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Abstract The Akko Tower Wreck is the remains of a
25-m-long merchant brig, which sank in Akko harbour
during the second quarter of the nineteenth century. During
underwater excavations, three iron-strapped deadeyes were
retrieved from the shipwreck. Metallurgical investigation
revealed information related to the manufacturing tech-
nologies of the objects. The presence of equiaxed grains
combined with elongated inclusions indicates that the
strops were made from indirect-smelted wrought iron
manufactured by hot-forging and joined by riveting and
forge welding. The welding zone of the loop was identified
as a plain lap joint, and that of the chain links as a scarf
joint. The high concentration of inclusions found on the -
forge-welding fracture surface may indicate the use of sand
as the flux material. The composition, microstructure and
manufacturing technology suggest that the deadeyes were
manufactured during the second quarter of the nineteenth
century, which supports the dating of the ship by other
evidence.
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Introduction
The Akko Tower Wreck

The historic walled port city of Akko (Acre, St. Jean
d’Acre, Akka) is located at the northern extremity of Haifa
Bay, in northern Israel (Fig. 1). In 1966, during an
underwater survey of the ancient harbour of Akko, a
shipwreck designated as the Akko Tower Wreck was dis-
covered. The shipwreck site is situated about 35 m north of
the Tower of Flies, after which it was named (Fig. 1), at a
maximum depth of 4.4 m. Since this discovery, it has been
surveyed twice, in 1975 and 1981 [1, p. 222; 2, p. 195; 3].
However, the researchers came to conflicting conclusions
regarding the original ship. Consequently, four seasons of
underwater excavations were conducted in 2012, 2013,
2015 and 2016 by the Leon Recanati Institute for Maritime
Studies of the University of Haifa.

The shipwreck, lying north-east to south-west, is 17.8 m
long and 6.4 m wide. Among the hull remains were sec-
tions of the keel, rising wood, keelson, hull planks, framing
timbers, ceiling planks, limber boards, and longitudinal
reinforcing components [4]. Preliminary study of the
shipwreck indicated that it is the remains of a 25-m-long
merchant brig, dated to the first half of the nineteenth
century, and built under the influence of the French ship-
building tradition in an established shipyard [4, 5].

A variety of items was found during the excavations,
comprising rigging elements, wooden and metal objects,
ceramic floor tiles, and stones. The finds were documented
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Fig. 1 Location of Akko and
the Akko Tower Wreck
(Drawing: N. Yoselevich and J.
Asuli)

400 609Miles

200 400 600 Kilometers
[

on site, retrieved, registered, and are being studied [4].
Among the rigging elements were iron-strapped dead-
eyes—the subject of this article.

The Iron-Strapped Deadeyes

Important information can be derived from rigging ele-
ments about various aspects of the ship [6]. Deadeyes were
components of the standing rigging of a ship and were used
in pairs to secure the ends of shrouds to a chain plate fixed
to the hull, in order to provide lateral support to the masts.
The deadeye was a round, flat, hardwood block, pierced
with three holes. Around its circumference was a flat
groove for an iron strap, or a groove for a rope, depending
on its use. A lanyard was reeved through the holes in each
pair of deadeyes, allowing the shroud to be set up taut by

Ancient

32°55.62°’N

H0T°S005€

EE
Akko * + ;<= Rampart
Tower: |
‘Wreck:
@ +
o

0 200
————— M

pulling them together [7, p. 11; 8, p. 410; 9, pp. 234-235;
10, pp. 168-169; 11, p. 251; 12, p. 165].

The shape of the deadeyes and their assemblage has
changed through the centuries. Drop- or pear-shaped dead-
eyes were used from about the mid-fifteenth to the first half of
the seventeenth century. From the middle of the seventeenth
century, round deadeyes came into use [13, p. 70 figs. 49 and
50; 14, p. 244]. Ships of all nations used futtock plates, ‘a
narrow plate of iron, having a deadeye bound in the upper
end’ [7, pp. 13-14], during the first four decades of the
seventeenth century. Later, round-section iron strops were
used in Europe, but the British reverted to flat-section iron
strops around the mid-seventeenth century and retained this
design throughout the eighteenth century [13, p. 68].

During underwater excavations, two concretions were
retrieved from the northern section of the wreck site
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(Fig. 2). Radiographic tests (RT) were performed on the
concretions before taking any action that might have
damaged the archaeological find [15, p. 444], which was
subsequently carefully disassembled by breaking the con-
cretion coating. Three deadeyes were exposed: two dead-
eyes, 163A and 163B, were connected by their thick
concretion layer. Deadeyes 163A and 164 were in a good
state of preservation, while 163B was less well preserved.
Each one comprised an iron strap which encircled the
wooden block, a futtock plate, and a chain with 14 sur-
viving links at the lower end (Fig. 3a, b). The chain,
referred to as the ‘futtock shroud’ [9, p. 332; 10, p. 54], was
connected to the futtock plate using a shackle closed with a
bolt and pin [7, p. 27]. The presence of the iron strap and
the chain indicate that the deadeyes functioned as the lower
deadeyes of a pair, and were probably used for rigging the
topmasts [8, p. 1214; 9, p. 332; 10, p. 54; 11, pp. 67-68].

The wooden deadeyes were made of oak (Quercus sp.)
and had an average diameter of 15.5 cm and an average
thickness of 9.5 cm. The overall length of the deadeye and
the futtock plate was 58.3 cm. The length of deadeye 163B
bolt was 6 cm, and its outer diameter was 32 mm. The
diameters of deadeye 164 chain links 4 and 5 were 14.4 and
14.1 mm, respectively [5]. All the dimensions mentioned
in this work are those of the archaeological items and not of
the original manufactured objects.

Under the concretion layers, the artefacts suffered from
corrosion on their surface, but their core was well pre-
served (Fig. 3). Deadeye 163A was the best preserved of
the three. Previous XRF and SEM-EDS chemical analysis
of the straps demonstrated that they were made of wrought
iron containing small amounts of P, Si, Mn, S, Al, Ca, Mg,
and Cu [5]. Metallographic observation of the straps
revealed a ferrite matrix, with 50- to 80-um equiaxed

Fig. 2 Iron-bound deadeyes covered with a thick concretion coating
(Photo: J. J Gottlieb)
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Fig. 3 Deadeye 163A: (a) top view of the deadeye, showing the loop,
bolt and securing element; (b) side view of the deadeye (Photographs:
J. J. Gottlieb, Drawing: R. Pollak); and (c¢) suggested reconstruction of
the deadeye (Drawing: A. Ben Zeev)

grains (both at the L-CS and T-CS) and preferentially
oriented slag inclusions at their L-CS [5].

The present study examined two main components: the
futtock plate and the chains, and one secondary part—the
bolt (rivet)}—connecting the futtock plate to the iron strap.
Two joining methods, common in the nineteenth century,
were used to assemble the deadeyes: riveting and solid-
state forge welding.

Metallurgical Background to Research
Wrought Iron

Ancient iron objects were produced by direct smelting
(single-stage solid-state technology) of the ore called
‘bloomery’, which was carried out in a furnace at tem-
perature below the melting point of iron and in a reducing
atmosphere [16—19]. Until the middle of the nineteenth
century, wrought iron products were manufactured by
either the direct or the indirect smelting method [20]. In the
direct bloomery smelting method (based on the Ellingham
diagram), haematite (Fe,O;) was successively reduced to
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magnetite (Fe;0,4), wiistite (FeO) and then to iron metal
[17, 18]. The bloom iron was a heterogeneous material
containing a large amount of slag. Further hot-forging was
required in order to remove the slag inclusions from the
bloom and to transform the iron into a denser pig iron ingot
suitable for further working [16, 18].

A variety of hearth furnaces for refining the pig iron were
developed over the years. The most popular were the Catalan
hearth furnaces, developed during the eighth century
[21, 22]. The two-hearth process was invented later, and the
most widely used hearths used the ‘Walloon’ forge method
[23, p. 102]. The indirect smelting process of refining pig iron
into malleable wrought iron, called the ‘puddling’ method,
was developed by Cort in 1784 [23, pp. 128—129, 146, 166].
This innovation made it possible to increase wrought iron
and steel production, satisfying the increasing demands of
industry. The ‘puddling’ process permitted increasing
wrought iron production capacity by using coal instead of
charcoal and by avoiding contact between the metallic phase
and fuel [24]. During the process, molten pig iron was
exposed to gas burning at high temperatures, resulting in the
oxidation of carbon. The stirring of molten pig iron, which
was held separate from the charcoal fire in the furnace,
exposed the metal uniformly to the elevated temperature of
burning gas, oxidizing the carbon and reducing the iron
oxide. This decreased the amount of carbon in the alloy,
raising the melting temperature of the metal, and leading to
formation of small pieces of semi-solid iron in the liquid
material. Next the ‘puddler’ collected the small iron pieces
and hammered them together into larger pieces [23,
pp. 128-129, 146, 166].

The puddling technology was improved after 1816, when
Hall implemented basic hearth lining. White cast iron cov-
ered with iron slag was inserted through charging doors into
the heart of the furnace. The furnace doors were closed, and
air was blown through the fire threshold zone to burn the coal
until the melting temperature of the iron was reached. At this
stage, it was possible to add more solid white cast iron. The
hot metal was then removed from the furnace to be ham-
mered and rolled, completing the conversion to workable
wroughtiron [23, pp. 128—129]. The common microstructure
of indirect smelting wrought iron product consists of ferrite
grains combined with slag inclusions embedded in the ferrite
matrix. The inclusions are elongated, indicating the main
direction of plastic deformation during the hammering
[25, 26]. This technology of refining cast iron into wrought
iron remained in common use until the middle of the nine-
teenth century [18].

Forge-Welding Principles and Practice

Until the end of the nineteenth century the usual joining
methods for metal alloys were forge welding (FOW) and

riveting [23, pp. 174-175; [27-30]. FOW was used with
great success in the production of steel tools, agrarian
equipment, large structures, ships’ accessories and anchors
[23, p. 174; 27, 28]. The main problem of FOW, when used
in large structures, was the relatively high failure rate [23,
p. 174; 25, 31]. At the end of the nineteenth century,
several new joining techniques by melting of metal alloys
were developed [32, 33, p. 3]. Since then, welding has been
the most widely used method for joining metals.

The principles of the electric arc were first discovered
by Davy in 1801. Nonetheless, it took another 80 years
until the carbon—metal arc was used for electric welding
[23, pp. 174-175; 30, 33, p. 3]. In 1887 Bernados registered
a patent for carbon arc welding of steel, and after some
changes the process became commercial about 1902 [23,
p. 174].

Solid-State Welding

Solid-state welding (SSW) is a solid-phase joining method
based on bringing the parts into such close contact that
interatomic bonds are made [34]. When two metal surfaces
are joined together under ideal conditions, the reduction in
the energy caused by the elimination of the two free surface
energies is usually enough to cause bonding between them
[30, 34, 35]. However, joint formation does not take place
under ideal conditions. In practice, the presence of adsor-
bed gases, oxide layers, rough surface topography, and
other disturbances reduce the efficiency and quality of the
contact even under high direct pressure. Therefore, these
surface films must be removed before metallurgical bond-
ing can be achieved. SSW methods, such as FOW, are
effective at elevated temperatures when plastic flow helps
to remove contamination layers [34].

Forge-Welding Process

FOW process is the oldest SSW technique used in various
applications to bond similar or dissimilar ductile metals
under pressure [23, pp. 42, 81]. When the process involves
heating to a temperature below 0.3 Tm (Tm is the melting
temperature in K), it is known as ‘warm welding’, and as
‘forge welding’ for temperatures above 0.3 Tm. To achieve
a metallurgical bond, atoms of one metal must be in contact
with atoms of the other metal. A satisfactory FOW process
should provide: (a) sufficient deformation so that surface
films and contaminants are significantly removed, and/or
(b) flux to help clean the surfaces to be joined [16, 36]. In
FOW processes, creation of the intimate contact is done
mechanically; that is, local yield stresses are exceeded on
the contacting metal surfaces, and surface deformation is
used to create the contact. Once the cleaned metal surfaces
are in intimate contact, bonding can initiate [37,
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pp- 286-287]. The bonding quality of clean metal surfaces
depends on various factors, including lattice parameters,
compatibility effects due to non-matching crystal struc-
tures, and/or crystallographic orientations at the interface
[38]. The FOW bond strength depends significantly on the
amount of plastic deformation, i.e., thickness reduction in
the case of joining two metal surfaces. To initiate a bond
between two contacting surfaces, the total deformation
between the two gaps must exceed the so-called threshold
deformation, below which the forge-weld zone would
fracture after the removal of the applied load. As the
deformation increases, the bond strength will increase until
it reaches a maximum point called optimal deformation
value, followed by a decrease in the joint strength [39,
p- 227]. Both threshold deformation and optimal defor-
mation values are material and process dependent; there-
fore, these values will alternate as the metal combinations
and/or process parameters are changed.

In the nineteenth century, the necessary heat needed for
the FOW process was obtained from a coal-gas and gas
blowpipe. Normal practice was to apply flux to the inter-
face to prevent re-oxidation of the surfaces to be joined
[20, 36]. The typical FOW process consisted of dipping the
hot workpieces in flux, and continuing heating until the
iron parts had attained a cherry-red heat. The flux was then
fused over the surfaces and dissolved any iron oxide which
may have formed; the two surfaces were laid together and
struck repeatedly, working towards the edges to expel the
flux and assure a sound bonding of the workpiece [37,
pp. 286-287; 40-43].

When two low-carbon steel parts are forge-welded,
some of the residual oxides are typically entrapped along
the weld [27, 44]. When heated further, the oxides spher-
oidize to minimize their surface energy. When alignments
of round and/or elongated precipitates are observed along
the joint, they may reveal the bond line of an older weld
[16]. However, several heating/forging operations may
result in homogenizing the matrix and deleting the bond
line. Considering a FOW region between two ferritic layers
of different compositions, the interface is typically char-
acterized by a higher volume fraction of the non-metallic
inclusions and by a finer grain size [36]. The detection of
wiistite and fayalite (Fe,Si0O,) phases in the microstructure
will usually be one of the best ways to determine whether a
workpiece has been produced from one lump or several
[20, 27, 43, 44].

FOW is most commonly used on low-carbon steels at
about 1100 °C, considerably below the melting tempera-
ture of iron [16, 44]. The steel parts can be used in the as-
welded condition, but are usually subjected to a full
annealing heat treatment after welding [44, 45]. One of the
well-known applications of FOW was the production of
iron shafts: forged shafts consisted in arranging a number
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of iron slabs together, which were then heated and ham-
mered into the required cylindrical form. When it became
necessary to make longer shafts, this method was upgra-
ded: an arrangement of slabs being taken as before, of
which only a portion was welded and shaped to the circular
form, a large piece of iron being left at one end, onto which
more slabs could be forged as required [36, 44].

Experimental Methods and Testing

The wrought iron parts of the deadeyes were analysed by
their typology and by applying metallurgical methods,
using non-destructive testing (NDT) and destructive test-
ing. The metallurgical examination was conducted on the
loop of deadeye 163B and the chain links of deadeye 164
and included the following methods and parameters:

(a) Visual testing (VT) of the deadeyes and their chain
links in order to identify visible discontinuities.

(b) Chemical analysis of the loop and chain link 2 was
performed with a handheld XRF (HHXRF),
equipped with a 45-kV Rh target x-ray tube. Light
elements, including oxygen and carbon, could not be
detected with this HHXRF, due to instrumental
limitations. The area examined was 5 mm in
diameter.

(c) Optical emission spectroscopy (OES) analysis (with
detection limit of <0.1%) was performed on the loop
in order to examine the average carbon concentra-
tion. The area examined was 5 mm in diameter. The
surface of the sample was cleaned prior to this test.

(d) For the metallographic examinations of the loop
(Fig. 4) and the chain links (Fig. 5), samples were
cut in longitudinal (L-CS) and transverse (T-CS)
sections according to ASTM E3-11 (2011) Standard
and were mounted in Bakelite. The surface was
roughly ground with 80 grit paper. It was then
ground with 600-2500 silicon carbide grit papers,
polished with 1- to 0.25-pm aluminium oxide
polishing suspension and 0.1-pm synthetic diamond
paste and then etched with Nital (97% alcohol, 3%
HNO3).

(e) Light microscope (LM) examination of the objects
was performed with an inverted system equipped
with imaging analysis.

(f) Scanning electron microscope (SEM) with EDS
(energy-dispersive spectroscopy) analysis of the
artefacts was performed (Tables 1, 2) with EDAX
EDS in high vacuum mode with a secondary electron
(SE) detector. Presence of less than 1 wt.% C could
not be detected with this SEM-EDS, due to instru-
mental limitations.
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Fig. 4 Deadeye 163B loop: (a) radiographic image (Photo: A. Stern);
(b) cross-section, showing the area of forge welding; and (c) cross-
section after grinding and polishing, showing the hammering
direction (arrow) and the forge-welding zone (dashed line) (Photo:
1. Voiculescu)

(g) Vickers microhardness measurements of the deadeye
163B loop and deadeye 164 bolt and chain links
were performed with 200-gf load for 15 s (Table 3,
after grinding and polishing of the artefact surfaces).
(h) Fractography of notched specimens, broken by
impact, was performed using a stereomicroscope, a
digital image analysis system and SEM-EDS equip-
ment. The subject will be elaborated in a future paper.

Engineering Description

Based on the VT and previous RT observation of deadeyes
163B and 164 [5], the objects (Figs. 3, 4, 5) were made of
seven parts—five main components (the wooden deadeye,
the circumferential iron strap, the futtock plate, the

Shackle

Chain links

Link 2

() Link 1 Link 3

3
(]

: 7_ Forge-welding

Fig. 5 Deadeye 164 chain links: (a) radiographic image of the
shackle and chain links (Photo: A. Stern); (b) chain links 1, 2 and 3;
and (c) cross-section of link 2 after grinding and polishing, showing
the forge-welding zone (dashed line) (Photo: 1. Voiculescu)

securing element, and the chain), and two secondary fas-
teners (the bolts serving as rivets and the shackle):

1. The deadeye—a round hardwood block, pierced with
three holes.

2. The circumferential iron strap was attached and fitted
to the deadeye (Fig. 3a). At both ends of the iron strap,
suitable holes were drilled and a gap slightly larger
than the futtock plate width was left open.

3. The futtock plate (Fig. 3a, b) was made from wrought
iron, and a hole was drilled adjacent to one of the
edges. The rectangular plate was then bent at the other
edge, creating a closed loop joined by forge welding.

4. The bolt serving as a rivet (Fig. 4a, b) was cut from a
hot-forged wrought iron rod.

5. The securing element (Fig. 4a, b) was made from a
thin wrought iron plate.
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Table 1 SEM-EDS chemical analysis of deadeye 163B loop and deadeye 164 chain link inclusions (local measurements of the polished metal
away from the welding zone)

Measured area

Composition (wt.%)

Fe (6] Si Mn Mg P S Al  Other elements
Deadeye 163B  Loop (L-CS, Fig. 6c, area 1) 831 130 11 05 - 23 - -
Loop (L-CS, Fig. 6c, area 2) 73.6 180 26 10 - 2.8 - 1.2 05Ti, 04V
Loop (L-CS, Fig. 6¢, area 3) 594 217 89 18 - 64 09 07 0I1Ti01V
Loop (L-CS, Fig. 6c, area 4) 646 185 79 13 - 53 1.7 05 0.1Ti,02V
Loop (T-CS, Fig. 6f, area 1) 575 206 71 16 - 104 10 13 03Ti02V
Deadeye 164 Chain link 2 (L-CS, Fig. 1le, area 2) 455 329 86 28 07 70 02 05 09K
Chain link 2 (L-CS, Fig. 1le, area 3) 479 319 85 26 05 59 1.2 03 01K 03V
Chain link 2 (L-CS, Fig. 1le, area 4) 489 315 98 29 07 54 02 04 -
Chain link 2 (L-CS, Fig. 1le, average 99.6 0.2 - - - 0.3 - - -
value of areas 1 and 5, base material)
Chain link 2 (T-CS, Fig. 11g, area 1) 843 151 - 0.6 - - - - -
Chain link 2 (T-CS, Fig. 11g, area 2) 776 170 27 09 - 19 - - -
Chain link 2 (T-CS, Fig. 12g, area 3) 84.6 148 - 0.6 - - - - -
Chain link 2 (T-CS, Fig. 11g, area 4, base material) 100.0 - - - - - - - -
Table 2 SEM-EDS local area measurements of deadeye 163B loop forge-welding zone (after polishing)
Measured area Composition (wt.%)
Fe o Si Mn Mg P S Al Ca Other elements
FOW, L-CS (Fig. 9b, area 2) 78.3 217 - - - - - - - -
FOW, L-CS (Fig. 9b, area 3) 430 318 11.1 - - 34 17 32 52 06K
FOW, L-CS (Fig. 9b, area 1, base material) 100.0 - - - - - - - - -
FOW, L-CS (Fig. 9d, area 1) 485 319 116 06 10 29 - 1.2 20 02K
FOW, L-CS (Fig. 9e, area 3) 432 31.1 104 06 06 43 05 26 56 03K, 1.0Na
FOW, L-CS (Fig. 9e, area 4) 42.1 31,6 109 06 06 34 16 32 44 04K, 12Na
FOW, L-CS (Fig. 9e, area 5) 787 208 - - - - - 05 - -
FOW, L-CS (Fig. 9e, area 6) 784 211 - - - - - 05 - -
FOW, L-CS (Fig. 9e, average value of areas 1-4, base metal) 1000 - - - - - - - - -
FOW, L-CS (Fig. 9f, area 2) 500 293 103 33 03 30 16 12 08 03V
FOW, L-CS (Fig. 9f, area 3) 533 262 84 32 04 23 10 43 07 03V
FOW, L-CS (Fig. 9f, area 4) 517 280 101 38 04 31 11 08 08 03V
FOW, L-CS (Fig. 9f, area 5) 528 268 97 35 04 28 20 10 08 03V
FOW, L-CS (Fig. 9f, average value of areas 1 and 6, base metal) 99.7 - 0.2 - - 02 - - - -

6. The shackle (Fig. 3a) was made of wrought iron
bar that was formed to its final shape by hot-

forging.

7. The chain—a wrought iron rod, was cut into short
pieces to suitable dimensions (Figs. 3a, 5). Each piece
was bent and forge-welded to make the chain links,
and then the chain itself.

@ Springer

Metallurgical Analysis of the Loop and Chain

Links

Deadeye 163B Loop

XRF analysis (average values) of deadeye 163B loop
revealed composition of 98.1 wt.% Fe,

1.1 wt.% Si,
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;[;\l)/l)eo:; thMelci;;I]la;iz;;Zt:eSt Sample Vickers microhardness (HV)

Minimum Maximum Average SD

Deadeye 163B, Loop Away from weldment (L-CS) 137 144 141 2.8

Near weldment (L-CS) 118 124 121 2.3

Away from weldment (T-CS) 160 164 162 2.0

Near weldment (T-CS) 165 170 168 2.1

Deadeye 163B, Bolt Base metal (L-CS) 142 148 143 1.9

Base metal (T-CS) 124 132 128 2.8

Chain link 2 Away from weldment (L-CS) 139 145 142 2.2

Near weldment (L-CS) 166 169 167 1.1

Away from weldment (T-CS) 149 150 150 0.5

Near weldment (T-CS) 158 167 163 2.9

Fig. 6 Metallographic SEM
images of deadeye 163B loop
(no etching): (a) preferentially
oriented slag inclusions (L-CS);
(b) large preferentially oriented
inclusion detected by the EDS
analysis (arrow, L-CS);

(c) higher magnification
(x4000) of the large
preferentially oriented
inclusion; (d) and (e) slag
inclusions (T-CS, LM); and

(f) slag inclusions (dark areas)
surrounded by iron ferrite
matrix (T-CS, x2000)

Ten measurements were made for each of the zones described in table. The distance of the indentation
measurements from the weld line was approximately 100 pm
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Fig. 7 Elemental analysis
(SEM-EDS, bright dots) of the
large preferentially oriented slag
inclusion shown in Fig. 6¢c
(deadeye 163B loop) showing
the presence of the elements:
(a) iron; (b) oxygen; (c) silicon;
(d) phosphorus; (e) sulphur; and
(f) manganese

04 wt.% P, 0.2 wt.% S, 0.2 wt.% Al and 0.1 wt.% Mn.
Chemical OES analysis of the loop indicated that it was
made of iron containing 0.1 wt.% C. SEM-EDS analysis of
the loop’s iron matrix showed a composition of
99.3-100 wt.% Fe and up to 0.7 wt.% P.

The loop L-CS metallographic LM and SEM images
showed a ferrite iron matrix containing elongated prefer-
entially oriented slag inclusions (Fig. 6a—c), typical of hot-
forged wrought iron. Metallographic images of the loop’s
T-CS revealed that the iron matrix contains slag particles
having irregular or elliptical cross sections (Fig. 6d—f). The
loop’s iron matrix microhardness values ranged between
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141 + 2.8 HV at the L-CS and 162 £ 2.0 HV at the T-CS
(Table 3).

The large elongated slag inclusion (Fig. 6b, c, points
1-3), according to the EDS local analysis, is composed of
59.4-83.1 wt.% Fe, 13.0-21.7 wt.% O, 1.1-8.9 Si wt.%,
but also contains other elements, including Mn, P, S, Al, Ti
and V (Table 1). The elemental area distribution of the
same preferentially oriented two-phase slag inclusion also
showed presence of Fe, O, Si, P, S and Mn (Fig. 7). The
single-phase slag inclusion (Fig. 6f, area 1) is mostly
composed of Fe (57.5 wt.%), O (20.6 wt.%) and Si
(7.1 wt.%), but also contains minor quantities of Mn, P, S,
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Fig. 8 Metallographic images

of the forge-welding zones | (a) T o "
(deadeye 163B loop, L-CS, LM, | T T L
x200): (a) good welding =T

quality; (b) welding zone rich . : T e
with inclusions, indicating the A A~

use of flux material; (c) good — = ) S

welding quality; and e
(d) welding zone rich with o
inclusions, indicating the use of
flux material

Al, Ti and V (Table 1). Therefore, this single-phase slag
inclusion is most likely a fayalite particle [25].

The Forge-Welding Zone of the Loop

Metallographic LM images of the loop’s forge-welding
zone revealed fragmented inclusions spread along the
welding line (Fig. 8, L-CS). The loop’s microhardness
values near the forge-welding zone ranged from 121 + 2.3
HV at the L-CS to 168 £ 2.1 HV at the T-CS (the =+ s-
tands for the standard deviation, see Table 3).

SEM images of the loop’s welding zone indicated the
presence of two-phase and three-phase slag inclusions
(Fig. 9, L-CS). According to the EDS analysis, the two-
phase slag inclusion shown in Fig. 9b (areas 1 and 2) is
composed of 43.0-78.0 wt.% Fe, 21.7-31.8 wt.% O and
up to 11.1 wt.% Si, as well as S, Al, Ca, and K. There-
fore, based on the composition and microstructure, this

slag inclusion is a wiistite—glass two-phase inclusion
[25, 27]. The elongated particle inside the three-phase
slag inclusion (Fig. 9d, area 1) contained 48.5 wt.% Fe,
31.9 wt.% O, 11.6 wt.% Si, as well as other elements,
including Mn, Mg, P, S, Al, Ca and K. Therefore, the
three-phase slag inclusion is a fayalite-wiistite-glass
inclusion. The two-phase slag inclusion (Fig. 9e, areas

3-6) showed presence of 42.1-78.7 wt.% Fe,
20.8-31.6 wt.% O, and up to 10.8 wt.% Si, as well as
other elements, including Mn, Mg, P, S, Al, Ca, K and
Na. Therefore, based on its composition and microstruc-
ture, this is a wiistite—glass two-phase inclusion [25, 27].
The slag inclusion in Fig. 9f (areas 2-5) revealed pres-
ence of 50.0-53.3 wt.% Fe, 26.2-293 wt.% O and
8.4-10.3 wt.% Si, as well as other elements, including
Mn, Mg, P, S, Al, Ca and V (Table 2). Therefore, this
single-phase slag inclusion is most likely a fayalite par-
ticle [25].
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Fig. 9 SEM metallographic
images of the loop’s forge-
welding zone (deadeye 163B,
L-CS, before etching):

(a) general view; (b) the
welding zone (x3000), showing
points 1-3 examined by EDS
analysis; (c) the welding zone
surrounded by ferrite matrix and
slag inclusions; (d) higher
magnification of the welding
zone, showing point 1 detected
by EDS (x6000); (e) points 1-8
detected by EDS; and (f) points
1-6 detected by EDS

Deadeye 163B Bolt

The chemical composition of the deadeye 163B bolt was
determined by XRF to be 98.5 wt.% Fe, 0.7 wt.% Si,
0.5 wt.% P and 0.2 wt.% Mn. OES analysis of the bolt

@ Springer

revealed that it was made of iron containing about
0.1 wt.% C.

LM metallographic images (L-CS) of the bolt’s central
zone demonstrated an iron matrix containing slag inclu-
sions with a slight tendency for preferred orientation
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Fig. 10 Metallographic images
of deadeye 163B bolt: (a) large
slag inclusions (dark areas)
surrounded by ferrite matrix
(LM, L-CS, etched); (b) iron
matrix with slightly preferred
oriented inclusions (L-CS,
etched); (¢, d) slag inclusions
surrounded by ferrite matrix
(T-CS, etched); (e) slag
inclusions (dark areas)
surrounded by ferrite matrix
(L-CS, SEM, BSE mode,
%x1000); and (f) slag inclusions
(T-CS, BSE)

(a) 4 I / 7

(Fig. 10). The bolt’s iron matrix microhardness values
ranged from 128 + 2.8 HV at the T-CS to 142 £ 1.9 HV
at the L-CS (Table 3).

Deadeye 164 Chain Links

Metallographic SEM-EDS analysis of chain link 2 L-CS
(Fig. 11a—e) revealed that it was made of ferrite iron
matrix, with composition of 99.4-99.7 wt.% Fe, up to
0.6 wt.% P and up to 0.3 wt.% O (Fig. 1le, near slag
inclusion). Equiaxed ferrite grains, 50-100 pm in size,
were observed after etching both the L-CS and T-CS
samples (Fig. 11). The link’s iron matrix microhardness
values ranged from 142 + 2.2 HV at the L-CS to
150 £ 0.5 HV at the T-CS, and the microhardness values
near the welding zone ranged from 163 + 2.9 HV at the
T-CS to 167 £ 1.1 HV at the L-CS (Table 3).

The single-phase, two-phase and three-phase slag
inclusions observed at the L-CS by LM and SEM were
aligned in the direction of the hot-working process. The
preferentially oriented slag inclusion shown in Fig. 11le
(areas 2-4) is composed of 45.5-48.9 wt.% Fe,
31.5-32.9 wt.% O, 8.5-9.8 wt.% Si, 2.6-2.9 wt.% Mn and
5.4-7.0 wt.% P, with presence of other elements, including
S, Al, K and V (EDS analysis, Table 1). Therefore, this
single-phase slag inclusion is most likely a fayalite inclu-
sion [20, 25].

SEM image of the link’s T-CS indicated that it was
made of iron (100 wt.% Fe, Fig. 11g, area 4, and Table 1)
containing nearly circular slag inclusions surrounded by
equiaxed ferrite grains (Fig. 11f, g, dark areas). The single-
phase slag inclusion (Fig. 11g, T-CS, areas 1-3) is com-
posed of 77.6-84.6 wt.% Fe, 14.8-17.0 wt.% O, and up to
2.7 wt.% Si, and also some Mn and P (Table 1). Therefore,
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Fig. 11 Metallographic SEM images of chain link 2: (a) parallel
preferentially oriented slag inclusions surrounded by ferrite matrix
(L-CS, no etching); (b) higher magnification (L-CS, x500); (c) three-
phase inclusion (L-CS, SE mode, x2000); (d) three-phase inclusion

this single-phase slag inclusion is most likely a fayalite
inclusion.

The Fracture Surfaces
Deadeye 163B Loop (Base Material)

SEM examination of the loop’s base material (far from the
welding zone) revealed a complex fracture surface, com-
posed of both ductile and brittle fracture surfaces, with
presence of circular slag particles embedded in the iron
matrix (Fig. 12). The ductile fracture surface exhibited
dimples, known as microvoid coalescence topography

@ Springer

(BSE mode); (e) points 1-5 detected by the EDS (L-CS, SE, x4000);
(f) ferrite matrix embedded with slag inclusions (T-CS, etched, SE,
% 1000); and (g) slag inclusions (dark areas 1-3) surrounded by ferrite
matrix examined by EDS (T-CS, etched, x2000)

(Fig. 12a, b), and the brittle fracture surface includes ‘river
pattern’ texture (Fig. 12c, d).

The Forge-Welding Zone of Deadeye 163B Loop

Ductile fracture surface, with dimpled microvoid coales-
cence topography, was observed at the forge-welding zone
of deadeye 163B loop (Fig. 13a). The SEM-EDS ele-
mental analyses of this fracture surface revealed the pres-
ence of the Fe, O, Si, P, S, Ca and Al (Fig. 13b—f). The
EDS line scan of the fracture surface (Fig. 14a) indicates
the presence of O, Si, P, S, Ca and Al in addition to iron.
The relative intensity (I/ly) indicates that the forge-welding
zone consists of a ferrite matrix containing inclusion
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Fig. 12 SEM images of the
fracture surface of deadeye
163B, at the loop’s base
material: (a) ductile fracture
with dimple structure (SE mode,
x2000); (b) combination of
ductile fracture (upper part of
image) and brittle fracture
(lower part of image) (BSE
mode, x1000); (¢) brittle
fracture surrounded by ductile
fracture (SE); and (d) brittle
fracture surface of river pattern
(BSE)

particles composed of Fe, O and Si, and of low quantities
of P, S, Ca and Al (Fig. 14b). EDS area analysis of the
fracture surface (scanned area of 250 x 250 pm) revealed
composition of 82.0 wt.% Fe, 9.3 wt.% O, 2.5 wt.% C,
23 wt.% Si, 0.3 wt.% Mn, 0.7 wt.% P, 0.2 wt.% S,
1.1 wt.% Al, 0.3 wt.% Mg, 0.3 wt.% Na, 0.7 wt.% Ca, and
less than 0.2 wt.% of K, Ni and Cl, typical of forge-welded
wrought iron rich with slag inclusions and flux material
residues.

Deadeye 164 Chain Link 2 (Base Material)

SEM observation of the fractured base material of chain link
2 exhibits a ductile morphology with a dimpled microvoid
coalescence topography (Fig. 15a), but also areas with brittle
fracture surface appearance displaying a ‘river pattern’
morphology (Fig. 15b). The observation of the fractured iron
base metal also revealed presence of spherical single-phase
particles embedded in the ferrite matrix for both ductile and
brittle fracture surfaces (Fig. 15a, b, respectively). Such
single-phase particles may be siliceous glassy inclusions,
wiistite inclusions and/or fayalite inclusions.

The Forge-Welding Zone of Chain Link 2

SEM observation of the fracture surface at the forge-
welding zone of chain link 2 exhibited ductile fracture

appearance with dimpled microvoid coalescence topogra-
phy (Fig. 16a, b), combined with elongated inclusion par-

ticles (Fig. 16¢c), and spherical inclusion particles
(Fig. 16d) embedded in the ferrite matrix.

Discussion
Metallurgical Analysis of the Deadeyes

The metallurgical methodology used in this research con-
tributed to understanding the manufacturing technology of
the deadeyes, including the joining processes. The presence
of ferrite equiaxed grains (with typical grain size of
50-100 pm) combined with elongated slag inclusions (in
the L-CS) indicate that the metal parts of the deadeyes
were made of indirect wrought iron manufactured by the
‘puddling’ process, which was commonly used until the
middle of the nineteenth century [20, 23, p. 146]. The
deadeye parts had been shaped by hot-forging and joined
by FOW and riveting processes.

According to the chemical OES analyses of deadeye
163B loop and bolt base material, both were fabricated of
iron containing 0.1 wt.% C with relatively consistent car-
bon concentration, typical of wrought iron artefacts [18, 23,
p- 48]. XRF analyses of the loop’s base metal (average
value) revealed that it was composed of iron containing
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Fig. 13 Elemental analysis
(SEM-EDS, bright dots) of the
fracture surface of deadeye
163B loop, welding zone:

(a) the fracture surface; (b) iron;
(c) oxygen; (d) silicon;

(e) phosphorus; (f) sulphur;

(g) calcium; and (h) aluminium

1.1 wt.% Si, 0.4 wt.% P, 0.2 wt.% S, 0.2 wt.% Al and
0.1 wt.% Mn. XRF analysis of the bolt showed that it was
composed of iron, with 0.7 wt.% Si, 0.5 wt.% P and
0.2 wt.% Mn. Si, Mn, P, S and Al are common in wrought
iron slag inclusions [46]. Since Si does not reduce in either

@ Springer

direct or indirect smelting processes, its presence in the
deadeye material represents the slag inclusions distributed
in the wrought iron matrix [5, 18].

The morphology and orientation of the inclusions
observed at the L-CS (LM and SEM) are indicative of the
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Fig. 14 Line scan of deadeye (b)
163B loop, fractured surface: 1.0
(a) the scanned line (dashed
white line); and (b) Intensity
versus distance
=) Iron
(]
= Oxygen
i Silicon
Z 0.5 Sulfur
=
3 Phosphorus
=
—
Calcium

Fig. 15 SEM images (SE mode, x1000 magnification) of the
fractured surface at the base material of chain link 2: (a) typical
ductile fracture of dimple structure; and (b) areas of brittle fracture
surface (with river pattern) and ductile fracture surface (dimples at the
lower part of image)

Distance (pm)

deformation during the hot-working process. Most of the
inclusions had a large aspect ratio, indicating a significant
deformation during the hot-forming of the loop (Fig. 6a—c).

The bolt’s L-CS microstructure shows that the slag
inclusions are only slightly elongated and appear to be only
partially preferred oriented (Fig. 10). The differences in
composition and shape of the slag inclusions between the
loop and the bolt indicate that they were most probably
manufactured by different manufacturing processes.

EDS analysis of the chain link matrix demonstrated that
it was composed of iron, with up to 0.6 wt.% P and up to
0.3 wt.% O. Examination of the link’s L-CS microstructure
revealed that the appearance of the inclusions (Fig. 11a—e)
is similar to the inclusion morphology observed in deadeye
163B loop; most inclusions are elongated (L-CS), indi-
cating significant deformation during the manufacturing
process.

Various slag inclusions were observed by SEM-EDS
analyses in the base metal of the components (loop, bolt
and chain link), including single-phase glassy slag inclu-
sions; single-phase wiistite slag inclusions; single-phase
fayalite slag inclusions; two-phase glass—wiistite inclusions
slag; and three-phase glass—wiistite—fayalite slag inclu-
sions; as well as iron phosphates and manganese sulphides.
The slag inclusions (Table 1) were mostly composed of Fe,
O and Si, but also contained other elements, including Mn,
Mg, P, S, Al, K, Ti and V, which are common in wrought
iron slag inclusions [5, 20, 25, 27]. Judging by the slag
inclusion composition, measured in deadeye 163B loop and
deadeye 164 chain link (Table 1), no Ti was found, except
in the chain link inclusions; deadeye 163B futtock plate
may have been manufactured from a slightly different
wrought iron alloy from the 164 chain links. The inclusion
morphology depends on the sampling orientation. In the
T-CS, perpendicular to the direction of hot-working, the
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Fig. 16 SEM images of the
fracture surface at the forge-
welding zone of chain link 2:
(a) general view of the ductile
fracture surface with elongated
dimples (x1000); (b) mostly
ductile fracture surface
(x2500); (c) elongated
inclusion particles embedded in
the iron matrix (x2500); and
(d) spherical inclusions
embedded in the iron matrix
(x5000)

inclusions are either flattened or slightly rounded; in the
L-CS, the inclusions are strongly elongated, having a large
aspect ratio, and therefore parallel strings of inclusions
were observed.

Metallographic LM observation of the loop forge-
welding zone of deadeye 163B revealed fragmented
inclusions dispersed along the welding line (Fig. 8), with a
morphology quite different from that in the base material.
In most areas the lack of large inclusions at the interface
indicates good bonding (Fig. 8a, b), whereas in other
locations, large inclusions were observed along the inter-
face, indicating low quality bonding (Fig. 8c, d). SEM
images of the loop’s welding zone revealed presence of
single-phase, two-phase and three-phase slag inclusions
(Fig. 9). Based on the inclusion compositions (Table 2),
and the microstructure along the forge-welding line, the
single-phase inclusions are most likely fayalite; the two-
phase inclusions contain wiistite—glass, and the three-phase
inclusions are made of fayalite—wiistite—glass [20, 25, 27].

The average microhardness values of the loop’s base
metal ranged from 141 £ 2.8 to 162 £ 2.0 HV; the bolt’s
iron values ranged from 128 + 2.8 to 142 £+ 1.9 HV; and
the link’s iron values ranged from 142 + 2.2 to 150 £ 0.5
HV (Table 3). However, the loop’s microhardness values
in the forge-welding zone ranged from 121 £+ 2.3 to
168 £+ 2.1 HV (Table 3). Since the carbon concentration in
all three items is very low, measured microhardness values
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are mainly associated with plastic deformation and chem-
ical composition [20]. The plastic deformation of the chain
link was produced by rotating the workpiece in differ-
ent directions, leading to more consistent microhardness
values.

SEM fractographic examination of deadeye 163B loop
base metal showed evidence of a mixed mode of ductile
and brittle failure: ductile microvoid coalescence topogra-
phy (Figs. 12a, b) and brittle ‘river pattern’ texture
(Fig. 12¢, d). This mixed mode failure behaviour may
result from the composite nature of the wrought iron pre-
pared by the puddling technique. The shape and number of
the inclusions determine the form and size of the dimples
[47]. Both the ductile and brittle fracture surfaces exhibited
spherical single-phase inclusion particles embedded in the
ferrite matrix. Such single-phase particles may be siliceous
glassy inclusions, wiistite inclusions and/or fayalite, prob-
ably resulting from the use of sand flux (Fig. 12). In the
future, it is recommended to further examine the inclusions
embedded in the fracture surfaces.

The deadeye parts were joined by forge welding. Both
the welding zones of the deadeye 163B loop and deadeye
164 chain links were located. Spherical particles were
observed by SEM in the fractured area of the forge-welding
zone of both the loop and the link (Fig. 16). The presence
of slag inclusions embedded in the forge-welding zones
and the high concentration of spherical particles observed
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at the fracture surface of the welding zone may indicate the
use of sand as flux material [48]. The forge-welding zone
of deadeye 163B loop was identified as a plain lap joint;
and that of deadeye 164 chain links was located and
identified as a scarf joint.

Manufacturing Process of Each Part

It is suggested, based on the metallurgical analysis, that
deadeye 163B loop and bolt (Figs. 3, 4) and deadeye 164
chain links (Figs. 3, 5) were manufactured as follows:

1. The futtock plate, 40 cm long, 6.2 cm wide and 1.3 cm
thick (part 3), was made of wrought iron manufactured
by the indirect smelting method, based on its compo-
sition and microstructure. The rectangular plate of iron
was produced by hot-forging, based on the equiaxed
ferrite grains and the inclusion shape. At one edge of
the futtock plate, a hole was drilled, to connect the
plate to the shackle by a rivet. Next, the second edge of
the plate was bent into a loop, to enable joining the
futtock plate to the circumferential iron strap fitted
around the deadeye. Then the two loop edges were
forge-welded using a plain lap joint configuration
(Figs. 3a, 4a, b).

2. The bolt, about 3.2 cm in diameter (part 4, Fig. 4a, b),
was cut from a wrought iron rod manufactured by
forging a material produced by the indirect smelting
method. The bolt served as a rivet connecting the
futtock plate to the deadeye strap by a permanent
mechanical joint.

3. The chain links (part 7, Figs. 3a, 5) were made of
wrought iron rods manufactured by the indirect
smelting method. Elliptical iron rods, with an average
diameter of 1.4 cm, were cut into short lengths, and
each length was bent into an elongated ring (average:
7.3 x 5.1 cm). The free ends were joined by forge
welding using a scarf joint configuration to create the
chain links, and by connecting the individual links to
create the required chain length (Figs. 3, 5).

Assembly of the Final Object

Each deadeye assemblage consisted of seven individual
parts. Based on the examinations, deadeye 163B was
assembled as follows (Figs. 3, 4):

e The circumferential iron strap was attached and fitted to
the deadeye.

e The futtock plate was attached to the iron strap by
riveting, creating a permanent mechanical joint. It is
suggested that the rivets were first placed in a furnace

and usually heated to white heat; as the hotter the
temperature the more plastic and easily deformed is the
rivet. Next the glowing rivet was inserted into the hole
to be riveted, and then the riveter (or sometimes two
riveters) hammered the unformed head into a mush-
room shape fitting tightly against the joint.

e The securing element was probably attached to the
futtock plate before the chain was connected.

e Finally the chain was secured to the futtock plate by
inserted a bolt (rivet) into the shackle holes through the
futtock plate (Fig. 3). The permanent mechanical joint
was executed by riveting as above.

Thus, the solid-state forge welding along with the riv-
eting mechanical joining method was employed to assem-
ble the deadeye components. The composition,
microstructure and the manufacturing technology of the
iron parts suggest that they were manufactured during the
second quarter of the nineteenth century, which supports
the dating of the ship.

Conclusions

The components of the deadeyes retrieved from the Akko
Tower Wreck were made of malleable wrought iron man-
ufactured by the puddling technique, and were assembled
by riveting and forge-welding techniques. The forge-
welding zone of deadeye 163B loop was identified as plain
lap joint, and those of deadeye 164 chain links were located
and identified as scarf joints.

The high concentration of spherical inclusions contain-
ing substantial silicon and oxygen embedded in the
wrought iron matrix, and found in the fractured area of the
forge-welding zone, suggests that fine sand was used as
flux material. Considering the chemical analysis and
microstructure of the iron components, the use of riveting
and forge welding methods, and the history of technolog-
ical developments, it is suggested that they were manu-
factured during the second quarter of the nineteenth
century, which supports the dating of the ship.
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