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Towards chromate-free inhibitor technology

Inhibitor – metal interaction
Understanding inhibitor performan

S.J. García, J.M.C. Mol, T.H. Muster, A.E. Hughes, J. Mardel, T. Miller, T. Markley, H. Terryn, J.H.W. de Wit, 
Chapter 9 in Self-Healing Properties of New Surface Treatments, EFC-Maney Publishing vol. 58, 2011, pp. 148–183, 
Ed. Lorenzo Fedrizzi; ISBN: 978 1 906540 36 4.

Inhibitor – coating interaction
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Approach
Corrosion
inhibitor 

screening

Possible
Synergism

In-depth
analysis

1- Surface analysis          
High-throughput corrosion testing
SEM-EDS
GDOES

2- Basic electrochemistry
Potentiodynamic polarization
Combined OCP + LPR

Fundamental knowledge
- working mechanism & dosage

3- Advanced electrochemistry
EIS

ORP-EIS
NM

Detailed knowledge
- corrosion protective properties
- Corrosion inhibitor mechanism



6

Corrosion inhibitor screening
• Glow discharge optical emission spectroscopy (GDOES)

• HDG substrate characterization
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Corrosion inhibitor screening
1. Surface analysis
• High-throughput corrosion testing

• Rapid screening of available inhibitors

5 h
Solution Corrosion value Std. dev.

0.5% NaCl 2 2.7
0.05% NaCl 5 2.3

0.005% NaCl 6 2.4
0.0005% NaCl 6 2.0

0.00005% NaCl 6 1.4
0.000005% NaCl 6 1.4

demineralized water 6 0.9
empty 5 0.1

inhibitor 2 (0.5 mM) 5 1.6
inhibitor 3 (0.5 mM) 5 1.6
inhibitor 6 (0.5 mM) 6 1.1

24 h
Solution Corrosion value Std dev.

0.1 M NaCl 4 0.8
0.05 M NaCl 4 0.1

demineralized water 9 1.5
empty 8 1.5

inhibitor 1 (0.5 mM) 6 1
inhibitor 2 (0.5 mM) 6 1.7
inhibitor 3 (0.5 mM) 7 1.6
inhibitor 4 (0.5 mM) 6 1.5
inhibitor 5 (0.1 mM) 4 0.9
inhibitor 6 (0.5 mM) 3 1.2

inhibitor 7 (0.02 mM) 3 0.2
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SEM – EDS measurements

HDG HDG
1.5h 1.5h

inhibitor time spot Zn Al Fe O Cl

no 1.5 h

1 63.01 26.32 10.67
2 93.20 1.26 5.54
3 63.89 5.16 1.66 23.99 5.30
4 93.11 1.40 0.83 4.66
5 66.54 0.79 31.98 0.69

Corrosion inhibitor screening
1. Surface analysis
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SEM – EDS measurements

INH 3 INH 3
1.5h 24h

inhibitor time spot Zn Al Fe O Cl Si C Mg Ca

3
1.5 h

1 70.06 4.94 21.31 2.67 1.02
2 92.63 1.71 5.17 0.49
3 86.49 11.99 1.52

24 h
4 22.19 56.12 0.68 21.01
5 20.49 52.48 26.56 0.47

Corrosion inhibitor screening
1. Surface analysis
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SEM – EDS measurements

INH 6 INH 6
1.5h 24h

inhibitor time spot Zn Al Fe O Cl Si C Mg Ca P S
6 1.5 h 1 38.24 7.29 37.57 10.76 5.17 0.97

2 64.59 4.03 1.97 23.6 5.04 0.77
3 77.57 0.67 18.83 2.93

24 h 4 44.12 4.30 10.86 32.32 6.59 0.98 0.80
5 65.88 0.39 30.24 0.59 1.22 0.90 0.78
6 50.10 3.55 5.41 30.66 8.18 1.03 0.37 0.69

Corrosion inhibitor screening
1. Surface analysis
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GDOES measurements

HDG
1.5h

Corrosion inhibitor screening
1. Surface analysis
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GDOES measurements

INH 3 INH 3 
1.5h 24h

Corrosion inhibitor screening
1. Surface analysis
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INH 6 INH 6
1.5h 24h

Corrosion inhibitor screening
1. Surface analysis
GDOES measurements
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• Potentiodynamic polarization

- Working principle (Anodic/Cathodic/Mixed)

- Inhibitor dosage
2
3
2+3

Corrosion inhibitor screening
2. Basic electrochemistry
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• Potentiodynamic polarization

Corrosion inhibitor screening
2. Basic electrochemistry
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• Linear Polarization Resistance Measurements (LPR)
- Continuous OCP measurment (1 week)
- Superimposed LPR measurment (every hour, ± 5 mV vs OCP)
- Calculation of polarization resistance Rp 𝑅𝑅𝑅𝑅 = ∆𝐸𝐸

∆𝐼𝐼

Corrosion inhibitor screening
2. Basic electrochemistry
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• Electrochemical impedance spectroscopy (EIS)

• Protective properties over time

HDG INH 1

INH 4 INH 2

Corrosion inhibitor screening
3. Advanced electrochemistry
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• Comparison Polarization Resistance (Rp) from LPR & EIS

LPR EIS

Corrosion inhibitor screening
3. Advanced electrochemistry
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• Application of ORP-EIS vs EIS
• Necessities for a reliable EIS measurement:

 Causality
 Linearity
 Stationarity

• Solution: apply a small perturbation Va in the stationary regime of the process

• Problems:
 poor S/N ratio
 initial, rapidly evolving stages of processes are not described

Odd-Random-Phase EIS
Van Ingelgem, Y., Tourwé, E., Blajiev, O., Pintelon, R., & Hubin, A. Electroanalysis 21 (2009) 730. 
Breugelmans, T, Van Ingelgem, Y, A. Hubbin. Electrochemistry communications 12 (2010) 5.

Corrosion inhibitor screening
3. Advanced electrochemistry
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• Advantages:
High frequencies are excited many times more
Measurement time decreases

Van Ingelgem, Y., Tourwé, E., Blajiev, O., Pintelon, R., & Hubin, A. Electroanalysis 21 (2009) 730. 
Breugelmans, T, Van Ingelgem, Y, A. Hubbin. Electrochemistry communications 12 (2010) 5.

Corrosion inhibitor screening
3. Advanced electrochemistry
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• Advantages:
- Data analysis:

 5 periods measured
 Last 4 used to calculate the standard deviation at the excited and non-
excited frequencies

- Extra information
 Noise
 Non-linearities
 Non-stationarities

Van Ingelgem, Y., Tourwé, E., Blajiev, O., Pintelon, R., & Hubin, A. Electroanalysis 21 (2009) 730. 
Breugelmans, T, Van Ingelgem, Y, A. Hubbin. Electrochemistry communications 12 (2010) 5.

Corrosion inhibitor screening
3. Advanced electrochemistry
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• impedance value
• noise level
• non-stationary behaviour
• non-linear behaviour (total variance)

Linear : σtot overlaps σZ (ωne)

Stationary : σZ (ωe) overlaps σZ (ωne)

• Advantages:
- Fitting ORP-EIS data to EEC:

Weight with std noise/non-linearities/non-stationarities
 Evaluation residual vs noise curve

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

HDG

0 h 1 h

2 h 3 h

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

HDG

4 h 4 h 30

6 h

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (quantitatively)

Approach: numerical integration through interpolation

≡ Calculate individual contributions (per decade)

N, NL and NS

≡ Correct for ǀZǀ

≡ Plot abs(N/Z), 

abs(NL/Z),

abs(NS/Z)

measured every 15’

 f(time) for the first 12 hours
 expressed as difference in 

order of magnitude to ǀZǀ

N NS
NL
NS

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

HDG

2 important observations
- Time when contribution becomes stable
- Magnitude of the respective contributions

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

INH 3

0 h 2 h

4 h 6 h

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

INH 3

4 h 6 h

NL (lower f) NL (lower f)
No NS NS whole f-range

Corrosion inhibitor screening
3. Advanced electrochemistry
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Data-quality (qualitatively)

INH 3

Corrosion inhibitor screening
3. Advanced electrochemistry
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• NM on inhibitors

Link with earlier EC observations (EIS)

Corrosion inhibitor screening
3. Advanced electrochemistry
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Conclusions
• Corrosion inhibitor screening

• High-throughput corrosion testing
• Polarization measurements: mechanistical information
• LPR measurements: inhibitor and stability of inhibitor-metal interaction over 

time (non invasive technique)
• EIS: protective performance over time + working mechanism

• Corrosion inhibitor in-depth analysis
• ORP-EIS qualitatively: info NL and NS present (data quality)
• ORP-EIS quantitatively: quantitative NL and NS

• Starting point weighting for fitting
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Ongoing & Future work

• NL study

Effect of varying excitation signal amplitude



Thank you
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Commercial inhibitors
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Application of ORP-EIS vs EIS

f0 2f0 3f0 4f0 5f0 6f0 7f0 8f0 9f0 10f011f0

U
f 
(Hz)

1. Noise level: standard deviation on non-excited frequencies
2. Non-stationarities: standard deviation on excited frequencies

difference std excited freq ↔ std non-excited frequencies
3. Non-linearities:

- even non-linearities: standard deviation on non-excited even harmonics
- odd non-linearities: by omitting 1 of 3 odd frequencies
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Equivalent capacitance
• 𝐶𝐶 = 𝑅𝑅

1−𝑛𝑛
𝑛𝑛 𝐶𝐶

1
𝑛𝑛 Hirschorn

• Normal time constant distributions
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