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ABSTRACT

Eletrochemical studies were conducted on TiN and ZrN coated 304
stainless steels in O.SN chloride containing solution to identify the effect of
film thickness and Ti or Zr interlayer between TiN or ZrN coatings,
respectively,

on their corrosion properties.

Time dependent corrosion

behavior was monitored utilizing the widely used electrochemical impedance
spectroscopy (EIS) technique. The corrosion resistance values were justified
by the polarization resistance obtained from linear polization.

Active to

passive transition behavior was studied utilizing the potentiodynamic cyclic
polarization test.

The charge transfer resistance values obtained from both EIS and linear
polarization indicated higher corrosion resistance of ZrN coated steels than
the TiN coated steels; justifying our previous findings. It was approximately
106 ohm.cm2 for the former and 6x105 ohm.cm2 for the latter.

Higher

resistance of ZrN coated steels was attributed to formation of a passive film
on the coating. Increasing the film thickness from 5 to 10 µm and laying a
metal interlayer between two coating layers did not significantly change the
charge transfer resistance suggesting the mechanism for protection is
dominated by surface phenomena like formation of an oxide film.

Cyclic polarization scans indicated that the corrosion potential of ZrN
coated steels was lower than the bare steel and that of TiN coated steels
slightly higher than the bare steel.

The critical current density for film

formation was an order of magnitude lower for ZrN coated steels than TiN
coated steels; approximately 10-3 for the former and 10-2 for the latter. This

suggested easier formation of oxide film on ZrN than on TiN. The passive
films were in the form of Zr02.2H20 for the former and Ti02.H20 for the
latter. Increasing the coating thickness and laying an interlayer between the
coating layers increased the coating breakdown potential where pits formed.
The higher corrosion resistance of ZrN was then attributed to the easier
formation of oxide film on its surface as suggested by the lower critical current
density for film formation.

Formation of passive oxide film on ZrN was investigated utilizing
electron spectroscopy for chemical analysis (ESCA). A layer of approximately
1000 Angstrom thick containing oxygen formed on the ZrN surface after

exposure for more than 60 days. This layer was identified by Zr02 from the
binding energy value of the core electron of Zr. It was suggested that this
oxide existed in the hydrated form during exposure to aqueous environment
but dehydrated after removal and exposure to a laboratory environment. A
broad oxygen 0 ls peak suported this argument. However, insignificant
change in the oxygen content was found for TiN exposed for more than 60
days.

Oxide film formation on ZrN but not on TiN was proposed as driven
by the potential difference between coating and steel substrate.

Lower

potential of ZrN than steel promotes oxidation of the nitride to form oxide
film as a protective layer. Higher potential of TiN than the substrate will not
promote oxidation of the nitride. The substrate oxidizes and its corrosion
protective ability will depend on the passive film on the substrate.

Thermodynamic calculations were carried out to construct the pHpotential or Pourbaix diagram for ZrN in water which potentially can be used
as protective coating. Equilibrium potential for oxide formation from nitride
is higher than from its base metal. The shape of immunity, passivity and
corrosion regions of nitride follow closely that of the base metal. Theoretial
prediction for choosing good protective coatings for particular metal or alloys
can be made using this diagram.

A local electrochemical impedance spectroscopy (LEIS) technique was
developed to enhance understanding of overall impedance of passive systems
like stainless steel and aluminum alloys. Local impedance of passive area
and pits were measured by this technique. Contribution of these local areas to
the overall impedance measured by EIS were identified.

Pit may not

significantly change the overall impedance because the current from the
small pit spread laterally to the larger passive area.
masked by the response of the passive area.

The pit response is

Information on the local

corrosion rate of pit and passive area, and pit growth behavior are obtainable
from this local impedance technique which is not available from the overall
impedance which only provide surface averaged response.

Local charge

transfer resistance and capacitance values can be used to justify the active pit
model for pit in pasive system.

Application

of

LEIS

technique

to

monitor

damage

in

carbon/ glass/vinyl ester composite under simulated galvanic coupling in
O.SN NaCl was carried out. Differences of local impedance over blisters and
polymer removal regions were measured.

Under open circuit condition,

significant variation in local impedanec over glass and carbon regions were

identified suggesting differences in electrolyte diffusion into the composite at
these regions.

LEIS technique was found as very useful to measure local corrosion
rate and monitor damage.

Further investigations on application of this

technique to other corrosion system should be conducted to fully utilized its
capability to map the impedance of entire corroding surface.
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PREFACE

This dissertation is written in the Manuscript form according to
guidelines of the Graduate School of the University of Rhode Island.

Six

manuscipts are written in the appropriate format for submission to journals.
An introduction chapter was written to present the purpose of research and
background of materials and experimental techniques employed in the study.
Chapters II and III discussed electrochemical studies on the effect of
film thickness and an interlayer on corrosion behavior of TiN and ZrN
coated 304 stainless steel in chloride containing solution. Active to passive
transition behavior and time dependent corrosion rate were obtained and
discussed to propose the corrosion protective mechanism of nitride thin
films.
Chapter IV discussed the surface analysis study by ESCA on TiN and
ZrN thin films exposed to chloride containing solution. Depth profile and
chemical shift data justify the formation of oxide film on nitride to enhance
the corrosion resistance.
Chapter V discussed the construction of pH-potential or Pourbaix
diagram to predict the immunity, passivity and corrosion regions for ZrN in
water.
Chapter VI and VII discussed the application of local electrochemical
impedance spectroscopy technique to monitor corrosion of nitride coated
alloys and polymer matrix composite, respectively.
Most of this work was presented at international conferences and few
papers were published as listed in the Appendix.
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CHAPTER I

INTRODUCTION

1

INTRODUCTION

This dissertation will present the results from research investigating
the effect of film thickness and metal interlayer on the corrosion behavior of
TiN and ZrN coated 304 stainless steels in NaCl chloride environment. The
justifications for the formation of the passive oxide film films on these
coatings from the electrochemical testings and surface analysis and theoretical
considerations using the Pourbaix diagrams are discussed. The mechanism
for the corrosion protection ability of these coatings are presented.

The local electrochemical impedance spectroscopy study on nitride
coated stainless steels and aluminum alloys also shed some light on the effect
of defects and pitting corrosion on the overall impedance measured by
conventional EIS.

Local impedance measured at the pit and over passive

area shown differences in the impedance and phase angle behavior
throughout wide frequency range.

These findings are discussed in this

dissertation.

LEIS study on the degradation of carbon/ glass/vinyl ester composite
shown differences in impedance between blisters over regions where glass
fibers closest to the surface and polymer damages over regions where carbon
fibers closest to the surface when subjected to applied cathodic potential in
NaCl solution.

These findings are also discussed in detail in this

dissertation.

Electrochemical impedance spectroscopy (EIS) study was conducted
previously on zirconium nitride (ZrN) and titanium nitride (TiN) coated 304
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stainless steels in O.SN NaCl solution which indicated higher resistance to
charge transfer of an order of magnitude on ZrN coated sample compared to
TiN coated sample and bare stainless steel 1. It was suggested that the
difference was due to easier formation of passive surface films on the latter
coating. Formation of passive films was determined from changes in low
frequency impedance and phase angle behavior. Further studies were carried
out to investigate the formation of passive films on TiN and ZrN coated 304
SS in similar environment utilizing potentiodynamic cyclic polarization
technique, and to determine the effect of film thickness and a noble metal
interlayer between two layers of TiN or ZrN coating on the corrosion
behavior of stainless steels utilizing the EIS and linear polarization
techniques 2,3. Formation of oxide film on the TiN and ZrN coated stainless
steels exposed to NaCl solution during the EIS experiments was analyzed by
electron spectroscopy for chemical analysis (ESCA) 4.

Thermodynamic

calculations for the construction of Pourbaix or pH-potential diagrams were
carried out to determine the immunity, passivity and corrosion regions of
various nitride coatings in water 5.

This would provide theoretical

explanation for the formation of oxide films in aqueous solution. Findings
from EIS, linear polarization, cyclic polarization and ESCA experiments have
shed some light on the mechanism for formation of passive films on these
coatings.

Coating used in these studies were produced by the cathodic arc plasma
deposition or CAPD technique 6,7. The advantages of this technique over
other plating or sputtering techniques are its ability to deposit coating very
rapidly and produce thick and dense coatings with better adhesion of the
coatings to the substrate. One supposed disadvantage of this technique is

3

microdroplets deposits on the coatings ranging in size from 0.2 to 1.0 µm .
zrN coatings developed by this technique were shown to have lesser
microdroplets density than TiN due to the higher melting point of the
former.

Coatings studied showed two types of defects 1-3, type I defect appears
as depression below the average coating thickness and type II defect appears as
islands growth over the average coating thickness .

These are shown

schematically in figure 1. Type II defect appears in a thin cylindrical shape on
the TiN surface, but in a hemispherical shape on ZrN surface. These growth
defects or microdroplets are shown to be metal-rich at least for those on TiN
surface 7. Type I defects is due to loss of adhesion of the microdroplets to the
surface which are loosely held in the coating matrix. The size of these defects
observed are between 10 to 100 µmin diameter.

Electrochemical impedance spectroscopy (EIS) studies of these coatings
indicated two maxima of time constant due to regions with defects and
regions of average coating thickness. This was modelled with two parallel RC
circuits in series, figure 2. It was found that the two maxima were more
clearly distinguished when the size and density of defects are relatively large,
ie. 100 µm in diameter 2,3.

The distinguishability of the two maxima is

governed by the ratio of the two time constants 8,9.

The two maxima

behavior can also be attributed to the passive oxide film in series to the
electrical double layer at oxide/solution interface 10. It is suggested that both
the geometrical shape of the surface due to defects and the passive oxide layer
have contributions to the frequency dispersion to produce two. It is then
necessary to measure separately the impedance over a locally corroded site
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and that over the non-corroding area,

and to understand the separate

contributions of both the physical chemical heterogeneities on the surface to
the measured impedance response by conventional EIS technique.

___

Defect Type II (TIN Coating)

/Defect Type I (TIN Coating)

Defect Type II (ZrN Coating)

___

Defect Type I (ZrN Coating)

/

Figure 1. Schematic of defects observed on TiN and ZrN coating on 304
stainless steels deposited by cathodic arc plasma deposition process.

In addition to the micrometer size defects shown earlier, a porous
coating could directly expose the substrate to the environment. The EIS data
may produce two maxima of phase angle behavior on the Bode -phase angle
plot which dependent on the ratio of the time constants of the two maxima.
If the two maxima are nearly identical, the two maxima would overlap and

will appear as a single maxima in the Bode-phase angle plot.
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Typical defects
ie. on TiN coatings

Cd I/defect

Rudefect
Average
coating
thickness

Figure 2.

Stainless
Steel
Substrate

Equivalent circuit model to represent the coating with defects

exposed to solution.

Analysis and interpretation of impedance data by conventional EIS
approach becomes problematic when dealing with passive systems like
stainless steel and aluminum alloys which undergo localized corrosion
1,11,12, and carbon/ glass/polymer composites which undergo both blistering
and polymer damages in galvanic coupling conditions 13,14. Initiation of pits
may or may not be seen from the impedance response caused by the
dominant capacitive response of the larger passive area.

Wide frequency

range of dispersion often referred as constant phase angle behavior are often
reported due to variation in the properties of the surface film laterally and
with its depth 15,16, and may also be due to variations in the conductivity
and valency across the oxide film 17. Physical surface heterogeneity such as
defects,

growths,

steps, kinks etc. can also contribute to the frequency

dispersion. The local variations in physical and chemical properties lead to
non-uniform potential and current distributions which were measured as
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average values by the conventional EIS technique which makes
interpretation rather difficult.

ELECTROLYTE

(a)

ANODE
(b)

Figure 3. Schematic representation of potential (a) and current (b) lines in a
galvanic couple system.

It is suggested that scanning potential micro-probe techniques like the

scanning reference electrode (SRET) and local electrochemical impedance
spectroscopy (LEIS) could be employed to address these problems 18-27.
Hypothetically,

differences in local properties at the defects and average

coating thickness areas will produce local anodes and cathodes to make up a
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micro-galvanic cell as shown in figure 3. Defects on more noble coating that
exposed the active substrate can also create a galvanic cell and produce current
and potential variations in the solution. The micro-reference electrode use in
SRET experiment can detect small potential variations in the order of several
m v due to localization. This means small increase in anodic current within
a passive matrix can be measured by this electrode. Local impedance property
on the heterogeneous surface was detected by EIS technique. Applicability of
SRET and LEIS technique to monitoring of degradation of carbon/ glass/vinyl
ester composite and pitting of nitride coated stainless steels and aluminum
alloys was studied and discussed in chapters VI and VIL

THEORETICAL BACKGROUNDS
Theory of SRET
During the period between 1980 and 1990, studies had been devoted to
an in situ measurements of anodic and cathodic reactions during localized
corrosion 18,19,22,24. The aim of these studies was to separate clearly the
anodic and cathodic reactions without interfering or altering the processes
taking place. The in situ measurements provide mapping of potentials in
the solution and physical separation of anodic and cathodic areas to provide
measurements of current flow between them. This technique will also enable
us to measure the changes in anodic or cathodic currents between the
different areas.

The scanning reference technique does not directly measure the
potential field across the metal/ solution interface, but only the potential
variation in the solution 18. The potential variation is associated to the ionic
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current flow from anode to cathode. In other words, it is dependent on the
polarization behavior of the metal surface more than its s~rface potential.

The minimum distance between the reference electrode tip to the
substrate that will give a reliable reading is approximately the outer diameter
of the tip. Therefore, a tip of several µm in diameter will only give a good
resolution at distance of several µm between the tip and substrate. This will
not show any changes when scanning through the defects mentioned on the
nitride coatings if the electrochemical difference between the defects and
average coating area is small and the size of these defects is relatively smaller
than the size of the tip. Small changes in potential and current distributions,
ie. between defects and average coating area or between coating and defect that
exposed the active substrate, might not be observed using a mm size tip due
to the higher capacitive effect of the passive layer.

It was shown from

calculation of potential and current distribution around the tip that setting
the tip at a distance much less than the outer tip diameter will affect the
resolution of the measurement.

It is necessary to make the tip of the

reference electrode as small as possible in the µm range.

The potential and current distributions can be theoretically calculated
from the Laplace equation

(1)

and Ohm's law

=

-KVE

(2)
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such that E, i, and K are potential (V), current density (A/ cm2), and
solution conductivity (ohm.cm)-1, respectively 18. The potential field in

v I cm

can be obtained through the potential difference between the micro-

reference electrode which will scan through the active-passive region and a
stationary saturated calomel reference electrode located several mm away
above the passive or less affected region,

all divided by the separation

distance between the two electrodes. The current can be calculated from
experiments when the solution conductivity is known.

Theory of LEIS

The local impedance of specific sites was measured through the
development of the scanning reference electrode and scanning vibrating
electrode techniques 20,23,25. The latter can improved the measured current
resolution

to

nano-amps I cm2.

A local electrochemical impedance

spectroscopy technique was developed further using a bi-micro electrode 27.
By measuring the ac potential difference between the two micro electrodes at

variable frequency range, the current response can be obtained and the local
impedance normal to the surface can be calculated when the bulk solution
conductivity is known. These are given by equations (3) and (4) as following

i(rohocal

= ~V(ro)probe CJ I

(3)

1

where i(ro)10 cal is the local ac solution current density (amps/ cm2), ~ V(ro)probe
is the ac potential difference at the probe (V),

CJ

is the solution conductivity

(ohms.cm)-1, and 1 is the separation distance between the two

I0

WORKING ELECTRODE

Figure 5.

Bi-probe used for LEIS measurement shown cutting through

potential lines.

micro electrodes (cm) .

The ac potential drop is measured between two

potential lines parallel to the surface,

figure 5.

The magnitude of local

impedance is derived as

I Z(oo) I 1ocal

= V(oo)applied I

i(ro)1ocal

(4)

where V(oo)applied is the magnitude of the applied voltage perturbation
between the reference and the working electrode, and I Z(ro) I 1ocal is the local
impedance in ohms.cm2 . This equation was derived assuming all of the ac
current travels normal to the tip such that the ac solution current density at
the probe tip is proportional to the current density at the electrode surface.
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Knowing the local electrochemical behavior at different sites on
coating with high degree of surface inhomogeneity, we would understand
the role of the defects in corrosion processes and reactivity of different sites on
the surface due to attack of chloride ions . The oxidation behavior of local
sites can be gathered through these localized probe measurements.

The

effects of geometrical difference, passive films, and localized corrosion can be
separated by the localized impedance technique when these may not be
significantly differentiated by conventional EIS technique.

EXPERIMENTAL PROCEDURES

An apparatus to perform the SRET and LEIS experiments was
developed in the Corrosion Laboratory at the Chemical Engineering
department.
To analog
input

Data
_ _ _ _ _.. Aqu isition
Board

Positional
Control
Interface

Figure 6. Schematic of the scanning reference electrode technique apparatus.

The experimental setup for the SRET experiment shown in figure 6
consists of a potentiostat to measure the potential difference between the Pt
micro-reference electrode and the stationary calomel reference electrode, a
personal computer to control the experiments and for data acquisition, three
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stepping motors, an xy stage, a vertical stand to hold the micro electrode
over the surface, three motor control boards, a data aquisition board, a
power supply to drive the motors and the control _b oards,

and an

electrochemical cell consisting of the micro-reference electrode, a saturated
calomel electrode, electrolyte and the sample as a working electrode. The
electrochemical cell for the SRET is detailed in figure 7.

In nonbiased

conditions, the potential difference is measured between the micro-reference
electrode placed vertically several hundreds µm above the surface and a
standard calomel reference electrode located further away from the surface.
Under biased conditions, the potential difference can be measured between
the two Pt micro-reference electrode tips displaced 2mm vertically between
them. Once the local potential measurements are conducted the local current
density can be calculated · by equation (2).

Potential or current density

variation in the xy dimension can be graphed.
SCE reference electrode

Glass

Pt counter
electrode

Figure 7. Schematic diagram of electrochemical cell for SRET experiment.

In the LEIS experiments, the Pt bi-probe was placed several hundreds
µm vertically above the site of interest,

figure 8.

The impedance

measurement was conducted utilizing PARC M388 Impedance software
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through a frequency response analyzer and a potentiostat, figure 8. Applied
patential perturbation was maintained between the working electrode and
the reference electrode.

Since the current and potential lines are

perpendicular to one another, by measuring the ac potential drop between
planes parallel to the electrode the ac current density normal to the surface
can be calculated as given by equation (3). The local potential response in the
solution over a specific site is measured at the two tips of Pt bi-probe and
amplified through an amplifier and input to the current channel of the
frequency response analyzer. This is measured as ratio of the output voltage
perturbation to the measured potential difference at the tips. The measured
data was normalized to ohm .cm2 by the tip separation distance of the biprobe, solution conductivity, amplifier gain and the selected current range of
On the potentiostat a constant current range has to be

the potentiostat.

maintained throughout the experiment to provide accurate readings. The
impedance data obtained through conventional impedance technique were
compared to the local impedance data obtained at specific locations whether
passive or active.
Standard Calomel
Reference Electrode
Pt bi-probe

Pt counter
electrode

Y.
Working electrode

14

Figure 8. Electrochemical cell for LEIS experiment showing the Pt bi-probe.

FRA
QutpUt

•

linput
AMPLIFIER
9"'11111tl-~~

~---~~~~~~~~--.

Vinput
([

0

0

POTENTIOSTAT

~

N

Positional
Control
Interface

XV- Stage

Figure 9. Schematic of apparatus for LEIS experiments.

Software to control the mechanical movements of the stage and read
the measured potential by the potentiostat, and store the data was written in
BASIC.

REFERENCES

1.

L. van Leaven, M. N. Alias, R. Brown, "Corrosion Behavior of Ion

Plated and Implanted Films", Surface and Coatings Technology, v53 (1992),
25-34

2.

M. N. Alias, R. Brown, "Effect of Thickness and Process Parameters on

Corrosion Behavior of ZrN and TiN Coatings in the Marine Environment",
NACE CORROSION 93, Paper No. 30, NACE, Texas, Houston, 1993

15

M. N. Alias, R. Brown, "Effect of Thickness and Composition on
3.
Corrosion Resistance of Nitride Films", Surface and Coatings Technology,

v62 (1993), 467-473

4.

R. Brown, M. N. Alias, "Oxidation of Nitride Thin Films in Aqueous

Solution

Correlation Between Surface Analysis and Electrochemical

Studies", NACE Corrosion 94, Paper No. 322, NACE, Houston, Texas, 1994

s.

R. Brown,

M. N. Alias, "Thermodynamic Equilibrium Diagrams of

ZrN, HfN, TaN, NbN and CrN in Water''
6.

H. Randhawa, P. C. Johnson, "Technical Note: A Review of Cathodic

Arc Plasma Deposition Process and Their Applications",

Surface and

Coatings Technology, v31 (1987), 303-318
7.

P. C. Johnson, H. Randhawa, "Zirconium Nitride Films Prepared by

Cathodic Arc Plasma Deposition Process", Surface and Coatings Technology,
v33 (1987) I 53-62

8.

M. Klietz, J. H. Kennedy, "Resolution of Multicomponent Impedance

Diagrams", in Fast Ion Transport in Solids, P. Vashista, J. N. Mundy, and G.
K. Shenoy eds., p.185-188, Elsevier-North Holland, New York, 1979

9.

G. W. Walter,

"Application of Impedance Measurements to Study

Performance of Painted Metals in Aggressive Solutions",

Journal of

Electroanalytical Chemistry, vl 18 (1981), 259-273
10.

A. E. Bohe, J. R. Vilche, K. Juttner, W. J. Lorenz, W. Kautek, W.

Paatsch, "An Electrochemical Impedance Spectroscopy of Passive Zinc and
Low Alloyed Zinc Electrodes in Alkaline and Neutral Aqueous Solutions",
Corrosion Science, v32 (1991), 621-633
11.

H. Shih, F. Mansfeld,

"A Fitting Procedure for Impedance Spectra

Obtained for Cases of Localized Corrosion", Corrosion, v45 (1989), 610-614

16

12.

K. Juttner,

"Electrochemical Impedance Spectroscopy (EIS) of

Corrosion Processes on Inhomogeneous Surfaces", Electrochimica Acta, v35
(1990), 1501-1508

o. Kaushik, M. N. Alias, R. Brown, "An Impedance Study of a Carbon
13.
Fiber Vinyl Ester Composite", Corrosion, v47 (1992), 859-867
14.

M. N. Alias, R. Brown, "Damage to Composites from Electrochemical

Processes", Corrosion, v48 (1993), 373-378
15.

J. A. Bardwell, M. C.H. McKubre, "ac Impedance Spectroscopy of the

Anodic Film on Zirconium in Neutral Solution", Electrochimica Acta, v36
(1991), 647-653
16.

M. G. S. Ferreira, and J. L. Dawson, I. Electrochemical Society, v132

(1985), p.760
17.

A. G. G. Allah, A. A. Mazhar, "Impedance Studies on the Anodic

Passivity of Titanium in Aqueous Media of Different pH", Corrosion, v45
(1989), 381-386
18.

H. S. Isaacs, B. Byas, "Scanning Reference Electrode Techniques in

Localized Corrosion", Electrochemical Corrosion Testing, ASTM STP 727, F.
Mansfeld, U. Bertocci, eds., American Society for Testing Materials, 1981, 319.

B. Vyas,

H. S. Isaacs,

"Detecting Susceptibility to Intergranulaar

Corrosion of Stainless Steel Weld Heat-Affected Zones",

Intergranular

Corrosion Testing, ASTM STP 656, R. F. Steigerwald, ed., America! Society
for Testing Materials, 1987, 133-145
20.

H. S. Isaacs,

"The Effect of Height on the Current Distribution

Measured with a Vibrating Electrode Probe", Journal of the Electrochemical
Society, v138 (1991), 722-728
21.

K. Tokuda, T. Geushi, K. Aoki, H. Matsuda, "Finite-Element Method

Approach to the Problem of the IR-Potential Drop and Overpotential

17

Measurements by Means of a Luggin-Haber Capillary",

Journal of the

Electrochemical Society, v132 (1985), 2390-2398

22.

H. S. Isaacs, "Application of Current Measurement Over Corroding

Metallic Surfaces", Ionic Currents in Developments, 1986, 37-44
H. S. Isaacs, "Detection of Defects and Metallurgical Variations in
23.
Metal Surfaces", Novel NDE Methods for Materials, B. K. Rath ed., The
Metallurgical Society of AIME,
24.

1983, 63-76

H. S. Isaacs, "The Localized Breakdown and Repair of Passive Surfaces

During Pitting", Corrosion Science, v29 (1989), 313-323
25.

H . S. Isaacs,

M . W . Kendig,

"Determination of Surface

Inhomogeneities Using a Scanning Probe Impedance Technique", Corrosion,
v36 (1980), 269-274
26.

J. V. Standish, H . Leidheiser, Jr., "The Electrical Properties of Organic

Coatings On a Local Scale-Relationship to Corrosion", Corrosion, v36 (1980),
390-395
27.

R. S. Lillard,

P. J. Moran,

H . S. Isaacs,

"A Novel Method for

Generating Quantitative Local Electrochemical Impedance Spectroscopy",
Journal of the Electrochemical Society, v139 (1992), 1007-1012

18

CHAPTER II

EFFECT OF THICKNESS AND AN INTERLAYER ON CORROSION
BEHAVIOR OF ION PLATED TiN COATINGS ON 304 SS
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ABSTRACT

The effect of film thickness and Ti interlayer on corrosion behavior of
ion plated titanium nitride coatings on stainless steel substrate was
investigated utilizing potentiodynamic and ac impedance techniques. A
charge transfer resistance of 6 x105 ohms.cm2 was calculated for all thickness
conditions indicating that film thickness did not affect the the corrosion
resistance. A similar result was noted for samples with an intermediate· layer.
Thicker coating and coatings with Ti interlayer have greater potential range of
passive films and more noble breakdown potential than the bare 304 SS and
Sµm TiN coated 304 SS.
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INTRODUCTION

Titanium nitride is a hard ceramic coating primarily known for its
wear resistance 1,2.

However its protective capacity was questioned as

localized corrosion was reported by several researchers 3-6. In a previous

study of a 5 µm thick ion plated coating, extensive localized corrosion on TiN
coated 52100 steel and 304 stainless steel exposed to NaCl solution was found7.
Ion implantion of the TiN coating with Au and Ti
resistance. Porosity

did not improve the

extending to the substrate from the exposed surface

contributed to localized corrosion and in some cases galvanic corrosion
between the electrochemically dissimilar substrate and coating 8-10.
Microdefects and columnar structures in TiN coatings are common and
contribute to poor substrate protection. It is then desirable to either deposit
thicker coatings or introduce intermediate layers to attempt to disrupt the
permeation path for electrolyte. Interfacial layers of metal between substrate
and coatings, eg. Ti between steel and TiN, were used to isolate the substrate
completely from the corrosive medium 11-13. Slight reduction in passive
current density was found for TiN with Cr, Ni or Ti interlayer when
compared to a single TiN layer. One useful coating technique is cathodic ion
plating technique as it is known for its rapid deposition rates in comparison
to sputtering and was the technique chosen in this study to develop these
thicker coatings 1,2,14,15.

The objective of the research was to identify which process parameters
were most effective in improving corrosion resistance, either film thickness
or in presence of Ti interlayer. The interlayer in this case is not for coating
adhesion but for corrosion protection. It was placed within the TiN rather
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than at the substrate/ coating interface to determine if passivation reactions
hanced. Results from cyclic and linear polarization experiments
were en
conducted to reinforce impedance spectroscopy data are discussed.

IABLE 1 : TiN COATING SPECIFICATIONS

Single layer

Thickness (µm)

1. TiN

5

2. TiN

10

Multi layer

Thickness of layer (µm)

3. TiN /Ti/TiN

4.5/0.9/4.9

4. TiN/Ti/TiN

2.0/1.4/2.0

5. TiN/Ti(b)/TiN/Ti(b)/TiN

5.3

(TiN layer is interrupted with Ti ions bombarded at -lOOOV)
6. TiN /Ti/TiN

5.2/0.9/2.4

(large defects are visible on coating)

EXPERIMENTAL PROCEDURES
Materials
Substrates used were AISI 304 stainless steel with the composition
noted in a previous paper 7. Substrate dimensions were 3.2 cm diameter and
0.2 cm thick. The coatings were applied using cathodic arc ion plating
technique at Multi Arc Scientific Coatings, New Jersey. Precleaning of the
substrates was carried out by degreasing with non-freon degrease (NFD),
rinsing with tap water, spraying with deionized water, and drying. Different

22

thicknesses of coating of single TiN and multilayer coatings were applied to
the stainless steel and they are detailed in table 1.
For comparative data the electrochemical behavior of titanium used as
the starting material for the deposition process, and 304 SS were also studied.

Experimental Techniques
Pre-exposure surface characterization of the samples were conducted
using SEM. Samples were examined again after exposure.

Corrosion experiments were conducted in O.SN NaCl,
aerated.

naturally

Three different electrochemical techniques employed were ac

impedance,

cyclic polarization and linear polarization.

Ac impedance

measurements were conducted employing a three electrode cell shown
elsewhere 7. Samples were exposed to electrolyte up to 60 days. Applied ac
voltage amplitude was 5 m V, over bandwidth of 0.001 Hz to 100 kHz, and at
open circuit potential. Surface area exposed was 6 cm2. Non-linear least
squares fitting procedure EQUIVCRT was employed to simulate the
experimental data 16. Corrosion behavior of coatings are discussed in terms
of parameters from equivalent circuit model that give a best fit to the
experimental data.

Potentiodynamic cyclic polarization and linear polarization were
conducted in naturally aerated O.SN NaCl solution over 1 cm2 area. Stable
free corrosion potential was achieved before experiments were conducted. In
cyclic polarization,

the potential was scanned from -50 mV of the free

corrosion potential in the noble direction,

and reversed once the current

density reached 1000 µA/cm2. The linear polarization measurements were
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conducted at three potential ranges; +/- 10, 15, and 20 mV from the free
corrosion potential,
resistance.

to show the effect of potential on the polarization

These values were then compared to those extracted from

equivalent circuit modelling of impedance data.

EXPERIMENTAL RESULTS

Pre-exposure Surface Characterization
The surface features of coated TiN exhibited several different defect
morphologies, see figure 1, as well as reproducing the substrate surface finish
indicated by the linear markings on the coatings surface. The defects did not
expose the substrate to the environment. Two different categories were noted;
type I defects that were above the average surface height and type II defects
whose surface was below the average surface height. Within these two
categories two subdivisions were found. For the increased height defects,
some appeared to be small microdroplets around 2 µm in diameter, while
others were much larger, around 20 µm in diameter. The larger defects were
characterized by a flat plateau region which made their shape very short
cylinders.

For defects where coating was absent these occurred as small

circular depressions around 2 µm in diameter. These were probably regions
where small droplets lost adhesion. Other larger irregular absent defects were
found. Their shape was related to the truncated cylinders defect as was their
size. In addition to these microscopic features, the TiN coating with Ti
interlayer exhibited visually observable defects about 100 µm in diameter,
figure lb.

Electrochemical Impedance Spectroscopy
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a. Single layer coatings
corrosion was previously reported on a 5 µm TiN coated 304 SS due to
the large porosity in the coatings 7. In this study, on a different sample with
similar thickness and defects typical of that shown in figure la, no corrosion
was observed over the test period. Initially the data showed high phase angle
at frequencies higher than 1 Hz. The impedance is high slightly above 105
ohm at low frequency,

figure 2.

Both increased with time in the low

frequency region below 1 hz with further exposure.

The 10 µm sample initially shown high phase angle behavior
approaching

so· over a wide range of frequency

and impedance approaching

105 ohm at low frequency, figure 3. Increasing exposure increased the phase
angle and impedance at low frequency. No corrosion was observed on this
sample.

b. Multi layers coatings
Initial impedance behavior for coatings #3, 4 and 5 was high
approaching 105 ohm at low frequency, and the phase angle was high nearly
80" over wide range of frequency, figure 4 and 5. Except for coating #3, all
three coatings shown increased in impedance and phase angle at low
frequency with increasing exposure. The coating seem to peel from an area
on the thicker coating with Ti interlayer #3. This was indicated by significant
decreased in impedance and phase angle after 5 days exposure:

Both the

impedance and phase angle increased again approaching 105 ohm and

so· at

low frequency region, respectively, with further exposure. No corrosion was
observed on all three coatings.
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Initial impedance behavior of coating #6 with larger defects shown two

maxi·ma behavior with the impedance nearly similar to those of other
multilayer TiN coatings,

figure 6.

With increasing exposure, a slight

increased in phase angle at frequencies less than 1 Hz was observed. No
corrosion of the substrate was observed.

Potentiodynamic Behavior
The cyclic polarization scans plot of 304 SS and titanium are shown in
figure 7. The stainless steel has a corrosion potential (Ecorr) at 90 mV(SCE).
The scan shown a typical anodic Tafel behavior followed by a passive region
with the primary passivation potential (Epp) and the critical current density
of film formation (Icrit) at 120 mV (SCE) and 0.005 µA/cm2,

respectively.

The breakdown potential <Eb) of the passive film on 304 SS is approximately
at 330 mV(SCE). The scan for titanium also indicated an anodic Tafel
behavior followed by a passsive region with the Ecorr, Epp, Icrit and Eb at
-386 mV(SCE), -80 mV(SCE), 0.6 µA/cm2 and 1100 mV(SCE), respectively.

The cyclic polarization scans plot of various TiN coated 304 stainless
steels are shown in figure 8. They are characterized by ':ln anodic Tafel region
followed by a passive region until the breakdown potential is reached. All but
the 10 µm TiN coated 304 SS have Ecorr slightly more noble than the bare 304
SS, see table II.
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TABLE II
Q'CLIC POLARIZATION CHARACTERISTICS OF TiN COATINGS

F.corr

Epp

lcrit

Eb

(mVvs.SCE>

<mvvs.SCE>

(µA/cn.J)

(mVvs.SCE)

Bare 304 SS

90

120

0.005

330

Ti

-386

-80

0.600

1100

SµmTiN

137

160

0.004

260

tOµmTiN

36

30

0.020

1060

M/layer TiN #3

118

160

0.010

1080

M/layer TiN #4

152

160

0.010

400

M/@.ver TtN #5

133

1W

0.010

740

Coatings

TABLE III : POLARIZATION RESISTANCE (Rp)
Coating

Potential Range

Rp

a. SµmTiN

+/- lOmV
+/- 20mV

5.63E+5
6.78E+5

+/- lOmV
+/-15mV
+/-20mV

6.49E+S
4.25E+5
7.95E+S

+/-lOmV
+/-15mV
+/-20mV

2.43E+5
4.29E+5
7.05E+5

+/- lOmV
+/-15mV
+/- 20mV

1.28E+5
6.11E+5
5.16E+S

+/- lOmV
+/-20mV

7.74E+5
5.34E+5

(ohm.cm2-L
b. lOµmTiN

c. M/layer TiN #3

d. M/layer TiN #4

e. M/layer TiN #5
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The critical current density for film formation on TiN coated 304 SS is
slightly higher than that on bare 304 SS. The .10 µm coating and coatings with

Ti interlayer have more noble breakdown potential than that of 304 SS.
Coatings of approximately 10 µm thick, both the single layer and with Ti
interlayer, have breakdown potential closer to that on titanium.

The linear polarization measurements results are tabulated in table III.
A general trend of the polarization resistance increasing slightly with
thickness was noted when values determined at the same potential range are
compared. The multi-layer TiN exhibited marginally lower values than its
equivalent thickness single layer coatings. The values for all the coatings are
within the same order of magnitude in the range 1 to 8 x10S ohms.cm2.

Free Corrosion Potential
The free corrosion potential of all samples shown increased to nearly
250-300 mV(SCE) with increasing exposure, with the exception of the TiN
with Ti interlayer #6 having large defects, figure 9. The potential decreased
to more negative values as time increased. The sudden decrease in potential
for coating #3 after 5 days was observed corresponding to peeling of coating.

Post-Exposure Surface Characterization
No significant differences of the exposed surface from that prior to
exposure were observed on all samples with exception of TiN with Ti
interlayer #3. Figure 10 shown the region where coating was peeled from the
substrate. An intergranular pattern from the underlying stainless steel which
was exposed by the peeling can be seen. It should be noted that the initial
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.

coattnS

with large defects did not show this intergranular effect as can be seen

by comparing figure lb and figure 10 which are at comparable magnifications.

DISCUSSION
Impedance Analysis
The equivalent circuit shown in figure 11 was succesfully used to
model all the impedance data in this study. Rs is the solution resistance, RtCdl sub-circuit describes the interfacial processes at flat coating regions, and
the Rt(defect)-Cdl(defect) sub-circuit describes the interfacial processes at the
defects. These sub-circuits are built in series due to fact that the defects do not
expose the substrate directly to the solution. This is similar to the circuit to
describe the oxide films on aluminum alloys 17.

The charge transfer resistance (Rt) and double layer capacitance (CdI)
obtained from data modeling are shown in figure 12. Rt for the single layer
coatings increased with time due to formation of oxide films on the coating
18-20. This is supported by the corresponding increase of the free corrosion

potential into the passive range as shown in cyclic polarization scans. Higher
Rt for the 5µm sample in this study than that was previously reported 7 is
mainly due to improved coverage of the coating,

confirming the role of

porosity in protective coating to enhance localized corrosion of the substrate
8-10

The charge transfer resistance for the all multilayer coatings increased
above 105 ohm.cm2 with increasing time of exposure except that of the
multilayer TiN #6 with larger defects. The charge transfer resistance of this
coating increased to nearly 105 ohm.cm2 in the first 5 days but decreased
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near1Y a

half order of magnitude upon further exposure.

This strongly

indicated the effect of defects on the overall charge transfer resistance.

The charge transfer resistance for coating with titanium interlayer #3
decreased rapidly to about 104 ohms.cm2 after 5 days due to peeling of
coating, but increased again with increasing exposure for this coating due to
repassivation of the peeled region.

This was indicated by increase of the

corrosion potential to the level of those of other coatings days after peeling
occurred. Peeling of coating layer is possibly due to poor adhesion between
the thicker coating and substrate. Discussion of this subject is beyond the
scope of this study, but can be found elsewhere 21-23.

The charge transfer resistance of TiN with interlayer #4 increased
approaching 106 ohms.cm2 during the exposure period, higher than almost
all other coating schemes used in this study.

This coating adhered to the

substrate better than the thicker TiN with interlayer #3.

The TiN with

interlayer #5 coating also adhered better to the substrate than TiN with
interlayer #3. The charge transfer resistance is slightly lower than TiN with
interlayer #4 but is more stable throughout the test period.

Potentiodynamic behavior
The cyclic polarization scan plot of titanium shown anodic passive
region due to formation of oxide film, Ti02.H20 24. It was theoretically
shown that similar oxide layer can be formed by oxidation of TiN 25 . The
passive region on TiN coated 304 stainless steels is possibly due to formation
of this oxide film on the coating. Other studies had suggested the formation
of TiOxNy phase by partial transformation of TiN into an oxidized layer 26 or
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by

. orporation of oxygen into the TiN layer beneath the oxidized layer due

U\C

.

..1:tfusion of oxygen 27. However, XPS analysis of the 5 µm TiN coating
by uu
.
.
exposed at open circuit condition did not indicate transformation of TiN to
oxide filins
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·

The effect of increasing TiN coating thickness was to increase the
passive region to more noble potentials for both the single and interlayer
coatings. The thicker coatings have more titanium for further oxidation to
thicken the passive film which extend the passive region to higher potential.
The critical current density for film formation on all coatings are nearly
identical, with the interlayer and the bombarded Ti ions not affecting the
kinetics of TiN oxidation and indicating the pseudo passive range is a surface
dominated process.

However, the higher breakdown potential (Ep) for

thicker coating suggesting a relatively greater stability of oxide during the
breakdown and repair processes. Similar explanation is . applicable for the
approximately 5· µm coating thickness where the breakdown potential for TiN
coating interrupted with Ti ions bombardment is higher than those of a
single layer and with Ti interlayer coatings.

The polarization resistance measurements shown values of Rp very
similar, table III, for different coatings indicate very small effect of thickness
and interlayer on the corrosion resistance which may be due to the surface
domination for the process for these particular films.
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CONCLUSIONS

1.

Better corrosion resistance of stainless steel in sodium chloride

media is shown for a single layer titanium nitride coating due to lesser
porosity and defects, and by increasing the coating thickness.

2.

Intermediate titanium layer in the titanium nitride coating

improved the charge transfer resistance at the minimal coating thickness, ie.
approximately 5 µm,

possibly due to better coating adhesion through the

interlayer and better coating coverage of the substrate.

Similar could be

possible for coating interrupted with Ti ions though shown smaller charge
transfer resistance but most stable with time.

3. Increased charge transfer resistance with time are contributed to
formation of oxide film on nitride coating.
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(a)

(b)

Figure 1. (a) Typical surface microstructure found on TiN coated stainless
steel shown small defects and growths, and (b) surface of TiN coating with Ti
interlayer #6 shown relatively larger defects of approximately 100 µmin
diameter but do not exposing the substrate.
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Figure 10. Scanning electron micrograph of TiN with Ti interlayer #31

shown region of coating peeled from the substrate.
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Figure 11. Equivalent circuit models employed to simulate impedance data.
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CHAPTER III

EFFECT OF THICKNESS AND AN INTERLAYER ON CORROSION
BEHAVIOR OF ION PLATED ZrN COATINGS ON 304 SS

48

ABSTRACT

A study was conducted in sodium chloride environment utilizing
potentiodynamic and ac impedance techniques to investigate the effect of Zr
intermediate layer on ZrN coatings and different thicknesses of single layer
ZrN on corrosion behavior of 304 stainless steel. Higher corrosion resistance
of this coating in comparison to bare 304 SS and TiN coated 304 SS was
confirmed and attributed to formation of oxide film Zr02.2H20. Passive
films on this coating formed at lower current density than on 304 SS. The
passive region extended over several hundreds mV greater than the bare
stainless steel with higher breakdown potential.

Increased the coating

thickness and Zr interlayer increased the breakdown potential.
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INTRODUCTION

Hard ceramic coatings like TiN and ZrN has been known to improve
wear resistance of steel 1,2. The former is amenable to substitution for gold
due to its color similarity, however its application as corrosion resistance
coatings was questioned 3. Several studies on TiN coatings reported it to be
electrochemically active 4,5 due to the porosity nature of this coating when
applied to substrates like 304 stainless steel contributes to extensive localized
corrosion and also possible for galvanic corrosion between the exposed
substrate and the coating 6-8.

Presence of microdefects and columnar

structures in TiN coatings are common and also contribute to poor protection
of the substrate.

Previous study of 5 µm thick ion plated PVD coatings on 304 stainless
steel shown higher corrosion resistance can be achieved through ZrN coating
compared to TiN coating and TiN implanted with Ti or Au 9. Spontaneous
protective surface film formation on ZrN coated substrate was suggested as
contributing to higher corrosion resistance.

Further study was conducted to investigate the electrochemistry which
lead to a higher corrosion resistance of ZrN coated stainless steels. Zirconium
nitride coating of different thicknesses and coatings with Zr intermediate
layer were studied employing de and ac electrochemical techniques. Studies
shown that thicker and more dense coatings lead to less porosity and
therefore provide a better protection of the substrates 1,4,5. Also increased of
corrosion resistance was found for coatings with noble metal interlayer
between substrate and coating 6-8. The purpose of this paper is to present the
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ating thickness and Zr intermediate layer on corrosion behavior of
effect of Co
ZrN coated stainless steel in chloride media.

EXPERIMENTAL PROCEDURES

Materials
Substrates used were 304 SS of composition described elsewhere 9.
Substrates were 3.2 cm diameter and 0.2 cm thick. Coating were applied by
PVD ion plating technique by Multi Arc Scientific Coatings, New Jersey.
Precleaning of the substrates were carried out by degreasing with non-freon
degrease (NFD), rinsing with tap water, spraying with deionized water, and
drying. Different thicknesses of coating of single and multilayer were applied
and their composition are shown below in table 1. 304 SS and zirconium

were tested for comparison.

TABLE I : COATINGS' DESCRIPTION

Single layer

#1

5 µm ZrN

#2

10 µm ZrN

Multi layer
#3

2.lµm ZrN/0.7µm Zr/2.0µm ZrN

#4

3.8µm ZrN/0.7µm Zr/2.9µm ZrN
(large defects are visible on coating)
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ExPeriJllental techniques
Pre-exposure surface characterization of the samples were conducted
using SEM· samples were examined again after exposed to electrolyte.

Corrosion experiments were conducted in 0.5N NaCl,
aerated.

naturally

Three different electrochemical techniques employed were ac

impedance,

cyclic polarization and linear polarization.

Ac impedance

measurements were conducted employing a three electrode cell shown
elsewhere 9. Samples were exposed to electrolyte up to 60 days. Applied ac
voltage amplitude was 5 mV, over bandwidth of 0.001 Hz to 100 kHz, and at
open circuit potential. Area exposed was 6 cm2. Non-linear least squares
fitting procedure EQUIVCRT was employed to simulate the experimental
data 10. Corrosion behavior of coatings are discussed in terms of parameters
from equivalent circuit model that give a best fit to the experimental data.

Potentiodynamic cyclic polarization and linear polarization were
conducted in naturally aerated 0.5N NaCl solution over 1 cm2 area. Stable
free corrosion potential was achieved before experiments were conducted. In

cyclic polarization,

the potential was scanned from -50 m V of the free

corrosion potential in the noble direction,

and reversed once the current

density reached 1000 µA/cm2. The linear polarization measurements were
conducted at three potential ranges; +/- 10, 15, and 20 mV from the free
corrosion potential,
r .

esistance.

to show the effect of potential on the polarization

These values were then compared to those extracted from

equivalent circuit modelling of impedance data.
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EXPERIMENTAL RESULTS

rre-exposure characterization
Typical surface of coated ZrN samples shown two types of defects; type
defect appears as depression below the average coating thickness, and type II
1
defect appears as microdroplets over the average coating thickness with a
hemispherical shape. Average size of these defects are approximately 5 µm
which do not expose the substrate, see figure la. The thick multilayer coating
#4 has larger circular defects approximately 100 µmin diameter, figure lb, but
do not exposed the substrate.

Electrochemical Impedance Spectroscopy

a. Single layer coatings
Initial impedance behavior of the 5 µm and 10 samples shown a high
impedance and phase angle behavior over wide frequency range, figures 2
and 3.

The impedance approached 106 ohms at 1 mHz. Phase angle at

frequencies less than 1 Hz increased with time along with increased in
impedance. Phase angle at frequencies higher than 1 Hz decreased with time,
approaching 65° for the 10 µm and 45° for the 5 µm coatings. No corrosion
was observed on both samples over 60 days exposure,

however a

decoloration of the exposed surface was observed from a yellow gold color of
ZrN to a silver gray color.

b. Multi layers coatings

Impedance behavior of coating #3 shown high impedance and phase
angle behavior over wide frequency range with the impedance at 1 mHz
approaching 106 ohms, figure 4. With increased exposure, the impedance did
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ange significantly.
not ch

Phase angle at frequencies higher than 1 Hz

No corrosion of sample was observed,

and only slight color

decreased ·
changed of expDsed surface was observed.

Coating with larger defects #4 shown a high phase angle at high
&equencies and decreasing phase angle with frequencies below 10 Hz, figure
S. With increasing exposure, two maxima were very distinctive and the
impedance decreased. No corrrosion was observed even at defects.

Potentiodynamic Behavior
Cyclic polarization scans of 304 SS and zirconium are shown in figure
6. The bare 304 SS shown a typical anodic Tafel behavior followed by a
passive region with the critical current density for film formation Ucrit) of
.005 µA/cm2 and primary passivation potential (Epp) at 120 mV(SCE) . The
corrosion potential <Ecorr) is at 90 mV vs. SCE. The passive region shown
small increased in current density with increasing potential until the
breakdown potential was reached. The breakdown potential of the passive

film (Eb) is approximately 340 mV vs . SCE. The zirconium sample also
shown a typical anodic Tafel behavior followed by a passive region, similar to
those found in other studies 11,12. Ecorr, Icrit, Epp and Eb for zirconium
1

are approximately -420 mV(SCE), 0.1 µA/cm2, -370 mV(SCE), and 240
mV(SCE),

respectively.

The passive region of zirconium has a limiting

current density or passive film current density (Ipass) at 0.6 µA/ cm2.

The cyclic polarization scans for ZrN coated 304 SS are shown in figure
7
· Their corrosion potentials are more negative than that for bare 304SS; -176
mV, -96 mV, and 6 mV vs. SCE for coatings #1, #2, and #3, respectively.
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They di

d not show the typical anodic Tafel behavior but are characterized by a

}iJniting current density at 0.001 µA/ cm2 followed by a passive region. The

passive region for

the 5 µm sample shown small increased of current density

with increasing potential until the potential reached the breakdown potential
(E},} at approximately 300 m V vs. SCE. The passive regions for the 10 µm and

multi layer coating #3 reached a limiting current density at approximately 0.2
µA/cm2. The breakdown potential for these coatings are approximately 400
mV, and 850 mV vs. SCE, respectively.

Polarization resistances calculated from least squares analysis are
tabulated in table 2. The polarization resistance increased slightly with an
increasing polarization potential.

TABLE 2 ; POLARIZATION RESISTANCE OF ZrN (ohms.cm.2}

a. 5 µm ZrN

+/- lOmV

+/- 15mV

+/- 20mV

1.62E+6

1.21E+6

1.40E+6

b. 10 µm ZrN

1.62E+6

c. 2.1 wn ZrN/0.7 Zr/2.0 ZrN

1.62E+6

1.94E+6

Free Corrosion Potential

All except the zirconium nitride with Zr interlayer with large defects
shown initially an increased of Ecorr during the first ten days, figure 8.
Further exposure resulted in decreased of potential.
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cvnosure Characterization

posh-r

SEM study shown no significant changes in the surface microstructure
of coated surfaces due to exposure..

DISCUSSION

Impedance Analysis

All impedance data in this study were succesfully modelled by
equivalent circuit in figure 9.

Rs is the solution resistance, Rt(defect)-

Cdl(defect) parallel sub-circuit is to describe the interfacial processes at the
defect regions, and the Rt-Cdl parallel sub-circuit is to describe the processes
at other regions of the coatings. These sub-circuits are built in series since the
defects did not expose the substrate to the environment. This is similar to the
model proposed for oxide film on aluminum 13. Differences in the charge
transfer current and capacitive charging at defects and other coated regions
would indicate the separatibility of the two maxima, ie. shown for the ZrN
with Zr interlayer #4 with larger defects, figure 5.

The charge transfer resistance (Rt) and double layer capacitance (CdI)
are shown in figure 10. Rt of the 5 µm ZrN, 10 µm ZrN, and .multilayer ZrN
#3 coatings increased to approximately 106 ohms .cm2 and remained high
throughout the test period. Rt of the multilayer ZrN #4 remained at 105
ohms.cm2 indicated significant effect of large defects on the overall charge
transfer resistance.

Increased in the phase angle at low frequency during first ten days was
due to formation of passive oxide films on the surface. This is suggested by
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onding increased of the corrosion potential into the passive region
the correSp
·
.
in the cyclic polarization scans . Increased of the charge transfer
asshown
resistance (Rt) and decreased in the double layer capacitance (Cal) during this
period supported the formation and thickening of oxide films 14-16.

Potentiodynamic Behavior
The cyclic polarization scans of the ZrN coated 304 SS shown a limiting
current density at 0.001 µA/ cm2 which is near the sensitivity limit of the
equipment used in this study. This suggested a very low current density of at
least 0.001 µA/ cm2 for the formation of passive film on these coatings. This
is one-half order of magnitude lower than that for bare 304 SS. The passive
film is suggested as Zr02.2H20 which is thermodynamically favorable to

form from ZrN under the experimental condition in this study 17. The
passive film on ZrN coatings is stable over a wider range of potential than
that of 304 SS. The breakdown potential can be extended higher than that for
304 SS and the 5 µm ZrN sample by plating a thicker single layer 10 µm ZrN
coating or a multilayer ZrN coating of approximately 5 µm thick.

More

zirconium was available for for further oxidation of the thicker coating and
multilayer ZrN coating allowing it to thicken the oxide film at higher anodic
potential.

Higher breakdown potential could also be contributed to the

greater stability of oxide formation during the breakdown and repair
processes. This is related to variation in stress distributions in the coatings
from compressive everywhere in thinner coating to a variation from
compressive at substrate/ coating interface to tensile at the surface in thicker
coating 18,19.
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The passive range on the 10 µm ZrN and multilayer ZrN #3 were also
an that for zirconium with a lower passive film current density,

greater th
and more noble breakdown potential than zirconium.

The charge transfer resistance from polarization resistance experiments
rresponds well to the values extracted from equivalent circuit modelling of

~

.

the impedance data.

Overall Discussions
Charge transfer resistance values obtained for ZrN coatings of different
thickness and with Zr interlayer agreed to that was previously obtained 9,
approximately 106 ohms.cm2. This is higher than those for bare 304 SS and
TiN coated 304 SS. Higher resistance of this coating was due to formation of

passive oxide film . XPS analysis of the 5 µm ZrN sample after 50 days
exposure indicated a region of 0.1 µm thick with high oxygen content 20,
suggested formation of oxide layer.

The ZrN coated 304 SS formed passive film at lower current density,

has wider range of passive region, and higher breakdown potential than the
bare 304 SS. These properties contributed to the higher corrosion resistance of

this coating than the bare steel. This coating can find useful application
where high corrosion resistance to pitting is needed and as a substitute for
zirconium.
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CONCLUSIONS

Electrochemical stlldies of ZrN coated stainless steels shown a nontypical behavior of anodic oxidation which lead to formation of protective
oxide

film of Zr02.2H20.

Excellent corrosion resistance was achieved with

ZrN coating with a charge transfer resistance value in the range of 106
oluns.cm2 for coating with different thicknesses and with a Zr intermediate
layer.

The role of thicker coating and interlayer was to allow further

formation of oxide layer to thicken this layer and raised the breakdown
potential higher than that of zirconium.
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Surface and Coatings

Figure 1. SEM micrographs of ZrN coatings by PVD technique on stainless

Steel shown (a). a typical surface with two types of defects approximately 5 µm

in diameter, and (b) . a coating with large defects approxim.a tely 100 µmin

diamete~ for

the ZrN with Zr interlayer #4.

62

10

1 ------~~~~~~~~~~~~~~~~---,

AISI 304/5 um ZrN/O .SN NaCl
A

Oday

c 11 day
o 80 days
-

Fitdata

80

70
60
50

e

4o
30

20
10

o~'"""""..._.,.,,rwr-r""'"""~~.,..,.,....,,....,..,"""""T"~~~.
3
10·

10· 2

10· 1

10°

10 1

10 2

10 3

10 4

10 5

Frequency (Hz)

Figure 2. Impedance and phase angle plots of 5 µrn ZrN coated 304 SS.
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Figure 3. Impedance and phase angle plots of 10 µrn ZrN coated 304 SS.
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#4 on 304 SS, with large defects approximately 100 µmin diameter.
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Figure 7. Potentiodynamic cyclic polarization scans plot of ZrN coated 304
stainless steels.
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Figure 9. Equivalent circuit model employed to simulate impedance data.Rs

is the solution resistance, Rt and Cdl are representing processes on coating

surfaces, and Rt(defect) and Cdl(defect) are representing the processes at the
defects.
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CHAPTER IV

AN ESCA INVESTIGATION ON OXIDATION OF NITRIDE FILMS IN
AQUEOUS SOLUTION

72

ABSTRACT

ESCA was utilized to investigate the oxidation of TiN and ZrN thin
fi]JnS on 304 SS when exposed to NaCl solution.

Ac impedance and de

polariUtion tests were conducted to determine the time dependent behavior

and active-to-passive transition behavior, respectively. These tests suggested
passive oxide films were formed on the nitride coatings.

Depth profile

analysis of fresh samples and samples exposed during impedance tests
indicated a layer rich in oxygen over the ZrN coating after exposure but not

over TiN coating.

Chemical shifts in the Zr 3ds12 core electrons indicate

transformation from ZrN to its oxide; the shifts in Ti 2p3/2 did not support

the change from TiN to its oxide. The influence of these shifts on corrosion
protection is documented and the mechanism for corrosion protection is

proposed.
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INTRODUCTION

Analysis of corrosion surface ex-situ or in-situ is a tool to further
understand the electrochemical processes occuring at the solution/ solid
interface.

Ex-situ techniques such as ESCA, and Auger can provide

information on surface composition within several hundreds angstroms
depth 1,2, Etching of the surface during ESCA analysis make it possible to
gather a depth profile of atomic composition up to several µm depth of the
sample. Changes in the surface composition and in depth below the surface
due to electrochemical processes are detectable. This information is useful in
explaining the findings from electrochemical tests such as impedance
spectroscopy and de polarization.

ESCA was used to analyze the surface and bulk composition of various
steels in different environments to determine the effect of alloying elements
such as Cr and Mo on the passive film and its composition 3,4,

In this paper, attempts are made to discuss the findings from ESCA
analysis of ZrN and TiN coated 304 stainless steels after exposure to NaCl
environment. Earlier cyclic polarization studies suggested passivation of the
nitride coatings to form hydrated oxide films when they are anodically
polarized 5. These films possibly existed as Zr02.2H20 and Ti02.H20,
respectively on the ZrN and TiN coatings. Formation of these passive films,
Which is thermodynamically possible, is also believed to contribute to
increased charge transfer resistance of the coated 304 steels in comparison to

the uncoated steel 6. A depth profile analysis of the exposed and fresh TiN
11\d ZrN coated steels was conducted and changes in the oxygen composition
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bserved. The chemical shifts in the Zr and Ti core level electrons
were O
indicated transformation from nitride to oxide. These are discussed in detail
here.
EXPERIMENTAL PROCEDURES

Materials
AISI 304 stainless steel discs of 3.75 cm diameter and 0.2 cm thick were
employed as substrate material.

TiN and ZrN coatings of 5 µm were

deposited by cathodic arc ion plating (plasma deposition).

Electrochemical Testing
Ac impedance tests were conducted to analyze the corrosion behavior
of the coatings for up to 50 days in a three electrode cell configuration. All

tests were done utilizing 0.5N NaCl solution. PARC M388 software was used
to perform impedance data collection. A frequency range of 100 kHz to 3 mHz

and a 5 mV perturbation amplitude were employed. Data analysis and circuit

modeling were performed using a commercial software. The charge transfer
resistance, Rt, from the best data fit circuit model of the impedance data was
the parameter utilized to evaluate the corrosion performance.

Cyclic

polarization tests were employed to study the anodic polarization behavior of
the coated steels in a similar environment.

Surface Analysis
ESCA depth profiling was performed on fresh TiN and ZrN coated
samples, and on exposed TiN and ZrN coated samples.

Changes in the

metal, oxygen and nitrogen composition with depth were determined. Shifts
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in the 'Zr 3ds; 2 and Ti 2p312 core electrons were analyzed. The ESCA data was

taken using a Perkin Elmer PHI 5500 Multi-Technique Surface Analyzer with
Mg l(a x-ray at a fixed take-off angle of 45•, a beam voltage of 4.7 kV and 5
1

µA sputter current over 4 mm2 area of the sample. Calibration for the
sputtering rate was done using 0.5 µm TiN and ZrN films on similar
substrate. These samples were sputter-etched at different current rate until
the substrate (or iron) was detected. A sputter rate of 32.7 angstroms per
minutes was found to give the best correlation between sputtering time and
depth and was used in depth analysis.

EXPERIMENTAL RESULTS

Electrochemical Tests
Impedance data on both TiN and ZrN coated stainless steels indicated
higher impedance of the latter than the former (6,7).

The charge transfer

resistance extracted from the modeling procedure was found to be higher for
the ZrN coated steels than the uncoated steel and the TiN coated steels, figure
1.

Cyclic polarization scans of bare 304 SS and of TiN coated 304 stainless
steels shown an anodic Tafel region followed by a passive region and a rapid
inaease in current to indicate coating breakdown (6), figure 2. The latter has
a corrosion potential higher than the former. The cyclic polarization scan of
ZrN coated 304 SS shown a lower corrosion potential than the 304 SS. The
Critical current density for film formation on the former was lower than the
other two samples. The passive range on the ZrN coated 304 SS was also
greater than the other two samples.
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surface .Analysis
XI'S Zr 3ds/2 spectra of bulk ZrN on 304 stainless steel appeared at 178.9
eV,

figure 3. The N ls peak for ZrN was found at 396.0 eV. The XPS Ti 2p3/2

spectra of bulk TiN on 304 stainless steel appeared at 454.0 eV, figure 4. The

TINN ls peak occurred at 396.4 eV.
The depth profile of ZrN coated sample after more than 50 days
exposure was found to have increased in the Ols content in comparison to

the unexposed material, except for the immediate surface, figure 5. Small
amounts of oxygen were found very near the surface in the unexposed
sample. The thickness of the oxygen containing layer, ie. above the bulk

level, in the un-exposed sample was 392 Angstroms. This increased to 1635
Angstroms after more than 50 days exposure in the NaCl solution.

The Zr 3ds12 spectra of the exposed ZrN near the surface showed a peak
at 182.8 eV, figure 6. After 50 minutes of sputtering below the oxygen rich

layer, the 3ds12 peak was found to be similar to the unexposed material.

The depth profile of the TiN coated sample before and after exposure

showed insignificant change in the oxygen content, figure 7. The TiN 2p3/2
spectra near the surface showed its peak at 455.4 eV.

After 20 minutes

sputtering into the bulk TiN coating no significant change in the binding

energy was found,

figure 8.
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DISCUSSION

The charge transfer resistance of the ZrN coated steel was higher than

the TiN coated steel and bare stainless steel in NaCl solution. The increased
in Rt value for the ZrN during the first ten days was accompanied by an
1ncrease in the phase angle at the low frequency region during impedance
1e5ting 5.

This suggested formation of a passive film on ZrN and its ·

formation was more spontaneous than for TiN 7. The cyclic polarization
behavior of both coatings in a similar environment indicated both were
capable of forming passive films. The passive regions indicated the possible
formation of hydrated Ti02 and Zr02 on TiN and ZrN respectively.
Formation of both types of films are thermodynamically possible under the
conditions of testing 8,9. As compared to TiN, the passive film on ZrN
formed at a lower current density due to a lower energy of transformation
from ZrN to the hydrated oxide.

The formation of oxides on the nitride coatings was confirmed through
BSCA analysis.

Depth profile analysis of ZrN coated samples showed

presence of an oxygen rich layer near the surface of the coating after exposure

to aqueous solutions. It has been postulated that oxygen replaced the nitrogen
through the oxidation reaction of the nitrides to hydrated oxides 7. This is
believed to occur as the Zr 3ds12 spectra indicated a shift from 178.9 eV to 182.8

eV. The Zr 3ds12 peak for ZrN found in this study agrees quite well with
other findings in literature reported at 180.9 eV 10. Shifts in this spectra to a
higher energy value of 182.8 eV indicated oxidation of the Zr from an
OXidation state in ZrN to a +4 oxidation state. This is consistent with a value
in literature for a Zr02 compound which has the Zr 3ds12 peak at 182.2 eV 11 .
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1be

0

ts spectra very near the surface of the exposed ZrN sample has a very

ak which could indicate contributions of various types of oxygen
bl08d pe
bOJlds to metal ions such as M-0, M-H20 and M-OH 12. · The oxides may
initiallY exist in its hydrated form of Zr02.2H20 or Zr(OH)4 but with time may

undergo de-protonation to anhydrous Zr02 13. Initial oxides of this type on
tbe surface of the as-received sample can also contribute to the broad 0 ls

The chemical shifts in the Zr 3ds12 spectra from that of ZrN to Zr02
eliminated the possibility of formation of Zr-N-0 type layer due to
Incorporation of oxygen into the ZrN lattice when exposed to NaCl solution

7. An insignificant change of oxygen content was found on the exposed TiN
compared to the unexposed sample. This may indicate very little or nonexistence oxidation of TiN to its oxide as was shown even though it is
thermodynamically possible. The very slight shift i11 the Ti 2p3;2 indicated

that transformation from TiN to Ti02 did not occur. TiN Ti 2p3;2 spectra
appears in the range of 454.4 to 455.6 eV, while that of Ti02 at 458.5 eV 11.

It is suspected that oxidation of ZrN coating on stainless steel exposed
to NaCl solution is kinetically driven by the potel\tial driven between the

aoating and substrate. The corrosion potential of ZrN coated 304 SS is anodic
lo that of bare 304 SS suggesting that the coating itself has an equilibrium

potential anodic to the steel. A thermodynamic calculation for the redox
reaction of ZrN to its oxide Zr02.2H20 indicated equilibrium potential of
-t322 mV (SCE) at pH of 6, similar to the condition used in this study. In

practical application, it is expected that some defects on the coating to directly
IXpose the substrate to the solution.
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This will develop a galvanic couple,

ftgUJ'e 9•

Since the coating is anodic, oxidation of ZrN to its oxide will

provide the passive film to protect the substrate.

In the case of TiN coated 304 SS, the corrosion potential is higher than

that of bare 304 SS. This is inconsistent to the predicted equilibrium potential
for TiN oxidation to Ti02.H20 at -742 mV(SCE).

Nevertheless,

this

suggested a more noble potential of the coating than the substrate in O.SN
NaCl solution, figure 10. The protective ability of this system is dependent
on the defect coverage of the TiN coating and the properties of the passive

film on the substrate.

If the passive film is weak or thin,

consequent

localized corrosion like pitting of the substrate would occur. Similarly, an
active substrate like mild steel or aluminum will corrode more rapidly than
without coating due to the galavanic couple between the sustrate and coating.

The formation of an oxide layer on ZrN, as schematically shown in
figure 11, is a good protective passive film against chloride attack on 304
stainless steel. It was shown that this film can be formed on ZrN at lower
current density than on zirconium metal in a similar chloride environment
5. The passive current density of the film formed on ZrN was also founci to

be lower than on zirconium. The passive range can be extended to a more
noble potential than the pitting nucleation potential of zirconium in similar
chloride solution by laying ZrN coating thicker than Sµm or a metal
interlayer between ZrN layers.

These may indicate the potential of ZrN

coating as an alternative corrosion resistant coating especially in severe
chloride environments.
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The lower charge transfer resistance of the exposed TiN coated sample

thall the ZrN coated sample was due to lack of oxidation of the TiN. In this
TiN acts only as an inert layer in the chloride solution. The protective
ability. of TiN is then dependent on the defect-free coverage of this coating on

case,

the substrate. Defects on TiN coatings can cause very severe corrosion of the
substrate 14,15. However, improved TiN coatings with a lower defect density
and better adherence has been achieved by laying a thicker coating or a metal

~terlayer between TiN layers 5.

CONCLUSIONS

On the basis of the present study the following conclusions can be
drawn:
(1). The ZrN film on 304 SS is transformed to its oxide after exposure

to NaCl solution.
(2).

The TiN film on 304 SS does not undergo a similar

transformation.
(3). The higher corrosion resistance of the ZrN coated 304 stainless
steel can be attributed to the formation of hydrated Zr02 film which is driven
by the potential difference between the anodic coating and the cathodic

substrate.
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Figure 1. Charge transfer resistance of uncoated, 5 µm TiN and ZrN coated
304 SS exposed to NaCl as obtained from impedance data.
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CHAPTER V

THERMODYNAMIC EQUILIBRIA OF ZrN IN WATER

iI
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ABSTRACT

pH-potential diagram for ZrN in water was constructed.
inununity,

The

passivity and corrosion regions nearly followed that for

zirconium. The equilibrium potentials for oxidation to solid and dissolved
compounds are higher for ZrN than zirconium. Oxidation to Zr02.2H20
occurs at lower potential than oxidation of TiN to its hydrated oxide
indicating lesser stability of ZrN than TiN. This diagram can be useful for
selecting potential protective coating for metals or alloys at any pH and
potential.
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INTRODUCTION

Electrochemical studies on steels coated with TiN have been widely
conducted (1-7). In acidic environment as in sulfuric acid solution it was
shown that this nitride coating has excellent corrosion protection properties.
Inertness and/ or passivation of this coating in the acidic environment were
reasons for its high corrosion resistance. Surface coverage of coating over the

based substrate is one of the important factors of a succesful coating.

It was

found that defects and cracks in the coatings over an active substrate can cause
severe corrosion of the substrate.

Some studies were conducted to test the corrosion protection ability of
ZrN coatings compared to TiN coatings on stainless steel in chloride
environment (8-9) . Higher corrosion resistance of stainless steel coated with
ZrN was found, and was suggested due to more spontaneous formation of
passive film on ZrN. That was supported by potentiodynamic polarization
scan tests which shown a lower current density for formation of passive film
on ZrN coated stainless steel than on TiN coated stainless steel, and by XPS
analysis of samples exposed over a period of time which shown existence of
zirconium oxide of few hundreds angstrom thick in the original layer of
deposited ZrN coating (10). Transformation of ZrN to possibly the hydrated
form of zirconium oxide, Zr02.2H20, occurred by electrochemical reaction.

This transformation did not take place for the case of TiN coated stainless
steel exposed in similar environment a:t open circuit condition.

This is

inconsistent to the predicted electrochemical equilibrium diagram of TiNWater system which suggested passivation of TiN to Ti02.H20 in that
condition (11) .
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The formation of passive oxide film on ZrN over stainless steel was

sugges

ted as driven by potential difference between the coating and the

stainless steel. The free corrosion potential of the ZrN coated stainless steel
was lower than the bare stainless steel, but that of the TiN coated stainless
steel was higher than the bare stainless steel. Accordingly, oxidation of ZrN

will take place since it is anodic to the substrate and protect the substrate. In
the TiN case, the oxidation of the substrate will occur. If the substrate is
active it will corrode, but if it is passive the corrosion behavior will depend

only on the protective ability of the passive films of both the coating and the
substrate. Passive films on stainless steel ·a re susceptible to pitting in chloride
environment. Passive films on ZrN coatings was found to provide higher
corrosion resistance of the stainless steel. Thermodynamic calculation and
surface analysis indicated transformation of ZrN to zirconium oxide by
anodic oxidation involving electron transfer (10). In this case, the substrate is
protected by the passive oxide films over the ZrN coating. It is also possible
that other nitrides with potential more anodic than the substrate can be used
to form more stable passive films to protect corrosion of the underlaying

substrate.

Thermodynamic prediction for electrochemical behavior of ZrN in
Water at any pH and potential can be made possible by construction of its
Pourbaix diagram. Only TiN-water Pourbaix diagram is available in the
literature for nitride (11) . It is then desirable to construct ZrN-water Pourbaix
diagram, discuss the thermodynamic stability of ZrN in water, and compare
it to the TiN-water thermodynamic diagram with respect to their application
for selection of protective coating.
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THEORY

Electrochemical equilibria for reaction involving electrons transfer like

(13,14)
aA + cH20

= bB

(a)

+ mH+ + ne-

is considered by calculating the sum of free energy given as

:E &G"0 = E0

(23.060 n)

for &G

0

0

in kcal/mole

(i)

where &G •0 is the sum of all free energies of all components in the reaction
at 298 Kin kcal/mole, n is the number of electron transfer involved, and E0
is the standard equilibrium reduction potential, in volts vs. SHE, where all

the components of the reaction are in standard state where the activity and
fugacity of the dissolved and gaseous bodies, respectively, equals to 1.

The equilibrium reduction potential at any given condition is given as
E

= E0

+ (0.0591

I n) Iv log [M]

- (0.0591 m

I n) pH

(ii)

where Mis the activity or corrected concentration for a dissolved state or the
fugacity or corrected partial pressure for gaseous state, and

L v log [M] = log { [B]b /

[A]a }

(iii)

The chemical equilibria for chemical reaction type
aA + cH20

= bB

(b)

+ mH+

where there is no electron transfer, in which B is in the alkaline form and A
is in the acid form, the equilibrium is given as

L v log [M] = log K + m pH
where

L v log [M] = log { (B]b /

[A]a }
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(iv)

and
log I<

= - (~ ~G·0 ) I

1.363

CONSIDERATION OF SUBSTANCES

Solid and dissolved substances must be considered to construct ZrNwater diagram similar to those considerations for Zr-water equilibrium
diagram (13,14). An assumption taken is that the oxidation state of metal of
nitride; assumed at 0 oxidation state. Listed below are substances considered
and their descriptions for the construction of ZrN-water diagram :

gpdation No. Considered Substances
Solig Su2stances
(Z)

Descriptions

0

Zr

grey-white, cubic

0

ZrN

golden, NaCl

+4

ZrQi.2H20 or Zr(OH)4

hydrated oxide, white, amorphous

+4

ZrQi.H20 or ZrO(OH)2

hydrated oxide, white

+4

Zr02 anhydrated

anhydrous oxide or zirconia, white,
monoclinic

Dissolved Su2stances

+4

zr4+

zirconic ion, colourless

+4

Zro2+

zirconyl ion, colourless

+4

HZr03-

zirconate ion, colourless

FREE ENERGY VALUES

Free energy values at 298 K used in calculation of equilibrium
reduction potential and stability regions of dissolved species are given in
tables below. All values are taken from reference (15) unless noted otherwise:
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Table I : Compounds of Zirconium, water and gas components

~G· 0

Formula

(Kcal/mole)
0
-37.595
-56.72
0
0
0
0
-75.4
-142.0 (13)
-201.5 (13)
-247.7 (13)

H+(~
OH-(~

H20 (l)
H2 (g)
N2 (g)
02 (g)
Zr (c)
ZrN (c)
zr4+ (aq)
zr02+ <~>
Zr02 (c)
Zr02.2H20 (c)
or Zr(OH)4 (c)
Zr02.H20 (c)
or ZrO.(OH)2 (c)

-370.0
-311.5
-287.7

HZr03- (aq)

REACTIONS AND EQUILIBRIUM FORMULAE

The equilibrium potentials for oxidation and reduction reactions are
calculated as shown below :

m

2 dissolved substances (13)

Z=+4

By employing equation (iv) :
log (zra2+

I zr4+ J = - L ~G 00 / 1.363 + 2 pH

log ( zra2+ / zr4+ J
(2).

zrQ2+ + 2 H20

= 2.06

+ 2 pH

= HZr0:3- +

log ( HZr03- I zra2+J

3 H+

= -19.95

+ 3 pH
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Lifldts of the d
_ _..s+ /

(1').

a·

(2').

O\T

omains of relative predominance of the dissolved substances :

zre)2+

- ,.,.2+ /

HZr03-

pH

= -1.03

pH

=

6.65

2 solid substances. and 1 gaseous substance

z: Oto+4
(3a).

ZrN + 2 H10

= Zr{)i

+ 4 H+ + 1/2 N1 + 4 e-

By employing equations (i), (ii), and (iii) :

E
(3b).

= -0.7149

= Zr{)i.H20

+ 4 H+ + 1/2 N1 + 4 e-

- 0.0591 pH + 0.0074 log PN2

ZrN + 4 H10 = Zr{)i2H20 + 4 H+ + 1/2 N1 + 4 e·
E

am

- 0.0591 pH + 0.0074 log PN2

ZrN + 3 H10
E

(3c).

= -0.6381

= -0.7342

- 0.0591 pH + 0.0074 log PN2

1 solid substance. and 1 dissolved substance (13)

z = +4
(4a).

.zr4+ + 2 H10

= ZrOz

+ 4 H+

By employing equation (iv) :

log <zr4+)

= 5.64

- 4 pH

(4b).

zr4+ + 3 H10

= Zr02.H20

(4c).

ZJ-4+ + 4 H10

= ZrOi.2H20

(Sa).

Zr<J2+ + H20

= ZrOi

(Sb).

ZrQ2+ + 2 H10

= Zr02.H20

(Sc).

zrQ2+ + 3 H20

= Zr02.2H20

(6a).

Zr02 + HzO = HZrOJ- + H+

(6b).

ZrOz.H20

(6c).

Zr02.2H20 - H20 = HZro3- + H+

= HZr03-

+ 4 H+
+ 4 H+

+ 2 H+
+ 2 H+
+ 2 H+

+ H+
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log <zr4+)

= 0.79

- 4 pH

log (Zr4+) = - 0.91 - 4 pH
log <zra2+>

= 7.70

- 2 pH

log (zrQ2+)

= 2.48

-2 pH

log (Zra2+)

= 1.15

- 2 pH

log (HZr03-)

= - 12.25

+ pH

log (HZr03-)

= - 17.46

+ pH

log (HZr03-)

= -18.78

+ pH

I

qoe Solid

Sub5tance. One Dissolved Substance. and One Gaseous Substance

(Z):Oto+4
(7).

ZrN

= yi+

+ 1/2 N1 + 4 e-

By equations (i), (ii), and (iii) :

E = - o.7220 + 0.0074 log PN2 + 0.0148 log czr4+J
(8).'

ZrN + H10

= zr02+

+ 2 H+ + 1/2 N1 + 4 e-

E = - 0.7522 - 0.0295 pH + 0.0074 log PN2 + 0.0148 log [zr2+]
(9).

ZrN + 3H20
E

= - 0.4569

= HZrO:f

+SH++ l/2N2 + 4e-

- 0.0739 pH + 0.0074 log PN2 + 0.0148 log [HZr03-J

(V)

Hydrogen and Oxygen Equilibrium Lines (13)

(a).

·H2
E

(b).

= 2 H+

+ 2 e-

= -0.0591 pH

- 0.0295 log pH2

In alkaline media :
In acidic media :
E

= 1.228

- 0.0591 pH + 0.0148 log p02

CONSTRUCTION OF DIAGRAMS

The solubility limits of predominance substances are calculated using
activities of 100, 10-2, 10-4, and 10-6. ZrN is assumed to exist in its ground
state; 0 oxidation state. Oxidation of nitride is assumed to produce dissolved
N2 in the solution. The partial pressure of N2 of 1 atmosphere is used to

construct this diagram.

i
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I

zrN-water diagram considering formation of Zr02.2H20 solid is
shown in figure 1. Hydrated zirconium oxide is formed at approximately 800
rnV higher from ZrN than from pure Zr. Oxidation of Zr to its hydrated
oxide follows the reaction given by
Zr + 4 H20

= zr02.2H20

+ 4 H+ + 4 e-

and its equilibrium potential is given by
E

= - 1.553 - 0.0591 pH

This hydrated oxide is stable between pH 4 and 13 for the activity of dissolved
ions at 10-6. This is a passive region for ZrN. In comparison to the TiNwater system (11), the oxide is more favorably formed at lower potentials,
much below the water stability region .
nitrogen gas into the solution.

This oxidation reaction releases

The oxidation potential for TiN to the

hydrated titanium oxide, Ti02.H20, is given by
TiN + 3 H20

=

Ti02.H20 + 4 H+ + 1/2 N2 + 4 e-

and its equilibrium potential is given by
E

= -0.098

- 0.0591 pH + 0.0074 log PN2

By considering formation of the anhydrated zirconium oxide film,
Zr02, the regions of ionic stability of zr+4, Zro+2 and HZro-3 overlapping
one another.

This suggested formation of this anhydrous solid is

thermodynamically impossible under this condition. It is unstable and is
readily to form dissolved ions in the solution. It is also undesirable since it
promotes corrosion of ZrN.
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DISCUSSIONS

In comparison to the Zr-water Pourbaix diagram, the diagram for ZrN
shown higher potential for formation of its metal oxide or hydroxide (13).
The .regions of immunity, passivity and corrosion of ZrN-water diagram is
nearly similar in shape to the zirconium-water diagram. The passive film is
stable over wide pH range.

Construction of Pourbaix diagrams can be very helpful in prediction of
corrosion behavior of nitride coatings when deposited over steel or
aluminum alloys.

In practical applications,

it is very unlikely that the

deposited coatings are perfectly covering the substrate. Defects or pores on
these thin coatings usually of less than 10 µm thick can directly expose the
substrate to the environment,

figure 2.

A galvanic couple between the

substrate and the coating can occur. For steel in seawater, where the pH is
nearly 8, the free corrosion potential is between -0.6 and -0.45V (SCE) when
active, and is between 0 and 200 mV(SCE) when passive. Previously it was
shown that ZrN on stainless steel oxidized to its oxide after exposure to c1containing environment of pH 6 (10).

However,

oxidation of TiN to its

hydrated oxide did not occur after similar exposure although it was shown as
thermodynamically possible under the particular condition (11).

This was

suggested as due to potential difference between the substrate and coating.

The free corrosion potential of ZrN coated steel was much lower than
that of bare steel due to lower potential of the coating than the substrate. This
formed a galvanic couple between the coating and the substrate and promoted
Oxidation of ZrN to its oxide, figure 2. Oxide film on ZrN acts as corrosion
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prote

cf on layer to chloride attack. The free corrosion potential of TiN coated
i

. slightly higher than that of bare steel. Oxidation of TiN was not

steel is

promoted

since its potential was higher than the substrate, figure 3. In this

case the corrosion protection of the steel will only depend on the passive film
fonned from its anodic oxidation. If the passive film is weak or thin then it is

more susceptible to chloride attack and consequent pitting corrosion.
Under the condition employed in that study ZrN was less stable than
TiN and more readily to oxidize to its passive hydrated oxide film. This was

measured as lower critical current density for passive film formation in the
potentiodynamic cyclic polarization test (16).

ZrN coating can also be considered as a potential protective coating on
aluminum alloys like Al 6061 and Al7075 which are susceptible to pitting in

c1-

containing environment. Typical corrosion potential of these alloys in

O.SN NaCl solution of pH approximately 6 is between -0.7 and -0.85V (SCE),
which is cathodic to the equilibrium potential for ZrN oxidation to its
hydrated oxide. This hydrated oxide is a good passive film for protection in

CI- containing solution. Large potential difference between the coating and
substrate act as driving force for the oxidation of the anodic coating. This will
once again protect the cathodic substrate.

Application of TiN may not protect the particular aluminum alloys in
discussion. Equilibrium potential of this coatings at pH 6 is approximately

-o.742V

(SCE) which is slightly cathodic to the corrosion potential of the

alloys. The actual potential of this nitride can be higher than the equilibrium
potential due to the native oxide on the surface from oxidation with air and
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11

non-stoichiometric nature of the coating.

The substrate is anodic to the

coating and will corrode. Corrosion of the substrate under this condition
could be worse than pitting on uncoated aluminum alloys.

A successful corrosion protection scheme using nitride coatings is very
much dependent on the thermodynamically favorable formation of
protective passive oxide film on nitride coatings, more anodic potential of
the coating than the substrate, and the large potential difference between the
substrate and the coating to kinetically drive the oxidation of coating. The
greater potential difference between the coating and substrate, subjected to
the fact that the coating is anodic to the substrate, the greater the driving force
for the oxidation to occur. Low current density for formation of oxide from
the nitride is favorable since it does not require large amount of metal
dissolves to the solution. It also means more spontaneous formation of the
passive film.

Through the establishment of other metal nitride-water diagrams,
considerations can be made before applying specific coatings on aluminum
alloys or steels for applications in severe environments. At different pH and
potentials, some oxides are more stable than the others. These diagrams can

be used as guiqelines for choosing a coating for protecting any substrates. ·

CONCLUSIONS

ZrN-water

thermodynamic

diagram

was

constructed

thermodynamic data of ZrN and other compounds of zirconium.
r

.

.

from
The

egions of immunity, passivity and corrosion of ZrN is similar in shape to
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or zirconium. Equilibrium potentials for oxidation of ZrN to dissolved
those f
and solid compounds are higher than for zirconium. This diagram is very
helpful for selection of good protective coating for metals or alloys and for
predicting the possible reactions to occur underspecific pH and potential.
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Figure 1. ZrN-water thermodynamic diagram considering Zr02.2H20 solid.
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Figure 2. Schematic diagram of anodic coating with defects exposing the
cathodic substrate and the hypothetical Evans diagram showing the possible
anodic and cathodic reactions.
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Figure 3. Schematic diagram of cathodic coating with defects exposing the

anodic substrate and the hypothetical Evans diagram showing the possible
anodic and cathodic reactions.
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CHAPTER VI

LOCAL ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY STUDY ON

CORROSION OF NITRIDE COATED ALLOYS
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ABSTRACT
The local impedance of pit and passive areas on stainless steels and
aluminum alloys were measured utilizing the local electrochemical
impedance spectroscopy (LEIS) technique. Separate contributions of active
and passive area to the overall impedance measured by conventional
electrochemical impedance spectroscopy (EIS) were identified. The overall
impedance may not show the contribution of pit to the impedance behavior
because it was masked by the higher impedance of the passive area. Local
corrosion rate and growth behavior of pit was measured by this local
impedance technique.

1 14

INTRODUCTION

Electrochemical impedance spectroscopy was proven to be a powerful
to0l to non-destructively monitor the corrosion rate of various systems in
various environments 1-5

In addition, time dependent mechanistic

information can be extracted through this small ac perturbation non-steady
state technique with some electrical circuit modeling of the interface in
interest. However, this technique provides surface averaged information
and causes problems in determination of the accurate physical attributions to
the measured response. In particular, detection of small pit in a relatively
larger passive system was not directly obtainable from the impedance
measurement.

Various different equivalent circuit models to represent

passive systems undergoing pitting were introduced 6-8. Electrical properties
of the passive film, total pit area and corrosion rate of the pit can be obtained
from the parameters in the equivalent circuit models.

An active pit in a passive matrix can be equivalently modelled 6 by
simple parallel RpitCpit representing the faradaic and capacitive processes at
the pit in series to the electrolyte resistance, Rpore in the pore of the pit built
in parallel with another parallel RtCdl of the passive film, figure 1. The
solution resistance of the bulk electrolyte is represented by Rs, and the
fraction of passive area is given by

e.

Impedance plots of this system may

indicate a single or two maxima behavior dependent on the ratio of the two
time constants of the pit and the passive film. The two maxima may overlap
to show only a single maxima behavior over the measured frequency range.

The frequency response of the pit may be masked by the larger response of the
passive system. Fitting the data to the particular model may become time
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consuming and produce undesirable results. It is then desirable to separately
e the response at the pit and over the passive film. A local
11\easur
electrochemical impedance spectroscopy (LEIS) can be utilized as it was
proven to measure the local properties of chemically and physically
heterogeneous surf ace 9-11 .

The objectives of this study were to construct a LEIS apparatus,
11\easure the local impedance of pit and passive film in bare and coated
stainless steels or aluminum alloys to compare to the overall impedance
measured by the conventional EIS technique.

The apparatus was first

calibrated with model homogeneous and heterogeneous electrodes. Local EIS
data was fitted to an equivalent circuit model and its parameters were
backfitted to the active pit model. Res.u lts of this investigation are detailed in

this paper.

EXPERIMENTAL PROCEDURES

Materials
Model homogeneous electrodes were prepared from 1.1684 cm2 of 304
stainless steel and 0.0962 cm2 Pb/Sn solder in epoxy resin, figure 2. The
heterogeneous electrode was made of 0.0962 cm2 Pb/Sn solder in 304 stainless
steel matrix with a total area of 1.1684 cm2. All electrodes were polished to
600 grit surface immediately before exposed to solution for testing.

A model passive electrode with an artificial pit was made by drilling a 1

nun diameter hole in the center of approximately 1 cm2 of 304 stainless steel
mounted in -epoxy. TiN coated 304 stainless steel with pits formed during
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cyclic polarization was tested 12. Al6061-T6 and Al7075-T6 coated with 5 µm
CrN were used to monitor time dependent impedance behavior by both LEIS

and EIS.
All experiments were conducted in 0.SN NaCl solution prepared from
double distilled deionized water. The bulk solution conductivity was 0.063
(ohm.cm ) -1 ·

Experimental Techniques

All EIS measurements were conducted utilizing EG&G M388 software
with a 3-electrode cell system. A 5 m V potential perturbation was maintained
between the sample and a saturated calomel electrode (SCE) and the current
response measured between the sample and the Pt counter electrode.
Measurements were made through a Solartron 1255 FRA high frequency
response analyzer and a EG&G 273 potentiostat interfaced to the
electrochemical cell and a personal computer. 7 data points per frequency
decade were taken between lOOkHz and O.OlHz.

The impedance was

measured in ohms and · area-normalized to ohm.cm2 by multiply with the
total area exposed.

A LEIS apparatus was designed and consisted of a xy-stage with
movement resolution of 2.Sµm/ step and z-motor to adjust the probe height
with a resolution of 5µm/ step. Sample and glass c~ntainer were clamped to
the stage. The container was filled with O.SN NaCl solution. A Pt counter
electrode and SCE reference electrode complete the cell. A Pt bi-probe was
placed with the bottom of the probe 100 µm vertically above the surface. In
the LEIS experiments the probe was kept at constant height above the surface.
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rements were made by applying 5 mV perturbation between the
Meas U
sainple and the reference electrode utilizing the FRA and potentiostat over a
frequency range between 100 kHz and 1 Hz at 7 frequency points per decade.
1,oCal current were calculated from the measured potential difference at the
two tips.

The measured potential difference was amplified by an

inStrUmentation amplifier and send to the input current channel of the FRA.
The ratio of the output potential and input potential diference was multiply
with the ratio of tip separation distance and solution conductivity to produce
the local impedance. A solution conductivity of 0.063 (ohm.cm)-1 was used
in all calculation. The measured local impedance was the normal impedance

of the surface due to the design of the bi-probe which allowed measurement
of ac potential difference in the solution between two potential lines parallel
to the surface.

The Pt tips were made from 125 µm diameter Pt wire inserted into glass
capillaries with initial ID of 0.8 mm and 9 cm long, figure 3. One end of the
capillary was flame sealed and polished to expose the tip.

The tip was

platinized using chloroplatinic acid solution to produce large surface area and
low interfacial impedance of the probe 9, 13 .

Two identical tips were

produced, sealed together and bent to allow only the potential drop normal
to the surface being measured in LEIS tests. The tips have separation distance
of 500 µ.m vertically.
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EXPERIMENTAL RESULTS

Calibration

EIS and LEIS spectra on 304 SS electrode are identical between 10kHz
and lOHz in both the impedance and phase angle behavior, figure 4. No pits
were observed throughout the test and the free corrosion potential was stable
at-250 mV (SCE). The EIS and LEIS spectra of Pb/Sn solder are also identical
over the frequency range but lower to the stainless steel. The solder was more
anodic to the steel with free corrosion potential stable at -580 mV (SCE)
throughout the test.
I

Oxidation of the Pb/Sn electrode was observed when the model
heterogeneous electrode was exposed after some time to the solution. The
solder area became black and solution in this vicinity turned cloudy.
corrosion of the stainless steel was observed.

No

LEIS spectra of the model

heterogeneous electrode indicate lower local impedance and phase angle
behavior at the solder than at the stainless steel region, figure 5. The overall
impedance and phase angle behavior nearly match the local impedance and
local phase angle of the stainless steel. The local impedance measured at both
solder and steel regions are similar to the local impedance measured over the
homogeneous electrodes.

Model Pit on Stainless Steel

Local and overall impedance and phase angle behavior of stainless
steel With an artificial pit are shown in figure 6. No corrosion product was

l 19

I

I

·

obser

ved at the pit. Local impedance of flat passive area is identical to the

local unpedance of the pit. The overall impedance is higher than the local
i!l\pedance. The overall phase angle behavior matched the phase angle of the
flat passive area between 500 Hz and 50 Hz but matched the phase angle of the
pit between 50 Hz and 1 Hz.

The overall impedance is dominated by

diffusion behavior at low frequency region.

Pits on TiN Coated Stainless Steel

Local impedance at both pit and TiN coating region are identical but
lower than the overall impedance, figure 7. The local phase angle behavior
of the coated area and pit match the overall phase angle behavior between 300
Hz and 3 Hz. No corrosion of the pit was observed.

Pitting on CrN Coated Al Alloys

Pits were observed on Al6061-T6 coated with 5µm CrN within 24
hours exposure in 0.5N NaCl solution.

White corrosion product was

observed over the pits. The overall impedance and phase angle decrease after
more than a day exposure, figure 8.

Local impedance at various location

before pits were observed are nearly identical but lower than the overall
impedance by conventional EIS. Local impedance of the pit is lower than the
coated area which remains high throughout the test.

The phase angle

behavior of the pit indicates a single maxima with lower phase angle than

that of the coated area. The phase angle over other coating area is identical to
the overall phase angle behavior. The high frequency impedance arrest is
hi h
.
g er for the pit than the coated area.
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EIS and LEIS spectra of Al7075-T6 coated with 5 µm CrN also indicated
·mpedance over the pits than over other coating area, figure 9. Pits
lower l
served on the surface after several hours exposure. The phase angle
were Ob
of the pit was lower than other coating area with the latter nearly close to the
overall phase angle behavior.

DISCUSSIONS

The local EIS technique was used to monitor pitting corrosion on
stainless steels and aluminum alloys. Local impedance behavior of pit and
passive area was monitored and the individual corrosion rate was
determined. Calibration of this technique to monitor physical and chemical
heterogeneities on corroding surface was conducted on a model active Pb/Sn
solder in passive 304 stainless steel matrix.

LEIS was able to monitor

differences in impedance behavior of the anodic and passive regions. This
was not available from the surface averaged response of conventional EIS
technique. The overall impedance behavior was dominated by the higher
impedance behavior of the passive steel area because the current from the
smaller anodic region spread out laterally to the larger passive area.

The local impedance of a model pit on stainless steel is identical to
local impedance of the passive area. The reason for this is that the pits are
passive and do not corrode.

The overall phase angle behavior is dominated

by the flat passive area at high frequency but is dominated by the pit response

at lower frequency. The pit causes the phase angle to decrease at frequency
less than 50 Hz.

Contributions of the pit and passive area to the overall

12 1

unpedance and phase angle are easily identified from the overall impedance

and phase angle behavior. In the case of pits on TiN coated stainless steel,
both local impedance and phase angle at the pit and coated area are identical
therefore . n_o t easily identified from the overall impedance and phase angle
behavior.

Local impedance on CrN coated aluminum alloys show lower
impedance at pits than at passive coating area.

The overall impedance is

again dominated by the impedance of the passive coating area. This can be
shown using the active pit model from which the fraction of pit area was
usually determined, figure 1. An attempt is made to justify this model using
the charge transfer resistance and capacitance values obtained from the local
impedance of the pit and passive region. The local charge transfer resistance
and capacitance are obtained from a simple Randle's circuit, figure 10. These
values are used to generate the overall impedance and compare to the
measured overall impedance.

The exposed Sµm CrN coated Al6061-T6 have a fraction pit area of
0.0086.

The calculated overall impedance was slightly lower than the

measured overall impedance,

figure

11.

This is because the calculated

impedance was generated from the normal impedance measured locally.
Impedance lateral to the surface was not measured by this technique and may
contribute to the higher overall impedance measured by conventional EIS
technique. The calculated phase angle shown a single maxima and followed
closely the phase angle of other coating area at high frequencies. The lower
response of the pit was masked by the higher response of the coated area.
Also it was obvious that the time constants for the response of the pit and
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0 ther

oating area were identical and overlapped one another. As a result a

C

single maxima behavior was observed in the overall impedance behavior.

The corrosion rate of pits and coated area are obtained from fitting
procedure of local impedance data, figure 12. The charge transfer resistance
of the pits was lower than the coated area.

Difference in the corrosion

behavior of the pits can be monitored as shown for both coated Al6061-T6
and Al7075-T6 alloys.

The former shown a constant charge transfer

resistance value after pit formation suggesting a stable pit and the latter
shown continually decreasing charge transfer resistance suggesting a
progessive pit growth behavior. The total charge transfer resistance from
overall EIS may or not decrease due to pitting. The higher fraction of pit area

for the coated Al7075-T6 than the coated Al6061-T6 may contribute to
decreasing of its overall charge tranfer resistance.

In summary, LEIS technique was shown as able to monitor differences
of local impedance of pit and passive which most of the time was not
monitored in the surface averaged impedance response by conventional EIS
technique. Separate contributions of active pit and passive area to_the overall
impedance are identified. Information on local corrosion rate of pit,

pit

growth behavior, and changes in local properties of passive film are available

by this technique.

CONCLUSIONS

1.

Local electrochemical impedance spectroscopy was found useful to

monitor local corrosion rate of pit and passive area.
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2.

·r his technique can be used to justify equivalent circuit model of

overall impedance behavior and identify contribution of local sites to the
overall impedance.
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I
. .. .. I
a= fraction of coating or passive area

passive/coating layer (p)

I
substrate

Figure 1. Schematic diagram of pits in passive electrode and its equivalent
circuit model to represent the faradaic and capacitive processes at the pit and
the passive surface.

127

Epoxy mount
(b).

(a).

mount

Pb/Sn
Epoxy
mount

304SS

(c).

Figure 2. Schematic representation of model electrodes used for calibration of
LEIS technique.
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Figure 3. Schematic representation of bi-probe used in LEIS experiments.
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Figure 10. Schematic diagram of equivalent circuit model used to fit the local
impedance data.
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CHAPTER VII

APPLICATION OF SCANNING POTENTIAL MICRO-PROBE TECHNIQUES
TO MONITOR DAMAGE IN FIBER REINFORCED COMPOSITES

I4I

ABSTRACT

Scanning

reference

electrode

technique

(SRET)

and

local

electrochemical impedance spectroscopy (LEIS) were utilized to monitor
damages in carbon/glass/vinyl ester composites subjected to simulated
galvanic coupling condition in 0.SN NaCl solution.

Potential difference

between the damaged polymer regions over carbon fibers closest to the surface
and the blistered polymer regions over glass fibers closest to the surface were
found by SRET only under applied cathodic potential conditions due to net
current flowing out from the carbon fibers to the solution. Time dependent

LEIS measurement able to monitor differences in impedance at both regions
under unbiased and biased conditions. Additional information on damage
mechanism in this type of polymer composite was obtained and discussed in
comparison to data gathered from conventional electrochemical impedance
spectroscopy (EIS).
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INTRODUCTION

Electrochemical impedance spectroscopy was proven to be a powerful
technique to monitor corrosion of polymer coated metals 1. Studies were
conducted extending this technique to monitor damage processes in fiber
reinforced composites such as blistering in carbon/ glass/vinyl ester (CGVE)
composite and polymer degradation in carbon/epoxy (CE) composite 2-4.
Since the EIS technique provided an average measurement of the corroding
surface, any particular data trend measured for damaged composite cannot be
used to indicate specific type of damages or separate concurrently operating
mechanisms .

The location of degradation processes with respect to

microstructural features cannot be indicated by traditional EIS techniques. A
surface potential mapping technique and local measurements of impedance
technique like the scanning reference electrode technique (SRET) and local
electrochemical impedance spectroscopy (LEIS) could be used to separate out
and provide a quantitative information on individual damage processes as
well as indicate their locations 5-7.

Blistering in CGVE composite is very apparent over regions where the
glass fibers are closest to the exposed surface, figure 1. Cracking occurs over
regions where the carbon fibers closest to the exposed surface. This situation
will produce a large potential variation in the solution very near the exposed
surface between the glass fiber and carbon fiber regions. It was suspected that
a scanning reference electrode technique could be employed to monitor the
potential variation over the damaged composite.
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The potential distribution very near the corroding surface can be
scanned by placing a micrometer size inert wire, ie. platinum, exposed only
at its tip at a distance approximately the diameter of the tip from the surface.
Potential at any point over the corroding surface is measured relative to a
similar electrode placed at some distance away. The current density at any
point can also be calculated using Ohm's law 6 such that

i

= -k ~E

(1)

where k is the solution conductivity (ohm.cm)-1, and ~E is the potential field
given by the potential difference between the two platinum · electrodes
divided by the separation distance.

Local EIS is a promising technique to monitor impedance at specific
sites on the corroding surface due to physical and chemical heterogeneities 7.
A similar apparatus was developed to test the applicability of this technique to
monitor damage in CGVE composites.

Local impedance was measured

utilizing a platinum bi-probe placed very near the surface to measure the
solution current density normal to the electrode surface.

A voltage

perturbation amplitude was maintained between a standard calomel
reference electrode and the working electrode over the frequency range of
lOOkHz to 1 Hz.

Current response of the system at a specific site was

measured as the potential difference at the tips of the bi-probe which was then
converted to current at each frequency. The local impedance (ohm.cm2) can
be calculated from a modified Ohm's law

I Z(w) I local

= V( w)applied I i(W)local
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(2)

where V( ro)applied is the applied potential perturbation (V), i(ro)local is the
local current density (A/ cm2) given as

where

i(ro)local

= ~V(ro)tip k I

~V(whip

is the potential difference measured at the tips of bi-probe (V),

1

(3)

k is the solution conductivity (ohm.cm)-1, and 1 is the separation distance of
the bi-probe tips (cm).

The applicability of the scanning reference electrode technique to
monitor damages in CGVE composite was tested on a pre-damaged sample
with blisters and polymer crackings under a simulated galvanic coupling
condition in O.SN NaCL

The applicability of LEIS technique to monitor

impedance variation over different locations of the glass fibers and the carbon
fibers during degradation under applied cathodic potential was also tested.
The applicability and sensitivity of both techniques to specifically monitoring
electrochemical variations in the system will be discussed.

EXPERIMENTAL PROCEDURES

Materials
Model homogeneous and heterogeneous were prepared to test the
applicability of LEIS technique. A 304 stainless steel and a commercial Pb/Sn
solder electrodes were mounted in epoxy and polished using 600 grit carbide
paper, figure 2. Total active area of the former was 1.1684 cm2 and of the
latter was 0.0962 cm2 . A heterogeneous electrode of 0.0962 cm2 of Pb/Sn
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solder in 304 stainless steel matrix with total area of

1.1684 cm2. This

electrode was also polished using 600 grit carbide paper.

A previously damaged CGVE composite with blisters over the glass
fibers and polymer cracks over the carbon fibers was used to test the
applicability of SRET and LEIS techniques to monitor damages in composite.
Three as-received CGVE composites with fiber to polymer ratio of 30:70 were
used to study the applicability of both techniques to monitor the time
dependent degradation behavior. Total exposed for all composite samples
was 22.54 cm2.

All corrosion tests were conducted in 0.5N NaCl solution prepared
from double distilled deionized water.

Apparatus
A SRET apparatus was developed where XYZ stepping motors were
controlled through a DT-2801 AID board interface to a personal computer.
The XY stage was movable and has a movement resolution of 2.5 µm per
step. The probe height, z axis, was adjustable with a resolution 5.0 µm per
step. The sample and open-ended hollow glass tube were mounted on the
stage with a clamp. The tube was filled with the test solution. The probe was
placed at a specified distance above the surface.

Applied potential was maintained between the sample as a working
electrode and the standard calomel (SCE) reference electrode through a PARC
273 potentiostat. A platinum foil was used as a counter electrode to complete
the cell. The potential variation very near the surface was measured using a
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platinum bi-probe with tip diameter of 125 µm . The tips were displaced
vertically approximately 2 mm. Potential variation in the solution near the
surface was measured between these two tips. During scanning experiments
the bi-probe was kept at a constant height of 100 µm from the surface. The
measured potential difference was input through the analog channel of the
AID board to the computer and saved in a file along with the location of

probe. These data can be retrieved for visualization. A BASIC computer
program was written to control the probe height, move the sample under the
probe, and measure the potential difference at the probe tips.

A spatial

separation of 50 µm per data point was used in all scanning experiments.

Conventional EIS was performed utilizing a EG&G M388 software with
the commonly used 3-electrode cell configuration. The equipments include a
Solartron 1255 FRA and a EG&G 273 potentiostat. A potential perturbation
amplitude of 5 mV, 7 data points per frequenc y decade, and a frequency range
of lOOkHz to 0.01 Hz were used in all EIS experiments. The unit of impedance
measured by the software was in ohm and was area-normalized to ohm.cm2
by multiplying by the total exposed area. The EIS spectra can then be used for

comparison with the local EIS (LEIS) spectra.

In LEIS experiments the potential perturbation and applied de
potential were maintained through EG&G 273 potentiostat between the
working electrode and the reference electrode,

figure 3.

The potential

diference measured at the bi-probe tips was amplified through an Analog
Devices AD625JN instrumentation amplifier and input to the current input
channel of the Solartron 1255 FRA.

This allowed very small potential

difference measured between the tips to be amplified up to lOOOX. An applied
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ac potential perturbation of 20 mV was maintained between a frequency range
of lOOkHz and 1 Hz with a data frequency of 7 points per decade.

The

measured impedance was area-normalized in units of ohm.cm2. The tips of
the bi-probe for the LEIS measurements were displaced 500 µm vertically
between them. The distance between the bottom of the bi-probe and the
surface was kept constant at height of 100 µmin all experiments.

Tip Preparation
Pt micro-probes were made using 99.99% pure platinum wires with
diameter of 125 µm. The wire was inserted into a glass capillary with initial
inside diameter of 0.8 mm and 9 cm long. One end of the capillary was sealed
by heating with propane flame . The other end was left open and the thin
wire was soldered to thicker Pt wire of 250 µm inside diameter. The sealed
end was polished using 600 grit carbide paper to expose the Pt at the tip. The
tip was cleaned using HCl:HN03 :H20 solution and 0. lM H2S04 solution and
later platinized using choloplatinic acid solution 8. Two of indentical probes
were placed inside a heat shrink tube and heated to produce a Pt bi-probe.
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EXPERIMENT AL RESULTS

LEIS Calibration
i. Homogeneous electrode

Validity of the experimental method on a macroscopically
homogeneous electrode was demonstrated using a Pb/Sn solder and a 304SS
disk electrodes in O.SN NaCl solution. The impedance and phase angle from
EIS and LEIS of 304SS electrode are nearly identical between 10 kHz and 1 Hz,
figure 4.

The free corrosion potential of the stainless steel was stable

throughout the experiment at -250 m V (SCE).
The EIS and LEIS spectra of the Pb/Sn solder electrode in O.SN NaCl at open
circuit also shown good correlation between 10 kHz and 10 Hz range. The free
corrosion potential was stable throughout experiment at -580 mV (SCE)
which was anodic to the 304 SS electrode.

ii. Heterogeneous electrode
In 0.5N NaCl solution a galvanic couple was formed with the Pb/Sn
electrode as the anode and 304SS as cathode. LEIS spectra in figure 5 indicated
the impedance spectra at 304SS location similar to that measured on
homogeneous stainless steel electrode at open circuit. Oxidation of the Pb/Sn
electrode was obvious as solution in the vicinity of this electrode became
cloudy and the Pb/Sn electrode turned black. The LEIS impedance spectra
over the Pb/Sn shown a typical Randles type circuit with a low charge transfer
resistance value typical of a corroding surface. The magnitude of impedance
and phase angle measured at a location over the stainless steel followed
closely to the overall impedance measured by EIS.
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This indicates the

usefullness in separating the individual mechanisms and locations available

by LEIS·
sRET and LEIS of composites
i. Pre-damaged sample

Potential scan over a pre-damaged composite in O.SN NaCl solution at
-0.9V (SCE) shown approximately 10 to 15 mV potential difference between a
location over the blistered region on the glass fiber and a location over the
damaged polymer over the carbon fiber, figure 6. The potential was more
cathodic at the damaged polymer over the carbon fiber than at the blistered
polymer over the glass fiber. A similar scan at open circuit condition did not
show any potential variation between the damaged region over the carbon
fiber and blistered region over the glass fiber.

EIS measurement shown a single maxima at low frequency. The local
EIS (LEIS) shown higher magnitude of impedance measured at blistered
region over the glass fiber than at damaged polymer region over the carbon
fiber, figure 7. The phase angle plot shown higher phase angle for the glass
region with a maxima at higher frequency than that for the carbon region.

ii. As received sample at open circuit
Potential scan over the CGVE composite in O.SN Na Cl at open circuit
over a 30 days period did not show any variation in the potential over regions
where glass weave is closest to the surface and that of the carbon closest to the
surface. 4 days spectra shown very similar local impedance at the glass and
carbon regions and that of the overall impedance from EIS, figure 8. At low
frequencies below 100 Hz the local impedance was dominated by noise. The
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local impedance after further exposure decreased at both carbon and glass
regions. This was lower at the carbon regions than at the glass regions. The
phase angle at carbon regions was lower than at glass regions. The overal
impedance and phase angle only indicated slight changes over the exposure
period. No visual changes on the exposed surface were observed.

iii. As received samples under applied cathodic potential

Potential variations in the solution under applied cathodic potential of
-900 mV (SCE) are shown in figure 9.
potential was dominated by noise.

Initial data upon application of

Potential difference of approximately 20

mV was observed after more than a week

exposure when blisters were

visually identified by naked eyes. The potential was lower at the carbon
regions than at blistered glass regions. Visual inspection of the sample after
the test indicated damaged polymer over the carbon regions.

Initial EIS spectra at -650 rnV shown two maxima with the impedance
lower than at open circuit condition, figure 10. With increasing exposure the
maximum phase angle of the maxima at high frequency decreased along with
decreased in the overall impedance. Blisters were visually observed after a
week exposure. The initial LEIS spectra at both carbon and glass regions at
nearly identical above 104 Hz but was higher at the glass regions than at
carbon regions at lower frequencies.
impedance.

Both were lower than the overall

With increasing exposure the impedance at both regions

increased at frequency above 10 kHz but the impedance at the glass regions
remained higher than at the carbon regions. Polymer damaged was observed
over the carbon regions after removing the sample from solution.
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The overall impedance at -0.9V (SCE)

slightly decreased with the

phase angle shown two maxima and remained low and slightly changed over
the exposure period, figure 11. Blisters were visually observed after a week
exposure.

Initial local impedance at the glass regions was higher than that

carbon fiber regions as shown by the data at 6 days.
impedance than the overall impedance.

Both have lower

The phase angle over the glass

regions was higher than that over the carbon regions.

The overall phase

angle nearly identical to the local phase angle at carbon regions.

The local impedance at both regions increased with increasing
exposure and nearly identical after 2 weeks exposure.

The phase angle

decreased at both regions decreased and also nearly identical after more than 3
weeks exposure. The local impedance at the glass regions remained higher
than at the carbon regions at the end of the exposure. Visual inspection at the
end of test indicated large blister over the glass fibers and polymer cracks and
openings over the carbon fibers.

Line mapping of local impedance over carbon and glass regions under
applied condition indicated uniformly lower impedance over the damaged
region over carbon fibers than over the blistered region over the glass fibers,
figure 12. The difference was greater at lower frequency.
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DISCUSSION

SRET and LEIS technique were used to monitor damage on
carbon/glass/vinyl ester composite subjected to a simulated galvanic coupling
in NaCl solution solution. In this study the de potential variation between
damaged or cracked polymer region over the glass fibers and blistered region
over the glass fibers was observed under a simulated galvanic coupling,
figures 6 and 9. The potential variation was dependent on the polarization
behavior of the carbon.

At -650 mV and -900 mV (SCE) in 0.SN NaCl

solution, a cathodic reduction of oxygen to produce hydroxyl ions occur
according to reaction

(4)

Cathodic current flowed from the carbon fiber under the polymer to the
secondary platinum electrode acting as the anode. If the blisters over the glass
regions did not break open, the current from the carbon just below the glass
can only flow out to the solution through the opening paths made by the
cracked polymer over the carbon regions. It will appear as that the region
over the glass regions had lower cathodic polarization behavior than the
carbon region. The cathodic current can easily flow out from the carbon
regions where the polymer layers were removed or cracked. This produced
variation of the surface potential between the glass and carbon regions as
measured by the SRET technique.

Under open circuit condition, SRET technique did not able to resolve
any potential variation between the carbon and glass regions for both
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undamaged and damaged composites. At this condition there was no net
current flow from the carbon to the bulk solution which did not produce
significant variation of potential at locations over the blistered and cracked
polymer regions over the glass fibers and carbon fibers, respectively. This
technique only indicated the difference in the potential above the carbon and
glass regions due to damages from applied cathodic potential.

No

mechanistic information was obtain from this technique.

The local impedance technique was shown as able to resolve physical
and chemical heterogeneities on surface exposed to electrolyte 6,7. A similar
technique was constructed to monitor impedance variation in various
systems.

Calibration of the technique was conducted using two

electrochemical different systems; a model homogeneous electrode of 30455
and a model heterogeneous electrode of 304SS coupled to Pb/Sn solder.

In O.SN NaCl solution the 304 SS electrode was passive and stable over
the entire test. No localized corrosion was observed. The local impedance
measured at a position over this electrode matched very well to the overall
impedance measured by the traditional EIS technique except at the high
frequency region which was dominated by artefacts. When the stainless steel
was coupled to the Pb/Sn electrode in similar solution, anodic oxidation of
the Pb/Sn electrode occured. The local impedance measured at a location of
the Pb/Sn electrode was lower than that measured at a location of the
stainless steel.

The overall impedance was dominated by the higher

impedance of the two electrodes; the stainless steel impedance. The large
area ratio of stainless steel to solder,

10 : 1,

dominated the process.

Overlapping time constants of both spectra over the solder and stainless steel,
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approximately at 0.001 and 0.01 seconds, respectively, show only a single
maxima ·in the overall EIS spectra.

The applicability of the LEIS technique to monitor damages in
composite was tested on a pre-damaged composite with blisters and polymer
cracks. Difference of the impedance and phase angle behavior at the two
locations was found. The impedance over the blistered regions was higher
than over the carbon regions. The phase angle shown a higher phase angle
maxima for the blistered glass regions due to the inertness of the glass fibers.
These indicated the higher resistance of the glass regions to penetration of
electrolyte in direction normal to the carbon below the glass fibers than that
over the carbon regions which were directly exposed to the electrolyte
through the cracked polymer layer. The overall impedance nearly followed
that measured over the blistered regions over the glass fibers with the phase
angle behavior followed nearly that measured over the carbon regions. This
indicated that the overall EIS spectra was dominated by the impedance of the
undamaged regions as shown previously where only a small area was
damaged due to galvanic coupling 2,3.

Time dependent LEIS measurements over the glass and carbon regions
of an as-received CGVE composites under applied potentials indicated higher
impedance at the former than at the latter. Significant changes in the local
impedance measurements were found but not in the overall EIS
measurements. No conclusions can be made regarding the processes occured
separately at the carbon and glass regions from the traditional EIS
measurements. The higher overall impedance was a reflection of the large
surface area not damaged by the processes occurring.
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The time dependent data of local impedance measured at the carbon
regions increased approaching that at the glass regions.

Increased in the

impedance at the carbon regions may be caused by the progression of small
blisters along the carbon/polymer interface which increased the exposed area
of carbon fibers for cathodic reactions,

figure 12.

Since in the region of

diffusion controlled of the cathodic reduction of oxygen the current density
was nearly constant 9, this resulted in decreasing local current density or
increasing in the impedance at the location of measurements over the carbon
fiber closest to the surface. Over the glass region, the impedance increased
with time and remained higher than at carbon regions could be contributed to
increasing in local thickness for diffusion of electrolyte through the blistered
polymer over the glass fiber . The blisters formed over the glass fibers may
have created nearly identical impedance at both regions.

The phase angle measured over the carbon fibers was lower than at the
glass fibers, and nearly resembles that measured by overall EIS. The phase
angle of the glass regions decreased after 14 days and continued to decrease
below the overall phase angle measured by EIS after 25 days. This can be
related to blisters formed over the glass regions and higher content of
electrolyte in the blister pockets. These blisters and regions around the glass
fibers were saturated with electrolyte and ionic species produced from the
cathodic reaction at the carbon. These regions will no longer acted as inert
diffusion barrier to electrolyte penetration.

Time dependent impedance data measured by EIS on an as-received
composite at open circuit condition shown very insignificant change in the
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impedance and phase angle behavior. The LEIS data shown larger decreased
in impedance at the carbon regions than at the glass regions with decreasing
phase angle maxima at both sites. Diffusion of electrolyte to the composite
was higher at the carbon regions than at the glass regions simply due to a
thicker barrier for electrolyte penetration through the latter than the former.
The glass fibers aCted as additional barrier to the diffusion of electrolyte to the
composite. This resulted in lesser decreased in the impedance at the glass
sites than at the carbon sites over the exposure period.

This study shown the potential of both SRET and LEIS techniques to
monitor the formation and development of damages in CGVE composites.
Physical damages were easily identified by both techniques but dependent on
the polarization behavior of exposed carbon fibers in the SRET technique.
The LEIS technique can detect both physical and electrochemical differences
over the composite surfaces even when there is no net current flowing in the
system.

Information of local properties can be measured by the local

impedance technique and mapped for the entire surface of interest.

CONCLUSIONS

1.

SRET and LEIS techniques were very useful to monitor damages in

composites.

The ac LEIS technique was more sensitive to the physical

variations in the composite and able to resolve difference in impedance at
carbon and glass regions at open circuit and applied potential conditions. The
de SRET technique was more dependent on the current flow normal to the
surface which could not resolve any physical variations on the damaged
composite at open circuit conditions.
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2.

Local impedance measured at applied cathodic potential conditions

suggested damage initiated at regions where carbon fibers were closest to the
surface and propagated along the carbon/polymer interface to the glass fibers
region to produce large blisters over the glass fibers.
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Figure 1. Schematics of the damages found on CGVE composites when
coupled to active metals like Al alloys and steel in seawater.
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polymer matrix
glass fibers
ca

1. Water and ions are driven into the composite near the carbon/polymer interface.
Cathodic reduction of oxygen produces hydroxyl ions that help disrupt bonding at the
interface. Blisters initiate at carbon fibers closest to the surface which are the thinnest
region of polymer in the composite . These blisters may cause the polymer over these
regions to break and produce cracks or deep scratches.

2. More blisters formed along the carbon/polymer interface by debonding of physical and
chemical bonds . These may progress to the thickest regions of the composite; the glass
regions. Debonding between polymer and both fibers may occur to initiate blisters at the
glass regions .

3. Blisters over the glass fibers delaminated the polymer over the fibers, and readily
observed by the naked eyes.

Figure 13. Schematic of the possible mechanism for damage formation and
progression from regions of carbon fibers closest to the surface to the glass
regions to produce large blisters.
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CHAPTER VIII

FUTURE STUDY
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1.

Investigation on effect of probe size to the resolution of local

impedance. Presently, good signal to noise ratio is measured down to 1 Hz.
More information on local properties can be obtained by extending the
measurement to lower frequency.

2.

Write new program to combine the impedance measurement software

and the scanning program for surface impedance mapping. Surface mapping
can be conducted at faster rate than at present rate to map the surface
impedance at any time during corrosion.

3.

Local impedance of other corrosion systems can be monitored such as

underfilm corrosion of painted metals,
corrosion cracking.
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intergranular corrosion and stress
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