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1. Introduction

  It had been estimated that the expenses damages due 
attributed to corrosion represent between 3 and 5 percent 
of the gross domestic product of the industrialized coun-
tries GNP; only talking about steel, for every ten tons man-
ufactured per year, two and a half are lost due to the effects 
of corrosion [1]. Some authors [2-5] have studied the cor-
rosion products of carbon steels in various atmospheres 
by DRX, SEM and Raman, reporting as main phases pres-
ent lepidocrocite γ-FeO(OH), goethite α-FeO(OH), akaga-
neite β–FeO(OH) and magnetite (Fe3O4), As shown in 
(Fig. 1), the presence of these iron compounds constitute 
a timeline in the materials, which facilitate a diagnosis 
of the progress of the corrosion of a metal part. The lep-
idocrocite phase is associated with the first stages of at-
mospheric corrosion [2] and is the starting point to form 
more aggressive phases, so synthesize it and analyze its 
decomposition by Raman spectroscopy, monitoring the 
signals a 219 cm-1,252 cm-1 and 650 cm-1 is relevant. This 
iron oxyhydroxide is very sensitive to the conditions of 

synthesis even under conditions of strict control; it pres-
ents small morphological changes [6]. The γ -FeO (OH) 
phase can be transformed into the polymorphic goethite 
phase α-FeO(OH) with gentle heating [7,8]. If it is cal-
cined at temperatures close to 250 °C it becomes maghe-
mite γ -Fe203, losing structural water and changing the 
paramagnetic to ferromagnetic phase [9,10-12], this phase 
shows an aggressive corrosion phenomenon and the sur-
face of the part he barely recovers. Later oxidation leads 
to compounds such as magnetite and hematite α-Fe203 [7] 
causing rupture and total loss of the material, being 
irrecoverable. In this work we study the compounds asso-
ciated with corrosion, in metallic archaeological samples 
of carbon steel of insular origin and that were buried, to 
establish their degree of deterioration and structural dam-
age against air pollution. The phase of lepidocrocite was 
synthesized, [9], studying its thermal stability by Laser 
Raman spectroscopy, monitoring the signals 219 cm-1,252 
cm-1 and 650 cm-1.

2. Experimental Methods

2.1 Selection of the study area and sampling
  The archaeological artifacts were collected in the Battery 
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of San Rafael Angel, located on the island "Land pump", 
in the northern zone of the Bay of Cartagena-Colombia- 
South America, latitude: 10°19' 44.1 N "and longitude: 
75°34' 48.9 O", (Fig. 1). Samples were taken from 8 parts 
of cannons, located the right and left side of the San Rafael 
Battery, coded as C1 to C8, (Fig. 4). Each canyon was 
studied  by optical microscopy, and Raman spectroscopy, 
in three zones along the part (head indicated with black, 
yellow half body and part of the red tip), (Fig. 2). The 
confocal Raman microscopy, (Fig. 3), was used in the 
yellow zone. Under the desquamated material that showed 
poor adherence, a metallic matrix was found, used to 
quantify the Fe wt% of each part, using an atomic absorp-
tion equipment, brand:Thermo, Model: ICE3000 A 
A05124605 v1,30. 

2.2 Raman analysis 
  In most cases the corrosion crusts, partially detached 
from the archaeological samples, were used, in other cases 
it was made by speculation by sieving them and passing 
them through a 40 mesh screen. These were analyzed, for 
initial characterization, by the use of a stereomicroscope 
optical microscope, Nikon model: C-LEDS with magnifi-
cation lenses of 0.88, 1.60 and 3.5 for each sample. In 
addition to use Nikon confocal microscope model BX41, 
with objectives of 50X and 100X achromatic plane, color 
video camera for vision of the sample, coupled to the 
Raman with He / Ne laser of l = 633 nm and 25 mW, 
for the analysis of the the average zone of the samples, 
the acquisition and data processing was used the Software 
Labspec under windows. For the study of compounds as-
sociated with corrosion. Two Laser Raman teams were 
employed. The first equipment (Horman Jobin Yvon con-
focal Raman spectrometer, Labram HR High Resolution 
Model), with Renishaw Ramanscope InVia system, which 
allowed the focused laser tip to scan in two spatial di-
mensions (xyy) on the sample, with one step of 1 μm. 
The measurements were carried out in air using the He-Ne 
excitation line of l = 633 nm, with a power of the laser 
source was 25 mW, which was attenuated to the minimum 
value allowed by the instrument, up to 0.24 mW in order 
to avoid structural transformations of the iron phases by 
the action of the laser that occur when the power in the 
sample is higher than 0.7 mW [6]. A second Raman team 
(Dimension-P1 Raman System with excitation source 

Fig. 1 Location "Land pump" island, -Cartagena Colombia-South 
America.

Fig. 2 Sampling areas in each of the metal artillery parts.

Fig. 3 Pieces of artillery C1-C8 taken in latitude: 10° 19 '44.1 
N "and longitude: 75° 34' 48.9 O". Battery of San Rafael Angel 
Cartagena Colombia-South America.
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Diode Laser, operating in the near infrared (785.27 nm), 
using  CCD detector of 1.340 x 100 imaging pixels, 20 
x 20 μm, in a range of 200 cm-1- 3300 cm-1 Resolution 
4 cm-1 -5 cm-1 (2.5 cm-1 / pixel), a power of the laser 
source was 216.3 mW and data acquisition system 
One-step acquisition / prediction using chemometric meth-
ods, was used for stability  studies of  lepidocrocite g
FeO(OH), in which vary the voltage applied to the laser. 

2.3 Synthesis of lepidocrocite
  It was carried out with the addition of 20 ml of Fe 
(NO3) 3.9H2O 1M and changing the OH-/ Fe3 + ratio 
(changes in pH), with additions of 5M NaOH with final 
relation OH- / Fe3+ de 0.5, 0.75 and 1.5 [13], the variation 

of this parameter had a clear effect on the crystallization 
of the different phases of iron oxyhydroxides.

3. Results and Discussion

  The visual analysis carried out on the artillery artifacts, 
shows desquamated corrosion products in the body of the 
pieces, as can be seen on the (Fig. 3). Pittings was ob-
served in all the pieces C1-C8, by interperism, with the 
appearance of colored spots of orange on the surface of 
the cannons C1, C3, C4, C5, C7 and C8. For pieces C4, 
C5 and C8 a greater advance of corrosion along its entire 
length is shown, possibly due to its position in the San 
Rafael battery place and composition of corrosive phases 
such as magnetite, maghemite and, hematite (Fig. 3) [9]. 
Taking into account that the percentage of iron used for 
the manufacture of these artillery pieces was between Fe 
70 wt% and Fe 80 wt% [14]. All the pieces of the battery 
of San Rafael, presented reductions in the Fe wt% up to 
Fe 20 wt%, showing structural damage and wear to the 
abrasion. The samples C1 % of Fe 43.18 wt%, C3 with 
Fe 49.12 wt%, C8 with Fe 51.76 wt% were the most af-
fected, showing in the mouth of the barrel inside, cracks 
of different sizes in the metallic matrix and total or partial 
loss of the material, the pieces C4, C5, C6 and C7 pre-
sented of Fe 54.83 wt% values of 54.74 wt%, 52.43 wt% 
and 54.49 wt%, being less affected by desquamation, the 
piece with less wear and corrosion loss was C2 with Fe 
62.94 wt%.
  The Fig. 4 presents the stereoscopic microphotographs 
made for samples C1-C8, the difference between silica 
calcareous crusts, particles of marine salts and iron salts 
can be clearly determined. Ferrous oxide particles for sam-
ples C1, C4, C5 and C6 showed a greater tendency to 
aggregation and magnetization, while samples C7 and C8 
showed greater particle disintegration and higher richness 
in marine chloride salts, perhaps due to the direction of 
the wind that impacts them, because of their location into 
San Rafael Battery. The middle zone of the pieces, reports 
appreciable amounts of iron oxide phases, for which rea-
son it was selected for the analysis by confocal Raman 
microcopy (Fig. 3). Which also allowed to obtain more 
information of the phases of the oxyhydroxides present.

3.1 Study of the decomposition of the Lepidocrocite phase 
with relation OH-/Fe3+= 0.75, using Raman laser (RLS)
  Raman spectroscopy allowed a better study of Fe-OH 
and Fe-O binding vibrations because hydrated species do 
not contribute [15]. In marine saline environments, high 
humidity and temperature increase the rate of corrosion. 
In order to promote structural changes in the phases of 

Fig. 4 Initial visual analysis, Stereomicroscope optical microscope, 
Nikon model: C-LEDS with 3.5 magnification lenses.
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synthesized lepidocrocite (Fig. 5), the charge flow in the 
laser was varied introducing a voltage of 1.0ev, 1.3 ev 
and 1.5 ev, which increased the vibrational energy of the 
lepidocrocite atoms, causing an increase in temperature 
that changed the profile of the Raman spectrum and propi-
tious changes of the chemical environment of the domi-
nant oxide or oxyhydroxide and other minority com-
pounds by thermal effect [16]. It is appreciated that the 
synthesized phase corresponds mostly lepidocrocite (Fig. 
5a), with characteristic main signals at 390 cm-1 and 694 
cm-1 [17], other Raman bands at 298.4 cm-1, 518.7 cm-1 
and 1031 cm-1, were related to impurities of α-FeO(OH). 
The low temperature produced by the 1.0v intensity, pro-
duced a slight displacement of the lepidocrocite band to 
392.8 cm-1 (Fig. 5a) being more suitable for the analysis 
of this phase and avoiding acute structural changes. An 
intensity greater than (0.3v) (Fig. 5b), raised the temper-
ature of the surface that made it possible to form the 
Fe-O-Fe bond and / or reorganization of the hydroxyl 
groups, generating a shift to a larger wave number of the 
signal characteristic of lepidocrocite at 395 cm-1. With the 
formation of mixed phases of the goethite oxyhydroxides, 
with signals at 301.8 cm-1, 395.4 cm-1 and 996.7 cm-1 and 
the band at 1048.5 cm-1 assigned to an unknown inter-
mediate oxide [18]. When the laser was operated at (1.5v) 
(Fig. 5c), the profile of the Raman spectrum changed dras-
tically, possibly due to the loss of structural hydroxyl pres-
ent in the iron oxidohydroxides, the characteristic γ -FeO 
(OH) signal disappearing and facilitating the consecutive 
formation of oxide species as poorly crystallised hydrated 
iron III oxide or oxyhydroxide [18] the signal at 670.1 cm-1 
is due to the presence of the oxidic phase, magnetite Fe3O4 

[20], which has previously been reported as the final de-
composition product of lepidocrocite. [17] the 1295.4 cm-1 
band may be related to the phase γ -FeO(OH), while a 
large part of the stretches at 301.4 cm-1, 395.8 cm-1, 869.5 
cm-1 and 1418.4 cm-1 were associated with the maghemite 
phase g-Fe2O3 with signals of non-stoichiometric oxy-
hydroxides of Fe (III) [8] at 611.7 cm-1, 1051.5 cm-1. In 
none of the experiments with different intensity of the 
laser led to the formation of hematite α- Fe2O3, which 
is a substantial product as α-FeO (OH) and β-FeO (OH) 
[6]. It is postulated that the decomposition sequence suf-
fered by the sample is g-FeO(OH) → α-FeO(OH) + g 
-FeO(OH)→ g–Fe2O3+ Fe3O4.

3.2 Types of iron oxides associated with corrosion stages 
of metallic artifacts, using Raman laser (RLS)
  The identification and analysis of the evolution of iron 
oxides and oxyhydroxides, as corrosion products, on the 
surface of the archaeological artifacts C1-C8, (Fig. 6 to 
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Fig. 13), was carried out in three head areas (black zone), 
medium body (yellow zone) and the tip of the canyon 
(red zone), these parts were unearthed and placed in aera-
tion conditions. The purpose of the study is to obtain in-
formation to prevent the degradation of the objects, after 
their excavation and to have a real criterion for their 
restoration. The total metallic substrate (M) of the Bocachica- 
Colombia canyons, from this study presents the same sys-
tem of layers that corrode them, as well as containing 
small amounts of quartz and chloride salts. In all the sam-
ples, numerous fractures were observed that had exoge-
nous elements such as silica, chloride and calcite residues. 
The main iron phases were identified were: lepidocrocite 
γ-FeOOH with bands at 219 cm-1, 252 cm-1 and 650 cm-1, 
for goethite a-FeO(OH) at 300 cm-1, for akaganeite β
-FeO(OH) at 386 cm-1; at 314 cm-1 and 722 cm-1 [12], 
ferroxite bands at 703.1 cm-1, non-stoichiometric oxides 
type Fe3-xO4 bands were used at 532 cm-1 and at 667 cm-1, 
the signal reported at the band located about 380 cm-1 can 
not be used as a criterion for the identification of any phase, 
because it is a superposition of the strongest bands of goe-
thite an β - FeO (OH), and also to the following  stronger 
bands of g-FeO(OH) non-stoichiometric magnetite (Fe3- 

xO4), magnetic and supermagnetic goetite (α-FeOOH), lep-
idocrocite g-FeO(OH) and akaganeite β-FeO(OH) [12], 
these were extracted from several articles [5,6,8,9,12-20, 
14-15]. The studied zones of each part showed differences 
in the composition of the ferrous oxides, indicating a 
greater or lesser degree of affectation against corrosion, 
the Raman spectra are presented for each one of the zones 
separately. The metallic substrates of each metal device 
were heterogeneous with changes in iron composition and 
structure.

3.2.1 Metal artifact C1 and C2
  Canyon C1 is at the end of the  San Rafael Battery, 
faces the sky and is most affected by the winds, showing 
richness in the akaganeite phase and maghemite 
[5,6,8,9,12-20,14,15] in the central body of the artifact 
(Fig. 6a) and head (Fig. 6b), with high corrosion rates, 
for chlorides. The deeper layers (Fig. 6c), showed goetita 
and akaganeita [12]. This was corroborated with the con-
focal Raman microphotographs (Fig. 4 sample C1), from 
the yellow zone, (Fig. 6a), showed agglomerations of 
red-orange islands, smaller than 100mm in length, uni-
formly distributed belonging to akaganeite, together with 
black elongated crystals of goethite, more spherical and 
small red particles were related to maghemite, the clear 
areas correspond to the corrosion products that are being 
rearranged. White crystals of chloride superimposed on 
the oxides could be seen. It can be concluded that at the 

surface level, the degree of decomposition of the part is 
lower and can be recovered by preventive methods for 
its conservation. However, the impact of the aggressive 
atmosphere rich in chlorides within the natural environ-
ment, allows the infiltration in this part, together with the 
evaporation process can continue contributing to its proc-
ess of corroding metal, being a cause of constant and im-
mutable deterioration. The significant presence of the aka-
ganeite phase is due to a high soluble chlorides concen-
tration [12], benefiting the ionic diffusion and the increase 
of the electrochemical process that causes the corrosion. 
  The metallic device C2 located next to the C1, showed 
in the central zone, (Fig. 7a) akaganeita and goethite at 
greater depth, [12] while on the surface lepidocrocite was 
found. In (Fig. 7b), maghemite was identified, in greater 
proportion being a sign of high corrosion [22]. The deepest 
layers (Fig. 7c), showed goethite, akaganeita, maghemita. 
[5,6,8,9,12-20,14,15], the confocal Raman microphoto-
graphs (Fig. 4 sample C2), from the yellow zone (Fig. 
7a), showed agglomerations of red-orange islands corre-
sponding to akaganeite crystals, without the presence of 
clear areas, that could be related to little reacomodation 
of corrosion products and so both its corrosion state is 
intermediate, its intervention is more complex and the loss 
of the material is notorious. Black elongated goethite crys-
tals, spherical red maghemite particles, silica crystals and 
white scattered crystals corresponding to chlorides are 
seen. Akaganeite, probably associated with iron chloride 
phases, was identified as an inherent part of the corrosion 
layer, near the metal-oxide interface [5,12], by the degree 
of structural damage and not only as part of the orrin 
layers (rust layer) formed on carbon steel in marine sea-
side areas.

3.2.2 Metallic artifact C3, C4 and C5
  The influence of the winds that are sources of chloride, 
causes that both the part of center of canyon C3, (Fig. 
8a) and its head, (Fig. 8b) were rich in the phase 
Akaganeita and lepidocrocite mainly [12]. Bands of goe-
thite are only reported on the head (Fig. 8b) and the tip 
(Fig. 8c). The Raman microscopy (Fig. 4 sample C3) 
showed less agglomerated crystals and predominantly yel-
low lepidocrocite, as well as akaganeite red-orange crys-
tals and black goethite. A greater proportion of clear zones 
corresponding to corrosion products that are being re-
arranged were observed. We can conclude that the ad-
vance of corrosion in this part is in early stages, the pres-
ence of lepidocrocite was in smaller proportion than the 
samples C1 and C2, corroborated with low concentration 
of goethite, which appears at intermediate concentrations 
of chloride. The metal canyon C4 device located in the 
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center of the San Rafael Battery, (Fig. 4 sample C4), was 
less exposed to high chloride concentrations than C1 to 

C3, the center of the part its, (Fig. 9a), the head (Fig. 
9b) were rich in the phase lepidocrocite, goethite and ma-
ghemite [5,6,9], the tip of the part shows a notorious dis-
integration of an aggressive corrosion by maghemite [23], 
(Fig. 9c). The increase in the crystallinity of the iron phas-
es is noteworthy, being able to relate to the age of the 
part and / or the kinetics of slow formation of the pro-
tective phases of the corrosive phenomenon. 
  The confocal Raman microphotographs (Fig. 4 sample 
C4), yellow zone (Fig. 9a), showed compact red maghe-
mite agglomerations, without clear zones representing, lit-
tle reacomodation of corrosion products. Its state of corro-
sion is intermediate with notorious loss of material at the 
tip, being more difficult intervention for restorative 
purposes. Black elongated crystals of goethite, reddish 
yellow particles of lepidocrocite, transparent silica crystals 
and dispersed white crystals of chloride less than 1 μm 
are appreciated. The metallic part C5 located on the left 
side of C4 facing the sky (Fig. 4 sample C5), this less 
exposed to the chloride, the center, (Fig. 10a), the head 
(Fig. 10b) and the tip of the artifact, (Fig. 10c), were rich 
in the phase lepidocrocite, goethite, and maghemite 
[5-6,8-9,12], the appearance of the Raman spectrum 
throughout the part did not change, with intense and sharp 
bands of the ferrous phases present, indicating similar 
compositions. It is possible that there have been rearrange-
ments at the molecular level causing the particles to grow 
more slowly, increasing their crystallinity, but this should 
be corroborated with other studies. This phenomenon 
could make the material more vulnerable, affecting the 
resistance and being a non-stick type rust. In the Raman 
microphotographs, (Fig. 4 sample C5), of the central yel-
low zone (Fig. 10a), the presence of colored crystals corre-
sponding to ferrous oxides and oxyhydroxides, with ill-de-
fined forms, lepidocrocite yellows, elongated blacks of 
goethite, reds belonging to maghemite and scattered white 
crystals of chloride. The corrosion process in this part is 
advanced and its restoration should be a priority [23].

3.2.3 Metal artifact C6, C7 and C8
  The parts located at the ends of the San Rafael Battery, 
(Fig. 4 samples C6-C8), have greater proximity to the sea 
and a high contamination in chlorides, which favors the 
generation of akaganeite and maghemite-type phases [12], 
both the center of the part C6, (Fig. 11a), head (Fig. 11b) 
were rich in lepidocrocite, goethite showing an advanced 
degree of corrosion, its intervention being complex 
[5,6,8,9,12-20,14,15]. The Raman microscopy (Fig. 4 
sample C6), from the yellow zone, (Fig. 11a), showed 
a compact dense structure with the presence of yellow 
agglomerates of lepidocrocite, red-orange goethite, brown 
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Fig. 9 Raman spectra of archaeological artefacts C4 in marine 
environmetal exposure; a) yellow zone b) black zone c) red 
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Fig. 10 Raman spectra of archaeological artefacts C5 in marine 
environmetal exposure; a) yellow zone b) black zone c) red 
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Fig. 11 Raman spectra of archaeological artefacts C6 in marine 
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maghemite coffee and elongated black crystalline forms 
of goethite. The appearance of white crystals, in this sam-
ple was lower than for C1 and C3. The presence of oxygen 
rich atmosphere, facilitated a rapid oxidation of the parts 
and the formation of several characteristic species of inter-
mediate and high corrosion, that in this artifact is lost 
material and an advance of the disintegration of the part.
  The C7 device is located with the face to the sky and 
at the left end of the San Rafael Battery with the complete 
solar radiation on the body of the device (Fig. 4 sample 
C7), I present in the central part, (Fig. 12a), a wide signal 
corresponding to the maghemite phase and it is not ruled 
out that this hematite, the head of the artillery artifact, 
(Fig. 12b), shows the most crystalline compounds being 
the most acute and narrow signals of the Raman spectrum, 
corresponding to akaganeite, goethite and lepidocrocite 
[5,12-14], the tip of the part (Fig. 12c) only has lep-

idocrocite and goethite. 
  The confocal Raman micrograph showed successive 
stages of nucleation in the formation of the oxide and 
oxyhydroxide phases present, a dense agglomerate struc-
ture with predominantly yellow lepidocrocite and elon-
gated black crystals of goethite, islands of red cotton-like 
conglomerates can be seen maghemite Brown akaganeite 
crystals were much scarcer, concluding that this metallic 
device registers an advanced corrosion process in a rich 
chloride environment. The metal canyon C8 device is lo-
cated at the end of the San Rafael Battery and facing the 
sky, (Fig. 4 samples C8), I present a profile of Raman 
spectrum similar to the artifacts C4 and C5. The zones 
studied (Fig. 13a), (Fig. 13b) and (Fig. 13c), show crystal-
line compounds corresponding to a non-sticky rust. With 
presence of lepidocrocite, goethite, akaganeite [5,12,9] in 
the center of the part, (Fig. 13a), the signals corresponding 
to 298.3 cm-1 related to hematite (Fe2O3) and 561.5 cm-1 
would be the Fe-O vibration of the phase. magnetite 
(Fe3O4) [5,12-15]. The Raman microphotograph, (Fig. 4 
sample C8), shows links of crystals of compounds such 
as magnetite, maghemite and goethite red and black col-
ors, red carmine crystals of brightness corresponding to 
hematite, the conglomerates or islands presented magnet-
ite or maghemite with small yellow crystals corresponding 
to lepidocrocite of all the archaeological artifacts studied, 
the most advanced degree of corrosion is highlighted with 
the presence of hematite and magnetite oxides of the max-
imum oxidation cycle of iron, whose intervention is com-
plex for the restoration process, due to the fact that it 
has hematite and magnetite [14] corresponding with a 
highly aggressive corrosion [24].

4. Conclusions

  The archaeologicals artifacts exposed to the weather, 
showed different iron compounds in particular in the early 
stage, ferric oxyhydroxides such as the lepidocrocite phase 
γ-FeO(OH) however, it was common to find the goethite 
phase α-FeO(OH) and akaganeite γ- FeO(OH) and maghe-
mite γ-Fe2O3. There is evidence that the presence of lep-
idocrocite, goethite and akaganeite in particular at the sur-
face level, generate less damage to the parts and can be 
recovered by means of preventive methods of cleaning 
and control of properties, for their conservation. Whereas 
if the product of the decomposition of themetallic material, 
was maghemite the phenomenon of corrosion, was ag-
gressive and the surface of thepart is hardly recovered 
[25] And it is very difficult to use preventive methods 
for cleaning. A greater proportion of maghemite present 
in the parts, can lead to their breakage and loss of integrity 
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[14], the significant presence of the akaganeite was asso-
ciated with a significant amount of soluble chlorides [12], 
favoring ionic diffusion by increasing the electrochemical 
process that causes corrosion. The high concentration of 
chloride suggests a strong marine influence in the corro-
sion process [25]. The fact that the materials are exposed 
to humidity and high temperatures, benefits the release 
of saltsthat generate cracks and fissures that become a 
risk for the stability and conservation of the parts. The 
significant presence of the akaganeite phase in the C1 can-
yon due to high soluble chlorides concentration [12], bene-
fits the ionic diffusion and the increase of the electro-
chemical process, which is notorious in the desquamation 
and loss of iron in a Fe 43.18 wt%, being the part in 
worse condition, the C2 canyon has reached a stability 
in the advance of corrosion and has the highest percentage 
of metallic element. The C3 canyon is in an early stage 
of corrosion, characterized by large concentrations of lep-
idocrocite, but its intervention is a priority due to the rapid 
loss of metallic material. Cannons C4, C5 and C6 register 
intermediate levels of corrosion, while the most affected 
part in cannon 8 with partial requests for metallic crusts 
and highly aggressive environmental corrosion with sig-
nificant presence of the hematite and magnetite.
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