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ABSTRACT  
Electrical Resistance Corrosion Monitoring (ERCM) is a non-destructive method commonly applied in industry 
and which can detect the onset of corrosion and interferences in any type of corrosive environment. 
Furthermore, it does not necessarily require the presence of a liquid electrolyte to monitor corrosion rate unlike 
other electrochemical techniques. The method has so far been applied in the field of museum conservation in the 
form of reference probes for museum showcases and storage rooms. This project has studied the application of 
ERCM to investigate the post-excavation corrosion of iron and to model the corrosion kinetics involved. 
Electrical resistance (ER) probes are manufactured with photochemical milling from thin iron foil in a 
serpentine pattern that produces higher sensitivity and faster response time. The iron oxyhydroxides which are 
commonly detected on excavated artefacts are formed on the ER probes’ surface in the lab with various chloride 
contaminations and the change of their ohmic resistance is monitored at 57% and 82% RH at 25ºC. The identity 
of the corrosion products and the topography of the probes’ surface have been examined using XRD and SEM 
analysis. The sensitivity and the applicability of ERCM have been developed with respect to the thickness and 
the nature of iron corrosion and its products. It has proven to be responsive to the degree of chloride 
contamination and the ambient relative humidity (RH %) levels. It is now sensitive enough to record a mean 
corrosion rate of 50 μm per year and 600 μm per year within the first hour of monitoring the corroded ER 
probes at 57% RH and at 82% RH respectively. Data analysis provides information on the corrosion kinetics at 
the various stages of their exposure. Furthermore, ERCM has been applied to make an assessment of the 
chloride extraction treatments commonly used in the conservation laboratories by monitoring pre-treated probes 
at 90% RH and, thus, to monitor the effect of any residual chloride ions on the post-treatment atmospheric 
corrosion rate.   
 
INTRODUCTION 
Conservation of iron artefacts is featured by many difficulties and the most important of 
which are how to stabilize them after excavation and how to monitor their condition after 
treatment and during storage. The oxides present on the surface of freshly excavated iron are 
most commonly magnetite (Fe3O4), goethite (α-FeOOH) and lepidocrocite (γ-FeOOH). 
Goethite is the most thermodynamically stable oxyhydroxide whereas lepidocrocite is formed 
on the outer layers of corrosion in more oxidizing conditions. Akageneite (β-FeOOH) is 
formed as soon as the artefact is exposed to the air with the chloride ions in its lattice 
stabilizing its structure [1]. The pH and the composition of the electrolyte, the oxidation rate 
of the ferrous ions and the structure and composition of the initial and intermediate species of 
the reactions determine which ferric oxyhydroxide is formed [2]. 
 
The exposure of the artefact to the air causes the soluble iron compounds within the corrosion 
layer pores, the corrosion pits and the metal-corrosion product interface to dry, precipitate, 
and to increase in volume which leads to internal stresses in the surface layers [3]. The 
stresses cause cracks and increase the porosity of the corrosion products which provides 
access paths to oxygen and moisture from the ambient environment towards the metal surface. 
The suggested “acid regeneration cycle” is the evidence of active corrosion on excavated iron 
and it involves the oxidation of the solution of ferrous chloride by oxygen and water to form 
the akageneite (a ferric oxyhydroxide) and hydrochloric acid, according to reactions (1) and 
(2) [4, 5]. The latter attacks any remaining metal to produce ferrous chloride which will again 
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undergo oxidation as long as oxygen and moisture are available from the ambient 
environment. 

2FeCl2(aq) + 3H2O + ½O2(g) → 2 β-FeOOH(s) + 4HCl(s)                         (1) 
2Fe(s) + 4HCl(aq) + O2 → 2FeCl2(aq) + 2H2O                                  (2) 

 
The acid regeneration cycle occurs only in the aqueous phase of ferrous chloride and 
therefore, iron would be expected to be stable below its “critical relative humidity” which is 
50% [6]. However, the safe level of relative humidity for iron is 18% and it may be attributed 
to the equilibrium between FeCl2.4H2O and FeCl2.2H2O as well as the hydroscopic nature of 
β-FeOOH.  
 
The new layers of solid FeOOH that form increase the thickness of the corrosion layer and 
thus, impede the further access of oxygen inside the corrosion products. This process is partly 
counterbalanced by the reduction of Fe3+ of the oxides to Fe2+ which increases the electron 
conducting areas within the oxide and therefore the oxygen paths; eventually, a degree of 
corrosion protection is established [7].  
 
The objectives of this work are the study of the effect of ambient humidity and the effect of 
the chloride ions present within the corrosion layers on the corrosion rate of excavated iron. A 
great part of the work has been the planning and development of the monitoring of ohmic 
resistance to make it compatible with the conditions involved in the study of pre-corroded 
iron probes. The ERCM is widely applied in industry [8, 9] and has been used in the 
conservation field to monitor indoor conditions in museum and storage rooms [10] or soil 
corrosivity on excavation sites [11]. In principal, the method measures the increase of the 
ohmic resistance of a metal conductor while it corrodes and its cross-section decreases to be 
replaced by poorly conductive corrosion products. Unlike the weight-loss measurements, 
ERCM can produce the curve of corrosion rate vs time in situ with only one specimen [12] 
and furthermore, it can operate in a variety of conductive or non conductive corrosive 
environments [13]. A drawback is the formation of pitting corrosion which can lead to false 
estimation of the average corrosion rate across the probes’ surface, however this can be 
controlled either by modelling the number of pits on a single probe with the equivalent 
voltage drop [14] or with multiple-line probes that can detect the pitting growth [15].  
 
For the purposes of this work, ERCM has been applied on iron specimens with oxides formed 
on their surface to monitor their corrosion rate and the kinetics involved under laboratory 
simulated conditions of relative humidity and temperature.  
 
The ohmic resistance of the iron probes used is expressed with equation (3): 

lR l
A Wd

ρρ= =                                                              (3)  

and WdΑ =                                                                   (4) 
where R is the resistance of the specimen, ρ the resistivity of the metal, l the length of the 
probe, A its cross-section area, W  the probe’s width, and d the thickness. An electrical 
resistance sensor comprises two probes of which one is exposed to the corrosive environment 
and the other one is coated and protected [13]. The resistance change is graphed as the 
resistance ratio of the exposed arm versus the resistance of the protected one with time t. 
Thus, the temperature effect on iron resistivity ρ is compensated and the thickness change of 
each probe is: 

0

0
1

m

d R
d R

′Δ
= −

′
                                                               (5) 

 2  



where R´0 is the initial resistance ratio of the corroding probe versus the initial reference one, 
R´m is the resistance ratio after a time t versus the corresponding reference one, d0 and Δd are 
the initial thickness and the thickness change of the corroding probe respectively. 
 
EXPERIMENTAL  
Production of ER Sensors 
The Electrical Resistance sensors are made of 99.95% pure iron foil, which is etched with 
photochemical milling into a serpentine pattern initially used by Cai [14, 16]. They 
conveniently consist of four probes connected in series. Each probe is 90 mm long, 0.5 mm 
wide and 25 μm thick. The iron foil is glued on a PVC board substrate with an Araldite resin. 
The photochemical milling is a process originally designed for the manufacture of print 
circuit boards made of copper. Therefore, trial and error was used to adapt the process 
successfully to dissolution of iron in ferric chloride and to construct integrated and 
reproducible probes.    
 
After manufacture, the sensors were placed in desiccators where they were exposed to the 
vapour of hydrochloric acid solution for 1, 5, 10 and 15 days in order to form corrosion 
products on the probes’ surface, as shown in fig.1 and fig.2. The concentration of the HCl 
solution was determined upon the thickness of the iron foil, the uniformity of the corrosion 
produced, the potential of pitting corrosion, and the necessity to expose the foils for 1 to 15 
days and yet to be able to produce the same type of oxide layers, which only change in 
thickness and in chloride concentration.   
 
Apparatus 
The ER sensors are connected in series with a reference sensor (fig.3) and four-point 
measurements are taken with a 6½-Digit Multimeter Keithley 2000. The instrument reads the 
voltage drop along each of the probes of the sensors through an in-built scanner card at a 
specified scan rate of 5 minutes programmed by Testpoint software for a total period of 14 
days. In order to increase the sensitivity of the results and decrease the noise, an external 
current of 10mA was applied through the sensors using a galvanostat of ACM Instruments. 
 
The sensors’ apparatus is situated in a small PVC chamber (4.5 cm3) inside a water bath 
where temperature remains constant at 25ºC ±0.5ºC and ambient relative humidity is 
controlled at 57% RH or 82% RH with saturated solutions of selected salts placed at the 
bottom of the chamber. The control of the temperature is essential as it affects both the 
resistivity and the corrosion rate of the iron probes. The TºC and RH% levels inside the 
chamber are monitored with the Humidity, Temperature and Dew Point USB Data Logger 
from Lascar Electronics (± 3.5% RH, ± 1ºC accuracy).  
 
Each monitoring experiment lasts 14 days (330 hours) as this is the maximum period before a 
heavily corroded probe fails at 82% RH and yet is enough for a mildly corroded probe to 
represent some change in resistance at 57% RH. Additionally, SEM and XRD analysis of the 
iron oxides formed on the probes’ surface have been applied to identify the iron compounds 
present and their topography. Table 1 shows the sets of experiments that were carried out 
successfully as a result of many earlier monitoring trials, of probe fabrication and circuit 
errors. 
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Exposure period in 
2.5% HCl 

Number of sensors / Number of 
experiments 

RH% (±1%) T°C (±1ºC) 

5 days 
10 days 
15 days 

6 / 3 
6 / 3 
6 / 3 

57 
57 
57 

25 
25 
25 

1 days 
5 days 

10 days 

8 / 7 
9 / 6 
6 / 5 

82 
82 
82 

25 
25 
25 

Table 1 Set of experiments according to the ambient conditions of RH% and T°C and the probes’ corrosion 
degree. 

 

    
Fig.1 Gradual replacement of the metal cross-section by iron oxides 

along the probe’s thickness according to time of exposure in HCl 
vapour or the ambient RH (%) 

Fig.2 SEM bse image of the 
probe’s cross-section after 15 
days exposure in HCl vapour 

 

                       
Fig.3 Reference and monitor sensors’ 

apparatus 
Fig.4 XRD spectrum of iron foil exposed in HCl vapour for 

10 days followed by exposure in 82%RH for 10 days 
 
The sensors with the minimum contamination were only monitored at 82% RH and the ones 
with the maximum contamination were only monitored at 57% RH. Each period of exposure 
in the HCl vapour attributes to a different chloride concentration on the probes surface which 
is calculated by electrolytically reducing a range of contaminated iron foils of a known 
surface in a known volume of electrolyte and then titrate them for chlorides.   
 
RESULTS 
The sensors’ production procedure has gone through several stages of development in order to 
determine the optimum dimensions. Eventually the best obtained sensors display a fabrication 
error of 11.6% along the width W of the cross-section and that is approximately ±0.06mm. 
The thinness of the probes has been necessary for the enhancement of the monitor sensitivity 
and its response to the ambient conditions changes; however, this makes the pre-corroded 
sensors more likely to fail sooner than expected especially at the higher levels of relative 
humidity due to corrosion that consumes the metal conductor locally.  
 
Secondary and back-scattered electron images were acquired of the iron specimens’ surface 
and cross-section after their exposure in the vapour of HCl and again after their 14 day 
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exposure in the high relative level. Surface images (fig.5) show the gradual coverage of the 
metal with corrosion compounds that form solid layers towards the interface and elongated 
crystals at the external layers. Cross-section images cover an area of approximately 11mm 
which is the 1/9 of a probe’s length and they exhibit the residual integrity of the metal core, 
the frequency of local or pitting corrosion and the expansion rate of corrosion layers on the 
metal surface according to the Cl- contamination and their exposure to 82% RH (fig.6, 7, 8). 
 
X-Ray diffraction spectra from a cobalt anode (K alpha radiation λ=1.78892Ǻ) reveal four 
phases of iron compounds, as shown in fig.4, present on iron foil specimens with chloride 
contamination both before and after the relative humidity exposure. These are: iron (Fe, 
JCPDS: 06-0696, a=2.8664Ǻ), goethite, (α-FeOOH, JCPDS: 29-0713, a=4.608Ǻ), 
lepidocrocite, (γ-FeOOH, JCPDS: 08-0098, a=3.88Ǻ) and akageneite (β-FeOOH, JCPDS: 34-
1266, a=10.535Ǻ). 
 
On average, the relative humidity control in the monitoring chamber has been more effective 
and accurate at 82% RH (±1.5%) with temperature maintained at 24.5ºC (±1.5ºC) whereas at 
57% RH fluctuations are higher (±2.5%RH) at the same temperature. A sample of the relative 
humidity values during 15 days at 82% RH and 57% RH is given in fig.9. As mentioned 
earlier, the majority of the temperature fluctuation effect is compensated by calculating the 
resistance ratio of the corroding probe versus a reference one, the difference of the resistance 
curves of a minimum corroded sensor monitored at 82% RH before and after temperature 
compensation is shown at the graph in fig.10. The resistance curve vs time fluctuates by 
±0.0035 which is the 0.3% of the resistance value whereas the resistance ratio curve fluctuates 
by ±0.0005 which is only 0.04% of the resistance ratio value. In Table 2 the exposure period 
of the sensors in HCl vapour is combined with the average initial voltage and resistance 
values they produced, their average initial thickness before their exposure in RH% and the 
approximate chloride concentration along the surface of the probes. 
 
Figure 11 correlates the resistance ratio curve of a mildly corroded sensor with the curve of an 
non-corroded one at 82%RH in order to display the monitor’s response to minor thickness 
loss and chloride presence compared to the expected behaviour of a clean iron sensor the 
curve of which remains constant.  
 

                 
Fig.5 Back-scattered electron SEM image (x250) of 
the surface of the iron foil after 15 days exposure in 

HCl 

Fig.6 Secondary electron SEM image (x200) of a 
cross-section after 5 days in HCl vapour  
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Fig.7 Secondary electron SEM image (x200) of a 

cross-section after 10 days in HCl vapour 
Fig.8 Secondary electron SEM image (x200) of a 

cross-section after 15 days in HCl vapour  
Exposure in 2.5% HCl 

(days) Cl (mgr/cm2) E(mV) R(Ohm) 
(9.9mA applied) Fe Thickness d (μm) 

0 
1 
5 

10 
15 

0 
0.1 

0.33 
0.5 

1.00 

7.8 
8.5 
8.6 
8.8 
9.0 

0.78787 
0.85858 
0.86868 
0.88888 
0.90909 

25 
22.9 
22.6 
22.1 
21.6 

Table 2 Correlation of the exposure period in HCl with the resulting Cl contamination, the initial values of 
voltage, resistance and initial metal thickness. 
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Fig.9 Relative Humidity conditions inside the 

chamber at 57% and 82% 
Fig.10 Resistance curves of heavily corroded probe 
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Fig.11 Resistance curve of an uncorroded sensor 

and a mildly corroded one (0.1mg/cm2) at 82%RH 
Fig.12 Thickness loss of sensors exposed at 57% RH 

and 82% with variations of Cl contamination 
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Fig.13 Corrosion rate of sensors exposed at 57% RH and 

82% with variations of Cl contamination 
 
Data processing with formula (5) provides the thickness loss curves (fig.12) which are 
characteristic of the sensors’ corrosion degree and the level of ambient relative humidity with 
the exception of mildly corroded sensors (0.33 mg/cm2) at 57% RH that corrode at a higher 
rate than the more contaminated ones at the same level of RH. 
 
DISCUSSION 
The purpose of this work was to develop the ERCM in terms of the research requirements and 
concerns around historical and archaeological iron. A lot of effort was put in order to utilize 
ERCM’s main advantage; monitor the corrosion behaviour of iron covered with oxides in the 
ambient environment with no electrolyte necessary. Thus, a laboratory simulation of the iron 
corrosion state with different contamination and corrosion degree has been attempted on the 
ER sensors’ surface. The minimum degree of surface degradation corresponds to the initial 
stages of corrosion of an artefact whereas the maximum degree corresponds to an iron artefact 
covered with thicker corrosion layers over almost the entire metal surface. SEM and XRD 
analysis document the presence of the most characteristic iron oxyhydroxides formed on the 
surface of the probes. Goethite crystals seem to form compact layers close to the metal 
surface and lepidocrocite elongated crystals form towards the outer layers [17]. Akageneite is 
also present in every degree of corrosion as an evidence of the active corrosion of iron while 
ferrous and ferric iron “weeping” droplets become present at higher corrosion levels (Cl: 0.5 
and 1 mg/cm2). Nevertheless, there is no trace of magnetite which forms with slower 
oxidation rates [18]. Further valuable information that is derived from SEM images is the 
absence of pitting corrosion that would produce false resistance curves and the maintenance 
of the metal integrity so that there will not be any open circuits during the monitoring. 
 
Relative humidity and temperature control are considered satisfactory since the ±1.5ºC 
temperature fluctuation is much less than the one expected in the ambient environment and it 
has been effectively eliminated by the resistance ratio calculation. However, conditions have 
been more difficult to control at 57% RH and apparently, the lower the relative humidity the 
harder its control will be since the saturated salts used are very hygroscopic and not easy to 
stabilize. One more aspect to be considered is that the effect of a well controlled RH% in a 
small tank minimize the effect of temperature variations upon the tank and its interior [19]. In 
fact, at this lower relative humidity, resistance ratio curves do not correspond to the corrosion 
degree of the probes with the minimum precorroded sensors (Cl: 0.33mg/cm2) to be corroding 
more than the other two (Cl: 0.5 and 1mg/cm2). It may be assumed that at lower humidity 
levels, the Cl concentration is not the limiting factor for corrosion rate and according to 
Phipps et al. [20] the nature of the oxyhydroxide has no significance for the adsorption 
phenomena of the ambient water on the oxide. The clean metal surface initially reacts rapidly 
with water vapour to form a monolayer of metal oxide/hydroxide whereas further reactions of 
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water with the metal occur at a slower rate. This process could explain a higher corrosion rate 
of the minimum corroded sensors both at 57% RH and 83% RH during the initial stages of 
monitoring, or else it can be the potential presence of pitting corrosion that interferes with the 
slope increment but this behaviour has been documented repeatedly and pitting would be 
more frequently anticipated at higher levels of chloride contamination. 
 

RH% Cl (mgr/cm2) Δd/d0 (%) Mode Δd/d0 (%) Range 
57 

 
 

0.33 
0.50 
1.00 

1.9 
1.0 
1.4 

1.0-3.0 
0.8-1.7 
1.5-2.7 

82 
 

0.10 
0.33 
0.50 

3.1 
5.3 

27.9 

2.0-4.6 
3.2-9.0 

10.0-28.0 
Table 3 Mean thickness loss and range of thickness loss values produced by repeated experiments with different 

chloride contamination at the two levels of RH%. 
 
The work presented here has undergone several stages of development and while it was still 
in preliminary planning iron wire sensors of various diameters were applied, different 
chloride contamination techniques were also tested, and the photochemical milling went 
through many progression levels before a satisfactory sensor quality is finally achieved. ER 
sensors now present a constant fabrication error of 11.6% which however corresponds to the 
width of the probes while it is the probe’s thickness change rate that is taken into account 
when calculating the resistance ratio curve versus time. If this error becomes great enough it 
may affect the sensitivity and the response rate of the monitor. Nevertheless, the produced 
curves are reproducible and characteristic of the level of chloride contamination and corrosion 
thickness on the probes and of course of the relative humidity levels. The mode and the range 
of the total thickness change for each case are presented in Table 3; the values increase with 
chloride concentration and relative humidity increments with the exception of the sensors 
with 0.33mg/cm2 Cl- at 57% RH. In all cases, corrosion rate is higher initially and decreases 
with time (fig.13); at 57% RH the metal is corroding with a decreasing rate which becomes 
constant after the first 40 hours. Observations are more interesting at 82% RH as the sensors 
with less chloride concentration have an increasing corrosion rate for the first 20 to 40 hours 
and then decrease without ever stabilizing apart maybe towards the end after 300 hours (14 
days). The most heavily corroded (1 mg/cm2) sensors begin to corrode at a higher rate which 
decreases dramatically within the first 80 hours apparently after most of the metal surface has 
been covered with iron oxides that impede the passage of oxygen towards the metal surface. 
On the other hand, while oxide layers increase they absorb more water from the ambient 
humidity and thus the corrosion rate never ceases. 
 
ERCM has succeeded to monitor minor corrosion rates within a few hours and more 
specifically, at 57% RH the instantaneous corrosion rate of sensors with 0.33 mg/cm2 chloride 
was 50 μm/y within 2 hours. The highest of the monitored rates within the first 2 hours was 
600 μm/y at 82% RH for the sensors with 1 mg/cm2 chloride.  
 
CONCLUSIONS 
Electrical Resistance Corrosion Monitors (ERCM) have been successfully designed to 
monitor the corrosion rate of pre-corroded iron with various levels of chloride concentration 
and oxide layer thickness in correlation with relative humidity levels. ER sensors of iron and 
its corrosion products have been developed to produce thickness loss curves and to display the 
instantaneous corrosion rate within the first two hours of monitoring in the ambient 
environment. In all the cases, iron corrodes rapidly at the beginning and as the metal surface 
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gets entirely covered with iron oxides or the corrosion layers thickness increases corrosion 
rate decreases. Corrosion never actually stops even for iron with minimum chloride 
contamination (0.1 mg/cm2) where at 57%RH its rate either stabilizes at low values or at 
82%RH it constantly decreases except at higher values. Further work focuses on the 
application of ERCM for the assessment of the most common desalination treatments used in 
the conservation laboratories. It will be a good prospect to monitor treated iron sensors in 
ambient air without their impregnation into an electrolyte as an electrochemical analysis 
would require, and with precise corrosion rates monitored at each minute in contrast to the 
weight loss method or the visual inspection at very high relative humidity levels. 
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