu, 40 Zn) —-0.03

Lead® (after 24 hours immersion) ~0.06

Mild steel® -0.21

Tin Lead solder* -0.26

Al + 4% Cu~ solid solution? ~0.36

CuAly® ~0.40

Al + 2% Cu - solid solution® ~0.42

Al -0.52

Al + 7% Mg~ solid solution? © —0.55

Cadmium® -0.56

Zinc® ~0.86 “
a(Al-Mgy —0.91 -~ :mipst active .

* Stationary seawater, ¥

* Flowing seawater.'™
< Seawater.'” )
¢ Potentials in 53 gpl NaCl, 3 gp! H,0,.2%

When two metals with different E cors. values. ar
" brought mnto electrical contact eléctrons '
from the metal with the lower £ corr. valu tha
‘with-the higher £ corv. value. With good: elecrrical

contact the metals are at the same potenual ‘which 1§ -
between the values of the individual uncoupled
metals. This electron flow will be sustained by 4 -
change in the rates of the anodic and cathodic reac-

tion on the metal surfaces. On the metal with the
lowest E corr. the anodic reaction rates will increase
while the cachodic reaction rates decrease. This gen-
erates a surplus of electrons which then flow into the
metal with higher E corr. value. At this metal surface
the cathodic rates increase, the anodic rates decrease
and the surplus electrons are consumed. As the ano-
dic reactions are usually metal dissolution reactions
(such as shown in Equation 4.2), the coupling of two
pieces of metal with different £ corr. values will cause

an increase in the corrosion rate of the piece with
lowest £ corr. and a decrease in that with the highest
E corr. If the two merals so coupled. together have
different composition then this is known as galvanic
coupling with the noble (higher E corr.)metal corrod-

ing less (galvanic protection) and the active (fower £

corr.) metal corroding more (galvanic corrosion). For
example, if.in seawater-iron (£ corr: —0.21 volts) is in
contactwith silver (£ corr. +0.26 volts) the iron will

corrode”faster than normal but the silver will be

protected ‘and. corrode less. The actual change in

> As'E corr. values depend on both the mertal and

- -sblution ‘composition a similar effect can also be

‘obsérved when different parts of the metal object are.
- exposed. fo different local. environments. A- copper
“barexposed 1 oxygenated seawater will have a more
“positive E corr. than one-which is covered by concre-
. ion.-When both, these areas occur.on.the same cop-

per-bar the major cathodic reaction (oxygen

. teduction).occurs on the exposed area while the ano-
dicréaction (copper dissolution) occurs mainly in the
“concreted area. In this case the portion of the covered

mietal near the concretion edge will suffer accelerated
corrosion. Many variations op this phenomena are
encountered and these are collectively referred to as
differential concentration corrosion. When.the effect
is due to different oxygen concentrations, as in the

_above use, it is called differential aeration or differen-

tial oxygen corrosion (see Plate 7). :

" Plate 7 Copper hull bolt Rapid (1811). Note necking pro-

duced as result of differentral aeration corrosion. When
found, sections of this bolt were covered with wood rem-
nants from the hull

4.2.2 Pourbaix diagrams

Pourbaix diagrams are widely used in the study of
corrosion of metals. These are graphs with solution
Eh on the vertical axis and pH on the horizontal. All
other possible factors are constant over the whole of
the diagram. The Pourbaix diagrams are basically a



chemical stability map which shows, very quickly,
which compound or ionic species is the thermodyna-
mically stable species at particular Fh and pH values.
Typical Pourbaix diagrams are shown in Figure 4.1.

‘A Pourbaix diagram consists of a number of dis-
crete regions bounded by a series of pH and Eh
dependent and/or independent lines. When consider-
ing metal corrosion these regions are grouped into
the three types: inert, passive and active. The inert
region, which is commonly at the lowest Eh, is that
region in which the meral itself is the most stable
species, i.e. corrosion cannot occur, The passive
regions are those in which an insoluble protective
compound (often an oxide) is.the most stable pro-
duct, In these areas some initial corrosion will-occur
unti] a surface film is formed to protect the underly-
ing metal. The passive regions for the metal are
defined as thermodynamically unstable but kineti-
cally inert as regards metal corrosion. The acive
regions are those in which the most stable species is
either the metal ions in solution or a non-protective
insoluble compound. In thes¢ areas corrosion will
occur and will continue until the metal is consumed.

In Pourbaix diagrims the overall composition of
the solution is always specified, for example pure
water, seawater, seawater with 107> molar rotal sul-
phide added, and so on. Each metal in each solution
produces a different Pourbaix diagram and when
studying metal corrosion in a specific solution ir is
generally necessary 1o construct a Pourbaix diagram
from known thermodynamic data.

A common upper limit in £h for Pourbaix dia-
grams corresponds to reaction

O, + 2H,0 + 4e~— 40H" (4.3)
The £ for this reaction is given by
E=1.228-0.059 pH (4.10)

when the pressure of oxygen is one atmosphere. The
line corresponding to Equation 4.10 is designated (2)
in Pourbaix diagrams. If the potential of the system
rises above this level then oxygen evolunon will
commence,

A common lower limit for Eh corresponds 1o the
reaction

2H* +2e"— H, (4.5)
where potential is given by
E=-0.059 pH (4.11)

when hydrogen pressure is one atmosphere. If the
solution potential drops below this value hydrogen
evolution will occur. This potential is designated by
the line (b) on Pourbaix diagrams. In practice, poten-
tials beyond those given by Equations 4.10 and 4.11
do occur as oxygen {and hydrogen) evolution is not
rapid until the potential is significantly. higher (or
lower) than that ngen by these equations.
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Figure 4.1 (a) Pourbaix diagram for pure copper in aerobic
seawater at 25 °C. Dissolved Cu at 1M,

(b) Pourbaix diagram for pure copper in anerobic scawater
containing 107 M addirional $?~, at 25 °C. Dissolved Cu at
1072 M.  Area within central rectangle represents Eh/pH
conditions commonly found in seawater and marine
sediments
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4,3 Site conditions and corrosion

The main factors influencing the rate and mechanism
of corrosion are strongly interrelated, and a change in
one usually produces changes in others, As a result
the relationships between site, artefact condition and
corrosion products are often complex. In this section
some of the more important factors influencing on-
site corrosion will be examined briefly. For 4 furcher
description, works on metal cérrosion should be
consulted, #4145

4.3.1 Dissolved oxygeﬁ- :

For .metal exposed to seawater the main cathodic
reaction is ‘usually oxygen reduction (Equation 4.3).
The corrosion: rate. in3suchcases is frequently con-
wolled by the availability of dissolved oxygen at the

- cathodic site.

om theatmosphere. The amourit of.dissolved oxy-
gen in surface: seawater depends on temperature as
shown below. 1% : '

Temperature (°C) 0 5 10 15 20 25
Oxygen (mls/litre) 8.1 7.2 64 59 54 54

In the upper layers of the ocean, 10 a depth of 500
m where most shipwrecks occur, the oxygen content
is very dependent on the biological acuivity and the
rate of mixing with surface layers. Estuarine and
polluted waters often-have very low dissolved oxy-
gen levels due vo high oxygen uptake by micro-
organisms. Low oxygen levels are also encountered
underneath marine concretions and below the seabed
even on well-oxygenated sites. In this case the low
levels are mainly the-result of biological uprake of
oxygen combined with slow exchange with external
seawater. In such cases the rate of corrosion may well
be controlled by sulphate-reducing bacteria (sce Sec-
tion 4.3.6) rather than dissolved oxygen.

During excavation -the dissolved oxygen content
and Eh-of the seawater should be measured o give a
better understanding of the-corrosion processes.

4.3.2 pH

Thf& pH of normal scawater is well buffered by the
action of the HCO;/COj~ equilibrium. Any
addition of H* or OH™ 1o the system is partially
absorbed by conversion of carbonate to hydrogen
carbonate, or vice versa, i.c.

HCOy =CO{~ +H* (4.12)
Other minor buffer systems are also present. Normal
seawater has a pH range between 7.5 and 8.2'¥ but

svater-is. gerierally. saturated with oxygen.

.

pH can vary from 6.5 t0 9.5 in stagnant waters and in
the sediments beneath the seabed. Some of the
changes may be caused by the action of sulphate
reducing bacteria. Values of pH below 6.5 are found
in the concretions surrounding actively corroding
metals ~ in the case of iron the pH is usually 4.8. The
HCO;/CO% buffer system is weaker or virtually
absent in most estuarine and freshwater systems and
as a result the pH of these can vary widely depending
on local circumstances.

To obtain a better understandirig of corrosion rates
and mechanisms the on-site pH should be measured
not only in the seawater but also in the sediments and
beneath the concretions on a range of different
metals. A flat surface pH electrode is very useful for
these measurements.

H values of both £b and pH are available then it is
possible to make use of Pourbaix diagrams to help
understand the corrosion mechanisms and producrs.

4.3.3- Temperature

The effect of temperature on corrosion rates is com-
plicated by its effects on biological growth. In the
absence of biological effects the rate of corrosion
would be expected to approximately double for every
10°C nise in temperature. However, the increased
growth rate of biological organisms in warmer water
has the opposite effect as it produces a prorectve
concretion on the metal surface. For example, iso-
lated test panels of mild steel at many widely separ-
ated geographical locations all showed a corrosion
rate of approximately 0.11 mm/year.'* By contrast
copper, which does not support extensive marine
growth, was found 1o corrode approximately twice as
fast for every 10°C temperature rise.!*® Other metals
on shipwrecks would be expected to show tempera-
ture corrosion effects somewhere berween these two
exwremes depending on the extent of concretion for-
mation. Water temperature should be measured on
site and, when possible, the daily and annual ranges
should be noted.”

4.3.4 Water movement

Movement of water across the wreck site can affect
corrosion rates through meral erosion, destruction of
protective films or indirectly by changing the rate of
oxygen supply to the cathodic reaction.

At one extreme of water movement are those
wreck sites in high surge areas where the current and
wave actions are so strong the artefacts are physically
rolled and bumped back and forth across the seabed.
In this case mechanical damage and abrasion are the
main causes of ‘corrosion’ and generally artefacts do
not survive long under these conditions unless they



can come 10 rest in some crevices or depression in the
seabed. :

Slightly less extreme are those sites where the surge
action is normally not strong enough to shift the
objects but.is fast enough to pick up and carry seabed

debris (sand, grit, shells, etc.). Under these conditions.

the metals are subject to-a form of sand-blasting and
this can cause very rapid erosion. This effect is most
pronounced ‘with copper alloys where formation of
protective marine growth is limited.

In contrast, if the seawater is very still or stagnant
for long periods then.the bottom. and near-bottom
waters become depleted in oxygen: This condition is
most frequently encountered in deep bays which
have a narrow shallow . entrance. “The corrosion

behaviour of metals in such .an environment is often.
markedly different from. that. found in oxygenated:

sites. :
prevent formation of protectivé corrosion product
films. These films are formed when the accumulation
of metal ions from the anodic reaction reaches satu-
ration and precipitation follows. If witer movement
rapidly removes the tons as they..are formed; satu-
ration is not achieved and films do not form. Corro-
sion rates are generally much higher in the absence of
corrosion product films.

Onc extreme Of water movement occurs Wi[h
objects permanently or occasionally exposed to the
atmosphere by wave action. This causes periodic wet-
'rin% and drying of the object, increased oxygen avail-
ability, physical destruction of protective concretions
and corrosion products, larger variations in tempera-
ture and concentration of aggressive. salts, Estuarine

and river wrecks are also subject to major water level.

changes as a result of floods and drought. As a result
metal corrosion rates-are higher near.the ait-water
.interface,

4.3.5 Salinity
*

In general metal corrosion rates increase with increas-
ing salinity. Wrecks in fresh watér ‘genérally have
better preserved metal arrefacts than do similar
wrecks in seawater, I

The major ions in seawater are Na*, K+, Ca?*,
Mg?*, CI7, SO3™ and"HCOj7. The salinity of sea-
water is defined as the rotal amount of dissolved salt,
in grams, contained in one kilogram of water and is
expressed as %0S (see Chapter 1). Salinity in open
ocean can vary slightly, but is generally around
35%0S. In coastal regions considerable variations in
salinity can occur, major influences being the pres-
ence of fresh water run-off from rivers and high
evaporation rates. Even though total salinity can
change appreciably, the relative concentration of the
major ions remains remarkably constant. In rivers

The movement of water across a meral surface can

reaction. since ‘the
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and inland lakes the salinity can vary from virtually
zero up to saturated salt solutions. In these cases the
ratios of the major ion concentrations are not con-
stant and considerable variation can occur from those
found in seawater. The major anions in seawater are
generally more important than are the major cations,
In metal corrosion. The anion concentrations and
activities are given in Table 4.2.

Salinity can affect metal corrosion rates in a variety
of ways. For example, by providing an ionic conduct-
ing solution for the transfer of ions between anodic
and ‘cathodic areas, by forming protective surface
layers on some metals and destroying those on
othérs, by altering-the imount of oxygen dissolved in

the water, by supplying ions which can catalyse cor-
'TOSION reactio 4

vera] of.these features will be
er sections, but, in general,
nity: produces an increase in

43.6 Sulpba reducmg bacteria

If the oxygen content of the water immediately in
conract witgix the metal Becomes very low then the Eh
of this water can fall below:lie' hydrogen evolution
potential. Such oxygendepletion occurs-when (1) the
seawater itself becomes anaerobic due ‘to pollution or
high- microbislogical activity (2) when the metal is
buried beneath the seabed and oxygen diffusion from
the overlying seawater is restricted or (3) when the
artefact bécomes ‘coveréd by a.thick layer of marine
growth which restricts the oxygen supply.

Once the Fh falls below the hydrogen evolution
potential the maincathiodic -reaction in the metal
corrosion. process-becomes.

ZH* +2e— Hi (4.5)

In the absence of catalysis this reaction is generally
fairly slow on most metals in-the seawater pH range
and ‘consequently" théir .corrosion rite is low. The
action’ of sulph ucing-bacteria speeds up this
etabolism converts sulphate to
ibsequently react with the

5 to produce 1 “$ulphides, such as FeS,
and elemental sulphur on which the-hydrogen evolu-
tion reaction occurs more-rapidly than on the metal
surface. This is also assisted by the enzyme hydroge-
nase, produced by the bacteria which catalyse the
reaction. The sulphate reducing bacteria may also
increase the corrosion rate through formaton of
acids which lower the pH. The resulting corrosion
rates are much higher than those in similar environ-
ments with low bacteria population.'**

The growth of anaerobic sulphate reducing bac-
teria in seawater requires both the absence of dis-
solved oxygen and the presence of a suitable organic
material food source. Under normal conditions this
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organic material is derived from the seawater and as 2
result the maximum bacteria populations are found in
the upper levels of the seabed sediment. A typical
bacteria-depth relationship'*’ is shown in Table 4.4.

Table 4.4 Typical distribution of sulphate reducing
bacteria in marine sediment.™?

Depth into seabed (cm)- Bacteria per gram sediment
0 - 25 38000 000
25~ 50 940 000

10 - 125 88 000

23 - 255 36 000.

35 - 375 2 400 .
48 - 51 400 ¢ 7

74 -~ 76 130
99 -102 330

150 -203 CoL 250

201" = 203: . . 130

" 290

251 -254 -

~ In-the absence of a supplementary food. source
bacterial numbers are not significant Below more
than approximately 50 cm into the sediment. Below
about 50 cm metal corrosion rates should décrease
substantially with increasing burial depth. This
~ struation should apply to isolated meral objects not
associated with other wreck material.

A shipwreck site is nor typical of the normal
seabed. The organic materials, particularly wooden
hulls, provide a supplementary food source for sul-

hate reducing bacteria and this enableés thern to exist
or a considerable depth below the seabied, As'd result
the effects of sulphate-reducing bactéria can be seen

in the corrosion products on all buried métal artefacts.

on shipwrecks. S _
With concentrated artefacts ‘on- or‘above the

seabed, sulphace:reducing bacteria 'dceiir in'the coni-,

tied out.on
concretions
 of corro-

crétion, No derailed studies have beén ¢
_ the distributiot. of the bacteria'in
_but fearures such as nature and distriy

* sion products,-porosity of concretion and: available.
‘bacteria
are not near the metal surface bur rather m'the inner

food seurces indicate that the majority of:

and iniddle regions of the concretion layer. -

4.3.7 Galvanic coupling

If two different metals arc in physical contact on the
wreck site then the meral with the lower £ corr.
(active) will corrode faster than normal and that with
the higher £ corr. (noble) will be protected. Generally
the greater the difference in £ corr. values the more
pronounced is the galvanic corrosion and protec-
tion. Values of £ corr. for various metals in sea-

water are shown in 7able 4.3. The exvent of galvanic
corrosion also depends on the relative surface areas of
the two metals; the effect being more pronounced in
the metal with the smaller surface area (see Section
4.2.1).

In theory, galvanic corrosion should always be
present when two dissimilar metals are in physical,
1.e. electrical, conract and should immediately cease
when the metals are separated. While this generally
occurs in shipwrecks some exceptions have been
found. For example, Campbell and Mills'>® have
reported an‘absence 6f galvanic corrosion among the
metal artefaces of a:Scilly Tsland wreck, even though
the artefacts were piled up on top of each other. On
the other hand, on'a Western Australian wreck, evi-
dence suggested a form of protection’ of copper by
iron even-'though there was no physical contact

‘berween: the metals.'*®

4.3,8 Marine growths

_The growth of marine organisms on artefact surfaces
~.1s -@-very important factor in marine metal corrosion.

First, the marine growth provides a physically pro-
tective barrier between the artefact and the seawater.
This barrier reduces the mechanical abrasion of the
metal by seaborne gritand sand. If the marine growth
is prolific it can spread out over different artefacts
and the surrounding seabed. This growth cements the
artefacts together and ‘welds’ them into the seabed.
When this happens the artefacts are virtually immune
to physical damage as even the most severe storms
cannot dislodge them.

A sécond effect of marine concretion growth is that
the transfer of chemical species between the metal

" surface and the open seawater is drastically reduced
" andthis can result in the formation of a microenvir-
“onment.on the metal surface, beneath the concrenion,

which is substantially different from open sea con-
ditions. Such microenvironments frequenty have

‘low. pH, high CI™ content and low oxidizing
" abilitiés.!” The :marine growth also provides high

concentrations of certain cheniicals at the metal sur-

facé. The most obvious example of this is the high §-
“levels produced by sulphate-reducing bacteria.

7

4.4 Iron

4.4.1 Summéry

The corrosion of iron in nearly all marine environ-
ments is dominated by the formaton of massive
concretions which cover iron artefacts under most
conditions. These concretions form a barrier between
the iron and the surrounding environment and result
in the creation of a significantly different micro-



environment on the surface of the iron. As a result
the iron corrodes in an environment which is almost
independent of external conditions.

The long-term corrosion rate for isolated mild steel -

in seawater is approximately 0.11 mm/year.'** This
rate is remarkably constant over a wide range of
geographical locations and temperatures. Small
additions of alloying elements appear to have little
effect on this corrosion rate. The normal long-term

corrosion rate of both wrought and cast iron on

shipwrecks seems to be dround 0.1 mm/lyear but
large variations from this regularly occur.™' These
variations can generally ‘be expliined in terms of
interreaction with other shipwreck material.

~ Wrought iron is essentially pure.iron. It contains
less than 0.2% carbon by weight nd the major com-
positional variationis.the:pre ce of ' 1ag mc!usmns
In the forging process ﬂwse s|

ing. On the seabed these"»slag mclusmns aliow
penetration of seawater: deep’di :
metal. Corrosion thus occurs. ot ¢
meral surface but also "along the wal
inclusions (see Plate éb). Thrs res

wrought iron recovered: from ship:

6a). The corrosion produicts of: wrought iron d6 not

retain the shape of the original artefact. However,
when all the iron has corroded the original shape can
often be recovered from the impression left in the
concretion.

Cast iron typically contains 2-6% carbon by
weight, some of which is present. in the iron as gra-
phite. During corrosior the iron-containiag; phases of
cast iron are corroded:but the graphite remains as a
three-dimensional network ‘which rérains the original
shape of the artefact{Se \
corrosion products rendérs
very chemically unstable when
phere. Conscquent}y the graph)
“and rapidly dxsmtegrate afterexc
correctly. - o

The main corrosmn;p : ducts fror i marine -iron
corrosion are FeO(OH‘, Fe;Os,

raphitized ‘zone

positively 1dent1ﬁcd

4.4.2 Concretion formation

The most striking feature of iron corrosion is the
formation of thick encapsulating concretions (Plaze 4).
Concretions form on iron buried beneath the seabed
and on that exposed to seawater. In both cases the
concretion is formed by the iron corrosion producrs
interacting with material adjacent to the iron,

[ron is not a blologxcally toxic material and any
iron immersed in seawater is rapidly colonized by

ature of the

tothe: AUMos-
né éan readily’
ion xf not: treated

. an inwird diffusion of cat
_ " FeCOj and -
FeCl containing compounds whlch“ ull' have 1o be
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marine organisms: This is often referred to as fouling.
These organisms build up a layer of skeletal material,
predommantly CaCQ;. The subsequent diffusion of
Fe?* and Fe’* from the underlying corroding iron
produces chemical changes in this biological material.
This form of concretion growth was found on the
Batavia wreck.Y

The Batavia site, 28° 30" S and 113° 45’ E, 1s in an
area of prolific marine growth. During the first few
years after shipwreck the exposed iron was covered
with 2 layer of coralline algae. This then 'provided a
suitable substrate for a secondary growth of sea-
weeds, hard corals, molluscs, etc. The marine growth
formed 2 rough outer surface which trapped sand

particles, coral fragments and other debris swept up

off the seabed by-surge and wave action. Subsequent

_marine growth overlayed both the bottom debris and

the eather growths : and so. incorporated both into the

* coricretion: Such marine growth produces a layer of
- low porosity on the surface of the iron which greatly -
~retards the mr:erchange ‘of dissolved species berween

the metal and theé: external seawater. The oxygen
content of the entrapped water, in contact with

+-metallic iron, - bccomes depleted and the dominant.
© cathodi¢ reactions.then 6ccur inside the concretion

layer (Section 4.4.4). The anodic reaction still occurs
at ‘the metal surface and %enerates there an acidic
solution (pH 4.8) rich in Fe** and Fe* fons (Section
4.4.3). The increase in amdtty is due to hydrolysis
reactions such as Fe** +H,0— Fe(OH)" + H*.
This separation of anodic and cathodic reactions pro-
duces a corrosion system similar to that encountered
in crevice corrosion, ' *+15¢"

Charge meutrality is maintained by the ourward
diffusion of cations, initially mainly Fe?*, Fe>* and
HY, and the inward diffusion of anions. from thc
seawater. These anions are predommandy Cl-
these aré the most readxly available in seawater due tO
their, high concenuacion (Table 4.2). This inward

'dxffusmn of CI~ ions produces a very high chloride

content in the iron.corrosion products and concre-
tions. ‘Conversely, there is:ng major force producing
ons;:such as Na*, from the
io products and as a result

seawater. into the

wery little sodmm is rfOund\ in marme iron corrosion

products,"’

As the iron-rich acxd:c soluuon diffuses out from
the metallic iron it first passes through the corrosion
product region. This is the volume, originally occu-

- pied by metal, that now contains iron corrosion pro-

ducts (called graplnuzed zone in cast iron). As the
ions diffuse through this region they scavenge acid
soluble impurities from the corrosion products; prin-
cipally sulphide, phosphide and alkali and alkaline
earth metals. As a result the iron corrosion product
region contains lower concentrations of these ele-
ments than does the original metal, when expressed in
weight/unit volume (see Table 4.5). Apart from the
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Table 4.5 - Elemeént distribution in corroding concreted cast iron. ™!

Element Residual Graphitized Inner Ouzer Normal reef
‘ metal zone concretion concretion material
Fe% ~94 ~55 49.8 1.2 <0.03
C%* 4.6 5.3 2.6 1.1 10.2
0.22 0.18 0.39 ND ND
0.55 <0.01 2.5 0.03 ND
071 1.6 0.25 0.19 .23
115 ppm 20 ppm 0.08% 34.6% 32.9%
120.ppm 75 ppi 0.16% 0.74% 0.56%
150 : 144:. N ‘ ND - ND
© 455 650 - ND "ND - ND
T 45 40 ND ND ND
60¢ 5 ND ND ND
~72 ~2.7 ~2.0 ~1.8

~18

ermined.,

is.obiained from the concrétion, and-as
2001w {rom the Batuvic wi

N

e

- pick-up. of minor impurities; no‘changes appeat to: -

" occut i the concentration of diffusing.speciesias they

-pass thiough the.corrosion productlayer.. The:pH of
the solution stays remarkably close to 4.8.

Once the diffusing ions pass out of the corrosion

product region they come into contact with the con- -
cretion which contains, at least initially, a significant.

armount of CaCO;. In the concretion, Fe** ions
interchange ‘with Ca?* in the CaCOs to produc
FeCO;3: Some of the CaCOj is also disso
" H* forming Ca(HCOj), which causes the A
solution to.increase. The incréasing pH then results
in ‘the gradual ‘precipitation »of-:iEe?g “and. Fe**
ssoxides, hydrated . oxides. and “hydrox J
- These fill holes and pores in'the concreti
. form:ap. iron cementing matrix to rep]

origl

~calcite ‘matrix which is' slowly. dissolving. Reaction-

- .between. iron’ ions' and the §?” jons.producéd:

‘sulphate reducing, bacteria, result.in thé'fo
.FeSand elemenual'sulphur: . - o

resent inygraphite, FeyC, CO)?™ mindrals an ‘organic compounds.

sproduce .

i canitonball, Shown in Plate 4. The data for reef material was waken from an

“The outer layer of the iron concretions is approxi-
mately the same coniposition as the marine growths
on inert materials. The major differences are the pres-
ence of up to 2% iren and small, but significant,
amounts of inorganic CaCQs. The iron presumably
originates from the underlying iron rich layers. The
inorganic €CaCQO; results from the precipitation of
calcium which had dissolved in the inner regions
‘of the conctetion - and ‘then. diffused ourwards
into the higher alkalinity outer regions. The inor-
gani¢.CaCO; can be distinguished from: the organic
CaCO;. by 1ts different morphology ar the micro-

. scopic level, -

When iron ‘s ‘continuously buried beneath the

. é};#l}gd;’;negl%gi-ble:‘rilafinee growth ‘oceurs but a hard

retion can-still be formed provided the seabed
material-contains CaCQy (shell fragriients, coral
& etc:). The mechanism here appeats to be basi-
hé same as for“exposed ironi As'the iron-rich

" aeidic solution diffuses into the surrounding seabed
~ material:it dissolves some CaCOy ‘and precipitates

e B
- 2Pt ST 2R 43 " {#13) . iron compounds which act as a bifiding cement.
and - -~ Further'out from the object-the previously dissolved
o : calcium reprecipitatées, due to increasing pH, and
Fe?* +52~ = FeS (4.14)" forms a second cementing layer. As a result any

The end result of these processes is that the inner
concretion becomes a replica of a purely ‘marine
growth but with the CaCO; of the marine organisms
virtually entrely replaced by iron corrosion products
(Plate 4). In the inner area of the concretion final
calcium concentrations are of the order 0.01 t0 0.5%
by weight compared 1o approximately 30-35% in
original ‘material (Table 4.5).

material in the secabed next to the corroding iron is
incorporated into the concretion,

The two major differences between exposed and
buried iron concretions are the lower oxidation state
of the iron compounds and the more random assort-
ment and orientation of biological materials in the
buried concretions. Fe;O, is the main iron oxide
component of buried concretions compared with
FeO(OH) and Fe,O; in exposed concretions.



4.4.3 Metal dissolution (Anodic Reactions) .

The anodic reaction in che corrosion of iron is
basically,

Fe—s Fe?* +2¢™ (4.2)

which then hydrolyses to produce an acid solution,
pH 4.8

Fe?* + H;O— Fe(OH)* + H*

In practise, however, this is a gross simplification of
the actual reactions occurring on the metallic iron
surface. '

In cast iron the situation is complicated as the high
carbon contents of castiron result in the formation of
several different solid phases (see-Plate’sb). The prin-
cipal phases'in cast-iron:aré. ferriré (essentially pure
iron), pearlite {a combinationof ferrite and -cemen-
tite), cementite’ (Fe;C) and graphite: There are also
generally” present, ‘10 varying amounts, phosphorus
(as iron phosphide), silicon (dissolved) and sulphur
(as meral sulphides). All of these phases either partici-
pate in or are affected by the corrosion processes.

In partially corroded cast iron, near. the original
artefact surface, only-the graphite remains out of the
phases initially preseni. Closer to the residual metal
core, needles of cementite start to appear among the
graphite. Deeper into the corrosion layer areas of
pearlite appear-and right near the residual metal sur-
face there are sections of partially corroded ferrite.

{4.15)

-

From this it is apparent that the susceptibility of the .

iron phases t6 corrosion is-markedly different and,
going from the most readily attacked to most inert,
the order is ferrite, pearlite, cementite, graphite. This
1s also the order of increasing carbon content and
increasing (less negative) reductign potentials.

A comparison of the concentrations of carbon in- -
the residual metal to that in:the corrosion products,

shows that a loss of carbon:is occuring during corro-
sion (Table 4.5). Metallographic examination showed
that the carbon being lost was’ inainly: that portion
originally present as cementite:(Fe;CY with the gra-
phite phase being unaffécted by corrosion. A vacuum
distillation at 100 °C of some cleaned partially cor-
roded marine cast .iron révealed the presence of
apprectable quantities. of a-smelly water insoluble
oil.®! The smell was the characteristic odour of
freshly excavated marine cast iron: This oil was ana-
lysed using:a mass spectrometer-and was found to
consist of a mixture of alkenes and alkanes ranging
from Cq w0 Cy; with a trace of mercaprans. The
pumber and distribution of molecular weights
strongly indicated an inorganic origin for the hydro-
carbons. The hydrocarbons could be derived from
the cementite by cathodic reactions of the type

Fe;C +2H™ + 2e™— 3Fe + (- CH;-) (4.16)
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2Fe;C+ (—~CH,—)+2H" +2¢7—

é6Fe+ (—CHZ“‘CHz") 4.17)
FC;C + ("CHz“CHg-)+HZO—->
3Fe + CoHg + CO (4.18)

These reactions have been found to give low molecu-
lar weight hydrocarbons in short term studies.'® A
slow reaction over centuries could lead to an accumu-
lation of the higher molecular weight components
with the lighter components having diffused out
through the concretion.

The behaviour of minor components during corro-
sion, of both cast and wrought iron, appears 1o be
related to their solubility in dilute acid. Those which
normally form acidisoluble compounds, such as sul-
phur, phosphorus,: the alkaline and alkaline earth

' meuils, havé appreciably lower corcentrations in the
. corrosion. products compared to that in the original

metals.. This suggésts that these elements are dis-
solved by the acidic solution (pH 4.8) formed during
corrosion and then”sgbseéquently swept-out into the
surrounding concretion. The acid insoluble elements
remain in the corrosion product region with little

~ change in their coricentration but sometimes with

changes-in their form. For example, silicon is gener-
ally presént in the metabas dissolvedsilicon but in the
corrosion product as silica (quartz).

During the corrosion process-most of the iron is
converted to soluble iron compounds and these are
subsequently deposited in‘the surrounding concre-
tions. A smaller portion, however, remains in the
corrosion product region where it is found as
FeO(OH), Fe;O4 and an Fe,Cl unidentified com-

pound. The FesQy is very abundant in iron buried
beneath the seabed. In normal seawarer, chloride can
constitute up t0 13% of the iron corrosion products
: i .

by weight.'*! ’
The corrosion-of wrought iron in seawater appears
to follow the same chemical pattern as-does cast iron.

However, as'wrought.iron consists:almost entirely of

ferrite with silicate {slag) inclusions, the resultant

appearance of corroded wrought iron is quite differ-
ent from that of cast'iron: Typical corrosion patterns
for cast and wroughtiron are shown in Plates 5 and 6.
- In cast iron the residual graphite forms a three-
dimensional network” whick™ holds the corrosion
products together and.so retains the original shape
and surface details (Plate 5). This graphite is not
present in wrought iron and consequently the corro-
sion products of wrought iron are sof}t' and non-
adherent, with no retention of original shape and
surface.. The slag inclusions in wrought iron allow
penetration of the salt water deep into the bulk of the’
iron. Subsequent corrosion along the walls of the slag
inclusions widens the inclusions and pushes out the
slag. As a result crevices are formed i the residual
wrought iron which give it a characteristic wood
grain appearance (Plate 6). As these crevices follow
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the original slag inclusions, much useful information

on fabrication techniques can be obtained from a
study of the crevice patterns.

4.4.4 Cathodic reactions

The main cathodic reactions in iron corrosion appear
to take place in the concretion layer rather than on
the metal surface. These areas typically contain large
(upto 10% by weight) amounts of FeS and elemental

sulphur ‘which indicates the presence of sulphate-

reducing bacteria,
In baried iron the corrosion product composition

suggests that hydrogen evolution, sumulated by sul-

phate-reducing bacteria, is:the. major cathodic reac-
- tion. This.reaction probably-dlso.occurs on concreted
iron above thé:seabedibut the presence of Fe** com-
pounds. such: O(OH). suggests- thar oxygen
reduction. higher Ehyis also important
in‘these. LT

h p})e .
451 Summary

Of the non-ferrous metals found on shipwreck sites,
copper and ifs alloys with zinc (brass) and tin
(bronze) are by far the most common. Both copper
‘and brass sheet was used as a method of protecting
‘wooden'®® vessels from attack by the Teredo worm
and from fouling by marine organisms. Copper-

based cannon, rudder fittings, keel straps, nails and

bolts are also fréquently encountered. Copper- alloy
artéfacts are also often derived from the cargo.

The corrésion of copper in seawater is dominated

- by two properties of copper compounds. First, many

copper compounds aretoxic 1o marine organisms and
this greatly reduces the growth of such organisms on
copper alloy artefacts. As a result copper alloys are
generally found unconcreted or only lightly con-
creted (See Plate. 20). Secondly, the copper ions can
exist in two oxidation states, cuprous (I) and cupric
(1), at seawater remperatures. The corrosion mecha-
nisms of copper alloys often involve the interactions
of the parent metal and copper corrosion products in
both the cupric and cuprous states.

A wide range of corrosion products have been
found on copper alloy artefacts recovered from mar-
ine environments (Tables 4.6 and 4.7). The corrosion
produicts most commonly associated with well-oxy-
genated marine $ites are the copper oxides (cuprite

-and tenofite), cuprous chloride (nantokite) and the

basic copper (1) chlorides (atacamite and parataca-
mite). Under the influence of sulphide ions found in

~polluted - estuaries and- marine sediments a range of
: copper’ sulphides. from covellite (CuS) to chalcocite
.. (Cu,S) is formed. In order to understand the forma-
* tion -of such a-diversity of corrosion products and
. how they are affected by site conditions the electro-

chemistry of copper.in seawater-must be considered.

The - biological toxicity of copper compounds
affects copper corrosion indirectly by retarding mar-
ine growth on the copper surface and preserving any
wood attached to the copper. As a result copper
objects, in particular hull bolts, are often parnially
covered by wood fragments and are partially
exposed. Beneath the wood the oxygen supply is
depleted and differential oxygen corrosion cells are
formed (Section 4.2.1). This causes increased corro-
sion (or necking) of the copper (anodic reaction) on
the covered edge of the concretions or wood. In
addition the gradual chemical decay of the wood
releasés acetic acid, ammonia and amine compounds
which, by complexing with the copper ions, give 2

Table 4.6 Some copper corrosion products from terrestrial and marine enviroh_ments.‘“
. Mineralname. Chemical name Chemical formula
o Ma_k;ghit'g«"‘ w . Basic copper carbonate Cuy{OH),CO;
: Azx‘_xg;g Sely Basic copper carbonate Cus(OH){CO;):
Anmlerie . Basic copper sulphate -Cu3(OH).S0,
. Bronchantite Basic copper sulphate .. Cuy(OH)SO,
Tenorite Coppeér (1I) oxide, cupric oxide CuO
Cupnite | Copper (1) oxide, cuprous oxide Cu,O
]I‘,;Iamo'ki-re Cuprous chloride ' CuCl
Paratacamite ..y Basic copper (I1) chlonde
Atacamite & Basic copper ((II) chloride 8“%?_5{%’(:([)0;{
Botallakite a Basic copper (I1) chloride uCly3Cu(OH);
Covellite Cupric sulphide Cu$
Anilite Cu;yS4 (Cu,y 555)
Digenite CuySs{Cu, .4S)
Djurelite Cu, 965
Chalcocite Cuprous sulphide Cu,S
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Table 4.7 Corrosion. products found on. brass/bronze artefacts recovered from the sea.

Formula Name Artefact Size A
H,;5n0, metastannic oxide bronze sheaves HMS Association (1707)
Sn(OH), stannous hydroxide bronze sheaves HMS Association (1707)
ZnSn(OH), zinc tun hydroxide bronze mortar HMS Association{1707)
{Sn; Fe) (O, OH), varlamoffite bronze bell H MS. Association (1707)
nO, cassiterite bronze bell Rapid (1811)
ZnS04H,0 goslarite brass cannon Zuytdorp {1712)
ZnCO;3H,0 zinc carbonate brass tubes Reference 34
3Zn0O-ZnCly EHZO zinc oxychléride brass tubes Reference 34

Data for wreck mateeial from references % and W2,

For elemental composition of some of the sbove artefacts refer 1o Table 4.9,

general increase in copper corros:on rates beneath the
wood-covered areas. Bor.h of these effcccs are shown
in Plate 7. S

~Corrosion rates for. xsolatecl €0, pe samples in oxy-
genated - temperate (approx. - ) ‘sedwater is
approximately 0:02. mm/year: and: this- appears to
increase by a factor of .two for every 10 °C rise in
temperature. This rate appears-to.decrease in anaer-
obic waters or sediments,.and anic:.coupling to
iron on shipwrecks. Muich higher rates of metal loss
are generally due to erosion by water-borne- debris
but can also result from ditferential aeration (scc
above).

4.5.2 Copper corrosion in aerobic
seawater

" In normal seawater (35%o salinity) the ma;or anions
present are chloride, sulphate,. bxcarbonaxe and car-
bonate, in decreasing-order of.concentrations (Table

4.2). Because of thesolubility of-both:copper.(I) and.

copper (II) sulphates and: bxcarbonates, corrosion
products based -on these anions are not found. The
formation of insoluble copper corbpounds,. with the
exception of cuprous chioride, willsbe pH dependent
and the Pourbaix-diagrams shown in Figure 4.1 give
the regions of stability of copper: compounds in aero-
bic and anaerobic seawater.

would indicate that the coppers (II) 6xide, tenorite,
would be commonly found while the:metal E corr.
value of 0.09 volts (Table 4. 3) would indicate that the
copper (I) oxide CuFrlte is_stable. The variations in
the concentration of copper (I) and copper (II) spe-
cies in solution, the coverage-of the artefact by marine
growth and the local pH will effectively promore the
formation of one insoluble corrosien product over
another. On the well-oxygenated wreck sites off the
Western Australian coast only one sample of mala-
chite (Cuy(OH),CO;) has been identified, but this
may have resulted from post excavation corrosion.'>*
On these sites the researchers have found numerous

'occurrences of: cuprxte, nantokite, atacamite, para-

e value of Eh in oxy--
gen saturated normal seawsiter. is°0.691 volts which .
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- sténorité;cand copper (IT) ‘hydroxide.
precipitation reaction berween

Cuz(OH);;Cl 3
CuCO; Cu(OH)z +Cl~ +OH"

and in normal seawiater with a carbonate activity of
2.4 % 107 M (pH 8:0):the formation 'of malachite is

(4.19)

. favoured. The relative concentrations of bicarbonate

and carbonate will depend critically ‘on local con-
ditions and biological activity, and their presence or
absence will give an indication of ‘the site conditions
since the vessel foundered: The simultineous pres-
ence of both malachite and atacamite corrosion prod-
ucts On COpper in seawater-has been reported by Mor
and Beccaria.'*

Inspection of the Pourbaix dxagrams (Figure 4.1)
indicates that-in the normal range of pH of seawater
and sediments (6.5 to 9.2) the formarion of cuprous
chloride (nantokite) from cuprite is not favoured as
the reaction

Cu,0 + 2H*+2CI"— 2CuCl + H,O

requires a pH below 5.30, at the normal chloride ion
activity.of 0.319 M; for CuCl formation. The pH of
the bulk of the seawater tends to remain near 8.0
because of the presence of the seawater buffer sys-
tems,'*71%8 but large variations can occur in crevices
on the metal surface anid under concretions or corro-
sion products, where there is a physical barrier to the
free exchange of ions with the surrounding seawater.
The presence of nantokite as a corrosion product on
copper artefacts recovered from the sea confirms that
such variations can occur and demonstrates the
importance of measuring the £h and pH on the metal
and within the concretion as well as in the surround-
ing waters.

Changes in the salinity of a site due to the influx of
fresh estuarine waters or to the evaporative concen-
tration of seawater, will alter the stability of the
chloride-containing copper corrosion products. For

(4.20)
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equilibria involving the formation of cuprous chlor-
ide, such as Equation 4.20, a tenfold decrease in
salinity would shift the equilibrium from pH 5.3 o
4.3. The reverse argument holds when an increase in
salinity would favour the formation of cuprous
chioride.

In well-oxygenated sites the slow step in the corro-
sion of copper appears to be the reduction of molecu-
lar oxygen."? A relatively high value of Fh from the
presence of oxygen will tend to favour the formation
of copper (II) ions and once the solution concentra-
tion of Cu(l) has reached approximately 107 M, !¢
precipitation. of a protective film of some product
such as tenorite, malachite or atacamite occurs.

- Many wrecks occur in shallow (0~100 m) waters as

a direct result.of being damaged on reefs, rocks, etc.,

. but marerial is'sometimies irecovered from vessels at a
miuch greatér:depth. Apart from the:decredsed oxy-
gea-supply: the pressure may.
mechanism. Th shed information relates
to laboratory:s pressiires from’

pH and inicrease in-soliibility resulted in no corrosion
product films.being formed: In-general the corrosion
rate increased with pressure up 10 2 maximum at 150
atm. {1500 m depth). At temperatures <10°C the
increased rate was due to an increase in the rate of the
oxfygcn reduction process. In the light of the above
information it is probable that copper artefacts reco-
vered from deep oxygenated sites may be free of any
gross. corrosion-products but more heavily corroded
than material- from:¢omparable shallow sites.

For -detailed discission - and explanation of the
equilibria summarized in Pourbaix diagrams (Figure
4.1) the’original paper by Bianchi and Longhi should
be consulted:’®® -

s

. 4.5.3 Copper corrosion in anaerobic
- waters: A

-In water polluted” with' sewage and waste organic
materials'and in marine sediments, the corrosion of
copper. aind. its“alloys is dominated by the sulphide
ion. Examples of such include the Wasa (1628) in
Stockholm:Habour and the Mary Rose (1545) near
Portsmouth: Anaerobic (oxygen free) conditions can
be found'in the sediment relatively close to the sedi-
ment/seawater interface (see Section 4.3.6). The
coverage” of artefacts with sand can result in an
anacrobic micro-environment even in a site which is
generally considered acrobic such as that of HMS
Association (1707} in the Scilly Isles. A protective film
of djurelite (Cu, 4¢S) was found on a bronze arrefact
recovered from this site which indicated that the item

wellaffect the corrosion’

had once been covered by some sediment. A range of
copper sulphides from chalcocite (Cu,S} to covellite
(CuS) - see Table 4.6 — have been found on copper
items recovered from the wreck of the Rapid (1811)
(Western Australia), described by Macleod and
North‘lsx.lss

At an oxygenared site free of sulphide contamina-
tion the burial of metal artefacts under the sand will
result in a change in corrosion mechanism. Once the
entrapped oxygen has been-consumed the main cath-
odic reaction will be hydrogen evolution stimulated
by the action of sulphate-reducing bacteria (Section
4.3.6). The sulphide ions produced by these bacteria
form copper sulphide precipitates with copper ions
released from the corroding metal. The copper metal
thereby forms an adherent protective film of Cu,S,
where the value of x (1<x<2) depends on the £h
and pH of the sediment. The Pourbaix diagram for
the copper-sulphur-water systeny is shown in Figure
4.1(b). Chalcocite (Cu,$) is seen w0 be stable over a
large: range of Eh and pH whereas the region of
stability for covellite is much smaller. Since there is 2
region of mutual stability for covellite and elemental
sulphur the presence of a range of non-stoichiometric
sulphides between CuS and Cu,S, such as dijenite,
djurelite and anilite, is not surprising. The central
rectangle covers the commonly found range of Eh/
pH in sediments where CuS, Cu,S, Cu,O, Cu and
CuO are possible insoluble corrosion products.

If the artefact is subsequently exposed to an
oxygenated environment, or if the Eh increases in the
sediment, the oxidation of chalcocite 1o covellite can
occur:

Cu,S + 527 =+ 2CuS + 2¢~ (4.21)

Since the covellite is less dense than chalcocite {den-
sity 47 g cm™> compared with 5.6 g cm™’) the
oxidation process (Equation 4.21) will tend to fill any
pores in the film and so minimize ingress of oxygen
or other oxidants. The copper sulphide layer may
also contain elemental sulphur which is exwremely
voluminous (density 2 g/cm?®) and this may also serve
to passivate the underlying metal.'®’

In laboratory studies of the effect of sulphide ions
on the corrosion of copper in seawater, Mor and
Beccaria'® found 2 range of copper sulphides as well
as some cuprite and tenorite under conditions that
ranged from oxygenated (7.5 ppm) to deoxygenated
(0.3 ppm) water containing between 50 ppm and 300
ppm sulphide. The corrosion potentials of copper in
these solutions were measured over the pH range 6.5
1o 8.6 and ranged from —0.546 to ~0.616 volts (vs
normal hydrogen electrode, NHE) respectively (see
Table 4.8). Inspection of the Pourbaix diagram
(Figure 4.1{b)) shows that the stable copper corrosion
product in these regions is chalcocite (Cu,S) which
was experimentally confirmed. On the basis of their
data for 48 hours they conclude that the presence of



Table 4.8 Average corrosion potentials *** of copper in
artificial seawater at 25°C after 48 hours immersion in
solutions containing between 50-300 ppm sulphide.
Potentials are relative to NHE.

pH - Ecorr.
8.6 ~0.616
7.9 -0.606
7.2 -0.576
6.5 -0.546

Original data were relative to the saturated calomel electrode,
SCE.'+

sulphide ions increases the corrosion rate above that

normally encountered in the same range of Eh and

pH. A ' ,
By contrast the examination of wreck material,

which has been submerged for hundreds of years, .

generally shows that the layer of copper sulphides has
been protective. Insufficient data exists to make valid
comparisons as to the long-term corrosion rates of
copper in sulphide media and grear care must be
exercised when comparing the results of short-term
laboratory experiments with :data based on artefacts
recovered from shipwrecks. Sufficient variations exist
even on the one wreck site to show that quantitative
measurements of corrosion rates should be examined
with due consideration of the micro-environment of
the artefact.

4.5.4 Formation of concretions

Artefacts made of copper, brass and bronze are often

found with little or no concretion on them and thisis -

due primarily o the biological activity of the copper
corrosion products, principally cuprite.'®® From the
information that is available it appears that there are
rwo distinct types of concretion formation depending

on whether the material has been in aerobic or anaer-

obic environments.'>® The concretions in aerobic
environments incorporate inorganic caleite {calcium
carbonate), organic calcareous deposits from mol-
luscs, worm casts, and foraminifera, as well as
entrained sand grains. Aerobic concretions are typi-
 cally rather porous and are often associated with iron
corrosion products. The concrétions formed in an-
aerobic environments tend to be more closely packed
with dense layers of copper sulphides acting as a
binding cement with calcite to entrain marine organ-
isms and seabed debris.

Examination of the aerobic concretions on copper
alloys often reveals the presence of iron corrosion
products (brown) along with copper corrosion prod-
ucts which range from the red-orange cuprite (Cu,0)

- these concretions
TNICTOSCOPIC: X
- Inert layer of cal
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10 the blue-greens of paratacamite (Cu{OH);Cl) 10
the black of tenorite (CuO). Since iron is not very
mobile in seawater' its presence within the copper
concretion indicates adjacent corroding iron artefacts
possibly protecting the more noble copper artefact
{see Section 4.5.5). The major cathodic reaction for
the iron/copper galvanic couple

occurs on the. copper/copper alloy and so causes a
localized increase in pH which can lead to the pre-
cipitation of calcite,

Ca(HCO3); + 20H™ - CaCO; + HO.  (4.22)

‘In normal seawarer calcium is close 1o its solubility
limit.and. only a small; change in pH can result in
calcium.carbonate béing precipitated. The presence of
inorganic calcium ‘¢ io 5..calcite: crystals in
e _‘n"t‘o'i‘.'p‘hologcally by
hin sections.”®® Once an
] en: formed marine organ-
isms such -as-coralline’- algae,  molluscs, serpulid
worms; e1¢., can:colonize the structure, The concre-
tion still-allows somie oxygen 1o reach the corrosion
front and staining.of the calcium carbonate structures
of marine growths by copper is often observed up to
1-2 mm into the concretion above the primary cop-
per corrosion product (which is most commonly
cuprite). Depending on the composition of the alloy
the primary corrosion. layers may be richer in the
alloying. element than was the original metal, This
phenomenon is often found .with bronze artefacts
where large” amounts -of tin corrosion products -
principally cassiterite {SnQ;) — occur in conjunction
with. the normally . encounteréed copper- corrosion
products. In concretions freslily raised from the sea
large amounts:of the gelatinous duck-egg blue cupric

hydroxide (Cu(OHY)-can.be found under the marine

growth butthis material is coriverted into more stable

crystalline material on exposure to dry air."*

. Examination of the concretions under a micro-
scope will often showup parches of elemental copper

“which have been reédeposited :at-some distance from

the residual-meétal core. Because:many of the copper

“corrosion products:are semiconductors of the p and »

type, slight changes in_site conditions can cause an
oxidation site to change ¢ver to a reduction site, The
interconversion of elemental copper, copper (1) and
copper (II) salts-is characterized by fairly rapid elec-
trode processes. which are faster than the reduction of
oxygen to hydroxide {(Equation 4.3), so the presence
of redeposited copper within the concretion is not
entirely unexpected.

The anaerobic concretions are typically banded in
structure with a primary corrosion product of cuprite
(Cuy0), less commonly tenorite (CuQ), overlaid by
bands containing the copper sulphide chalcocite
(Cu,S), or occasionally covellite (CuS). Variations in
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4.5.5 Copper corrosion mechamsms
Water movement attack

 In: the marine environment, copper and its alloys are
susceptible to increased. corrosion attack by water

movement. Coppér and its alloys are relatively soft
and: usually do not acquire thick protective marine
concretions. .As & result they are very susceptible to

efosion by water-borne debris, such as grit and sand.
‘Unider unfavo "_' rablc condmons the erosion rate can

_ per alloy artefacts are reposi-
vreck -site or when the surrounding
Iy disturbed. The flow of water can
1¢: protective oxide film: At high flow
ncefitration-of«copper in the vicinity of the
- not'sufhcient to.allow teformation of the

; protﬁcuve film:and film-free.corrosion rates prevail.

r* flow: rates “the.:movement of the sea
¢ transporr of 0xygen to the meral and
may increase;the - gencral corrosion rate even though

the oxide film remains intact. Alloys such as admir-
.alty brass and the bronzes are much more resistant to

this- form of corrosion. If concretions form. on the
artefacts these often protect them from water move-
ment effecrs.

Frettmg corrosion

When metal -artefacts are rolled around as a result of
turbulent site: conditions the surface corrosion films



will be deformed and fresh corrosion will occur at
areas exposed by a film crack or by dislocation.
Because copper oxides have 2 hardness similar 1o that
of copper metal (3.5 and 3.0 respectively on the Mok

scale) impacts will cause the surface film 1o deform

with the underlying metal. Paratacamite has a hard-
ness of 3-3.5 and so it will similarly deform with the

metal. As a result pure copper artefacts will not

normally be-adversely affected by freming though the
harder alloys with tin -and- ' Pugh Hie
susceptible. '

Pitting corrosion -

185 3

The conditions for pir. formation'® include the pres-
- enice of a deposit of cuprous chloridé unde er.

cuprite (Cu,0) which acts asa bipel
~corrosion (anodic) feactions. occir
of the cuprous oxide.mémbran
tion {cathodic) reéactions ogcu
(Figure 4.2). The ability of cuprite 6 a
electrode is due to lits ‘electronic' an:
properties. . : ' i

he existence of the cuprous:chloride layer in' the

pit will depend on the relative rates of copper
corrosion

Cu+Ci~ s CuCl+e~
and the hydrolysis of cuprous chloride
2CuCl + H;0 = Cu,0 + 2H™* +2C1- (4.24)

The driving force for the pitting reaction is the
concentration gradient of coppeér (I) species berween

(4.23)

O2 +2H,0+ 4e”-»40H™

and

Anodic: Cu?* + ¢~

afic may be. more

‘whith in.tur

pit.
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the bottom of the pit and the corrosion mound above
the Cu;O film. In the presence of chloride ions CuCl

can form a series of soluble complexes such as

CuClz, CuCly in the pit. These copper (I) species
diffuse through-cracks in the Cu,O membrane and
are then oxidized by molecular oxygen to cupric ions

Cut—Cu? +e” (4.25)
' ygen isreduced to hydroxide ions,

(4.3)
nO{ﬁéSé{in the pH and
itated. Some of the
action” 4.25 will be
iccuipric chlorides,

ITns etal to form more
cuprous jons: . '

Cu* + Cu—2Cu* (4.26)
causing the pit to deepen. This corrosion process is

seen as being-cyclic innarure. Since the precipitation
pounds occirs above the

of the excess.Cu (. 4 _
corrosion mound the-corrosioncell will not be stifled
ychlorides in the

by:the formiation:
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Figure 4.2 Schematic diagram of an active corrosion pitin copper
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The reaction above the mound can be formalized as

12CuCl + 6H,0 + 30, — 4Cuy,(OH);Cl + 4CuCl
(4.27)

though the formation of malachite in preference to
the atacamites may occur depending on the carbonate
ion concentration (Section 4.5.2). The external con-
centration of copper has very linle effect on the
piting mechanism. Since the anodic reaction of
cupric ions;on the copper metal (Equation 4.26) pro-
vides more cuprous ions the concentration cell is
recharged. '

Differential aeration corrosion-
This most commonly;otcurs when pait.of the copper-
1s covered by wood or concretion and the uncovered
oxygenated-seawater. Beneath
depletes

eaction, cop-
ATEONy OR- theie 1 stirface adjacent to the
exposediatea. This produces deep corroded areas
underneath-the edges of concretion and wood and is
~very'common-on-copper hull bolts where it produces
a-marked necking of the bolt (Plate 7).'>*

“Galvanic corrosion

This occurs on 2 wreck site when two metals with
different. £ corr. valuesiare in electrical contact (Sec-
tion-4.2.1). ‘A hist'ofthe £ corr. vilues of metals in.
seawater, 15 given ‘in Table 4.3 ‘which shows that
copper-arid bras semally be cathodically pro-
weied by iront alloys. - -

On 2 micr pic_level a form: of galvanic corro-
sion, occurs “when'"onie: phase of an alloy-is more
redctive than- an adjacent phase. The -less reactive
phase becomes :icathodic: while ‘the other phase
' is form. of corrosion is relatively.

-as ziric-rich brasses and tin:
the-cracks which: develop
a rapid-exchange with the
tk ¢ enviroiment and ‘may. ‘become acidic
-enough 1o dlfoy the cathodic reduction of hydrogen
ions to vecur. This type of corrosion can often resule
in a dramatic Toss of mechanical strerigth (see Plates
18:and 21).

acuvely corrod

4.6 Brass and bronze
4.6.1 Summary
Brass and bronze artefacts on wreck sites typically

-6ccur in the'form of massive rudder fittings, cannon,
bars, spikes and sheathing. Since the methods used

for the manufacture of large cast objects were under-
going marked developments between the 18th and
early 20th centuries, ‘chemical and metallographic
analyses of the artefacts can often give useful infor-
mation for wreck dating. An alloy is called a brass if
the major alloying element is zinc and such materials
were often used in the manufacture of wrought
objects. If the amount of tin in 2 metal is greater than
the amount of zinc the alloy is generally called a
bronze and such materials were often used in casting.
There is no clear division between brass and bronze,
and alloys ofteri.contain both tin and zinc, sometimes
in equal-proportions. The presence of brass artefacts
on a wreck site does not necessarily mean that the
vesscl-is relatively modern since intentional produc-

_tion .of brass began in Asia Minor in the first millen-
~nium B.C."® However, the usc of brass shearhing on
-wooden vessels was not a common practice until the.
- early nineteenth ¢entuty.

17 Typical compositions of

marine-brasses and bronzes are given in 7able 4.9,
The most characteristic form of brass corrosion is
dezincification: In this form of corrosion the zinc
component: of ‘the brass is selectively removed by
corrosion_and the alloy is transformed to a porous
mass of.copper which has very littde mechanical

‘strength but generally retains the original shape of the

artefact. A similar phenomenon is also observed in
bronzes where loss of the tin-rich phases occurs, this
process being referred to as destannification.

Two mechanisms have been proposed for dezinci-
fication, namely, selective dissolution of the zinc
which {eaves the copper behind or complete dissolu-
tion of both copper and zinc followed by selective

' deposition of the copper. Passibly both processes

may - occur depending on local conditions. The

_mechanisms are discussed in references 168 and 169.

Both dezncification and destannification are more

- pronounced under anacrobic conditions.

4.6.2 Corrosion products

The corrosion processes occurring on brass and

bronze artefacts are dominated by the corrosion
‘behaviour of copper which is the mdjor constituent of

the'alloys. A range of copper corrosion products have
been found on brass and bronze items which includes
most of the oxides, chlorides, hydroxy chlorides and
sulphides listed in Table 4.6. Relatively few papers
report detailed examination of the alloying metal cor-
rosion products but those reported are predominant-
ly compounds of tin and oxygen in the form of oxides
and hydroxides, sce Table 4.7. The chemistry of tin in
neutral and alkaline solutions is dominated by the
formation of stable and insoluble oxides and hydrox-
ides. At the pH of seawater tin corrosion products

will normally remain in place and will often retain the

original shape of the artefact. Because of their rela-
tively high solubility zinc compounds are generally



Brass and Bronze

87
Table4.9 Analysis of marine copper alloys.
Site Ship (year wrecked), items % Cu %Sn  %Zn  %Pb  %Fe  %Ag %Sk %As %N
Scilly Isles HMS Assodiation (1707)
49°57'N, 6°15'W  cannon 93.4 4.4 0.9 05 0.06 - 0.1 05 0.1
cannon C, 92.9% 4.1 1.4 09 - - 0.1. 0.5 0.1
small cannon 90.3* 6.6 0.4 20 0.02 - 0.2 0.4 0.1
small demountable cannon  74.5% o 222 L3 07 - 0.1 007 01
bronze sheaves 784% 10 0.5 10 0.1 - 0.5 03 0.2
brass dividers 78.42 1.0 2064 0 10, - - 0.1 0.2
ships bell 758 20 0.2 3 1
Abrolhos Islands  Batavia (1629) ‘
28°30'S,113°45'E  door pintle 92.7 L4 0.5 12 - 0.3 014 -
cannon ¢ascable 66.9 2.8 0.28 0 226 013 - 3.2 40 -
cannon copper sheathing™ 9885~ 025 001 028 005 - - - - -
- Pandora’s Entrance Pandord(l?‘)f). e o . o )
Gt Barrier Reef  rudder pinde 914: 73 604 019 008 001 Od6 = -
Pr. Cloates Rapid (1811} ' S ‘ TR
NW Australia rudder gudgeon | 0300 191 ND .~ o012 -
S 22°44'S, 1UI3%41I'E palltace. - - L0329 009 - UND -
keelstrap. = 7 056 087 034 004 .23 - -
copperbars - " ND 054 ND - - 00§ "ND -
copper nails S ND 0.18 _ND - 003" - 043 -
Carnac Island HMS Sx{ccessi('i&?‘))_; LT o . ‘ S [ :
32°07'S, 115°39'E  ruddergudgeon - 0 478 | 506 142 142 ND - - O 060 -
copper bolt. 994 7 0220 002 - 009 NDT ~ ‘ND. . -003 -
Star Reef ncar : o ‘
Murray Reef Chalmers (1874)
3222'S,115°42°E  rudder gudgeon 63.0. 24 205 136 08 - 0.1 nd. -
RotwnestIsland  Lady Elizabeth (1878) : '
32°15,115°32'E rudder gudgeon 44,0 073 287 256 002 - 0.3 036 -~
off Marsala, unknown (32 B.C.) . o
Sicily mails from ram 809 94 03 107 - - - 005 -
© 3P40'N,12°27°E  nailsfromram - 736 w73 0.4 17.3 - - - 0.05 -
' nails fromram- - 847 .77 02 73 - - - - -
nails from hull - 800 - 7.1 0.6 . 123 - - - - -
. MountsBay,  HMS Anson (1807) 5~ *": 1 vi P
Cornwall - Cutlesshilk " -~ 8686 .10 1.0 10 006 -~ 05 0.2 0.3
51°55'N, 5°30"W e

* By difference.

not found in the corrosion products
occur they are generally found:trap
tion matrix. For example; after sever.
sure in seawater the concretions form
tubes incorporated zinc corrosion;products such as
zinc carbonate, zinc oxychloride and. zinc hydroxide
gels.'”® There is one report of an arsenic corrosion
product found among copper corrosion products on
a bronze gudgeon from HMS Success (1829).1%*

4.6.3 Corrosion processes
Dezincification '

The addition of up to 30 wt% of zinc to copper metal
mcreases Its corrosion resistance, thus admiralty

brass and red brass have better corrosion resistance

- than does elemental copper. Materials -with a zinc
content above 32 wt%; such as yellow brass and
. Muntz" metal, are more reactive. than' copper. If a

brass contains more than 32 wt% zinc it will have
both an & (zinc poor) and a f {zinc rich) phase. The
phase 1s more susceptible to corrosion. If an artefact
has suffered from dezincificarion the surface may
appear to be copper-rich and porous with a typically
banded structure of cuprite and elemental copper
layers until the residual metal surface is reached.
With duplex brasses (those having both @ and
phases) the zinc-rich § phase is preferentially attacked
at the grain boundaries.'®® In single phase & brasses
the loss of zinc is distributed fairly uniformly across
the grains.'®” Dezincified Muntz mertal and yellow
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brass still retain the skeleton of the § phase. The
banded nature of dezincified brass is due to changes
at the ‘corrosion front’ as cuprous chloride is hydro-
lysed to form cuprite (the net result of an anodic
dissolution of copper) and the cuprite is reduced back
to elemental copper when the conditions change to
make the site cathodic.

Brass artefacts recovered from wreck sites which
would normally be expected to favour dezincification
are often found in a remarkably good state of
preservation. Analysis of such metals reveals the

presenice of small amounts of arsenic; antimony -and .

phosphorus which are effective ithibitors = of

dezincification.'*'7" If the brass alloy contains traces *

- of iron and manganese these impuritics may cancel
the beneficial seffect-oftarsenic since: thcy effccuvcl)/

on . Ealmers (1 874) uu‘geon was
dézincified 10 a depth 'of 2 cm ‘while the leaded brass
gudgeon from the nearby Lady Elizabeth, which had
significant coricentrations of both arsenic and anti-
mony, was in excellent condition. Part of this preser-
vation may also have'been due to cathodic protection
from the corroding:iron on the site (see Tuble 4.9 for
analyses and site locanons)

Destanmf cauon

This is the term used to describe the selective removal
of in from d:bronze alloy. It is much less common
than dezificification” and relatively little work has
been. pubhs'hcd on’;thé mechanism ‘of the process.
‘Tylecote'** has reporréd’ thar ‘traces of arsenic and

antimony-‘are effectivé inhibitors of dcsmnmﬁcatxon.

n shipwrecks.

that under éacratéd seawater the tin-rich « plus y

entially artacked: At hxgher oxygen coficentrations

the coppercrich’ « phase is preferentially corroded.

This-study predicts thar destannification of bronzes
should: 6nly otcur-oh shipwrecks under partly anae-
robic conditions.

Examination of the corrosion patterns on bronze

objects recovered from the wreck of the Rapid (1811)
at Point Cloates, Western Australia, have confirmed
the experimental work of Campbell and Mills.'** A
bronze bell was found lying on its side with part of
the lip and the crown covered with sand. The arcas
under the sand (anaerobic) were more extensively
corroded than those parts (aerobic) which had been
exposed to the sea. In the sand-covered regions mas-

- lead . concentrating alon ng
between the two phases.!

cal study’ Camp[;el! and Mills' showed
brorize (20% tin 3% lead) bell is prcfer-}

sive amounts of cassiterite (Sn©);) had formed and the
metal was corroded 1o 2 depth of 7 mm; the main
copper corrosion product was paratacamite which
was bound up within the large grains of cassiterite.
Where marine growths had created localized oxygen-
deficient spots on the exposed surface of the bell the
metal had suffered from the same extensive attack on
the tn-rich material. By contrast, the corrosion layer
on the completely exposed surfaces of the bell was
only 1 mm thick as.in the absence of destanaification
the overall bronze corrosion rate is relatively low.
The importance of the micro-environment is also
seen in a comparison of the corrosion on several

" bronze keel straps from the same wreck. These straps

had identical composition (see 7Table 4.9) and bore
the same foundry stamp, buf the straps’ recovered
from under a 15 cm layer-of sand were much more
extensively corroded than those found lying on the
seabed surface.'*

4. 6 4 The effects.v of minor all
‘components on brass and bronze
corrosion

Lead

Since lead has a very limited solubility in brass and
bronze alloys it will tend to be dispersed as discrete
droplets. Apart from tending to fill cracks and voids
which occur during fabrication of the material, leaded
bronzes and brasses tend to be self-lubricating. High
lead content alloys have excellent corrosion resis-
tance'’*'7 as is seen in the leaded bronze cascable
from the Batavia site. After nearly 350 years in tur-
bulent conditions the depth of corrosion was less
than I mm. Tylecote reports that the addition of lead
to copper apparently makes the metal less susceptible
to intergranular corrosion. '*?
The addition of lead to duplex brasses results in the
the interdendritic lines
In seawater corrosion this
lead may result in the formation of passivating PbSO,
films which could help protect the undcrlymg brass
from general corrosion.

Iron

Iron has a limited solubility in brass and bronze

(0.5%) and above this limit it will exist as discrete

particles dispersed throughout the alloy. Since iron in
this form is readily attacked by seawater the corro-
sion of the iron particles may increase the overall
corrosion rate of the artefact by creating small voids
on the metal surface and thereby providing sites for
pitting corrosion. For example, deep holes filled with
tron and copper corrosion products were found on a

- series of bronze door pintles from the Batavia site

which contained 2.1% iron. In spite of the presence
of significant amounts of arsenic and antimony (see



Table 4.9) there was extensive pitting (some pits were
-3 mm in diameter and 3.cm deep) as well as general
corrosion. Generally the presence of greater than 0.5
wt% iron will have a deleterious effect on the corro-
sion resistance of brasses and bronzes.

4.6.5 Stress corroston

Brasses are more susceptible to stress corrosion than
are bronzes. Stress corrosion arises in situations
where there is physical strain in the crystal structure.
Under such conditions accelerated corrosion-occurs
at those strained sites and this often results in the
metal cracking. The pins from rudder fittings com-
monly show stress crackin:

subjected to extreme loads ‘when:the rud
away from the vessel during ‘wre

reported that arsenic diminishes the 'susceptxb :ty of

copper alloys to stress. corrosion cracking.!
artefact is associated with: wood -the ‘produi
acetic acid and ammonia. durmg wood deco

will cause increased corrosién of:the, copper-rich -

phases which may acceleraté the- deve!opment of
stress cracking.

4.7 Lead

Lead has been used as a constructional material for
over two thousand years. Lead metal is readily
extracted from its ores and js readily melted. Its low
melting point, 327°C, meant that it could be formed
into piping, musket balls, sounding weighss, etc.,
without sophisticated foundry techmqucs On ship-
wrecks lead is also often found in the form of lead
sheet which was commonly used for minor repair to
the wooden hull, Lead ore bodies characterxstacally
contain varying amounts of. s:lver and’ anmmony
impurities.

Lead artefacts from Jand sites ire often covered
with cerussite, PbCQ;, or the related hydrocerussne,
2PbCO;Ph(OH),.!”® Varying ‘amounts. of lead (II)
oxide (PbO), lead (IV) oxide, (PbO,) and’ anglesite

(PbSO4) may also be present depcndmg on site con-’

ditions.'” By contrast the main lead corrosion pro-

ducts found on marine artefacts are anglesite. (PbSO4)-

and laurionite (Pb(OH)CI) from aerobic sites, and
galena (PbS) from anaerobic or polluted sites.™*? It is
interesting to note that PbCO; hasnot been found as
a major corrosion product of marine lead even
though it is 100 times less soluble in seawater than is
PbSO,. Marine lead artefacts are often covered with a
thin (-3 mm) layer of concretion. This is generally
composed of a mixture of marine seabed debris and
anglesite (PbSO,) held wgcther with CaCOQj cement
(commonly calcite). Lead items recovered from tro-
pical warers generally do not have any secondary

ng- since. the metal under
stress during the working lifé of the vesselis often
'.normal ‘seawater) and: lead sulphide (<0.;

i.thermodynamlcally very favourable-.
‘conditions. From the redox pocenuals alone, lead

" obic)"?

-terized by slow electrode kinetics.
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marine growths and this may be due to a higher
roxicity of lead and its corrosion products in warmer
waters.

In aerobic seawater the corrosion of lead is domi-
nated by the formation of insoluble PbSOy, which
soon forms a passivating surface film and so protects
the underlying metal and produces a marked rise in
the corrosion potential of the metal. For example, a
piece of cleaned 17th century lead sheet from the
Batavia was immersed by the authors in seawater and
its- corrosion potential measured. In 24 hours the
corrosion potential was found 1o have increased from

an initial active —0.36..volts 10 a fau'ly inert —0.06

In anaerobic environments thc main lead corrosion
product is PbS (galena). The: -redox potentials for
oxidation of lead:to lead: sulpha & {—0:.278 volts i in

107 Misulphide) shows that the forma

corrosion In anaerobic environments - would be
expected to be higher than in acrobic conditions. The
weight loss for several musket balls from the Wasa
site (smaerobxc)"m and the HMS Association site (aer-
> were compared, and the material from the
anaerobic site had roughly double the corrosion rate
(mg cm™2 year™') of that from the aerobic site.!”’
However, the number of musket balls used in this
study was small and the comparison should be
wreated with caution. Although the initial corrosion
rate for lead in sulphide containing media is quite
high, the formation of an adherent sulphide film
rapidly passivates the metal.

4.8 Tin

Elemental tin occurs infrequently on wreck sites and
large finds of the metal are normally associated with
cargoes of tin ingots. Generally tin. artefacts will
be extcnswely corroded since the main corrosion
product, cassiterite (SnOy), doésnot form an effect-
ive passivating film. Some ingots of early iron age
or.¢arly medieval period were found ‘off the Corn-
ish coast and the major corrosion product was cassit-
erite (Sn0,)."® There were smaller amounts of the
divalent corrosion products SnO-H,O and
SnCly2H,0. The general shape of the artefacts is
maintained by the tin (IV) oxide cassiterite but the
matrix is often crumbly. Although chloride ions form
strong complexes with both tin (II) and tin (IV) the
overall effect of seawater on the corrosion of tin is
dominated by the natural pH (6.5-8.6) of seawater
which favours the formation of oxo and hydroxy
species. These are often polynuclear and are charac-
181,182 Only under
highly acidic conditions are tin (IV) species mobile
but tin (II) species are apparently mobile in some
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concretions since tin corrosion products were found
near the sea edge of a concretion from a bronze
cannon, '

Both tin (II) and tin (IV) form stable sulphides, SnS
and SnS», burt the sulphides have not been character-
ized as corrosion products on wreck material. The
reason for the lack of reports most probably lies in
the fact that few, if any, tin artefacts have been found
on wreeks characterized by anaerobic site conditions.

The tempefatures on marine sites are too high for
the.occureence of tin pest (tbe change In crystal struc-
wure from B tin 10 a tin). :

4‘:9 :Pewt‘er‘ .

Pcwzer artefa"
plates, mus;s cang csucks JAnd- gther. paraphcma].a
i Dfes, Less common - ar¢

$ pumps and asso-

,catcgdncs namely
a;or aIIOymg com-

alloy
=% Und aerob condmons pewter artefacts contain-
Y i 13 "of lead are less corroded than
Some.old pewters contain up to
fﬂm composition was recovered
5 and showed on&y superficial

in the sea.'™ A pewter
lead from the wreck of
m’ corrosion to a depth of
80°years in an oxygenated

'em']ronmcnt

arfashion Campbell and Mills
found neghg:b ysion;,on ‘a leaded pewter plate
- found ar: thc HM.S' A

ssocmgzon SLIC. 3

Table 4.1 o Analysxs(%) of pewter artefacts. '

y ;)’rﬁm;)nl).".‘foﬁnzd‘ in the form of -

lyses of the pewters are given in Table 4.10. The main
reason why such leaded pewters are so well preserved

probably lies in the formation of an adherent and
hlghly protective PbSO; layer.

From the few detailed reports on corroded lead-
free pewters it is clear thar they suffer from extensive
corrosion in an acrobic marine environment. The
main corrosion product from a pewter spoon from
HMS Romney (1707) was the black intermerallic

" compound $bSn,'*? A spoon from the Lady Littleton

(1867) was extensively corroded’® but the overall
shape of the spoon with decorative details was pre-
served-in the grey corrosion product matrix. Analysis
of the corrosion products gave the main components
in the ratio of 25b:3Sn (7able 4.10). Although the

_ corrosion product from the Lady Littleton spoon was

not examined by X-ray diffraction, the ratio of un
and- antimony corresponds to onc of the known
intermetallic ‘phases-which are SnSb (reported by

" Campbell'®), Sn;Sb, and. SnySb;. If the intermerallic

phases,are ¢venly distributed throughout the artefact
they may be cathodic to the rest of the material which

is much richer in tin and so the bulk of the tin-rich
" material will be anodically oxidized.

1# As previously

discussed, tin metal is subject to extensive corrosion
in aerobic scawater.

Although no residual metal was found in a number
of lead-frec pewter artefacts recovered from the
wreck of the Batavia (1629)'% a typically thin, grey-

black powdery film. (probably an intermetallic tin

antimony’ compound) was found in the middle of
massive pustular outgrowths of corrosion products.
The pustules ranged in colour from a browny black
1o white, and X-ray diffraction analysis showed them
10 be cassiterite (SnO,) with varying amounts of iron
and copper impurities. The impure SnO; averaged
more than 90% of the total weight of the corrosion

Chemical ana- 4 products with thc balance mainly calcareous marerial.

* Location ™

" Vessel o : Tin Lead Anumony Copper  Zinc Sitver
Scilly Islcs unknown (1819) balance: 11 <t 04 <001 0.05-0.5
40°57'N, 6°15 W pewter platter'™?
Scilly Istes HMS Romney (1707) balance 1 5 1 <001 -
40°57 N, 6"15 W pewter spoon handle'?
Pu: Cloates, W.A. Rapid (1811) 70.5 27.6 0.26 0.18 0.03 0.007
22°44°S, 113°%41'E ships pump basc'®
Princess Royal Harbour®  Lady Littleton (1867) 55.6 0.1 38.9 5.41 <001  Q.004
{Albany) pewrer spoon '™
35°02'S, 117°50'E
Abrothos Istands Batavia (1629) 2596 730 <0 0.25 0.006 -
28°30°S, 113%45°E filler metal in composite ‘
: cannon'*®?

* The analysis refers to the alloy phase which remained after selective corrosion attack.



The effect of anaerobic conditions on the corrosion
of pewters is not clearly defined because of the
scarcity of reports in conservation and maritime
archacological literature. Leaded pewter candlesticks
recovered from the Wasa (1628) were in excellent
condition and the formation of an adherent lead sul-
phide (galena) and tin sulphide film may have been
one of the reasons for the good corrosion resistance.
Some Britannia metal plates from the wreck of the
James Matthews'™ were recovered in excellent con-
dition from whar'is essentially an anaerobic size, the
vessel being covered with a metre.of sand. There was
insufficient corrosion products’ on these plates to
enable definite characterization but they were prob-
ably stannous arid stannic sulphides.

At one extreme of the ringe of leadéd pewters are
the tin-lead alloys with 30250% t
monly referred to as sclde
melting points they will.tend-1c
metal in the manufacture:of artefacts of in association
with the plumbing on board:the wdssel:'B :
their high lead content the’corrosion behaviour is
dominated by the formation’of. passivating films of
lead sulphate. (aerobic conditiosis)-of lead sulphide
(anacrobic conditions). Measurements ;of ithi

18). the elec-
trode potentials of Jead and tin'when'coupled to the
complete range of tin-léad alloys shows that the
maximum potential difference is 10:mV."*¢ With such
small potential differences it is not surprising that no
evidence has been found for selective atrack on either
a tin-rich or lead-rich phase. The soft solder used in
the construction of a composite cannon on the Bata-
via (Table 4.10) was well preserved as was some
70:30 (lead-tin) solder used in.joiriing lengths of lead
piping found. on: the HMS Association site.®
Although the exposed filler metal ip: the composite
cannon had a thin corrosion layeér.of lead sulphaté the
metal was in direct contact. with Wrought iron bands
which may have ‘provided .somé cathodic
protection. ¥ UL

410 Silver and its alloys

4.10.1 Summary.

Silver and its alloys have béen used for thousands of

years in the manufacture of. jewellery, precious
vesselsl and as a coinage metal. Silver artefacts
recovered from wrecks normally fit into these major
categories. Copper is frequently found in silver as the
addition of copper has long been known to improve
the working properties of the metal and 1o reduce its
monctary value on unit volume basis. Since the room
temperature solubility of copper in silver is only
0.1%'* precipitation hardeming of silver-copper
alloys occurs and this causes the metal to become
brittle. Depending on the rate of cooling the copper

“lead {Sectioni 4:7) :the formatic

id asa filler” -
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can be evenly dispersed throughout the silver-rich
matrix or it can accumulate along grain boundaries.
If the latter occurs then the more reactive copper
particles corrode preferentially in seawater and this
leads to loss of mechanical strength, i.e. copper-silver
alloys are subject to intergranular corrosion. The
majority of marine silver artefacts recovered to date
are silver coins and consequently the majority of -
silver corrosion and concretion  information 1s
derived from coins. Although silver is one of the
most noble metals, chloride and sulphide ions, found
in marine environments, dramatically”increase the
reactivity of the metal, producing a'negative shift of
580 and 1500.mV respectively in its standard reduc-
tion potentials when compared with oxidation of
silver togive the free metal(Table 4.1). In contrast to
on. of msoluble AgCl
n resistance for
ts are recovered from
bly coveréd with layers
late 9).

and Ag,S does n
the silver. When's
the sea they are-almostir
of corrosion products:

Plate 9 Typical baich of coimsas recovered from the Batavia
(1629).

'The mixture of corrosion products and concretion

on silver artefacts is frequently sepatated.into two
. layers. The innermost layer, usuafly. referred to as the

corrosion productlayer; goes from the surface of the

-residual metal core out, to the original surface of
" the artefact. This layer doesnot contain any calcar-

eous matter. The outer layer, referred to as the con-
cretion, forms from the original artefact surface out
into the surrounding media. The concretion layer
typically contains calcareous and seabed material as
well as silver and copper corrosion products. The
coneretion layer is often only weakly bonded to the
corrosion product layer and can often be mechani-
cally removed without damage to the corrosion pro-
duct layer.'?

The most commonly found marine silver corrosion
products are silver chloride AgCl (cerargyrite), silver
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sulphzde;g A S;Qargenute and less:frequently -acan-

silver chloride omide AgCl/

Br. The silver. cﬁloﬁde and bromideés range:in colour

from black to grey and purple, while silver sulphides
are generally between black and lead grey. Because of
the similarity in some physical properties of copper
(1) and silver (I) ions it1s possible to obtain a series of
mixed.copper-silver sulphides of the formula Ag,..,
Cu,S. The mixed sulphide jalpaite, Agys5.CuosS; has
beea found o some silver coins recovered from the

HMS :AssoGation site.'* Cotrosion producns from

the allj ‘mg copper mciude the droxy

"f".:dlcx

bound. togcilwr

of organic : and- aragomtev
¢ products such -
rc‘often mcorporated The iron is nor-

y tained greenas a result of the
movement o c0ppe'
the. underlyi c undcrlymg corro-

nide which may

p.to 200 Um in size.

de comprising thé corrosion
ongxnal surface

d’ togethcr by a

Yh

sion product, ayersincorporate’many skeletal marine
organisins surrounded “by the metal sulphides.
Cuprous oxide as well as elemental silver and copper
are also found -within the bands of concretion.
Although most of the work reported herein is con-
cerned with silver coins the basic mechanism of con-
cretion formation pertams to all silver objects on a
wreck site.

The local environment has a major influence on
silver corrosion. On Western Australian wreek sites
corrosion raes have been found 1o range from less
than 5 X 10~ mm per year to greater than 1.5 x 1072
mm per year, Concretion formation tends to protect

orrosion products away from

vatrix of cither silver.

pnncxpal}y of ’

incorpotites, the normal
art tacts oftcn appear to.
; * controlled by.the corrosion of bothi silver and copper.

sily

E "m seawater
: 'rclauvc acuvities

:silver artefacts from:

‘abrasion by seaborne grit. The
cold” working associated ‘with the:manufacture of
silver. artefacts, such a8 coins. produccd by a screw
press or-die stamping, . makes the coins susceptible to
stress corrosion crackang The accelerated corrosion
rate ‘at the areas of high stress leads 1o the formation
of deep ﬁssurcs in the surface of the artefact (Plate
10).

4.10. 2 Aerobzc con'oswn

n sitver corros:on the major sxidi ‘mg agent in aero-
étion of oxygen on
18 characwnmd kinetics so the

overdll corresion rate Sl edecerm.mcd by the ano-

), : bie conditions is.oxygen: T

bt

Ver-oxidation. - ‘ Y
The formauon of both AgC mdﬂ mixed AgCl/Br
‘ribg ;unexpected if-one considers the
Cl~ and Br™ and solubility prod-

nd AgBr (there is rip data available on

1]
" AgClBr but its ;propertics would e expected 1o be
berween :AgCl dnd: A
product: for AgBris 7.7 x 107" and that for AgCl s

AgBr). At 25°C the solubiliry

1.56 X '10™'7; the respective activities for CI™ and Br~

in normal scawater are 0.319 and 8.14x107*'%
Hence precipation: of AgCl from seawater should
occur when the activity of Ag* reaches 2.92x 1071°
and AgBr at the'slightly higher value of 5.04 x 107",
AgCl/Br would: be cxpected 1o precipitate at some
intermediate value of Ag? activity and the fact that
AgCl and AgCl/Br are found but not AgBr suggests

"the AgCl/Br value. lies quite close to:that for AgCl.

The. theoretical différence berween AgCl and AgBr
saturation fevels is 5o small that kmccu. effects may
also be very important.

Although silver forms a serics of soiublc chloro-
complexes up 10 AgCP the corrosion of silver in
aerobic seawater is ‘dominated by the formation of

. the insoluble AgCland AgCi/Br Since silver corro-

- appear to.be. kmcncaﬂy sige

sion: products tend to remain in the vicinity of the
original ‘metal ‘the formation: of soluble AgCl5,
although thermodynaniically.: favoured, does not
ine,

op per alloys will be

The: mmerahzanon of silve

If the work history of thie artefact has resulted in a
uniform distribution of copper in the silver matrix
uniform grain corrosion will occur with both copper
and silver being oxidized. More commonly the cop-
per tends to be concentrated at the grain boundaries
and in these areas there 1s preferenual atrack on the
copper. The formartion of thermodynamically stable
and water-soluble copper  (I) chloro-complexes
results in the copper diffusing away from the metal
surface and into the concretions. Because of the dif-
ferences in pH and chlonide ion acuvity in the
concretion, hydrolysis of the copper (1) chloro-com-
plexes can occur to produce cuprite. The chloro-
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AgQO and Ag,O;, none of these have bcen reported as
‘corrosion productsion mdrine: silver. Inspection of
"the - agram for silver in‘seawater (Figure
range%(hatched) of Eh and pH

water thiese OXLdeS are un-

also'be seen that

S, formation. Tn prac;
“Eh-can' be found in
'here oxygen supply.

‘I(b)) although ‘over a- small
ie existénce of these metal stability
‘produces the srall crystals of elemen-
A ccasionally copper, in silver corrosion
products. Consider 4 silver artefact in aerobi¢ condi-
tions for several ‘years. This will have # corrosion
layer-of AgCl, AgCl/Br and copper compounds such
as CuCl and CuO. If the wreck site is now dis-
turbed, say through storm acnon, and the coin
becomes buried under a few centimerres of seabed the
potential will drop'into the region of nretal stabilicy.
Rcducuon of sﬂvcr and copper salts can now occur

1ty"betwccn thac»;

.f or scawater of

. ctcd but sufﬁ-'

:'stablhty also exxsts-’ ‘

lemental silver. Such crystals
] fi-coins from the Bamwa (Plate
1) and Rapid- w ksan:Western Australia.'® Crys-
Is of common than copper crys-
~«coms, elemental silver crystals
bserved in Ag,S corrosion products
are.much smaller than in AgCl
=12.5 pm compared to <350
t from coins initially cor-
¢ sediments (low Eh, high
the seabed as a result of
y. The alternating layers of
rrand Ang found in the corrosion
s wreck site are probably a
es in site conditions.'
vouring the formauon of
ned by other means such as
n concentration cells or by

' A'4;~IJO A’ﬁké&fob‘z'cicorrosz'on

The major dnvmg force in anaerobic corrosion of
" silver anid-its corrosion in aerated polluted waters is

the formation of the silver. sulphides, argentite and
acanthite: Since argentite is the more thermodynami-
cally stable of the two forms of Ag,$'*®:it is not
surprising to find it as a major sulphide corrosion
product. The oxidation of silver to form silver
sulphide

2Ag + 57— AgyS + 2¢” (4.28)
will be pH sensitive. since the hydrosulphide ion,

‘HS?, is a.weak acid: The fraction of sulphur (~II)
.existing as. the sulphide ion is given by the
relationshlp

:1 only 0.0017% of-the analy-
ucal concen, ation O .sulphide exists as the sulphxde
ion. In spite of its 4 parently very low activity the

T h

sulph:de ion rharked| ly increases the extent of corro-
“:sion of silver.

T aerobxc polluted waters the tmain’ cathodic reac-

tion. it silver- corrosion is‘the reduction of oxygen

wheréas. in. anaerobxc matine sediments the main

_cathodic reaction is-the reduction of hydrogen ions.
The sulphate-reducing bacteria increase the silver

corrosion rate in anaerobic water,

Elemental silver, hydrogen, water and silver sul-
phide can coexist in the range of Eh and pH asso-
ciated with marine sediments as is shown in the
Pourbaix diagram (Figure 4.3).

Electron microprobe analysis of silver corrosion
products from anaerobic environments sometimes
shows up a typically banded structure with distinct
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06 09
Thickness.(mm) : sea wh:ch was’ once part of an alrplane (alrslup) is a
made from copper-

'~alloys such Du ‘alumin. The-corrosion
assocmted w1th the: mireralization of such

Fxgure 4.4 D:smbumon’ fsilver, copper, sulphur and chlor-.
ine in the corrosion product layer ot 2, 94.5% 5.5% Cu. 4
coin after 170 ycars in, sea (dezd{ ,811)) T
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alloys in seawater is of direct relevance to conser-
vators of wreck material who are increasingly being
presented with historically important airplanes.

The possible corrosion products for marine alu-
minium covers a range of hydrated aluminium oxides
and hydroxides but to date only one, gibbsite

(Al,0;3:3H,0), has been positively identified. This -

was found by MacLeod on the Duralumin alloys

from the wtecks of the Pelikaan (1944, a DC3) and:

the- Atlantis (1932, Junkers seaplane).'”? On the same
artefacts the copper corrosion products were cuprie
oxides of unknown structure and composition.

Aluminium alloys are usually immune to general

corrosion attack -in ‘the pH range of seawater. The
proxective oxide film has such a high clectrical resist~
- ity that electrons generated in the metal cannot pass

through. the film'1o be, consuied by the. oxygen
reduction at'the seawater intérface. However, whién a -
. fuse out of the pit the high pH of the bulk solution

*“low resistance defect- occurs in the aluminitm’ film,
_passage: of electrons from the.internal metal 1o the
seawater -interface - will occur -and; under the right
coniditidns; a spot of localized corrosion will-develop

. in the'yicinity of-the defect. This typé'of corrosion:is
“known as pitting corrosion. With ahiminium, pitting
corrosion occurs in the pH range of 4.5 16:9.0 where

.the oxide film is stable. In the marine environment
the' high- coricentration of chloride ions encourages

- piuing corrosion of aluminium.'”

Although the adherent oxide film on aluminium
appears 10 be uniform to the naked eye it actually
contains many minute imperfections (up to one mil-
lion per square centimetre). These defects may be

_potential cathodic sites where conducting impurities,.

such as copper or FeAl; particles, provide a pathway

for electrons from. the aluminium metal to the oxygen- -

reduction site, i.e.:
03 + 2H20 +4eT - 40H"

‘where weakness in the oxide film can allow passage o
-1ons between the aluminium and the seawater. Thes
defects may be grain boundaries, slip-planes, oxide o

sulphide impurities or ‘other similar. d_éféCts,;3Ui'i_-dér'~
favourable/fh and pH conditions this combination of .

mherent anodic and cathodic sites will result in pi

ting corrosion. Once pitting corrosiof is initisted the

.reaction continues as shown in Figrre 4.5, ~ .

. The.main anedic reaction-occurs at.the base.of the -

-pit where AP* ions are formed -

Als AP* 4 36 (4.30)
These then hydrolyse to produce aluminium hydroxy
species and free hydrogen ions Le.:

AP 4+ nH,0 — A(OH)Q~"* + nH* (4.31)

where 7 is 1 or 2. This production of H* maintains
acidic conditions in the pit with the pH appreciably
lower than in the bulk solution. Excessive acidity in

@Sy
Anothér type of defect is the potential {andc:{ic,;sitc‘:i;—d

the pit is limited by the reaction of excess H* with
aluminium metal, namely,

Al+3H*— APT +3/2 H, (4.32)

The main cathodic reaction is the reduction of atmo-
spheric oxygen (Equation 4.3) which occurs on the
outer surface of the conducting impurities (usually
copper). Electron balance in this system is achieved
by movement of. électrons from anodic to cathodic
sites through the“aluminium mezal and conducting

impurities, o
Toni¢ charge neotrality in aluminium pit corrosion
in seawater 1s mainly by the inward diffusion of

-chloride ions and. the outward diffusion of positive

aluminium species. The inward diffusion of chlorides

.produces:a high-chloride concentration in the pit and

the-formation of aluminium chloride species. When
the aluminium ‘and aluminium chloride species dif-

causes the precipitation of hydrated aluminium oxide
‘which forms-a porous corrosion mound over the pit

site.., .
+.#"The growth of pits in aluminium is largely con-

trolled by the rate of the cathodic process (reduction
of oxygen). However pitting can also cease if the pH
increases sufficiently to cause precipitation of alu-
minium oxide within the pit and thereby clogging it
with corrosion products. The influence of chlonde
ion activity on the pitting of pure aluminium has been
extensively investigated by Lowson.'*'** Chloride
ions are selectively absorbed at corroding pit sites and
the corrosion. potential of aluminium is directly
relatedsto the chloride ion concentration, e.g.

 E corr. = —0.475 — 0.060 log [CI7]. (4.33)

‘For: 34.8%0 salinity seawater this gives a corrosion

potential-of —0:46.v
~ment the gredter. is the tendency for aluminium to

l-of ~0:46 volts. The more saline the environ-

ir-corroston.
The’'précise reason for the accelerating effect of
oridé.on-the aluminium corrosion rate is not cer-
“hloride:ions may assist in the breakdown of
i or thiéy may cdtalyse the anodic reac-
There is an equilibrium between the formation
Cl;‘in thie: pit and the formation of hydrated
um-oxide at the surface, viz,

ZA](;‘I; + 6H,O = AlLOy3H,0 + 6HCl
(pi)- " (surface)-

If the pH and chloride concentration favour the
formation of AICl; instead of Al,O5-3H,0 the pit
will remain active. Sulphate ions tend to inhibit pit
corrosion'* but ‘their concentration in seawater is
not sufficient o greatly affect the overall pitting of
aluminium.

Copper-aluminium alloys, such as Duralumin,
suffer extensively from pitting corrosion in scawater
due to their metallurgical structure. The solubility of

(4.34)
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AR+ H,0 + Clm—-H* + AIOHCH _etci

Figure 4.5 S_ch-en'zatip'diagsr?ré)

copper in alummzum is lun ted a
Duralumin alloys which'c
metals are subject to.-precip
precipitation of discrete Cx : {
solution will leave aluminium-rich regxons ‘at the
grain boundaries. Since the grain boundaries’ are
anodic to the CuAl, units these areas will be pref-
erentially attacked (see Table 4.3 for the corrosion
potentials of various aluminium alloys). The result of
this intergranular corrosion is thart the effective sur-
face area of the meral is greatly increased and the bulk
of the grain is now exposed to general corrosion.

When oxidation of the CuAl, units occurs the copper

- AICh

diaphragm

H, (temporary}

l +3’ v.'-h-Al3+ + 3/2H

and others

!

AIOHCTH

Al —— A|?3++,3e7

Alummrum metal )

.
4

. compounds as we[l as alumxmum hydromdes will be
- precipitated by the surrounding seawater..

At defect sites any copper cortosion products in
contact with:bare afuminium meral will be reduced
back o elemental copper by the aluminium'®® and so
provide new cathodic sites for the reduction of oxy-
gen. Since the pitting rate is controlled by the catho-
dic reaction the dramatic increase in- the aluminium
corrosion rate brought about by a series of copper
deposits is not unexpected. Patches of elemental cop-
per were found under the corrosion product mounds
orn metal recovered from both the Pelikaan and
the Atlantis seaplane float. The adjacent mertal was
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perforated. It is very hard to inhibit copper-
aluminium alloys against intergranular corrosion.’

4.12 Gold

Gold has been used for thousands of years in the
manufacture of jewellery, ceremonial vessels, utensils

and apparel, etc. It has also been used as a precious.
coinage metal. Gold is often alloyed with other less-

valuable metals such as silver, copper and p

extremely corrosion resistant in seawater under all
conditions its alloys with silver and copper are sub-
ject to corrosion. The corrosion in this case takes the
form of selective attack on the alloying element
which results in similar types of surface conditions as
found in dezincification.

The corrosion products formed on the arteface are
the same as those found on objects made principally
of the alloying metals, for example AgCl, AgCl/Br,

AgiSforms onsilver-gold alloys. Selective removal of
um. - thel
Although pure gold and its plannum al]oys are' 3 goid;

se metal from the alloy gives a surface richer in
111 1§ the parent material.
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