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Abstract 
The corrosion of historical objects from World War I fields were studied by using two 
methods: characterization of the corrosion products by Raman Laser Spectroscopy, and 
behaviour of the corrosion layers by using electrochemical studies. 

The first technique, previously used, had shown that two layers are present on these objects, 
containing both different oxides and oxy-hydroxides of iron. In the present part of the work, 
the A.C. Impedance Spectroscopy was used to show the differences between the two layers 
concerning the corrosion of these objects. In order to observe the different behaviours, the 
specimens were studied in three surface states: with the two layers, with the internal layer 
only, and without oxide. 

The results have shown that the internal layer limits the corrosion kinetics. Then this layer 
was especially studied, particularly its porosity, by a comparison of the impedance results in 
two media with very different conductivity, and the evolution of these results with different 
immersion times.  

The buried objects had the behaviour of a porous electrode, due to the presence of the internal  
layer. Thus, this behaviour can be modelled with the simplified De Levie’s theory, 
considering that each porosity is a semi-infinite hole. It appeared that the corrosion process at 
the oxidized interface corresponds to the transport in the electrolyte in the pores completed by 
a part of transport in the solid phase. These properties can be used to predict the long term 
corrosion behaviour of carbon steels in soils for long periods. 
 
1. Introduction 
 
Iron objects from a battlefield of World War I in France were studied, in order to know their 
evolution due to corrosion damage during a long period in soils. A previous study [1], by 
using microscope observations and Raman spectroscopy, has shown that the corrosion process 
leads to the formation provokes the existence of two layers at the interface between the 
residual alloy and the soil. Different oxides, and oxi-hydroxides of iron have been identified 
in these two layers, with essentially: 

- The presence of oxides, as magnetite (Fe3O4), and maghemite (γFe2O3), but also of an  
oxy-hydroxide goethite (αFeOOH) in the internal corrosion layer 

- The presence of oxi-hydroxides mainly, as goethite or lepidocrocite (γFeOOH), in the 
external corrosion layer, mixed with soils crystals. 
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This paper presents the works performed to characterize the corrosion products, by using 
electrochemical techniques, in order to propose a model, which describes the evolution of 
theses objects in soils for long periods. 
 
2. Experimental issue 
 
2.1. Specimens  

Seven objects were studied, from the battlefield of the World War I of Nouvron-Vingré, in 
France: five pieces of shrapnel and two pieces of iron wires. The most important object, the 
NV00_02, 15 mm thick, is a piece of shrapnel, from a mortar shell named “crapouillot”. The 
degradation degree of the iron wires is very different: for the specimen NV 00_01, the 
residual alloy diameter was 4,4 mm and the corrosion products thickness 2mm, and for the 
specimen NV00_30, the residual metal has a diameter of 6,5 mm with a corrosion products 
thickness equal to 0.06 mm maximum [1, 2]. 
 
The soil was essentially a clayey limon, containing 18 g of water per Kg, with a pH between 8 
and 8.5, which is like a neutral value for the corrosion of iron. 
 
For the electrochemical studies, each cut specimen was coated in a cylindrical form (Φ = 25 
or 30 mm) with an epoxy resin, and then polished with a silicium carbide paper, until grade 
800 and 1200. The non-useful metallic surface area was isolated by the use of a varnish 
(Lacomit Varnish), and the exposed surface S is calculated by surface imaging. An electric 
contact was situated in the opposite side of the polished surface 

2.2. Choice of media  

The chosen medium for the electrochemical measurements was the EVIAN mineral water, 
because it has constant characteristics, with a conductivity between 521 and 578 µS/cm, 
depending on the ambient temperature. After control, the value of 521 µS/cm corresponds to 
our experimental conditions, for a pH 7.2 (measured : 7.5). When a better conductivity was 
necessary, 25 g/L of sodium chloride were added. In this case, the conductivity was 37000 
µS/cm, with a pH 8.3. The water could be de-aerated before the test. 

2.3 Description of the cell 

The medium being a bad electrical conductor, it is necessary to have a constant distance 
between the electrodes, in order to obtain reproducible results. Thus, a special cell was created 
to respond to this condition and to permit the de-aeration of the water [3]. 
 
That cell (containing 0.5 L of water) was separated in two parts: the first where the solution 
could be de-aerated, and the second where the test was performed. In each part, the de-
aeration was obtained by a nitrogen flux, and it was possible to transfer the de-aerated 
solution, without air contact, from the first part to the second. The working part contained 
three electrodes: the coated specimen was the working electrode; one had also a counter 
electrode in platinum (Φ =1 cm), and a reference electrode (SCE = Saturated Calomel 
Electrode). 

2.4  Impedance Spectroscopy  

The measurements were performed at the rest potential, in potentiostatic conditions. The 
added electric vibration had 12 mV of amplitude, with frequencies between 104 and 10-2 Hz, 
and five frequencies per decade. The registered results permit to plot the NYQUIST or the 
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BODE Diagrams. With these results, it is possible to describe equivalent electrical circuits, 
which represent the interface behaviour. For that, it is necessary to propose hypothesis about 
the elementary reactions at this interface. This point will be discussed later in this paper. 
 
3. Results  
3.1. Residual alloy  

In order to know the part of the impedance diagram due to the presence of the residual alloy, 
the Nyquist diagrams were plotted for each specimen (exposed surface: metallic core). They 
had always the similar oblate semi-circular form (fig.1), beginning on the real axis (for high 
frequencies) at the resistance Rsol, corresponding to the electrolyte resistance. 
   

Experimental 

Fig. 1 : Experimen
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R//C Model 

tal and re-calculated diagram on the metal of a specimen (NV00_6). 
Model : Rsol-(Rt//C) circuit (see fig. 2) 
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calculate the equivalent circuits [9]. For all specimens, the results are in a better agreement 
than with the previous circuit (fig. 4). 

The table 2 shows the values of the different parameters calculated with the ZARC circuit. 
These parameters describe well the interface metal-electrolyte in the mineral water and take 
into account the roughness of the metal [10]. The value of α is similar on all specimens 
(around 0.7), which have the same surface state after polishing. 
 
 
 

Rt = 4220 Ω 

 
 
 
 
 
 
 

C = 60 µF 

Rsol = 1780 Ω 

ZC = 1 / jCω 

Fig. 2 : Randles equivalent circuit obtained in the case of the fig.1 
 

Specimen 
(metal) 

S 
(cm2) 

Rsol 
(Ω) 

S.Rsol 
(Ω. cm2) 

Rt 
(Ω) 

S.Rt 
(Ω. cm2) 

C 
µF 

C/S 
µF. cm2 

NV00_02 0.11 2580 284 7860 865 32 291 
NV00_06 0.21 1780 374 4220 886 57 271 
NV00_10 1 660 660 2450 2450 405 406 
NV00_19 0.19 1690 321 1060 201 95 500 
NV00_20A 0.65 980 637 1740 1131 229 352 
NV00_20B 0.35 1000 350 1850 647 136 389 

Table 1 : Parameters from the equivalent circuit Rsol-(Rt//C) for the metallic specimens 
 
 
 
 
 
 
 
 
 

CPEα

Rt 
Rsol  

ZCPEα = 1 / Aα . (jw)α 
 

0 < α < 1 

Fig. 3 : ZARC Circuit 
 
 

Specimen 
(metal) 

S 
(cm2) 

Rsol 
(Ω) 

α Aα 

 
Rt 

(Ω) 
S. Rt 

(Ω. cm2) 
NV00_02 0.11 2580 0.71 4.93*10-5 8535 939 
NV00_06 0.21 1780 0.73 8.33*10-5 3975 835 
NV00_10 1 660 0.64 4.43*10-4 2420 2420 
NV00_19 0.19 1690 0.67 1.95*10-4 1005 191 

NV00_20A 0.65 980 0.68 2.76*10-4 1660 1079 
NV00_20B 0.35 1000 0.65 2.43*10-4 1690 591 

Table 2 : Parameters from the ZARC equivalent circuit  for the metallic specimens 
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Experimental 
ZARC model 

Fig. 4 : Experimental and re-calculated diagram on the metal of a specimen (NV00_6). 
Model : ZARC circuit 

3.2. Multi-layers corrosion products 

The impedance diagrams obtained with corrosion products are not similar to these obtained 
on the alloy. Because two layers of corrosion products were previously observed [1], two 
corroded states were studied in the Evian mineral water : the residual metal with its two layers 
or with only the internal layer, after a polishing made to eliminate the external layer (these 
samples were not coated in epoxy resin). The obtained NYQUIST diagrams are shown on the 
figure 5, where the diagram of the alloy is added to compare the results. It appears on this 
figure that the interface behaviour is very different in each case, with a specific role for the 
external and the internal layers. The BODE diagrams with the two layers or with the internal 
layer (fig.6) confirm that observation.  

With the two layers specimens, it is possible to distinguish three parts : a circle at high 
frequencies, another at middle frequencies, and a line for low frequencies, with an angle close 
to 6°. This result can be associated with the existence of three interfaces in the system :  
external layer / electrolyte, internal layer / external layer and internal layer / residual metal. 

3.3. Internal layer 

With only the internal layer, for high frequencies, the angle is constant (close to 8°), and also 
for very low frequencies (f < 0.4 Hz) where the angle is close to 23°. The characteristic angle 
corresponding to diffusion through a porous layer is 22.5°, as discussed later in this paper : it 
is necessary to study this layer by using this hypothesis. 

In order to study the behaviour of that internal porous layer, A.C. Impedance Diagrams were 
established with our specimens in two different media, having very different conductivities: 
the Evian water and the Evian water containing sodium chloride (25g/L), and for different 
immersion times. On these specimens, only the internal layer was present. An example of 
obtained results, concerning the object NV00_06, are reported on the figure 7. The general 
remarks concerning these results are the following : 

- The presence of NaCl provokes a large decreasing of the modulus of impedance 
- The general aspect of the diagrams is not modified (in the Nyquist representation, 

fig.7) 
 

 page 5  



 

 

2 layers 
internal layer 
metal 

Fig. 5 : comparison of the Nyquist diagrams obtained on the specimen NV00_06, 
with the two layers of corrosion products, with the internal layer only, 

and with the residual metal. 

 

 
Two layers 

Fig. 6 : Bode diagrams corresponding to the prese
and of the internal layer. Specimen : N
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Fig. 7 Impedance diagrams evolution during immersion in Evian Water and in Evian + NaCl 

 
- A stabilization of the impedances is observed after two hours of immersion. 

Consequently, only the diagrams obtained after an immersion of two hours have been 
considered in the discussion. 

The rest potential was very stable in the Evian Water, but could show fluctuations in Evian 
water + NaCl. This fact can be related to variations in the ionic force in the medium. 
 
4. Discussion 
4.1. Porous electrodes impedance 

When a surface is partially covered by a porous layer, in an electrolyte with a resistivity ρe, 
several parameters can describe the system : the thickness l of the layer, the total surface S, 
the surface coverage ratio θ, and the number n of pores. Then the resistance Rs of the solution 
[11] in a pore is given by : ρe.n.l /(1-θ).S.  Per unit of length : 

Rs = ρe.n /(1-θ).S = α. ρe. /S      (3) 

Where α = n/(1-θ), is an experimental constant 

In an other hand, There is an interfacial impedance Zi in each pore, between the film and the 
medium, with [12]:  

Zpore = (Rs.Zi)1/2 = (α. ρe. Zi / S)1/2     (4) 

If Zi = |Zi| ejϕ, one obtains : 

Zpore = Rs
1/2.|Zi|1/2.| ejϕ/2      (5) 
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Then, if the phase angle is ϕ =45° in the case of a non porous electrode with a pure diffusion 
control, it is equal to ϕ/2 =22.5° in the case of the porous electrode. Our results have shown 
an experimental phase angle of 23°, very close to the value of the model. This is the reason of 
the consideration of a mechanism in presence of a porous layer with a pure diffusion. This 
model was completed by Park and MacDonald [13], considering the resistance of the metal  
present in the bottom of the pore, with a finite thickness of the porous layer. 

4.2. Fitting of AC Impedance Diagrams 

The impedance diagrams have been corrected, to take into account the electrolyte resistance 
Rsol  and the finite surface S of our specimens. Then, the corrected impedance Z’ is written in 
Ω.cm2 , with Re’(Z) = [Re(Z)- Rsol].S  and  -Im’(Z) = -Im(Z).S , and : 

Z’ = S.Zpore = S. (α. ρe. Zi / S)1/2  = (α. ρe. Zi . S)1/2   (6) 

One can deduce of that result the following relationship : 

log |Z’| = ½ log  ρe + ½ log |α. Zi .S|     (7) 

which can be applied to the Evian water and to the Evian + NaCl solution. One obtains : 

log |Z’Evian| - log |Z’Evian+NaCl| = ½ log (ρEvian / ρEvian+NaCl)  (8) 

The measures of the values of the resistances give 1910 Ω.cm for Evian water and  27 Ω.cm 
for Evian + NaCl.  Thus : 

log |Z’Evian| - log |Z’Evian+NaCl| = ½ log (ρEvian / ρEvian+NaCl) = 0.925 (9) 

In order to verify the model, we have plotted the experimental values of  

y = log |Z’Evian+NaCl| + 0.925      (10) 

and compared the results with the Bode diagram in Evian water. The results are reported on 
the figure 9. It appears on this figure that the results are globally in good agreement with the 
proposed model, but one observe also that y > log |Z’Evian| for high frequencies with all 
specimens. That phenomenon can be explained by the existence of a possible transport 
process through the layer, which would be added to the diffusion process in the pores [12]. 
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Figure 10 : square of the corrected impedances 

 

4.3. Modelling behaviour of the layers  

It is possible to represent Z’2 = α. Zi .S in the complex (Nyquist) plan (fig.10). Then, one 
observes that the results are not similar in Evian water or in Evian + NaCl : if the phase angle 
corresponds to 47.5° (close to 45°) in Evian + NaCl, this is not the case in pure Evian water. 
The conductivity of the medium is low, and it is necessary in that case to take into account the 
possible transport phenomena in the solid corrosion products. 
 
The properties of the internal layer of corrosion products are those which limit the corrosion 
rate. That internal layer is a porous film where the aggressive species have to migrate by 
diffusion in the medium contained in the pores and by a solid phase transport process through 
the created layer of oxides and hydroxides. 
 
5. Conclusion 
 
It is shown in this work that the two layers observed on the buried specimens have very 
different properties, and very different to those of the metallic core. The internal layer of 
corrosion products plays a limiting role for the corrosion, but our results have shown that it is 
necessary to take into account the porosity of this layer. In order to obtain a model of the 
behaviour of the corroded alloy in soils, one have to consider both the diffusion of aggressive 
species in the porosity of the internal layer, and the solid phase transport phenomena through 
that layer. 
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