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Abstract
The 4.4-m-long vessel designated as Molyneux’s boat was built in England in 1836. During its conservation in 2008, 
metal fastenings were retrieved, and 12 of them were examined by XRF, metallographic and multifocal light microscopy, 
microindentation hardness measurement and SEM–EDS analysis. The results show the use of manufacturing techniques 
developed at different times: the copper fastenings were made by traditional methods—intensive hammering to their final 
shape followed by annealing; the screws and nuts were made of brass containing ~ 36 wt% Zn and were probably a post-1848 
product; and the bolt was made of low-carbon steel (produced by the Bessemer process) and shaped by plastic deformation, 
perhaps through a thread-rolling process. The bolt was galvanized, thus most probably manufactured after 1856. It appears 
that the boat was originally built using copper fastenings, and some of which were replaced by galvanized bolts and brass 
screws during minor refitting.
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Introduction

All Royal Navy ships were required to carry a certain num-
ber of boats: a first-rate warship had six boats, and the num-
ber decreased in relation to the size and type of ship [1, p. 
80]. The smallest was the jolly boat, pulled by four oars. It 
was used for various purposes such as running out the kedge, 
working the ship in narrow waters and taking crew ashore 
[1, p. 81]. The Molyneux boat was built in England in 1836 
[2, p. 33, 3, p. 257] and was the jolly boat of HMS Spartan, 
a 26-gun, sixth-rate frigate of the Royal Navy [4, p. 176, 5, 
p. 328]. It is 4.4 m long, 1.72 m beam and 0.76 m deep and 
was built of four tree species: Quercus robur (English oak), 
Pinus sylvestris (Forest pine), Ulmus campestris (Elm) and 

Juglans regia (English walnut). The shell of the boat was 
built using double diagonal planking, a novel method for 
vessels at that time [6, p. 218]. The double diagonal plank-
ing is based on two layers of planks laid at an angle of about 
90º to each other and connected with nails (see below Nail 
no. 4). Hence, instead of relying on the frames (3 cm sided 
and 2.5 cm moulded, with an average room and space of 
40 cm) for strength, the builder used an internal mould for 
the construction of the hull. This method overcame a dis-
advantage of wood, which is a non-homogenous material: 
its stress strength along its axis being much higher than its 
stress strength perpendicular to its axis [7, p. 352].

The Spartan anchored off Akko (St. Jean d’Acre) on the 
Bay of Haifa in the summer of 1847 under the command 
of Captain Thomas Symonds. Lieutenant Thomas Moly-
neux, accompanied by three crew members, left the ship for 
a 3-week expedition through the Sea of Galilee, down the 
River Jordan and into the Dead Sea. The aim was to study 
the course of the Jordan Rift Valley and make soundings 
of the Dead Sea by boat [8, p. 53, 9, p. 104]. The boat and 
equipment were transported from Akko to the Sea of Gali-
lee by camel. The crew carried out soundings of the Sea of 
Galilee, found the exit of the River Jordan and followed it 
southward to the Dead Sea, sailing wherever possible and 
portering the boat when the river was too shallow [8, p. 54]. 
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They returned with the boat overland from the Dead Sea 
via Jericho and Jerusalem to the Mediterranean, where they 
boarded the Spartan at anchor off Jaffa. The main results of 
this expedition were a better understanding of the meander-
ing nature of the River Jordan, which solved many scientific 
disagreements of the Dead Sea seabed depths and knowledge 
of its surroundings [2, p. 26, 3, p. 250, 9, p. 113].

Lieutenant Molyneux gave Captain Symonds a detailed 
journal and a sketch map of his activities, which Symonds 
arranged to be published as an article in the Journal of the 
Royal Geographical Society [3, p. 253]. Molyneux died a 
few days after the end of the expedition, as a result of the 
severe conditions of the journey. When Symonds retired 
from naval service, he received the boat and kept it as a 
souvenir. The boat was used as a roof for a summer bower 
in the garden of his house in Torquay, south-east England 
[2, p. 33, 3, p. 257]. The boat and its story were discovered 
in 1962 by the late Professor Ze’ev Vilnay, an Israeli histo-
rian. It was purchased and brought to Israel [3, p. 257] and 
displayed at the Beit Hayotzer Museum at Neve Zohar, on 
the shore of the Dead Sea, later being transferred for display 
at the Dead Sea Works. In 2008, the boat was brought to 
the Leon Recanati Institute for Maritime Studies at the Uni-
versity of Haifa for preservation and conservation. During 
this time, the boat was laser-scanned by a Hemispherical 3D 

Scanners Surphaser® system, which has a 0.2 mm accuracy 
of point measurement and an overall-accumulated accuracy 
of 1 mm (Fig. 1). Following the two years of treatment and 
study of the hull details, it was returned for display at the 
Dead Sea Works.

Metallurgical Background to Metal 
Fastenings

Technological Developments of Steel 
and Fastenings

From Antiquity until the nineteenth century, ‘steel’ was pro-
duced by the cementation process of wrought iron, or by 
the bloomery process [10, p. 219, 11, p. 105]. The manu-
facturing technologies of ferrous alloys underwent signifi-
cant developments during the nineteenth century in order to 
obtain better quality products [10, p. 219, 12, pp. 108–109]. 
The technological changes in the nail industry followed the 
general technological developments and improvements of 
the steel industry in the course of that period [13, p. 79]. 
Only during the second half of the nineteenth century were 
wrought iron, cast iron and steel distinguished according to 
differences in their carbon content, and the first parts of the 

Fig. 1  Laser scan of the Molyneux’s boat with fastenings locations (Boat scan: Mabat 3D Technologies; photograph of the fastenings: A. Efre-
mov; adapted by M. Bram)
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iron–carbon (Fe–C) equilibrium phase diagram were pub-
lished between 1895 and 1899. However, only at the end of 
the nineteenth century was a significant connection estab-
lished between the actual physical basis and the industrial 
production of ferrous alloys, which led to a rapid increase 
in the volume of production and the quality of the alloys 
[10, p. 219].

From about 1766 until the second half of the nineteenth 
century, steel was produced from cast iron in a semi-solid 
state by the puddling process with charcoal fuel. This led 
to poorer mechanical properties than wrought iron, due to 
uncontrolled carbon content, combined with the presence 
of impurities of P, S, Si and Mn in the solid solution. The 
Bessemer process for mass production of steel from pig iron 
by using an air blast was developed independently by W. 
Kelly in 1851 and H. Bessemer, who patented it in 1856. 
The Bessemer process could remove carbon from the metal, 
but it could not reduce the amount of P and S [10, p. 226, 
11, p. 164]. During the second half of the nineteenth cen-
tury, new methods for chemical analysis were developed 
and became available for industrial purposes; for example, 
Kirchhoff–Bunsen spectroscopy in 1859 and the Le Chat-
elier thermocouple in 1886. The development of such meth-
ods for chemical analyses led to better industrial control pos-
sibilities and improved product quality [10, p. 227]. In the 
middle of the 1890s, steel started to replace wrought iron 
in most applications, including nail production [13, p. 81].

Until the end of the eighteenth century, blacksmiths made 
ferrous nails from wrought iron nail rods or plates. Red-hot 
rods were hammered to a point, held in a vice and hammered 
to create the head, resulting in variations in the dimensions 
and shape of hand-made nails. Producing forged hand-made 
nails was a slow and labour-intensive process; however, no 
particular equipment was required other than a blacksmith’s 
tools, such as a hammer, anvil and header [13, pp. 81–82, 
14, p. 67]. Hand-made wrought nails were replaced later in 
the nineteenth century by machine-cut nails [14, pp. 67, 71]. 
However, there is some evidence for the use of hand-made 
ferrous nails for marine applications in the early nineteenth 
century. For example, hand-made nails were retrieved from 
the Akko 1 shipwreck, the remains of an Egyptian armed 
vessel, which was built at the beginning of the nineteenth 
century. The nails were discovered in a wooden box that was 
part of the ship’s carpenter’s tools. Metallurgical analysis 
of these nails demonstrated a heterogeneous microstructure 
of ferrite, Widmanstätten ferrite and pearlite, and that they 
were made by hot-working processes followed by pack car-
burization surface hardening of 2–3 mm thick to improve 
their mechanical surface properties [15, pp. 427, 438].

Since nails were among the most widely used metal 
objects in the nineteenth century, they serve as important 
data source, based on documentary sources, typology, 
composition and manufacturing process [13, p. 78, 14, pp. 

66–69]. For example, machine cut-and-headed nails, which 
were superior for building purposes, were introduced in 
1815, and wire nails patented by C. Fremont were available 
from 1819. Machine-made wire nails were presented at the 
Paris Exhibitions of 1844 and 1855 and at the Great Exhibi-
tion in London in 1851. However, although wire nails had 
already been produced in the USA since the 1850s, large-
scale mass production of wire nails only began in the 1880s 
[14, pp. 66–69, 16, p. 85]. Nails are often used for the deter-
mination of terminus ante quem and terminus post quem of 
archaeological sites. For instance, the existence of modern 
machine-cut nails in an archaeological site indicates a date 
in the 1830s or later. The transition from wrought hand-
made nails to machine-made nails took place in the USA in 
1820–1840 and in Great Britain in 1840–1860. The transi-
tion from iron nails to steel nails occurred in the 1880s, 
following the large-scale mass production of steel in the late 
1870s with the adaptation of the Bessemer process [13, pp. 
80, 87, 14 pp. 66–69].

Galvanized Steel

In 1836, S. Sorel developed the galvanizing process, where 
ferrous metal was dipped into a molten zinc bath to create 
an anti-corrosion coating and patented it a year later [17, p. 
82, 18, p. 8]. In 1837 Crawford patented a similar process 
in England. The development of the galvanizing process 
boosted the zinc production industry. Sorel established five 
different galvanizing processes: (1) ‘hot dip’ coating, where 
molten zinc alloy was coated on an iron substrate, which was 
used for building applications; (2) ‘galvanic paint’ coating, 
using powdered metallic zinc mixed with oils or varnish; (3) 
‘galvanic paste’, applied as a cream made of metallic zinc 
particles mixed with oily substances; (4) ‘galvanic powder’, 
applied to immersed iron parts, primarily for storage; and (5) 
‘galvanic paper’, a zinc-coated paper used to wrap small iron 
parts [18, p. 8]. About 1844, an electro-galvanizing process 
was established, only capable of depositing thin pure zinc 
coats, which was abandoned before 1861. The first American 
patent for galvanizing iron was registered in 1868, and dur-
ing the last quarter of the nineteenth-century galvanization, 
galvanizing was already a common process [17, pp. 82–83].

Copper Nails

During Antiquity copper was used for various applications 
based on its properties, including good corrosion resist-
ance, reasonable erosion resistance, ductility and the ability 
to increase hardness and strength by strain hardening [19, 
p. 124]. Examination of Roman copper nails from south-
western Iberia revealed very pure copper, composed of 
99.2–99.9 wt% Cu, with the presence of up to 0.7 wt% of 
Pb, Fe and As according to micro-EDXRF analysis, with 
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distorted recrystallized grains and some annealing twins, 
signs of post-casting forging and annealing (thermomechani-
cal processing), whereas the tip of the nails was hardened. 
Such iron content in Roman copper objects indicates effec-
tive smelting operations [20, pp. 117–120]. The Vickers 
microhardness indentation test results of the copper nails 
were 56–67 HV at the shank and 112 HV closer to the nail 
tip [20, pp. 119, 121]. The Romans used lead sheathing 
secured by copper tacks to protect their ships [21, p. 4].

In 1691, 20 Royal Navy ships were covered with milled 
lead sheathing to protect them against Teredo navalis. The 
lead sheathing was fastened with copper tacks, resulting in 
electrolytic problems [22, p. 219]. About 1708, C. Parry 
suggested a method for sheathing ships with copper to the 
Royal Navy [23, p. 23]. The first Royal Navy vessel was 
sheathed with copper in 1761, and the first US ships were 
copper-sheathed in 1777 [23, p. 24, 24, p. 259]. Copper has 
been in extensive use by the Royal Navy since 1780 [21, p. 
4]. During the eighteenth century, copper nails were used 
in naval applications to secure copper plates to the wooden 
hull, although relatively pure copper fastenings were found 
to be soft and were replaced by more suitable copper alloy 
fastenings [23, p. 24, 25, p. 448]. In 1786, the Royal Navy 
decided to replace the fastenings of all naval ships with cop-
per bolts [23, p. 25]. From the last quarter of the eighteenth 
century, the demand to protect the hulls of a growing number 
of Navy vessels required massive quantities of copper sheets 
and fastenings (nails and bolts). In 1790 all British ships-of-
the-line and many other Navy ships were copper-sheathed 
to prevent damage to the hull by marine organisms, and all 
their ferrous fastenings were replaced by copper bolts [22, 
p. 222]. In order to prevent galvanic corrosion, a similar 
composition was needed for both sheet and fastenings [26, p. 
264]. Copper nails and bolts retrieved from the Rapid (1811) 
shipwreck were examined by traditional metallographic 
examination and SEM–EDS analysis. The results revealed 
that the nails were made of hammered and partially annealed 
copper, composed of 99.6–99.8 wt% Cu, with the presence 
of up to 0.4 wt% of Pb, Fe and Ni [19, p. 124].

Technological Developments of Brass Alloy 
Fastenings

Brass has been used since the Roman period for various 
applications, including coins, musical instruments, ‘golden’ 
helmets, jewellery and ornaments [27–29]. It has a beauti-
ful golden-yellow appearance and advanced properties, such 
as hardness (it is stronger and harder than copper and can 
be hardened further by cold working), and excellent corro-
sion resistance in salt water environments. However, under 
corrosion attack it tends to suffer dezincification [27, p. 
012,018, 28, p. 104306]. Processes such as bending, cold 

rolling and deep drawing can be easily applied to α-brass 
[27, p. 012018].

Until the beginning of the nineteenth century, α-brass 
alloys were produced by the cementation process, with a 
zinc content of 20–28 wt%. In the cementation process, 
copper, calamine and coal were placed together into a ves-
sel, heated to a temperature above the boiling point of zinc 
(907°C), but below the melting point of copper (1083 °C), 
causing the zinc vapour to diffuse into the copper. The 
cementation method continued to be the major process for 
brass production until 1816, when the production of brass 
from metallic zinc was started. However, calamine furnaces 
were still operating until 1858 [29, pp. 252–253].

Brass production was expanded during the Industrial 
Revolution. In 1738, W. Champion patented a process in 
Britain for the production of zinc through the refinement 
of zinc from calamine with charcoal in a furnace [27, p. 
012018]. Brass with 32.5 wt% Zn appeared around 1750 
[29, p. 253]. Brass alloy with less than 39 wt% Zn tends 
to solidify as a α-brass solid solution, and brass with zinc 
content higher than 39 wt% Zn solidifies as a α + β alloy. The 
α-phase solid solution has a face-centred cubic (FCC) unit 
cell, and the β phase is the intermetallic non-stoichiometric 
Cu/Zn compound with a body-centred cubic (BCC) unit cell 
[30, 31, pp. 13–15]. In 1832, Muntz patented a process for 
the production of 60/40 brass (60 wt% Cu and 40 wt% Zn). 
During the 1850s, Muntz metal started to replace copper as 
the main sheathing metal used in Britain [23, p. 27].

In the course of the nineteenth century, brass was used for 
many marine applications, including nails [30], cases [32], 
hook-and-eye closures [33], flintlock musket fittings [34], 
oil lamp wick housings [35] and rolled sheets [36]. More 
than a hundred brass nails retrieved from the Akko Tower 
shipwreck, which was a 25-m-long European merchantman 
sunk about the middle of the nineteenth century in Akko har-
bour, were of two types: A (long nails) and B (short nails), 
distinguished by their general shape and size. All nails were 
post-cementation products, created by casting. Type A nails 
contained 35–36 wt% Zn and had a Widmanstätten lamella 
microstructure, and Type B nails contained 33–34 wt% zinc 
and had α-brass grains containing a dendritic microstruc-
ture, indicating that they were manufactured differently [30]. 
Analysis of anisotropy of magnetic susceptibility (AMS) 
revealed that Type A nails were of better quality than Type 
B [37]. The lead isotope analysis of the nails suggested that 
their raw material probably originated in Great Britain [30].

The Metal Fastenings

Various types of metal fastenings were used in the hull: 
spikes, nails, bolts, screws, roves and nuts (Figs. 1 and 2). 
Where possible, a representative example of each type of 
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fastenings was sampled for further study. Some of the fas-
tenings were slightly damaged during their removal from 
the hull. Following is a description of items analysed in this 
paper:

Bolt no. 1. A carriage bolt [38, p. 185] made of galva-
nized low-carbon steel used to secure the lodging knee on 
the port side of the stern. It is 94.7 mm long, with an average 
head diameter of 17.7 mm, and weighed 32.4 g. The upper 
55.6 mm part of the bolt is round and 7 mm in diameter 
(measured 22 mm below the head); the lower part of the bolt 
is 7.8 mm in diameter (measured 17 mm from its tip), with 
a right-hand Whitworth 5/16″-18 thread 31.2 mm long. The 
external surface colour is brown with some shades of grey 
and green. Six bolts of this type are found in the boat used 
for the same purpose.

Nut no. 1. The hexagon brass nut of bolt no. 1. It is 
7.5 mm thick; the cross section of the outer hexagon is 
12.7 mm × 12.8 mm × 13 mm, and its inner diameter is 
6.4 mm. The nut weighed 3.2 g.

Spike no. 1. A copper spike used to secure the hang-
ing knee of thwart 1 on the port side. Its lower part was 
found broken, and its total surviving length is 79.2 mm. 
Given that the side planking of the hull is 2 cm thick, the 
knee is up to 8 cm moulded, and the copper rove is 0.3 cm 
thick—its original length should be about 10 cm. The head 
size is 14.3 mm × 14.6 mm. The shank cross section is 

6.1 mm × 6.6 mm below the head and 6.3 mm × 6.4 mm at 
the tip. The spike weighed 31 g. It is brown with shades of 
light green at the surface. There are 12 spikes of this type in 
the boat used for the same purpose.

Rove no. 1. A copper rove with a typical square hole was 
most likely used to secure a nail (such as spike no. 1) or a 
through bolt by clinching (or riveting) the end or point over 
the wood [38, p. 181, 39, p. 269]. In this boat it was used 
with spike no. 1 only. The diameter of the ring is 13 mm, and 
the section of the inner hole is 7.4 mm × 7.8 mm. The ring 
is 2.8 mm thick and weighed 4 g. Only a single example of 
this type was taken from the hull.

Spike no. 2. A copper spike used to fasten the keelson 
and the rising wood to the keel. It was found broken at its 
lower tip and has a length of 42.8 mm. Considering that 
it was driven through the 3-cm moulded rising wood and 
the 15-cm moulded keel, it seems that its original length is 
about 10 cm. It has an average head diameter of 13.7 mm, 
and the square shank cross section is 7.2 mm × 7.2 mm 
below the head and 6.4 mm × 6.4 mm at the broken end. 
The spike weighed 15.3 g. It is shiny yellow, with shades of 
light green. Six spikes of this kind are found in the boat for 
longitudinal wooden structural components.

Nail no. 1. A copper nail used to secure the starboard end 
of the clamp next to thwart 2. Its lower part is broken, and its 
total length is 36.8 mm. The nail’s original length is about 

Fig. 2  The metal fastenings (general view and cross sections): a Car-
riage bolt no. 1 made of galvanized low-carbon steel; b brass nut no. 
1; c copper spike no. 1; d copper rove no. 1; e copper spike no. 2; f–h 

copper nails no. 1, 2 and 3; i ferrous nail no. 4; j brass screw no. 1; 
and k brass screw no. 2 and brass nut no. 2 (Photograph: J. J. Gotlieb; 
drawing: L. Levert)
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4 cm, considering that the clamp is 2 cm moulded, and the 
side of the hull is 2 cm thick. It has an average head diam-
eter of 7.9 mm. The upper part of the nail is twisted, with a 
Sect. 3 mm × 3.5 mm below the head and 3.3 mm × 3.4 mm 
at the broken end. The nail weighed 3.2 g. It is shiny yellow 
with a few patches of light green. About 20 nails of this type 
found in the boat used for the same purpose.

Nail no. 2. A copper nail used to fasten a strake to star-
board frame 6. Its lower part is broken, and it has a total 
length of 32.8 mm. Considering that it was driven through 
the 2-cm-thick planking and the 2.5-cm moulded frame, its 
original length was about 4 cm. The average head diameter 
is 11 mm, and the shank’s square section is 3.8 mm × 3.9 mm 
below the head and 3.7 mm × 3.8 mm at the broken end. It 
weighed 4.7 g. The nail has a dark colour with small spots 
of light green. Eighteen nails of this type are found in the 
boat used for the same purpose.

Nail no. 3. A copper nail used to fasten external strake 
2 to the rising wood and the starboard side of the keel-
son. Its lower part is broken, and it has a total surviv-
ing length of 37.9 mm, with an average head diameter of 
7.1 mm. The upper part of the nail is twisted, with a square 
section of 1.8 mm × 1.9 mm, 8 mm below the head and 
2.5 mm × 2.7 mm at the broken end. The nail weighed 2.5 g. 
The colour is dark with some light green patches, and it is 
covered with concretion. Eight nails of this type are found 
in the boat used for the same purpose.

Nail no. 4. A ferrous nail used to fasten the two layers of 
strakes at the starboard side of the bow. It was found broken 
at its lower end and has a total surviving length of 29.2 mm, 
with an average head diameter of 3.8 mm. The upper part 
of the nail is twisted, with the shank diameter of 2.4 mm 
below the head and 2.4 mm at the broken end. It weighed 
0.6 g. The nail has a dark colour, and it is also concreted. 

There are about 200 nails of this kind in the boat used for 
the same purpose.

Screw no. 1. A brass screw used to secure the plate of 
the aft starboard oarlock (there are two lines of oars in the 
boat with total four oarlocks positions). It is 34 mm long, 
with an average head diameter of 8 mm. The upper 11 mm 
of the shank is round and 4 mm in diameter (measured 3 mm 
below the head, at the centre of the round part); the lower 
20.3 mm of the screw had a right-hand thread, and the shank 
is 3.1 mm (measured 10 mm from the tip, at the centre of 
the thread). The screw has a 1.1 mm width slot countersunk 
head. It weighed 3 g. The colour is shiny yellow with patches 
of light green. There are 16 screws of this type in the boat 
used for the same purpose.

Screw no. 2. The lower end of a brass screw used to fas-
ten the starboard gunwale above thwart 2. It is 6 mm long. 
The average head diameter was not available. The shank is 
4.4 mm in diameter, with a right-hand thread. A complete 
screw weighed 1.4 g. There are about 68 screws of this type 
in the boat used for the same purpose.

Nut no. 2. A hexagon brass nut connected to 
screw no. 2. The dimension of the outer hexagon is 
8 mm × 8.2 mm × 8.4 mm, and the nut is 3.8 mm thick.

Experimental Methods

The fastenings were studied by various methods (Table 1), 
as described below:

(a)  Visual testing (VT) was carried out on all items to 
examine their state of preservation and to detect mac-
roscopic level details, such as discontinuities and 
defects indicative of their manufacturing process.

Table 1  Description of the metal fastenings from Molyneux’s boat and their characterization method

Artefact Material Characterization method

VT, dimensions and 
weight measurements

XRF Multifocal LM Metallography Vickers microhardness SEM–EDS

Bolt no. 1 Galvanized steel  +  +  +  +  +  + 
Nut no. 1 Brass  +  +  +  +  +  + 
Nail no. 4 Iron  +  +  +  +  +  + 
Spike no. 1 Copper  +  +  +  +  +  + 
Spike no. 2 Copper  +  +  +  +  +  + 
Rove no. 1 Copper  +  +  +  +  +  + 
Nail no. 1 Copper  +  +  +  + –  + 
Nail no. 2 Copper  +  +  +  +  +  + 
Nail no. 3 Copper  +  +  +  +  +  + 
Screws 1 Brass  +  +  +  +  +  + 
Screws 2 Brass  +  +  +  +  +  + 
Nut no. 2 Brass  + –  +  +  +  + 
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(b)  Dimensions and weight measurements of all items 
were taken using a digital calliper and an analytical 
balance with precision scale of 0.0001 g.

(c)  A thread gauge was used on bolt no. 1 to determine the 
pitch.

(d)  x-ray fluorescence (XRF) chemical analysis was car-
ried out with a handheld XRF (HH-XRF) instrument, 
using silicon drift detector and LE operation mode, 
equipped with a 45 kV Rh target x-ray tube. Each 
measurement was made in a bench-top stand for 30 s, 
with a detected area of 5 mm in diameter. The HH-
XRF instrument was calibrated with standard calibra-
tion samples. HH-XRF instruments measure common 
alloy elements to within an accuracy of less than 0.5% 
of the measured value. However, since HH-XRF is a 
surface analysis, the external surface of the fastenings 
may not be representative of their bulk composition, 
due to the thick corrosion layers, and the presence of 
carbonates, oxides, chlorides, sulphides and/or sul-
phates [40, p. 1903]. Therefore, the surface of each 
item was roughly ground with 80‒320 grit papers to 
expose the original metal, cleaned with ethanol and 
dried before examination. This instrument has some 
limitations; for example, it cannot focus on small spots 
with a diameter of less than a few millimetres. For a 
representative result, the emitted photons should be 
absorbed in the first 10–100 μm of the detected sur-
face, depending on the x-ray beam energy, the sur-
face roughness and the material density. When using 
HH-XRF technology, it is challenging to distinguish 
between the peaks of Pb and As due to low level peak 
overlap, especially when strong peaks are present. 
Therefore, the HH-XRF measurements were made by 
comparing two independent peaks: the As Kα peak 
was compared with the Pb Mα peak; and the As Kβ 
peak was compared with the Pb Lβ peak. Moreover, 
light elements, such as carbon and oxygen, could not 
be detected with this XRF machine, due to instrumen-
tal limitations.

(e)  A multifocal 3D digital light microscope (LM) with 
high intensity LED lighting and an improved light sen-
sitivity sensor at high resolution HD (1920 × 1200), 
displaying high pixel density and low image noise, 
with an auto-focus and multi-focus system was used 
to detect microscopic level discontinuities and defects, 
as well as to examine the general conservation of the 
surface [41]. This instrument contains powerful soft-
ware and encoded optics designed for the avoidance of 
human errors by automatically using the correct lens.

(f)  For metallographic examinations, the samples were cut 
into longitudinal (L-CS) and transverse (T-CS) sec-
tions according to ASTM E3-11 (2011) Standard and 
were mounted in Bakelite. The surface was roughly 

ground with 80 grit paper and then with 600–4000 sili-
con carbide grit papers, polished with 1 μm aluminium 
oxide polishing suspension and then with 0.04 μm col-
loidal silica suspension. After each step contaminants 
were removed in an ultrasonic bath. The specimens 
were then cleaned with ethanol, dried and etched. The 
steel samples were etched with Nital (97% alcohol and 
3%  HNO3), and the copper and brass samples were 
etched with hydrochloric acid in ferric chloride solu-
tion  (FeCl3–HCl–H2O). The microstructure of the met-
allographic samples was examined with an Olympus 
BX60M optical light microscope (LM), equipped with 
a DeltaPix Invenio 3SII camera.

(g)  (g) Vickers microindentation hardness (HV) measure-
ments were made on the metallographic samples, with 
200 gf load, and 15 s dwell time for indents, according 
to ASTM E 384–99 standard.

(h)  (h) Chemical composition mapping and local-
ized chemical analyses were made using a scanning 
electron microscope (SEM) with energy-dispersive 
spectroscopy (EDS) in order to determine both the 
microstructure and composition. The instrument was 
equipped with a silicon drift detector (Brucker XFlash 
4010), with EDS resolution of 129 eV, and was cali-
brated with standard samples, providing measurements 
with an approximate error of 0.1–1% [42].

Results

Bolt and Nut

Based on the VT observation, bolt no. 1 (Fig. 2) is well pre-
served. It has a bright silver-grey appearance, but in some 
areas an orange brown corroded surface is exposed, indicat-
ing that it is made of iron (Fig. 3a–b). The upper and central 
part of the shank was smooth, and about 40% of the bolt 
length is threaded. The thread of the shank at the lower part 
of the bolt shows corrosion products (Fig. 3a). The uniform 
helical ridge at the lower part of the bolt indicated that it 
was produced by an industrial process. The shiny metallic 
coating at the smooth part of the bolt suggests that it was 
galvanized to protect it against corrosion (Fig. 3b). However, 
the dark areas, where the zinc coating was eroded away, 
showed corrosion evidence (Fig. 3b, dark areas).

XRF analysis of the bolt’s dark external surface (before it 
was ground, Fig. 3b, right side of image) revealed a compo-
sition of 97.7 wt % Fe. However, the presence of up to 1 wt% 
of Al, Si, S, Mn, Ni, Cu and Pb was also detected (Table 2). 
XRF analysis of the bolt’s bulk (ground metal) also showed 
it is mostly composed of iron (98.3 wt% Fe); however, the 
presence of up to 0.5 wt% of Al, Si, S, Mn, Ni and Cu was 
also detected (Table 2). XRF analysis of the bolt’s bright 
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external surface (Fig. 3b, central part of image) revealed it 
is composed of 46.7–69.9 wt% Zn, 27.9–50.2 wt% Fe, up to 
2.5 wt% Si, up to 1.1 wt% Cu and up to 0.3 wt% of S, Ni, Cu, 
Pb and Sn, indicating that the bolt was made of galvanized 
steel (Table 2). The high concentrations of Si are possibly 
due to migration of sediment during the long period of ero-
sion and galvanic corrosion process [43, p. 522, 44, pp. 381, 
384]. SEM–EDS analysis revealed that the bolt’s metal bulk 
was composed of 97.7–98.5 wt% Fe, 0.1–0.3 wt% Si, as well 
as less than 1 wt% of Mn, Mo, Cr and Ni (Table 3).

LM observation of the bolt revealed that it was made of 
low-carbon steel (0.1–0.2 wt% C), and it exhibited a micro-
structure of equiaxed ferrite grains with pearlite islands and 
some inclusions (Fig. 4a). The ferrite grain size is 5–30 μm 
(Fig. 4a). Dark parallel elongated manganese sulphide (MnS) 
inclusions surrounded by an iron matrix were observed at 
the shank by SEM (Fig. 4b), evidence of plastic deformation. 
SEM–EDS analysis of a typical inclusion (Fig. 4b, arrow) 
revealed that it was composed of 57.1 wt% Mn, 30.0 wt% 
S, 11.7 wt% Fe and up to 0.7 wt% of O, Cr, Si and Cu. 
The presence of such entrapped inclusions can affect the 
mechanical properties of the steel, and hence, they should 
be removed as far as possible in the steelmaking process.

The microhardness of the bolt samples varied between 
162 HV at the shank and 231 HV close to the thread, with 
average microhardness of 192 ± 31 HV (Table 4). The micro-
hardness results of the shank are as expected from 0.1 to 0.2 
wt% C low-carbon steel. For comparison, the microhardness 
value for modern low-carbon steel is 130 HV [45, p. 455]. 
The higher microhardness values at the thread of bolt no. 1 
is most likely related to an intensive strain hardening (plastic 
deformation) during the manufacturing process. Microstruc-
ture observation of the shank thread shows deformed grains, 
a feature probably resulting from a thread-rolling process 
(Fig. 4c, d). The EDS analysis of the bulk of the bolt (centre 
of shank) revealed that it was composed of iron (97.7 wt% 
Fe), with the presence of up to 1 wt% of Si, Cr, Mn, Ni and 
Mo. SEM–EDS elemental mapping of the surface (threaded 
shank, Fig. 5) revealed the zinc coating, which served as 
sacrificial anode.

The nut of bolt no. 1 (nut no. 1) shows on its surface a 
well-preserved shiny yellow metal (Fig. 3c), and the obser-
vation with higher magnification revealed machining marks 
(Fig. 3d). LM and SEM images of the metallographic L-CS 
of this nut revealed elongated and preferentially oriented 
microstructure (Fig. 6), typical of a cast item shaped by a 

Fig. 3  Multifocal LM images of galvanized low-carbon steel bolt no. 
1 and brass nut no. 1: a the shank’s thread; b the bolt’s shank coated 
with zinc (bright area) and areas of exposed iron with corrosion prod-

ucts (dark areas); c the brass nut; and d higher magnification of the 
nut showing machining marks
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Table 2  XRF chemical analysis 
of the iron, copper and brass 
fastenings (local measurements 
before and after grinding of the 
surface)

Measured area Composition (wt%)

Fe Cu Zn Si Pb Other elements

Bolt no. 1, head, dark area, not ground 97.8 0.2 – 1.0 0.1 0.3 Al, 0.3 S, 0.3 Mn
Bolt no. 1, head, ground metal 98.4 0.2 – 0.4 – 0.5 Al, 0.3 Mn, 0.2 S
Bolt no. 1, upper shank, bright area, not ground 37.1 0.1 59.9 2.5 0.1 0.2 S, 0.1 Ni
Bolt no. 1, centre of shank (bright area), not ground 39.6 0.1 58.2 1.7 0.1 0.2 Sn, 0.1 Mn
Bolt no. 1, shank’s thread, bright area, not ground 27.9 0.1 69.0 2.3 0.1 0.3 S, 0.3 Sn
Bolt no. 1, tip, bright area, not ground 50.2 1.1 46.7 1.5 0.3 0.2 Sn
Nut no. 1, shiny yellow metal, not ground 0.4 59.2 36.8 1.4 1.2 0.7 Sn, 0.3 Ni
Nut no. 1, ground metal 0.5 59.1 37.5 0.7 1.2 0.7 Sn, 0.3 Ni
Nail no. 4, head, corroded area, not ground 94.6 2.7 – 0.1 2.0 0.3 Mn, 0.1 S
Nail no. 4, shank, corroded area, not ground 52.7 6.8 3.1 25.9 11.4 0.1 S
Nail no. 4, tip, corroded area, not ground 86.8 7.0 – 1.2 4.3 1.2 S, 0.3 Al, 0.2 Mn
Nail no. 4, head, ground metal 97.8 1.3 – 0.1 0.3 0.3 Mn, 0.1 S, 0.1 Al
Nail no. 4, shank, ground metal 91.2 3.7 – 1.9 2.2 1.9 S, 0.6 Al, 0.2 Mn
Nail no. 4, tip, ground metal 94.4 3.6 – 0.4 1.0 0.4 S, 0.3 Mn, 0.1 Al
Spike no. 1, head, not ground 0.1 98.5 0.1 1.0 – 0.3 As
Spike no. 1, shank, not ground 0.1 97.0 0.2 1.1 0.9 0.7 As
Spike no. 1, tip, not ground 0.1 97.3 0.2 1.1 0.9 0.4 As
Spike no. 1, head, ground metal 0.1 98.8 0.1 0.7 – 0.3 As
Spike no. 1, shank, ground metal 0.1 98.5 0.1 0.4 0.5 0.3 As, 0.1 An
Spike no. 1, tip, ground metal 0.1 97.4 0.2 0.9 1.0 0.4 As
Rove no. 1, ground, area 1 (left side, Fig. 2) 0.1 98.5 0.1 0.7 0.4 0.1 Bi
Rove no. 1, ground, area 2 (right side, Fig. 2) 0.1 98.7 0.1 0.7 – 0.2 As, 0.1 Sn
Spike no. 2, head, area of dark oxide, not ground 1.0 68.0 0.3 22.8 6.6 1.2 As
Spike no. 2, shank, not ground 4.9 93.3 0.7 – – 0.8 As, 0.1 Bi
Spike no. 2, tip, not ground 0.1 98.5 0.1 0.5 – 0.5 As, 0.2 Bi, 0.1 Sb
Spike no. 2, head, ground metal 0.1 96.8 0.1 2.2 0.3 0.4 As, 0.1 Bi
Spike no. 2, shank, ground metal 0.1 97.2 0.1 1.8 – 0.5 As, 0.2 Bi, 0.1 Sb
Spike no. 2, tip, ground metal 0.1 98.1 0.1 1.0 – 0.4 As, 0.2 Bi, 0.1 Ag
Nail no. 1, head, not ground 0.1 97.1 0.1 1.5 0.9 0.2 As, 0.1 Sb
Nail no. 1, shank, not ground 0.1 96.3 0.1 2.6 0.7 0.2 As, 0.2 Ag
Nail no. 1, tip, not ground 0.1 97.9 0.1 1.1 0.8 –
Nail no. 1, head, ground metal 0.1 98.6 0.1 0.8 0.4 –
Nail no. 1, shank, ground metal 0.1 99.0 0.1 0.3 0.5 –
Nail no. 1, tip, ground metal 0.1 98.7 0.1 0.6 0.5 –
Nail no. 2, head, not ground 0.4 87.8 0.5 5.0 5.4 0.8 As, 0.1 Ag
Nail no. 2, shank, not ground 0.1 97.6 0.1 1.9 – 0.3 As
Nail no. 2, tip, not ground 0.1 97.0 0.1 1.4 0.8 0.4 As, 0.1 Bi, 0.1 Ag
Nail no. 2, head, ground metal 0.2 96.5 0.2 1.1 1.3 0. 5 As, 0.1 Bi, 0.1 Ag
Nail no. 2, shank, ground metal 0.1 98.6 0.1 0.6 – 0.4 As, 0.1 Bi, 0.1 Ag
Nail no. 2, tip, ground metal 0.1 98.9 0.1 0.3 – 0.4 As, 0.1 Bi, 0.1 Ag
Nail no. 3, head, not ground 0.1 98.1 0.2 0.5 0.7 0.3 As, 0.1 Ag
Nail no. 3, shank, not ground 0.4 92.7 0.3 1.6 4.7 0.2 Sn, 0.1 Bi
Nail no. 3, tip, not ground 1.5 80.9 0.3 13.0 3.4 0.9 As
Nail no. 3, head, ground metal 0.1 98.5 0.1 0.5 0.4 0.2 As, 0.1 Bi, 0.1 Ag
Nail no. 3, tip, ground metal 0.7 98.1 0.2 – 0.6 0.4 As
Screw no. 1, head, not ground 0.6 61.9 33.0 3.5 0.7 0.2 As, 0.1 Sn
Screw no. 1, shank, not ground – 66.9 32.4 0.7 – –
Screw no. 1, tip, not ground 0.1 66.2 31.3 2.3 0.1 –
Screw no. 1, head, ground metal 0.2 66.2 29.7 3.7 0.2 –
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Table 2  (continued)

Measured area Composition (wt%)

Fe Cu Zn Si Pb Other elements

Screw no. 1, shank, ground metal 0.1 63.8 34.2 1.8 0.1 –
Screw no. 1, tip, ground metal 0.1 64.2 31.3 4.1 0.1 0.2 S
Screw no. 2, head, not ground 0.2 63.1 33.2 2.4 1.0 0.1 Sn
Screw no. 2, tip, not ground 0.1 60.0 39.5 – 0.4 –
Screw no. 2, head, ground metal 0.1 59.3 36.7 1.7 1.8 0.3 S, 0.1 Sn
Screw no. 2, tip, ground metal 0.1 65.8 32.1 0.9 1.0 0.1 Sn

Table 3  SEM–EDS chemical 
analysis of the iron, copper and 
brass fastenings after they were 
polished (S.A. is the scanned 
area)

Measured area Composition (wt%)

Fe Cu Zn Si Pb Other elements

Bolt no. 1, shank, S.A. 1: 150 μm × 150 μm 97.7 – – 0.3 – 0.9 Mn, 0.8 Cr,
0.2 Mo, 0.1 Ni

Bolt no. 1, shank, S.A. 2: 100 μm × 100 μm 98.5 – – 0.1 – 0.8 Mn, 0.3 Cr, 0.3 Mo
Nut no. 1, S.A. 1: 100 μm × 100 μm 0.4 60.2 38.1 – 0.2 0.8 Sn, 0.3 Ni
Nut no. 1, S.A. 2: 100 μm × 100 μm 0.3 60.1 38.3 – 0.2 0.7 Sn, 0.4 Ni
Nut no. 1, S.A. 3: 100 μm × 100 μm 0.3 60.4 38.1 – 0.2 0.7 Sn, 0.3 Ni
Nail no. 4, shank, S.A. 1: 50 μm × 50 μm 99.5 – – 0.1 – 0.3 Mn, 0.1 P
Nail no. 4, shank, S.A. 2: 50 μm × 50 μm 99.7 – – – – 0.3 Mn
Nail no. 4, shank, S.A. 3: 50 μm × 50 μm 99.6 – – 0.1 – 0.3 Mn
Nail no. 4, shank, S.A. 4: 50 μm × 50 μm 99.6 – – 0.1 – 0.3 Mn
Spike no. 1, shank, S.A. 1: 100 μm × 100 μm – 98.6 – 0.1 0.3 0.7 O, 0.3 Mg
Spike no. 1, shank, S.A. 2: 100 μm × 100 μm – 98.7 – – 0.3 0.7 O, 0.3 Mg
Spike no. 1, shank, S.A. 3: 100 μm × 100 μm – 98.3 – – 0.6 0.8 O, 0.3 Mg
Spike no. 2, shank, S.A. 1: 100 μm × 100 μm – 96.8 – 0.4 – 2.0 O, 0.4 Ni, 0.2 As, 0.2 Bi
Spike no. 2, shank, S.A. 2: 20 μm × 20 μm – 98.3 – 0.3 – 0.8 As, 0.4 Ni, 0.2 Bi
Spike no. 2, inclusion 1, S.A.: 5 μm × 5 μm – 61.7 – 1.4 10.7 9.5 As, 9.4 Bi, 7.0 O, 0.3 Ni
Spike no. 2, inclusion 2, S.A.: 5 μm × 5 μm – 17.9 – 0.7 18.1 27.4 Bi, 20.6 As,

14.3 O, 0.7 Sb, 0.3 Ni
Nail no. 1, shank, S.A.: 50 μm × 50 μm – 98.4 – 0.2 0.1 0.2 Ge, 0.1 Sb
Nail no. 2, shank, S.A 1.: 150 μm × 150 μm – 98.6 – 0.2 0.1 0.5 Au, 0.4 O, 0.2 Mg
Nail no. 2, shank, S.A 2.: 150 μm × 150 μm – 97.2 – – 0.1 1.5 W, 0.6 O, 0.3 Ni,

0.3 As
Nail no. 2, shank, S.A. 3: 50 μm × 30 μm – 99.1 – 0.2 – 0.3 Au, 0.3 O, 0.1 As
Nail no. 2, shank, S.A. 4: 20 μm × 20 μm – 97.4 – – 0.2 1.5 W, 0.4 O, 0.3 Ni, 0.2 As
Nail no. 2, inclusion 1, S.A.: 5 μm × 5 μm 0.1 13.8 – – 32.4 20.8 Bi, 16.3 As,

13.4 O, 3.2 Sb
Nail no. 2, inclusion 2, S.A.: 5 μm × 5 μm – 28.0 – – 44.4 17.0 As, 10.4 O, 0.2 Sb
Nail no. 3, S.A.: 80 μm × 80 μm – 97.6 – 0.2 – 1.4 W, 0.4 O, 0.3 Ni, 0.1 As
Nail no. 3, inclusion, S.A.: 5 μm × 5 μm – 13.5 – 0.1 30.4 27.8 Bi, 14.4 O,

12.8 As, 0.6 F, 0.2 Sb, 0.2 Ni
Rove no. 1, S.A.1: 200 μm × 200 μm – 97.0 – 0.8 – 1.7 O, 0.4 Ni, 0.1 As
Rove no. 1, S.A.2: 200 μm × 200 μm – 96.8 – 0.6 0.3 1.8 O, 0.3 Ni, 0.2 As
Rove no. 1, S.A. 3: 200 μm × 200 μm – 97.0 – 0.5 0.2 1.8 O, 0.3 Ni, 0.1 As, 0.1 Bi
Rove no. 1, inclusion, S.A.: 5 μm × 5 μm – 30.8 – – 25.2 18.9 Bi, 11.1 As,

9.8 O, 3.4 Sb, 0.8 Ni
Screw no. 1, shank, S.A. 1: 500 μm × 500 μm – 62.3 37.7 – – –
Screw no. 1, shank, S.A. 2: 500 μm × 500 μm – 62.9 37.1 – – –
Screw no. 1, shank, S.A. 3: 500 μm × 500 μm – 58.0 40.3 – 1.7 –
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subsequent thermomechanical work. Based on the machin-
ing marks at the threaded hole (internal thread), the manu-
facturing process was probably combined with a thread cut-
ting machining process (Fig. 3c‒d). XRF analysis revealed 
that the nut was made of brass, composed of 59.1–59.2 wt% 
Cu, 36.8–37.5 wt% Zn, 1.2 wt% Pb, with minor contents of 
Sn, Si, Fe and Ni (Table 2). SEM–EDS analysis revealed 
that the nut’s metal bulk was composed of 60.1–60.4 wt% 
Cu, 38.1–38.3 wt% Zn, and the presence of less than 1 wt% 
of Fe, Pb, Sn, Ni (Table 3). The microhardness of nut no. 1 
varied between 156 and 170 HV, with an average value of 
163 ± 5 HV (Table 4).

Ferrous Nail

Based on the VT observation, nail no. 4 is severely corroded. 
Multifocal LM observation of the external surface of the 

nail revealed light brown orange and dark brown corrosion 
products (Fig. 7a, b), typical of iron oxide generated by the 
redox reaction between iron and oxygen. The XRF analysis 
of the corroded external layer of the nail before grinding 
indicated a composition of 52.7–94.6 wt% Fe, up to 3.1 
wt% Zn, up to 25.9 wt% Si, 2.7–7.0 wt% Cu, 2.0–11.4 wt% 
Pb, up to 0.1–1.2 wt% S and up to 0.3 wt% of Al and Mn 
(Table 2). The high Si content (25.9 wt% Si) in one of the 
corroded area measurements is most probably due to migra-
tion of sediment from the surroundings [43, pp. 381, 384, 
44, p. 522]. The XRF analysis of the ground nail indicated a 
composition of 91.2–97.8 wt% Fe, 1.3–3.7 wt% Cu, 0.1–2.2 
wt% Si, 0.3–2.2 wt% Pb, 0.3–1.9 wt% S and up to 0.6 wt% 
of Al and Mn. The high Pb and Cu content is unusual for an 
iron nail [15, pp. 432, 434]; thus, it is possibly related to the 
long period of corrosion [44, p. 522]. An iron nail produced 
by the Bessemer process was expected to show the presence 

Fig. 4  Metallographic images of galvanized low-carbon steel bolt 
no. 1′s shank: a equiaxed ferrite grains with pearlite islands (L-CS, 
etched, LM); b two elongated MnS inclusions (dark areas, where the 
left inclusion is marked with a white arrow), surrounded by ferrite 

matrix (L-CS, before etching, SEM); c the shank’s thread showing 
deformed grains (T-CS, etched, LM); and d higher LM magnification 
of the deformed grains
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of phosphorus [10, p. 226, 11, p. 164]; however, no P was 
detected by the XRF analysis. This result may be explained 
due to the poor state of preservation of the corroded nail and 
instrumental limitations of the XRF.

LM observation of the metallographic sample of the 
nail revealed that it was made of steel (Fig. 7c): however, 
the carbon content could not be measured because of the 
poor preservation condition. The SEM–EDS analysis of the 
nail (centre of shank) revealed that it was composed of iron 
(99.1–99.5 wt% Fe), with the presence of up to 0.3 wt% of 
Si, Mn, P and O (Table 3). The microhardness of the nail’s 
bulk varied between 301 and 322 HV, with an average value 
of 316 ± 9 HV (Table 4), typical of annealed hypereutectoid 
steel microstructure, based on the presence of pearlite, which 
strengthens the steel [46, p. 88, 47, p. 130]. However, cold 
deformation may have also been a possible reason for such 
microhardness values [48, p. 82].

According to the EDS analysis, no S was detected 
(although it was observed by the XRF analysis), and P was 
detected only in one measurement (Table 3). This result may 
be explained by heterogeneity of the nail combined with 
small scanned areas, as well as instrumental limitations of 
the EDS, and the poor preservation of the nail.

Copper Fastenings

The six copper fastenings (spikes no. 1–2, nails 1–3 and 
rove no. 1, Figs. 1 and 2) were well preserved, with some 
exposed shiny orange metallic areas (Fig. 8). Areas of green, 

turquoise, brown and black minerals were observed on the 
surface of spikes nos. 1 and 2 (Fig. 8). Areas of exposed 
shiny metal, as well as green, turquoise, yellow, brown and 
black minerals, were also observed on the surface of nails 
no. 1–3 (Fig. 8). The XRF analysis of the copper spikes, 
nails and rove (ground metal) revealed that they were com-
posed of 96.5–99.0 wt% Cu, with the presence of Zn, Si, 
Fe, Pb, Sn, As, Bi, Sb and Ag (Table 2); however, no S was 
detected.

LM observation of the metallographic sample of the head 
and upper shank of spike no. 1 revealed slip bands and some 
deformation twins (Fig. 9a). The average microhardness of 
spike no. 1 varied between 139 HV at the shank and 152 HV 
at the head, with an average value of 146 ± 7 HV (Table 4), 
as expected from copper fastenings produced at the end of 
the 18th‒early nineteenth century by the traditional manu-
facturing process of hammering alternating with annealing 
cycles [49, pp. 73–75, 50, p. 93]. LM and SEM observations 
of the central part of spike no. 1′s shank revealed equiaxed 
grains, with a grain size of 10–50 μm (Fig. 9b–d), with 
some annealing twins and the presence of slag inclusions 
(1–10 μm), as typical of nineteenth-century smelted and 
annealed copper [51, p. 370]. The SEM–EDS analysis of 
the bulk of spike no. 1′s shank revealed that it was made 
of copper alloy, composed of 98.3–98.7 wt% Cu, with the 
presence of up to 0.8 wt% of Si, Pb, Mg and O (Table 3).

The microhardness of spike no. 2′s bulk varied between 
103 and 139 HV, with an average value of 104 ± 1 HV for 
the head and 135 ± 4 HV for the shank (Table 4). SEM–EDS 

Table 4  HV microhardness test of the metal fastenings (metallographic samples)

Sample Vickers microhardness (HV)

Minimum Maximum Average SD

Bolt no. 1 (steel, centre of shank, Fig. 2) 148 164 159 9
Bolt no. 1 (steel, lower part of the shank, area 1, thread, Fig. 3a) 205 265 236 5
Bolt no. 1 (steel, lower part of the shank, area 2, above thread, Fig. 3b) 182 202 189 9
Nut no. 1 (brass, area 1, left side of the nut in Fig. 2) 165 170 163 5
Nut no. 1 (brass, area 2, right side of the nut in Fig. 2) 144 155 148 5
Nail no. 4 (steel, shank) 301 322 316 9
Spike no. 1 (copper, shank) 138 155 146 7
Spike no. 2 (copper, head) 131 139 135 4
Spike no. 2 (copper, shank) 103 106 104 1
Rove no. 1 (copper) 84 106 94 8
Nail no. 2 (copper, head) 131 143 137 5
Nail no. 2 (copper, shank) 104 115 111 5
Nail no. 3 (copper, head) 138 143 142 2
Nail no. 3 (copper, shank) 99 104 101 2
Screw no. 1 (brass, head) 168 171 170 2
Screw no. 1 (brass, shank) 142 146 145 2
Screw no. 2 (brass) 145 154 150 3
Nut no. 2 (brass) 172 181 177 3
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analysis of the inclusions of spike no. 2 revealed a composi-
tion of 17.9–61.7 wt% Cu, 10.7–18.1 wt% Pb, 9.5–20.6 wt% 
As, 9.4–27.4 Bi, 7.0–14.3 wt% O, as well as up to 1.4 of Si, 
Sb and Ni (Table 3).

LM and SEM observation of rove no. 1 revealed elon-
gated grains with some annealing twins and the presence 
of elongated slag inclusions at the planar cross section, as 
typical to plastically deformed grains that were partially 

Fig. 5  SEM–EDS elemental mapping of bolt no. 1 (metallographic sample before etching, bright dots): a the surface of the bolt at the area of the 
shank; and b‒f the presence of the elements: iron, oxygen, manganese, zinc and copper
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annealed [52, p. 84]. The microhardness of rove no. 1 var-
ied between 84 and 106 HV, with an average value of 94 ± 8 
HV (Table 4). The SEM–EDS analysis of the bulk of rove 
no. 1 revealed it was made of copper alloy of 96.8–97.0 wt% 
Cu, with the presence of up to 1.8 wt % of Si, Pb, O, Ni, As 
and Bi (Table 3).

LM and SEM observations of the central part of nails nos. 
1–3 revealed equiaxed grains with a grain size of 10–40 μm, 
with some annealing twins and the presence of slag inclu-
sions (1–10 μm) (Fig. 10), as typical of annealed copper 
[51, p. 370]. Some of the inclusions were arranged in paral-
lel strings (Fig. 10a), as also observed by others [53, pp. 
76, 85]. The microhardness of the bulk of nail no. 2 varied 
between 104 and 143 HV, with an average value of 137 ± 5 
HV for its head and 111 ± 5 HV for its shank. The micro-
hardness of the bulk of nail no. 3 varied between 99 and 
143 HV, with an average value of 142 ± 2 HV for its head 
and 101 ± 2 HV for its shank. The SEM–EDS analysis of 
the bulk of nails nos. 1–3 indicated that they were made 
of copper alloy of 97.2–99.1 wt% Cu, with the presence 
of up to 1.5 wt % of Si, Pb, O, W, As, Sb, Au, Ni, Mg and 

Ge (Table 3). EDS analysis of the inclusions of nails nos. 
2 and 3 (white arrows, Fig. 10d, f, respectively) revealed a 
composition of 13.5–28.0 wt% Cu, 30.4–44.4 wt% Pb, up to 
27.8 wt% Bi, 12.8–17.0 wt% As, 10.4–14.4 wt% O, up to 3.2 
wt% Sb and up to 0.6 of Si, Fe and Ni (Table 3).

Brass Screws and Nut

Areas of green and turquoise minerals were observed on the 
surface of both screws (Fig. 11a–c, screw no. 1). Screw no. 
1 was well preserved (Fig. 11a–c), with a shiny metallic yel-
low colour; and the metal of screw no. 2, although broken, is 
also well preserved (Fig. 11d–f). Observation of the metallo-
graphic samples of screw no. 1 head, shank and tip revealed 
equiaxed grains with the presence of twins and deformation 
lines (LM, Fig. 12a‒c). The brass grain size is 5–40 μm 
(Fig. 12c). Observation of screw no. 2 nut revealed a pref-
erentially oriented dendritic microstructure (Fig. 12d‒f), 
which indicated that this item was made first by casting [24, 
p. 261, 54, p. 4839], following thermomechanical work. 
Based on the machining marks at the nut’s threaded hole, 

Fig. 6  Metallographic images of brass nut no. 1 (after etching): a LM (L-CS); b LM (T-CS); c and d SEM (L-CS)
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the manufacturing process was probably combined with a 
thread cutting machining process (Fig. 12f).

Based on the XRF analysis, the screws were made of 
alpha–beta brass, composed of 59.6–66.9 wt% Cu and 
29.7–39.5 wt% Zn, with the presence of Si, S, Fe, Pb, Sn 
and As (Table 2). The source of Si could have resulted from 
the presence of inclusions in the brass, or remains of sand 
casting [30, p. 296]. SEM–EDS analysis of screw nos. 1 
and 2 indicated a composition of 62.3–62.9 wt% Cu and 
37.1–37.7 wt% Zn (Table 3). SEM–EDS analysis of nut no. 2 
revealed a composition of 58.0 wt% Cu, 40.3 wt% Zn and 1.7 
wt% Pb. The composition of the screws is within the range 
of the 60/40 Cu/Zn alpha–beta brass patented by Muntz in 
1832 (Patent no. 6347) [30, p. 192], while the Pb content 
found in the nut points out to a material that was produced 
after 1846 [29, 30, p. 201, 55]. Based on the yellow colour 
of the screws and their composition, no evidence of dezinci-
fication was observed. The average microhardness of screw 
no. 1 metallographic sample varied between 166 HV at the 

shank and 238 HV at the head, with an average value of 
201 ± 37 HV (Table 4); and the microhardness of screw no. 
2 varied between 148 and 154 HV, with an average value 
of 150 ± 3 HV. For comparison, the hardness of brass cases 
retrieved from the nineteenth-century Akko 1 shipwreck, 
produced from rolled sheets that were annealed and then 
hand-formed with simple tools, was 99–207 HV for grain 
size of 50–100 μm [32, p. 2415]. The average hardness of 
α-brass housing, made of hot-worked rolled sheet, retrieved 
from the Dor C shipwreck dated to the last quarter of the 
nineteenth century, varied between 126 HV and 173 for aver-
age grain size of 46 μm [35, p. 439].

Discussion

Investigation of fastenings found in ancient, post-medieval 
and historic (eighteenth and nineteenth centuries) ship-
wrecks may provide useful information regarding different 

Fig. 7  Multifocal LM images of steel nail no. 4: a general view of the corroded iron nail; b the external surface of the nail’s shank, covered with 
orange brown rust; and c metallographic image of the etched nail
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Fig. 8  Multifocal LM images of the copper spikes and copper nails: a 
the head and upper shank of spike no. 1 (the bright areas are exposed 
copper metal); b the head and upper shank of spike no. 2; c oxide and 

exposed metal (bright upper area) at the surface of spike no. 2; d the 
head of nail no. 1; e the head and upper shank of nail no. 2; and f the 
external surface of the lower shank tip covered with oxide
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aspects of ship construction and technology of the period, 
for example skills and past metallurgical knowledge, craft 
techniques, industrial production and adoption of materials 
[e.g. 15, 30, 37, 56]. Furthermore, typological, physical and 
chemical characterization of different fastenings (bolts, nails 
and other remains) has been very valuable in estimating the 
date and provenance of unidentified shipwrecks, hence con-
tributing valuable information to the shipwreck sites [57]. 
The current study of the fastenings from the Molyneux boat 
provided additional information concerning its construction, 
life span and history.

The copper fastenings used in the construction of the 
boat were well preserved, but were covered with green, 
turquoise, yellow, brown and black minerals, which indi-
cates a long-term corrosion process. The different corro-
sion products observed on the external surface of the cop-
per fastenings can be assessed by the surface composition 
[41]. For example, the green and turquoise minerals may 

be brochantite cupric sulphates, or paratacamite [58, p. 
401]. The copper fastenings were composed of 96.5–99.0 
wt% Cu. However, Zn, Si, Fe, Pb, Sn, As, Bi, Sb and Ag 
were also detected (Table 2, XRF results). These minor 
elements may be considered as impurities, however some 
of them, such as Pb, may have been added deliberately to 
improve the alloy properties [30, p. 191, 59]. Chemical 
analysis of archaeological objects may serve as a relative 
dating tool, since the presence of some elements and their 
concentrations could be related to material culture and 
technological abilities [37, p. 625]. At the beginning of the 
nineteenth century, traditional handmade nails were still 
common [56, p. 134]. However, during the century hand-
made nails were gradually replaced by industrial machine-
made nails. Following various technological inventions, 
during the second half of the nineteenth century, industrial 
nails became more common [14, pp. 66–68, 60, pp. 38–39, 
61, pp. 56–57, 62].

Fig. 9  Metallographic images of copper spike no. 1 (after etching): a 
head and upper shank of the spike, with the presence of slip bands 
(LM, L-CS); b grains with annealing twins and slag inclusions rich in 

Cu, Pb, As, Bi and O at the shank (LM, T-CS); c and d SEM images 
of the grains with some dark inclusions (dark circles at the shank, for 
example, the typical inclusion marked with an arrow in (c), L-CS)
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Fig. 10  Metallographic SEM images of copper nails nos. 1–3 (after 
etching): a shank with many slag inclusions arranged in strings, rich 
in Cu, Pb, As, Bi and O (nail no. 1, round partials such as the one 
marked with an arrow, L-CS); b grains with annealing twins and slag 
inclusions (nail no. 1, shank, L-CS); c grains with annealing twins 

at the shank (nail no. 2, L-CS); d grains with some dark inclusions 
(shank of nail no. 2, L-CS, one typical inclusion is marked with an 
arrow); e grains with annealing twins at the shank (nail no. 3, T-CS); 
and f group of slag round inclusions (dark circles, white arrow) at the 
shank (nail no. 3, T-CS)
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Bolts were also subjected to such kind of technological 
changes since the last quarter of eighteenth century. The 
introduction of machinery technologies for industrial pro-
duction of fastenings was a gradual experience. This indus-
trial transition can be appreciated in early-nineteenth-cen-
tury shipwrecks, where the coexistence of fastenings made 
by both traditional and novel manufacturing techniques can 
be recorded. On the other hand, a wide range of technologi-
cal experimentation and the limited use of machines were 
developed over the decades since then, long before a com-
plete machine-made nail was produced. Moreover, differ-
ences in industrial trajectories of USA and European coun-
tries, and also between techniques applied for producing 
copper base and iron fastenings, should also be considered 
when evaluating metals that were used for nautical applica-
tions from the late eighteenth to mid-nineteenth centuries 
[26, p. 273].

Based on their shape, various dimensions, composition 
and microstructure (the presence of slip bands in Fig. 9a and 
grains with annealing twins in Fig. 9b), the copper fasten-
ings from the Molyneux’s boat were probably produced by 
a traditional process of cyclic hammering and annealing [49, 
pp. 73–74, 50, pp. 94–96, 51, pp. 369–370, 63, pp. 726–728, 
64, p. 164]. The recrystallized grains and annealing twins 
could also stand for a hot plastic deformation process, where 
the metal was worked above its recrystallization temperature 

[59, 64, p. 726, 65, 66]. The presence of arsenic, silver and 
bismuth impurities is characteristic of copper smelted in 
Britain in the late eighteenth and early nineteenth centuries 
[67, p. 32, 68, p. 50]. Therefore, it is suggested that these 
copper fastenings were probably manufactured during the 
first half of the nineteenth century. However, even if the 
characteristics of the copper fastening are coherent with 
British Cu exploited at this period, their exact manufactur-
ing date cannot be exclusively assumed from this data.

The brass screw type of no. 1 was patented by T.J. Sloan 
in 1848 [69]. Screws nos. 1 and 2, and nuts nos. 1 and 2, 
were made of brass (59.6–66.9 wt% Cu and 29.7–39.5 wt% 
Zn) (XRF results, Table 2). The green and turquoise min-
erals observed on the surface of the screws (Fig. 11) indi-
cate a long-term corrosion process. A uniform distance 
between the teeth of the helical ridge at the lower part of the 
screw’s shank was observed, typical of screws produced by 
an industrial process (Figs. 11a‒b, 12a‒b). Based on the 
microstructural examination, the bolt’s thread was formed 
through plastic deformation, probably by thread rolling 
(Fig. 12d‒f). In contrast, based on the observed machining 
tool marks and flow line pattern of the microstructure at the 
female thread (Figs. 3c‒d, 6, 11f and 12d‒f), the hexagonal 
nuts were produced by a machining process such as thread 
cutting. Production by precision machinery became wide-
spread during the 1840s [70, p. 622, 71, p. 418]. Based on 

Fig. 11  Multifocal LM images of the brass screws and brass nut no. 2: a screw no. 1′s head; b the shank’s thread (left side of image); c the exter-
nal surface of the shank covered with oxide, d and e screw no. 2 and nut no. 2; and f higher magnification of the nut showing machining marks
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the tapered shaft, even threads, centred slot and the pointed 
tip, and given its composition, screw no. 1 was most prob-
ably a post-1848 product [69, 70, p. 622, 71, p. 418]. This 
is consistent with the brass composition of other ship finds 
from the period [72, p. 4].

In 1841, J. Whitworth developed a uniform system 
for standardization of threads of screw bolts, which was 
adopted as the British Standard system. The uniform dis-
tance between the teeth of the helical ridge of bolt no. 1 
(Fig. 3), right-handed thread Whitworth 5/16″-18, sug-
gests that was manufactured by an industrial process after 
1841 [38, p. 96, 73, p. 67, 74, p. 330, 75, p. 20]. Based on 
the microstructure, bolt 1 was probably produced by thread 
rolling, a process patented in the last quarter of the nine-
teenth century. This bolt was made of a ferrous alloy (up 
to 99.6 wt% Fe based on the XRF analysis and 97.7 wt% 
Fe based on the SEM–EDS analysis of the bolt’s bulk) and 
had a carbon content of 0.1–0.2 wt% C. Its microstruc-
ture contains equiaxed ferrite grains with pearlite islands 
(Fig. 4a, b and d), typical of modern low-carbon steel. This 
indicates that the steel of bolt no. 1 was most probably pro-
duced by the Bessemer converter, invented by H. Bessemer 

in 1856. The inexpensive Bessemer process enabled the 
mass production of steel for the first time. The Bessemer 
process produced a low-carbon steel, which usually con-
tained 0.1–0.2 wt% C [10, pp. 223, 226, 11, pp. 164‒165, 
76, pp. 2776‒2777, 77, p.789, 78, p. 454].

Considering its bright grey shiny metallic surface, and 
its surface composition (up to 69.0 wt% Zn, Table 2), the 
bolt was galvanized [17, p. 82, 79, pp. 34‒38]. The use 
of a molten zinc bath to galvanize iron objects, such as 
sheets, in order to protect them against corrosion, was 
developed by I. M. Sorel in 1836 and patented in 1837. In 
the same year, H. W. Crawford also patented the process 
[17, p. 82]. Considering that the material of bolt no. 1 
was produced by the Bessemer process, and that it was 
thread-rolled, it was most probably manufactured after 
the mid-nineteenth century. Although there is no evidence 
of any maintenance work done on the boat after it was 
built in 1836, galvanized bolts (such as bolt no. 1) and the 
brass screws suggest they were added at a later stage in 
the boat’s life. Therefore, it is suggested that the boat was 
originally built using copper fastenings and other metal 
fastenings were added later during minor refitting.

Fig. 12  Metallographic images of brass screw no. 1 and brass nut 
no. 2 (after polishing and etching): a metallographic specimen of the 
screw’s head and upper shank (macroscopic view, L-CS); b macro-

scopic view of the shank’s thread; c microscopic view of the screw’s 
shank, showing α-brass phase with twin (LM, L-CS); d microscopic 
view of the nut (LM, L-CS); e and f SEM image of the nut (L-CS)
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Conclusions

Research conducted on the boat built in England in 1836, 
and used in an expedition by Lieutenant Molyneux of the 
Royal Navy in 1847, shows diverse manufacturing tech-
niques and dates for the various fastenings: the copper spikes 
and nails were most probably made by a hand-forging pro-
cess and intensively hammered and subsequently annealed 
into their final shape; the screws and hexagonal nuts were 
made of brass containing about 36 wt% Zn and were prob-
ably a post-1848 product based on their shape, microstruc-
ture examination and their manufacturing process; and the 
bolt was made of low-carbon steel produced by the Bessemer 
process, shaped by plastic deformation and galvanized, thus 
most probably manufactured after 1856. Therefore, it is sug-
gested that the boat was originally built using copper nails; 
and the brass screws and galvanized bolts were added later 
during minor refitting, perhaps after the 1847 expedition.
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