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Highlights
e Corrosion in cast iron cannon shot fragment not directly co-located with cracks
o Akaganeite occurs selectively around graphite flakes in microstructure
e Graphite acts as local, rather than global, cathode

¢ Formation of akaganeite occurred post-conservation

Abstract

A combination of X-ray analytical techniques has been used to study the microstructure and
corrosion of a 450-year-old cast-iron cannonball fragment from the Mary Rose shipwreck.
Using a 3D approach, it has been shown that akaganeite, -FeO(OH, Cl), starts to appear
~1.5 mm below the outer surface of the object, occurring selectively around non-contiguous
graphite flakes in the microstructure, with no corrosion in graphite-free regions. This spatial
analysis has given a new look inside a 450-year-old system, to see how metallographic
features interact with local chemical environments to give complex corrosion products,

centuries in the making.
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Introduction

A detailed understanding of how metallographic properties influence the corrosion of
archaeological iron is vital in the development of more effective, tailored conservation
strategies. While countless studies have looked at the microstructure of historic iron alloys, or
the structure of corrosion layers, only a handful have studied the corrosion products alongside
the metallography [1-3] and fewer have formed a direct link between the corrosion process
and the alloy composition. [4] In contrast, for modern metals, much has been achieved to
relate microstructure properties to the corrosion, from the impact of inclusions on pitting
corrosion, [5] to the inhibition effect of alloying elements. [6] However, conclusions based on
modern alloys cannot be directly applied to archaeological material. Each corrosion-reducing
advance takes the behaviour of a modern metal further away from its archaeological
counterpart. As a result, to understand how corrosion proceeds in a historic alloy,
investigations must characterise both the metal microstructure and corrosion products

concurrently.

One of the most challenging metals for conservation is iron. Archaeological iron typically
originates from one of two smelting processes: a direct process [7] that produces a solid bloom
of wrought iron in the form a-ferrite (a-Fe); or an indirect process, [8] which forms a molten,
liquid iron-carbon alloy that may be directly cast into a mould, giving a cast iron, or which can
be decarburised to form a wrought iron. While both methods produce iron that is susceptible
to corrosion, the mechanism is likely to be different for cast and wrought irons due to the
differing carbon content of the alloy. It has been recognised that this variation requires a
different conservation approach, [9,10] particularly in the case of marine iron, [9] however it is
less clear how the species of carbon — e.g: cementite (FesC) in a white cast iron, or graphite
(C) in a grey cast iron — influences the corrosion and subsequent conservation of

archaeological iron.

Corrosion of archaeological iron has been found to be accelerated by the presence of chloride
ions, CI, [11] which present a significant issue for objects excavated from chlorine-rich
environments, such as a marine burials. [1] To address this, conservation treatments for
archaeological iron focus on removal chlorine from the artefact. [12,13] A recent investigation
into the impact of conservation on cast iron corrosion [14] noted severe structural degradation
to cast iron cannon shot from the Mary Rose shipwreck (c. 1545) following a washing-based
conservation treatment. Using a destructive sampling methodology, [15] it was concluded that
this mechanical damage occurred during object storage and display, arising from corrosion

around cracks and casting voids inside the artefact. [14,15] Previous studies on the corrosion



of iron in indoor atmospheric conditions have shown that in the presence of ClI" the iron
oxyhydroxide akaganeite, pB-FeO(OH, CI), may form around cracks. [16—-18] However, as
these investigations focused on the interaction of metal with external environments, the cracks
studied were restricted to the corrosion layer [16,17] or surrounding medium, [19] rather than
inside the metal object itself. After undergoing a conservation treatment, the outer surface of
an iron artefact is typically coated with a protective layer — a wax-graphite mixture for cast
irons and a phosphate-based primer for wrought irons [9] — meaning there is limited interaction
between the metal surface and the external environment. However, damage is visually
observed to occur due to corrosion and fracturing inside the object, made apparent by eventual
breakage of the fragment from the surface of the shot. This suggests the structure below the
corrosion layer is likely to be paramount to the corrosion mechanism. To gain a better insight
into the relationship between corrosion, metal microstructure and the local internal
environment, a spatial analysis must be performed. This can only be achieved using a three-

dimensional approach.

Tomographic analyses create a 3D representation of a sample by building a series of 2D
cross-sectional slices. Individual cross-sections may consist of X-radiographs, [20] diffraction
patterns, [21] neutron radiographs [22] or spectroscopic data [21] depending on the material
and system being studied. The most common tomography, X-ray computed tomography (CT),
has been shown to be a highly effective non-destructive method for studying archaeology,
[23-25] corrosion [19,26,27] and metallography [28,29], particularly when used in combination
with 2D analytical methods. In the present work, the relationship between cracks, corrosion
and metal microstructure in archaeological cast iron is investigated through analysis of a
fragment of a 450-year-old cast iron shot, which has been subjected to known conservation
treatments over 3 decades, by synchrotron X-ray micro-computed tomography (u-CT) in
combination with microscopy and chemical characterisation of the corrosion products by
synchrotron X-ray powder diffraction (SXPD) and X-ray Absorption Near Edge Spectroscopy
(XANES).

Materials and Method

Archaeological background

Cast iron first appeared in China in the 5" century B.C., where it was typically used for mass-
produced agricultural tools. [30] In contrast, in Europe the earliest evidence of blast furnace
use dates from the 11™ century, although, until the 14™ century, the furnace products were
only used for conversion into wrought iron. [8] It is widely accepted that the first blast furnace
in England began operation in 1496 in Newbridge, Sussex in the Weald. [31,32] Unlike the

earlier European blast furnaces, the Wealden furnace was constructed, in part, to make



castings directly from the initial melt. This enabled a quick and cheap method of producing a
large numbers of projectiles. [33] In particular, cast iron was used alongside stone and lead
to make cannon shot for warships. The largest collection of Tudor cannon shot in the UK
comes from the excavation of King Henry VIII's flagship, the Mary Rose, which sunk off the
coast of Portsmouth on 19" July 1545. More than 1,200 individual cast iron shot were
recovered from the shipwreck between 1979 and 1983, [34] and over the past 35 years,

various conservation treatments have been applied in an effort to minimise corrosion.

Shot Conservation History

A fragment, approx. 13 (L) x 8 (W) x 9 (H) mm, of Mary Rose cannon shot number 81A6143,
Fig. 1, was collected for p-CT. The artefact was excavated in 1981 from the ship’s Bow side
shot store, situated on the main deck, as a concretion. At the time of excavation, the shot had
dimensions: weight, w = 1713 g and diameter, d = 86 mm. Following excavation, the shot was
passively stored in an alkaline solution, an established method of passivating marine
archaeological iron after excavation. [35] From 1981 this solution comprised NaOH (0.13 M,
pH 12) but in 2007 it was changed to an equimolar mixture of Na,COs/NaHCO; (0.15 M, pH
10). The shot remained in passive storage solution until December 2010, when it was taken
for interventive conservation. Once removed from the Na,COs/NaHCO3 solution, the shot was
rinsed in tap water, then washed in 3 consecutive baths of a 2% v:v solution of the corrosion
inhibitor Hostacor® IT, [36] Scheme 1, in tap water. This treatment was designed as a neutral
pH wash to remove CI via a diffusion mechanism. [37] The shot was immersed in the first 2
washing baths for 2 days and the final bath for 2 weeks. On completion of the final wash, the
shot was dried in a 2-stage acetone:water (1:1 and 1:0) series before being coated in wax and

placed in environmentally controlled storage.

On the conservation record it was noted that visible cracks were forming, and the shot was
returned to the conservation lab in February 2011. The wax coating was removed and the
Hostacor:water washing treatment repeated, with 3 baths lasting 2.5, 4 and 6 weeks. Following
the second set of Hostacor:water washing, the shot underwent an alkaline sulphide reduction
treatment, [38] which involved washing the shot in a solution of 0.1 M NaOH/0.05 M Na,SO4
(pH 12-13) at 45 °C. The alkaline sulphide reduction treatment was completed in November
2012, at which time the shot was dried at 50 °C and coated in wax. It was eventually put on
display in the Mary Rose museum in early 2013. In July 2013, nearly 300 shot, including this
one, were taken off display and placed in controlled storage (20 °C, 20% RH), as damaging
corrosion was observed in all the shot that had been through a soaking treatment. The outside

of the artefact began to peel off the central core of the ball, giving a large number of fragments



and a remaining core with d = 80 mm, as shown in Fig. 1-a and 1-c. One fragment, Fig. 1-b,
was mounted on a 25 mm sample holder and imaged by pu-CT in October 2017.

3D Representation

Tomography experiments were carried out at the Joint Engineering, Environmental, and
Processing (JEEP) beamline 112 at Diamond Light Source, Didcot, UK. [39] u-CT was
performed using a monochromatic X-ray beam (100 keV), using a PCO.edge CMOS imaging
camera (2560 x 2160 pixel, 16-bit depth) across an imaging area of 20 x 12 mm, with a pixel
resolution of 7.9 um per pixel. 1800 projections were recorded over 180° rotation, with an
exposure time of 0.007 s. 2D radiographs were reconstructed using the SAVU reconstruction
pipeline [40] developed at Diamond Light Source, using a standard filtered back-projection
algorithm and exported as a stack of 1901 TIFF images (2560 x 2560 pixels). One image from
the stack, image 202, was used to investigate the change in corrosion spot area using the
Analyze Particles feature of ImageJ. [41] The entire image stack, see SI Movie 1, was opened
in ImageJ, compressed to 8-bit greyscale, cropped and reduced in size to give a (337 x 519 x
444) image stack ahead of volume rendering using the software Drishiti. [42] Segmentation of
the metal, cracks, corrosion and wax volumes was performed in DrishitiPaint. The background
was removed by shrink-wrapping the reconstructed volume and closing holes <10 px in size.
After removing the background, the 4 features were then differentiated via their grayscale

values and a percentage volume calculated from the segmented voxels.

Metallographic Analysis

Following pu-CT analysis, the sample was removed from the sample holder and prepared for
metallographic analysis. The fragment was mounted in a 2-part bisphenol A epichlorohydrin
epoxy resin (MetPrep, Coventry, UK), vacuum impregnated and ground with a series of SiC
abrasive discs (grades 320-4000, grain size 40-5 um). The surface was polished using
diamond paste (grain size 3 and 1 um) and carbon coated prior to analysis using a Hitachi S-
3400N scanning electron microscope (Hitachi High-Technologies, Maidenhead). Images were
collected in back scatter electron mode with an accelerating voltage of 20 kV, collection time
of 160 s and a resolution of 2560 x 1920.

Chemical Characterisation of Corrosion Products

A second sample that had peeled off the central core of shot 81A6143 was collected, ground
to a fine powder in an agate pestle and mortar and mounted in a 0.5 mm quartz capillary
(Capillary Tube Supplies Ltd, Cornwall, UK) in a brass capillary holder secured with a
cyanoacrylate adhesive (RS Components Ltd., Corby, UK). The capillary sample was placed

in the high-resolution powder diffraction beamline, 111, at Diamond Light Source, where SXPD



measurements were performed using 5 multi-analysing crystal (MAC) detectors, A= 0.82578 A
(calibrated with NIST SRM640c Si standard) [43] at room temperature and pressure, with an
exposure time of 1800 s. Following data collection, phase identification was performed using
the software QUALX2, [44] by comparing the experimental pattern to the crystallography open
database (COD). Approximate phase proportions were calculated in QUALX2 based on the
Reference Intensity Ratio, I/lc (¢ = corundum) method, [45] accuracy £5 wt%.

An additional sample was cut from the remaining metal core using a hacksaw fitted with a
stainless-steel blade, 24 teeth per inch (tpi) for Cl k-edge XANES analysis. The cut cross-
section was mounted in a 2-part polyester resin (MetPrep, Coventry, UK) as a 25 mm circular
block. The surface of the cross-section was covered by a layer of resin until arrival at the core
EXAFS beamline, B18, at Diamond Light Source, to prevent corrosion between sampling and
analysis. On arrival at the beamline, the outer resin layer was removed by grinding dry with a
series of SiC abrasive discs (grades 240, 400, 800 and 1200). Between grades the sample
was dusted with compressed N, and on completion of final grade, the exposed sample was
placed in a sealed plastic box flushed with N2 before being mounted in a custom 3D-printed
sample holder on the beamline. The sample, detector and beam were enclosed in a plastic
bag flushed with He. The beamline optics used Cr coated collimating and focusing mirrors, a
Si(111) monochromator and Ni coated harmonic rejection mirrors. The first ion chamber (lo)
was filled with He gas. The spot size of the beam was ~100 x 100 um. Cl k-edge XANES
spectra were collected in fluorescence mode using a 4 element Vortex Si drift detector in the
energy range 2722-3200 eV with steps of 0.2 eV. The data set was processed using previously

published methodology and Cl standards. [14]

Results and Discussion

Cast iron that pre-dates the industrial revolution, [8,30,46] may be characterised as either
white or grey, depending on the form of carbon present in the metal. Which type forms is
determined by the cooling rate and composition of the melt. In a white cast iron, carbon is
present as iron carbide (FesC), giving a hard, brittle metal, while in a grey cast iron the carbon
forms graphite flakes, creating a softer, more fluid alloy that may be readily cast into intricate
shapes. [47] Typically, grey cast irons are produced using a slower cooling rate than white
cast irons, which allows graphite flakes to precipitate during the casting process. If a
temperature gradient occurs during cooling, carbon may present as both FesC and graphite,
with differing ratios across the object. In cases where both graphite and Fe;C form, the alloy
is referred to as a mottled cast iron. Metallographic examination of one Mary Rose shot
performed in 2002, [33] showed that the microstructure on the outer surface consists of

ledeburite — pearlite (lamellar a-Fe and FesC) in a cementite (FesC) matrix — changing to a



structure of graphite flakes in a ledeburite matrix towards the centre of the casting. This
microstructure is consistent with a fast cooling rate on the outside and slower cooling on the
inside. [33,34] This difference in cooling speed is also observed in the fragment of shot
81A6143. For example, in the tomographic slice shown in Fig. 2 differences in the greyscale
shade arise from the X-ray attenuation of the material, with complete attenuation giving a white
appearance — a value of 255 in 8-bit greyscale — and no attenuation a black appearance —
value 0 in 8-bit greyscale. In the shot fragment, the highest attenuation comes from the metallic
areas of the sample, giving a lighter shade (value ~160), whereas less attenuation occurs from
the iron oxide corrosion products, resulting in a darker grey (value ~115) and the cracks
appear darkest (value ~80) due to the absence of material. In Fig. 2, moving from the outer
surface of the fragment — identifiable by the applied wax layer — towards the inside of the
casting, the grain size increases, Fig. 2 insets, resulting in a structure that may be described

as a white to mottled cast iron.

Alongside this increase in grain size, the corroded areas, which appear as dark grey, circular
spots, increase in radius deeper into the casting, Fig. 3. In total, 147 corrosion spots were
resolved by the area analysis method, as outlined in Fig. 3-a, giving areas ranging from 0.010
to 0.152 mm?, with an average of 0.033 mm? and standard deviation 0.026 mm?2. Examination
of the corroded areas with an electron microscope, Fig. 4, reveals that corrosion is related to
the presence of graphite in the metal microstructure. This is consistent with corrosion around
kish graphite that has a larger size towards the centre of the casting due to a slower cooling
rate. [48] The microstructure on the outer, white cast iron, surface of the fragment consists

only of ledeburite and no graphite is present.

Correspondingly, across the whole tomographic series, SI Movie 1, corrosion products
consistently do not appear until ~1.5 mm below the outer surface. 3D reconstruction of the -
CT data, Fig. 5 and S| Movies 2 and 3 show that as the sample progresses from the wax
coating (Fig. 5 top left) to the point that was once in contact with the remaining core of the
shot (Fig. 5 bottom right), corrosion products [dark brown spots] start to appear with increasing
frequency and volume. Interestingly, although cracks [black lines] are present throughout the

sample, corrosion products are not co-located with cracks.

To investigate how each feature present in the sample varies spatially, a segmentation
procedure was developed that differentiates the metal (grey), cracks (pink), corrosion (blue)
and wax (green) volumes, Fig. 6-a based on their greyscale value. It should be noted that the

greyscale values of the cracks and corrosion features overlap — for example in Fig. 3-a two



crack areas were incorrectly identified as corrosion spots, highlighted by pink arrows — making
it challenging to fully differentiate the two features. This uncertainty has been reflected in the
volume analysis in Fig. 6-b by a larger error associated with the cracks and corrosion than the
metal and wax. Splitting the shot fragment into 3 sections, representing the outer region, the
middle region and the internal region that was once in contact with the rest of the artefact, the
percentage volume of the metal decreases, while the cracks and corrosion volumes increase
deeper into the casting. This is consistent with the 2D analysis of the sample. Furthermore,
comparison of the segmented cracks and corrosion features show that, while both increase
with depth into the fragment, their locations are not directly associated with one another, but
rather the increase in corrosion leads to greater mechanical stresses and cracking, resulting
in a global increase in cracks. Instead of being associated with cracks, the appearance of

corroded areas is closely related to the presence of graphite in the metal microstructure.

Selective corrosion around graphite in grey cast iron is a known form of dealloying corrosion,
commonly referred to as graphitic corrosion. [47,49-52] It has been demonstrated that in an
acidic solution — the environment commonly observed inside a metal crevice — graphite acts
as a net cathode [53] to metal corrosion; oxidation of the a-Fe phase (1). The graphite itself is
not reduced during the reaction, but instead provides favourable oxygen reduction reaction (2)
kinetics, [54,55] resulting in a localised increase in the corrosion rate. Graphite can further act
as an electron conductor in the corrosion process, providing an additional increase in the

reaction kinetics.

(1) Fe,——>Feg, +2e

2) 2C +20H;

+2e ——>2[C---OH] ——2C @

(graphite)

2(9) (graphite)

1
+ HZO(D + E @)

In the presence of graphite, stainless steel has been shown to corrode at double the rate when
compared to a system with no graphite present, and forms larger voids in the metal. [56] The
initially proposed model of graphitic iron corrosion suggested that the process may only occur
if a continuous network of graphite is present in the alloy [47,49] and would not be observed
if graphite forms isolated nodules or flakes. The graphite found in the Mary Rose cannon shot
investigated in this work does not form a continuous network and occurs instead as isolated
flakes. Yet preferential corrosion around graphite is still observed, Fig. 4. This means a
continuous graphite network is not necessary for graphitic corrosion to occur. As a result, it
may be concluded that the localised increase of oxygen reduction kinetics on graphite plays a

more important role in increasing the overall corrosion rate than the global effect of increased



conductivity from a graphite network. However, this is a simplification as it does not consider

the role of chlorine and other salts present in the environment.

To better understand the corrosion reaction that occurred inside the shot, a chemical
characterisation of the corrosion products was performed. A second fragment of shot 81A6143
from the same area of the object as the sample used for tomography was ground to a fine
powder and analysed by SXPD, Fig. 7, to characterise the crystalline phases present. The
diffraction results support the metallographic analysis, where the predominant phase is FesC
with some graphite in the sample. The only corrosion product identified was the chlorinated
iron oxyhydroxide, akaganeite, 3-FeO(OH, CIl). Akaganeite has a crystal structure stabilised
by chloride, [57] and can form only if chlorine (or fluorine) is present in the system. [58] As a
result, identification of B-FeO(OH, Cl) below the surface of the object means that chloride must

have been available for reaction inside the shot during corrosion.

Within the akaganeite crystal, two chlorine sites are present: partially bound chloride adsorbed
to the surface of the crystal, Clsyr, and structurally bound chloride within the tunnel structure of
the crystal, Clsy.. [59] Earlier work has shown that these two sites may be differentiated by X-
ray Absorption Spectroscopy, [14,59] which is particularly useful for studies of iron post-
conservation, as only one site — the mobile Cls,r — is thought to be removed during a washing
based conservation treatment. [57,59,60] Loss of Cls,, during aqueous washing may be
observed by a decrease in the pre-edge feature in the akaganeite Cl k-edge XANES. [14] This
is illustrated in Fig. 8-a for a lab-synthesised akaganeite standard immediately after synthesis
(red), where a pre-edge can be seen, and following 1 month of washing in dH>O (blue), where
the pre-edge has been lost. In the XANES spectrum of the akaganeite from shot 81A6143,
Fig. 8-b (green), a pre-edge feature is observed. This indicates Cls, is present in the crystal.
If it is assumed that the conservation procedures applied to the shot have a similar effect to
washing of the standard, i.e: removal of surface bound Clsy, these results suggest that
akaganeite from shot 81A6143 did not go through the conservation treatment. Instead, the
phase likely formed after treatment, while the object was in storage. For akaganeite to form
inside the object post-conservation, Cl, oxygen and water must have been available for
reaction in internal areas of the shot, transported via the crack network. This chlorine may
either have originated from the tap water used to prepare the treatment solutions, or from
residual Cl not removed during conservation. As a result, although the corrosion reaction is
localised to graphite sites, it would not have been able to proceed without the local

environment created by the transport network of the cracks.

Conclusions



In this work, a powerful suite of techniques has been used to understand the 3D process of
corrosion in marine archaeological iron. The results indicate that the corrosion process of a
cast iron is dependent upon microstructure and phase composition, which are controlled by
the smelting conditions and elemental composition of the alloy. The outer ~1.5 mm of the Mary
Rose cannonball investigated comprises of a-Fe and FesC and shows no corrosion. However,
below 1.5 mm, graphite is developed, and corrosion has occurred preferentially around the
graphite, frequently causing exfoliation of the outer surface. The graphite is present as isolated
flakes, meaning the continuous graphite network assumed necessary in previous corrosion
models was not present. This implies that graphite is acting as a local, rather than a global

cathode.

The main corrosion product, the chlorinated iron oxyhydroxide, akaganeite, appears to have
formed after conservation was performed to mitigate corrosion of the artefact. As this phase
forms only in the presence of chlorine, it may be concluded that corrosive species were
transported to the interior of the artefact during or after treatment. This is likely to have been
primarily via the network of cracks present throughout the sample, causing corrosion below
the surface of the ball, leading to further cracking and eventual fracturing of the object. To
alleviate this, during conservation, care should be taken to avoid contact with fluids such as

tap water, which practitioners may not be aware has an intrinsic concentration of chlorine.
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Scheme 1 Structure of corrosion inhibitor Hostacor IT used in shot conservation treatment.

Fig. 1 Mary Rose shot number 81A6143 a: remaining metal core and flaked off fragments and

b: fragment used for u-CT; c: sketch of the fragmentation process.

Fig. 2 A reconstructed tomographic slice, with insets showing microstructure detail in the inner

and outer areas of the fragment.

Fig. 3 Change in corrosion spot area with depth into casting; a outline of all corrosion spots
included in the analysis and b change in area with distance from wax coating (green line =
linear regression fit). Pink and yellow arrows indicate spots removed from scatter plot due to
not representing a corroded area. The yellow arrow was used to determine the y co-ordinate

of the wax layer. All distances are taken with respect to this location.

Fig. 4 Backscattered Scanning Electron Microscopy images of the corrosion spots at a 50x
and b 200x magnification, with graphite flakes visible throughout all corrosion spots. Light grey

= metallic matrix (pearlite + cementite), mid grey = corrosion and dark grey = graphite.

Fig. 5 3D reconstruction of tomography data, slicing through the sample (see Fig. 1-b) from
the applied wax coating (top left) to the edge of the sample which had once been in contact
with the rest of the object (bottom right). Light brown shade corresponds to the metallic areas
of the sample, while dark brown spots represent the corrosion products and cracks can be
seen in black. Sample height ~8 mm, for more see S| Movie 3.



Fig. 6 Volume segmentation of different features present in the 3D tomography data. The
volumes of interest are shown in a across the whole sample, section 1 (outer region), section
2 (middle region) and section 3 (internal region) with false colour for the metal (grey), cracks
(pink), corrosion (blue) and wax (green). The corresponding volume percentages of each
feature are shown per region in b. Ticks indicate estimated uncertainty in the segmentation
procedure.

Fig. 7 SXPD of a fragment of shot 81A6143 (green) showing ICSD database patterns for
cementite, 99017 (light grey), graphite, 31829 (dark grey) and akaganeite, 69606 (red). Inset
shows the semi-quantitative phase proportions calculated using the QUALX2 software.

Fig. 8 Cl k-edge XANES of a: akaganeite standards (data from [14]) and b: Mary Rose
samples. For comparison the sample from this investigation (81A6143, green) has been
plotted with a washed akaganeite from another Mary Rose shot, see [14]. Insets show zoom-

in of pre-edge feature.
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