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days (a) surface under 320x magnification with all typical features (b) surface under 1000x
magnification (c) surface under 2500x magnification (d) surface features in dark part () 3D
topography under 320x magnification by SEM

Figure 4.44 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH-5NH; for 12 days (a) spectrum of point a, white flat surface (b)
spectrum of point b, black corroded surface (c) spectrum of point ¢, corrosion products on the
surface.

Figure 4.45 Polar graphs of linear polarization resistance (left) and impedance modulus at 0.01
Hz (right) of pure Zr, measured after 1 h immersion in 3 wt.% NaCl agueous solution (blank) and
in the presence of different organic compounds added at 1 mM concentration. Note the
logarithmic scale.

Figure 4.46 Potentiodynamic polarization curves of pure Zr in 3 wt.% NaCl aqueous solution
with and without 1 mM of different organic compounds: (top) imidazole derivatives, (middle)
mercapto-benzimidazole derivatives, and (bottom) hydroxy-benzimidazole derivatives.
Quantitative electrochemical parameters are presented in Table 4.2



Figure 4.47 Electrochemical impedance spectra of pure Cu alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot with or without addition of 1 mM of different organic
compounds in aqueous 3 wt. % NaCl solution: a), c¢), e) imidazole derivatives and b), d), f)
mercapto-benzimidazole derivatives.

Figure 4.48 Photo of pure Zr samples after immersion for 1 year with and without presence of
1ImM inhibitors in 3wt% NaCl solution sealed in bottle.

Figure 4.49 Pure Zr immersed in 3 wt. NaCl solution with and without inhibitors for 1 year under
optical microscopy at 50x magnification.

Figure 5.1 CuZn binary phase diagram [115]

Figure 5.2 Polar graphs of linear polarization resistance (left) and impedance modulus at 0.01 Hz
(right) of CuzZngo alloy, measured after 1 h immersion in 3 wt.% NaCl aqueous solution (blank)
and in the presence of different organic compounds added at 1 mM concentration. Note the
logarithmic scale.

Figure 5.3 Potentiodynamic polarization curves of CuzZnz alloy in 3 wt.% NaCl aqueous
solution with and without 1 mM of different organic compounds: (top) imidazole derivatives,
(middle) mercapto-benzimidazole derivatives, and (bottom) hydroxy-benzimidazole derivatives.
Quantitative electrochemical parameters are presented in Table 5.1.

Figure 5.4 Electrochemical impedance spectra of CuzoZnso alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot with or without addition of 1 mM of different organic
compounds in aqueous 3 wt. % NaCl solution: a), ¢), g) imidazole derivatives and b), d), f)
mercapto-benzimidazole derivatives

Figure 5.5 X-ray diffraction spectra of CuzoZnso alloy (up) and CuszoZnzo alloy (down)

Figure 5.6 Polar graphs of linear polarization resistance (left) and impedance modulus at 0.01 Hz
(right) of CuzoZnyo alloy, measured after 1 h immersion in 3 wt.% NaCl aqueous solution (blank)
and in the presence of different organic compounds added at 1 mM concentration. Note the
logarithmic scale.

Figure 5.7 Potentiodynamic polarization curves of pure Cu in 3 wt.% NaCl agueous solution with
and without 1 mM of different organic compounds: (top) imidazole derivatives, (middle)
mercapto-benzimidazole derivatives, and (bottom) hydroxy-benzimidazole derivatives.
Quantitative electrochemical parameters are presented in Table 5.2.

Figure 5.8 Electrochemical impedance spectra of CusoZnzo alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot with or without addition of 1 mM of different organic
compounds in aqueous 3 wt. % NaCl solution: a), ¢), e) imidazole derivatives and b), d), f)
mercapto-benzimidazole derivatives.

Figure 5.9 Long-term graph of linear polarization resistance (up) and impedance modulus at 0.01
Hz (middle) of Cuz0Znso alloy, measured in period of 120 h immersion in 3 wt.% NaCl aqueous
solution (blank) and in the presence of different organic compounds added at 1 mM concentration,
measured in period of ~400 h immersion only with presence of SH-BimH-50Me and SH-ImiH-
4Ph (bottom). Note the logarithmic scale.

Figure 5.10 Long-term Nyquist plot of CuzZnso alloy in NaCl solution without and with 1 mM
inhibitor, in period of 120 h.

Figure 5.11 Long-term LPR R, inhibitor efficiency and inhibitor power with different inhibitors
in period of 120h
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Figure 5.12 Long-term EIS |Z| at 0.01 Hz inhibitor efficiency and inhibitor power with different
inhibitors in period of 120h

Figure 5.13 Appearance of CuzZnso alloy after long-term electrochemical measurements

Figure 5.14 Statistical analysis of LPR data based on correlation coefficient in Long-term
measurements of pure Cu

Figure 5.15 Long-term graph of linear polarization resistance (left) and impedance modulus at
0.01 Hz (right) of CusoZnyo alloy, measured in period of 120 h immersion in 3 wt.% NaCl aqueous
solution (blank) and in the presence of different organic compounds added at 1 mM concentration.
Note the logarithmic scale.

Figure 5.16 Long-term Nyquist plot of CusoZnyo alloy in NaCl solution without and with 1 mM
selective inhibitor, in period of 120 h.

Figure 5.17 Long-term LPR R, inhibitor efficiency and inhibitor power with different inhibitors
in period of 120h

Figure 5.18 Long-term EIS |Z| at 0.01 Hz inhibitor efficiency and inhibitor power with different
inhibitors in period of 120h

Figure 5.19 Statistical analysis of LPR data based on correlation coefficient in Long-term
measurements of pure Cu

Figure 5.20 Normalized high-resolution XPS spectrums for the surface of Cuz0Zns, alloy after
polishing and pickling and after immersion in 3wt.% NaCl with and without added of SH-BimH,
Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash lines represent the position of peaks of
reference compounds: (a) 1: Cu/Cuz0, 2: Cu(OH)2, 3: Cu(ll) satellite peak, 4: Cu(l) satellite peak,
(b) 1: Cu, 2: CuO, 3: Cuz0, (c) 1: 0%, 2: OH", 3: H,0, (d) 1: Cl 2pss2, 2: Cl 2p12. Upper: Immersion
for 24h. Down: Immersion for 120h.

Figure 5.21 Normalized high-resolution XPS spectrums for the surface of CuzZnso alloy after
polishing and pickling and after immersion in 3wt.% NaCl with and without added of SH-BimH,
Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash lines represent the position of peaks of
reference compounds: (a) 1: C-C,C-H, 2: C-0, 3: C=0, (b) 1: - C=N-C, 2: C-NH-C, (c) 1: S
2pz2, 2: 'S 2par2. Upper: Immersion for 24h. Down: Immersion for 120h.

Figure 5.22 Photo of pure Zn samples after immersion for 12 days with and without presence of
1mM inhibitors in 3wt% NaCl solution sealed in bottle.

Figure 5.23 Photo of Cu30Zn70 alloy immersed in 3 wt.% NaCl with and without selected
inhibitors for 12 days

Figure 5.24 Bare surface of CuzZnso alloy after polishing and rinse (a) surface under 1000x
magnification (b) surface under 320x magnification (c) detail of the exfoliation (d) detail of the
scratch (e) 3D topography under 1000x magnification by SEM

Figure 5.25 EDX elemental point analysis spectrum of bare surface of CuzZnso alloy (a)
spectrum of point a, flat surface (b) spectrum of point b, exfoliation hole (c) spectrum of point c,
exfoliation hole

Figure 5.26 CuzZns alloy immersed in 3 wt.% NaCl solution for 60 days (a) surface under 5000x
magnification with all typical features (b) surface under 320x magnification (c) surface under
1000x magnification (d) surface features in the porous (¢) 3D topography under 1000x
magnification by SEM
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Figure 5.27 EDX elemental point analysis spectrum of CuzZnso alloy immersed in 3 wt.% NaCl
solution for 60 days (a) spectrum of point a, white part under BSE detector (b) spectrum of point
b, grey film on the surface (c) spectrum of point c, particles in porous

Figure 5.28 CuzZnso alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH solution for 60
days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure 5.29 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH for 60 days (a) spectrum of point a, white part under BSE
detector (b) spectrum of point b, grey film on the surface (c) spectrum of point c, particles in
porous

Figure 5.30 Cuz0Znso alloy immersed in 3 wt.% NaCl with added 1mM Me-S-BimH solution for
60 days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure 5.31 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3 wt.% NaCl
solution with added 1mM Me-S-BimH for 60 days (a) spectrum of point a, white part under BSE
detector (b) spectrum of point b, grey film on the surface (c) spectrum of point c, particles in
porous

Figure 5.32 CuzoZnz alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-50Me solution
for 60 days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure 5.33 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 60 days (a) spectrum of point a, white part under
BSE detector (b) spectrum of point b, grey film on the surface (c) spectrum of point ¢, particles
in porous

Figure 5.34 CuznZns alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiH-4Ph solution
for 60 days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure 5.35 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiH-4Ph for 60 days (a) spectrum of point a, white part under
BSE detector (b) spectrum of point b, grey film on the surface (c) spectrum of point c, particles
in porous

Figure 5.36 Bare surface of CusZnyo alloy after polishing and rinse (a) surface under 320x
magnification (b) surface under 1000x magnification (c) casting pin holes (d) detail of the hole
(e) 3D topography under 1000x magnification by SEM

Figure 5.37 EDX elemental point analysis spectrum of bare surface of CuspZnzo alloy (a)
spectrum of point a, light grey part (b) spectrum of point b, dark grey part (c) spectrum of point
c, hole

Figure 5.38 Cu30Zn70 alloy immersed in 3 wt.% NaCl solution for 12 days (a) surface under
320x magnification with all typical features (b) surface under 1000x magnification (c) surface
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under 5000x magnification (d) structure of flower-like substance (e) 3D topography under 320x
magnification by SEM

Figure 5.39 EDX elemental point analysis spectrum of CuzsZnzo alloy immersed in 3 wt.% NaCl
solution for 12 days (a) spectrum of point a, small porous surface (b) spectrum of point b and c,
flower-like substance.

Figure 5.40 CuzpZn7o alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-5NH: solution
for 12 days (a) surface under 320x magnification with all typical features (b) surface under 320x
magnification with white particles (c) surface under 5000x magnification (d) dark surface under
10000x magnification (e) 3D topography under 320x magnification by SEM

Figure 5.41 EDS elemental point analysis spectrum of CuzoZnzo alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-5NH, for 12 days (a) spectrum of point a, white flat surface
(b) spectrum of point b, darker flat surface (c) spectrum of point ¢, black corroded surface.

Figure 5.42 Raman spectrum of SH-BimH (left) and Me-S-BimH (right), inhibitor powder
(bottom), pure Cu surface after 60 days’ immersion with added 1mM inhibitor (middle) and
Cuz0Zngo alloy surface after 60 days’ immersion with added 1mM inhibitor (top).

Figure 5.43 Raman spectrum of inhibitor SH-BimH-50Me (right) and SH-ImiH-4Ph (left),
inhibitor powder (bottom), pure Cu surface after 60 days’ immersion with added ImM inhibitor
(middle) and CuzoZnso alloy surface after 60 days’ immersion with added 1mM inhibitor (top).

Figure 6.1 (a) X-ray diffraction spectra, (b) DSC curves of amorphous CuZr alloys and XRD
spectra of (c) CuaoZrso, (d) CusoZrso and (€) CugsaZrss crystalline alloys.

Figure 6.2 CuZr phase diagram, reproduced from Ref. [120].

Figure 6.3 Schematic of interface structure between electrode and electrolyte. (a) Native oxide
layer of CuZr amorphous alloy. (b-c) Simple model for the interface between CuZr amorphous
and electrolyte (b) without and (c) with inhibitor in solution.

Figure 6.4 Electrochemical impedance spectra in the form of (a, b) Bode impedance magnitude
plot, (c, d) phase angle plot, and (e, f) Nyquist plot recorded for crystalline (left) and amorphous
(right) alloys as well as Cu and Zr metals in aqueous 3 wt.% NaCl solution after 1 h at the open
circuit conditions.

Figure 6.5 Potentiodynamic curves for Cu, Zr, and crystalline and amorphous CuxZrio0-x alloys
in 3 wt.% NaCl. Quantitative electrochemical parameters are presented in Table A3.1 to Table
A3.2.

Figure 6.6 Potentiodynamic polarization curves of crystalline (left) and amorphous (right)
CuaoZrso in 3 wt.% NaCl aqueous solution with and without 1 mM of different organic compounds:
(top) imidazole derivatives, (middle) mercapto-benzimidazole derivatives, and (bottom) hydroxy-
benzimidazole derivatives. Quantitative electrochemical parameters are presented in Table A3.3
and Table A3.4.

Figure 6.7. Electrochemical impedance spectra of CuseZreo alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), ) crystalline and b), d), f) amorphous
alloys with or without addition of imidazole derivatives in aqueous 3 wt. % NaCl solution after 1
h at the open circuit conditions.

Figure 6.8. Electrochemical impedance spectra of CuseZreo alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
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alloys with or without addition of mercapto-benzimidazole derivatives in aqueous 3 wt. % NaCl
solution after 1 h at the open circuit conditions.

Figure 6.9. Electrochemical impedance spectra of CusoZreo alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of hydroxy-benzimidazole derivatives in aqueous 3 wt. % NaCl
solution after 1 h at the open circuit conditions.

Figure 6.10 Polar graphs of impedance modulus at 0.01 Hz, measured after 1 h immersion, for
Zr (top) and Cu (bottom) metals and crystalline (left) and amorphous (right) CuxZrigo-x alloys in
3 wt.% NaCl aqueous solution (blank) and in the presence of different organic compounds added
at 1 mM concentration. Note the logarithmic scale.

Figure 6.11. Potentiodynamic polarization curves of crystalline (left) and amorphous (right)
CusoZrso in 3 wt.% NaCl aqueous solution with and without 1 mM of different organic compounds:
(top) imidazole derivatives, (middle) mercapto-benzimidazole derivatives, and (bottom) hydroxy-
benzimidazole derivatives. Quantitative electrochemical parameters are presented in Table A3.5
and Table A3.6.

Figure 6.12. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of imidazole derivatives in aqueous 3 wt. % NaCl solution after 1
h at the open circuit conditions.

Figure 6.13. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of mercapto-benzimidazole derivatives in aqueous 3 wt. % NaCl
solution after 1 h at the open circuit conditions.

Figure 6.14. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of hydroxy-benzimidazole derivatives in aqueous 3 wt. % NaCl
solution after 1 h at the open circuit conditions.

Figure 6.15. Potentiodynamic polarization curves of crystalline (left) and amorphous (right)
CusaZrss in 3 wt.% NaCl agueous solution with or without added 1 mM concentration of different
organic compounds: (top) imidazole derivatives, (middle) mercapto-benzimidazole derivatives,
and (bottom) hydroxy-benzimidazole derivatives. Quantitative electrochemical parameters are
presented in Table A3.11Table A3.12.

Figure 6.18 Electrochemical impedance spectra of CussZrss alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of imidazole derivatives in aqueous 3 wt. % NaCl solution after 1
h at the open circuit conditions.

Figure 6.19 Electrochemical impedance spectra of CussZrss alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), ) crystalline and b), d), f) amorphous
alloys with or without addition of mercapto-benzimidazole derivatives in aqueous 3 wt.% NaCl
solution after 1 h at the open circuit conditions.

Figure 6.20 Electrochemical impedance spectra of CussZrss alloy in the form of Bode impedance
plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and b), d), f) amorphous
alloys with or without addition of hydroxy-benzimidazole derivatives in aqueous 3 wt.% NaCl
solution after 1 h at the open circuit conditions.
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Figure 6.21. Long-term tests of the impedance modulus at 0.01 Hz in the presence of selected
inhibitors. Each bar corresponds to the 120h period of testing of the alloy in the presence of the
inhibitor in the 3 wt.% NaCl aqueous solution.

Figure 6.22. SEM images of CusZreo amorphous alloy (a) prior to immersion and after 5 days
immersion in (b) 3 wt.% NaCl with added (c) SH-ImiH-4Ph, (d) SH-BimH-5NH, (e) SH-ImiMe,
and (f) OH-Me-BimH.

Figure 6.23. SEM images of CusoZrso amorphous alloy (a) prior to immersion and after 5 days
immersion in (b) 3 wt.% NaCl, and with added (¢) SH-BimH-50Me, (d) SH-ImiH-4Ph, and (e)
SH-BimH-5NH..

Figure 6.24. Impedance modulus at 0.01 Hz, measured after 1 h immersion, of the alloys in the
presence of the organic compounds, tested as corrosion inhibitors for the studied alloys (e). For
comparison, also the values for bare Zr (0) and bare Cu (o) are plotted on the dashed diagonal
line.

Figure Al.1 All linear polarization resistance curves of pure copper with and without inhibitors

Figure Al.2 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution without inhibitors

Figure Al1.3 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with ImiH

Figure Al.4 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl agqueous solution with SH-BimH

Figure AL.5 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with Me-S-BimH

Figure Al.6 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-BimH-
50Me

Figure AL.7 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-ImiH-4Ph

Figure A1.8 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-BimH-
5NH,

Figure A1.9 Long-term linear polarization curves of pure Cu under the 120h period of testing of
the alloy in the presence of the inhibitor in the 3 wt.% NaCl agueous solution with SH-ImiMe

Figure A1.10 Long-term linear polarization curves of pure Cu under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with OH-BimH

Figure A1.11 Long-term linear polarization curves of pure Cu under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with OH-Me-
BimH

Figure A1.12 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h without inhibitor

Figure A1.13 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with ImiH
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Figure Al.14 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with SH-BimH

Figure Al1.15 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with Me-S-BimH

Figure A1.16 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with SH-BimH-50Me

Figure Al1.17 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with SH-ImiH-4Ph

Figure A1.18 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h without SH-BimH-5NH;

Figure A1.19 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with SH-ImiMe

Figure A1.20 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with OH-BimH

Figure Al1.21 Long-term EIS impedance and phase diagram of pure Cu in NaCl, in period of
120h with OH-Me-BimH

Figure A1.22 Normalized survey XPS spectrums for the surface of pure Cu after polishing and
pickling, and after immersion in 3wt.% NaCl with and without added of SH-BimH, Me-S-BimH,
SH-BimH-50Me and SH-ImiH-4Ph. Dash lines represent the position of peaks of reference
compounds. Upper: Immersion for 24h. Down: Immersion for 120h.

Figure A1.23 EDX elemental map analysis of the bare pure Cu sample under 10000x
magnification

Figure Al.24 EDX elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution for 60
day

Figure A1.25 Pure Cu immersed in 3 wt.% NaCl with added 1mM ImiH solution for 60 days (a)
surface under 320x magnification with all typical features (b) surface under 1000x magnification
(c) surface under 5000x magnification (d) surface features in black part (¢) 3D topography under
320x magnification by SEM

Figure A1.26 EDS elemental map analysis of Pure Cu immersed in 3 wt.% NaCl solution with
added 1mM ImiH for 60 days

Figure A1.27 EDS elemental point analysis spectrum of Pure Cu immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 60 days (a) spectrum of point a, flat homogenous surface (b)
(c) spectrum of point b and ¢, black part on the surface.

Figure A1.28 EDS elemental map analysis of Pure Cu immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH for 60 days

Figure A1.29 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM Me-S-BimH for 60 days

Figure A1.30 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH-50Me for 60 days

Figure A1.31 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM SH-ImiH-4Ph for 60 days
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Figure A1.32 Pure Cu immersed in 3 wt.% NaCl with added 1mM SH-BimH-5NH; solution for
60 days (a) surface under 320x magnification (b) surface under 320x magnification (c) surface of
black part in figure (a) (d) surface of black part in figure (b) (e) 3D topography under 320x
magnification by SEM

Figure A1.33 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH-5NH; for 60 days

Figure A1.34 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-5NH for 60 days (a) spectrum of point a, white surface (b)
(c) spectrum of point b and ¢, black film on the surface.

Figure A1.35 Pure Cu immersed in 3 wt.% NaCl with added 1mM SH-ImiMe solution for 60
days (a) surface under 320x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface 2500x magnification (e) 3D
topography under 320x magnification by SEM

Figure A1.36 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM SH-ImiMe for 60 days

Figure A1.37 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiMe for 60 days (a) (b) spectrum of point a and b, dendritic
structure (c) spectrum of point ¢, white bulk.

Figure A1.38 Pure Cu immersed in 3 wt.% NaCl with added 1ImM OH-BimH solution for 60
days (a) surface under 320x magnification with all typical features (b) surface under 10000x
magnification (c) surface with different features under 320x magnification (d) local attacks on the
surface (e) 3D topography under 320x magnification by SEM

Figure A1.39 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM OH-BimH for 60 days

Figure A1.40 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM OH-BimH for 60 days (a) spectrum of point a, porous surface (b)
spectrum of point b, cubic particles on the surface (c) spectrum of point ¢, black part of the surface.

Figure A1.41 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl solution with
added 1mM OH-Me-BimH for 60 days

Figure Al1.42 All linear polarization resistance curves of pure Zn with and without inhibitors in
3 wt.% NaCl solution after immersion for 1 h

Figure A1.43 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl agueous solution without inhibitors

Figure Al.44 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with ImiH

Figure Al1.45 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-BimH

Figure Al1.46 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with Me-S-BimH

Figure A1.47 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-BimH-
50Me
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Figure A1.48 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-ImiH-
4Ph

Figure A1.49 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-BimH-
5NH,

Figure A1.50 Long-term linear polarization curves of pure Zn under the 120h period of testing
of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-ImiMe

Figure A1.51 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
without inhibitor

Figure A1.52 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with ImiH

Figure A1.53 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with SH-BimH

Figure A1.54 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with Me-S-BimH

Figure A1.55 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with SH-BimH-50Me

Figure A1.56 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with SH-ImiH-4Ph

Figure A1.57 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
without SH-BimH-5NH;

Figure A1.58 Long-term EIS impedance and phase diagram of pure Zn in NaCl, in period of 120h
with SH-ImiMe

Figure A1.59 EDX elemental map analysis of the bare sample under 1000x magnification

Figure A1.60 EDX elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution for 12
days

Figure AL1.61 Pure Zn immersed in 3 wt.% NaCl with added 1mM ImiH solution for 12 days (a)
surface under 320x magnification with all typical features (b) surface under 1000x magnification
(c) cracks on the surface (d) hemisphere (e) 3D topography under 320x magnification by SEM

Figure A1.62 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM ImiH for 12 days

Figure A1.63 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 12 days (a) and (c) spectrum of point a and ¢, hemisphere on
the surface (b) spectrum of point b, boundary between hemisphere

Figure A1.64 Pure Zn immersed in 3 wt.% NaCl with added 1mM SH-BimH solution for 12 days
(@) surface under 320x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) cracks and holes on the surface (e) 3D
topography under 1000x magnification by SEM

Figure A1.65 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH for 12 days
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Figure A1.66 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH for 12 days (a) spectrum of point a, white part on the surface
(b) spectrum of point b, black corroded part (c) spectrum of point c, grey part on the surface.

Figure A1.67 Pure Zn immersed in 3 wt.% NaCl with added 1mM Me-S-BimH solution for 12
days (a) surface under 320x magnification with all typical features (b) surface under 1000x
magnification (c) surface under 5000x magnification (d) surface features on white part (€) 3D
topography under 320x magnification by SEM

Figure A1.68 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM Me-S-BimH for 12 days

Figure A1.69 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM Me-S-BimH for 12 days (a) spectrum of point a, white part of the
surface (b) spectrum of point b, black part of the surface (c) spectrum of point ¢, dark grey part
of the surface.

Figure A1.70 Pure Zn immersed in 3 wt.% NaCl with added 1mM SH-BimH-50Me solution for
12 days (a) surface under 320x magnification with all typical features (b) long bulge on surface
under 1000x magnification (c) white flat surface under 2500x magnification (d) cracks and
corrosion products (e) 3D topography under 320x magnification by SEM

Figure A1.71 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH-50Me for 12 days

Figure A1.72 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 12 days (a) spectrum of point a, white bulge on
the surface (b) spectrum of point b, white flat surface (c) spectrum of point c, black corrosion
products.

Figure A1.73 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM SH-ImiH-4Ph for 12 days

Figure A1.74 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM SH-BimH-5NH; for 12 days

Figure AL1.75 Pure Zn immersed in 3 wt.% NaCl with added 1mM SH-ImiMe solution for 12
days (a) surface under 320x magnification with all typical features (b) dark part of surface under
1000x magnification (c) white part of the surface under 5000x magnification (d) porous of dark
part (e) 3D topography under 320x magnification by SEM

Figure A1.76 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl solution with
added 1mM SH-ImiMe for 12 days

Figure A1.77 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiMe for 12 days (a) spectrum of point a, white part of the surface
(b) spectrum of point b and ¢, dark part of the surface

Figure AL1.78 All linear polarization resistance curves of pure copper Zr with and without
inhibitors

Figure A2.1 All linear polarization resistance curves of CuzoZnso alloy with and without inhibitors
in 3 wt.% NaCl solution after immersion for 1 h

Figure A2.2 All linear polarization resistance curves of CussZnzo alloy with and without inhibitors
in 3 wt.% NaCl solution after immersion for 1 h

XX



Figure A2.3 Long-term linear polarization curves of CuzZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution without
inhibitors

Figure A2.4 Long-term linear polarization curves of CuzZnso alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with ImiH

Figure A2.5 Long-term linear polarization curves of CuzZnso alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
BimH

Figure A2.6 Long-term linear polarization curves of CuzZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with Me-
S-BimH

Figure A2.7 Long-term linear polarization curves of CuzZnso alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
BimH-50Me

Figure A2.8 Long-term linear polarization curves of CuzZnso alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
ImiH-4Ph

Figure A2.9 Long-term linear polarization curves of CuzZnso alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
BimH-5NH;

Figure A2.10 Long-term linear polarization curves of CuzgZns alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
ImiMe

Figure A2.11 All linear polarization resistance curves of CuspZnzo alloy with and without
inhibitors in 3 wt.% NaCl solution after immersion for 1 h

Figure A2.12 Long-term linear polarization curves of CusoZnz alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution without
inhibitors

Figure A2.13 Long-term linear polarization curves of CusoZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
BImH

Figure A2.14 Long-term linear polarization curves of CusoZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution with SH-
BimH-50Me

Figure A2.15 Long-term linear polarization curves of CusoZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl agqueous solution with SH-
ImiH-4Ph

Figure A2.16 Long-term linear polarization curves of CusoZnzo alloy under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl agqueous solution with SH-
BimH-5NH;

Figure A2.17 Normalized survey XPS spectrums for the surface of CuzZns alloy after polishing
and pickling, and after immersion in 3wt.% NaCl with and without added of SH-BimH, Me-S-
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BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash lines represent the position of peaks of
reference compounds. Upper: Immersion for 24h. Down: Immersion for 120h.

Figure A2.18 EDX elemental map analysis of the bare sample under 1000x magnification

Figure A2.19 EDX elemental map analysis of CuzZns alloy immersed in 3 wt.% NaCl solution
for 60 days

Figure A2.20 CuzZnso alloy immersed in 3 wt.% NaCl with added ImM ImiH solution for 60
days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure A2.21 EDS elemental map analysis of CuzZnso alloy immersed in 3 wt.% NaCl solution
with added ImM ImiH for 60 days

Figure A2.22 EDS elemental point analysis spectrum of CuzoZnso alloy immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 60 days (a) spectrum of point a, white clusters on the surface
(b) spectrum of point b, grey cubic particles under the clusters (c) spectrum of point ¢, grey pieces
in the valley.

Figure A2.23 EDS elemental map analysis of Cu70Zn30 alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH for 60 days

Figure A2.24 EDS elemental map analysis of CuzZnso alloy immersed in 3 wt.% NaCl solution
with added 1mM Me-S-BimH for 60 days

Figure A2.25 EDS elemental map analysis of CuzZnso alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH-50Me for 60 days

Figure A2.26 EDS elemental map analysis of CuzoZnso alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-ImiH-4Ph for 60 days

Figure A2.27 CuzZns alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-5NH;
solution for 60 days (a) surface under 2500x magnification with all typical features (b) surface
under 320x magnification (c) surface under 1000x magnification (d) surface features in the valley
(e) 3D topography under 1000x magnification by SEM

Figure A2. 28 EDS elemental map analysis of CuzZns alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH-5NH; for 60 days

Figure A2.29 EDS elemental point analysis spectrum of Cu70Zn30 alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-5NH2 for 60 days (a) spectrum of point a, white part
under BSE detector (b) spectrum of point b, grey film on the surface (c) spectrum of point c,
particles in porous

Figure A2.30 Cu7oZnso alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiMe solution for
60 days (a) surface under 2500x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the valley (e) 3D
topography under 1000x magnification by SEM

Figure A2.31 EDS elemental map analysis of CuzoZnso alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-ImiMe for 60 days

Figure A2.32 EDS elemental point analysis spectrum of CuzoZns alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiMe for 60 days (a) spectrum of point a, white part under BSE
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detector (b) spectrum of point b, grey film on the surface (c) spectrum of point c, particles in
porous

Figure A2.33 EDX elemental map analysis of the bare CusZnz alloy sample under 1000x
magnification

Figure A2.34 EDX elemental map analysis of CuzoZn7o alloy immersed in 3 wt.% NaCl solution
for 12 days

Figure A2.35 CusZnyo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH solution for
12 days (a) surface under 320x magnification with all typical features (b) surface under 2500x
magnification (c) bulk material under porous film (d) big corrosion products on the surface (e)
3D topography under 320x magnification by SEM

Figure A2.36 EDS elemental map analysis of CuzoZn7o alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH for 12 days

Figure A2.37 EDS elemental point analysis spectrum of CusoZnyo alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH for 12 days (a) spectrum of point a, bulk material under the
porous film (b) spectrum of point b, grey porous film (c) spectrum of point c, clusters on the
surface.

Figure A2.38 CuszoZnzo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-50Me
solution for 12 days (a) surface under 320x magnification with all typical features (b) particles
and cracks on the surface (c) surface under 320x magnification (d) porous structure of the surface
(e) 3D topography under 320x magnification by SEM

Figure A2.39 EDS elemental map analysis of CusoZnzo alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH-50Me for 12 days

Figure A2.40 EDS elemental point analysis spectrum of CusoZnz alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 12 days (a) spectrum of point a, grey flat surface
(b) spectrum of point b, white flat surface (c) spectrum of point ¢, porous substance on the surface.

Figure A2.41 CusoZnyo alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiH-4Ph solution
for 12 days (a) surface under 320x magnification with all typical features (b) surface under 1000x
magnification (c) surface under 1000x magnification (d) structure of flower-like substance (e) 3D
topography under 320x magnification by SEM

Figure A2.42 EDS elemental map analysis of CusoZnzo alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-ImiH-4Ph for 12 days

Figure A2.43 EDS elemental point analysis spectrum of CuszoZnz alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiH-4Ph for 12 days (a) spectrum of point a, small flower-like
substance (b) spectrum of point b and c, large flower-like substance.

Figure A2.44 EDS elemental map analysis of CusoZnzo alloy immersed in 3 wt.% NaCl solution
with added 1mM SH-BimH-5NH; for 12 days

Figure A2.45 Raman spectrum of OH-Me-BimH powder (bottom), pure Cu surface after 60 days’
immersion with added 1mM OH-Me-BimH (top).
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Abstract

Cu-based alloys are widely applied in corrosive environments. The improvement of the
alloys' corrosion resistance will significantly reduce energy consumption and
overexploitation of resources. To increase the resistance of copper as less corrosion alloy
component, nine imidazole-based compounds with different functional groups were
tested as potential corrosion inhibitors. Besides, CuzZn alloys, CuZr crystalline and
amorphous alloys, and their pure metals are tested to explore the correlations between
inhibition and structure and elements. For CuZn alloys, the a-Cu phase CuzZnso alloy
and non-a-Cu phase CuzoZnzo alloy were tested. CuZr alloys are the basis of a family
of metallic glasses with large glass forming ability and remarkable mechanical properties.

The corrosion response of as-produced crystalline and amorphous CuxZr100-x alloys (x

= 40, 50, 64 at. %) were tested. The alloys were immersed in 3 wt.% NaCl aqueous
solution. Potentiodynamic polarization measurements, electrochemical impedance
spectroscopy and long-term immersion tests followed by microscopy analysis and Raman
spectroscopic analysis were carried out. Comparative analysis of pure Cu and CuzZnso
alloy shows that the same inhibitors are effective in both alloys. A similar behavior is
found with pure Zn and CusoZnzo alloy. However, the inhibition power shows a different
value, which should be attributed to the healing effect. Defects present in most of the
polished samples accelerate the pitting on these locations. The healing effect will lead to
a patch on those positions, which will slow down the local attacks. All the tested
amorphous alloys exhibit a much better corrosion resistance than their crystalline
counterparts in the presence and absence of inhibitors. The main factor controlling the
corrosion resistance of the alloys appears to be the Zr-rich (or at least equiatomic)
amorphous structure, the effect of the inhibitors being secondary. Results therefore show
a complex relationship between inhibitor performance, microstructure and composition
of CuZr alloys. SH-ImiH-4Ph shows potential to become a global a-Cu phase alloy
inhibitor and SH-BimH-5NH; shows potential for Zn-based and CuZr alloys.
Electrochemical measurements, especially long-term measurements, display a significant
correlation to immersion tests.



Chapter 1: Introduction

The usage of materials shapes the history of humanity. The conventional periodization of
the distant prehistoric time reflects this fact, as we talk of the Stone Age, the Bronze Age,
or the Iron Age, for instance. In particular, the first usage of bronze, a copper alloy,
changed history. However, copper and its alloys still play an essential role in modern
society. The industrial revolution increased productivity and reduced impurities. In
parallel, booming global demands of electricity in the late 19" century boosted the
production of Cu for generators and transmission lines and brought more research work
on Cu, extending the application range of its alloys. The most important copper alloys are
at present brass, which adds zinc as the additional principal element, cupronickel with
nickel, and aluminum bronzes with aluminum [1]. Copper and its alloys are present in a
variety of ways in our life and still play an essential role in modern society. Electronics,
in particular, made extensive use of copper and its alloys as well.

However, demand and proved reserves of resources, as well as environmental issues, are
the biggest concern for the sustainable development of human beings. Since 1994, sixteen
European continent countries established a system for specialized copper treatment along
all its life cycle [2]. Moreover, the researchers also revealed that citizens of most of the
countries waste 1-3 kg Cu/year, mostly in obsolete electronics and end-of-life vehicles
[3]. According to Elshkaki et al. [4], the requirements of copper may increase between
275% and 350% and exceed the known copper reserves by 2050. The energy consumed
in the production of copper is expected to reach 1.0 - 2.4% of total energy demand by
2050, compared to only 0.3% today [4]. Grade decline must also be expected as copper
mining reserves be exhausted. Recycling of the material and reducing the waste will be
the core research on copper and its alloys in the future.

Most Cu alloys are not served as bearing parts. Thus, the life cycle is determined by their
resistance to corrosion. As shown in Table 1.1, corrosion has a substantial impact on the
economy of all countries. On account of the excellent corrosion resistance of copper and
its alloys, they have been applied in corrosive environments like heat transfer system,
valves handling freshwater, seawater, etc.. The knowledge of the corrosion mechanisms
of copper alloys and the research on possible corrosion prevention or inhibition strategies
are therefore subjects of utmost interest. A wide range of methods of corrosion prevention
are applied in modern society, such as protective coating, alloying, cathodic protection,
design modification, and there is a recent research surge on corrosion inhibitors.

Furthermore, the brisk demand for new materials by the development of technology
pushes the study and application of new Cu-based alloys, such as new applications in
electronic devices and microdevices, as well as new materials such as Cu-based metallic
glasses. Corrosion will be an essential research topic of the new alloys since it is present
in every application. Since metallic glasses show a completely different structure than
crystalline alloys, it is worth exploring the potential prevention effect arising from this
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difference. In this research, it may also provide a view of the interaction between organic
self-assembled monolayers and metallic glass.

Table 1.1 Corrosion cost in some countries [5-10]
*: Transfer based on the currency of the time.

Country Cost in USD Percentage of GDP/GNP Report Year
China [5] ~ 310 billion 3.34% GDP 2017
Japan* [6] ~ 47.7 billion 1.02% GNP 1999
USA [7] ~ 276 billion 3.1% GDP 1998
Kuwait [8] ~ 1 hillion 5.2% GDP 1995
Australia* [9] ~ 1.3 hillion 1.5% GNP 1983
UK* [10] ~ 840 million 3.5% GNP 1971

The introduction will focus on three aspects: surface characterization of copper and its
alloys, corrosion of copper and its alloys, an inhibitor for Cu and its alloys, including Cu-
based metallic glasses. Given the lightning speed of oxidation in air and water, the first
task to be performed is the characterization of the specimens’ surface. Although there is
no universal corrosion mechanism of copper and its alloys, much work has been carried
out on specific alloys and solutions. These studies will offer an expectation of corrosion;
thus, the prevention effect can be analyzed. Organic inhibitors are one of the hotspots in
corrosion due to its universality and flexibility, especially for copper. The proper
application of organic inhibitors on copper in a corrosive environment can be a corrosion
prevention method applicable to many copper alloys.

Metallic glasses, on their side, show different properties compared to their crystalline
counterpart, which are reflected in their corrosion resistance as well. A brief introduction

on metallic glasses and its corrosion performance may help to understand the latter
difference of the inhibition effect.

1.1 Corrosion of copper and its alloys

Copper and its alloys are widely used in many environments and applications due to their
excellent corrosion resistance coupled with combinations of other desirable properties
such as their superior electrical conductivity for electric appliances and electronic devices,
large thermal conductivity for cooling and heat exchange systems, ease of fabricating and
joining, and convenient mechanical properties. The corrosion rate of copper in clean air
and water is negligible, and copper alloys resist many saline solutions, alkaline solutions,
and organic chemicals [11]. However, copper is sensitive to oxidizing acids, oxidizing
heavy-metal salts, sulfur, ammonia (NHsz), and some sulfur and NHsz compounds, which
will result in fast corrosion [12].

Corrosion is an omnibus subject, which involves the interaction between the environment
and materials. Here the environment comprises the pH, the presence of absence of flow,
the available ions and or gases, and all need to be considered to figure out the corrosion



process. For the materials side, the impurities, manufacture methods, elements, and so on,
all are influence factors as well. Owing to this complexity, the review in this section will
focus on the corrosion process on Cu and CuZn alloys, i.e., the formation of the film in
air, water and sodium chloride solution, and the corrosion in sodium chloride solution.

1.1.1 Oxidation of copper: initial stages

When talking about the metal surface and interface, oxidation cannot be ignored.
Oxidation proceeds ultra-fast on newly created metal surfaces, both in air and in solution,
creating different surface structures by diverse mechanisms [13,14]. These films on the
metal surfaces influence the posterior development of corrosion and inhibition effect;
therefore, they must be considered before further study.

Millisecond process Tunneling effect Initial oxide nuclear

, Oxygen layer I

Figure 1.1 Schematic diagram of initial nucleation of oxide in air [15]

In an air environment and at room temperature, a thin oxide film of the base metal usually
develops on a newly created surface. This film, invisible to the naked eyes, often protects
the metal from further reaction and therefore slows down corrosion. The formation of this
oxide film always happens in the millisecond range and forms a nanometer thickness
oxide layer in hours [16]. Figure 1.1 shows the mechanism of the initial nucleation of
oxide in the air, as described by Cabrera and Mott [15]. The bare surface of metal contains
a layer of atoms not entirely surrounded, which act as metal radicals and combine with
the highly electronegative oxygen atoms of air. The high concentration of oxygen in air
makes this reaction happens in some milliseconds. The resulting energy barrier will
prevent the oxidation but not wholly, as the tunneling effect can make it possible. Then
the oxide will grow laterally two-dimensionally across the surface at tremendous speed,
as shown in . After the formation of a thin oxide film, an electric field appears, which
lowers the activation energy for ions to move into the oxide, which continues increasing
the layer thickness[15]. When the layer reaches a critical thickness, about 100 A, the
intensity of the electric field becomes too low, and the growth speed of the layer decreases
substantially. Aluminum, silver and zirconium show this kind of oxidation (see Figure
1.2 (a)). Figure 1.2 (b) shows the growth rate of some of the oxides. Then Fehlner and
Mott [17] expanded the theory, considering the fast incorporation of oxygen into the metal
substrate by place exchange. The voltage built up across the film induces a slow
logarithmic growth of the oxide, and the film will reorder, allowing island growth, which
results in faster logarithmic growth. However, further research showed that not all metals



show two-dimensional growth at first. Instead, three-dimensional oxidation was found in
copper.
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Figure 1.2 (a). Schematic diagram of the unified-type formation of the oxide. (b)
Oxidation at room temperature and pressures of oxygen between 10*and 102 mm.

Hg (Redraw from Garforth [15]).
Oxidation of copper

Cuprous oxide (Cu20) is the oxidation and corrosion product responsible for the
protection of copper at low temperatures. This oxide is a p-type semiconductor in which
defects are uniformly distributed in the oxide. It forms spontaneously in air, faster with a
humid environment, and even faster in water. Oxygen surface diffusion is the dominant
mechanism for transport, nucleation and growth for copper oxide [20], in a mechanism
different from the theory proposed by Cabrera and Mott. Interfacial anion diffusion under

3D growth Coalescence
1 t 1 T Growth I
Diffusion
Cu Cu Cu

Figure 1.3 Schematic diagram of oxidation of pure copper (derive from ref. [18]
[19][20]).



atmosphere conditions accounts for the initial stage of Cu2O island growth [20]. The
process is shown in Figure 1.3; the formation of islands happens in several nucleation
points. These islands grow three-dimensionally until they coalesce with their neighbor
islands. After the formation of the continuous oxide layer, the surface diffusion route is
shut down, and a much slower bulk diffusion is required for further oxidation. The process
at atmospheric pressure is different from the surface diffusion-controlled process
observed under low oxygen pressure[18]. Compared with the metals which form
amorphous oxide layers like aluminum and silicon, more defects are observed in the
cuprous oxide layer. The interface between oxide and copper is explained as metaphase
containing Cus0-S1, CusO-S2, CugO, CuesO from the research work of Guan et al. [21-
24]. This may offer a further understanding of the formation of the oxide layer, but this
transition region does not seem to be significant on the global behavior of the oxide. The
Cu20 film is a highly defective film and the structure may be described as one with some
missing Cu* cations, and the otherwise deficient positive charge is balanced by a single
positive charge (positive hole) in the vicinity of each cation vacancy [25]. Due to the
existence of abundant vacancies in this structure, the cation transportation will be
straightforward and electronic resistance will be small.

Oxide of Brass in air

The oxidation behavior of copper shows the formation of cuprous oxide. As the most
applicable alloy, brass, the oxidation behavior is also worth to illustrate. The oxidation of
Cu/Zn(64/36) brass studied by Van Ooij [26] under the different surface and
environmental conditions showed that the formation of the thin oxide layer of zinc results
in surface composition of 40% Cu; increasing temperatures would increase the zinc oxide
layer thickness. A copper-rich layer exists under the zinc oxides. The reaction

Cu20+7Zn=27Zn0 + 2Cu

is the major effect of the result of the balance between the different oxidation behavior of
copper and brass. Maroie et al. [27][28] studied the growth of oxides on a(75%Cu/25%2Zn)
and B(53%Cu/47%2Zn) brass surface by XPS at controlled low pressure. The a-brass
initially forms ZnO on different sites, and then it will stop or keep an extremely low
growth rate. The formation of Cu>O oxides will take place as well, but slower than ZnO.
However, the growth of Cu,O is faster than that of ZnO when the pressure reached 10
Torr (0.013 Pa) [27]. ZnO forms a continuous layer in B brass. Increasing temperature
will also induce an increase in the ZnO layer thickness due to the acceleration of Zn
diffusion through the oxide layer. Moreover, the influence of the diffusion of oxygen
through the oxide-metal interface is negligible [28]. Besides, Qiu et al. [29] analyzed the
initial oxidation on a brass (Cu—20Zn) surface exposed to humidified air at 90% RH. The
natural oxides consist of some Zn-enriched areas, which means a local growth of ZnQO,
which retards the formation of a more uniform growth of a Cu,O-like oxide due to
galvanic effects.



1.1.2 Corrosion of pure copper

Corrosion happens in a variety of ways, in atmosphere, marine and soil environments,
and can be accelerated by stress; therefore, different parameters should be considered. As
this thesis focus on the corrosion and the corrosion inhibition in aqueous condition, the
corrosion review will emphasize corrosion in this condition. When the workpiece is put
into the aqueous working condition, the first process on the surface is usually the removal
of adsorbed gas by the aqueous solution. Therefore, a new film will develop, and its
growth is attributed to the interaction with the solution, which contains part of dissolved
gas from the air and the other ions. The mechanism of formation of this film depends on
the different species in the solution and the properties of the materials themselves. Which
is extraordinarily complex, thus, not well understood in some cases. However, the
reviewed bibliography shows that the corrosion mechanisms are very sensitive to the
experimental conditions.

Kruger [30,31] studied the formation of oxides of Cu in pure water under different
conditions. At room temperature and atmospheric pressure, the oxidation was
comparatively more natural in water than in air, and the oxygen in water plays the primary
role in the formation of the oxide film. Besides, different crystallographic planes showed
different oxidation rates and orientation of the epitaxy films, similar to what happens in
dry air. Identical to the oxides in the air, the films were not continuous, and light
influenced the process in water as a kind of catalytic reaction. If the atmosphere changed
to oxygen-helium mixtures, CuO was also found when the oxygen was more than 10%,
and depending on the presence of CO., which influences the pH, CuO will be further
oxidized to Cu20. The Oz and CO- concentration will control the thickness with the
competing reactions[30,31]:

Cu + Cu®* — 2Cu*
Cu" — Cu*" +¢

The rapid formation and more prominent nuclei of oxides in water can be explained as
due to the influence of the ion transformation, and thus it was experimentally observed
that stirring decreased the formation rate of CuO. Table 1.2 shows the free energies,
corrosion reaction constant and equilibrium ionic products in water derived from the
research of D. J. G. Ives and A. E. Rawson [32]. Reaction (U and 2 are accompanied by
a free energy loss of ~20 and 2.4 kcal at one total atm pressure. This means the copper is
inclined to dissolve in water containing oxygen and carbon dioxide. Oxygen accounts for
the equilibrium concentration of cupric bicarbonate in solution [32]. Despite the corrosion
may be dominated by these two reactions, reverse reactions @ to (¥ can further reduce
the free energy of the system. They also revealed that the increasing thickness might
accelerate the dissolution instead of offering more protection. Furthermore, neither
carbon dioxide nor oxygen is particularly aggressive towards copper without each other.



Table 1.2 Standard free energies, AG°, and equilibrium ionic products, K' =
(Cu?")(HCO3)?, for copper corrosion reactions at 25°C (reproduced from D. J. G.
Ives and A. E. Rawson [32])

Reaction AGS log K'
kcal

@ Cu + H,0 + CO, = Cu(HCO3), -19.88 14.57 + 2logPco, + 1/2 log Py,
@ 1/2Cu,0 + H,0 +2C0, + 1/40, = Cu(HCOs), -2.39 1.75 + 2logPc,, + 1/4log log Py,
B Cu(OH), + 2C0, = Cu(HCOS), 8.73 -6.40 + 2log Po,
@ cuo +H,0 +2c0, = Cu(HCOs), 10.52 -7.71 + 2log Py,
® 1/2[CuCOs-Cu(OH),] + 1/2 H,0 + 3/2CO, = Cu(HCO3),  11.90 -8.69 + 3/2log Py,
® 1/3[2CuCO3-Cu(OH),] + 2/3H,0 + 4/3CO, = Cu(HCO3),  12.10 -8.84 + 4/3log Py,
@ Cu,0 — Cu + H,0 + 2CO, = Cu(HCO3), 15.10 -11.07 + 2log Py,

The dissolution of Cu?* and the growth of a cuprous oxide film under a fixed pressure of
CO; follows first-order kinetics with respect to oxygen [33]. A duplex film structure was
proposed, composed of an inner compact Cu»O thin layer and an outer layer taking the
form of a porous layer formed later, but this mechanism neglects the influence of CO>
[34]. At low O pressure, the dissolution of Cu and the film growth increases, while it
decreases at low CO; pressure. Further, the increase in oxygen pressure will restrict the
dissolution and film formation. However, carbon dioxide will have the opposite effect
[35].

Table 1.3 Corrosion rate of copper and brasses (reproduced from ref. [36])

Alloy Composition Corrosion Rate / MPY (")
Copper, O free | >99.9% - - 0.1-1.6

Commercial 90 10 i 01— 11

Bronze

Red Brass 85 15 - 0.2-1.8

Yellow Brass | 66.47 33.51 | Fe:0.02,Pb:<0.01 0.2-2.5

Copper, O free | >99.9% - - 0.1-1.6

“IMPY stands for Mils per year, and 1 Mil = 0.0254 mm

Different from pure water, the addition of chloride ions generates a more complex
corrosion process and film. Typically, in aqueous conditions and in the absence of
external polarization, copper and its alloys show simultaneously general corrosion and
pitting corrosion. The essential corrosive environment in Cu applications is the seawater,
which contains about 19000 mg/L chloride, and general corrosion always occurs in such
conditions. The corrosion rates of some common copper alloys in seawater are shown in
Table 1.3. With the increase of Zn concentration, at first, the corrosion rate is decreasing,
but when the zinc content reaches ~33%, the corrosion rate is higher than that of pure
copper.

North and Pryor [37] studied the formation of oxide film on Cu and Cu-Ni alloys,
revealing that the film was continuous and consisted entirely of Cu.O. Moreover,
Cuz(OH)sCl was also found at longer immersion times. However, the film on Cu was less
protective than the layer on Cu-Ni alloys, presenting a significant ohmic and ionic



resistance. The reason that leads to this difference may be attributed to Ni substitution in
the Cu20 reaction product film. The film thickness growth in the CI" solution was 11,000
A(66h), quite more significant than in dry air, 146A (66h), and in distilled water ~500A
(~100h) [31]. The presence of CI" induces a tremendous acceleration of the film thickness
growth, compared to that of pure water. This can be attributed to the modification of
defect structure, as CI" replaces some O in the oxide lattice and introduces a charge
imbalance. This replacement helps Cu™ ions to pass into the solution and create additional
neutral cation vacancies, faster than in pure water where only the OH" are present. Besides,
we should note that the concentration of ClI" is relatively higher than that of OH" in pure
water. With this kind of increasing film and Cu* ion transformation, the copper alloy
workpiece will be reduced gradually [31]. Figure 1.4 shows the Pourbaix diagram for
copper in seawater. Under equilibrium conditions, Cu.O is only stable down to pH 5 at
normal potentials. However, it can still give a comprehensive view of the corrosion under
different pH in the presence of CI [38].

0.8

06 cu’
) Cuz(OH)CI Cu0

0.4 4 CUO;'

0.2

CuCl

0.2 4 Cu,0

Potential (sat. Ag/AgCI?)

0.6 Cu

0 2 4 8 8 10 12 14 16
pH

Figure 1.4 Pourbaix diagram for seawater (copper-chloride-water system) [39].

Pitting corrosion

Pitting is a localized form of corrosion by which cavities or "holes" are produced in the
material. The pitting of copper was initially found in copper pipes with water by Campbell
[40]. Thomas and Tiller found that the presence of chloride and carbonate would assist
the pitting process [41], and research of Al-Kharafi et al. [42] agreed on the effect of



chloride and cuprous chloride inside the pits. Mattsson proposed three types of pitting
[40]: Type 1 occurs on annealed or half-hard pipes in cold tap water, caused by a
continuous carbon film formed on the inner pipe surface during bright annealing; type 2
occurs on hard drawn pipes in the hot tap water of low ( < 7:4) pH and low ( < 1)
[HCO3-]/[SO42-] ratio; type 3 occurs on both hard and annealed pipes in the cold tap
water of high pH, with low salt concentration [11]. Frommeyer [43] studied the
composition of type 1 pits by electron spectroscopic methods, revealing the schematic of
the structure reproduced in Figure 1.5. Another layer of Cu20 on the metal surface due
to the oxidation was also found. The hole inside the bulk copper resulted from pitting; a
thin layer of CuCl was present on the interface, some Cu.O particles were found close to
the CuCl layer, and the corrosion products of pitting were found around the hole and
above the oxidation layer.

CuCO,-Cu(OH),
Cu(HCO3)2
Cu(OH)z'CuC12'H20

CU2O

\ CuCl

Cu

Figure 1.5 Schematic structure of pits from typel pitting

Cornwell et al. [43] suggested the reaction mechanism of copper pitting in aerated and
chloride supply waters. Copper ions produced by anodic dissolution combine with the
chloride ions to form cuprous chloride:

Cu* + Cl" = CucCl

Cuprous chloride is not stable in near-neutral pH ranges, hydrolyzes to form Cu20, which
is precipitated on the metal surface:

2CuCl + H20 = Cu.0 + 2HCI
The cathodic reaction supporting the anodic dissolution process is oxygen reduction:
O2 + 2H20 + 4e = 40H"

For corrosion to proceed, the hydroxyl ions produced at the cathodic sites must be
removed. This occurs more rapidly in acid supplied water or water that contains
bicarbonate ions:
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OH" + HCO3 = CO3* + H,0

The final reaction causes precipitation of mixed calcium carbonate and basic copper
carbonate scale.

1.1.3 Corrosion of brass

Standard brasses are alloys of copper with 10 — 50% zinc and often other elements such
as tin, iron, manganese, aluminum, and lead. Zinc addition in copper up to 39% will
maintain a single-phase alloy, a-brass, and 47-50% for another single-phase, B-brass.
Between 39 and 47%, the alloy contains both phases. The copper/zinc ratio is the
dominating factor of corrosion of the a-brasses; the duplex alloy leads to more zinc
dissolution. Dezincification takes place by the preferential dissolution of the less noble 3
phase, and in the pure B alloys, only zinc appears in the corrosion products, the copper
mostly being redeposited as metal. The corrosion behavior of brasses depends on several
parameters, such as the dissolved salts, dissolved gases, and the formation of protective
films. As shown in Table 1.3 Corrosion rate of copper and brasses (reproduced from ref.
[36]) the corrosion rate of brass increased when the addition of Zn was below ~20% and
increased when reached ~33% in seawater.

Dealloying is an electrochemical reaction in which one element constituting an alloy is
selectively separated and removed from the alloy, causing deterioration of its essential
properties. Since the selective dissolution, it is difficult to find the severity of the attack.
As mentioned before, selective dissolution of the active component zinc had its specific
name, dezincification, since the epidemicity in dealloying. It can lead to many problems,
especially in hard water, solution with ammonia, and chloride as well. The commonest
happens on brasses containing > 15% zinc. Dealuminification and denickelification have
been reported for aluminum bronzes and cupronickels as well, but not as frequently as
dezincification. As shown in Figure 1.6, two types of dezincification always are also
observed. Brass that contain the  phase suffer much than the single o phase ones. Lucey
[44] studied the dezincification of a-brass and B-brass; the simultaneous dissolution of
Cuand Zn were found, observing that copper will be redeposited at the position dissolved,
as well as Stillwell and Turnipseed [45] found in e-brass. Besides, the new underlying
copper frequently shows alternating formation layers; less dense copper layers
incorporate with bands of cuprous oxides and a narrow band of dense copper. The first
copper corrosion product is believed to be cuprous chloride and - or non-arsenical o-
brass will reduce cuprous chloride to copper. Dezincification may take place in layers
over the whole surface, but it may also form plugs in localized regions, see Figure 1.6.
T. L. Barr and J. J. Hackenberg [46] proposed the onset dezincification process:

a) Migration to subsurface and surface of Zn** from bulk alloy to form ZnO.
b) Dissolution of some of the protective (passivating) oxides:
a. all Cu®" quickly dissolved (~5 h, 3% NaCl); (B) a little of the Cu™ may
dissolve; (C) some of (original) ZnO also dissolves
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c) Extensive thickening of the ZnO sublayer.

d) A new, thicker Cu oxide layer forms below the surface layer of ZnO.

e) Overlap of layer boundaries increases dramatically.

f) Termination of surface secretion of Zn.

g) Island growth of clusters of ZnO at outer surface encapsulating some Cu oxides.

T

Plug-type (Zn=>20%)

Layer-type (Zn<15%)

Figure 1.6 Two different types of dezincification

Warraky [47] observed that on the initial stage of dezincification of brass(70/30), from
seconds to minutes, the growth of the initially formed Cu,O eventually stopped.
Furthermore, a high concentration of the ZnO layer was formed in a few seconds. As
described before, a rough reaction procedure can be listed, and the first step is the
oxidation in saltwater

Zn?* + H,O = ZnO +2H*
2Cu* + H,0 =CuO + 2H"

After the surface has become covered by both ZnO and CuzO, CuCl is formed on the
surface by the reaction

Cu’ + CI'= CuCl
And a disproportionation reaction may present [48]
2CuCl = Cu + CuCl

other reactions which results in the formation of CuCl,” may happen [49][50]
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CuCl + CI' = CuCly
Cu + 2Cl' = CuCly

Additionally, ZnOX (HZnO>") and ZnCl2 was observed and indicate that zinc dissolves
as

ZnO + OH- = HZnOy"
CuCl; +Zn = ZnCl; +Cu

1.2 Prevention of corrosion of copper and its alloy

Corrosion prevention is essential for all technological materials. The typical methods
include surface coating, cathodic protection, alloying and inhibition. For copper, in
freshwater and seawater, the corrosion rate can be controlled under low flow velocity and
less harmful components. pH also has a dominating effect and should be larger than 6.
However, cuprosolvency will always be a challenge, and the water treatment may also
affect the corrosion rate. A protective Cu,O layer should be built before formal
application or painting of organic coatings. This kind of film always is applied to improve
the corrosion resistance of copper alloys. Microalloying can also improve corrosion
resistance. Also, for high Zn containing brass alloys, the prevention of dezincification
always focuses on the selection of the alloy for a given application. According to the
required application, alloying and cathode protection are the most popular methods to
reduce the corrosion rate of copper and its alloys. However, organic inhibitors have
recently shown a remarkable protective effect on the copper, opening the path for a new
corrosion protection strategy applicable for microdevices, which can be combined with
other prevention methods.

1.2.1 Traditional methods

Since the reactions which occur on the copper alloys’ surface should follow the
fundamental kinetics of electrochemistry, several electrochemical tests had been put into
practice. Cornwell et al. [43] and Pourbaix [51] found that the different processes during
corrosion showed different potential under chloride water. If one of the potentials cannot
be satisfied, the reaction will slow down, and thus the corrosion will be inhibited. It should
also work for brasses with the a-phase. The kinetics of cathodic protection of copper
under soil [52] and seawater [53] environment was investigated. Although cathodic
protection and alloying could provide protection, the problem is still present. Cathodic
protection always needs a careful design for all components.

Minor addition of elements such as Fe is another protection method. From the study of
North and Pryor [54], ferrous ions are oxidized and form colloids, and then a layer of
lepidocrocite will cover the surface and inhibit the corrosion. The dezincification is
accelerated by high-temperature, chloride content, low flow rates, and differential
aeration, which means that reducing each of the factors will slow down the process. Under
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the selection rule of brass, to avoid the dezincification, usually, 0% to 15% zinc will not
dezincify, 15% to 36% zinc will resist dezincification if arsenic is added [55], >36% zinc
will dezincify, the addition of 1% tin will slow it down [12]. The traditional methods are
widely used in applications, but all of them have their own yields as well. Coating and
the alloying may cause harmful dissolution like pollution of arsenic.

1.2.2 Corrosion Inhibitors

A corrosion inhibitor is a chemical compound that, when added to a liquid or gas,
decreases the corrosion rate of the material, typically a metal or an alloy, that comes into
contact with the fluid [56]. When a thick layer of film can not be applied, inhibitors show
relatively high potential for protection. However, the performance of the inhibitors relies
on the surface condition of the alloy, liquid flow and composition of the solution.
Corrosion inhibitors are common in the industry, but since the toxicity of the applied
organic and inorganic compounds, they can not be applied in all environments. Inorganic
inhibitors always involve the formation of a passivation layer, which prevents access of
the corrosive substance to the metal. On the contrary, organic inhibitors show adsorption
behaviour on the metal surface; an organic-metal complex layer will be formed on the
surface and provide the protection, known as self-assembled monolayers (SAMs) as well.
As a comparison, the passive film typically produces a micrometer thickness layer, but
the SAMs are only one to a few molecules thick, which is nanometre thickness. This
results in a particular advantage for modern areas of materials research, such as
microelectronic devices or micromechanics. Besides, the stability of the passive layer can
be affected by the pH of the environment.

x
T ol X
! & = U

Figure 1.7 Formation of SAMs of thiol on Au

The first SAMs, reported by Bigelow et al. [57], consisted of monomolecular layers
obtained by adsorption (self-assembly) of a surfactant onto a clean metal surface.
Compared with other ultrathin films such as chemical vapor deposited (CVD) film, they
are highly ordered and oriented, and the dense and stable structure leads to a potential
application of SAMs on corrosion prevention. Specific research was carried on the typical
self-assemble phenomenon between thiols and gold. Bain et al. [58] pointed out that there
is evidence that binding of thiols to gold through a thiolate moiety, but throw no light on
the mechanism for the conversion of the thiol to thiolate. Moreover, their study also
observed two kinds of kinetic at relatively dilute solutions (10 M). Rapid adsorption in

14



few minutes is described well by diffusion-controlled Langmuir adsorption. Furthermore,
slow adsorption lasts several hours, at the end of which the thickness and contact angles
reach their final values, which can be interpreted as a surface crystallization process.
Figure 1.7 shows an estimated procedure of adsorption of thiol onto the gold surface, and
the adsorption includes two processes, physisorption and chemisorption.

As illustrated before, adsorption on gold benefits from an oxide-free surface, but oxides
always exist on the base metals, which suffer corrosion. Several approaches have been
used to control, inhibit and eventually suppress corrosion in metals, and specifically in
copper. Between them, corrosion control in aqueous solution has been attempted by
adding both inorganic and organic inhibitors. Organic inhibitors show, in general, a better
performance than inorganic ones [59]. As mentioned before, the strategy includes the
production of the passive film and the addition of other elements. The inhibitor also can
assist the passivation of the alloy; as the research showed, heterocyclic compound
benzotriazole inhibits corrosion of copper and copper alloys by the blocking action of the
copper-benzotriazole complex [60,61]. Among them, azole compounds are known for
their ability to inhibit the corrosion of Cu based materials [62,63], with benzotriazole
being a notable example that has been widely used.[64] The mechanism of complex
formation is proposed and described by the following reactions [65]:

Cug) + BTAH(ag) = Cu:BTAH@ds) + H s

Mercapto based azoles are also promising [66,67]. Several amino derivatives have been
studied. Sherif et al. investigated the copper inhibition of N-phenyl-1,4-
phenylenediamine (NPPD) in de-aerated, aerated, and oxygenated HCI [68] and NaCl
[69], finding that the oxidation of copper to a Cu*-NPPD complex film protects the
surface. A.A.El Warraky [70] investigated the influence of ethylenediamine (EDA) on
Cu in 0.01M HCI with and without the addition of NaxS.

The thiol group compounds have been widely studied with Au for quite a long period,
and it also presents an adsorption behaviour with Cu. Y.S.Tan et al. [71] studied the effect
of a series of benzenethiol(SAMSs) on copper in 0.5 M H>SOa4. The inhibition with
different additional functional groups increases in the following order: -CH(CHa)2 > —
CHs > —F > -NHCOCH3 > —NH>. H. Baba et al. found large inhibition by anodic
treatment with triazinedithiols (TDT) in 3% NaCl solutions, and polymerization in the
surface film improved the inhibition as well[72]. Other organic inhibitors were
investigated, such as amino acid [73], phosphates [74], aniline derivatives [75], and so on.
However, the search for less toxic and effective alternatives is still an active research
subject. The low- and non-toxic imidazole derivatives corrosion inhibitors were studied
by Stupnisek-Lisac [76,77], and showed an inhibition close to the commercial ones.
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1.3 Cu-based Metallic glasses and its corrosion

Glasses have a long history in human society, in the form of natural and artificial products,
which significantly changed our lives. Metallic glasses have a much shorter history, but
since the publication of Klement et al. [78] they have been used in a variety of areas such
as aerospace, power transmission, electronic devices, etc. Moreover, the uniqueness of
the metallic glass structure provides a chance for a deeper understanding of materials
science and condensed matter physics. Metallic glasses are amorphous metallic alloys
produced by fast quenching from the melt; crystallization is suppressed by the sudden
increase of viscosity during the cooling; this causes the alloys to retain the disordered
atomic structure of the parent liquid, as sketched in Figure 1.8a. Metallic glasses can also
be produced by alternative methods such as physical vapor deposition, ion irradiation or
mechanical alloying. The resulting materials lack medium- and long-range order. Their
surfaces are smooth and free of voids, dislocations and/or atomic terraces, features that
often contribute to improved corrosion resistance. Unlike ordinary glasses, which are
typically electrical insulators, metallic glasses always show good electrical conductivity.
Besides, metallic glasses do not have the defects (such as dislocations) and grain
boundaries characteristic of crystalline metals, which helps them to present a better
resistance to corrosion.

1.3.1 CuZr-based metallic glasses

Zirconium metal has much less industrial importance than Cu, although it is essential in
the nuclear industry. It is a very reactive metal, prone to fast oxidation. Zirconium oxide
is an essential component of fine ceramics. CuZr alloys are the basis of one of the most
exciting families of metallic glasses. From early work, it is known that Cu;oo-xZrx (at.%)
metallic glasses can be obtained by melt-spinning in a wide composition range of x = 25
to 60 at.%.[79] The amorphous CuZr system is an excellent glass former, and although
the amorphous surfaces are wavy and irregular, they show considerable chemical
homogeneity and improved corrosion resistance.[80] It is worth noting that many
corrosion studies on CuZr based amorphous alloys were performed in low concentration
NaCl solutions, from 0.01 to 0.1 M [81].

1.3.2 Corrosion of Cu-based metallic glasses

Oxidation of amorphous glasses

Oxidation of amorphous glasses is particularly important for its corrosion resistance,
since the oxide layer established on the surface will provide improved corrosion
resistance. Furthermore, the corrosion resistance will depend on the type and structure of
the oxide layer on the surface. Early research on CuZr metallic glass showed preferential
oxidation of Zr [82]. Moreover, much more work had been done; Figure 1.8
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Figure 1.8 Schematic presentation of atomic structures of (a) amorphous and (b)
crystalline CuZr alloys. SEM images of (c) amorphous and (d) crystalline CusoZreo
alloys.

schematically shows the interface structure between electrode and electrolyte, based on
the model postulated by Xu et al.[83] The natural oxide passive layer of the CuZr
amorphous turns out to be ZrO. oxide, developed over a Cu-rich region above the
amorphous matrix. The thickness of the ZrO2 layer increases with the concentration of Zr,
and the formation of the Cu-rich region is caused by the diffusion of Zr to the surface.
Due to the ultrafast initial oxidation process, the ZrO ultrathin passive film becomes the
interface between the sample surface and electrolyte. Besides, the research in the higher
temperature of Cu-Ti metallic glass by Park et al. [84] also showed an amorphous TiO; —
Cu-enriched — metallic glass structure below Tg temperature, similar to that of CuZr
amorphous glass at RT. All the researches [82,84-87] on CuZr-based metallic glasses
show similar results: Zr will form an amorphous ZrO; layer at low temperature, other
elements such as Ti, Be will oxide if the temperature increased[84,88], Cu is always the
one didn’t appear to be oxidized.

Corrosion of Cu-based metallic glass

The comparison of the corrosion mechanisms of crystalline and amorphous alloys of the
same stoichiometry would give valuable data regarding the effect of the atomic structure
on the inhibitor performance. A number of literature studies are available discussing the
properties and corrosion mechanisms of CuZr-based metallic glasses[81,89-91].
Although many CuZr based alloys show good corrosion resistance, such as
Zrs5CuzoNipAlieTas (at.%), ZrsoCuxoNipAligTaie (at.%) or ZrssCuxoNiAlieTis (at.%),
the parent CuZr alloy is not particularly corrosion resistant. Thus, the observed
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differences in corrosion resistance and inhibition may be attributed mostly to the different
surface crystalline structures, i.e., the ordered — probably polycrystalline — atomic
structure in the crystal vs. the disordered but chemically homogeneous atomic distribution
in amorphous alloys[92,93]. This is one argument to choose a binary alloy when
comparing the response of crystalline and amorphous alloys; the comparison of corrosion
resistant multicomponent alloys with their crystalline counterparts has much less
significant as the role of the minor elements would be undiscernible. It has also been
noted that an additional source of protection against corrosion in amorphous materials
might be the development of amorphous oxide layers; the absence of grain boundaries in
these oxide layers may reduce the ion mobility[94].
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Chapter 2: Objectives

Organic inhibitor shows immense potential for corrosion prevention. However, a number
of aspects influence the inhibitor performance, and a complete analysis goes beyond the
possibilities of a Ph.D. This work will focus on the following subjects to contribute to a
better understanding of inhibitors.

Correlation between inhibitor and chemical composition of the alloy. Alloying and
microalloying always change the properties of the material, which affects the
performance of inhibitors. Exploration of this correlation is complicated but significantly
important.

Correlation between inhibitor and structure of the material. The understanding of the
structure of metallic materials experienced a revolution since the discovery of metallic
glasses. And this glass-like structure highly affects the properties and performance of the
materials. It offers an opportunity for researching the correlation between inhibition on
the amorphous and crystalline structure.

Sucur 8 o O eent

Figure 2.1 Correlation between inhibitor and other two important aspects: structure
and alloy composition.

Mechanism and effect of corrosion inhibition of imidazole derivatives, mercapto-
benzimidazole derivatives and hydroxy-benzimidazole derivatives on Cu and its alloys.
Three related derivatives will assist in exploring the influence of different functional
groups added to inhibitors.

Selection of potential inhibitors for Cu-based alloys. The broad application of Cu and its
alloys in corrosive environments encourages the search for competitive inhibitors for
different applications. This research will explore the potential of inhibitors based on
imidazole organic compounds.

Development of a reliable analysis protocol for inhibition measurements. Organic
inhibitors show many advantages on corrosion prevention, but since the formation of
monolayer, the stability and measurement of this kind of inhibitor present specific
difficulties. This research will try to build a series of measurement methods for the
characterization of the inhibition performance of organic compounds.
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Chapter 3: Materials and Methodology

In this chapter, all the materials applied in experiments will be illustrated. Methods
include preparation of the samples and solutions, characterization of samples, setup of the
immersion test and their details will be stated as well.

3.1 Materials and chemicals
Materials applied during the experiments obtain in two ways: preparation in our lab and
commercial ones. All the chemicals are commercial ones. This section will introduce all

the preparation methods of the materials for experiments and the specification of the
commercial materials and chemicals.

3.1.1 Pure Metals and Raw Materials
Raw Materials

In the following Table 3.1, the purity, form, size and company of raw materials are listed.
Before weighing and melting the materials, all the oxide layer were removed by polishing.

Table 3.1 List of raw materials with details

Material Purity / % Form Size Company
. _ Advent  Research
Pure Copper | 99.99 Wire d=0.5mm Materials Ltd
Pure Copper | 99.99 Foil t=1.0mm | Alfa Aesar
Pure 99.94  excluding
. ) Hf, Hf nominal | Foil t=0.25mm | Alfa Aesar
Zirconium
3%
Pure 99.95 excluding
. . Hf, Hf nominal | Slug d=6.35mm | Alfa Aesar
Zirconium
3%
Pure Zinc 99.9 Foil t=0.62mm | Alfa Aesar

Pure Metal Samples

Pure Cu and Zn samples for electrochemical measurements are cut from the foil materials
from raw materials to around 1cm? triangle pieces. Pure Zr samples for electrochemical
measurements are cut from the slug to 6.35mm diameter discs. The preparation of
electrochemical samples followed protocol 3.1. Pure Cu, Zn and Zr samples for
immersion tests are illustrated in protocol 3.2. Pure Cu and Zn samples were immersed
in 0.5M H»SO;4 solution for 30s and 10s respectively for removing the oxidation from
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grounding. Then the samples were cleaned with ethanol in an ultrasonic bath for 3 min,
double-rinsed with distilled water and dried with a vacuum desiccator.

Protocol 3.1 Preparing bulk samples of electrochemical measurements

1. As shown in Figure 3.1, soldering with a rubber protected copper wire.

2. Embed in epoxy resin and keep the testing side on the bottom in the mould.

3. Take out from the mould and sequentially ground with P600, P1200, P2000,
P4000 SiC (CarbiMet) abrasive paper.

4. Polish with 6 pm, 3 um and 1 um MetaDi diamond suspensions (Buehler).

5. Clean with ethanol in an ultrasonic bath for 3 min, double-rinsed with distilled
water and dried with vacuum desiccator.

Rubber
Protected
Cu wire
y Epoxy
. Resin
Soldering
Connection
— — ——

Figure 3.1 Preparation method of bulk samples for electrochemical measurements

Protocol 3.2 Preparing bulk samples of immersion test

1. Cutatriangle piece from the foil materials and then sequentially ground with P600,
P1200, P2000, P4000 SiC (CarbiMet) abrasive paper.

2. Clean with ethanol in an ultrasonic bath for 3 min, double-rinsed with distilled
water and dried with vacuum desiccator.

3. Pickling the surface and rinse with DI water. (Depends on the materials)

4. As shown in Figure 3.2, prepare two pieces of PTFE tape, and cut a window
around 1 x 1 cm2 from one piece.

5. Put the window to the centre of the sample surface and cover the sample by two
pieces of the tape.

6. Measure the sample surface area and put the sample vertical to the bottle, keep a
distance from the sample surface to the bottle and other samples.

7. Pour the solution into the bottle with a solution/surface ratio of 25ml/cm?.

8. Seal the bottle and keep it in the box covered the sunshine.
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Figure 3.2 Preparation of bulk sample for immersion test

3.1.2 CuZn and other alloys

Cu/Zn (70/30) brass (alloy 260) sheet with a typical composition of alloy: Cu 68.5-71.5%,
Pb 0.07% max, Fe 0.05% max, Zn remainder, and the thickness is 0.81mm, from Alfa
Aesar. Cu/Zn (30/70) brass was melted by induction melting in melt spinner in a quartz
crucible. The alloy was melted for 10min around 900°C and cooling down slightly by
control heating frequency. The bulk cylinder sample was then heated to 700°C in 1 hour
and stay for 1h for annealing in a muffle furnace, then cooling down in a furnace. The
cylinder sample was cut into discs around 10mm diameter by a low-speed diamond saw.
The Cu/Si (95/5), Cu/Al (95/5), Cu/Ni (95/5) and Cu/Ni (70/30) alloys are followed the
same procedure to prepare the electrochemical samples. And preparation of the
electrochemical samples is illustrated in the protocol. Preparation of the immersion test
for Cu/zn (70/30) and Cu/Zn (30/70) brass is illustrated in protocol and samples were
immersed in 0.5M H>SO4 solution for 30s and 15s respectively for removing the oxidation
from grounding. Then the samples were cleaned with ethanol in an ultrasonic bath for 3
min, double-rinsed with distilled water and dried with a vacuum desiccator.

3.1.3 CuZr Crystalline and Amorphous alloys

Crystalline CuZr samples for corrosion tests were produced from high purity raw
materials were melted in high vacuum induction with a quartz crucible for 15mins and
cooled gradually. Crystalline CuZr samples for corrosion tests were produced from high
purity raw materials shown in Table 3.1. Samples were melted twice on an arc melter
oven (Compact Arc Melter MAM-1, Edmund Bthler GmbH) provided with a water-
cooled plate, on a Ti-gettered Ar (99.995% Nippon gases) atmosphere at a pressure of
~700 hPa. Heat treatment was at ~650 °C for 1h and cooling down in the furnace. Circular
samples and brass sheets were cut with a low speed diamond saw from the arc melted
alloy, having a surface area of 0.5 — 1.0 cm? Preparation for electrochemical and
immersion test samples were introduced in protocols 3.1 and 3.2.

Amorphous ribbon materials of approximately 40 um thickness and 1.5 mm in width were
produced on an Edmund Bthler melt spinner in Ar (99.995%) atmosphere at 1 mm of
crucible-wheel distance surface and wheel velocity of 40 =1 m/s (Figure 3.3 a, b).
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Corrosion tests for amorphous samples were performed on the free side of the ribbons
which acted as the working electrode. For preparing the ribbon for measurements, it was
connected to a pure copper (99.9%) strip by a PTFE tape to get an electrical connection;
the copper strip and the wheel side of the ribbon were then covered by PTFE tape (Figure
3.3¢).
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Figure 3.3 Preparation of amorphous samples. (a) Synthesis of amorphous ribbons. (b)
Sketch of the surface cross-section of the amorphous ribbons. (c) Preparation method
of amorphous ribbon samples for corrosion testing.

3.1.4 Chemicals

Electrochemical corrosion tests and immersion tests were carried out in 3 wt.% (0.51 M)
NaCl (Panreac Quimica (p.a.)) aqueous solution with or without the addition of organic
compounds tested as corrosion inhibitors. Nine compounds were tested. To facilitate the
presentation, they are divided into three groups:

(1) imidazole derivatives: imidazole (ImiH, 99.5%), 2-mercapto-1-methylimidazole (SH-
ImiMe, 99%), 2-mercapto-4-phenylimidazole (SH-ImiH-4Ph, 97%),

(2) mercapto-benzimidazole derivatives: 2-mercaptobenzimidazole (SH-BimH, 98%),

2-mercapto-5-methoxybenzimidazole (SH-BimH-50Me, 99%), 5-amino-2-mercapto-
benzimidazole (SH-BimH-5NH2, 96%), 2-(methylthio)benzimidazole (Me-S-BimH,
97%), and

(3) hydroxy-benzimidazole derivates: 2-hydroxybenzimidazole (OH-BimH, 97%),
benzimidazole-2-methanol (OH-Me-BimH, 97%.
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All compounds were used at a concentration of 1mM. Skeletal formulae of the inhibitors
are presented in Figure 3.4. Benzimidazole-2-methanol was supplied by Fluorochem, and
other inhibitors were supplied by Sigma—Aldrich. Compounds were used as supplied.

(1) imidazole derivatives

N N N
Uy U N, -
N N SH N SH
H ! H
CHs
imidazole 2-mercapto-1-methylimidazole 2-mercapto-4-phenylmidazole
ImiH SH-ImiMe SH-ImiH-4Ph

(2) mercapto-benzimidazole derivatives

H

§ N N N
Ol e O 0= OO
N HiClg N HoN N N CH,

2-mercaptobenzimidazole 2-mercapto-5-methoxybenzimidazole  5-amino-2-mercaptobenzimidazole 2-(methylthio)benzimidazole
SH-BimH SH-BimH-50Me SH-BimH-5NH, Me-S-BimH

(3) hydroxy-benzimidazole derivatives

H H
N N

Clor= T
N N OH

2-hydroxybenzimidazole benzimidazole-2-methanol
OH-BimH OH-Me-BimH

Figure 3.4 Skeletal formulae of the organic molecules and their shorthand labels, tested
as corrosion inhibitors in this work, and their classification into three groups: (1)
imidazole derivatives, (2) mercapto-benzimidazole derivatives, and (3) hydroxy-
benzimidazole derivatives.

3.2 Structural characterization

The crystalline and as-cast ribbons were examined using Bruker D8 Advance X-ray
diffractometer (XRD) equipped with Cu Ka X-ray tube with radiation (A=1.5418 A) in
Bragg-Brentano geometry. The thermal stability of the amorphous samples was evaluated
using a NETZSCH DSC 404 F3 differential scanning calorimeter (DSC) at a heating rate
of 20 K/min under a flow of high purity No.

3.3 Electrochemical measurements

Electrochemical tests were performed in a three-electrode corrosion cell (volume 0.1 L,
Bio-logic SP-200, France) at 25 € in 3 wt.% NaCl. An Ag/AgCl (3.5 M KCI) electrode
(+0.205 V vs. saturated hydrogen electrode at 25 <€) was used as a reference electrode
and a spiral platinum wire (~3.6 cm?) was used as a counter electrode. Specimens' surface
exposed to the solution was around 0.5—-1.0 cm? for crystalline samples and around
0.05—0.2 cm? for amorphous ones. Measurements were carried out with a SP-200 Bio-
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Logic (Bio-Logic Science Instruments, France) potentiostat/galvanostat operated by the
EC-Lab software. The specimens were stabilized under open circuit condition for 1 hour
before the measurements. During that time, the open circuit potential was measured as a
function of time. The stable, quasi-steady state potential reached at the end of the
stabilization period is denoted the open circuit potential (OCP). Electrochemical tests and
immersion tests were both under the dark condition based on ref. [95] to avoid the
influence of the light.

3.3.1 Linear Polarization Resistance

This measurement only applied to the crystalline samples and due to the uniform
dielectric of ZrO, on CuZr amorphous alloy, it will not show a stable result. Linear
potentiodynamic polarization curves were recorded starting at —10 mV negative to OCP,
then increasing the potential in the anodic direction to 10 mV at a potential scan rate of
0.1 mV/s. All the measurements were performed at least three times, and the typical
standard deviation is below 12%. Then a line regression was applied on the curves and
the linear polarization resistance (Rp) will be obtained. Crystalline samples were polished
before every measurement. Another long-term measurement was carried out after 1 h at
the OCP and up to 120 h immersion in periods of 24 h.

3.3.2 Potentiodynamic measurements

Potentiodynamic polarization curves were recorded starting at 250 mV negative to OCP,
then increasing the potential in the anodic direction at a potential scan rate of 1 mV/s. A
maximum positive potential of 650 mV, relative to OCP, was applied to crystalline
samples, and of 250 mV for amorphous due to the thickness of the ribbon. All the
measurements were performed at least twice, and the typical standard deviation is below
12%. Crystalline samples were polished before every measurement, while all
measurements on amorphous samples were performed on fresh ribbons.

3.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were performed at open
circuit conditions in the frequency range from 10° Hz to 102 Hz. AC excitation voltage
was 10 mV. EIS spectra were recorded after 1 h at the OCP and up to 120 h immersion
in periods of 24 h.

The modulus of impedance |Z| at a frequency of 1072 Hz was taken as a significant
parameter of the corrosion resistance of the metal covered by an inhibitor layer. The
typical standard deviation of the measurements is around 15%, and in all cases below 30%
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3.4 Immersion Tests

Immersion tests were carried out in a sealed polyethylene container with an electrolyte
volume/sample surface ratio larger than 25 mL/cm?. Cu/Zn (70/30) brass sheets were
polished to P4000 and clean with ethanol in ultrasonic for 3 minutes, and then rinsed with
DI water. Cu/Zn (70/30) brasses and pure Cu samples were immersed for 2 months.
Cu/Zn (30/70) brasses and pure Zn were immersed for 12 days. Pure Zr samples were
immersed for one year due to the great corrosion resistance. Amorphous alloys CusoZrso
and CuesZrss were immersed for 5 days and CusoZreo for 12 days due to its good corrosion
resistance, immersion method was shown in Figure 3.5. All crystalline alloys were
immersed for 5 days.

\

/ Glass Slide
prd

Water Resistant Tape

/ H Duplicated sample,

Tape Covered Ribbon Hang in the electrolyte

Figure 3.5 Preparation of immersion test for amorphous alloys

3.4.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system equipped
with a Phoibos 150 MCD-9 detector and an Al anode XR50 source operating at 150 W.
Scan step for high-resolution analysis is 0.1 eV. Due to the complexity of the surface
conditions, qualitative analysis was applied to these spectra instead of quantitative
analysis. The diameter of the analyzed spot was 1 mm? CasaXPS program (Casa
Software Ltd., UK) was used to evaluate the XPS data (Shirley type background). The
analyzed elements of pure Cu and CuzZnzo alloy are the same: Cu 2p, Cu LMM. O 1s,
Cl2p.C1s,N1sand S 2p.

3.4.2 Photography

The photos after the immersion test were taken by a Nikon D750 camera with a Lens of
28-300. The light condition was under a KAISER RS1 system equipped a pair of Kaiser
RB 218 Daylight Set, with a colour temperature (Kelvin) of 5400K. The photographic
parameters were fixed at the focus of F16, 1SO of 200 and shutter speed of 1/13s.
Distortion correction was based on the official database and useless parts were cropped
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from the photo. All the photos were taken after rinsed with DI water. And some of the
photos of Cu/Zn (70/30) were taken after rinsing with ethanol in the ultrasonic base.

3.4.3 Optical Microscopy

Optical microscopy Nikon ECLIPSE LV100D was only applied to CuZr alloys, pure Cu
and Zr alloys for immersion tests. Other alloys presented a thick organic layer and optical
microscopy can hardly offer information.

3.4.4 SEM-EDX

For pure Cu and Zn and CuZn alloys, the surfaces were analysed with a scanning electron
microscope (SEM) from Phenom XL Desktop SEM with a Backscattered electron
detector. And the elements were analysed by energy-dispersive X-ray spectroscopy
equipped with the SEM. 3D roughness reconstruction by using the ProSuite software
application platform was applied. EDX equipped with silicon drift detector (SDD),
thermoelectrically cooled (LN free) system and ultra-thin silicon nitride (SisN4) window
allowing detection of elements B to Am, the energy resolution Mn Ka < 132 eV. The
CuZr sample surface was analysed with a scanning electron microscope (SEM) at electron
beam energy of 15 keV on a Neon4( Crossbeam™ workstation.

3.4.5 Raman Spectroscopy

The micro-Raman spectroscopy system from Renishaw’s inVia Qontor Raman
microscope and its Windows-based Raman Environment (Wire™) software are applied
for the measurements of Cu, Zn and Cuzn alloy samples. A monochromatic light source
of the visible laser at 532 nm with a nominal 100 mW output power was used.

3.5 Experimental plan

A series of experiments will be applied to understand the mechanism of inhibition in pure
metals and alloys. The first measurement will be a couple of electrochemical tests include
linear polarization resistance, impedance spectroscopy and potentiodynamic polarization
after 1 h immersion in 3wt% NaCl aqueous solution and in the presence of different
organic compounds added at 1 mM concentration. This will show a roughly inhibition
ability. The inhibitor will be identified as a useless inhibitor if there is no significant
improvement. But the initial result can only offer a view of inhibition after 1 h immersion.
Then a couple of long-term (~120h) electrochemical tests include LPR and EIS will be
carried out to figure out the durable inhibitors. LPR and EIS are nearly effect-free
measurements that will not destroy the adsorption between inhibitors and material surface.
In this part, Rp and impedance modulus at 0.01Hz will be the indicator for inhibition, and
Nyquist plots can show the corrosion behavior during the long-term immersion. Then, the
inhibitors present great inhibition will be analyzed by XPS after 1 day and 5 days’

27



immersion. This will offer a view of bonding, such as bonding type and which function
group bond on the surface. However, this kind of measurements are still not long enough
to check the inhibition close to the real application. Immersion test will be applied for a
longer period, immersion duration depends on the corrosion resistance of each material.
After the immersion, the samples will be analyzed by photography, OM, SEM-EDX and
Raman spectroscopy. All these methods are aimed to reveal the influence of inhibitor
during immersion and build the connection with previous tests.
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4 Corrosion Inhibition of Pure Materials

As introduced before (add some ref.), Cu and its alloys show great potential for applying
organic inhibitors to improve corrosion resistance. Therefore, the measurements will
initially focus on the interaction of pure Cu and inhibitors, which is the most important
indicator for the inhibition ability. This introduces the possibility to improve the corrosion
resistance of pure Cu and its alloys, especially when they present the same a-Cu phase.
There is much less information on the inhibition efficiency of Zn and Zr. Therefore, here
we will report the inhibition efficiency of the three pure metals.

4.1 Corrosion Inhibition of Copper

Short- and long-term electrochemical tests were performed on pure Cu. Based on the
results from electrochemical measurements and visual analysis, XPS was performed to
identify the adsorption mechanism. 60 days’ immersion tests will assist in understanding
the influence of inhibitors in a near practical condition. Furthermore, the immersion tests
were analyzed by means of SEM-EDX, OM and Raman spectroscopy for a better
understanding of the surface evolution.

4.1.1 Short-term electrochemical tests

Linear polarization resistance can be derived from VVolmer-Butler equation

i = io[e_afn — e(l_a)fr)]

where i is the current, io is exchange current, o is the transfer coefficient, # is the
overpotential and f = :—T is a constant. When the overpotential # is close to 0, the

exponentials can be approximated by their Taylor expansion, e*~1 + x, and the current
can be expressed as:

i=—iofn

and by dividing both sides by i, the linear polarization resistance is R, = —?and it is
often identified with the charge transfer resistance, hence

r _RT
€ Fig

Low frequency impedance can also be taken as a good indicator of corrosion resistance.
Let’s consider the effect of inhibitor addition to corrosive solution. As illustrated in the
introduction part, the physisorption takes place significantly fast and good inhibitors
arrange on the surface, as shown in Figure 4.1. Since the interference is quite small as in
LPR, when the frequency reaches a value low enough the slow alternating potential can
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allow enough time for driving the charge transfer process. The modulus of the low
frequency impedance is taken as a convenient figure of merit. Therefore, linear
polarization resistance and impedance both reflect the combined action of coverage rate
and adsorption stability of inhibitors.

Initial oxide Figure 4.2 left shows the polar plot of R, of

Cu in the presence of the tested inhibitors in

§§ éjif §§i§§ logarithmic scale. The corresponding short-

term linear polarization curves are presented

Pure metal in Figure Al.1. Figure 4.2 right displays a

\ /' polar graph of the modulus of the impedance

at 0.01Hz. Compared to each other, the

impedance and resistance in logarithmic scale

Figure 4.1 Schematic diagram of gare relatively close. Furthermore, inhibition

inhibitor adsorb on the sample surface  penaviors are the same. From these

at 1h measurements, it is found that SH-BimH, Me-

S-BimH, SH-BimH-50Me, SH-ImiH-4Ph

and OH-Me-BimH are effective inhibitors while ImiH, SH-BimH-5NH>, SH-ImiMe and

OH-BimH act as corrosion accelerators. The effect of every functional group is complex.

In imidazole derivatives, ImiH induces corrosion acceleration, while it shows the best

inhibition among all inhibitors by adding -SH and -Ph group; the addition of -SH and -

Me is almost neutral. In mercapto-benzimidazole derivatives, the addition of -Me on -SH

and -OMe on the benzene ring both improve the resistance, but the -NH2 on the benzene

ring accelerates the corrosion process. The addition of -SH on -OH turns the accelerator

OH-BimH into a good inhibitor in the hydroxy-benzimidazole group. Furthermore, other

factors may influence the adsorption process, such as the crystalline plane, the initial
oxide on the surface, the presence of grain boundaries, etc..

Different crystalline plane

Pure Cu R, Pure Cu |Z|0.014z
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Figure 4.2 Polar graphs of linear polarization resistance (left) and impedance modulus
at 0.01 Hz (right) of pure Cu, measured after 1 h immersion in 3 wt.% NaCl aqueous
solution (blank) and in the presence of different organic compounds added at 1 mM
concentration. Note the logarithmic scale.
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Figure 4.3 Potentiodynamic polarization
curves of pure Cu in 3 wt.% NaCl aqueous
solution with and without 1 mM of different
organic compounds: (top) imidazole deri-
vatives, (middle) mercapto-benzimidazole

derivatives,

and (bottom) hydroxy-benz-

imidazole derivatives. Quantitative electro-
chemical parameters are presented in Table

4.1.

The value of Rp and |Z| offers a first
glance of the potential as corrosion
inhibitors of the tested molecules, but
the influence on Kkinetics must be
assessed. The schematic diagram of
Figure 4.1 can be used to describe the
material’s response to a bigger range of
potentiodynamic polarization. From a
quantum mechanics description, the
energy of electrons at the interface
between the solution and the Cu surface
depends on the potential applied on the
electrode [96]. If the potential is driven
towards a positive value, the energy of
electrons at the Cu surface will decrease.
At a given energy level electrons will
be released and the neutral Cu atoms
become ions. This is the onset of the
anodic reaction. However, inhibitor
adsorption may inhibit this process,
reducing the corrosion rate, which
means that the kinetics of the corrosion
process will be modified. At higher
positive potential values desorption
may take place due to the higher energy

level. On the contrary, cathodic
reactions  resulting of negative
polarization result typically into

Hydrogen production and are in
principle less damaging for the alloy.
Potentiodynamic polarization curves
and quantitative electrochemical pa-
rameters derived from the polarization
curves for Cu in the presence of
potential inhibitors are presented in
Figure 4.3 and Table 4.1, respectively.
In the case of Cu in NaCl solution with

imidazole derivatives (Figure 4.3 a), ImiH acted as an activator, while SH-ImiH-4Ph and
SH-ImiMe acted as inhibitors causing a decrease in current density and shifting in Ecorr to
more anodic values [66,97]. As shown in Figure 1.4, the Pourbaix diagram for copper-
chloride-water system, at a pH~7(expected for a 0.51 M NaCl solution), a transition
happens around -0.1V in the blank curve corresponding to the switch between oxidation
to CuO and Cuz0. It is also observed on SH-ImiH-4Ph. However, it is not observed in
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both ImiH and SH-ImiMe. ImiH, SH-ImiMe and blank curve show a passivation region
around 0 — 0.1V, but the behavior of SH-ImiMe is quite different from that of the other
two; this may indicate a different kind of passivation introduced by the inhibitor. For SH-
ImiH-4Ph, passivation appears above 0.3V.

In Figure 4.3 b, Mercapto-based derivatives showed better performance with the
corrosion current densities jeorr decreasing in the following order: jeor(SH-BimH) >
jeorr(Me-S-BimH). SH-BimH-50Me and SH-BimH-5NH, acted as activators. Similarly
than for imidazole derivatives, SH-BimH, SH-BimH-50Me and SH-BimH-5NH>, seem
to delay oxidation on the cathodic side, and passivation was also extended to more than
0.2 V. Hydroxy-benzimidazole derivatives also acted as corrosion activators.

Efficient inhibitors on Cu acted as mixed type inhibitors with a strong inhibition of the
anodic reaction. The inhibitors have different influences on surface reaction, as some of
the inhibitors can stop the oxidation to Cu.O, SH-ImiMe changed the passivation process
due to the appearance of a new passivation region in the anodic range. But the common
feature of effective inhibitors in the figures is the extension of passivation range and a
slower current increasing rate in anodic polarization range.

Table 4.1 Cu Metal Tafel Parameters (cf. Figure 4.3).

. Ecorr jcorr _Bc Ba
Solution (mV) vs. Ag/AgCI (nA/cm?) (mV/dec) (mV/dec)
3 wt.% NaCl —139 0.657 84 81
ImiH —218 1.030 83 200
SH-ImiMe —184 0.437 117 152
SH-ImiH-4Ph —76 0.055 27 155
SH-BimH -119 0.117 186 185
SH-BimH-50Me  —153 1.045 177 215
SH-BimH-5NH,  —239 2.258 82 206
Me-S-BimH —161 0.030 146 103
OH-BimH —133 5.372 34 447
OH-Me-BimH —164 1.860 76 245

Figure 4.4 shows the Electrochemical impedance spectra of pure Cu alloy in the form of
Bode impedance plot, phase angle plot and Nyquist plot. The observable first semicircle
is an indication of Warburg impedance and its radius gives an idea of the inhibition effect.
The appearance of Warburg impedance indicates that semi-infinite diffusion appears at
low frequency, which means that charge transfer can be big enough and diffusion is the
controlling factor of the corrosion behavior. Good inhibitors reduce the process of charge
transfer in the corrosion reaction. The radius of the first semicircle indicates the
impedance of the charge transfer, so a larger radius indicates better inhibition on the
charge transfer process. As for the phase angle diagram, a peak and valley mean that a
new time constant appears at a given frequency, indicating a new reaction happens. The
presence of an inhibitor will increase the complexity of the corrosion reaction. Therefore,
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if a single time constant can be identified a uniform layer is built, while multiple time
constants may indicate partial coverage or different corrosion mechanisms in different
areas. This will assist in understanding how inhibitor works during tests. However, this
is a short term measurement which has to be confirmed with long term tests.
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Figure 4.4 Electrochemical impedance spectra of pure Cu alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot with or without addition of 1 mM
of different organic compounds in aqueous 3 wt. % NaCl solution: a), d), g) imidazole
derivatives, b), e), h) mercapto-benzimidazole derivatives, and c), f), j) hydroxy-
benzimidazole derivatives.

As shown in figure 4.4, pure Cu in NaCl solution shows a typical charge transfer domain
semicircle, and the semi-infinite diffusion domain region appears as a straight line with a
slope of 45< Only a clear time constant is observed in the phase angle diagram. The
figures of the left column (a, d and g) show the curves obtained in presence of imidazole
derivatives. In Figure 4.4 d, all these derivatives show only one clear time constant,
which may indicate that only one uniform layer was formed or no significant inhibition
effect happened. Imidazole shows a corrosion behavior similar to that of the blank curve,
but with smaller impedance. Figure 4.4 g shows the Nyquist plot, the appearance of ImiH
is again like the blank curve, with a smaller semicircle, which indicates acceleration of
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corrosion by reduction of charge transfer. Combined with the phase angle diagram, it may
be concluded that ImiH cannot form a layer to protect Cu but can even assist the corrosion
reaction. SH-ImiH-4Ph shows a large semicircle and the curve continues with an angle
smaller than 45< the phase angle diagram shows that the smallest angle is larger than
~20< Both results indicate that SH-ImiH-4Ph contributes to control the diffusion. SH-
ImiMe shows a larger semicircle than the blank solution, and the curve shows no
diffusion-controlled region.

The middle column of Figure 4.4 (b, e and h) shows the EIS spectra of mercapto-
benzimidazole derivatives, SH-BimH and Me-S-BimH show a similar curve in the
Nyquist plot and phase angle plot, SH-BimH-50Me is much more close to SH-ImiH-4Ph,
and SH-BimH-5NH2 shows a significantly smaller semicircle and phase angle, which
indicates that the acceleration of corrosion is quite strong. SH-BimH and Me-S-BimH
show another time constant at low frequency, and in the Nyquist plot, a second larger
semicircle seems to appear at low frequency. SH-BimH-50Me shows a larger semicircle
than blank and the second semicircle appears at low frequency similarly than for SH-
ImiH-4Ph, who shows two smaller semicircles. Hydroxy-benzimidazole derivatives are
presented in the right column of Figure 4.4 (c, f and j). OH-BimH shows active corrosion
behavior with a very small semicircle. OH-Me-BimH shows a larger semicircle with a
single time constant.

Overall, SH-ImiH-4Ph, SH-ImiMe, SH-BimH, Me-S-BimH, SH-BimH-50Me and OH-
Me-BimH are good inhibitors by inhibiting the charge transfer process, and some of them
show another pressed semicircle as well. Me-S-BimH and SH-BimH-50Me show two
time constants, which indicates that the inhibition effect is sensitive to frequency. The
short-term tests show that SH-ImiH-4Ph, SH-BimH, SH-BimH-50Me, Me-S-BimH are
good corrosion inhibitors for pure Cu. Subsequent long-term tests will reveal the stability
of the inhibitors.

4.1.2 Long-term electrochemical tests

Short-term electrochemical tests offer a quick test of the inhibition efficiency. However,
corrosion is a long-lasting process; hence, long-term electrochemical tests are necessary
to figure out which molecules are actually good corrosion inhibitors. In this section, long-
term test of linear polarization resistance and EIS will be analyzed for a better description
of corrosion inhibition on pure Cu.

Figure 4.5 exhibits two plots of long-term measurements. The left figure shows the linear
polarization resistance versus time, while the right figure shows the impedance modulus
at 0.01 Hz versus time. Both vertical axes are displayed with a logarithmic scale. LPR
plots show the error bars obtained from three different measurements, as they are simple
and fast. The results of both measurements are mutually consistent; the LPR
measurements of almost all the inhibitors follow the same trends than the EIS
measurements.
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Pure Cu in 3 wt. % NaCl solution shows good corrosion resistance since there is no big
drop in the resistance and impedance. This may result from the formation of a film of
Cu20 as discussed in ref. [37]. SH-ImiH-4Ph shows the best resistance and impedance
after 120h, and the value keeps increasing with time. SH-BimH, OH-BimH and OH-Me-
BimH show a good inhibition as well, the values at 120h are all larger than the one at 1h.
However, OH-BimH has a different inhibition behavior; it didn’t show any inhibition
effect at the first 1 h, but it reached a relatively high resistance and impedance after 120
h. At the first measurements carried at 1 h, the resistance and impedance of SH-BimH,
Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph are close, but Me-S-BimH and SH-
BimH-50Me show an increasing-decreasing transfer after 96 h. This behavior can be
related to the growth mode of Cu2O, which may begin to grow in 3D and then show the
coalescence of oxide islands illustrated in ref. [18][19][20]. The behavior of SH-ImiMe
is similar to that of OH-BimH; at short times, there is almost no inhibition effect, but after
24 hours, the inhibition was largely increased. This kind of behavior is suspected to be
due to the growth of a stable passive film, and will be studied later by means of immersion
test. ImiH and SH-BimH-5NH: kept their low resistance and impedance, which means
that they provide no inhibition at all, and they will accelerate corrosion process.

—&— Blank —— SH—imiH - 4Ph —e— Blank —4— SH—ImiH — 4Ph
W= ImiH SH — BimH — 5NH, - ImiH SH = BimH — 5NH,
—#— SH-BImH —&— SH-—ImiMe —#— SH-BImH ~&— SH—ImiMe

—¥— Me-S-BimH —— OH - BimH —¥— Me-S-BimH —#*— OH - BimH
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Figure 4.5 Long-term graph of linear polarization resistance (left) and impedance

modulus at 0.01 Hz (right) of pure Cu, measured in a period of 120 h immersion in 3

wt.% NaCl aqueous solution (blank) and in the presence of different organic
compounds added at 1 mM concentration. Note the logarithmic scale.

The information on the variation of resistance and impedance is completed by Figure 4.6,
which shows the dynamic Nyquist plot of pure Cu versus time in NaCl solution without
and with inhibitors. With increasing immersion time the reference (Blank) shows that the
whole frequency range is dominated by charge transfer domain; the same data is the plot
as a usual phase angle diagram in Figure A1.12 in supplementary materials. The highest
angle at 0.01 Hz is observed at the beginning of the immersion, (~0.1 Hz @1h), and the
maximum angle decreases down to ~65<a 120 h; it is observed that after the initial
transient, the corrosion process remains almost the same for the next 120h immersion.
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Figure 4.6 Long-term Nyquist plot of pure Cu in NaCl solution without and with 1
mM inhibitor, in a period of 120 h.
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ImiH shows a first semicircle which keeps decreasing with time, and the and phase
diagram (Figure A1.13) does not show much difference from the blank solution. On the
contrary, SH-ImiH-4Ph is the best inhibitor from electrochemical measurements; the
shape of the successive Nyquist plots is almost the same, but the semicircles increases
continually; this is also shown in the phase plots (see Figure A1.17). SH-ImiMe shows a
fast increase in the impedance after 24h, but later a whole pressed semicircle is transferred
to a circle as a straight line; in the phase diagram (Figure A1.19), two time constants
were found after 24 h and the minimum phase angle increased up to ~20< This may
indicate the formation of a film different than those formed on pure Cu.

SH-BimH also shows a good inhibition effect for both long- and short-term
electrochemical measurements. In the figure, the semicircle increases with time, but the
stability of the test decreased at low frequency. In Figure Al.14, the phase plots at
different times show similar behavior, the maximum phase increases with immersion time,
but measurements become unstable for frequencies below 1 Hz. As in the case of SH-
ImiH-4Ph, SH-BimH-50Me also shows unstable measurements, which may indicate that
some of the inhibitors at the interface is not stable enough when a potential difference is
applied. Nevertheless, the combination of EIS and LPR can be validated results to prove
the inhibition effect.

As for Me-S-BimH, the double semicircle increases until 72 h immersion, and then we
observe a massive drop of the semicircle and a new straight line appears after the first
semicircle. Inspecting the phase angle diagram (Figure Al1.15), it is observed that the
first three curves show a similar look. The curve at 72 h begins to change as the second
time constant disappears, and the curves obtained at 96 h and 120 h show a lower
minimum phase angle degree. This significant change may indicate that part of the
inhibitor is not stable, but the fact that the maximum phase angle is kept means that the
capacitance behavior did not vanish. Therefore, part of the inhibitor molecules are still
bonding on the surface.

SH-BimH-50Me shows complex behavior. The measurements are not stable and the
Nyquist plots are difficult to read. But the phase angle diagram (Figure A1.16) shows
that the maximum phase increase to more than ~80< and the chaotic behavior appears
when the frequency is lower than 1 Hz. This may indicate that with increasing time
stability of part of the inhibitor on the surface decreases and even a small perturbation
will affect the inhibition effect. SH-BimH-5NH> is a bad inhibition, regardless of the
immersion time. Inhibition of OH-BimH significantly changed with time, the radius of
the first semicircle increases with time and the shape of the Nyquist plot does not change
much after 24 h. The two time constants are clearer after 24 h in the phase plot (Figure
Al1.20), and the maximum phase degree shifts to ~80< OH-Me-BimH shows the same
Nyquist plot shape with an increasing semicircle, and the phase angle plot (Figure A1.21)
does not change much, showing two time constants which become more differentiated at
larger immersion times.
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Figure 4.7 Long-term LPR Ry inhibitor efficiency and inhibitor power with different
inhibitors in period of 120h

In inhibitor research, inhibition efficiency is a general indicator defined as:

Blank

Rlnh_ R
=2 P x 100%

IE =~

where IE is the inhibitor efficiency, R;™" is the linear polarization resistance in presence
of the inhibitor, and R5'"* is the linear polarization of the material without inhibitor. As
we can see, for example, in Figure 4.7, the resistance and impedance changes are large.
Therefore, the IE computed from this definition saturates when R;*" is above one order
of magnitude larger than R5'", precisely when considering good inhibitors. To solve
this issue, Kokalj et al. [97], defined a new parameter to evaluate the performance of
corrosion inhibitors, the so-called inhibition power:

Inh
IP = 10log ——r
Rp an

With this definition, the inhibition power is measured in deciBels (dB). Furthermore, the
impedance can also be used to calculate IE and IP, replacing the linear resistance by
impedance at 0.01 Hz. Figure 4.7 and Figure 4.8 show the IE and IP computed from
linear polarization resistance and impedance, respectively. The inhibition efficiency is
remarkably high after 120h for SH-BimH, SH-ImiH-4Ph, OH-BimH and OH-Me-BimH.
However, in inhibition power, the color shows clear hierarchal data; SH-ImiH-4Ph is
significantly the best inhibitor, followed by SH-BimH. OH-BimH and OH-Me-BimH
show a close inhibition effect.
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Figure 4.9 Statistical analysis of LPR data based on correlation coefficient in Long-
term measurements of pure Cu

The linear polarization curve is a simple and useful tool for the evaluation of corrosion.
But there are concerns about its applicability in the evaluation of corrosion inhibition.
Comparing the two figures above, it appears that LPR is a powerful tool, but it is
convenient to assess its stability on such a large set of measurements. Figure 4.9 shows
the correlation coefficient obtained from the linear regression of the LPR data for all the
individual measurements used in Figure 4.7. Here, the x axis shows the measurement
seguence at each given time, and the y axis shows the coefficient. Most of the values are
above 0.9 and only SH-BimH-50Me repeatedly shows low correlation coefficients for
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measurements after 24 hours’ immersion. However, EIS of the same inhibitor shows also
similar chaotic data at low frequency. Therefore, we conclude that EIS measurements are
reliable in the analysis of the corrosion inhibition performance, and the correlation of the
measurement as well as its repeatability is its own quality check.

4.1.3 Immersion Test

Short-term immersion tests characterized by XPS

X-ray photoelectron spectroscopy is a sensitive surface characterization method, hence it
is a proper technique for analyzing the ultrathin film on the metal surface. Typical depth
penetration is around 10nm, and the high-resolution scan could introduce details about
the binding energy of different elements in various states. Four effective inhibitors for
pure Cu were selected for 24 and 120 hours immersion test, and later analyzed by XPS.
The selected inhibitors are SH-BimH, Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph.
The survey XPS spectra of pure Cu bare surface and after 24h and 120h immersion are
shown in Figure Al.22. The different dash lines are guides to the eye to show the
presence of different chemical compounds. The spectra of the bare surface shows the
presence of Cu, C, O and Si. Si appears in all spectra, but it is neither alloyed to the metal
nor in solution; it corresponds to SiC particles embedded on the surface during polishing.
Since polishing must be performed with water and polishing fluid, slight oxidation and
corrosion are inevitable; this is proved by presence of O. C is everywhere in environment,
it is difficult to precise it origin, so it will be discussed on high-resolution spectra. For the
curves obtained after immersion in presence of inhibitors, the existence of S and N
indicates the formation of an inhibitor film on the surface, as expected for effective
inhibitors. In these cases, the intensity of Cu peaks decreases accordingly.

Figure 4.10 shows the normalized high-resolution XPS spectra of Cu 2p, Cu LMM, O 1s
and CI 2p, for the surface of pure Cu after polishing and pickling and after immersion in
3wt.% NaCl with and without added inhibitors. Dash lines correspond to the position of
the peaks of reference compounds. Upper and lower plots show the spectra of samples
curves immersed for 24h and 120h, respectively. High-resolution spectra will assist in
identifying the chemical environment of elements and to relate particular chemical
species to each other. The analysis of the spectra will be focused on the peak position
instead of quantitative analysis, due to the complexity introduced by the variety of organic
compounds and its interaction with the surface. There are no precise peaks for specific
element states, since different kind of bonds are present in organic compounds. The
features of XPS spectra of Cu and Cu oxides have been widely studied [98-101]. The
principal Cu LMM peak and Cu2p peak are always collected by XPS high-resolution
spectra of Cu. The Cu2p peak has significantly split spin-orbit components, and it is
possible to distinguish Cu oxidation states using satellite features of Cu2p. Cu (1) and Cu
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(1) oxide have an observable collection of satellite features at ~943 eV and ~945 eV,
respectively. And the satellite features of Cu (1) oxide are very weak. Besides, the precise
location of the binding energy is not well defined, as it depends on the status of the surface.
In this research, the bare surface spectrum is recorded to set up a reference of the energy
locations of Cu and its oxides. The dash lines allow a comparison of the shift and energy
difference with the reference states. The Cu2p3/2 peak in Cu (1) oxide is shifted and is
much broader when compared to Cu (1) oxide. The chemical shifts in the Cu LMM peak
of Cu (I) oxide and Cu (I1) oxide show a large difference. In Figure 4.10 (a), weak satellite
features appear in both bare and blank samples after 24h immersion, as well as the 120h
immersion, which indicates the presence of Cu20. Samples with inhibitors show no clear
features at this position, which is attributed to the interaction between inhibitor and Cu.O.
As shown in Figure 4.10 (b), the CuO LMM peak almost disappeared. The oxidation
state of Cu depends on the presence of CO2 during immersion, which influences the pH
and favors the further oxidation of CuO to Cu.O. The O, and CO> concentration will
control the thickness with the competing reactions[30,31]:

Cu + Cu?* — 2Cu*
Cu*— Cu®* +¢

The peak intensities for the solutions with inhibitors decrease in both Figure 4.10 (a) and
(b). This indicates the thin film formation on the surface that reduces the x-ray that
reaches to the Cu substrate. The Cu2p peaks indicate the Cu are still in Cu or Cu.O state.
However, Cu LMM peaks show the shift of Cu to higher binding energy; this accounts
for the effect of inhibitor adsorption on the Cu/ Cu.0 states, as observed previously [102].
The Cu LMM peak of Me-S-BimH shows a larger shift than the rest, which decreases
after 120h immersion. This agrees with the deceasing of inhibition efficiency in the
electrochemical measurements. However, other efficiency-decreasing inhibitors do not
show this behavior, which merits further study. The O1s peaks are also shown in Figure
4.10 (c); the bare surface shows a wide peak around three binding energies, 0%, OH",
H>O; this indicates the presence of all three species on the surface. With 24h immersion,
the blank sample presents a peak in the middle of O% and OH-, but it shifts to the O2-
peak after immersion for 120h. This can be attributed to further oxidation. All inhibitor
O1s peaks shift to the peak around H2O. It is difficult to explain since the presence of
organic compounds may interact with O. Besides, SH-BimH-50Me O1s peak become
wider and reach the energy of OH". Considering the fast decrease of inhibitor efficiency
at 120h in the electrochemical measurements in Figure 4.7 and Figure 4.8, it is indicative
that corrosion proceeds in some locations on the surface. Chloride ions in the solution are
highly aggressive, thus the presence of the ClI 2p peak is an indicator of the corrosion
process. It is interesting that the Cl 2p peak appears already in the bare surface, this may
account for the contamination from the polishing agent. The peak of the blank sample
increases in the 120h immersed sample, and the peaks of all other samples are smaller.
The larger Cl 2p peak in SH-BimH-50Me shows slightly stronger corrosion than the rest
inhibitors after 120h immersion.
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mainly of carbon, nitrogen and sulfur; these peaks can assist in understanding the
chemical composition and condition on the surface in chloride solutions containing
inhibitors. As shown in Figure 4.11 (a), carbon peaks appear in all spectra, and the
intensity of bare and blank sample is lower than that with inhibitors. The peak width of
inhibited ones is wider as well. Since the carbon peaks of different carbon bond is close,
it is difficult to identify the peaks. However, the wider peaks prove the presence of more
types of carbon bonds to other elements, i.e. nitrogen, oxygen and sulfur, and the higher
intensity shows that more carbon appears on the surface, contained in the inhibitors. The
higher C 1s main peaks in 120h immersed samples with inhibitor indicate that more
inhibitors appear on the surface. As for the N 1s peaks in (b), two reference binding
energies are presented by dash lines [66], C-N (400.4 eV) and C=N (399.0 eV). There is
almost no signal of these two peaks in the bare and blank samples. In the upper figure, a
wide peak with a plateau appears on SH-BimH, SH-BimH-50Me, SH-ImiH-4Ph, but the
presence of the C-N bond is not clear in Me-S-BimH. The presence of both pyridine and
pyrrole type N atoms is important, it can indicate the formation of thiol tautomer forms
because thione lacks the pyridine type N atoms. Thus, for SH-BimH, SH-BimH-50Me,
SH-ImiH-4Ph the thione tautomer are stable after 24h immersion. However, the peaks of
pyrrole type N atoms disappear in SH-BimH, while this peak appears in Me-S-BimH.
The formation of thiol tautomer is slower in Me-S-BimH and is not stable for SH-BimH.
The intensity of the peaks corresponding to these two kinds of bonds also changes in SH-
BimH-50Me, which indicates that the thiol tautomer will change with the time. SH-ImiH-
4Ph is the only inhibitor whose peak keeps the same shape, which accounts for the rapid
formation of the thiol tautomer and a long-lasting bond to the surface. From this point of
view, SH-ImiH-4Ph is the most stable inhibitor. Two different peaks exist in the S 2p
spectra which only show a difference of 1.1eV, corresponding to the S 2p 3/2 and 2p 1/2
states respectively. They are not usually differentiated as two separate peaks. In samples
immersed with solutions containing SH-BimH, Me-S-BimH, SH-BimH-50Me, the S 2p
3/2 and 2p 1/2 peaks are single and located between 162.2eV and 164.4eV, agreeing with
the literature [66,102—-105]. The oxidation-dimerization reaction of C—S or C=S group is
converted to an S-S bridge. Then further oxidation will introduce a peak ~4eV above the
main peak [102]. Interestingly, only SH-ImiH-4Ph shows a split peak in both 24h
immersed and 120h immersed samples. This fact can only be due to the existence of two
kinds of chemical bond on the surface, which might be the reason why this compound
shows the best inhibition performance.
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60 days’ immersion test

Photographic analysis

i SH-ImiH-4Ph

Figure 4.12 Photographs of pure Cu immersed in 3 wt.% NaCl solution with and
without inhibitor for 60 days (real size of each photo is around 0.9%0.9 cm?)

Figure 4.12 shows the photographs of pure Cu surface after immersion in 3 wt. NaCl
with and without inhibitors for 60 days. Imidazole derivatives, ImiH and SH-ImiMe show
similar corrosion products as no, they do not inhibit the sample corrosion. SH-ImiH-4Ph
shows a good surface for the most area; however, part of the surface is covered by a black
film, which needs further check by SEM-EDX. Mercapto-benzimidazole derivatives
show a diverse result; the presence of SH-BimH-5NH; produced different, white
corrosion products. However, the surface of the sample immersed in presence of Me-S-
BimH appears almost unchanged. Sample immersed in presence of SH-BimH-50Me
shows a good surface as well. A dark red film and black areas appear on the surface of
the sample after immersion in presence of SH-BimH, which needs to be checked by SEM-
EDX. For hydroxy-benzimidazole derivatives, immersion in presence of OH-BimH
produced a dark red film on the surface, which shows no inhibition. Finally, the sample
immersed in presence of OH-Me-BimH shows a good surface with a little darken look.
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SEM-EDX analysis

The characteristic X-ray energies of related elements were listed in Table A1.1.Figure
4.13 shows the bare surface of pure Cu of the backscattered electron image (BSE). (a)
and (b) show some exfoliations and scratches due to polishing. The close look in (c) and
(d) shows that the exfoliations have different sizes. The 3D plot in figure (e) shows that
exfoliations and scratches are not deep; the surface roughness Sa (arithmetical mean
height) is 0.825 um. Please note that the roughness calculated by SEM is not precise, and
must merely be taken as a reference. Figure A1.23 shows the EDS elements map of Cu
and Si. Distribution of Cu is uniform except at exfoliations, and Si appears in the
exfoliations, which indicates that some SiC particles embed in the exfoliations. Figure
4.14 shows the EDS elemental point analysis spectrum of pure Cu in different locations.
Owing to the fact that EDS cannot show an exact element ratio and the non-conductive
organic layer on the surface, the analysis of the spectrum will be focused on analyzing
the distribution of the elements on the surface. For higher energy resolution, the spectrum
was separated into two energy ranges. The low energy range, from 0 to 3 keV, allows one
to identify C, N, O, Cu, Zn, Si, S, ClI, while the high energy range from 7 to 10 keV allows
the identification of Cu and Zn. The EDX energy intensity was normalized by dividing
the maximum value in each range to help the comparison of elements. The value of Cmax
in each subplot accounts for the maximum counts of the spectrum in the range 0.5 — 3.0
keV and 7 — 10 keV. All the characteristic x-ray energies are given in Table A1.1. Point
(a) is on the flat surface. Two small peaks are found from 0.2 to 0.4 keV, which may
correspond to C (K, ~ 0.277 keV).

Initial oxidation of brass is very fast in air and water, as we discussed before. After
polishing, the oxide layer will be an interference factor. Thus, samples were immersed in
0.1 M H2SO4 for 30s’ pickling. In Figure 4.14, as shown in the spectrum (a), the peak of
oxygen was quite low, compared to others. Pickling reduces the influence of the oxides,
but it was impossible to remove them entirely for the practical application of the inhibitors.
The highest peak around 1 keV corresponds to Cu (Lo ~ 0.93 keV). In the right spectrum
of (a) point, we note that the relative intensity of these peaks is small. The peak around
8.1 keV corresponds to Cu-Kas (~ 8.046 keV) and that at 9 keV for Cu-Kp1 (~ 8.904 keV).
Since the Cuzn alloy will be tested in the same way, the advantage of peaks in this range
is that we can eliminate other interference to show an apparent Cu/Zn ratio, which will
help to figure out the surface composition when the organic film exists. Points (a) is taken
at the flat surface; no oxygen appears in the spectrum which means no severe oxidation
happened on the surface. Points (b) and (c) show the elemental spectrum inside the
exfoliation; a Si peak appears in both of the spectrums. This kind of embedding introduce
new defects on the surface but can not be avoided during practical application. The
interaction between this defect and inhibitor should be noticed in the following
experiments.
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Figure 4.13 Bare surface of pure Cu after pohshlng and rinse. Magnification of (a)
320x (b), 1000x and (c) 5000x. (d) detail of the scratch and exfoliation. (e) 3D

topography under 320x magnification by SEM
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Figure 4.14 EDX elemental point analysis spectrum of bare surface of pure Cu in (a)
flat surface, (b) exfoliation hole and (c) exfoliation hole.

Figure 4.15 shows the look of pure Cu surface after 60 days’ immersion in 3 wt.% NaCl
solution in sealed bottle. (a) and (b) show different features on the surface. Part of the
surface is flat and shows white under BSE, while some parts look black. By adjusting the
contrast on the black part in (b), some dendritic structures are observed on the surface,
magnified in (c). The roughness of the dendritic structure may be responsible for the low
BSE contrast, hence this area should correspond to the green area in Figure 4.12.
Magnification of the flat surface (d) shows the presence of small islands with smaller
dendritic crystals as well. Figure Al1.24 shows the elemental map of the surface. O, C
and Cl appear on the surface, and the Cl-rich area shows less Cu concentration. The
distribution of Cu and O are highly correlated, which means the islands on the flat surface
should be CuO or Cu20, as also mentioned in [37]. Figure 4.16 shows elemental points
analysis of surface on different features. Point (a) is on the flat surface; no chloride is
found, and oxygen appears to come from Cu oxide on the surface. Point (b) is on the
dendritic substance and point (c) is on the grey surface under BSE, but they both show a
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similar elemental distribution. Chloride appears on these two locations, which indicate
the formation of CuCl or CuCl». As introduced in chapter 1, pitting corrosion of pure Cu
proceeds by local attacks on the surface with formation of chloride compounds with Cu
ions. This sample will be a reference for evaluating the inhibition effect in the following
analysis and will be referred to as blank.

Figure 4.15 Pure Cu immersed in 3 wt.% NaCl solution for 60 days. (a) surface under
320x magnification with all typical features (b) surface under 320x magnification on
the dendritic structure (c) surface under 2500x magnification on dendritic structure

(d) surface features in flat part (e) 3D topography under 320x magnification by SEM
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Figure 4.16 EDX elemental point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution for 60 days. (a) white flat part under BSE detector, (b) dendritic structure
on the surface and (c) particles on the surface.

As shown in Figure 4.17, the surface after immersion 60 days in 3w% NaCl with added
1mM SH-BimH shows a better look than that of the blank sample. (a) shows most of
surface is like the bare surface but a little darker, and some dark irregular parts appear.
As shown in (b) and (d), the surface is as good as bare surface. (c) shows the look of dark
irregular area on the surface; the porous structure indicates local attacks on this region.
(e) shows this area is higher than the surface around. The elemental distribution displayed

48



in Figure A1.28 shows an increased concentration of S, C and ClI on this attacked part.
Contrarily, Cu shows a lower concentration in the same region. Figure 4.18 shows the
point analysis of EDX spectra. Point (a) is on the white flat surface; there is no oxygen
detected and only shows presence of Cu. Grey surface analyzed by point (b) shows the
presence of oxygen, indicating oxidation of the surface. Point (c) shows the presence of
S, O, ClI, which indicates the existence of Cu-Inhibitor complex gathering in the corroded
location. SH-BimH is a good inhibitor. However, oxidation happened on most of the
surface, and pitting happened in some locations.

1 5 m
: 5:9$ A‘éﬂ &l : 0 lLlt' 7]
Figure 4.17 Pure Cu 1mmersed in 3 wt.% NaCl aqueous solution with added ImM
SH-BimH solution for 60 days (a) surface under 320x magnification with all typical
features (b) surface under 1000x magnification (c) dark part of the surface (d) good
surface under 10000x magnification (e) 3D topography under 1000x magnification by
SEM
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Figure 4.18 EDS elemental point analysis spectrum of Pure Cu immersed in 3 wt.%
NaCl aqueous solution with added 1mM SH-BimH for 60 days (a) white flat surface
(b) grey flat surface (c) dark part of surface.

Figure 4.19 shows the surface of pure Cu immersed in 3 wt.% NaCl with added Me-S-
BimH for 60 days. As shown in (a), most of the surface looks like the bare surface, except
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that the surface becomes darker. As shown in Figure 4.19 (b), (c), (d), the surface shows
no obvious pitting corrosion. Figure 4.19 (e) shows the surface is flat with a roughness
Sa of 2.02 um. Figure A1.29 shows the distribution of elements. Since S appears on the
surface, the inhibitors should gather on the surface and form a thick layer. Figure 4.20
shows the elemental analysis of three points of the surface. Point (a) is on the white
surface, no oxygen is found, and a little peak of S appears. Point (b) shows a higher S
peak and no O as well. Point (c) is on the black part of the surface, and high peaks of Si,
O, Sare also present. This is an interesting result, which indicates that Me-S-BimH shows
the same behavior as SH-BimH. The inhibitor probably reacts with the Cu ions to form
some kind of complex. This sample immersed in presence of Me-S-BimH shows more
inhibitor concentration on the surface; no pitting was found on the surface. The presence
of a monolayer cannot be detected by EDX. This inhibitor seems to gather on the Cu
surface and form a thick layer which will offer more protection afterwards.

FRRa EZ

Fgui’e 4.19 Pure Cu immersed in 3 wt.% NaCl with added 1mM Me-S-BimH

solution for 60 days (a) surface under 320x magnification with all typical features (b)
dark grey part under 1000x magnification (c) white part of the surface under 2500x
magnification (d) surface under 10000x magnification (e) 3D topography under 320x
magnification by SEM
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Figure 4.20 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added 1mM Me-S-BimH for 60 days (a) spectrum of point a,
white surface (b) spectrum of point b, dark grey surface (c¢) spectrum of point ¢, black
part of surface.

Figure 4.21 shows the surface of pure Cu after 60 days’ immersion in 3 wt.% NaCl with
added SH-BimH-50Me. (a) shows a global view of the surface, some black parts with
light grey surface are presented. As shown in Figure 4.21 (b) and (d), the black parts are
local attacked areas with porous structures. A closer look shows in Figure 4.21 (c)
indicates this kind of local attack appears in a small scale as well as large scale shown in
Figure 4.21 (a). As shown in 3D Figure 4.21 (e), the black part shows a higher position,
which indicates some substance should gather on the local attacked part. Furthermore,
consider the exfoliation in bare surface, the look of the surface with SH-BimH-50Me
shows a similar attack. This reveals that SH-BimH-50Me is sensitive to surface defects.
Figure A1.30 shows the distribution of elements of Cu. O, Cl, S and N, the local attack
dissolved some of Cu and forms (Cu, Cl) compounds on the surface. The presence of S
on the black part indicates the inhibitor gather on these pits. Figure 4.22 shows the
elemental spectrums on different points of the surface. As shown in point (a), white
surface shows little oxygen with Cu, which means SH-BimH-50Me protect most parts of
surface and oxidation happened on the surface, but not severe, Points (b) and (c) are on
the black surface, Si appears on both of the spectrums indicates the local attack highly
relate to the exfoliations and embedded SiC particles. The high S peaks in these two
spectrums conduct the adhesion of Cu-inhibitor complex. SH-BimH-50Me is an effective
inhibitor, but sensitive to defects on the surface. And it can not control the growth of the
pits.

Figure 4.21 Pure Cu immersed in 3 Wt % NaCl with added ImM SH-BimH-50Me
solution for 60 days (a) surface under 320x magnification with all typical features (b)
local attacks on surface under 1000x magnification (c) surface under 5000x
magnification (d) local attack (e) 3D topography under 320x magnification by SEM
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Figure 4.22 EDS ele'méﬂf;f:ll’point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added ImM SH-BimH-50Me for 60 days (a) spectrum of point a,
white surface (b) (¢) spectrum of point b and c, local attacked part.

As shown in Figure 4.23, the surface of immersed pure Cu in 3 wt.% NaCl with added 1
mM SH-ImiH-4Ph is presented. Figure 4.23 (a) shows an overview of the surface, surface
is mostly covered by light grey and dark grey surface under BSE, some black parts appear
as well. As shown in Figure 4.23 (c) and (d), the black parts show local attacks in some
locations and dark grey parts are not. (b) shows another local attack in an irregular form
on the surface, but not common. Figure A1.31 shows the distribution of elements of Cu,
O, CI, C on the surface. The dark grey parts show more O than that of light grey. C and
ClI concentrated on the black part. Figure 4.24 shows elemental points analysis on light
grey, dark grey and black part of the surface. Point (a) shows the spectrum of light grey
surface, only Cu present in the spectrum. As shown in point (b) and (c), small Cl peaks
appear, and O appears as well. But the intensities of O and Cl is quite small in point (b).
SH-ImiH-4Ph is a good inhibitor for pure Cu which protects the surface and controls the
growth of pits. However, there are many slight local attacks on the surface.
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Figure 4.23 Pre Cu immersed in 3 wt.% NaCl with ‘éddéd ImM SH-ImiH-4Ph
solution for 60 days (a) surface under 320x magnification with all typical features (b)
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local attack (c) surface under 2500x magnification (d) dark grey part (e) 3D
topography under 320x magnification by SEM
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Figure 4.24 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added 1mM SH-ImiH-4Ph for 60 days (a) spectrum of point a,
white surface (b) spectrum of point b, dark grey surface(c) spectrum of point ¢, black
part under BSE.

Figure 4.25 shows the surface of pure Cu immersed in 3 wt.% NaCl with added 1mM
OH-Me-BimH for 60 days. There are three typical features present on the surface, light
grey surface, dark grey surface and divergent black part. Figure 4.25 (b) is the divergent
black part, there is no evident hole on this part, seems not severe attack. As shown in
Figure 4.25 (c), light grey part inherent the scratches and exfoliations from the polished
surface, as well as the dark grey part shown in Figure 4.25 (d). 3D Figure 4.25 (e) shows
that black parts are small hills on the surface instead of holes. Figure A1.41 shows the
map of elements on the surface. The light grey surface contains little O with Cu, dark
grey part contains more O, and black parts are C rich area. Figure 4.26 shows the point
elemental analysis which will offer much precise information. Point (a) is the light grey
surface which shows only Cu peak. Point (b) is the dark grey surface, oxidation happened
on this part but not so much oxygen is detected. Point (c) on the black part shows little O
and much C than that of point (b). Compounds contain C, Cu and O may form on this
black part. However, OH-Me-BimH shows a great look of surface, no obvious local attack
is found, and this inhibitor with OH-Me function group should be a candidate inhibitor
for pure Cu.
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Flgure 4. 25 Pure Cu 1mmersed n 3 wt % NaCl w1th added ImM OH-Me-BimH
solution for 60 days (a) surface under 320x magnification with all typical features (b)
black part of the surface (¢) light grey surface under 5000x magnification (d) dark
grey surface (e) 3D topography under 320x magnification by SEM
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Figure 4.26 EDS elemental point analysis spectrum of Pure Cu immersed in 3 wt.%
NaCl solution with added ImM OH-Me-BimH for 60 days (a) spectrum of point a,

light grey surface (b) spectrum of point b, dark grey surface (¢) spectrum of point c,
black part of the surface.

The SEM-EDX results show corrosion is inhibited by SH-BimH, Me-S-BimH, SH-
BimH-50Me, SH-ImiH-4Ph and OH-Me-BimH. Local attacks appear on all inhibitors
but in a different scale. Among all inhibitors, Me-S-BimH shows the smallest pits on the
surface. Other bad inhibitors are illustrated in Appendix 1.1.2. The adhesion of Cu-
inhibitor complex appears on the local attacks, that may reduce the corrosion rate.

Identification of this phenomenon will be carried by Raman spectroscopy and the results
will be reported in section 5.3.2.
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4.2 Corrosion Inhibition of Zinc

4.2.1 Short-term electrochemical tests

The anodic and cathodic processes of zinc corrosion in the solution are dissolution of zinc
and reduction of oxygen, that is:

Zn — Zn?** + 2e and Oz + 2H20 + 4e — 40H"

Then, Zn** and OH- will react and form zinc hydroxide, it will deposit on the Zn surface
since the solubility is low. And zinc hydroxide on the surface will transfer to zinc oxide
and form a passive film [106]:

Zn?* + 20H" — Zn(OH), — ZnO + H,0

This film offers protection for corrosion, but addition of NaCl will break down this film
by the reaction between the chloride ion and the passive film. A soluble Zn?*—CI™—OH"
complex will be produced by this reaction [107]. Thus, local attacks may break the
passive film and cause dissolution of Zn afterwards, which means that Zn will suffer
pitting corrosion in NaCl solution [108]. Due to the application of Zn as the protective
layer for iron, some of the inhibitors were studied to improve the inhibition. However,
most of the research was focused on anion inhibitors that can suppress the anodic process
by forming deposits at the pit [109-111]. Some organic compounds [112] and natural
extracts were studied as well [113]. The aim of the study here is not to explore the
inhibition performance of organic inhibitors on pure Zn; on the contrary, all the tests will
focus on assisting in understanding corrosion inhibition of Cuzn alloys.
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Figure 4.27 Pourbaix diagram for zinc at 25 ° C. Drawn from data in [114]
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Figure 4.28 displays the linear polarization resistance and low frequency impedance
values of pure Zn. It is worth to note that the corrosion resistance of pure Zn is lower than
1 kQ-cm?, orders of magnitude lower than that of pure Cu. It is found that SH-BimH, SH-
BimH-50Me and SH-ImiH-4Ph are good inhibitors as for pure Cu. ImiH and SH-BimH-
5NH>, which act as corrosion accelerators for Cu, become now corrosion inhibitors; in
particular, SH-BimH-5NH: presents the best inhibition effect. On the contrary, SH-
ImiMe acts as a corrosion accelerator. As expected, the different chemistry of the metals
and the interaction with the different functional groups make it difficult to predict the
inhibition efficiency of the studied compounds in different metals.

Pure Zn !§Z|O.01Hz Pure Zn |SZ|0,01HZ
Me-S‘ H‘BimH Me-S‘ H‘BirnH
B'\m\’\ ‘50Me S,s,\/ B'\m\’\ ‘SOMe S,s,\//b
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4 = 4
Q o @

Rp/kQ-cm? 107! 10° 10t |Z|/kQ-cm? 1071 10°

Figure 4.28 Polar graphs of linear polarization resistance (left) and impedance modulus
at 0.01 Hz (right) of pure Zn, measured after 1 h immersion in 3 wt.% NaCl aqueous
solution (blank) and in the presence of different organic compounds added at 1 mM
concentration. Note the logarithmic scale.

The potentiodynamic polarization plots of pure Zn are shown in Figure 4.29. The
corrosion potential for both pure Zn and in presence of inhibitors is highly negative,
reflecting that Zn is prone to fast corrosion. For pure Zn without inhibitor, passivation
appears around —1.2 V, but it disappears in the curves corresponding to all inhibitors. All
inhibitors shift the corrosion potential to a more positive value, but none of them is able
to approach the corrosion potential to neutral. Tafel parameters are shown in Table 4.2
except for pure Zn, which cannot be calculated due to the appearance of passivation at
initial polarization.
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Figure 4.29 Potentiodynamic polarization curves of pure Zn in 3 wt.% NaCl aqueous
solution with and without 1 mM of different organic compounds: (top) imidazole
derivatives, (middle) mercapto-benzimidazole derivatives, and (bottom) hydroxy-
benzimidazole derivatives. Quantitative electrochemical parameters are presented in
Table 4.2

Table 4.2 Zn Metal Tafel Parameters (cf. Figure 4.29).

. Ecorr jcorr _Bc Ba
Solution (MV) vs. Ag/AGCl  (uAlcm?) (mV/dec)  (mV/dec)
3 Wt.% NaCl - i : i
ImiH 11073 1.647 131 34.5
SH-ImiMe -1051 11.117 316.6 415
SH-ImiH-4Ph _ -895 8.646 776.9 38.2
SH-BimH -923 6.497 949.7 25.4
SH-BimH-50Me _ -930 5.421 737.2 47.1
SH-BimH-5NH,  -933 1.533 295.8 58.9
Me-S-BimH -1083 2.949 245.4 33.3

Among imidazole derivatives, SH-ImiH-4Ph is the one that induces a larger change of
the corrosion potential, but the corrosion behavior is very similar for all of them. In the
group of mercapto-benzimidazole derivatives, SH-BimH, SH-BimH-50Me and SH-
BimH-5NH: shift the corrosion potential significantly to less negative values, but fast
dissolution seems to happen with SH-BimH. SH-BimH-5NH; and ImiH show the smallest
corrosion current but only SH-BimH-5NH2 shows a small current density. The Tafel data
of Me-S-BimH may be disturbed by the cathodic curve.
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Figure 4.30 Electrochemical impedance spectra of pure Zn in the form of Bode
impedance plot, phase angle plot and Nyquist plot with or without addition of 1 mM
of different organic compounds in aqueous 3 wt. % NaCl solution: a), ¢), e) imidazole
derivatives and b), d), f) mercapto-benzimidazole derivatives.

The EIS Nyquist and Bode plots in Figure 4.30 show the inhibition effect on pure Zn,
visibly different than that observed on pure Cu. The Nyquist plot of pure Zn in NaCl
solution shows a typical semicircle and straight line appearance similar to that of Cu, but
the radius is significantly smaller. Phase angle plot shows one time constant with a
maximum phase angle of 60< which indicates that the capacitive behavior is not strong
in all the frequency range tested. In imidazole derivatives, only SH-ImiH-4Ph shows a
good inhibition, with a maximum phase angle improved from 60<to 70< and the Nyquist
plot shows a large semicircle with a small one. ImiH shows at least two small semicircles
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and the radius is not so different from that of the blank curve. SH-ImiMe acts as a
corrosion accelerator and the minimum phase angle reaches negative values, which may
indicate that inductive behavior appears. For mercapto-benzimidazole derivatives, Me-S-
BimH shows almost same EIS plots as those of the blank measurement, while SH-BimH,
SH-BimH-50Me and SH-BimH-5NH2 show a positive inhibition effect. SH-BimH and
SH-BimH-50Me show a double semicircle in the Nyquist plot, with a similar radius to
the first circle. SH-BimH-50Me introduces two time constants and SH-BimH shows
three, which means these two inhibitors induce a complex corrosion reaction on the
surface. SH-BimH-5NH2 seems to have only one time constant, but comparison with the
previous two inhibitors suggests that the single wide peak may correspond to the merge
of two peaks. Nevertheless, the Nyquist plot shows a significant improvement of radius
of a semicircle, indicating that SH-BimH-5NH: has the best inhibition performance. The
short-term measurements show that the inhibitors with -SH group, SH-ImiH-4Ph, SH-
BimH, SH-BimH-50Me, may inhibit pure Zn in a similar way. However, the -NH> group
inhibitor — SH-BimH-5NH>— shows the best inhibition performance of all tested
inhibitors. On the contrary, the function group of -CH3z may activate the corrosion process,
and SH-ImiMe and Me-S-BimH. ImiH shows almost no influence on the corrosion
process.

4.2.2 Long-term electrochemical tests

Figure 4.31 displays the results of long-term linear polarization resistance and impedance
tests. Pure Zn without inhibitors shows a little improvement after 24 hours, attributable
to the ZnO passivation film formed on the surface[107], and the subsequent decrease
indicates the breakdown effect caused by the presence of the chloride ion[108]. The
inhibitors can be divided into three groups, effective inhibitors: SH-BimH, SH-BimH-
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Figure 4.31 Long-term graph of linear polarization resistance (left) and impedance
modulus at 0.01 Hz (right) of pure Zn, measured in period of 120 h immersion in 3
wt.% NaCl aqueous solution (blank) and in the presence of different organic
compounds added at 1 mM concentration. Note the logarithmic scale.
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50Me, SH-ImiH-4Ph and SH-BimH-5NH2; no inhibition: SH-ImiMe and ImiH; and
corrosion accelerator: Me-S-BimH. In the effective group, SH-BimH, SH-ImiH-4Ph and
SH-BimH-50Me, all of them having a -SH group, show a decreasing inhibition with time.
Therefore, the -SH group may initially inhibit corrosion for pure Zn, but the inhibition
effect is not stable. Only SH-BimH-5NH> shows a stable inhibition effect, and increasing
with time, which must be attributed to the presence of -NH> group. ImiH shows the no

prominent inhibition as short tests.
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Figure 4.32 Long-term Nyquist plot of pure Zn in NaCl solution without and with 1
mM inhibitor, in period of 120 h.

The dynamic Nyquist plot of pure Zn versus time in NaCl solution without and with
inhibitors, displayed in Figure 4.32, shows more details. The initial corrosion behavior
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of the blank solution is analyzed in short-term test; a double semicircle appears after 24
h, combined with the minimum phase angle increase from ~5 “to ~20 “(see Figure A1.12),
reflects that passivation may happen on the surface. The peak of time constant shifts to
lower frequencies in the curves corresponding to 24h and 48h immersion time. After 72h,
the peak shifts back to higher frequencies, and the maximum phase angle decreases to
~50 the corrosion resistance worsens. ImiH shows similar behavior in the Nyquist plot
(see Figure 4.32), but the phase angle plot shows that a new time constant may exist after
96 h. The minimum phase angle is even smaller than in the blank solution. SH-ImiH-4Ph,
SH-BimH and SH-BimH-50Me show similar phase plots (see Figure Al.14, Figure
Al1.15 and Figure A1.17), two time constant appear and the maximum phase angle at low
frequency decreases with time. The corrosion behavior shows no change with time.
Similar to what was observed in pure Cu, SH-BimH-50Me shows a chaotic behavior at
low frequency as time increases. Therefore, SH-ImiMe is not effective and the corrosion
behavior does not improve with time, as shown in the Nyquist and phase angle plot
(Figure A1.19). SH-BimH-5NH: is the best inhibitor, as shown in the Nyquist and phase
plot. The time constant peak shifts to high frequency and keeps a phase angle of ~80<(see
Figure A1.18). The corrosion behavior does not change with time and maintains good
impedance and resistance. This may indicate that SH-BimH-5NH> can form a layer on
the pure Zn surface and hold the bonding stable. This feature should be attributed to the
presence of the -NH> group.

A summary of the inhibition efficiency and inhibition power of the different inhibitors on
pure Zn is shown in Figure 4.33 and Figure 4.34. As in the case of Cu, IP discriminates
much more efficiently between good and bad inhibitors, and reflects the much better
performance of SH-BimH-5NH2 among all tested inhibitors.
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Figure 4.33 Long-term LPR R, inhibitor efficiency and inhibitor power of pure Zn
with different inhibitors in period of 120h

Figure 4.35 shows the statistical analysis of the correlation coefficient during linear
regression of LPR measurements. Most of the values are above 0.9 and only SH-BimH-
50Me shows a low coefficient after 24 hours’ immersion, similar to what happened in
pure Cu; this coincides with the EIS chaotic data at low frequency.
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Figure 4.34 Long-term EIS |Z| at 0.01 Hz inhibitor efficiency and inhibitor power of
pure Zn with different inhibitors in a period of 120h
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Figure 4.35 Statistic analysis of LPR data based on correlation coefficient in Long-
term measurements of pure Zn

4.2.3 Immersion Test

Immersion tests of Zn were performed as support information to analyze corrosion
inhibition efficiency of Cu-based alloy. Here, a 12 days’ immersion test was performed
since the low corrosion resistance of pure Zn. Photographic analysis, SEM-EDX and
Raman spectroscopy were used as characterization methods of the specimens.

Photographic analysis

Figure 4.36 shows the appearance of Zn samples after 12 days’ immersion. For the
samples immersed with inhibitors, a large white floc appears on the surface. This kind of
floc is extremely easy to remove by rinsing with DI water. The flocs were suspected to
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be the Zn-inhibitor complex and will be characterized by SEM-EDX and Raman
spectroscopy. After drying in the vacuum desiccator, the appearance of the zinc surface
is similar, dried flocs are still on the surface and partial attack is clear in the blank, ImiH,
SH-ImiMe and Me-S-BimH immersion solution samples, which show a dark grey color.
The rest of the samples seem covered by an organic film.

| SH-BimH-5NH, |

Figure 4.36 Photographies of pure Zn samples after immersion for 12 days with and
without presence of ImM inhibitors in 3wt% NaCl solution sealed in bottle.

SEM-EDX analysis

Figure 4.37 shows the bare surface of pure Zn after polishing with P4000 SiC paper.
Figure 4.37 (a) shows scratches and exfoliations present on the surface. With a closer
look in Figure 4.37 (b) and (d), the scratches and exfoliations are more explicit; these
unavoidable defects resulting from polishing may affect the corrosion behavior and
inhibition. 3D Figure 4.37 (e)of the surface shows a good roughness Sa of 0.843 pum.
Figure A1.59 shows the element distribution; only Zn appears and no signal is obtained
in the black part. Figure 4.38 shows the elemental point analysis by EDX. Only the peaks
at (~ 8.637 keV) and (~ 9.570 keV) correspond to the Zn Kas and Zn-Kpa, respectively,
Zn peaks are present in points a, placed on the flat surface. Points b and c are on the black
holes, thus the signal is lower than that of point a. Point (b) shows the same profile as that
of point (a), and Si and O appear in the spectrum of point (c). This is as same as what
happened on pure Cu, some SiC particle could embed in the exfoliations.
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Figure 4.37 Bare surface of Pure Zn after olishing and rinse (a) surface under 320x
magnification (b) surface under 1000x magnification (c) flat surface under 1000x

magnification (d) detail of the scratches and exfoliations (e) 3D topography under
320x magnification by SEM
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Fi re4.3 EDelementai point analysis spectrum of bare surface of Pure Zn (a)
spectrum of point a, flat surface (b) (c) spectrum of point b and (c), exfoliation holes.

Figure 4.39 shows the surface of pure Zn after immersion for 12 days in 3 wt.% NaCl
solution. Surface displays in two typical features, flat surface with some small hills and
flower-like substance covered parts, as shown in Figure 4.39 (a). The flower-like
substance with higher magnification in Figure 4.39 (b) and (d) show that the flowers are
composed of lamellar substance. As shown in Figure 4.39 (c), the flat surface does the
same but in small lamellar ones. Figure 4.39 (e) shows the 3D surface, the flower-like
area is higher, and roughness is not lifted so much, Sa is 0.856 um. Figure A1.60 is the
elemental map of the surface. It shows the major elements of Zn, ClI, O covered the surface.
Much more precise point analysis is done and shows in Figure 4.40. Point (a), (b) and (c)
show the same peaks appear in all three points, the intensity is not the same. Consider the
difference of the structure on different locations, this will affect the results of the
intensities. The surface should cover by the same substance but with a different scale.
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Figure 4.39 Pure Zn immersed in 3 ce under
320x magnification with all typical features (b) flower-like surface under 1000x
magnification (c¢) white surface under 2500x magnification (d) structure of flower-
like substance (e) 3D topography under 320x magnification by SEM
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FigAu re 4.40 EDXVelremental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution for 12 days (a) spectrum of point a, white part under BSE detector (b)
spectrum of point b, flower-like substance on the surface (c) spectrum of point c,

small corrosion products on the surface.

Figure 4.41 shows the surface of pure Zn after immersion in 3 wt.% NaCl with added
SH-ImiH-4Ph for 12 days. In Figure 4.41 (a), cracks and pits appear on the surface, but
not as large as in previous inhibitors. Figure 4.41 (b) and (d) show the locations of pits,
combine with the 3d surface in Figure 4.41 (e), some substances are always adhering on
the pits, which suspect to the adhesion of Zn-inhibitor complex. Figure A1.73 shows
distribution of elements by EDX map analysis. S appears on some location, and Zn, O, C
covered most of the surface. Figure 4.42 shows the elemental point analysis, in all three
points (a), (b) and (c), the peaks are similar. And Zn oxide exists on the surface with some
SiC particles. S peak is too small which indicates it does not always adhere to the pits.
SH-ImiH-4Ph shows inhibition on pure Zn, and Zn-inhibitor complex adheres to some
location.
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Figure 4.41 Pure Zn immersed in 3 wt.% NaCl with added ImM SH-ImiH-4Ph
solution for 12 days (a) surface under 320x magnification with all typical features (b)

local attacks on surface under 1000x magnification (c) good surface under 1000x
magnification (d) corrosion product on the surface (e) 3D topography under 320x

magnification by SEM
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Figure 4.42 EDS elementl poit analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added ImM SH-ImiH-4Ph for 12 days (a) spectrum of point a,
white flat surface (b) spectrum of point b and ¢, corrosion products on the surface.

Figure 4.43 shows the surface of pure Zn immersed in 3 wt.% NaCl with added SH-
BimH-5NH: for 60 days. As shown in Figure 4.43 (a), no evident cracks found on the
surface, some pits may exist. And surface shows a slightly different contrast. With larger
magnification in Figure 4.43 (b), (c), (d), most of the pits are exceedingly small and
scratches from polishing are still clear. Figure A1.74 shows the distribution of elements.
The black part shows a higher concentration of Cl and O than other locations, S, Zn and
O covered most of the surface. Figure 4.44 shows the elemental point analysis. As shown
in point (a), the surface is only present little oxidation, and no other reaction happens.
Point (b) shows a large peak of Si, Cl, the local attacks should happen on the SiC
embedded position. Moreover, S is found in this location to indicate the adhesion of Zn-
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inhibitor on the pits. This is quite different from the interaction between SH-BimH-5NH>
and pure Cu. The small pits in point (c) show presence of Si, S and no CI, which means
the adhesion of inhibitor reduces the pitting process. SH-BimH-5NH: is the best inhibitor
among all tested inhibitors. And the remarkable difference of inhibition effects between
pure Cu and Zn should be noticed.

Flgure 4 43 Pure Zn 1mmersed n 3 wt % NaCl with added lmM SH-BimH-5NH>
solution for 12 days (a) surface under 320x magnification with all typical features (b)
surface under 1000x magnification (c) surface under 2500x magnification (d) surface
features in dark part (e) 3D topography under 320x magnification by SEM
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Flgure 4.44 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%

NaCl solution with added ImM SH-BimH-5NHo for 12 days (a) spectrum of point a,
white flat surface (b) spectrum of point b, black corroded surface (c) spectrum of
point ¢, corrosion products on the surface.

Most inhibitors show no evident inhibition for pure Zn. Only SH-ImiH-4Ph and SH-
BimH-5NH. show inhibition, and SH-BimH-5NH, show acceleration on corrosion for
pure Cu. This should attribute the -NH. group since it is the only one contain this group.
Other negative inhibitors' results are shown in Appendix 1.2.2.
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4.3 Corrosion Inhibition of Zirconium

4.3.1 Short-term electrochemical tests

Pure Zr shows a quite different interaction with inhibitors. As shown in Figure 4.45, left,
some of the linear polarization resistance couldn’t be calculated as the measurements
showed an erratic behavior. Figure A1.78 shows the line regression curves. Some of the
curves gave inconsistent measurements, and some others are not very repeatable. This
behavior may be attributed to the formation of ZrO> on the surface, with a large dielectric
constant, 10 to 23, and huge resistivity, 3.16x10° to 3.16x<10° Qm, which provides
protection for the material in a corrosive electrolyte. Almost no research focuses on
corrosion inhibition of pure Zr due to this effective protective film. The linear polarization
is based on the assumption of the existence of a redox reaction in a small overpotential
range, but not a passive surface. Considering that the ZrO, will allow just an extremely
small amount of charge transfer through the film, this film is much more like a real
capacitor. A unidirectional current can’t pass throw the film and will cause a charging
effect at the interface; the theory of linear polarization will not work anymore, and the
presence of crystalline boundaries will make the signal ever more complex. Therefore,
the linear polarization resistance is not computable when dealing with a dielectric film
covered metal surface.

On the contrary, the experiment design of EIS allows it to measure the impedance of a
surface covered by a dielectric film. Figure 4.45, right, shows that none of the inhibitors
induces any improvement on the Zr low frequency impedance. The measured values show
negligible changes when compared to the blank solution, as it is noticed under logarithmic
scale. SH-BimH, Me-S-BimH and SH-BimH-5NH> seem to induce a little increase on the
impedance, but these increases are not significant as may be due to the experimental
uncertainty due, for example, to the surface topography of the sample.

Pure Zr Ry, Pure Zr |Z|o.01Hz

n-BimH SHopy,;
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Figure 4.45 Polar graphs of linear polarization resistance (left) and impedance modulus
at 0.01 Hz (right) of pure Zr, measured after 1 h immersion in 3 wt.% NaCl aqueous
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solution (blank) and in the presence of different organic compounds added at 1 mM
concentration. Note the logarithmic scale.

Potential vs. Ag/AgCI(V) Potential vs. Ag/AgCI(V)

Potential vs. Ag/AgCI(V)
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Figure 4.46 Potentiodynamic polarization
curves of pure Zr in 3 wt% NaCl aqueous
solution with and without 1 mM of different
organic compounds: (top) imidazole derivatives,
(middle) mercapto-benzimidazole derivatives,
and (bottom) hydroxy-benzimidazole deriva-
tives. Quantitative electrochemical parameters
are presented in Table 4.2
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behavior, the Zr film must exist on all the surface and dominates the corrosion process.

Therefore, it is observed that corrosion of pure Zr is dominated by the development of a
ZrO; film and corrosion resistance of Zr itself is quite large. Pure Zr does not need
inhibitors to improve corrosion resistance, and ZrO; does not interact with any of the
tested inhibitors. Since the uselessness of inhibition test on Zr, long-term electrochemical
tests were not performed on pure Zr. Only long-term immersion tests were carried out to
assess the possible influence of inhibitors on the Zr surface.
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Figure 4.47 Electrochemical impedance spectra of pure Cu alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot with or without addition of 1 mM
of different organic compounds in aqueous 3 wt. % NaCl solution: a), c), e) imidazole
derivatives and b), d), f) mercapto-benzimidazole derivatives.

Table 4.3 Zr Metal Tafel Parameters (cf. Figure 4.46).

. Ecorr Jeorr —Be Ba
Solution (mV) vs. Ag/AgCI (pA/cm?) mV/dec) (mV/dec)
3 wt.% NaCl —398 0.019 195 234
ImiH —348 0.019 182 247
SH-ImiMe —417 0.028 186 230
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SH-ImiH-4Ph —501 0.019 198 302

SH-BimH —449 0.013 195 279
SH-BimH-

50Me —367 0.041 215 323
SH-BimH-5NH, 507 0.022 176 281
Me-S-BimH —360 0.016 207 240
OH-BimH —466 0.038 232 246
OH-Me-BimH —453 0.028 198 254

4.3.2 Immersion Tests

The immersion of pure Zr samples lasted around 1 year due to the high corrosion
resistance. The appearance of the samples will be analyzed first by photographic and
optical microscopic methods. The observation confirms the results found by short-term
electrochemical tests, and for this reason, other measurements were not performed since
no effective inhibition on pure Zr was found.

Photographic analysis

SH-ImiH-4Ph

SH-BimH-50Me | | SH-BimH-5NH,

s 2 e

Figure 4.48 Photo of pure Zr samples after immersion for 1 year with and without
presence of 1mM inhibitors in 3wt% NaCl solution sealed in bottle.

Figure 4.48 shows the photographs of pure Zr sample immersed in 3wt. % NaCl for 1
year with and without the addition of inhibitors. Most of the samples keep almost the
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same appearance as the blank one. The scratches from grinding by P4000 SiC paper are
still presented, and no significant corrosion and corrosion products were found. Only SH-
BimH-5NH, made some change on the appearance of the surface, the surface becomes
yellow and the scratches were not clear. This may be attributed to a new film formed on
the surface.

Observation of optical microscopy

Figure 4.49 Pure Zr immersed in 3 wt. NaCl solution with and without inhibitors for 1
year under optical microscopy at 50x magnification.

As shown in Figure 4.50, the sample surface under optical microscopy after immersion
in 3 wt.% NaCl for 1 year does not change so much. The bare sample shows some
exfoliation due to polishing, and the rest of the samples only follow the surface features
as bare surface after immersion. This proved the electrochemical measurements and
inhibitors did neither inhibit nor accelerate corrosion on pure Zr.
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4.4 Discussion and Conclusion

4.4.1 Discussion

The inhibition of three different derivatives on pure Cu shows the various effect. ImiH
and SH-ImiMe from imidazole derivatives could not improve corrosion resistance.
However, SH-ImiH-4Ph for the same group shows excellent inhibition; in XPS spectra,
only SH-ImiH-4Ph shows a split peak in both 24h immersed and 120h immersed sample.
This fact can only be due to the existence of two kinds of chemical bond on the surface,
which might be the reason why this compound shows the best inhibition performance.
Mercapto-benzimidazole derivatives inhibit pure Cu except for SH-BimH-5NH2. OH-
Me-BimH acts as a suitable inhibitor, but OH-BimH does not work, both from hydroxy-
benzimidazole derivatives. Function group is the decisive factor for inhibition; all
effective inhibitors contain -SH group except OH-Me-BimH, which is reasonable due to
the adsorption between thiol and pure Cu. The accelerated corrosion by SH-BimH-5NH;
should result from the presence of -NH.. For the long-term electrochemical measurements,
the corrosion resistance of all effective inhibitors increases until 24h, and SH-ImiH-4Ph
is the only one that keeps increasing until the end of the test. The immersion tests show
that inhibition of OH-BimH can not reach the performance shown in electrochemical
measurements, and pits appear in all of the inhibitors. However, the pits' size is different,
which indicates the protection of inhibitors is still different when pits appear.
Nevertheless, inhibitors perform quite a difference in pure Zn. All inhibitors contain -SH
group inhibit pure Zn except Me-S-BimH, and the best inhibitor is SH-BimH-5NH,,
which is the corrosion accelerator for pure Cu. The presence of -NHz group should be the
contributing group. The long-period tests show the same behavior as pure Cu, the
inhibition increasing at first 24h and begin to decrease then. Attribute to the worsen
corrosion resistance of Zn, 12 days' immersion measurements, shows that most inhibitor
can not keep the surface in good condition except SH-BimH-5NH,. Besides, SH-ImiH-
4Ph also shows a good surface, but with some cracks, this does not follow the results of
long-period electrochemical measurements. The interaction between pure Zr and
inhibitors conducts the uselessness of inhibitor. Even after immersed for one year, there
is no apparent difference between inhibitors. The helpless inhibition of pure Zr should be
attributed to the presence of oxide on the surface; ZrO: is a stable and inert substance that
is always made for ceramics. Compared with Cu.O, CuO and ZnO, all these three oxides
are semiconductors, but ZrO; is dielectric; oxide film's conductivity should consider
applying a self-assembled monolayer inhibitor.

Moreover, the electrochemical measurements in the short- and long-term show a good
correlativity with immersion measurements. However, it should not be the decisive
criterion of inhibition, as shown in long-term immersion tests of pure Zn, SH-ImiH-4Ph
performs worse than SH-BimH and SH-BimH-50Me, but the surface tells a different
story. The corrosion behavior should be taken care of from immersion tests as well.
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Furthermore, the Si element is found in many pits and exfoliation on the bare surface of
both Cu and Zn; this embedded SiC from polishing accelerates the corrosion process and
create the pits. And the metal-inhibitor complex always appears on these locations. Zn
immersion tests result in a floc gathered surface after 12 days' immersion shown in the
photo, and a rinse of DI water can easily remove them. However, the flocs on the Cu
surface is not distinct; as shown in photos, passivation should happen on the surface. In
SEM-EDX tests, the detector can get the characteristic energy of sulfur, which means
many organic compounds have adhered to some part of the surface, mostly on pits. The
same phenomenon happens on the surface of pure Cu and Zn after long-period immersion,
adhesion of metal-inhibitor complex. Moreover, those gathered complexes always locate
on the local attacks, which should assist corrosion inhibition. This will be discussed with
the result of Cuzn alloys afterward.

4.4.2 Conclusion

The effect of the organic compounds on pure metals is diverse. The seven inhibitors affect
pure Cu in a complicated way, function groups play a major role on inhibition. -SH group
is the basis of all inhibitor for pure Cu, only the -SH group show effective inhibition; -
NH2 group and -CHz group apparently reduce inhibition or accelerate corrosion; the main
structure of inhibitor also affects the inhibition. SH-BimH-50Me shows the best
performance on pure Cu, this could attribute to two kinds of thiol chemical bond build on
the surface. For pure Zn, inhibitors with -SH group also inhibit corrosion for 1 h
electrochemical test but decrease fast with time; -CHz group highly accelerates corrosion;
different from that of pure Cu. -NH2 shows the best inhibition in Long-term
measurements. Imidazole or mercapto-benzimidazole derivatives have almost no
inhibition influence on pure Zn. SH-BimH-NH> is the best inhibitor for improving the
corrosion behavior among all tested inhibitors. No inhibitor works significantly on pure
Zr, this may attribute the presence of compact ZrO; oxide.

There is no visible film on the surface except local corrosion and part of passivation after
60 days’ immersion test for pure Cu. Inhibition comes from the thin monolayer or
polymolecular layer adsorbed on the surface. However, local attacks still exists, and
passivation happens as well.

Unlike pure Cu, a big number of white flocs appeared on the surface of pure Zn after 12
days’ immersion test. This Zn-inhibitor complex shows preference gathering on Zn
surface. Inhibition of pure Zn accounts for the formation of the complex, but it is not such
strong bonding.

Inhibitors work in different ways on pure Cu and Zn, the influence of these two different
kinds of inhibition should be noticed for Cuzn alloys. Since no effective inhibition found
on Zr, the presence of Cu in CuZr alloy will assist in understanding the influence on
inhibition. The relationship between pure metals and alloys is significantly important
which could assist the development of new inhibitors for alloys.
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Moreover, inhibitors change the corrosion behavior even if no significant Rp and Z
different change. Inhibition power shows differences between inhibitors in a much more
clear way than inhibition efficiency.
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5 Corrosion Inhibition of Cuzn alloy

CuZzn alloy is one of the most extensively used Cu alloys in the world. Moreover,
adequate corrosion resistance made this alloy always applied under corrosive
environment. The organic inhibitors maybe one of the best solutions to reduce the
corrosion rate since the convenience, applicable and size stability. In chapter 1, a series
of inhibitors show different inhibition on pure Cu, and the CuZn alloys contain less than
35% of Zn will present a single a-phase structure. So here, two kinds of alloys will be
tested, one is Cu/Zn (70/30) and the other is Cu/Zn (30/70), which is single a-phase and
v- and e-phase, respectively, phase diagram. This will assist in understanding the
inhibition behavior on CuZn alloys, is it only works on single a-phase CuZn alloy, or it
is an inhibitor for the materials which contain Cu element.
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Figure 5.1 CuZn binary phase diagram [115]

5.1 Short-term Electrochemical Measurements

5.1.1 CuzoZng alloy

The linear polarization resistance and impedance show in Figure 5.2, the effective
inhibitor present as the same as pure Cu. The only difference is SH-BimH-5NH improved
corrosion resistance of Cuz0Znso alloy slightly but accelerates the process in that of pure
Cu. In imidazole derivatives, ImiH act as an accelerator like in pure Cu, SH-ImiMe
improves the resistance a little as pure Cu and SH-ImiH-4Ph is one of the best. In
mercapto-benzimidazole derivatives, SH-BimH, Me-S-BimH and SH-BimH-50Me
increase the resistance to the level of 10%. The appearance of LPR and |Z| are almost the
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same, these two measurements show a mutual corroboration as in pure metals. Here, the
resistance without inhibitors is close to that of pure Cu and the inhibition improved by 2
order of magnitude which means 1 order larger than that of pure Cu. The better
performance of inhibitors on Cuz0Znso alloy may indicates addition of Zn improve the
interaction between inhibitors and alloy surfaces in some way. The importance of this
behavior is how it works and how to select better inhibitors by this effect. However, long-
term electrochemical measurements are still needed to prove this effect can last long
enough for corrosion protection.

Blank

Cu7OZn30 Rp

S SH.B
Me-S Bim
BimR__-50ma " Sk,

Rp/kQ-cm? 10° 10' 10° 10°

Cu70Zn30 |Z|0.01Hz

|Z|/kQ-cm?  10°

Figure 5.2 Polar graphs of linear polarization resistance (left) and impedance modulus
at 0.01 Hz (right) of Cu7oZnso alloy, measured after 1 h immersion in 3 wt.% NaCl
aqueous solution (blank) and in the presence of different organic compounds added at
1 mM concentration. Note the logarithmic scale.
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Figure 5.3 Potentiodynamic polarization curves of CuzZnszo alloy in 3 wt.% NaCl
aqueous solution with and without 1 mM of different organic compounds: (top)
imidazole derivatives, (middle) mercapto-benzimidazole derivatives, and (bottom)
hydroxy-benzimidazole derivatives. Quantitative electrochemical parameters are
presented in Table 5.1.
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Table 5.1 CuzZnzo alloy Tafel Parameters (cf. Figure 5.3).

- Ecorr -Corr ~—Pc a
Solution (mV) vs. Ag/AgClI J (uA/cm?) (rEV/dec) [(SmV/dec)
3 wt.% NaCl -173 0.426 43 117
ImiH -226 0.836 205 46
SH-ImiMe -182 0.211 132 87
SH-ImiH-4Ph -167 0.160 185 115
SH-BimH -162 0.611 266 122
SH-BimH-50Me  -163 0.200 165 76
SH-BimH-5NH,  -221 4.075 441 46
Me-S-BimH -247 1.391 251 68

Figure 5.3 shows the potentiodynamic polarization curves of CuzoZnso alloy, the
corrosion behavior is different from pure Cu. Small passivation disappears and at around
-0.1 V, the corrosion current increasing rapidly, which may be due to the selective
dissolution of Zn. As shown in the Pourbaix diagram in Figure 4.27, Zn shows a low
dissolution potential in Zn- H>O system. In imidazole derivatives, SH-ImiH-4Ph and SH-
ImiMe didn’t shift the corrosion potential apparently, ImiH shifts the corrosion potential
to more negative. ImiH introduces small passivation at around -0.2 V, it may attribute to
oxidation of Cu, and all position of the curve is shifted to more negative position,
passivation appears around 0 V as the blank curve. SH-ImiH-4Ph shifts the curve to
positive side in anodic polarization part and the initial of passivation is delayed around
0.2 V. This shows there should be a strong bond between SH-ImiH-4Ph and sample
surface which can delay the passivation in a large polarization potential. The corrosion
current density of SH-ImiMe is half of the blank one and no clear fast increasing of current
was found around -0.1 V. In mercapto-benzimidazole derivatives, SH-BimH and SH-
BimH-50Me shift the anodic polarization part to more negative direction and passivation
was delayed as well.

Me-S-BimH and SH-BimH-50Me shift the corrosion potential to more negative value
and the current density is also higher than that of blank. However, these two inhibitors
both show a higher resistance in LPR and |Z| in Figure 5.2. Since linear polarization
measurements only scan a narrow range of potential, it reveals the -NH; and -Me ground
influence the inhibition of mercapto-benzimidazole and the scan from large negative
potential may reduce the inhibition effect.

As shown in Figure 5.4, imidazole derivatives in left side and mercapto-benzimidazole
derivatives in right side. Cuz0Zn3o alloy without inhibitors shows 1 time constant phase
diagram and a semicircle which indicates charge-transfer controlled process and a transfer
to diffusion controlled at low frequency. ImiH and SH-ImiH-4Ph improve the maximum
phase angle, and all the curves didn’t show a new time constant. In Figure 5.4 ¢), SH-
ImiH-4Ph shows a huge pressed semicircle and no diffusion-controlled part is found. It’s
clear that SH-ImiH-4Ph inhibits the corrosion process in charge-transfer controlled
procedure and it is the resistance for transfer is extremely high.
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Figure 5.4 Electrochemical impedance spectra of CuzZnso alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot with or without addition of 1 mM
of different organic compounds in aqueous 3 wt. % NaCl solution: a), ¢), g) imidazole
derivatives and b), d), f) mercapto-benzimidazole derivatives

SH-ImiMe shows the similar behavior as SH-ImiH-4Ph, but with a smaller resistance.
However, two clear time constant is found, but all the curves in the figure shows except
ImiH show two time constants or a long gentle slope form the maximum phase angle to
lower frequency, which may indicate the possibility of merge of two peaks. ImiH improve
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the resistance but the stability is low at low frequency. For mercapto-benzimidazole
derivatives present the same behavior as SH-ImiH-4Ph, no clear diffusion part and a large
pressed semicircle represent high charge transfer resistance. SH-BimH-5NHz improved
the resistance but maximum phase angle is lower than blank curve and two clear time
constants appear.

Short-term electrochemical measurements show that inhibition on single o-phase
Cu7oZnzo alloy is better than pure Cu, this may indicate the presence of Zn improve the
performance of inhibitors. As the huge improvement by SH-ImiH-4Ph, SH-BimH and
SH-BimH-50Me, it is potentially large-scale applications. But the long-term
measurements are needed to check the stability of inhibition of this alloy.

51.2 CU3ozn7o aIon

The XRD spectra in Figure 5.5 shows the phase of CusoZno alloy contains y-brass
(Cu5Zn8) and e-brass (Cuznb). Cuz0Znso alloy shows only one a-phase present. Then the
inhibition of CuszoZnzo alloy should depend on the inhibition of these two phases.
Moreover, the inhibition of Zn may show a better correlation since the ZnO-rich surface
will exist [27,45].
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Figure 5.5 X-ray diffraction spectra of CuzoZnzo alloy (up) and CusoZnzo alloy (down)
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Figure 5.6 Polar graphs of linear polarization resistance (left) and impedance modulus
at 0.01 Hz (right) of CusoZnzo alloy, measured after 1 h immersion in 3 wt.% NaCl
aqueous solution (blank) and in the presence of different organic compounds added at
1 mM concentration. Note the logarithmic scale.

The linear polarization resistance and impedance display in Figure 5.6. The y- and e-
phase show an apparent decrease of corrosion resistance, and the LPR and |Z] still show
semblable results. In imidazole derivatives, only SH-ImiH-4Ph shows a clear inhibition,
ImiH shows a similar value as blank and SH-ImiMe accelerate corrosion process. In
mercapto-benzimidazole derivatives, SH-BimH, SH-BimH-50Me and SH-BimH-5NH;
present good inhibition and SH-BimH-5NHz s the best one. Me-S-BimH shows a similar
value as blank sample. Consider the same plot in pure Cu and Zn in Figure 4.2 and Figure
4.28, respectively. The evaluation of inhibition with 1 h immersion tests shows almost
the same trend in pure Zn and CusoZnyo alloy. Which means the appearance of oxide on
the surface may determine the inhibition effects.

Figure 5.7 shows the potentiodynamic polarization of CuzoZnzo alloy with and without
inhibitors, all of the appearance of curve shapes are similar, and Table 5.2 shows Tafel
parameters. CusoZnzo alloy without inhibitor shows fast passivation after a small addition
of positive potential, and a fast increasing of current density which may indicate
dissolution or pitting happens at around -0.4 V. On left side of the figure which is
imidazole derivatives, ImiH shows the same curve like the one without inhibitors, neither
inhibition nor acceleration should be there. SH-ImiH-4Ph shift the corrosion potential to
a more positive value as well as the anodic polarization curve. The fast increase of current
density was inhibited to around -0.3 V. SH-ImiMe shows an acceleration when increasing
the potential in anodic side. The right side of the figure shows mercapto-benzimidazole
derivatives, Me-S-BimH shows a similar behavior like ImiH, the parallel of curves of the
blank one. SH-BimH, SH-BimH-50Me and SH-BimH-5NH. all shift the anodic
polarization curve to a more positive side. And Table 5.2 also shows that SH-BimH-
5NH: presents the lowest corrosion current density among all inhibitors.
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Figure 5.7 Potentiodynamic polarization curves of pure Cu in 3 wt.% NaCl aqueous
solution with and without 1 mM of different organic compounds: (top) imidazole
derivatives, (middle) mercapto-benzimidazole derivatives, and (bottom) hydroxy-
benzimidazole derivatives. Quantitative electrochemical parameters are presented in
Table 5.2.

Table 5.2 CusoZnyo alloy Tafel Parameters (cf. Figure 5.7).

. Ecorr jcorr _Bc Ba
Solution (mV) vs. Ag/AgCI (uAlcm?) (mV/dec)  (mV/dec)
3wt%NaCl -937 9.853 662 125
ImiH -980 7.493 569 130
SH-ImiMe -944 8.161 798 97
SH-ImiH-4Ph __ -881 6.657 406 243
SH-BimH 799 3.499 526 120
SH-BimH-

SOone 892 2.862 342 223
SH-BimH-

SN -970 1.044 249 163
Me-S-BimH 931 7.661 642 106

Figure 5.8 shows EIS spectra of CusZnyo alloy in the form of Bode impedance plot,
phase angle plot and Nyquist plot with or without inhibitors. The blank curve for phase
plot only shows one clear time constant and the maximum phase angle is ~60< Nyquist
plot show a small semicircle followed by a horizontal line. In imidazole derivatives, ImiH
follow the same Nyquist plot, phase plot and Bode impedance plot. SH-ImiMe improved
the impedance at middle frequency but the impedance is almost same at low frequency.
And lower maximum phase angle is presented, only one semicircle appears in Nyquist
plot. SH-ImiH-4Ph presents one semicircle and larger radius in Nyquist plot, phase plot
isn’t change so much. For mercapto-benzimidazole derivatives, Me-S-BimH act as the
same as blank curves. SH-BimH shows a larger semicircle in Nyquist plot and two time
constant appears in phase plot. SH-BimH-50Me shows a similar behavior as Me-S-BimH,
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but with a larger radius in Nyquist plot and higher maximum phase angle. SH-BimH-
5NH:> shows the largest semicircle in Nyquist plot and maximum phase angle. Even
though there is only one peak appears, it may attribute merge of two peaks like SH-BimH
and SH-BimH-50Me. In Figure 4.28, the phase plot of pure Zn of mercapto-
benzimidazole derivatives are quite similar as CuzoZnz alloy.
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Figure 5.8 Electrochemical impedance spectra of CuzpZnzo alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot with or without addition of 1 mM
of different organic compounds in aqueous 3 wt. % NaCl solution: a), ¢), e) imidazole
derivatives and b), d), f) mercapto-benzimidazole derivatives.
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Short-term electrochemical measurements show the highly dependency of inhibition
behavior and results between pure Zn and CuzoZnzo alloy. The presence of y- and e-phase
contain high percentage Zn will introduce more Zn oxide and this layer may domain the
inhibition behavior for CusoZnzo alloy.

5.2 Long-term Electrochemical Measurements

Long-term electrochemical measurements are carried out on all inhibitors of CuzZnso
alloy and selective inhibitors of CuzoZnyo alloy.

521 Cu7oZn30 aIon

In Figure 5.9, the curves of LPR (top) and |Z| at 0.01 Hz (middle) in a period of 120h are
presented. And a repeat of measurements with SH-BimH-50Me and SH-ImiH-4Ph in
period of ~400 h is presented (bottom), this will show the performance of inhibitors in
longer period. The measurements of resistance show the same trend and sample without
inhibitor shows an increasing of resistance and impedance at the first a 72 h. Then they
begin to decrease. In imidazole derivatives, SH-ImiH-4Ph shows incredible inhibition
effects and resistance and impedance keep increasing until the end of measurement. ImiH
presents a similar value as blank sample. A drop of resistance and impedance happened
after 24 h and then go back to higher value than that of blank for SH-ImiMe. Right side
shows the mercapto-benzimidazole derivatives, SH-BimH, Me-S-BimH and SH-BimH-
50Me present good inhibition, but SH-BimH-50Me meet a large drop of both resistance
and impedance after 100 h. All these three inhibitors meet a decreasing after 24h, but then,
SH-BimH and Me-S-BimH keep increasing until the end. SH-BimH-5NH, shows a
slightly improvement but not such effective. Please note that the decreasing of SH-BimH,
Me-S-BimH, SH-BimH-50Me and SH-ImiMe happens at the immersion duration after
24h, the impedance and resistance increased at that moment which may indicate the
production of passivation layer. This decrease may be attributed to the formation of this
layer. The longer repeat measurements of SH-BimH-50Me and SH-ImiH-4Ph shows a
repeatable trend of change of impedance and resistance. Although the value is not such
repeatable, can be different in 1 order of magnitude level, the trend is clear. The
impedance and resistance keep a huge value for ~400 h for SH-ImiH-4Ph and SH-BimH-
50Me, decreasing slightly after ~150 h.
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Figure 5.9 Long-term graph of linear polarization resistance (up) and impedance
modulus at 0.01 Hz (middle) of Cuz0Znzo alloy, measured in period of 120 h immersion
in 3 wt.% NaCl aqueous solution (blank) and in the presence of different organic
compounds added at 1 mM concentration, measured in period of ~400 h immersion
only with presence of SH-BimH-50Me and SH-ImiH-4Ph (bottom). Note the
logarithmic scale.

Figure 5.10 shows the Long-term Nyquist plot of Cuz0Znzo alloy in NaCl solution without
and with 1 mM inhibitor, in period of 120 h. The Nyquist plot shows a typical charge-
transfer controlled and diffusion controlled structure, but the diffusion controlled region
disappeared after 1 h immersion and this may attribute to the formation a passivation film
mentioned in ref. [27,116], since the ZnO and Cu2O present a bigger resistance and
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semiconductor feature [46], the corrosion process will be controlled in charge-transfer
process. However, the curve go back to the charge-transfer controlled and diffusion
controlled process with a smaller semicircle after ~72h, this can be attributed to the
reaction of the oxide layer to CuCI[47] and CuCl; [48]. Then the initial dezincification
reaction happens as the following process [49][50]:

ZnO + OH- = HZnOy
CuCly +Zn =ZnCl, +Cu
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Figure 5.10 Long-term Nyquist plot of Cuz0Znso alloy in NaCl solution without and
with 1 mM inhibitor, in period of 120 h.

ImiH shows similar behavior at the first 72 h and then the radius of the semicircle begins
to decrease, but diffusion controlled region doesn’t appear. It may reveal that ImiH can
slightly inhibit the process of dissolution of oxide film. SH-ImiH-4Ph shows the same
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shape of Nyquist plot and the radius of semicircle keeps increasing along with the
measurements. However, the curve at low frequency show some mess, it may attribute to
the stability of inhibitor. When the frequency goes smaller, the inhibitor on the surface
may adsorb and desorb on the surface, not in a stable condition. SH-ImiMe shows the
same Nyquist plot shape, except the significant decrease at 24 h. However, inhibitor
should always on the surface and smaller value of impedance than blank one will not
appear, a new kind of film may appear and forms on the surface uniformly. SH-BimH
shows a semicircle without a clear diffusion part, but after24 h, a straight line
accompanies by a smaller semicircle, which shows a diffusion controlled process appears.
However, the semicircle grows up with time and the slope of line decreases. Thus,
inhibitor may still work after formation of Cu.O and ZnO after 24h. Me-S-BimH shows
a similar behavior as SH-BimH, but without apparent diffusion controlled region. SH-
BimH-50Me shows great inhibition which is only charge-transfer controlled region with
large radius at first 100 h. Nevertheless, the Nyquist plot transferred to a small semicircle
with 45<and the impedance decreased sharply. This may indicate the inhibitor is not
working at this moment and refer to the longer experiments shown in Figure 5.9, the
impedance didn’t go back to a considerable value again. Nyquist plot of SH-BimH-5NH>
maintain almost the same shape but the impedance didn’t show so much change with time.
The inhibition efficiency and inhibition power are presented in Figure 5.11 and Figure
5.12, respectively. For SH-BimH, Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph,
they show a great IE from both LPR and impedance view. However, as the previous
discussion, IP shows a better hierarchy. The best inhibitor for Cuz0Znzo alloy is SH-ImiH-
4Ph, and Me-S-BimH, SH-BimH is good inhibitor, SH-BimH-50Me is good inhibitor for
the first 100h but inhibition may keep decreasing.
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Figure 5.11 Long-term LPR Ry, inhibitor efficiency and inhibitor power with different
inhibitors in period of 120h
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Figure 5.12 Long-term EIS |Z| at 0.01 Hz inhibitor efficiency and inhibitor power with
different inhibitors in period of 120h

SH-BimH-50Me SH-ImiH-4Ph SH-BimH-5NH, SH-ImiMe

Figure 5.13 Appearance of CuzZnzo alloy after long-term electrochemical
measurements

Figure 5.13 shows the appearance of the sample after long-term LPR and EIS tests. The
sample without inhibitor shows a passivated surface without shinning. ImiH shows a
similar surface appearance as blank one. SH-BimH, Me-S-BimH, SH-BimH-50Me and
SH-ImiH-4Ph present no-passivated and shinning surface. For SH-BimH-5NH, the
appearance of surface is not uniform, different appearances present and it may indicate
formation of different film on the surface. Passivation happened on sample with SH-
ImiMe as well, but the sample is much darker than that of blank sample, the passivation
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may be different from blank sample. Figure 5.14 shows the statistical analysis of LPR
tests, the correlation coefficient increasing with time, it can be attribute to the interaction
between inhibitor and CuzoZnzo alloy surface was stabilized with time. Besides, the best
inhibitor SH-ImiH-4Ph shows a more instability than other inhibitors, this may put down
to the great formation of the inhibitor film on the surface. Which is, the high coverage of
inhibitor film with a dielectric property will make the surface present more capacitive
react with linear polarization, then the measurements will be not such stable. And for the
instability of SH-BimH-5NH; and SH-ImiMe, it may indicate the formation of the film
by inhibitors may affect the measurements of LPR in short-term, stable results will appear
after longer duration. Thus, LPR may be not a perfect method for measurement of
inhibition, but it is applicable and stable if long-term measurements are applied.
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Figure 5.14 Statistical analysis of LPR data based on correlation coefficient in Long-
term measurements of pure Cu

The results shown from long-term electrochemical measurements show a great inhibition
of SH-ImiH-4Ph and three good inhibitors from mercapto-benzimidazole derivatives, the
appearance of samples in Figure 5.13 shows no clear difference. Immersion tests will be
carried afterwards for a better understanding of the experiments.

5.2.2 CuzoZnyo alloy

Selective inhibitors of SH-BimH, SH-BimH-50Me, SH-ImiH-4Ph and SH-BimH-5NH:
are tested based on the short-term electrochemical measurements. Figure 5.15 shows the
long-term LPR (left) and impedance modulus (right) plots of CuzoZnz alloy in period of
120 h. The performance of inhibitors is less effective than that of Cu70Znzo alloy. The
powerful SH-ImiH-4Ph is not working on this y- and e-phase brass, so as other inhibitors.
SH-BimH, Me-S-BimH and SH-BimH-50Me which are good inhibitors for CuzZnso
alloy present better inhibition after 1 h but keep decreasing then. The only inhibitor
without reduction of LPR and impedance with time is SH-BimH-5NH,, which is also
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perform the same for pure Zn (see Figure 4.31). This may prove the suggestion that the
oxidation film will be the key factor which influence inhibition. Since the high percentage
of Zn, the oxide film is ZnO rich, and the interaction between ZnO and inhibitors may
domain the process.
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Figure 5.15 Long-term graph of linear polarization resistance (left) and impedance
modulus at 0.01 Hz (right) of CuzoZnzo alloy, measured in period of 120 h immersion
in 3 wt.% NaCl aqueous solution (blank) and in the presence of different organic
compounds added at 1 mM concentration. Note the logarithmic scale.
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Figure 5.16 Long-term Nyquist plot of CussZn7o alloy in NaCl solution without and
with 1 mM selective inhibitor, in period of 120 h.
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Figure 5.16 shows the dynamic Nyquist plot of CusoZnzo alloy in period of 120h with
selective inhibitors. The curve without inhibitor shows the impedance and shape of the
curve is close to that of pure Zn, it may indicate the corrosion process of Zn-rich y- and
e-brass have is close to pure Zn. As discussed in Chapter 4, the ZnO improves the
corrosion resistance but existence of NaCl will break down this film by produce a soluble
Zn?>*—C1-OH™ complex [94]. Thus, local attacks may cause break the passive film and
dissolution of Zn afterwards [95]. Besides, during the experiments, a lot of white floc
appear on the surface for all samples. There are much more flocs on the ones with
inhibitors than that of the blank one. As the same as what appears on the pure Zn. The
floc on blank sample should be the Zn?*—C1-OH~ complex, for the rest, it should be the
Zn?*-inhibitor complex. As shown in SH-BimH, SH-ImiH-4Ph, SH-BimH-50Me,
Nyquist plot show no clear new type of corrosion process happens on the sample, the only
change is the reducing radius of semicircle. This can prove these three inhibitors cannot
form a compact layer on the surface for protection and Zn?*-inhibitor complex can not
stay on the surface of CuzoZn7o alloy to offer sufficient protection. SH-BimH-5NH: shows
a similar performance as for pure Zn. However, the improvement is worse than that of
pure Zn, this may attribute to the existence of Cu element, which is an accelerator for
pure Cu.
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Figure 5.17 Long-term LPR R, inhibitor efficiency and inhibitor power with different
inhibitors in period of 120h
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Figure 5.18 Long-term EIS |Z| at 0.01 Hz inhibitor efficiency and inhibitor power with
different inhibitors in period of 120h
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The inhibitor efficiency and inhibitor power show clear the performance with time for
CusoZnyo alloy, see Figure 5.17 and Figure 5.18. The improvement is extremely low for
CusoZnyo alloy, compare with pure Zn, it is even worse. The presence of Cu seems to
reduce the inhibition of SH-BimH, SH-BimH-50Me, SH-ImiH-4Ph and SH-BimH-5NH>
(see Figure 4.33 and Figure 4.34). However, SH-BimH, SH-BimH-50Me and SH-ImiH-
4Ph are effective inhibitors for pure Cu, it may attribute the different effect of inhibitors
on Zn and Cu. Besides, compare the result of Cu7oZnso alloy which the inhibition
improved by adding Zn element, this is quite interesting topic to analyze what kind of
interaction happens on the surface and how it works. The statistical analysis of linear
polarization of CuzoZnyo alloy in Figure 5.19 shows the measurements is massive stable
than the previous results, the less effective inhibition may has less interrupt at the interface.
Thus, a stable result will be presented.
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Figure 5.19 Statistical analysis of LPR data based on correlation coefficient in Long-
term measurements of pure Cu

5.3 Immersion Test

The interaction between inhibitors and surface is particularly important, XPS will assist
in understanding this effect. However, the analysis area of XPS is in several micrometer
diameters, which can’t be a global view of all samples. Furthermore, long-term
electrochemical measurements show fruitful results, but the interference is still existing,
and 5 days’ test is not enough to evaluate the corrosion resistance for application in years.
Thus, 60 days’ immersion test was applied on Cuz0Znso alloy and 12 days’ immersion for
CuzoZn7o alloy due to the worse corrosion resistance. All the samples were immersed in
the sealed bottles as described in Chapter 3.
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5.3.1 Short-term immersion test characterized by XPS

As for pure Cu, four effective inhibitors were selected for 24 h and 120 h immersion tests
of Cu70Zn3o, and further analyzed by XPS. The selected inhibitors are SH-BimH, Me-S-
BimH, SH-BimH-50Me and SH-ImiH-4Ph. The survey XPS spectra of CuzoZnso alloy
bare surface and surface immersion after 24h and 120h are shown in Figure A2.17; the
different dash lines are guides to the eye to show the presence of different chemical
compounds. The spectra of bare surface shows presence of Cu, Zn, C, O and Si. As in
pure Cu, Si appears in all spectra as a consequence of SiC particles embedded on the
surface during polishing, as well as some C of undetermined origin. Polishing also
induces slight oxidation and corrosion, proved by the presence of O. S and N signal the
presence of inhibitors on the surface. The intensity of both Cu and Zn peaks decreases
apparently in samples immersed with inhibitors. The Zn peaks almost disappeared after
24h immersion, but is reappear in 120h immersion tests. On the contrary, Cu peaks almost
disappear in presence of inhibitors after 120h immersion. Considering the white film that
appears on the surface of some samples after 120h electrochemical measurements, this
may indicate that the inhibitor reacts with Zn and forms a layer on the surface.

Figure 5.20 shows the normalized high-resolution XPS spectrums of Cu 2p, Cu LMM,
O 1sand CI 2p from the surface of Cu70Zn3o alloy after polishing, pickling and subsequent
24h (up) and 120h (down) immersion in 3wt.% NaCl with and without added inhibitors.
In Figure 5.20 (a), weak satellite features appear in bare sample, which indicates the
presence of Cu20. The blank sample presents a big CuO satellite peak in both 24h and
120h immersed samples, and Cu 2p main peaks are matched as well. Samples with
inhibitors show no clear features at these energies; the interaction between inhibitor and
Cu20 is attributed to this observation. However, the intensity after 120h immersion
decreases significantly; in SH-ImiH-4Ph, there is almost no signal, indicating the
presence of a thick film with little Cu on the surface of samples immersed in presence of
all tested inhibitors. Since no CuO features appear, there should not be a large peak of
CuO in Cu LMM spectra. As shown in Figure 5.20 (b), Cu LMM peaks show presence
of Cu20 and CuO in bare sample. However, in samples immersed with inhibitors Cu
LMM peaks show a shift to higher binding energy, which should account for the
combination between inhibitor and Cu/ Cu0; this shift was also observed in the literature
[102]. And a puzzling shift of Cu LMM peak of blank sample appears, which is difficult
to explain. The O 1s peaks are shown in Figure 5.20 (c). The bare surface shows a wide
peak around the three binding energies of 0%, OH", H,0. After 24h and 120h immersion
the peaks of blank sample shift to an energy larger than that of reference H.O. This can
be attributed to further corrosion. All inhibitor treated samples’ O 1s peaks shift to the
peak around H»O after 24h immersion, same as in pure Cu. This is difficult to explain
since the organic compounds may interact with O. However, in SH-BimH-50Me and SH-
BimH, a shoulder appears at binding energy around O%, which indicates that oxide should
present on the surface. This appears on Me-S-BimH and SH-ImiH-4Ph after 120h
immersion as well. In Figure 5.20 (d), Cl 2p appears only in blank sample after 24h
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agrees with the result of long-term electrochemical measurements, which shows a big

immersion, and in SH-BimH-50Me and blank sample after 120h immersion; this result
decrease at 120h. Compared to the peak of blank sample, all the rest peaks are smaller.
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Figure 5.21 shows the normalized high-resolution XPS spectrums of C 1s, N 1sand S 2p
of the surface of Cu7Znso alloy after polishing, pickling and subsequent immersion in

Cu(OH)z, 3: Cu(Il) satellite peak, 4: Cu(I) satellite peak, (b) 1: Cu, 2: CuO, 3: Cu.0,
(c) 1: 0%, 2: OH,, 3: H,0, (d) 1: CI 2ps3p, 2: Cl 2p1. Upper: Immersion for 24h.

alloy after polishing and pickling and after immersion in 3wt.% NaCl with and
Down: Immersion for 120h.

Figure 5.20 Normalized high-resolution XPS spectrums for the surface of CuzZnzo
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3wt.% NaCl with and without added inhibitors. As shown in Figure 5.21 (a), carbon
peaks appear in all spectra, and the intensity of peaks on the bare sample is lower than of

= Bare m— SH-BimH m— SH-BimH-50Me
= Blank m— Me-S-BimH = SH-ImiH-4Ph
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Figure 5.21 Normalized high-resolution XPS spectrums for the surface of CuzZn3o
alloy after polishing and pickling and after immersion in 3wt.% NaCl with and
without added of SH-BimH, Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash
lines represent the position of peaks of reference compounds: (a) 1: C—C,C-H, 2: C-
0, 3: C=0, (b) 1: - C=N-C, 2: C-NH-C, (c) 1: S 2p3s2, 2: S 2p12. Upper: Immersion
for 24h. Down: Immersion for 120h.

those with inhibitors. The peak width of blank and inhibited samples is wider as well,
which proves the presence of more kinds of carbon bond to other elements, i.e. nitrogen,
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oxygen and sulfur. In the case of N 1s peaks in (b), two reference binding energy are
indicated by dash lines [66], C-N (400.4 eV) and C=N (399.0 eV). There is almost no
signal of these two peaks in the bare samples. Wide peaks appear in SH-ImiH-4Ph, Me-
SH-BimH and SH-BimH, but no peak appears in SH-BimH-50Me. There is no nitrogen
signal in SH-BimH-50Me immersed sample, which indicates the sample is not fully
covered. But the signal decreased significantly after 120h. Besides, all inhibitors show a
decrease of nitrogen intensity with time except SH-BimH-50Me and SH-BimH. A new
kind of film appears after 120h immersion due to the presence of Zn. As discussed before,
the thione tautomer is important to show the formation of the film. However, since there
is no good signal on the surface and a new film appears, it is difficult to identify the
interface between CuzoZnso alloy and the inhibitors. In'S 2p spectra, shown in Figure 5.21
(b), SH-ImiH-4Ph and Me-S-BimH show wide peaks located between 162.2eV and
164.4eV after immersion for 24h. For the rest spectra after immersion for 24h and 120h,
there is no clear signal. However, a wide peak appears around 169 eV in the samples
immersed with SH-ImiH-4Ph, SH-BimH-50Me and SH-BimH, which is attributed to the
formation of sulfate or sulfide [117]. Nevertheless, the weak signal of N 1s, S 1s, Cu 2p
and Cu LMM indicate that a film different from inhibitor compounds appears on the
surface. This film may provide external protection or be just corrosion products. Further,
longer immersion experiments will help to explain the surface evolution and the different
interaction of Cu7oZnso alloy and pure Cu with inhibitors.

5.3.2 Long-term immersion test

The long-term immersion test in period of 60 days for Cu7oZnso alloy was analyzed by
photography, SEM-EDX and Raman spectroscopy.

Photographic analysis

Photo of CuroZnso alloy after 60 days’ immersion

Figure 5.22 shows the image after rinsing with DI water and positioned in the DI water.
The sample without inhibitor shows a rough surface with part of green particle covered
area, part of brown area and some yellow parts like bare sample. The green parts are
typical basic copper carbonate which is the corrosion products of copper in presence of
CO», Oz, and H20. Brown parts may indicate the passivation layer and the yellow parts
should be less passivated layer. In imidazole derivatives, ImiH shows a little darker green
which may indicate the presence of CuClz 2H-0, this will be checked by XRD and SEM-
EDX. SH-ImiH-4Ph shows a good surface and a little white film covered part of the
surface. The rest of surface is kept yellow or a little brown. This appearance may indicate
inhibitor or Cu/Zn-inhibitor complex gathered on the surface and form a stable layer on
the surface which may provide resistance to corrosion. For SH-ImiMe, a uniform blue
film presented on the surface which suspect to Cus(COz3)2(OH)2 (Azurite), this will be
analyzed by XRD. Mercapto-benzimidazole derivatives show a thicker white film than
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that of SH-ImiH-4Ph. There are no apparent corrosion products exist on the surface. SH-
BimH-5NH: produce different films on the surface, black part which is easy to remove
and a red copper color appears the black film, and a white film cover rest of the surface.
It’s very difficult to explain what may happen with SH-BimH-5NH, added sample, SEM-
EDX will show more details.

Blank

2-(Methylthio)benzimidazole

SAT 2

5-Methoxy-1H- - . 5-Amino-2-
benzo[d]imidazole-2-thiol 4-Phenylimidazole-2-thiol mercaptobenzimidazole 2-Mercapto-1-methylimid

Figure 5.22 Photo of pure Zn samples after immersion for 12 days with and without
presence of 1mM inhibitors in 3wt% NaCl solution sealed in bottle.

Photo of CusoZnzo alloy after 12 days’ immersion

SH-ImiH-4Ph

SH-BimH SH-BimH-50Me SH-BimH-5NH,

Figure 5.23 Photo of Cu30Zn70 alloy immersed in 3 wt.% NaCl with and without
selected inhibitors for 12 days

Figure 5.23 shows the photo of CuzpZnzo alloy after immersion in 3 wt.% NaCl with and
without 1mM selected inhibitors for 12 days. The sample without inhibitor shows some
white film on part of the surface, this is similar to the surface of pure Zn after 12 days’
immersion without inhibitor. The rest part is dark and no shining. All the samples with
inhibitor show slightly different color films on the surface. SH-ImiH-4Ph and Me-S-
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BimH show thicker film and the surface under film is almost invisible. The sample surface
of added SH-BimH shows thinner film, and the surface under the film is not shining. This
indicates even film formed on the surface, reaction still carries on. The sample surface
with SH-BimH-5NH: shows some naked part and it is not dark grey, still show some
shining appearance. Since the thick film on SH-BimH-50Me and Me-S-BimH sample
surface, we can not get clear result by photos. The following SEM-EDX measurements
will cooperate with the photos here and show more information.

SEM-EDX analysis

CuzoZngo alloy

15pym °

Sa=1.33 um

A

Figure 5.24 Bare surface of CuzoZnso alloy after polishing and rinse (a) surface under
1000x magnification (b) surface under 320x magnification (c) detail of the exfoliation
(d) detail of the scratch (e) 3D topography under 1000x magnification by SEM
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Figure 5.25 EDX elemental point analysis spectrum of bare surface of CuzZnsg alloy
(a) spectrum of point a, flat surface (b) spectrum of point b, exfoliation hole (c)
spectrum of point c, exfoliation hole
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Figure 5.24 shows the bare surface of CuzZnso alloy of the backscattered electron image
(BSE). Figure 5.24 (a) shows grey lines and black particles on the surface after polishing
and pickling. As shown in the 3D Figure 5.24 (e), it is clear that the black parts are the
exfoliations, and grey lines are scratches on the surface, and it gives a surface roughness
Sa (arithmetical mean height) of 1.33 um. Those defects can not be avoided and ignored
during the experiments. A homogeneous surface was presented except those defects
observed under 320x magnification, as shown in Figure 5.24 (b). Figure 5.24 (c) and (d)
show a close-up view of the exfoliation and scratches. In exfoliation, part of the material
is removed and contains small particles, and it shows the same contrast with the sample
surface, most exfoliation is around 5 — 15 um. The scratches are produced by polishing
of SiC paper on the surface, around 1 um width.

Figure A2.18 shows the EDS elements map of Cu and Zn (resolution: 123x128 pixels).
Except for the exfoliations, the distribution of the elements is uniform. The heterogeneity
of the EDS map may result from a tilted and deeper surface, which will reduce the
characteristic X-ray emission.

Figure 5.25 shows several EDS elemental points analysis spectrums of the material.
Points (b) and (c) are the dark part display by BSE detector, and they are the exfoliations
caused by polishing. In both points, there is a peak around 0.6 keV due to O (K, ~ 0.525
keV); comparing with the same position in the spectrum (a) it is much more significant.
The structure of exfoliation may accelerate oxidation and reduce the pickling effect. The
difference between (b) and (c) is a new peak appeared around 1.6 keV, which matched
the Si peak. The presence of Si may come from the SiC polishing paper, which embeds
into the exfoliation. Both ultrasonic bath and pickling cannot remove this kind of
mechanical bond. For the peaks in the right plot, the intensities are close to the ones in
the spectrum (a). This silicon signal may also appear due to the application of the dead
layer of SDD (Silicon Drift Detector), and the Si signal will be magnified when it exists.
The quantification of EDS points on the flat surface shows a result of Cu (74.77 at. %)
and Zn (25.23 at. %), the higher concentration of Cu may be attributed to the fluorescence
of Cu-Ka x-ray generated by the Ka x-ray of the Zn existing in the brass sample. In 70Cu-
30Zn alloy, more than expected Cu K o and less than anticipated Zn K a x-rays will be
generated due to the fluorescence effect. In this way, Cu will be overrepresented, and Zn
will be underreported unless corrections are made to the calculations.
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Figure 5.26 CuzZnso alloy immersed in 3 wt.% NaCl solution for 60 days (a) surface
under 5000x magnification with all typical features (b) surface under 320x
magnification (c) surface under 1000x magnification (d) surface features in the porous
(e) 3D topography under 1000x magnification by SEM
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Figure 5.27 EDX elemental point analysis spectrum of CuzZnso alloy immersed in 3
wt.% NaCl solution for 60 days (a) spectrum of point a, white part under BSE detector
(b) spectrum of point b, grey film on the surface (c) spectrum of point c, particles in
porous

Figure 5.26 shows the BSE images of the CuzoZnzo alloy immersed in 3 wt.% NaCl
aqueous solution for 60 days. Figure 5.26 (a) seems to show a porous structure, part of
the flat grey film on the surface, some particles in the holes, and some white pieces under
the grey film. Figure 5.26 (e) confirmed the porous structure and showed a surface
roughness Sa of 2.65 um. The overlook of the surface shows a lot of porous on the surface,
and the rest of the areas are a flat grey surface and some small parts of white, as shown
in Figure 5.26 (b) and (c). The scratches from polishing appear on the grey parts. Besides,
the holes are around 20 pm in width. Figure 5.26 (d) is a close-up observation into the
hole, and the ball particles around 1 - 2 um are in contact with each other.
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Figure A2.19 shows the EDS elemental map analysis of the immersed sample. Zn is
present on most of the surface. The distribution of Zn and O is significantly overlapping.
The grey film is probably a Zinc oxide. Cu and Zn coincide in the areas lacking O. Point
elemental analysis was conducted as well.

Figure 5.27 shows several EDS elemental points spectrums, namely (a) white piece, (b)
grey film, and (c) grey particles. Spectrum (a) is almost the same as the spectrum in
Figure 5.27 (a). The white pieces in the figure should be the remaining raw materials,
and the quantification result shows a Zn/Cu ratio of 0.46/1 (CuzZnso alloy: 0.43/1).
Spectrum (b) and (c) show a familiar Cu and Zn peak in the Ka energy range, and the O
peak is quite high as well. The quantification results were transferred to a ratio of different
elements in Table 5.3. The grey surface seems to be the ZnO oxide on the surface formed
during immersion. The particles in the holes are much close to pure Zn with little oxide
content on the surface, and they may result from the redeposited Zn after dissolving into
solution.

Table 5.3 Atomic ratio of different elements

Spectrum Zn/O Zn/Cu Cuzn/O
a - 0.46/1 -

b 0.74/1 3.86/1 0.93/1

C 4.41/1 14.33/1 4.71/1

Furthermore, the maximum of measured depth can be calculated based on the Castaing’s
formula:

A
Zm = 0.033(E57 — EX7)

Where Eo is accelerating voltage (kV), Ec is minimum emission voltage (keV), A is
atomic mass, p is the density (kg/m?), and Z is the atomic number. With the acceleration
voltage of 15kV, maximum analytical depth of Cu-La is ~0.8 pum, Zn-Lo ~1 pm. The
depth of the ZnO layer can be estimated to be at most ~0.8 um. The CuzZnso alloy
immersed in the 3wt. % NaCl aqueous solution in a sealed bottle shows an unambiguous
plug-type dezincification. The ZnO oxide layer covered part of the surface, and some
holes and raw materials under the oxide layer. Other parts show a porous structure with
some redeposited Zn particles and remaining materials in the gap. The alloy with efficient
inhibitors should show a porous free surface with less oxide layer.
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Figure 5.28 Cu7oZnzo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH
solution for 60 days (a) surface under 2500x magnification with all typical features (b)
surface under 320x magnification (c) surface under 1000x magnification (d) surface
features in the valley (e) 3D topography under 1000x magnification by SEM
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Figure 5.29 EDS elemental point analysis spectrum of CuzoZnso alloy immersed in 3
wt.% NaCl solution with added 1mM SH-BimH for 60 days (a) spectrum of point a,
white part under BSE detector (b) spectrum of point b, grey film on the surface (c)
spectrum of point c, particles in porous

Figure 5.28 shows the BSE images of CuzZnso alloy immersed in 3 wt.% NaCl with
added 1mM SH-BimH for 60 days. Figure 5.28 (a) shows two typical features, which are
better identified in conjunction with Figure 5.28 (e). (A) are black irregular low hills,
around 15 — 30 um. The black in BSE image always refers to the heavy elements, but here
it may attribute to less conductivity of the surface caused by the dielectric organic film;
it may also introduce fewer counts in EDS measurements. (B) shows a white grid around
the hills. Moreover, the roughness Sa is 1.87 um. Magnification of 320x — Figure 5.28
(b) — shows an overview of the surface covers by the hill and grid structure with uniform
size. As shown in Figure 5.28 (c), the scratches inherited from polishing are still visible
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on the white grid, which means this kind of surface is not severely corroded. The close-
up Figure 5.28 (d) shows the detail of the black hill, which seems to be a kind of organic
compound on the top and some cracks under it.

Figure A2.24shows the EDS elemental map of Cu, Zn, O, C and S. It is clear that the
black parts are C and S rich, showing almost no Cu. Zn is present in part of the black hills,
overlapping with O. The white parts are covered by Cu, Zn, O, and maybe some C and S.
Figure 5.29 is the EDS point spectrum of the features, (a) on the white grid part, (b) and
(c) on the black part. Spectrum (a) shows the presence of C, O, S. The photograph in
Figure 5.22 after immersion shows the white layer on the surface, which may be an
organic film. Assuming that the film did not substantially affect the x-ray emission, the
Cu/Zn ratio can identify the alloy under this film. The quantification shows a Zn/Cu ratio
of 0.423/1, close to the ratio of raw materials. This indicates surface oxidation, covered
by a thick inhibitor film. The inhibitors protect the surface not just by a monolayer but as
a film over time. The inhibitors in solution may combine with those on the surface and
form a thick film on the surface as in ref. [118]. Spectrum (b) and (c) show that the
concentration of Zn is higher than that of Cu, and the ratio varies with the position. This
proves that corrosion happened in these black regions. The peaks of sulfur and chlorine
are bigger, which indicates that a higher amount of inhibitors accumulate in these regions.
The removed Cu may react with inhibitors during the corrosion reactions and form the
flocculent precipitation in the solution. The crystal orientation may be responsible of the
different bond strength of inhibitors, which will result in the differential corrosion of
different crystalline surfaces.

Figure 5.30 Cu7oZnso alloy immersed in 3 wt.% NaCl with added 1mM Me-S-BimH
solution for 60 days (a) surface under 2500x magnification with all typical features (b)
surface under 320x magnification (c) surface under 1000x magnification (d) surface
features in the valley (e) 3D topography under 1000x magnification by SEM
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Figure 5.31 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3
wt.% NaCl solution with added 1mM Me-S-BimH for 60 days (a) spectrum of point a,
white part under BSE detector (b) spectrum of point b, grey film on the surface (c)
spectrum of point c, particles in porous

Figure 5.30 shows the BSE images of Cu70Znso alloy immersed in 3 wt.% NaCl aqueous
solution with added 1mM Me-S-BimH for 60 days. According to subfigure (a) and (e),
there are three features on the surface, (A): white plane lower than other features, present
on some parts of the surface, (B): grey organic film higher than the white plane, covering
most of the surface, as shown in subfigure (b), (C): black small organic hills on the top.
The measured roughness Sa is 1.36 um. In subfigure (c), scratches are still present on the
white parts and under the grey films. There are some small black spots on the surface,
maybe holes or organic compounds. There are some white particles on the grey film, and
the grey film seems made of grey fibers, as shown in subfigure (d). Figure A2.24 shows
the EDS elemental map of Cu, Zn, O, C and S. Most of the C and S are distributed on the
grey and some black parts. The white plane shows the presence of some C and S, and the
major elements are Cu and Zn; there is also some oxygen around the border. Moreover,
the black spots on the white plane do not show S- or C-rich spots, which means that they
are holes. On the top left of the figure, there is a genuine black part, showing none of the
elements. The white particles on the grey films only show the presence of Zn and O,
which should correspond to ZnO particles. Figure 5.31 shows the EDS point spectrum of
the features, (a) on the white plane, (b) on the grey film, and (c) on the black hill. Spectrum
(a) shows that there is a few O and C on the surface, and no clear S peak. Spectrum (b)
shows the presence of S, a higher C peak, and almost the same O peak than (a), the right
spectrum is very similar to that of (a). The quantification results give a Zn/Cu ratio of
0.42/1 on point (a) and 0.37/1 on point (b), which may indicate that the inhibitor protects
the surface. Spectrum (c) shows a high Si peak, and although the concentration is only 8
at. %, by comparing with the Cu La peak, it is clear the S and C peaks are quite higher
than those in point (b). Nevertheless, Zn concentration is quite low in this position, which
may be a sign of dezincification. Me-S-BimH shows efficient inhibition ability, as not
significant porous structure is observed. Moreover, inhibitors covered most of the surface.
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The only noticeable issue is the small holes of less than 1 um which appear in some
locations.

Figure 5.32 Cu7oZnso alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-
50Me solution for 60 days (a) surface under 2500x magnification with all typical
features (b) surface under 320x magnification (c) surface under 1000x magnification
(d) surface features in the valley (e) 3D topography under 1000x magnification by SEM
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Figure 5.33 EDS elemental point analysis spectrum of CuzoZnso alloy immersed in 3
wt.% NaCl solution with added 1mM SH-BimH-50Me for 60 days (a) spectrum of
point a, white part under BSE detector (b) spectrum of point b, grey film on the surface
(c) spectrum of point c, particles in porous

Figure 5.32 shows the BSE images of the CuzoZnzo alloy immersed in 3 wt.% NaCl
aqueous solution with added 1mM SH-BimH-50Me for 60 days. Subfigure (a) and (e)
show three typical features, a flat grey surface (A), small cluster hills (B), and white bars
or particles (C).

The appearance is similar to the sample of SH-BimH, they all show a cluster and grid
structure on the surface, and the cluster size is around 30 — 60 um. However, the
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roughness is higher than for SH-BimH-50Me, with a Sa value of 2.85 um. Subfigure (b)
shows that the same features cover the whole surface in the image. The cracks under the
clusters may include partial dissolution of one element, shown in subfigure (c). On the
flat grey surface, the scratches of polishing are still observable, and some small particles
are on the surface, which may arise due to the redeposition. Figure A2.25 shows the EDS
elemental map of Cu, Zn, O, C and S. Cu is observed out of the clusters, which means
there is very little Cu in clusters, and there is a dark orange bar on the center-right. Zn
covers most of the surface except some edges of the clusters. Some parts of the clusters
show dark blue, which means a high concentration of Zn. The distribution of O is very
similar to that of Zn, especially the dark part. Moreover, in the position of the dark orange
bar, there are no O and Zn. Therefore, the white bar on the center-right should be pure
Cu, and the thickness is larger than 0.8 um. There are signs of ZnO particles in the clusters.
The distribution of C and S shows that organic compounds cover the clusters and some
of the flat surface as well. Figure 5.33 shows the EDS point spectrum of the features, (a)
on the light grey grid part, (b) and (c) on the black clusters. In spectrum (a), the
concentration of the Cu and Zn is similar to that of the raw material, but the C and O
peaks are higher, which indicates oxidation and absorption of organic compounds. The
sulfur peak is not so clear, which means that the organic film is thin. Furthermore, the
quantification result shows a Zn/Cu ratio of 0.459/1. Spectrum (b) and (c) show higher
peaks of C, O and S; thus, there are more organic compounds on the clusters. The
concentration of Cu is shallow, and the Cu peaks are quite small compared with the raw
material. The dissolution of Cu may occur because of the inhibitor bond with the Cu ions
on the surface where corrosion may happen through the reaction

Cu*/Cu?" + SH-BimH-50Me — Cu(SH-BimH-50Me)

The electrochemical results show that the inhibition of SH-BimH-50Me decreases
rapidly after 5 days’ immersion, which is due to the partial dissolution in the black part.
Then, the resistance and impedance begin to drop; this kind of island distribution may be
consequence of crystal orientation, like with SH-BimH.

Figure 5.34 shows the BSE images of Cu70Znso alloy immersed in 3 wt.% NaCl aqueous
solution with added 1mM SH-ImiH-4Ph for 60 days. From subfigure (a) and (e), it is clear
this sample has a much flatter surface than the other inhibited samples considered before.
The black parts are higher parts with less conductivity. Moreover, the black parts
distribute on the scratches and maybe exfoliations. The roughness is a Sa value of 1.13
um, even lower than that of the raw materials. This may be attributed to the accumulation
of organic compounds on the scratches and exfoliations, which can reduce the roughness.
The overview of the surface under 320x magnification shows a similar image than that of
raw materials. The only difference is the darken of scratches and exfoliations. Subfigure
(c) and (d) are the close-up image of a dark part, there are just some small particles around,
and the size of these features is small, also showing a reduced contrast.
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Figure A2.26 shows the EDS elemental map of Cu, Zn and O. C is not included as the
significant C concentration may hide the information of Cu and Zn. The distribution of
Cu, Zn and O almost uniform. Figure 5.35 is the EDS point spectrum of the features, (a)
normal surface, (b) and (c) on the black particles. All three spectrums show a significant
peak of C, and the maximum counts in the range 0.5 — 3 keV and 7 — 10 keV are much
lower than in the previous samples with the same scanning duration (1.5 minutes).
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Figure 5.34 Cu7oZnsp alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiH-4Ph
solution for 60 days (a) surface under 2500x magnification with all typical features (b)
surface under 320x magnification (c) surface under 1000x magnification (d) surface
features in the valley (e) 3D topography under 1000x magnification by SEM

Furthermore, there is a massive peak in the range of 0.2 — 0.3 keV, which cannot be
measured on this detector. This may be due to the absorption and fluorescence of the
characteristic x-ray of the organic film. In the spectrum (a), the O peak is tiny. The general
surface is covered by the organic films and shows a Zn/Cu ratio of 0.408/1, and the oxide
film is also very thin. Spectrum (b) and (c) show similar peaks of Cu and Zn, the Zn peak
being slightly more intense than that of spectrum (a). O and S peaks are also more
significant, which indicates the presence of more oxides and organic compounds in these
positions. As shown in Figure 5.24 (c) and (d), the scratches and exfoliations show the
presence of some particles of raw materials and maybe SiC particles. These spots are
preferential locations for corrosion, inducing the production of Cu ions which, in turn,
attract inhibitor molecules which eventually accumulate over them. This kind of
accumulation may adhere to the surface and protect the position from further corrosion;
this process is observed in solutions containing SH-BimH, SH-BimH-50Me and SH-
ImiH-4Ph. Moreover, cracks and selective dissolution developed under the organic
compounds. However, SH-ImiH-4Ph is found only in the positions of defects. According
to the EDS results, selective dissolution may develop in those accumulation locations, but
SH-ImiH-4Ph did not show a distinct selective dissolution. Compare to Me-S-BimH,
which presents some holes of size less than 1 pm on the surface, there are no apparent
holes or new features appear on the surface. This inhibitor shows a significant inhibition
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Figure 5.35 EDS elemental point analysis spectrum of CuzZnso alloy immersed in 3
wt.% NaCl solution with added 1mM SH-ImiH-4Ph for 60 days (a) spectrum of point
a, white part under BSE detector (b) spectrum of point b, grey film on the surface (c)

spectrum of point c, particles in porous

CusoZny alloy

Sa =641 nm

Figure 5.36 Bare surface of CuzoZnyo alloy after polishing and rinse (a) surface under
320x magnification (b) surface under 1000x magnification (c) casting pin holes (d)
detail of the hole (e) 3D topography under 1000x magnification by SEM

Figure 5.36 shows the bare surface of CusZnzo alloy. (&) shows two different contrast
regions, which should correspond to the different phases as characterized by XRD in
section 5.1.2. Figure 5.36 (c) shows some black parts on the surface, corresponding to
casting pin holes instead of polishing introduced exfoliations. The surface is very flat after
polishing, as shown in Figure 5.36 (b) and (e). Figure 5.36 (d) shows the structure inside
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the hole. Figure A2.33 shows the map of elemental analysis. Darker parts show much
more Zn than Cu. Figure 5.37 shows the elemental point analysis. Points (a) and (b) show
different Cu/Zn ratio on dark and light surface areas. Point (c) is on the hole which shows
no Si peaks.
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Figure 5.37 EDX elemental point analysis spectrum of bare surface of CusoZnzo alloy
(a) spectrum of point a, light grey part (b) spectrum of point b, dark grey part (c)
spectrum of point c, hole

T
Figure 5.38 Cu30Zn70 alloy immersed in 3 wt.% NaCl solution for 12 days (a)
surface under 320x magnification with all typical features (b) surface under 1000x

magnification (c) surface under 5000x magnification (d) structure of flower-like
substance (e) 3D topography under 320x magnification by SEM

Figure 5.38 shows the surface of CusoZnzo alloy immersed in 3 wt.% NaCl for 12 days.
The look of the surface is close to the pure Zn surface in same condition, as shown in
Figure 5.38 (a). A closer look in Figure 5.38 (b) and (c) show the flat surface is composed
of porous structure. Figure 5.38 (d) shows the flower-like substance is made of lamellar
substance. Figure A2.34 shows the elemental map of the surface, Cu, Zn, Cl, O appear
on the surface and distribute at the same position. Figure 5.39 shows the elemental point
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analysis of the surface. All three points show similar peaks and intensities, which
indicates CusoZn7o alloy corroded and (Zn, O, Cl) complex covered the surface. Cu was
removed from the surface.
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Figure 5.39 EDX elemental point analysis spectrum of CuzoZnzo alloy immersed in
3 wt.% NaCl solution for 12 days (a) spectrum of point a, small porous surface (b)
spectrum of point b and c, flower-like substance.

Figure 5.40 shows the surface of CusoZnzo alloy immersion in 3 wt.% NaCl with added
SH-BimH-5NH; for 60 days. (a) shows there is major their features on the surface, black
part with particles, some white particles, and white surface. As shown in Figure 5.40 (b),
white particles on the surface are close to the contrast of uncorroded flat surface shown
in Figure 5.40 (c). In Figure 5.40 (d), the black part shows the cracked film, and scratches
appear on the film indicate this part is not severely corroded. Figure A2.44 is the
elemental map of the surface, the presence of Cu, Zn, CI, S, O, C indicates the inhibitor
adhere to the surface. Elemental point analysis in Figure 5.41 shows much precise
elemental concentration. Point (a) on the flat white surface show Cu and Zn peaks close
to bare surface, and small S and C appear to show the presence of inhibitor. Point (b) is
on the darker surface, the peaks of Cu and Zn are the same, but higher peaks of C and S
are found, there should be more inhibitor on this part. Black corroded surface shown in
point (c) display remarkable S peak and a small CI peak, and Cu peaks are negligible.
Which means corrosion happened on this location and inhibitor complex adhere on the
local attacks. SH-BimH-5NH: is the best inhibitor for CuzoZnzo alloy as same as for pure
Zn.
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Figure 5.40 CusoZnyo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-
5NH: solution for 12 days (a) surface under 320x magnification with all typical
features (b) surface under 320x magnification with white particles (c) surface under
5000x magnification (d) dark surface under 10000x magnification (e) 3D topography

under 320x magnification by SEM
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Figure 5.41 EDS elemental point analysis spectrum of CuzoZnzo alloy immersed in 3
wt.% NaCl solution with added 1mM SH-BimH-5NH; for 12 days (a) spectrum of
point a, white flat surface (b) spectrum of point b, darker flat surface (c) spectrum of
point c, black corroded surface.

SH-BimH-5NH: is the only effective inhibitor among all selected ones, this result shows
that the corrosion inhibition has a strong correlation with major elements in CuZn alloy.
And rest introduction of inhibition is shown in Appendix 2.3.2.
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Raman spectroscopic analysis

Raman spectroscopy is a convenient characterization method for surface analysis,
especially for organic compounds. Even though it can not detect the monolayer on the
sample surface, the adhesion film on the surface should be an adequate target for this
technology. As shown in Figure 5.42, the spectrums of inhibitor, adhesion substance after
immersion of Cu and CuzoZnso alloy are present in the same plot. For SH-BimH and Me-
S-BimH, the spectrum of Cu and CuzoZnzo alloy are close. The position of peaks compare
with inhibitor are almost the same, only two spectrums with materials show different
intensity. This should attribute to the enhance effect due to the presence of Cu combine
with the inhibitors [119], this phenomenon shows that in most of effective inhibitors, Cu-
inhibitor complex adheres to the surface. This kind of adhesion should reduce the
corrosion rate at the local attacked surface (shown in SEM-EDX part). The complex
gathers to the pits, thus acts as a patch to repair the leakage of the surface. However, this
repair-effect is different on different inhibitors. The best inhibitor for CuzoZnso alloy
shows very small patch on the surface, on the contrary, SH-BimH and SH-BimH-50Me
show big patch that indicates the pits are growing.
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Figure 5.42 Raman spectrum of SH-BimH (left) and Me-S-BimH (right), inhibitor
powder (bottom), pure Cu surface after 60 days’ immersion with added 1mM inhibitor
(middle) and Cu70Zn3o alloy surface after 60 days’ immersion with added ImM
inhibitor (top).

Figure 5.42 shows another two inhibitors of SH-BimH-50Me and SH-ImiH-4Ph, they
both present on the surface and the intensity of the peaks are changed as well. Figure
A2.45 Raman spectrum of OH-Me-BimH powder (bottom), pure Cu surface after 60 days’
immersion with added 1mM OH-Me-BimH (top). shows the peaks of inhibitor and
substance on the immersed sample surface of OH-Me-BimH with Cu, the same effect is
found.
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Figure 5.43 Raman spectrum of inhibitor SH-BimH-50Me (right) and SH-ImiH-4Ph
(left), inhibitor powder (bottom), pure Cu surface after 60 days’ immersion with added
ImM inhibitor (middle) and CuzZn3o alloy surface after 60 days’ immersion with
added 1mM inhibitor (top).

5.4 Discussion and Conclusion

5.4.1 Discussion

Typical plug dezincification happens on CuzoZnso alloy, and ZnO covered most of the
surface. Inhibition on Cuz0Znzo alloy is more efficient than the rest of the materials. SH-
ImiH-4Ph shows excellent improvement not only in electrochemical measurements but
also after 60 days' immersion tests. All inhibitors display better performance for CuzoZnso
alloy than pure Cu, but the effective inhibitors are the same. The correlation of this
parallel improvement should attribute to the same a-Cu phase on the surface. However,
the better performance of inhibitors on alloy than that of pure material is complicated. As
we illustrated in the introduction part, Cu2O and ZnO will form on the surface, and the
inhibition increases even the ZnO present on the surface. However, the inhibition of pure
Zn shows no noticeable improvement after long immersion duration. These two results
opposite conclusion in this view. The adhesion of metal-inhibitor compounds is
exceptionally stable on CuzZnzo alloy; even after 3 minutes' rinse with ethanol in the
ultrasonic base, the EDX detector can get sulfur's characteristic energy. Thus, the flocs
appear on the surface of Zn, Cu and CuzoZnso alloy should be taken into consideration.
The stable film of the metal-inhibitor complex on the surface attached to the surface, this
complex is a mixture of different complexes, which show a better adhesion. As shown in
SEM-EDX and Raman spectrums, the presence of S always appears on the local attacks
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for both pure Cu and CuzoZnso alloy; the Raman spectrum confirmed the presence of
inhibitor complexes on the surface. The local attacks will dissolve Cu and Zn; then, the
ions will react with inhibitor close to them, the formation of the complexes will gather on
the local attacks and patch the pits. This healing effect makes the inhibitors form
monolayer to protect the surface and patch the pits to slow down the local attacks.

The corrosion behavior of CuzpZnzo alloy is similar to that of pure Zn, and inhibition is
slightly different. SH-BimH-5NHz still shows the best performance on CuseZnzo alloy, as
same as pure Zn. However, the inhibitor power shows the improvement is decreasing.
The presence of -SH group will conduct the adsorption on Cu; this is why this organic is
selected. The Cu ions around the surface will react with Cu and remove it from the surface.
This effect will decrease the protective effect from -NH2 group. SH-ImiH-4Ph shows
flower-like as same as the blank sample surface; this should attribute to stronger
adsorption with Cu; it will react will Cu ions, which will assist the dissolution of Cu and
leave Zn. This also proves that the Cu-inhibitor complex will not prefer to adhere to the
Zn surface for protection; thus, the CuzoZnzo alloy will be corroded like pure Zn. Besides,
there are more flocs CusoZnzo alloy than that of Cuz0Znso alloy.

The short- and long-term electrochemical measurements on CuzZnso alloy, CuseZnzo
alloy and the pure metals show remarkable correlations with immersion tests. In these
experiments, both linear polarization resistance and impedance are conducted, the
intercomparison assists in improving the stability of results. Significantly, the impedance
always shows a similar result of linear polarization resistance; this shows the feasibility
of LPR on inhibition measurements. The short-term tests should be the pre-select method
for inhibition measurement, and long-term electrochemical tests will show the
sustainability of the inhibition. With these two steps, most of the real effective inhibitors
will be selected. Since some inhibitors will decrease resistance after five days, the
measurements may last more than this duration. The immersion tests are valuable since
electrochemical tests will not show the surface condition after a long period. This will
assist in understanding the behavior of inhibitor, which can guide the further design of
inhibitor.

5.4.2 Conclusion

The performance of inhibitors decreases in a sequence such as: Cu7oZnzo alloy > pure Cu >
pure Zn > CusoZn7o alloy. CuzoZnso alloy shows a better interaction with inhibitors than
that of pure Cu with one order of magnitude improvement of resistance and impedance.
Moreover, the inhibition shows two groups of correlation: CuzoZnso alloy and pure Cu;
CuzoZn7o alloy and pure Zn. The inhibitors which work well on Cu have similar behavior
on CuzoZnz alloy, and the inhibition power sequence is the same as well. Contrarily, SH-
BimH-5NH; shows the best performance in both pure Zn and CusoZno alloy.

SH-ImiH-4Ph shows excellent inhibition for CuzZnso alloy, there is almost no obvious
corrosion injury during 60 days’ immersion test. This should be a competitive inhibitor
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for Cuz0Znso alloy. SH-BimH, Me-S-BimH and SH-BimH-50Me show a good inhibition
as well.

SH-BimH-5NH; shows best inhibition on pure Zn and CuzoZnzo alloy, this should be
attributed to the presence of -NH, group which may interact with ZnO or Zn. The effect
of the -NH> group on Zn and its alloys deserves further study.

The look of Cuz0Znso alloy after immersion is different from that of pure Cu, a strong
bonded white film appears on most of the sample immersed with the effective inhibitors.
The complex bonds strongly on the sample surface and protects the surface as in pure Zn.
This should be one of the reasons why the Cuz0Znzo alloy shows a better inhibition than
pure Cu.

The analysis by SEM-EDX shows that the inhibitor complex gathered in some locations
that had been attacked. Dezincification causes dissolution of Zn and offers Zn?* ions to
form a Zn-inhibitor complex which results in the gathering at the same location. A kind
of repair-effect appears that eventually stops the local attack and improves the inhibition.

The previous two effects of inhibitors on CuzoZnso alloy are significant as they bring new
ideas for exploring inhibitors. The synergistic effect between major elements on the
surface and minor elements on the inhibitor could improve the inhibition effect on the
alloys. For the case of CuzZnzo alloy, the major elements build the single a-brass
structure and interact with inhibitors by forming a monolayer or polymolecular layers;
this makes the major inhibition. Zn interaction with minor elements on the inhibitor
resulting in the formation of a Zn-inhibitor complex, which bonds strongly on the surface
strongly and gathers at the dezincification locations.
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Chapter 6 Corrosion Inhibition of CuZr alloy - Influence of

Structure

6.1 Characterization of alloys and electrochemical measurements in NacCl

solution

6.1.1 Characterization of CuZr alloys
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Figure 6.1 (a) X-ray diffraction spectra, (b) DSC curves of amorphous CuZr alloys and
XRD spectra of (c) CuaoZreo, (d) CusoZrso and (e) CussZras crystalline alloys.

Figure 6.1a shows the X-ray diffraction (XRD) patterns of the as-cast melt-spun
amorphous samples with different Cu/Zr ratio. The three melt-spun alloys are amorphous
as indicated by a typical broad amorphous peak and the absence of any detectable
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crystalline peaks. Figure 6.1b shows the DSC curves of the amorphous CuZr alloys. The
glass transition T4 and crystallization Tx temperatures increase with the Cu content. The
temperature range of the supercooled liquid (AT = Tx — Tg) is a signature of the glass-
forming ability of the alloys, and it is similar in all compositions.

Figure 6.1 c-e show the XRD patterns of the as-cast crystalline samples with different
Cu/Zr ratio. The main crystalline phase in CusoZreo is identified to be CuZr,, although it
may also contain traces of CuioZrs. CusoZrso is composed of CuZr, and CuioZr7, while
CuzgoZr7 and CusZrs are identified in CussZrss. All the identified phases are coherent with
the phase diagram [120] provided in Figure 6.2. Furthermore, the phase diagram shows
that even for a small addition of Zr the alloy will not be a single a-Cu phase; new CuZr
phases are present. Considering that the a-Cu phase showed a quite effective inhibition,
the corrosion inhibition on the crystalline alloys will highly depend on the interaction

between the CuZr phases and inhibitors.
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Figure 6.2 CuZr phase diagram, reproduced from Ref. [120].
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6.1.2 Electrochemical measurements in NaCl solution

Figure 6.3 schematically shows the interface structure between electrode and electrolyte,
based on the model postulated by Xu et al. [83]. The native oxide passive layer of the
CuZr amorphous turns out to be ZrO; oxide, developed over a Cu-rich region above the
amorphous matrix. The thickness of the ZrO: layer increases with the concentration of Zr
and the formation of Cu-rich region is caused by the diffusion of Zr to the surface. Due
to the ultrafast initial oxidation process, the ZrO> ultrathin passive film becomes the
interface between sample surface and electrolyte. Additionally, ZrO> has a large dielectric
constant, 10 to 23, and huge resistivity, 3.16x10° to 3.16x<10° Qm, which provides
protection for the material in a corrosive electrolyte. Introduction of inhibitors in the
electrolyte is expected to induce a rapid physisorption and may result in eventual
chemisorption on the surface. But this ultrathin film may need to be considered.

IE‘ Solvent lons EI Inhibitor
Eb[ Q.é.?. © :jf 595

am-ZrO2 ......am-ZrOz .:::S)..:

am-ZrO2
Cu-enriched Cu-enriched Cu-enriched
Amorphous Amorphous

Figure 6.3 Schematic of interface structure between electrode and electrolyte. (a)
Native oxide layer of CuZr amorphous alloy. (b-c) Simple model for the interface
between CuZr amorphous and electrolyte (b) without and (c) with inhibitor in solution.

The developed dielectric film is inhomogeneous, as indicated in Figure 6.3a. This anodic
oxide layer is well described by Young’s model [121-123], which assumes that the
nonstoichiometry of the oxide film generates an exponential variation of the conductivity
with respect to the normal distance to the electrode. In this model, the measured
impedance (Zv oxide) IS given by:

1)

A 1+ jwpyee
ZY,oxide = 111( 22 )

jweeyg  \1+ jwpyegoexp(—6/21)

where j = V=1, w is the angular frequency, ¢ is the dielectric constant of the oxide film,
eo IS permittivity of vacuum, ¢ is the film thickness, po is the resistivity at a position of
spatial coordinate perpendicular to the electrode surface equal to 0, and /4 is a material
dependent parameter. According to Eq. (1), the Nyquist plot of a dielectric passive film
shows a depressed semicircle, and for decreasing frequencies the impedance depends
essentially on the resistivity of the film (Figure 6.3b). After adsorption of inhibitors, the
impedance of the layer will increase, due to their dielectric nature (Figure 6.3c). Thus, the
impedance modulus at 0.01 Hz, labelled as |Z|o.01 Hz, Will be used as a reference value to
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reflect the initial inhibition performance of the organic compounds. This initial
performance allows us to select the most promising organic compounds and assess their
performance on long-term tests.
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Figure 6.4 Electrochemical impedance spectra in the form of (a, b) Bode impedance
magnitude plot, (c, d) phase angle plot, and (e, f) Nyquist plot recorded for crystalline (left)
and amorphous (right) alloys as well as Cu and Zr metals in aqueous 3 wt.% NaCl solution
after 1 h at the open circuit conditions.

Figure 6.4 shows the Bode and Nyquist plots of CuZr alloys as well as of Cu and Zr pure
metals. Zr metal exhibits better protective characteristics than Cu metal, as evidenced by
(i) a broad range of linear increase of impedance modulus with frequency and larger
impedance values over the whole frequency range (Figure 6.4a); (ii) a broad range of
frequency where phase angle is constant at values of about —80° indicating strong
capacitive behavior (Figure 6.4c); and (iii) much larger diameter of the Nyquist plot

119



indicating much larger overall resistance (Figure 6.4e) [123]. Crystalline alloys,
considered in Figure 6.4a, show reduced values of low frequency impedance as the Zr
content decreases. CusoZreo shows an impedance behavior close to that of pure Zr, but
both CusoZrso and CuesZrss have impedances even lower than that of pure Cu.
Analogously, the phase angle plots of CusoZrso and CuesZrss crystalline alloys reached a
maximum at middle frequency range and then decreased to ca. —20° indicating the
initiation of corrosion process (Figure 6.4c). This behaviour is attributed to the different
crystalline phases present in these alloys (Figure 6.1c), with different corrosion resistance,
as well as to the existence of preferential corrosion sites at grain boundaries. In contrast,
the corrosion behaviour of the amorphous alloys (Figure 6.4b,d,f) is similar to that of
pure Zr, showing strong capacitive behaviour (Figure 6.4b,d) and large semicircle
(Figure 6.4f) as expected for the aforementioned Young’s model.

Interestingly, the low frequency impedance of amorphous CusoZrso is somewhat larger
than that of pure Zr (inset of Figure 6.4b), while those of CusoZrso and CuesZrss are lower
than that of pure Zr. According to the model presented in Figure 6.3, a larger Zr
concentration should stimulate the development of the protective amorphous ZrO;
dielectric layer. The fact that the equiatomic alloy shows the larger low frequency
impedance after one hour seems to indicate that not only the Zr concentration is important
for the creation of the ZrO; film, but also the atomic mobilities of Cu, Zr and O play an
important role [88]. Given its smaller atomic size, Cu is known to have a large diffusivity
in metallic glasses [124]. Thus, the development of the amorphous ZrO: layers in the Zr-
rich amorphous alloys is probably delayed by the lower atomic mobility.
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Figure 6.5 Potentiodynamic curves for Cu, Zr, and crystalline and amorphous
CuxZrioox alloys in 3 wt.% NaCl. Quantitative electrochemical parameters are
presented in Table A3.1 to Table A3.2.

Figure 6.5 shows the potentiodynamic polarization curves of Cu and Zr in NaCl. In
chloride solution copper shows a well-known curve with cathodic reaction related to
reduction of oxygen and anodic reaction related to dissolution of copper as cuprous Cu(l)
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species [64]. Current density increased starting from corrosion potential at —0.14 V up to
an anodic peak at ~0 VV when the formation of CuCl occurred [125,126]. At more positive
potentials, the current density shortly decreased but then it increased again due to the
formation of soluble cupric complexes [125,126]. In contrast, for Zr metal a rather broad
passive range was established; following the Ecorr at —0.40 V, passive range extended up
to potentials above 0.2 V. Table 4.1 and Table 4.3 in the Supplementary material provide
more data on the quantitative electrochemical parameters derived from the polarization
curves.

All three crystalline alloys exhibit worse corrosion resistance than Zr metal and the curves
resemble more to that of Cu. Regarding the alloy composition, the corrosion parameters
deteriorate with decreasing Zr content, as evidenced by the increasing corrosion current
density (Table A3.7 and Table A3.12). The position of Ecorr Values is closer to that of Zr
metal than that of Cu. However, compared to Zr metal, which shows a broad passive
region, all crystalline and amorphous alloys show much narrower range between Ecorr and
abrupt increase in current density at more positive potentials. Amorphous alloys exhibit
better performance than crystalline counterparts and smaller differences depending on Cu
content than crystalline alloys (Figure 6.5, Table A3.7 and Table A3.12).

6.2 Electrochemical and microscopy measurements in NaCl solution with

added organic compounds - Short-term electrochemical results

6.2.1 CusoZreg

Polarization curves and quantitative electrochemical parameters derived from the
polarization curves for CusoZreo alloys are presented in Figure 6.6 and Table A3.7Table
A3.8 in Appendix 3, respectively. The inhibition performance of all inhibitors is poor in
the CuasoZreo crystalline phase, as dissolution initiates in the anodic branch at a similar
potential, regardless the inhibitor. A more diverse behavior is observed in the amorphous
samples, where several of them act as cathodic inhibitors as in the case of pure Zr.
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Figure 6.6 Potentiodynamic polarization curves of crystalline (left) and amorphous
(right) CusoZreo in 3 wt.% NaCl aqueous solution with and without 1 mM of different
organic compounds: (top) imidazole derivatives, (middle) mercapto-benzimidazole
derivatives, and (bottom) hydroxy-benzimidazole derivatives. Quantitative
electrochemical parameters are presented in Table A3.3 and Table A3.4.
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Figure 6.7. Electrochemical impedance spectra of CusoZreo alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), ), e) crystalline and
b), d), f) amorphous alloys with or without addition of imidazole derivatives in aqueous
3 wt. % NaCl solution after 1 h at the open circuit conditions.
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Figure 6.8. Electrochemical impedance spectra of CusoZreo alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of mercapto-benzimidazole
derivatives in aqueous 3 wt. % NaCl solution after 1 h at the open circuit conditions.
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Figure 6.9. Electrochemical impedance spectra of CusoZreo alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of hydroxy-benzimidazole
derivatives in aqueous 3 wt. % NaCl solution after 1 h at the open circuit conditions.

EIS spectra recorded for CusoZreo crystalline and amorphous alloys after 1 h immersion
in NaCl containing organic compounds are presented in Figure 6.7 to Figure 6.9. The
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comparison of |Z|o.01Hz again shows much larger impact of inhibitors on crystalline alloys
than on amorphous alloys which show better corrosion performance (Figure 6.10).
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of different organic compounds added at 1 mM concentration. Note the logarithmic
scale.
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Figure 6.11. Potentiodynamic polarization curves of crystalline (left) and amorphous (right)
CusoZrso in 3 wt.% NaCl aqueous solution with and without 1 mM of different organic
compounds: (top) imidazole derivatives, (middle) mercapto-benzimidazole derivatives, and
(bottom) hydroxy-benzimidazole derivatives. Quantitative electrochemical parameters are
presented in Table A3.5 and Table A3.6.
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6.2.2. CU5QZI'50

None among compounds tested shows any inhibition properties on crystalline CusoZrso
alloy. The potentiodynamic polarization curves are quite similar for solutions with and
without organic inhibitors as shown in Figure 6.11. With inhibitors added, in the cathodic
range the current density is slightly decreased but in the anodic range a fast dissolution of
the alloy takes place, similar as in the absence of inhibitor. Amorphous CusoZrso shows
slightly better performance than the crystalline alloy. A passive range is induced on the
sample, both in the non-inhibited and inhibited solutions. When adding imidazole-based
derivatives, SH-ImiH-4Ph showed the best performance, shifting the Ecor more negative
and decreasing the cathodic current density. Even more, pronounced inhibitive behaviour
was observed for mercapto-benzimidazole derivatives, with SH-BimH-50Me being the
most efficient (Figure 6.11e) as it increased the pitting potential slightly. Both hydroxy-
derivatives acted as corrosion activators (Figure 6.11f). Quantitative electrochemical
parameters derived from the polarization curves for CusoZreoalloys are presented in Table
A3.9Table A3.10 in the Appendix 3.

EIS spectra recorded for CusoZrsg crystalline and amorphous alloys after 1 h immersion
in NaCl containing organic compounds are presented in Figure 6.12 to Figure 6.14. The
comparison of short term EIS behaviour is given in Figure 6.10.
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Figure 6.12. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of imidazole derivatives in aqueous
3 wt. % NaCl solution after 1 h at the open circuit conditions.
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Figure 6.13. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), €) crystalline and
b), d), f) amorphous alloys with or without addition of mercapto-benzimidazole
derivatives in aqueous 3 wt. % NaCl solution after 1 h at the open circuit conditions.
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Figure 6.14. Electrochemical impedance spectra of CusoZrso alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of hydroxy-benzimidazole
derivatives in aqueous 3 wt. % NaCl solution after 1 h at the open circuit conditions.
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6.2.3. CU64ZI’36

Almost no inhibition effect was achieved with any of the compounds for crystalline or
amorphous samples of CuesZrss in 3 wt.% NaCl aqueous solution in the presence of the
organic compounds studied, as shown in Figure 6.15Figure 6.15Figure 6.15.
Quantitative electrochemical parameters derived from the polarization curves for
CuasoZreo crystalline and amorphous alloys are presented in Table A3.11Table A3.12 in
the Appendix 3. Due to the fast dissolution of materials, the Tafel parameters could not
be determined for crystalline CuesZrse.
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Figure 6.15. Potentiodynamic polarization curves of crystalline (left) and amorphous
(right) CuesaZrss in 3 wt.% NaCl aqueous solution with or without added 1 mM
concentration of different organic compounds: (top) imidazole derivatives, (middle)
mercapto-benzimidazole  derivatives, and (bottom) hydroxy-benzimidazole
derivatives. Quantitative electrochemical parameters are presented in Table
A3.11Table A3.12.
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EIS spectra recorded for CusoZrso crystalline and amorphous alloys after 1 h immersion
in NaCl containing organic compounds are presented in Figure 6.16 to Figure 6.17. The
comparison of short term EIS behaviour is given in Figure 6.10.
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Figure 6.18 Electrochemical impedance spectra of CuesZrss alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of imidazole derivatives in aqueous
3 wt. % NaCl solution after 1 h at the open circuit conditions.
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Figure 6.19 Electrochemical impedance spectra of CuesZrss alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), ), e) crystalline and
b), d), f) amorphous alloys with or without addition of mercapto-benzimidazole
derivatives in aqueous 3 wt.% NaCl solution after 1 h at the open circuit conditions.
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Figure 6.20 Electrochemical impedance spectra of CugsZrss alloy in the form of Bode
impedance plot, phase angle plot and Nyquist plot recorded for a), c), e) crystalline and
b), d), f) amorphous alloys with or without addition of hydroxy-benzimidazole
derivatives in aqueous 3 wt.% NaCl solution after 1 h at the open circuit conditions.
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6.3 Electrochemical and microscopy measurements in NaCl solution with

added organic compounds - Long-term electrochemical results

Time-resolved performance of the studied inhibitors was determined by measuring the
EIS spectra of the crystalline and amorphous alloys over an immersion time of 120 h in
the presence of the most promising inhibitors, chosen from the results of potentiodynamic
polarization measurements (Figure 6.6, Figure 6.11 and Figure 6.15). Figure 6.21
displays in a compact way the long-term EIS behaviour of the alloys in blank NaCl and
with added inhibitors selected for each alloy.

The |Z|o.01H. Of the amorphous CuaseZreo alloy in chloride solution was about two orders of
magnitude larger than that of the crystalline alloy. In contrast, in the presence of SH-Imi-
Me, SH-ImiH-4Ph and SH-BimH-5NH. the low frequency impedance values remained
two orders of magnitude higher than those of the crystalline samples, and even showed a
small but steady increase with time which may correspond to the formation of a passive
film. The EIS findings are confirmed by direct observation of the samples after 5 days
immersion tests. Figure 6.22 shows the SEM images of the CusZrso samples in the
presence of several inhibitors. The most protected surface was the one corresponding to
the immersion in the presence of SH-ImiMe (Fig. Figure 6.22e). Other samples showed
some corrosion damage.

The initial |Z|o.01Hz values in NaCl for crystalline CusoZrso were smaller than those for
CuasoZreo, Whereas for amorphous alloys were similar. However, amorphous CusoZrsg
alloy deteriorated noticeably with time (Figure 6.21). The best inhibition effect was
shown by SH-BimH-5NH2, which kept a high and quite stable impedance in all
measurements. The performance of SH-BimH-50Me and SH-ImiH-4Ph decreased as a
consequence of an incipient pitting process. Figure 6.23 confirms that only the sample
immersed in NaCl with added SH-BimH-5NH. (Figure 6.23e) was able to remain
without apparent pitting after immersion over 5 days. Some inhibitors were not able to
protect the alloys (SH-BimH-50Me, SH-ImiH-4Ph, OH-Me-BimH) and after 60 h a
sudden decrease is observed for blank (NaCl ) and OH-Me-BimH samples (Figure 6.21).
Following the breakdown, either the sample was partially dissolved or the surface was
covered by corrosion products, and EIS measurements were no longer trustable.

The long-term EIS measurements confirmed a low corrosion resistance of CussZrss alloys,
which quickly deteriorate with time (Figure 6.21), as evidences also by SEM images
(Figure 6.23).
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Figure 6.21. Long-term tests of the impedance modulus at 0.01 Hz in the presence of
selected inhibitors. Each bar corresponds to the 120h period of testing of the alloy in the
presence of the inhibitor in the 3 wt.% NaCl aqueous solution.
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Figure 6.22. SEM images of CusoZrso amorphous alloy (a) prior to immersion and after
5 days immersion in (b) 3 wt.% NaCl with added (c) SH-ImiH-4Ph, (d) SH-BimH-
5NH>, (e) SH-ImiMe, and (f) OH-Me-BimH.
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1 d | SH-ImiH-4Pn

Figure 6.23. SEM images of CusoZrso amorphous alloy (a) prior to immersion and after
5 days immersion in (b) 3 wt.% NaCl, and with added (c) SH-BimH-50Me, (d) SH-
ImiH-4Ph, and (e) SH-BimH-5NH..

6.4 Discussion and Conclusion

6.4.1 Discussion

The summarized comparison of impedance modulus at 0.01 Hz (|Z|o.01 Hz) of Cu and Zr
metals as well as of all the tested crystalline and amorphous alloys after immersion for 1
h in 3 wt.% NaCl aqueous solution is shown in Figure 6.10; note the logarithmic scale.
Some of the inhibitors appear beneficial for Cu, particularly the mercapto compounds
Me-S-BimH, SH-BimH, SH-ImiH-4Ph and SH-ImiMe, as they increase the low
frequency impedance by a factor of 10 or more compared to that in blank NaCl solution.
Contrarily, the low frequency impedance of Zr in the presence of all tested inhibitors is
very similar to that of blank Zr. It is therefore clear that the inhibition efficiency of the
selected inhibitors on Cu is much higher than on Zr.

As for the crystalline alloys, the inhibition performance, deduced either from reduced
current density or impedance modulus, of all the inhibitors is rather limited. Even the best
case is not able to reach the low frequency impedance of non-inhibited Zr. The corrosion
resistance of Zr is rapidly degraded by the addition of Cu. The corrosion resistance of all
crystalline alloys in the presence of any organic compound is lower than that of bare Zr.
As an example, the inhibition performance of Me-S-BimH, which is the best inhibitor for
Cu and almost neutral for Zr, is clearly lower for all the crystalline alloys. This is
attributed to the presence of different crystalline phases, and especially the corresponding
grain boundaries which may become preferential sites for accelerated corrosion.

138



Amorphous alloys, on the contrary,

10" - 2/(kQ - em?) show a different behaviour (Figure

: o al 6.10). All three amorphous alloys show

103_: 0*' 0" ;ﬁ an intrinsic corrosion resistance similar

. 1 e oo to that of bare Zr. The performance of
% 5 /d all tested compounds for amorphous
g 107 3 ,@l O Cu Cuas0Zrgo and CusoZrsg is similar. In both
< >4 CugaZrsg cases, SH-ImiH-4Ph increases
'y & @ CusoZrso substantially the low  frequency
/@’ E (;402%0 impedance. SH-BimH, Me-S-BimH,

10" - e SH-BimH-5NH2, SH-ImiMe and OH-

10 10 10 10 10 Me-BimH are also protective for
Crystalline CusZreo. However, all organic

compounds are neutral or even

Figure 6.24. Impedance modulus at 0.01 Hz,
measured after 1 h immersion, of the alloys
in the presence of the organic compounds,
tested as corrosion inhibitors for the studied
alloys (e®). For comparison, also the values
for bare Zr (0) and bare Cu (0) are plotted on
the dashed diagonal line.

accelerate corrosion for CuesZrzs. It is
worth to mention that the phase diagram
(Figure 6.2) shows that the stable phase
for this composition is a solid solution
of CugZrs and CuioZr7, present in the
crystalline alloy (Figure 6.1e ) [120].
Because the chemical composition of
the CuZr amorphous alloy varies
continuously, the atomic environments are changing and the intrinsic topology changes
with them. According to the solute centred cluster model [127], slight changes in the
atomic composition affect significantly the packing efficiency [128] and
inhibitor—surface interaction responds to these changes, which is presumably critical for
the corrosion resistance. Furthermore, by changing the Cu/Zr atomic ratio, the
solute/solvent role of the atoms becomes inverted and both the glass structure and the
atomic diffusivities must inevitably be different. These facts in turn affect the formation
of the ZrO- rich layer on top of the amorphous surface (Figure 6.3). Zr-rich amorphous
alloys may show lower diffusivities which initially may hinder the formation of the
amorphous ZrO- film, but in the long term they eventually develop passivation layers that
in combination with the proper inhibitors prevent localized corrosion. As the
concentration of Zr is decreased, the ZrO> layer may be defective in Zr thus resulting in
a mixed (CuZr)-oxide layer, which probably allows the removal of metallic ions. Thus, a
Zr content equal or above 50% is needed for an adequate inhibition performance.

The comparison of the initial performance, measured after 1 h immersion, of the tested
inhibitors for the crystalline and amorphous phases is summarized in Figure 6.24. The
inhibitor performances for bare Cu and Zr metals are shown on the diagonal, because bare
metals lack the amorphous phase. It is clearly evident that (1) all the tested amorphous
alloys show a much better corrosion resistance than their crystalline counterparts in the
presence of inhibitors and that (2) amorphous CuaoZrso and CusoZrso perform better than
amorphous CuesZrss, in line with the aforementioned argument of the importance of the
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high content of Zr in alloys for corrosion resistance. In view of the saturation of the low
frequency impedance for all the considered inhibitors it is therefore reasonable to
conclude that the main factor controlling the corrosion resistance of the alloys is the Zr-
rich (or at least equiatomic) amorphous structure, the effect of the inhibitor being
secondary.

It is also worth to mention that the initial performance of the inhibitors is not sufficient to
predict the long-term behaviour of the corrosion rate for the alloys. Figure 6.21 shows
that the long-term corrosion resistance degrades in all amorphous alloys except in
CusoZreo in the presence of SH-ImiH-4Ph, SH-BimH-5NH; and SH-ImiMe, and in
CusoZrso in the presence of SH-BimH-5NH. SH-BimH-5NH: is, thus, the most effective
inhibitor, provided the Zr concentration is high enough (> 50%). Of all the tested
compounds, this was the single one containing the amino group. It is noteworthy that SH-
BimH-5NH. does not perform well for bare Cu, although it was computed that interaction
between the amino group and Cu is stronger than with Au and Ag [129]. Besides, there
is evidence of formation of ZrNHz on annealing [130], which suggests some affinity of
Zr for the amino group. This suggests that the good performance on Zr-rich alloys is
consequence of the interaction of the amino group with Zr atoms.

6.4.2 Conclusions

The inhibition performance of imidazole, mercapto-benzimidazole and hydroxy-
benzimidazole derivatives on CuZr crystalline and amorphous alloys was studied. We
used the impedance modulus at 0.01 Hz, measured after 1 h immersion, as a measure of
the initial inhibitor performance. On the basis of this initial evaluation we selected the
promising compounds for long-term tests. Amorphous alloys showed always a higher
corrosion resistance than their crystalline counterparts.

The corrosion resistance of crystalline alloys is substantially lower than that of bare Zr.
It is also much lower than that of Cu in the presence of efficient inhibitors, such as 2-
(methylthio)benzimidazole (Me-S-BimH), 2-mercaptobenzimidazole (SH-BimH) or 2-
mercapto-4-phenylimidazole (SH-ImiH-4Ph). This fact is attributed to the coexistence of
several intermetallic phases with different corrosion resistance and/or the reduced
corrosion resistance of dislocations and grain boundaries in the studied alloys. The
addition of corrosion inhibitors did not improve the corrosion resistance of the crystalline
CuZr alloys, even those which showed a protective effect in bare Cu.

Amorphous alloys showed a good initial corrosion resistance even without inhibitors,
similar to that of bare Zr. In alloys with high Zr content (equal or above 50 at.%), the
corrosion resistance is increased by the two tested mercapto-imidazole based inhibitors
and all tested mercapto-benzimidazole based inhibitors. These data show that the
homogeneous surface structure of amorphous alloys is much less prone to corrosion, and
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the tested corrosion inhibitors even improve it to some extent. However, the increase of
the low frequency impedance modulus due to the presence of inhibitors tends to saturate
regardless the organic compound in solution, showing that the determinant factor in the
corrosion resistance is the smooth surface topology of amorphous alloys and the stability
of the oxide layer. Furthermore, the long-term corrosion resistance degrades except in
CusoZreo in the presence of SH-ImiH-4Ph, SH-BimH-5NH; and SH-ImiMe, and in
CusoZrso in the presence of SH-BimH-5NHz. Therefore, 5-amino-2-mercaptobenzimi-
dazole is the most promising corrosion inhibitor in CuZr amorphous alloys. This result
advises to deepen the study of the surface interaction of the amino group with these
materials.
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Chapter 7 Conclusion

The determination of the performance of corrosion inhibitors on materials is a complex
problem due to the mixed influence of surface condition, inhibitor-surface interaction and
environmental conditions. The conducted research offers some understanding on the
corrosion mechanism and resistance after inhibitor application. Imidazole derivatives
were chosen as a potential inhibitor for copper alloys due to its diverse performance on
pure Cu. Previous surface oxidation, defects on the surface, and inhibitor functional group
are found to be the most significant factors that influence inhibition. A kind of healing
effect is also found.

The inhibition of the studied molecules on pure Cu and CuzZnso alloy shows similar
behavior. SH-ImiH-4Ph performs as the best inhibitor, while ImiH and SH-ImiMe from
imidazole derivatives could not improve corrosion resistance. Mercapto-benzimidazole
derivatives inhibit pure Cu except for SH-BimH-5NHo.. Since a-Cu is the phase of these
two materials, this indicates that the presence of the same inhibitor should result in similar
inhibition effects on same metallic phase. However, all inhibitors display better
performance on CuzoZnzo alloy than pure Cu. The healing effect appears with some
inhibitors on pure Cu, Zn and CuZn alloys. This effect will assist in slowing down the
local attack on the surface. Even though the real complexes were not fully characterized,
these patches on the pits offer the new sight of the inhibitors' design. Surface defects
commonly exist, and are the accelerated locations for corrosion. All polished samples in
this research showed the presence of Si from SiC polish paper, and these locations always
show a worse condition than other areas after a long period of immersion. So, the
inhibitor's performance on these defects is essential; a suitable inhibitor should conquer
these defects.

Amorphous alloys always showed a higher corrosion resistance than their crystalline
counterparts. The corrosion resistance of crystalline CuZr alloys is substantially lower
than that of bare Zr. It is also much lower than that of Cu in the presence of efficient
inhibitors, such as Me-S-BimH, SH-BimH or SH-ImiH-4Ph. This fact is attributed to the
coexistence of several intermetallic phases with different corrosion resistance and/or the
reduced corrosion resistance of dislocations and grain boundaries in the studied alloys.
The addition of corrosion inhibitors did not improve the corrosion resistance of the
crystalline CuZr alloys, even those which showed a protective effect in bare Cu. In
amorphous alloys with high Zr content (equal or above 50 at.%), the corrosion resistance
is increased by the two tested mercapto-imidazole based inhibitors and all tested
mercapto-benzimidazole based inhibitors. These data show that the homogeneous surface
structure of amorphous alloys is much less prone to corrosion, and the tested corrosion
inhibitors even improve it to some extent. Furthermore, the long-term corrosion resistance
degrades except in CusoZreo in the presence of SH-ImiH-4Ph, SH-BimH-5NH; and SH-
ImiMe, and in CusoZrso in the presence of SH-BimH-5NH,. Therefore, SH-BimH-5NH;
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is the most promising corrosion inhibitor in CuZr amorphous alloys. This result advises
to deepen the study of the surface interaction of the amino group with these materials.
Oxidation is inevitable; for most materials, the ultrathin oxides form in milliseconds after
the preparation. If the organic inhibitors can not adsorb on this oxide layer, they will not
work on the metals which possess a uniform layer of this oxide. CuZr amorphous alloy
and pure Zr shows this behavior due to the formation of ZrO, on the surface. On the
contrary, for pure Cu and CuzZnso alloy, even knowing that oxidation proceeds on the
surface, inhibitors still can protect the surface.

SH-BimH-5NH> inhibits corrosion on Zn, CusoZnzo alloy and Zr-rich CuZr alloys. This
was the only inhibitor containing the -NH. group, and this fact advises to pursuit the
research on the interaction between the -NH> group and these alloys. SH-ImiH-4Ph is an
excellent inhibitor on Cu and Cu7oZnzo alloy; it shows the potential to become a
competitive commercial inhibitor. Moreover, the design of more effective inhibitors for
Cu and its alloys based on this compound is also a promising choice.

The short- and long-term electrochemical measurements show remarkable correlations
with immersion tests. In these experiments, both linear polarization resistance and
impedance are conducted, the intercomparison assists in improving the stability of results.
Significantly, the correlation between low frequency impedance data and linear
polarization resistance measurements; this shows the feasibility of LPR on inhibition
measurements. However, LPR can not be applied when a uniform dielectric layer appears
on the surface, such as in CuZr amorphous alloy and pure Zr. Accordingly, short-term
tests should be the primary method for inhibition measurement, and long-term
electrochemical tests will confirm the sustainability of the inhibition. With these two steps,
most of the effective inhibitors will be properly selected. Immersion tests are valuable
since electrochemical tests will not show the surface condition after a long period. This
will assist in understanding the behavior of the inhibitor, which can guide the further
design of efficient inhibitors.
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Chapter 8 Perspective

Based on the previous research, some potential research directions might be:

Research on a potential enhanced o-Cu inhibitor based on SH-ImiH-4Ph compounds.
Since this compound displays the best performance on pure Cu and CuzoZnso alloy, higher
inhibition could be expected.

The -NH: containing inhibitor shows good inhibition on pure Zn, CuspZnzo alloy and
CuZr amorphous alloy. Inhibitors with amino group are candidates for protection of Zn-
based alloys and Zr-based amorphous alloys.

Inhibitor mixing is a fully unexplored path. The pair SH-ImiH-4Ph / SH-BimH-5NH:
may become effective for the whole range of CuzZn and CuZr alloys.

Since the oxidation and oxide stability highly influence the corrosion of amorphous alloys,
controlled oxidation of Cu-Zr alloys with addition of minor elements should assist the
understanding of corrosion on amorphous alloys.

The healing effect happens on Cu and its alloy shows another factor which should be
considered for selecting of inhibitor: interaction between materials and metal-inhibitor
complex. The mechanism of healing effect can be object of further study.
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Appendix 1: Corrosion on pure metals. Supplemental

information.

Al1.1 Corrosion Inhibition of Copper

Al1.1.1 Short-term and long-term electrochemical tests
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Figure A1.1 All linear polarization resistance curves of pure copper with and without
inhibitors
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Figure A1.2 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
without inhibitors
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Figure A1.3 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
with ImiH
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Figure A1.4 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
with SH-BimH
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Figure A1.5 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
with Me-S-BimH
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Figure A1.6 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution

with SH-BimH-50Me
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Figure A1.7 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution

with SH-ImiH-4Ph
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Figure A1.8 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
with SH-BimH-5NH>
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Figure A1.9 Long-term linear polarization curves of pure Cu under the 120h period of
testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous solution
with SH-ImiMe
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Figure A1.10 Long-term linear polarization curves of pure Cu under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with OH-BimH
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Figure A1.11 Long-term linear polarization curves of pure Cu under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with OH-Me-BimH
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Figure A1.12 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h without inhibitor
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Figure A1.14 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with SH-BimH
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Figure A1.13 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with ImiH
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Figure A1.15 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with Me-S-BimH
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Figure A1.16 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with SH-BimH-50Me
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Figure A1.18 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h without SH-BimH-5NH>
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Figure A1.17 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with SH-ImiH-4Ph
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Figure A1.19 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with SH-ImiMe
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Figure A1.20 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with OH-BimH
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Figure A1.21 Long-term EIS impedance
and phase diagram of pure Cu in NaCl, in
period of 120h with OH-Me-BimH
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Al1.1.2 Immersion test of pure Cu
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Figure A1.22 Normalized survey XPS spectrums for the surface of pure Cu after
polishing and pickling, and after immersion in 3wt.% NaCl with and without added
of SH-BimH, Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash lines represent
the position of peaks of reference compounds. Upper: Immersion for 24h. Down:
Immersion for 120h.

Table A1.1 Characteristic X-ray Energies (keV) of related elements in experiments
of immersion test

Element Koz KB1 Lo LB1
C 0.277

N 0.392

o) 0.525

Si 1.740 1.837

S 2.309 2.465

Cl 2.622 2.812

Cu 8.046 8.904 0.928 0.947
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Figure A1.23 EDX elemental map analysis of the bare pure Cu sample under 10000x
magnification

Figure Al.24 EDX elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution for 60 day

Figure A1.25 shows the surface of pure Cu after immersion in 3 wt.% NaCl solution with
added 1mM ImiH for 60 days. In Figure A1.25 (a) and (b), the surface show more
homogeneous look than that of surface without inhibitor. Some black part appears in
Figure A1.25 (a) and the closer look in Figure A1.25 (b) shows it is some cracks on the
surface. Under 5000x magnification in Figure A1.25 (c) and (d), the surface is composed
of uniform islands different from the ones in blank sample. As shown in (b), this is a layer
of compounds on the surface. In 3D image Figure Al.25 (e), the surface roughness
increases to 3.03 um. Figure A1.26 shows the distribution of elements on the surface. Cu,
O and CI are uniformly existing on the surface. Figure A1.27 is points analysis of
elements by EDX on uniform surface (point (a)) and cracks (point (b) and (c)). All three
spectrums show the same elemental distribution. This indicates the added ImiH assist the
formation of compounds contain of Cu, Cl and O. And this kind of inhibitor is not work
for pure Cu.
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Figure A1.25 Pure Cu immersed in 3 wt.% NaCl with added 1mM ImiH solution for
60 days (a) surface under 320x magnification with all typical features (b) surface
under 1000x magnification (c) surface under 5000x magnification (d) surface features
in black part (e) 3D topography under 320x magnification by SEM

Figure A1.26 EDS elemental map analysis of Pure Cu immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 60 days
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Figure A1.27 EDS elemental point analysis spectrum of Pure Cu immersed in 3 wt.%
NaCl solution with added 1mM ImiH for 60 days (a) spectrum of point a, flat
homogenous surface (b) (c) spectrum of point b and c, black part on the surface.
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Figure A1.29 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM Me-S-BimH for 60 days

) AT
Figure A1.30 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 60 days
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S P CER S Feald e .
Figure A1.31 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added ImM SH-ImiH-4Ph for 60 days

Figure A1.32 shows the surface of pure Cu after immersion in 3wt.%NaCl with added
SH-BimH-5NH:for 60 days. Figure A1.32 (a) and (b) show the global view of the surface,
the surface is totally destroyed, and different kind of features present on the surface. Some
parts are covered by light grey cracked surface, some parts are cover by net black film,
some parts are covered by black film. Figure A1.32 (c) shows the net black film and the
light grey surface seems under the film. As shown in Figure A1.32 (d). there are some
particles on the black film as well. As shown in Figure Al1.33, the distribution of
elemental map by EDX detects presence of O, Cl, S on the Cu surface, the black film is
Cland S rich. Figure A1.34 shows the point elemental analysis of different features. Point
(a) shows that light grey surface is pure Cu. The black film shows presence of Cl and S
as shown in point (b) and (c). SH-BimH-5NH: introduces new reaction on the surface,
and the surface was destroyed. It can not be an inhibitor for pure Cu.

solution for 60 days (a) surface under 320x magnification (b) surface under 320x
magnification (c) surface of black part in figure (a) (d) surface of black part in figure
(b) (e) 3D topography under 320x magnification by SEM
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Figure A1.33 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-5NH: for 60 days
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Figure A1.34 EDS eIeenaI point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-5NH: for 60 days (a) spectrum of point a,
white surface (b) (c) spectrum of point b and c, black film on the surface.

Figure A1.35 shows the surface of pure Cu after immersion in 3 wt.% NaCl with added
1mM SH-ImiMe for 60 days. Figure A1.35 (a) and (b) show the surface is covered by
the same feature, a kind of dendritic substance, which is similar to part of the surface of
pure Cu immersed in 3wt. NaCl. Figure A1.35 (c) shows a bulk appears, and Figure
A1.35 (d) is a closer look of the dendritic structure. Figure A1.36 shows the elemental
map of surface and most part of the surface is not detectable. The dendritic substance is
composed of Cu, Cl and O. Figure A1.37 shows the point elemental analysis of the
surface. Point (a) and (b) is on the dendritic substance which shows the similar result as
elemental map. As shown in point (c), Cmax in 0-3 KeV range is so small, and this part is
not detectable by this method. Nevertheless, all results conduct that SH-ImiMe is not
effective inhibitor and it will assist Cu to form a uniform (Cu, CI, O) compounds surface
after immersion for long period.
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Sa =2390 nm

Flgure Al1.35 Pure Cu 1mmersed in 3 Wt % NaCl with added lmM SH-ImiMe solution
for 60 days (a) surface under 320x magnification with all typical features (b) surface
under 320x magnification (c) surface under 1000x magnification (d) surface 2500x
magnification (e) 3D topography under 320x magnification by SEM

Flgure A1.36 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiMe for 60 days
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Flgu re A1.37 EDSeIementaI point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added 1mM SH-ImiMe for 60 days (a) (b) spectrum of point a
and b, dendritic structure (c) spectrum of point ¢, white bulk.
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Figure A1.38 shows the surface of pure Cu immersed in 3 wt.% NaCl with added 1mM
OH-BimH for 60 days. Figure A1.38 (a) and (c) shows the surface is mostly presents the
same light grey, some part suffered for local attack and become darker. Figure A1.38 (b)
shows the 10000x magnification of surface, cubic crystal exists on the surface, and porous
structure appears under the crystals. Figure A1.38 (d) shows the local attacks on the
surface. Figure A1.39 shows the elemental map of the surface which is major composed
of Cu and O. Figure A1.40 is the point elemental analysis on different features. Compare
with the cubic crystal on the surface, the porous structure presents less O, shown in point
(a) and (b). Point (c) located on black part shows huge peak of Si indicates the exfoliation
introduced local attack. OH-BimH is not effective inhibitor, which will assist the surface
oxidation and keep this oxidation film during a long period.

. 200 pm |

[ e [l sa-22900m

Figure A1.38 Pure Cu immersed in 3 wt.% NaCl with added ImM OH-BimH
solution for 60 days (a) surface under 320x magnification with all typical features (b)
surface under 10000x magnification (c) surface with different features under 320x
magnification (d) local attacks on the surface (e) 3D topography under 320x

magnification by SEM

Figure A1.39 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM OH-BimH for 60 days
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figure A1.40 EDS elemental point analysis spectrum of pure Cu immersed in 3 wt.%
NaCl solution with added 1mM OH-BimH for 60 days (a) spectrum of point a, porous

surface (b) spectrum of point b, cubic particles on the surface (c¢) spectrum of point c,
black part of the surface.
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Figure A1.41 EDS elemental map analysis of pure Cu immersed in 3 wt.% NaCl
solution with added 1mM OH-Me-BimH for 60 days
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Al1.2 Corrosion Inhibition of Zinc

A1.2.1 Short-term and long-term electrochemical tests
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Figure A1.42 All linear polarization resistance curves of pure Zn with and without
inhibitors in 3 wt.% NaCl solution after immersion for 1 h
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Figure A1.43 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution without inhibitors
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Figure A1.44 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with ImiH
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Figure A1.45 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH
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Figure A1.46 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with Me-S-BimH
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Figure A1.47 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-50Me
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Figure A1.48 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-ImiH-4Ph
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Figure A1.49 Long-term linear polarization curves of pure Zn under the 120h period
of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-5NH>
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Figure A1.50 Long-term linear polarization curves of pure Zn under the 120h period

of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-ImiMe
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Figure A1.51 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h without inhibitor
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Figure A1.53 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h with SH-BimH
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Figure A1.52 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in

period of 120h with ImiH
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Figure A1.54 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h with Me-S-BimH
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Figure A1.55 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h with SH-BimH-50Me
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Figure A1.57 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h without SH-BimH-5NH>
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Figure A1.56 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h with SH-ImiH-4Ph
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Figure A1.58 Long-term EIS impedance
and phase diagram of pure Zn in NaCl, in
period of 120h with SH-ImiMe
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Al1.2.2 Immersion test of pure Zn

e L

i*“igure A1.59 EDX elemental map analysis of the bare sample under 1000x
magnification

e o £
" o

ental map analysis of Pure Zn immersed in 3 wt.% NaCl

S V4
Figure A1.60 EDX ele
solution for 12 days

Figure A1.61 shows the surface of pure Zn immersed in 3 wt.% NaCl with added 1mM
ImiH for 12 days. As shown in Figure A1.61 (a) and (b), some big hemispheres appear
on the surface. The surface is of hemispheres are composed of porous structure, see
Figure A1.61 (d). In Figure A1.61 (c), cracks appear in some part along the surface.
Figure A1.62 shows the elemental map, and the distribution is similar to that of surface
with 3 wt.% NaCl, that are Zn, Cl and O. Figure A1.63 shows the point analysis of the
surface, All three points show the same peaks and intensities. ImiH introduced a small
scale porous surface which is not an inhibitor for pure Zn.
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Figure Al. 61 Pure Zn 1mmersed in 3 wt.% NaCl w1th added lmM ImiH solutlon for
12 days (a) surface under 320x magnification with all typical features (b) surface
under 1000x magnification (c) cracks on the surface (d) hemisphere (e) 3D
topography under 320x magnification by SEM

Figure A1.62 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 12 days
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Flgure A1.63 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added ImM ImiH for 12 days (a) and (c) spectrum of point a and
¢, hemisphere on the surface (b) spectrum of point b, boundary between hemisphere
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Figure A1.64 shows the surface of pure Zn after immersion in 3 wt.% NaCl with added
SH-BimH for 12 days. As shown in Figure Al1.64 (a), some cracks appear, other parts
are composed of dark grey and light grey under BSE. Scratches and exfoliations are
disappeared in closer look in Figure A1.64 (c) and (d), which indicates the surface is
totally changed. Figure A1.64 (e) shows the surface is a kind of plicated surface. Figure
A1.65 shows the elemental map of surface, Zn, Cl, O covered the surface, and present
different concentration on different features. Figure A1.66 shows the elemental point
analysis on different features. Point (a) shows smallest CI concentration than the rest ones,
and it is on the light grey surface. As the darker of the surface, the ratio of CI increases,
shown in point (b) and (c). SH-BimH could not stop corrosion on pure Zn under this
immersion condition.

! ; g & o R Tl e N, & .3 . <
Figure A1.64 Pure Zn immersed in 3 wt.% NaCl with added ImM SH-BimH solution
for 12 days (a) surface under 320x magnification with all typical features (b) surface
under 320x magnification (c) surface under 1000x magnification (d) cracks and holes
on the surface (e) 3D topography under 1000x magnification by SEM

T E 13 ¥ TR

!‘ 3 LEN SRS R ] L,
Figure A1.65 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl
solution with added ImM SH-BimH for 12 days
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Figure A1.66 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH for 12 days (a) spectrum of point a, white
part on the surface (b) spectrum of point b, black corroded part (c) spectrum of point
C, grey part on the surface.

Figure A1.67 shows pure Zn surface immersed in 3wt. NaCl with added 1mM Me-S-
BimH for 12 days. In Figure A1.67 (a), big crack appears on the surface, and two different
parts appear as well. The surface is destroyed in corrosive solution. As shown in Figure
Al1.67 (b), (c) and (d), the two parts shows that the surface is full of porous and gaps.
Figure A1.68 shows the elemental map of the surface, light part contains much Zn and
almost no O and Cl than that of dark part. Besides, point analysis in Figure A1.69 shows
the same results. Me-S-BimH could not improve the corrosion resistance for pure Zn in
3 wt.% NacCl.

Figure A1.67 Pure Zn immersed in

solution for 12 days (a) surface under 320x magnification with all typical features (b)
surface under 1000x magnification (c¢) surface under 5000x magnification (d) surface
features on white part (e) 3D topography under 320x magnification by SEM
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Figure A1.68 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl
solution with added ImM Me-S-BimH for 12 days
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Flgure A1.69EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added 1mM Me-S-BimH for 12 days (a) spectrum of point a,
white part of the surface (b) spectrum of point b, black part of the surface (c) spectrum
of point c, dark grey part of the surface.

Figure A1.70 shows the 12 days’ immersed surface of pure Zn in 3 wt.% NaCl with
added 1mM SH-BimH-50Me solution. Different features such as cracks, dark part and
long bulge, shown in Figure A1.70 (a). As shown in Figure A1.70 (c), little parts of the
surface show inherited surface from the polished surface. In Figure A1.70 (b) and (d),
cracks and new substance appear on the surface. As shown in Figure A1.70 (e), surface
is fluctuant. Figure A1.71 shows the existence of Zn, Cl, O, S, Si on the surface by
elemental map. The point elemental analysis in Figure A1.72 shows remained raw
surface is covered by Zn, O, CI in point (a). Besides, S appears which indicates the
presence of inhibitor on the surface. Point (b) shows the bulge part is mostly Zn and O,
which should be the redeposited Zn on the surface. Point (c) shows the adhesion of Zn-
inhibitor complex on the cracks. SH-BimH-50Me keeps some parts of the surface as raw
condition, but most of the surface is destroyed. Furthermore, adhesion of Zn-inhibitor
complex on local attack is found as well as on pure Cu.
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Figure A1.70 Pure Zn immersed in 3 wt.% NaCl with added ImM SH-BimH-50Me
solution for 12 days (a) surface under 320x magnification with all typical features (b)
long bulge on surface under 1000x magnification (¢) white flat surface under 2500x
magnification (d) cracks and corrosion products (e) 3D topography under 320x
magnification by SEM
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Figure A1.71 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 12 days
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Figure A1.7 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-50Me for 12 days (a) spectrum of point

a, white bulge on the surface (b) spectrum of point b, white flat surface (c) spectrum
of point c, black corrosion products.

o3 T

Figure A1.74 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-5NH; for 12 days

Figure AL.75 shows the surface of pure Zn immersed in 3 wt.% NaCl with added SH-
ImiMe for 12 days. As shown in Figure AL1.75 (a), the surface is reconstructed. Which is
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different from the bare surface and shows a fluctuant look. The light part is condense as
shown in Figure ALl.75 (c), and the dark parts present cracks and porous structure as
shown in Figure A1.75 (b) and (d). Figure A1.76 and Figure Al1.77 show the elemental
map and point analysis of the surface. They both confirm that the dark part is composed
of O and Zn, and light part is close to pure Zn. SH-ImiMe could reconstruct or remove
surface materials of pure Zn which indicates it is not an inhibitor for pure Zn.

Figure A1.75 Pure Zn immersed in 3 wt.% NaCl with added ImM SH-ImiMe
solution for 12 days (a) surface under 320x magnification with all typical features (b)
dark part of surface under 1000x magnification (c) white part of the surface under
5000x magnification (d) porous of dark part (¢) 3D topography under 320x

magnification by SEM

: 9 1 : _‘,-.,-,‘
i GEFY L % y: il é‘i
Figure A1.76 EDS elemental map analysis of Pure Zn immersed in 3 wt.% NaCl

solution with added 1mM SH-ImiMe for 12 days
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Figure A1.75 EDS elemental point analysis spectrum of Pure Zn immersed in 3 wt.%
NaCl solution with added ImM SH-ImiMe for 12 days (a) spectrum of point a, white
part of the surface (b) spectrum of point b and c, dark part of the surface
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A1.3 Corrosion Inhibition of Zirconium
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Figure A1.78 All linear polarization resistance curves of pure copper Zr with and
without inhibitors
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Appendix 2: Corrosion on CuZn alloys. Supplemental

information.

A2.1 Short-term and long-term electrochemical tests of CuZn alloys
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Figure A2.1 All linear polarization resistance curves of CuzoZnso alloy with and
without inhibitors in 3 wt.% NaCl solution after immersion for 1 h
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Figure A2.2 All linear polarization resistance curves of CuzoZnzo alloy with and without
inhibitors in 3 wt.% NaCl solution after immersion for 1 h
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Figure A2.3 Long-term linear polarization curves of CuzoZnzo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution without inhibitors
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Figure A2.4 Long-term linear polarization curves of CuzZnszo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with ImiH
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Figure A2.5 Long-term linear polarization curves of CuzoZnzo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous

solution with SH-BimH
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Figure A2.6 Long-term linear polarization curves of CuzZnszo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous

solution with Me-S-BimH
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Figure A2.7 Long-term linear polarization curves of CuzoZnzo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-50Me
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Figure A2.8 Long-term linear polarization curves of CuzZnszo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-ImiH-4Ph
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Figure A2.9 Long-term linear polarization curves of CuzZnzo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-5NH:
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Figure A2.10 Long-term linear polarization curves of CuzZnso alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-ImiMe
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Figure A2.11 All linear polarization resistance curves of CusZnz alloy with and
without inhibitors in 3 wt.% NaCl solution after immersion for 1 h
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Figure A2.12 Long-term linear polarization curves of CuzoZnyo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution without inhibitors
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Figure A2.13 Long-term linear polarization curves of CuzoZnyo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BImH

192



] -0.925 1 } ]
08851 . sH— BimH - 50Me-1: 7.7k " 0-925
S os90] — SH-BimH-50Me-1:6.4k0 | o |
g —— SH - BimH — 50Me-1: 9.2kQ -0.930 -
< .0.805 1
g 0.895 0,935 1
: -0.935 |
g -0.900 -
— -0.940 A
3
"E -0.905 A y, -0.940 1 y
S . SH — BimH — 50Me-2: 3.1kQ .—— SH—BimH — 50Me-3: 2.4kQ
8 09101 09451 —— SH - BimH — 50Me-2: 3.2kQ —— SH— BimH — 50Me-3: 2.6kQ
—— SH—BimH — 50Me-2: 3.4kQ | -0.945{ —— SH — BimH — 50Me-3: 2.7kQ
. . . . 0950 —— — . . . .
-2 -1 -2 -1 -2 0 4
le-6 le-6 le-6
-0.930 A
-0.928 1
-0.935 1
g 0.930 A 09321
g‘ - -0.935
< -0.933 0.938 1 -0.940
) —— SH—BimH — 50Me-4: 2.4kQ | " —— SH - BimH —50Me-5: 2.4kQ
g 093] —— SH-BimH=50Me-4:2.5kQ | 09401 —— SH—BimH ~50Me5:2.4kQ |
> ooss) —— SH—BImH—50Me-4:2.5kQ | .0.043] —— SH—BimH—50Me-5: 2.5ka | 9%
R
S
& -0.9401 -0.9451 / 0.950] ,— SH=BimH —50Me-6: 2.4kQ
S -0.948 1 —— SH — BimH — 50Me-6: 2.4kQ
-0.943 4 « .
0.950 4 —— SH —BimH — 50Me-6: 2.5kQ
: ‘
T T T T T T T T -0.955 1 T T T T
-2 0 2 4 -2 0 2 -2 0 2 4
le-6 le-6 le-6

Current density(A cm~2)

Current density(A cm~2)

Current density(A cm~2)

Figure A2.14 Long-term linear polarization curves of CusoZnzo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-50Me
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Figure A2.15 Long-term linear polarization curves of CuzoZnyo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-ImiH-4Ph
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Figure A2.16 Long-term linear polarization curves of CuzoZnyo alloy under the 120h
period of testing of the alloy in the presence of the inhibitor in the 3 wt.% NaCl aqueous
solution with SH-BimH-5NH:
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A2.2 Immersion test of CuZn alloy

— Bare = SH-BimH = SH-BimH-50Me
— Blank = Me-S-BimH == SH-ImiH-4Ph
d18ls B B E]]IE g
(=
290 i8m8i 0 ic | Sl °3 A
> sk N (]
. Of 1019 /
=] v
51 1 R
: ) P . -
NEBSEE
'47-; 1 MMWWW L\/\/\""WM
a PR e
8 WW ¥ e m e
£ | 1M i
: P e | I
2
E bt - ] |
8 S P
VAV - ~ —~
’\‘—’N:m’“\—\w "“W‘/u 1 m 2t
\/‘ [T i ~
] - 3 i3io! iN
120h | /
S At
2 WW 1 T VN//‘/MJ
© ,\MMMWMM’/J / AL
; NJ\}\HM JWM“//\/MMW
. WJMW JJVMJ/NJM
F Y VR S| G S\ S
c USSR
S e i
8 =7 AN /
2 L | (n f
Rl — S
Aﬂwrﬁ/\,m/\—\“w A_NM/U 1T /\/_//IJ_K\‘—A
) A
100 200 300 400 5800 600 700 800 900 1000 1100 1200
binding energy / eV binding energy / eV

Figure A2.17 Normalized survey XPS spectrums for the surface of CuzZnso alloy
after polishing and pickling, and after immersion in 3wt.% NaCl with and without
added of SH-BimH, Me-S-BimH, SH-BimH-50Me and SH-ImiH-4Ph. Dash lines
represent the position of peaks of reference compounds. Upper: Immersion for 24h.
Down: Immersion for 120h.
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Figure A2.18 EDX elemental map analysis of the bare sample under 1000x
magnification

Figure A2.19 EDX elemental map analysis of CuzZnso alloy immersed in 3 wt.%
NaCl solution for 60 days

Figure A2.20 shows the BSE images of CuzZnzo alloy immersed in 3 wt.% NaCl with
added 1mM ImiH for 60 days. Figure A2.20 (a) shows three typical features: (A) shows
clusters on the top, (B) are small cubes under the clusters, and (C) shows a light grey
irregular piece. Subfigure (e) confirms the structure and shows a surface roughness Sa of
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5.01 um, the biggest one among all samples. As shown in Figure A2.20 (b) and (c), the
surface is covered by this kind of cluster island structure; the island size is around 20 —
60 um. Figure A2.20 (d) shows the cubic clusters on the surface. Furthermore, the holes
near the cubic clusters seem very deep.

g oo

Figure A2.20 Cu7Znzo alloy immersed in 3 wt.% NaCl with added 1mM ImiH
solution for 60 days (a) surface under 2500x magnification with all typical features
(b) surface under 320x magnification (c) surface under 1000x magnification (d)
surface features in the valley (e) 3D topography under 1000x magnification by SEM

Figure A2.21 EDS elemental map analysis of Cuz0Znzo alloy immersed in 3 wt.% NaCl
solution with added 1mM ImiH for 60 days
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Figure A2.22 EDS elemental point analysis spectrum of CuzoZnso alloy immersed in 3
wt.% NaCl solution with added 1mM ImiH for 60 days (a) spectrum of point a, white
clusters on the surface (b) spectrum of point b, grey cubic particles under the clusters
(c) spectrum of point c, grey pieces in the valley.

Figure A2.21 shows the EDS elements map of Cu, Zn, O and CI. The clusters are
composed of Cu, Zn, O and Cl. However, there is less information from the map of the
other areas. Figure A2.22 is the EDS point spectrum of the features. Spectrum (a) is the
cluster, showing oxygen, the chlorine peak with Cu and Zn that indicates that the cluster
should be a complex. Spectrum (b) and (c) show the same large peak at less than 0.25
keV, and the La energy peak of Cu and Zn are both very small. This may be attributed to
the fluorescence and absorption of x-ray by light elements. These two points are in the
valley of the sample. Since the high roughness, the x-ray have to go throw the clusters
before reaching the detector. We can see the Cmax is quite small in low energy range, so
the amount of Si, Cl and O should also lower than in point (a). The peak features are
almost the same for these two positions, and the Zn/Cu ratio are the same (Zn/Cu: 0.58/1).
None of these analyses can infer the precise compound. However, they prove the results
of electrochemical measurements, namely that ImiH is not an efficient inhibitor for
Cu7o0Znzo alloy.

Figure A2.23 EDS elemental map analysis of Cu70Zn30 alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH for 60 days
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Figure A2.24 EDS elemental map analysis of CuzoZnzo alloy immersed in 3 wt.% NaCl
solution with added 1mM Me-S-BimH for 60 days
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Figure A2.25 EDS elemental map analysis of Cuz0Znzo alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-BimH-50Me for 60 days
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Figure A2.26 EDS elemental map analysis of Cuz0Znzo alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiH-4Ph for 60 days
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Figure A2.27 shows the BSE images of CuzZnso alloy immersed in 3 wt.% NaCl
aqueous solution with added 1mM SH-BimH-5NH for 60 days. Three kinds of features
are present on the surface, a flat grey area (A) under the black cracked film (B), and a
porous part (C), as shown in subfigure (a) and (e). The surface roughness Sa is around
2.29 pm. In subfigure (b), it is shown that the black film is on the top of the grey surface,
and the scratches are present on the grey surface, which means that in some parts the
surface is protected by the black film. The black films are full of cracks, bubble-like
bulges and holes, shown in subfigure (c). Subfigure (d) shows the porous structure,
composed by polyhedron particles of a size around 5 pm.

) 0%
o -

Sa=2.29 um

Figure A2.27 Cu7oZnso alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-
5NH: solution for 60 days (a) surface under 2500x magnification with all typical
features (b) surface under 320x magnification (c) surface under 1000x magnification
(d) surface features in the valley (e) 3D topography under 1000x magnification by SEM

Figure A2. 28 shows the EDS elemental map of C, O, S, Cl, Cu and Zn. The distribution
of Zn is almost the same in the black film and the porous surface, showing a low amount
of Zn. However, a region at the bottom of the image shows a high Zn concentration. Only
O and Cu are observed in the porous region, which means the polyhedron particles are
pure Cu with some oxides on the surface. Contrarily, C, S and Cl are the major
components of the black. The area at the bottom of the image shows different features
than the film under the black film. It appears to be a very flat surface, of different
morphology than that of the raw material with an oxide surface. The major elements are
Zn, Cl and O. Figure A2.29 displays the EDS point spectrum of the features, (a) on the
black film, (b) on the white porous part and (c) on the flat grey piece. Spectrum (a) shows
the presence of C, N, O, Cu, Zn, S and CI; Cu and Zn may form the background surface,
and the film would be mostly formed by the inhibitor in the solution. The quantification
result offers a Zn/Cu ratio of 0.439/1 close to the ratio of raw material, which confirms
the estimation. Furthermore, the O may come from oxide on the CuZn surface under the
black film. Spectrum (b) shows that there is neither Zn nor inhibitor in the porous region.
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After dezincification, Cu particles may grow, and oxidation happens on the surface. The
area at the bottom of the image shows the presence of Zn, O, ClI, and a little Cu. Since it
locates on the top of porous area, the Cu peak may come from the porous, while CI must
come for the area itself. Therefore, this area may be a (Zn, ClI, O) compound formed
during corrosion. The surface shows selective corrosion of the sample; this inhibitor
introduces some new modes of corrosion and cannot adequately protect the surface. The
protective black film did not show any regularity as well.

SH-BimH-5NH, . Cu Zn 0

o

Figure A2. 28 EDS elemental map analysis of CuzZnzo alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-5NH> for 60 days
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Figure A2.29 EDS elemental point analysis spectrum of Cu70Zn30 alloy immersed in
3 wt.% NaCl solution with added 1mM SH-BimH-5NH2 for 60 days (a) spectrum of
point a, white part under BSE detector (b) spectrum of point b, grey film on the surface
(c) spectrum of point c, particles in porous

Figure A2.30 shows the BSE images of the CuzoZnso alloy immersed in 3 wt.% NaCl
aqueous solution with added 1mM SH-ImiMe for 60 days. According to subfigure (a) and
(e), there are some flocs on the sample surface, most of them are white and the rest are
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black. The flat surface is scratched, which means it is not severely corroded. The Sa
roughness is 2.29 um. As shown in subfigure (b), the flocs covered part of the surface.
Moreover, under the floc, cracks may happen, see subfigure (c). The close-up subfigure
(d) shows a porous structure under the flat surface. It indicates that selective dissolution
happened in some locations in the surface. Figure A2.31 shows the EDS elemental map
of Cu, Zn, O, C, S and CI. The flocs are all Cu-rich, and almost no Zn, O and CI appear
on the white flocs, which seems to be a (Cu, O, Cl) compound. Furthermore, the black
flocs contain C, S and Cu, which may correspond to the inhibitor on Cu. The flat surface
shows a Zn distribution with higher concentration than in the raw material, as well as the
presence of O and CI. This can be attributed to the development of ZnO over most of the
surface during corrosion.

Figure A2.30 CuzZnzo alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiMe
solution for 60 days (a) surface under 2500x magnification with all typical features (b)
surface under 320x magnification (c) surface under 1000x magnification (d) surface
features in the valley (e) 3D topography under 1000x magnification by SEM
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Figure A2.31 EDS elemental map analysis of Cuz0Znzo alloy immersed in 3 wt.% NaCl
solution with added 1mM SH-ImiMe for 60 days
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Figure A2.32 is the EDS point spectrum of the features, (a) on the white floc, (b) on the
flat surface and (c) on the black floc. Spectrum (a) shows almost no Zn and high O, Cu,
Cl concentrations in this position. It confirms the result of the EDS map. In spectrum (b),
the small peaks of C and S denote the adsorption of inhibitors on the surface, but the
existence of a Cl peak indicates this inhibitor reinforces the reaction of CI™ ions with the
sample. The spectrum (c) shows Cu and Zn peaks similar to that of the raw material in
the 7 — 10 keV range, and high C, S, N peaks in the 0 — 3keV range, like some previous
inhibitors. Thus, it appears that in the black flocs the organic compounds are on the
surface, while under the surface an oxide layer develops with little corrosion products
containing Cl; the Zn/Cu ratio of 0.488/1. This sample with SH-ImiMe shows a complex
surface covered by corrosion products, organic compounds and an oxide film topped with
inhibitor molecules. Moreover, small porous were found at some locations. This inhibitor
may introduce the formation of the passive film like (B) region in &&= ! K3k 2| 5] HIR .
(a), but the passive layer only appears in some positions, therefore not protecting the
whole surface. Furthermore, this passivation may also be responsible for the unstable
signal recorded in the short-time electrochemical test.
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Figure A2.32 EDS elemental point analysis spectrum of CuzoZnso alloy immersed in 3
wt.% NaCl solution with added 1mM SH-ImiMe for 60 days (a) spectrum of point a,
white part under BSE detector (b) spectrum of point b, grey film on the surface (c)
spectrum of point c, particles in porous
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Figure A2.33 EDX elemental map analysis of the bare CusoZnz alloy sample under 1000x
magnification

Figure A2.34 EDX elemental map analysis of CuzoZnzo alloy immersed in 3 wt.%
NaCl solution for 12 days

Figure A2.35 shows CuzoZnyo alloy surface after immersion in 3 wt.% NaCl with added
SH-BimH for 12 days. Figure A2.35 (a) and (d) show global view of surface, there are
some big bulk exist on the surface, And the scratches from polishing are disappeared.
Figure A2.35 (b) shows the flat surface in higher magnification, porous structure
indicates corrosion happened on the surface. Figure A2.35 (c) shows that the porous
structure is a film on the surface and bulk material is under porous layer. Figure A2.36
shows the elemental map of the surface, the porous layer is made of Zn, CI, C and O.
Figure A2.37 shows the elemental point analysis. The bulk materials under porous layer
is raw alloy with oxide surface in point (a). Point (b) and (c) show the substance on the
surface and the porous layer are same, compose of Zn, Cl, O. SH-BimH did not work as
inhibitor for CusoZnyo alloy.
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Figure A2.35 CusoZnzo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH
solution for 12 days (a) surface under 320x magnification with all typical features (b)
surface under 2500x magnification (c) bulk material under porous film (d) big
corrosion products on the surface (e) 3D topography under 320x magnification by
SEM

Figure A2.36 EDS elemental map analysis of CusoZnz alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH for 12 days
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Figure A2.37 EDS elemental point analysis spectrum of CuzoZnzo alloy immersed in
3 wt.% NaCl solution with added 1mM SH-BimH for 12 days (a) spectrum of point
a, bulk material under the porous film (b) spectrum of point b, grey porous film (c)
spectrum of point c, clusters on the surface.

Figure A2.38 shows the surface of CuspZnzo alloy immersed in 3 wt.% NaCl with added
SH-BimH-50Me for 12 days. As shown in Figure A2.38 (a), cracks, particles and pits
appear on the surface. In Figure A2.38 (b) and (d), particles and porous film are clearer
with 2500x magnification. Only little part of the surface maintains a better surface like in
Figure A2.38 (c). Figure A2.39 shows the elemental map of the surface. Cu, Zn, O and
S appear on the surface and there is no S on the porous part. Figure A2.40 shows
elemental point analysis on protected surface and porous parts. Point (a) is on the
protected surface, S peak is high and almost no Cu peak appears, which indicates SH-
BimH-50Me combine with Zn and adhere to the surface. Point (b) and (c) show the same
peaks, and the close to the analysis in surface with only 3 wt. NaCl. SH-BimH-50Me is
not effective inhibitor for CusoZn7o alloy even it can offer some protections.

Figure A2.38 CuszoZnzo alloy immersed in 3 wt.% NaCl with added 1mM SH-BimH-
50Me solution for 12 days (a) surface under 320x magnification with all typical
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features (b) particles and cracks on the surface (c) surface under 320x magnification
(d) porous structure of the surface (e) 3D topography under 320x magnification by
SEM

7n

Figure A2.39 EDS elemental map analysis of CuzoZnz alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-50Me for 12 days
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Figure A2.40 EDS elemental point analysis spectrum of CuzoZnzo alloy immersed in
3 wt.% NaCl solution with added 1mM SH-BimH-50Me for 12 days (a) spectrum
of point a, grey flat surface (b) spectrum of point b, white flat surface (c) spectrum
of point ¢, porous substance on the surface.

Figure A2.41 shows the surface of CuzpZnzo alloy immersion for 60 days in 3 wt.% NaCl
with added 1mM SH-ImiH-4Ph. All subplots show an interesting result, SH-ImiH-4Ph
assist the formation of a flower-like structure similar to surface without inhibitor. And
this structure is covered all surface. Figure A2.42 is the elemental map of the surface.
Combine with the elemental point analysis in Figure A2.43, the surface is covered by the
same substance as sample with 3 wt.% NaCl. SH-ImiH-4Ph assists formation of corrosion
products of (Cu, O, CI) complex.
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Figure A2.41 CuszoZnso alloy immersed in 3 wt.% NaCl with added 1mM SH-ImiH-4Ph
solution for 12 days (a) surface under 320x magnification with all typical features (b) surface
under 1000x magnification (c) surface under 1000x magnification (d) structure of flower-
like substance (e) 3D topography under 320x magnification by SEM

Figure A2.42 EDS elemental map analysis of CuzoZnz alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-ImiH-4Ph for 12 days
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Figure A2.43 EDS elemental point analysis spectrum of CusoZnzo alloy immersed in
3 wt.% NaCl solution with added 1mM SH-ImiH-4Ph for 12 days (a) spectrum of
point a, small flower-like substance (b) spectrum of point b and c, large flower-like
substance.
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Figure A2.44 EDS elemental map analysis of CuszoZnzo alloy immersed in 3 wt.%
NaCl solution with added 1mM SH-BimH-5NH> for 12 days
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Figure A2.45 Raman spectrum of OH-Me-BimH powder (bottom), pure Cu surface
after 60 days’ immersion with added ImM OH-Me-BimH (top).
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Appendix 3: Corrosion on CuZr alloys. Supplemental

information.

Table A3.7 CusZreo Crystalline Tafel Parameters (cf. Figure 6.6).

. Ecorr jcorr ~—Pc a
Solution (mV) vs. Ag/AgClI (uAlcm?) (rgV/dec) ?mV/dec)
3 wt.% NaCl —405 0.117 105 174
ImiH —402 0.152 86 185
SH-ImiMe —494 8.737 133 141
SH-ImiH-4Ph —429 0.256 45 306
SH-BimH —530 0.100 299 177
SH-BimH-50Me  —425 0.304 35 285
SH-BimH-5NH,  —439 0.529 74 296
Me-S-BimH —370 0.263 17 230
OH-BimH —471 2.502 65 215
OH-Me-BimH —443 1.406 42 218

Table A3.8 CusZrso Amorphous Tafel Parameters (cf. Figure 6.6).

. Ecorr jcorr —Pc a
Solution (mV) vs. Ag/AgCI (nA/cm?) (rﬁVldec) ?mV/dec)
3 wt.% NaCl —493 0.053 194 216
ImiH —515 0.061 226 231
SH-ImiMe —737 0.003 239 173
SH-ImiH-4Ph —656 0.003 199 194
SH-BimH —690 0.007 210 193
SH-BimH-50Me  —690 0.010 202 192
SH-BimH-5NH,  —662 0.005 229 202
Me-S-BimH —679 0.006 187 206
OH-BimH —480 0.091 324 242

OH-Me-BimH —778 0.002 266 201
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Table A3.9 CusoZrso Crystalline Tafel Parameters (cf. Figure 6.11).

: Ba

- ECOI’I’ corr —Pc
Solution (mV) vs. Ag/AgCI J (pA/cm?) (rEV/dec) )(mV/dec
3 wt.% NaCl —392 2.674 43 293
ImiH —385 2.356 61 305
SH-ImiMe —392 1.710 47 229
SH-ImiH-4Ph —413 0.853 59 181
SH-BimH —404 0.286 50 160
SH-BimH-50Me 373 0.830 24 253
SH-BimH-5NH,  —476 1.501 133 109
Me-S-BimH -391 1.799 54 253
OH-BimH —411 1.791 42 159
OH-Me-BimH —397 2.652 93 292
Table A3.10 CusoZrso Amorphous Tafel Parameters (cf. Figure 6.11).

H ECOI’T -corr —Pc a
Solution (mV) vs. Ag/AgCI J (uAlcm?) (rgV/dec) [ng/dec)
3 wt.% NaCl —485 0.014 340 250
ImiH —551 0.020 192 225
SH-ImiMe —601 0.006 198 188
SH-ImiH-4Ph —596 0.003 253 168
SH-BimH —524 0.008 181 212
SH-BimH-50Me 588 0.003 201 174
SH-BimH-5NH, 547 0.004 187 192
Me-S-BimH —512 0.007 184 210
OH-BimH —438 0.037 460 279
OH-Me-BimH —443 0.033 275 250
Table A3.11 CuesZrss Crystalline Tafel Parameters (cf. Figure 6.15).

. Ecorr jcorr —Pc a
Solution (mV) vs. Ag/AgCI (nA/cm?) (r[:lV/dec) [(3mV/dec)
3 wt.% NaCl —460 15.044 169 101
ImiH - - - -
SH-ImiMe —523 18.264 116 182
SH-ImiH-4Ph —573 2.571 95 183
SH-BimH —471 1.214 73 159
SH-BimH-50Me 522 1.427 94 114
SH-BimH-5NH, 586 5.089 89 221
Me-S-BimH —563 3.645 110 153
OH-BimH - - - -

OH-Me-BimH —443 6.118 52 225
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Table A3.12 CuesZrss Amorphous Tafel Parameters (cf. Figure 6.15).

Solution Ecorr jcorr —Be Ba
(mV) vs. Ag/AgClI (uA/cm?) (mV/dec)  (mV/dec)

3 wt.% NaCl - - - -
ImiH —343 0.029 176 185
SH-ImiMe —386 0.030 275 188
SH-ImiH-4Ph —387 0.014 241 183
SH-BimH - - - -
SH-BimH-50Me  —302 0.161 2 408
SH-BimH-5NH,  —485 0.013 216 188
Me-S-BimH -334 0.029 248 206
OH-BimH - - - -

OH-Me-BimH —392 0.016 203 182
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