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Abstract

Electrolytic treatment at low currents intensities has been applied to a piece of cast iron, with the object of optimising a suit-
able methodology for the conservation of archaeological objects of iron. This technique has proved to be effective in the extrac-
tion of chloride from the structure of akaganefiefe OOH(C))), the principal corrosion product of iron in the marine medium.

The effectiveness of the electrolytic treatment has been proven by applying the Rietveld method to the patterns of X-ray
powder diffraction of samples extracted from the corroded surface before and after treatment. This method has permitted
the unequivocal determination of akaganeite by means of the deconvolution of the diffraction peaks overlapping those of
other components of the sample. At the same time, the chemical composition of this non-stoichiometric iron oxyhydroxide
has been determined. The presence or absence of chloride has been corroborated by means of scanning electron microscop
and energy dispersive X-ray spectroscopy. After the electrolytic treatment, akaganeite was not present in the sample. Thus,
Rietveld analysis has been shown to be a very useful tool for monitoring the chloride extraction process, and for determining
the presence of this oxyhydroxide of iron.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction [1]. Its origin is the biological colonization by marine
organisms whose skeletal material constitutes the ini-
Archaeological objects made of cast iron recovered tial coarsening base. This layer, which is calcareous
from marine sites are characterised principally by thick in nature, interacts with species of#eand Fé* in
concretions, with cathodic corrosion being the driving diffusion, originating from the underlying met§?],
force of the process by which this concretion is formed thus producing chemical modifications in its compo-
sition. The result is a compact mineral casing adapted
mponding author. Tek:-34-956016178; to the_ surface of the _ObJeCt' .
fax: +34-956016471. Inside the concretion, the object undergoes a pro-
E-mail addressalmoraima.gil@uca.es (M.L.A. Gil). cess of corrosion that transforms the iron into chemical
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compounds distributed in uniform phases, from the electrolyte, a cathode (the iron object) and an anode.
remaining metallic nucleus out to the external graphi- The electrons required for the reaction are supplied by
tized zone composed of @, FeO(OH), SiQ, FeC, the application of an external voltage from an electri-
iron chlorides, and graphite. The graphite forms an cal source.
interlinked three-dimensional network that preserves  The application of low intensities of current mini-
the form of the original objecf3]. The graphitised mizes the evolution of hydrogen on the cathode, which
zone retains the appearance of the object, but has dedincreases the rate of extraction of Cby increasing
pleted the physical properties of the metal, converting the area available for their diffusigih4]. Additionally,
it into an aggregate of mineral products. In function the employment of small currents enables the graphi-
of the time of immersion and of the physico-chemical tized zone to be consolidated, due to the reduction of
conditions of the surroundings, non-corroded or only the iron oxyhydroxides of which it is composed, prin-
partially corroded ferrite and perlite will be presentin cipally akaganeite, (Fe O(OH)(CL,)), that is initially
the nucleus of the metal, in sections contiguous to the transformed into goethitexFeO(OH)), and later into
graphitized zong4]. magnetite (FgO4 or FeOFe03) [15]. This denser
Given that graphite is an electrical conductor, it pro- compound encourages the diffusion of chloride ions
vides a path for the electrons from the nucleus of the from the interior of the piece and consolidates the ex-
metal towards the external surface of the artefact. If ternal metallic part, preventing subsequent oxidations.
this is partially dried in air, the components of the iron This paper reports a study of the quantitative
chloride decompose to form g@3, FeCk, HCI and changes produced by the electrolytic method in the
FeO(OH). This mixture of compounds provides almost composition of a cast iron cannon ball, employing
ideal conditions for corrosion, and in the presence of low current densities. Unlike other studies, the corro-
atmospheric oxygen, this takes place very rapjély sion products of iron have been analysed structurally
In environments with an excess of free chloride ions, and mineralogically; this has permitted the analysis
these ions are incorporated into the first monolayer of of the X-ray diffraction patterns to be used to check
some corrosion products. The process of total degra-the extraction of chlorides, and to demonstrate the
dation is determined to a large extent by these Cl effectiveness of the electrolytic treatment.
present in the graphitized zone, in concentrations be- The X-ray diffraction patterns have been analyzed
tween 6 and 12 wt.%3]. using the Rietveld methdd 6,17] This method over-
Therefore, the principal aim of any treatment of comes the disadvantage involved in the use of such
archaeological iron of marine origin is to eliminate profiles in the primary analysis of the corrosion prod-
chloride from the corrosion products. If this is done ucts of Fe[18], due to the overlapping of diffraction
successfully, the development of the corrosion pro- peaks presented by the various oxides and oxyhydrox-
cess due to chloride ceases and the rate of corro-ides[19]; this overlapping constitutes a common char-
sion is reduced to more manegeable levels, where acteristic of the polymineral pattef20]. Therefore,
“conventional” methods against corrosion can operate this method has enabled each component to be deter-
efficiently. mined unequivocally, as well as allowing a quantita-
An examination of different techniques for cleaning tive study to be made of these components before and
away chloride has shown that the limiting step in the after the treatment.
release of these ions is their diffusion from the cor-
rosion products. An increase of the velocity of diffu-
sion of CI” in corrosion products can be achieved by 2. Experimental
transforming the compounds of iron into other more
dense compounds by reduction. Such reduction can2.1. Characteristics of the object
be carried out by various meaf-10], electrolysis
being one of the methods most commonly employed  The object studied is a cannon ball, probably asso-
[11-13] ciated with the wreck of the San José, a vessel of the
Basically, this functions as an electrolytic cell, con- Philippines Armada sunk in 1619 after a storm in the
sisting of a receptacle with a conducting solution or Bay of Bolonia, Straits of Gibraltar (SW, Spaif21].
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(b)

Fig. 1. Photographs of the ball with (a) and without (b) concretion.

After its recovery, the object was immediately im- centration of chloride in the solution remained below
mersed in a solution of 0.5M NaOH. The total mass 50 ppm for 1 week.

of the object was 1.6 kg, of which 0.4 kg corresponded

to the calcareous concretion, which was eliminated 2.-3. Analysis of the samples

mechanically. Its appearance and characteristics with ) )

and without the concretion can be seenFilg. la For the analysis of the com_pone_nts present in the
and b respectively. The thickness of this layer of Samples, the X-ray powder diffraction (XRD) spec-
concretion was 2 cm and the diameter of the cast iron /& Were used; these were recorded by means of a
cannon ball was 6 cm, with a film of corrosion prod- Philips diffractometer with a graphite monochroma-
ucts of 1 cm thickness. The original cannon ball was ©F (CuKe), at 40kV and 40 mA. The step-scan data
divided into four equal sections. To prevent contact Were collected over thefzangular range 3-80using
with the electrolyte solution, the internal surfaces & Step size of 0.015 and a counting time of 2's per step.
were protected with a film of Epofix Struer 40200029  For the quantitative analysis of the different com-

resin. ponents of the X-ray diffraction spectra, the Rietveld
method was employed, and for the treatment of the
2.2. Electrolytic treatment data obtained by this method, the original Fullprof

program of Rodiguez-Carvajal et al[22] has been

The object was placed in an electrolytic cell as the utilized.
cathode, surrounded by an anode of perforated alu- In comparison with conventional quantitative meth-
minum to facilitate the circulation of the electrolyte, ods based on the calculation of the integrated in-
which consisted of a solution of 0.5M NaOH. The tensities, the Rietveld method eliminates the errors
voltage was supplied by a Silver Electronics EP-925 associated with the overlapping of peaks and with
dc source. The range of potential on the cathode during the preferential orientation, since it is based on the
the experiment remained betweef.94 and-0.88V analysis of the complete powder diffraction profile,
versus Ag/AgCI/KCI, these values falling within the in such a way that the experimental data can be fitted
immunity zone of the Pourbaix diagram. to a structural modgR3].

The current of the cathode was maintained at ap- In this method, the optimization procedure of a
proximately 5Q.A by means of a resistor inserted point-to-point fit by least squares minimizes the differ-
between the current source and the cathode. The so-ences between the experimental values of the intensi-
lution of the bath was renewed periodically so as to ties and those calculated by the model. The fit between
keep the concentration of chloride below 50 mgl the experimental and calculated profiles is usually ex-
These conditions were maintained for 2 months, and pressed in terms of the standard index of goodness
the treatment was considered finished when the con- (standard agreement indices). Notable among these is
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the goodness of fit index (G of F), defined by Young Table 2

et al.[24]. Mineral phases present in the interior of the ball before the elec-
To obtain the calculated values, both the parameters "Y'

associated with the crystalline structure of the min- Bragg Mineral name ~ Compound ~ wt%  S.D.

erals that comprise the diagram and the parametersreflections

associated with the diffraction spectrum (profile of Phase 1 Quartz S0 6.80 0.76

reflections and background parameters) are utilized. Phase 2 Cementite 3€e 8.77 0.63

. . Phase 3 Alpha-iron -Fe 84.43 0.13
In addition the abundance of each phase present in P *

the sample is determined from scale factors that are

obtained by refining the experimental diffractogram mentite (GFe) and quartz (Sig). The analysis fol-

in function of the calculated profiles and of the back- lowing the Rietveld method has enabled the contribu-
ground[25]. tion, expressed in wt.% including associated standard

In this study, quantitative analyses have been made deviation, of the three minerals to the total reflections
of all the minerals identified, together with refinements present in the profile to be determined, and the spe-
of the parameters of the profile and of the cell. In cific contribution of some of the components to the
addition, in the case of the non-stoichiometric phases, intensity of the principal diffraction peak located at
the atomic coordinates and the factor of occupation 2.03A (¥ = 44.62°). That maximum intensity is the
were also refined. The goodness of the fit (G of F) was result of the presence of-Fe and of cementite in the
<2 in all the refinements. sample, minerals that have a similar spacing (d). The

The chemical composition of the metallic nucleus fit made corresponds to the crystalline phases present
of the object was determined using a Spectrolab Jr in the profile. However, ifig. 2is analyzed in detalil,
model Spark Spectrometer, from Spectro. The mi- two poorly defined peaks in the range af @round
crostructural characterization was performed with a 4.5 and 18, respectively, can be observed. The rela-
Jeol 820-SM model scanning electron microscope, fit- tively limited resolution of the peaks demonstrates a
ted with a LINK AN-10000 model energy dispersive scarcely crystalline phase and its fit involves a certain
spectrometer (EDS). difficulty. Due to this, the percentages expressed in
Table 2should be considered as relative and approxi-
mate.

This identification provides information about the
principal elements (Fe, Si, C) present in the casting
process during the manufacture of the cannon ball. The

Table 1shows the nominal composition of the nu- combination of these chemical elements explains the
cleus of the ball before the electrolysis treatment, ob- Presence of the mineral phases previously mentioned.
tained by spark emission spectrometry. The internal structure of the cannon ball corre-

The results of the analysis of the X-ray diffraction SPONdS to that of a grey casting irdfig. 3, showing
spectra are presented Table 2and inFig. 2 These  flakes of graphite (dark lines) and perlite filling (ce-

3. Results and discussion

3.1. Internal composition of the object

results show several components formechbiye, ce- mentite anda-Fe). Some parts of the graphite are
combined with iron, forming cementite. These are
Table 1 the typical constituents of many historical casting

Nominal composition of the nucleus of the ball before the elec- jrons[26,27]and are consistent with the composition
trolysis treatment, obtained by spark emission spectrometry determined by spark emission spectrometry and the

Element Percentage analysis of the XRD patterns. This internal composi-

Fe 94.356 tion remains unaltered after the electrolysis.

Si 0.267 The result of the metallographs in portions of the

Mn 0.110 object before the electrolytic treatment is shown in

z 883‘21 Fig. 4. In this figure, films of primary graphite or type
u .

C graphite, also known as “foam graphite”, can be ob-

c 5251 served; these are characteristic of hypereutectic cast-
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Fig. 2. Fit of the XRD-Rietveld phases of the internal composition before the electrolysis. The circles represent the experimental pattern of
diffraction, and the continuous line the calculated pattern. The Bragg positions for the minerals involved are shown. Phase 1: quartz, phase
2: cementite, and phase &:iron. The last curve represents the difference between the experimental and calculated diffraction patterns.

ings. Itis termed “foam” because this type of graphite
only appears during cooling, in the interval between
the liquidus line and that of the eutectic, and since it
is less dense than the iron, it tends to float.

This datum is confirmed by analyzing the chemical
composition of the object. It can be observed that the
content of carbon equivalent, %€ (%Si+ %P/3),
exceeds 4.3. In other words, considering the contri-
bution not only of graphite, but also of silicon and
phosphorus, the resulting casting is hypereutectic. In
addition, the presence of a matrix of perlite (cementite
and ferrite) is again observed in the metallographs.

3.2. Composition of the corroded surface of
the object

While the object has remained in the marine
medium in contact with sediments, the surface has
undergone a process of corrosion—concretion. There-

surface taken before and after of the treatment. An
example of the Rietveld fit corresponding to the com-
ponents listed iMable 3is presented irfrig. 5.

The characteristics of the analysis made with the
Fullprof program enable the minerals present, as listed
in this table, to be determined without ambiguity,

fore, the analysis of the sample obtained from its
external surface must reflect the presence of the min-

erals that constitute the sediments, as well as those
minerals due to the process of corrosion—concretion.
Tables 3 and &how the results of the quantitative
phase analysis, and the associated standard deviation
for each component, for the samples of the corroded

Table 3

Mineral phases of the corroded surface before the electrolysis

Bragg Mineral name Compound wt% S.D.

reflections

Phase 1 Quartz Si0 45.30 0.36

Phase 2 Akaganeite #eO(OH)(Clg19) 20.73 0.23

Phase 3 Magnetite BE Fe?t Oy 1.85 0.46

Phase 4 Plagioclase NaAlSi3Og 18.46 0.29
(albite)

Phase 5 Siderite E&CO3 13.66 0.22

Table 4

Mineral phases of the corroded surface after the electrolysis

Bragg Mineral name Compound wt.% S.D.

reflections

Phase 1 Plagioclase NaAlISi3zOg 8.53 0.49

(albite)

Phase 2 Goethite BeO(OH) 9.19 0.37

Phase 3 Magnetite pEFetO, 2323 0.37

Phase 4 Quartz Sio 59.04 0.75
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Fig. 3. SEM image of the interior of the cannon ball, showing flakes of graphite (dark lines) and perlite filling (cementitd-epdand
the corresponding EDS analysis.

despite the mutual overlapping of peaks that some of fit of the profile, for the non-stoichiometric phases,
the minerals present. On this point, the most notable has allowed us to refine the atomic coordinates and
case is the presence of akaganeite and its contribu-the factor of occupationlable 5gives these data for
tion in the profile, for all those reflections specific akaganeite, and its chemical composition.

to this mineral that are reflected by the wt.% value  The presence of all the components is not due
in Table 3 The intensity of the reflections located at to the same process of formation: akaganeite,
3.33A (¥ = 26.685) and 2.54A (2 = 35.18) are Fe**O(OH)(Ch.19), is the oxyhydroxide of the
the result of the contribution of akaganeite, as well B-phase of the iron, and is a corrosion product of
as of the presence of quartz for the first peak and iron in environments that contain chloride, normally
of magnetite for the second. Other components of observed in archaeological iron objects from marine
the profile are siderite and plagioclase (albite). The sites. It has a crystalline structure of the hollandite
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Fig. 4. Characteristic metallographs of a hypereutectic casting
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type containing cavities of tubular appearance where
the chloride ions residg28]. These chloride ions
are necessary for its formation and stabilization. The
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Other compounds are magnetite £Bg or
FeOFe03), an oxide where the iron has two states
of oxidation, Fé* and Fé*t, and siderite (FeC§),
iron(ll) carbonate produced by anaerobic corrosion,
by direct precipitation or involving sulphate reduction
to FEt. In this last case, the excess of?Fewith
respect to SH in the presence of HC§ causes the
precipitation of siderite. Both magnetite and siderite
are products typical of the processes of corrosion
during the formation of the concretioifif].

Quartz and plagioclase albite, NaAlSs, are
compounds present in marine sediments, the environ-
ment in which the ball has undergone the corrosion—
concretion process.

After the electrolytic treatment, the phases present
are shown inTable 4 Rietveld analysis distinguishes
the presence of goethite, since this mineral presents
reflections that overlap those of quartz. However, the
most striking result is the absence of akaganeite. In
Fig. 7, the appearance of the treated surface, as re-

presence of this mineral has also been corroboratedvealed by SEM, can be observed, together with the

by means of SEM. IrFig. 6, one of the most fre-
quent types of morphology in which this mineral is
found[15] can be observed in the shape of the tip of
a cigar. Also the chemical analysis by means of the
corresponding EDS spectrum shows the presence o
CI~ ions in its composition.

EDS spectrum that reflects the absence of chlorides in
the sample.

This finding demonstrates how effective the elec-
trolytic treatment is in the extraction of chloride; we
fcan thus, interpret from this that the extraction of chlo-
ride causes the structural instability of the akaganeite.

1900
1600

1300
1000

700

400 |
100 PN

Intensity (a.u.)

| |
-200 I

-500

800 L i : i ;

| N

'™

N W EW

|

3 12 21 30 39

48 57 66 75 84

20 (")

93

Fig. 5. Results of the XRD-Rietveld fit of the corroded surface before the electrolysis. Symbols are the sarfig.a2 iRhase 1: quartz,
phase 2: akaganeite, phase 3: magnetite, phase 4: plagioclase (albite), and phase 5: siderite.
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Table 5
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Parameters of the cell and of the profile (Akaganeite2tE&OH)(Clg 19)—space groupC2/Ma)

Atom No. Oxidation state X y

Fe 1 +3 0.35969 0.00000 0.51393 0.00633 1.00000
Fe 2 +3 0.14355 0.00000 0.79410 0.00633 1.00000
(e} 1 -1 0.28090 0.00000 0.60579 0.01013 1.00000
O 2 -1 0.35039 0.00000 0.30089 0.01013 1.00000
(e} 3 -1 0.42827 0.00000 0.20182 0.01013 1.00000
O 4 -1 0.21112 0.00000 0.14899 0.01013 1.00000
Cl 1 -1 0.00000 0.00000 0.00000 0.02533 0.77354

Atomic coordinates and factor of occupation for the akaganeite non-stoichiometric phase.
aCell parametersa = 14.8167 A;b = 3.0308 A;c = 10.5966 A;« = 90.0000; 8 = 134.8074; y = 90.0000. Width parameterst)
= 0.00094;V = 0.00089;W = 0.00055.

This finding can be deduced from the presence of as aresult of the treatment, a change has been induced
goethite and magnetite in the XRD spectrum. On the both in the composition and in the structure of the oxy-
one hand, the composition of goethite $£&(OH)) hydroxide, as described in the literat&¥]. On the
corresponds to the same iron oxyhydroxide as aka- other hand, the increase in the content of magnetite
ganeite but with no chloride in its structure. Therefore, is due to the conversion of akaganeite, in accordance

S AccV Spot Magn Det WD FH——— 10um
# 200Kv50 10000x SE 50
£ e, TN

Fe

Cl
Fe Fe
Fe i

0 ol ]

Ll

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Fig. 6. SEM image of the corroded surface before the electrolysis, and the corresponding EDS analysis.
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Fig. 7. SEM image of the corroded surface after the electrolysis, and the corresponding EDS analysis.

with the reduction reaction (1). the corrosion productf32]. Finally, in Table 4 the
+ - absence of siderite in the X-ray profile is also notable.

3FeQOH) +H™ + e — Fe&04 +2H,0 (1) This absence can be explained taking into account the

According to Pearsoifi29], this reaction leads to  evolution of hydrogen on the cathofié8], since this
a decrease of the volume of approximately 1.7cm phase is easily altered in the presence of protons.
mol~—! akaganeite. This increase in density will have
facilitated the diffusion of chloride from the object to
the solution during the electrolytic treatment. 4. Conclusions

The transformation reaction (l) has been fully de-
scribed in the literature, with the presence of reduc-  The electrolytic method, applying low intensities of
ing agentg30,31] being an essential requirement. In current, has been utilized to extract chloride ions from
our case, the reducing agent is the electrical potential, a cast iron cannon ball that had undergone a process
since the reducing action of NaOH at ambient tem- of corrosion, submerged for several centuries at the
perature requires a very long period of time to take bottom of the sea.
effect[15]. It has been described that the existence of  Using spark emission spectrometry, SEM, EDS and
akaganeite in the presence of chlorides is one of the XRD to analyse the internal composition of the ob-
reasons that explain the high content in magnetite of ject, it was observed that this correspondedvibe,



254

cementite and quartz, these being the mineral com-
pounds of the principal elements (Fe, Si, C) present
in the casting process during the manufacture of the

cannon ball. This mineralogical composition remained
unaltered after the treatment.
Rietveld analysis of the XRD patterns of the cor-

M.L.A. Gil et al./Analytica Chimica Acta 494 (2003) 245-254

[9] H.J. Plenderheit, A.E.A. Werner, The Conservation of
Antiquities and Works of Art, Oxford University Press,
London, 1976.

[10] D. Watkinson, Chloride extraction from archaeological
iron: comparative treatment efficiencies, Archaeological
conservation and its consequences, in: Proceedings of the
16th International Congress, Copenhagen, 1996.

roded surface before the treatment enabled the identi-[11] D. Hamilton, Basic Methods of Conserving Underwater

fication of akaganeite, by deconvolution of the highest
intensity peak located at 3.33 Aq2= 26.685). Addi-

Archaeological Material Culture, US Department of Defense,
Washington, 1996.
[12] R. Walker, Br. Corros. J. 31 (1996) 69.

tionally, the stoichiometry has been determined as that [13] N.A. North, Electrolysis of marine iron, in: Proceedings of the

corresponding to akaganeite,3Ff©(OH)(Clo_lg).
After treatment, the mineral phases containing iron

Papers of First Southern Hemisphere Conference on Maritime
Archaeology, Society of Oceans, Melbourne, 1977.

present on the surface of the object are goethite and[l4] W. Carlin, D. Keith, J. Rodriguez, Stud. Conserv. 46 (2001)

magnetite. From this finding, it is deduced that the
electrolysis has produced the extraction of chloride
from the piece, thus inducing the structural instabil-
ity of the akaganeite and its disappeararideerefore,

[15] R.M. Cornell, R. Giovanoli, Clay Clay Miner. 38 (5) (1990)
469.

[16] H.M. Rietveld, Acta Crystall. 2 (1967) 151.

[17] H.M. Rietveld, J. App. Crystall. 2 (1969) 65.

Rietveld analysis of the XRD spectra is demonstrated [18] D-C. Cook, A.C. Van Orden, Corrosion, 2000.

to be a very useful tool for monitoring the electrolytic

[19] T. Fukasawa, M. Iwatsuki, M. Furukawa, Anal. Chim. Acta
281 (1993) 413.

treatment, and thus determining the presence of aka-[20] N.J. Elton, P.D. Salt, Anal. Chim. Acta 286 (1994) 37.

ganeite in the sample.
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