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ABSTRACT

Electrochemical techniques for predicting stress corrosion cracking

(SCC) susceptibility have been evaluated and constant extension rate tests

(CERT) have been performed for a C-MI Steel (C1117) in 1 M Na3PO4 , pH = 4,

T - 210C and in 1.0 M NaHC03/0.1 M Na2CO3 , T = 700C at controlled potentials

with continuous recording of the a.c. impedance in a frequency range between 10

KHz and 30 mHz. These tests have been carried out in potential regions of

susceptibility to SCC which were determined by comparing fast and slow anodic

potentiodynamic polarization curves as suggested by Parkins and by analysis of

a.c. impedance data as suggested by Armstrong. The occurrance of a high fre-

quency relaxation phenomenon at the potential region where maximum

susceptibility to SCC is observed seems to indicate that impedance spectra can

be used to assess the SCC behavior. A model for the changes in surface

structure occurring during CERT and the resulting impedance behavior is

discussed.

I
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1.0 INTRODUCTION

This report summarizes the results obtained in a project in which

electrochemical and mechanical impedance techniques were applied to the

evaluation of environmental cracking of steels and aluminum alloys. Elec-

trochemical impedance measurements are finding increased application in studie3

of electrode kinetics, passivation phenomena and corrosion inhibition by organic

and inorganic compounds and by polymer coatings. The mechanical impedance of an

oxide layer has only recently been studied by a group in Belgium. ( 1) This

method assumes a correlation between mechanical stress and the electrochemical

response of the material.

Since environmentally induced failure by stress corrosion cracking

(SCC) and corrosion fatigue (CF) can be assumed to involved electrochemical

processes, it has been recognized that it is very important to carry out SCC and

CF tests under precise control of the electrochemical conditions. However, very

few attempts have been made to apply more sophisticated techniques such as impe-

dance measurements to monitoring of the events which occur during the cracking

process. At present constant extension rate tests (CERT) are being performed as

a function of potential without monitoring of the electrochemical response of

the system to the applied stress. The approach taken in this laboratory tries

to fill this gap by monitoring the electrochemical and mechanical impedance re-

sponse during SCC and CF tests, and to use the resulting information to obtain a

detailed mechanistic understanding of these failure phenomena. Based on this

information, it should be possible to develop the impedance technique as a test
method for determining the susceptibility of structural materials to SCC and CF,

and use the technique as a criterion for material selection.

Several approaches reported in te literature for using electrochemical

techniques to determine the potential regions where steels are susceptible to

SCC have been evaluated in this project. Parkins' criterion( 2) is based on the

different passivation behavior in the active-to-passive transition region for

potentiodynamic polarization curve recorded at slow and fast scan rates. Large

differences in the passivation current are assumed to indicate susceptibility to

SCC because the metal surface is not able to follow fast changes in external

2
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passivation conditions. SCC requires a critical balance between active dissolu-

tion and repassivation. Armstrong, et al.( 3) have made measurements of relaxa-

tion times for passivation by means of the a.c. impedance techniques and have

established empirical correlations to the known SCC susceptibility for low car-

bon steel in carbonate/bicarbonate solutions at 700C.

Anodic potentiodynamic polarization curves have been obtained for a

C-Mn steel in 1 M Na3PO4, pH =4 and in a carbonate/bicarbonate solution and a.c.

impedance measurements have been made in the different characteristic portions

of these polarization curves. A few such experiments have also been carried out

for iron and a high strength steel and for Al 7075.

Equipment for CERT has been assembled and tests have been carried out

for a C-Mn steel in phosphate and in carbonate/bicarbonate solutions at

controlled potential with continuous monitoring of the impedance behavior in a

wide frequency range (10 kHz - 30 mHz). The data have been analyzed in terms of

the type and number of relaxation times observed in different regions of the

stress-strain curve and comparisons have been made with the results based on

Parkins' criterion and the impedance behavior of the unstressed materials.

3
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2.0 EXPERIMENTAL APPROACH

2.1 Electrochemical Measurements

2.1.1 Potentiodynamic Polarization Behavior

Potentiodynamic polarization curves have been obtained for stagnant

electrodes and for rotating cylinder electrodes (RCE)(4) using a PAR potentio-

stat 173 with a sweep generator 175. The RCEs were used to provide controlled

mass transport conditions. The sweep rates were between 0.2 mV/s and 50 mV/s

according to Parkins.(2)

Since the critical current density for passivation is fairly high

( 100 mA/cm 2) for all solutions which were selected to study the impedance and

SCC of steel, it is necessary to compensate the ohmic drop between the Luggin

capillary and the sample surface. This becomes especially important in the

application of Parkins' criterion in which a narrow potential region of SCC

susceptibility is to be detected. Automatic compensation of the ohmic drop has

been achieved using the interruptor unit pU1( 5) connected to the potentiostat as

described elsewhere.( 6) Figure la shows the experimental arrangement.

2.1.2 A.C. Impedance Measurements

The a.c. impedance measurements were performed using the automated

system described elsewhere(7 ) which consists of a Solartron 1174 Transfer

Function Analyzer (TFA), a Hewlett Packard computer 9825S and a HP plotter 9872B

(Fig. 1b). The impedance measurements were usually carried out over a frequency

range of 100 KHz to 25 mHz with 10 frequencies per second and 10 cycles per

4 ifrequency. The impedance was determined at controlled potential for unstressed

samples or for stressed samples during the CERT.

2.2 Stress Corrosion Cracking Studies

The susceptibility to SCC was determined in CERT at controlled poten-

tial with continuous recording of the a.c. impedance. Figure Ic shows the

schematic of the combined CERT equipment and a.c. impedance monitoring system.

4
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A constant drive system (W.T. Specialty Co., P-2000) including a vari-

able speed motor with appropriate variable-ratio reduction gears, BLH 2000 lb

capacity load cell and test frame comprise the mechanical component of the CERT

machine. The output of the load cell and strain gauge (Fig. Ic) are amplified

with Gould bridge amplifiers which drive the respective Y and X channels of an

X-Y recorder. The low load alarm of the local cell amplifier activates a

latching relay which disconnects power to the potentiostat and motor when the

specimen breaks. The specimens are 0.25 in. (0.635 cm) diameter "dog-bone"

tensile specimens which have a gauge length of 0.5 in. (1.27 cm) and gauge

diameter of 1/8 in. (0.32 cm). The tensile samples were masked with an epoxy

coating so as to expose only the reduced gauge length. Since Parkins observed

little difference in the SCC behavior of cold worked or annealed C-MIn steel in

phosphate solutions,(9) tests were performed using as-received specimens. The

typical chemical composition (AISI) of C1117 steel is 0.14 - 0.20% C, 1.00 -

1.30% Mn, 0.040 % max P, 0.08 - 0.13% S. The cross head speed was set to

1.25.10-6 in./s in order to give the 2.5.10-6s- strain rate used by Parkins et

al. (8,9)

A 12.5 diameter by 11 cm deep teflon container held the electrolytes of

1 N NaC0 3/0.1 N NaHCO 3 or 1 M Na3PO4 adjusted to pH 4 with H3PO4 . Teflon fit-

tings in the top and the bottom of the container provided a water-tight seal

about both ends of the specimen. The teflon lid of the container held the

quartz reference electrode compartment, a polyethylene inert gas purging line,

leads to the wire gauge Pt-auxiliary electrode, thermister probe for the tem-

perature controller, and a thermometer with a stainles steel body. The quartz

reference electrode compartment held a saturated calomel reference electrode

(SCE). The compartment formed a Luggin capillary extending to within about 1 cm

of the gauge section. A Pt auxiliary electrode surrounded the gauge section of

the tensile specimen. The walls of the teflon container held heating elements

powered by the proportional controller. A controlled potential was maintained

throughout the CERT using the potentiostat and the a.c. impedance was determined

continuously as described above. While most CERT were conducted in the regions

of SCC susceptibility which were estimated from potenttodynamic polarization

curves, some CERT were run also outside that region for control purposes.

6
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3.0 EXPERIMENTAL RESULTS

3.1 Anodic Polarization Behavior

Potentiodynamic polarization curves have been initially obtained for

iron, 4340 steel, C1117 C-Mn steel and stainless steel type 430 in 0.1 M Na2SO4
with or without Na2Cr207 at 210C, in 1.0 M NaNO 3 at 210C and in 1.ON H2SO4 at

210C as discussed in Progress Report No.1. Further studies have concentrated on

1.0 M Na3PO4 (pH = 4) at 21
0C and 1.0 M NaHC0 3/0.1 M Na2CO3 at 700C since

Parkins et al( 8 ,9) had reported polarization and CERT data in these solutions

for a C-Mn steel. Polarization curves have also been recorded for Al 7075-T6 in

1 M NaCl at pH = 7 and 12.

3.1.1 Phosphate Solutions

An interesting situation exists for the phosphate solutions since

Parkins et al( 9 ) report that SCC occurred in I M Na3PO4 and in 1 M Na2HPO 4, but

not in 1 M NaH 2PO4 (all solutions adjusted to pH = 4). Since it is unlikely

that these three solutions at pH = 4 can produce drastically different corrosion

behavior, a comparison of the anodic polarization curves in these media was

made.

Figure 2 shows an anodic potentiodynamic polarization curve for 1008

steel in 1 M Na3PO4 (pH = 4, 21%) at three different scan rates between 0.5 mV/s

and 10 mV/s. While identical behavior is observed in the active region, a large

dependence on scan rate is found for the active-to-passive transition region and

the passive region. Parkins( 2,8 ,9 ) determines the region of SCC susceptibility
by taking the ratio of the current for the fast and the slow scan rate. If this

ratio exceeds 1000, it is assumed that SCC will occur in this potential region.

Since for the example in Fig. 2, a ratio of 1000 was never exceeded, a ratio of

100 was used. Based on this criterion SCC is predicted between + 60 mV and +330

mV vs SCE, if the scans obtained with 0.5 and 2 mV/s are compared, and between

+50 mV and + 555 mV, if the scans 0.5 and 10 mV/s are used. This result shows

some weakness in this approach since the prediction depends on the scan rates

used in the test. Another problem is due to the uncompensated ohmic resistance.

7
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Despite the good conductivity of the test solution, the ohmic drop can reach a

few hundred mV for a critical current density, icrit, of 100 mA/cm 2, especially

if surface layers are formed in the active dissolution region. Figure 3 gives

an example for polarization curves with and without automatic compensation of

the ohmic drop (Fig. la) at two scan rates. For the fast scan rate (5 mV/s) the

true critical potential for passivation Ecrit is aboit 400 mV more negative when

the ohmic dr, is eliminated. For the slower scan rate (0.2 mV/s) the differ-

ence in Ecrit is smaller due to the smaller icrit. The difference in icrit for

the two scan rates is due to another error as a result of uncompensated ohmic

drop. Only for a potentiodynamic polarization curve free of ohmic drop is the

scan rate seen by the working electrode constant. Without compensation the scan

rate is dependent on the ohmic drop and therefore on the potential.

The region of SCC is estimated to be between 0 mV and + 250 mV based on

the uncompensated curves and beween + 50 mV and + 200 mV for the compensated
curve (Fig. 3). For the same system Parkins et al.( 9 ) estimates a cracking

range between - 100 mV and -470 mV.

The claim by Parkins et al. (9) that steel cracks in 1 M Na3PO4 and in

I M Na2HPO4, but not in 1 M NaH2PO4 (all at pH = 4) was checked by running
potentiodynamic polarization curves for C-Mr steel C1117 in these solutions
(Figs. 4a and b). Although there are some differences in passivation behavior,

an active-to-passive transition is found for all three solutions as expected.

By comparing the current flow for fast and slow scans, the regions of

susceptibility to SCC are estimated as shown in Fig. 4a.

3.1.2 Carbonate Solutions

The polarization curves in 1 M NaHC03/0.1 M Na2CO3 at 70
0C, deaerated

rj are shown for 4340 steel in Fig. 5. Similar results were obtained for C1117 and

for iron. Experiments were carried out at three scan rates (0.5 mV/s, 20 mV/s,

and 50 mV/s) for stagnant and rotating (i = 144 rad/s) electrodes. Based on the

polarization curves in Fig. 5 and a ratio of 100 for susceptibility to SCC the

steel should not crack at all; a factor of above 70 is found between -200 mV and

9
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+200 mV. While there are pronounced differences in the passive region for

polarization curves obtained at fast and slow scan rates, the current ratio is

less than 100. Parkins et al(8) found a narrow region for SCC susceptibility

between about -675 mV and -575 mV in 1 M Na2CO3 + 1 M NaHC0 3 at 700C based on

reduction in area at fracture.

3.1.3 Al 7075 in 1 M NaCl

The potentiodynamic polarization curves for Al 7075-16 are shown in

Fig. 6. Since pitting in neutral 1M NaCl occurs at or close to Ecorr, the

specimen cannot be polarized anodically. In the cathodic branch of the

polarization curve, a limiting current for oxygen reduction and the potential

region where H20-reductlon occurs can be seen. At pH = 12 an active-to-passive

transition is observed; however, the anodic current is high.

3.2 Impedance Spectra

3.2.1 Carbonate Solutions

The results obtained by Parkins et al.(8,9) in phosphate and carbonate

solutions have suggested that maximum susceptibility to SCC occurs in the

active-to-passive transition of the anodic polarization curve. Similarly,

Armstrong( 3) has suggested that the time constant, r, which has a maximum in the

active-to-passive transition, indicates susceptibility to SCC. It was planned,

therefore, to concentrate on a.c. impedance measurements in this transition

region and to compare the impedance data with the polarization data reported

above. However, initial tests in carbonate solutions showed that a fundamental

problem exists in the recording of impedance data in the active-to-passive

transition regions. A true impedance can be obtained only at steady state

conditions over the time period it takes for recording the whole frequency range

(about 1 h). However, it was noted that at constant potential the current

decreased continuously and finally became cathodic indicating passivation. The

resulting typical passive impedance behavior is shown in Fig. 7 as a complex

plane plot of the (negative) imaginary part of the impedance Z" vs the real part

Z'. A high frequency relaxation appears as an inflection in the impedance plot

13
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which could be due to a reaction in the passive film or at the film/electrolyte

interface. If the steel was passivated at E > -600 mV and then polarized into

the active region, reactivation did not occur and the impedance spectrum was

similar to that shown in Fig. 7 at -760 mV. However, when active dissolution

occurs In this region of the polarization curve, two more or less well defined

semicircles appear as shown in Fig. 8 for an iron RCE.

Since the potential region where a negative slope exists was inacces-

sible for steady-state impedance measurements, a test was carried out in which a

minimum number of frequencies at a minimum measuring time at each frequency was

used. Figure 9 is an example of this type of measurement. At -680 mV which is

in the active-to-passive transition a "backward going" semicircle occurs with a

zero frequency intercept at the negative Z'-axis similar to Armstrong's re-

sults.( 3) A more detailed analysis is given in Table I for a different experi-

ment over a wider potential range. Between -745 mV and -685 mY a very broad

semicircle occurred and only the intercept R1 and the zero frequency limit could

be detected. The frequency f, corresponds to the maximum of Z" and is related

to the electrode capacitance C by:

f 1 (1)

Between -685 mY and -625 mV two semicircles appeared which allowed calculation

of the time constant, T, according to Armstrong(3) as:

1 R 2
,~ ~ (2 - 1I

where R, and R2 are corrected for the solution resistance R , which is the high

frequency Intercept in a complex plane plot. At the transition from the active

dissolution to the active-to-passive transition region (E = -685 mV to -665 mY),

= 1.84s and 1.16s, respectively, while T = 0.27s at E = -625 mV. Despite the

fact that the impedance measurements were carried out in a minimum time, the

current of each applied potential Eappl changed appreciably and became cathodic

in several cases (Table I).
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Table I

A.C. Impedance Parameters for C1117 Steel in 1 N NaHC03/O.1 N Na2CO3

Current

1 Initial Final ((Hz) (Hz) (s)

-745 110 -10 280 n.d. 2.5 n.d.

-725 30 2 440 n.d. 2.5 n.d.

-695 2350 250 125 n.d. 1.0 n.d.

-685 2700 1000 17 26 25 0.25 1.84

-665 740 -140 32 102 1.6 0.2 1.16

-625 -230 -200 1000 -110 1.6 0.06 0.27

-605 -240 -240 100 0.6 <0.03

n.d.: not determined.

3.2.2 SS430 in 1N H SO

A system which exhibi.s a stable active-to-passive transition is type

430 stainless steel in 1 N H2SO4. Figure 10 shows the anodic polarization curve

and Figs. 11a and b the impedance plots. At the corrosion potential, Ecorr, and

at a potential in the active region (point 2 in Fig. 10) the impedance plots are

approximate semicircles. At -400 mV a second relaxation phenomenon appears as

an additional semicircle with the low frequency intercept at negative V-values

(Fig. 11a, curve 3). Similar behavior is found at -327 mV and at -300 mV as

predicted for the active-to-passive transition (points 4 and 5 in Fig. 10). At

+63 mV which is in the passive region (point 6 in Fig. 10) the impedance again

attains values only in the first quadrant of the complex plane, but remains

predominantly capacitive as is characteristic for the passive state. Table II

gives an analysis for the six potentials where the impedance was measured. The

time constant, T, was calculated according to Eq. (1).

ii , - . .. . . . .19
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Fig. 10 Steady state polarization curve for SS 430 (A = 4.0 cm2) in 1N H2SO4 ,
deaerated, T = 210C.
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Fig. 11 Impedance plots for SS 430 in 1N H2SO4 at potentials as Indicated in
Fig. 10.
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Table II

A.C. Impedance Parameters for 430 SS in 1 N H2SO4

E I RI R2 fl f2 T
(mV) (M ( ) (Hz) (Hz) (s)

-513 0 1.4 n.d. 49 n.d.

-476 15.6 2.5 n.d. 63 n.d.

-400 47.0 0.80 -1.4 49 0.39 0.26

-327 0.88 - 60 -11.0 0.4 0.1 0.25

-300 0.25 220 <-56 1.0 0.015 2.15

+63 0.0073 O

*Corrected for solution resistance Rs.

3.2.3 Steel in Phosphate Solutions

The impedance behavior of Cl117 steel in 1 M Na3PO4, pH = 4 is shown in
Fig. 12 as Bode-plots (log IZI vs log w ) for Ecorr and potentials in the active
(E = -400 mV), active-to-passive (E = 0 mV) and passive region (E = +540 mV,
+1000 mV). Table III gives an analysis of these data. At = -640 mV = Ecorr,

-400 mV and +1000 mV one depressed semicircle with its center below the Z'-axis

was found. At +540 mV capacitive behavior is observed which is typical of the

passive state. At E = 0 mV a high frequency relaxation exists and capacitive
behavior occurs at lower frequencies. The high frequency behavior as shown in

Fig. 13 appeared at potential where failure occurred in the CERT as will be

discussed below. An interesting result of Table III is the increase of R. in the

passive region from values which could be attributed to the electrolyte resis-

tance to values which are 3 to 4 times as high. Apparently salt or corrosion

product layers are formed.
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Fig. 12 Bode-plots for C1117 steel in 1N Na3PO4 , pH = 4, T = 210C as a function
of potential.
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Table III

A.C. Impedance Parameters for C1117 Steel in 1 N Na3PO4 , pH = 4

E Id R C
(mV vs SCE) (mAf" (om) (oh9) (UF) DC Behavior

-640 0 6 71 90 Ecorr

-400 25-21 5 2 n.d. Active

t0 0.004-0.002t  21 >1000 85 Active-Passive

+540 0.003-0.002 15 >3.104 300 Passive

+1000 0.011-0.005 22 14300 30 Passive

tlndicates change of Id.c. during experiment.

3.2.4 Al 7075 in 1M NaCl

Since pitting occurs upon anodic polarization of Al 7075 in neutral I M

NaCI, impedance data have only been obtained at cathodic potentials as shown in

Fig. 14. At Ecorr corrosion rates are very low and predominantly capacitive

behavior occurs in the frequency range studied. At E = -1220 mV and -1280 mV in

the limiting current region the impedance levels off at lower frequencies and a

zero frequency limit R2 can be given as shown in Table IV. At E = -1440 mV,

which is in the H20 reduction region, two time constants seem to occur, but the

data are difficult to analyze.

At pH = 12 impedance data (Fig. 15) were taken in the anodic region

-4i (see Fig. 6). At Ecorr = -1400 mV complex plane analysis shows a broad semi-

circle which is difficult to analyze. Since corrosion rates are very high at pH

- 12 the polarization resistance, which is defined as the d.c. limit, (R2 in

Table IV) is very low. At -1000 mV a semicircle in the complex plane with a

blocking capacitor at low frequencies Is found and at -800 mV a negative going

second semicircle is indicated. Since no CERT have been performed for Al 7075,

the impedance data will not be discussed in greater detail.
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Table IV

A.C. Impedance Parameters for Al 7075 in I M NaCI

pH (mV vs SCE) (oAm) (CU6 (oAm) (U;) (m DC

7 -875 n.a. n.a. >104 500 4 Ecorr 0

7 -1220 n.a. n.a. 155 7100 3 c 0.43-0.41

7 -1280 n.a, n.a. 105 104 3 c 0.75-0.73

7 -1440 n.d. n.d. 6 104 3 c 8.2-10

12 -600 n.a. n.a, 4 n.d. 3 tp 32-27

12 -800 48 n,a, <0 6300 3 p 1.77-1.32

12 -1000 33 8000 C 2750 3 p 2.04-1.43

12 -1200 n.a. na. >100 .104 3 a~p 2.78-2.12

12 -1400 n.a. na. 6 104 3 Ecorr 0-2.1

n.a. = not applicable, only one relaxation process.
n.d. = not determined, broad relaxation.

c = cathodic
tp = transpassive
p = passive

a+p = active-to-passive.
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3.3 CERT - Results

Figure 16 shows the stress vs strain curves for C1117 steel in mineral

oil and in 1 N Na3PO4 , pH 4 at E = 0 mV vs SCE. The specimens in the

electrolyte shows a somewhat reduced strength and breaks at a slightly lower

strain, 57 mils (0.14 cm) as opposed to 59 mils (0.15 cm) for the specimen in

oil. The a.c. impedance which was recorded continuously during CERT, was

analyzed in greater detail at the four points indicated in Fig. 16. They

include (1) the elastic region, (2) the point of maximum load where the specimen

has yielded, (3) the region of high plastic deformation and, (4) the point just

before failure.

The mechanical behavior of the material at various applied potentials

in the two electrolytes studied was characterized using its elongation, percent

reduction in cross sectional area (% RA), and time-to-failure. The correspond-

ing results appear in Table V for the CERT performed for C1117 in phosphate

electrolyte, carbonate electrolyte, in oil and in air. The steel in 1 N Na3PO4

showed a reduced strenc'h at about 0 mV as judged by the % RA (Fig. 17). This

corresponds to the potentiodynamic results (Figs. 2 - 6) from which a region of

susceptibility to SCE was estimated which ranged from 0 to +250 mV.

3.3.1 Carbonate Solutions

The specimens in the carbonate/bicarbonate electrolyte show enhanced

reduction in area as compared to behavior in oil over the entire potential range

(Table V and Fig. 18). Some suggestion of more enhanced SCE susceptibility

exists for the steel in carbonate/bicarbonate at potentials between -750 and

-650 mV (Fig. 18).

2
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Fig. 16 Typical stress/strain curves for C1117 in 1N Na3PO4 and in mineral oil.
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Table V

Results of Constant Extension Rate Testing

Time to
E (mV) Elong. (in) % RA Failure (h)

1. 1N Phosphate, pH 4, 210C

-400 0.0575 58 13.98

-200 0.0618 58 14.05
-150 0.0560 59 14.45

0 0.0570 47 13.29

+100 0.0569 58 14.35

+200 0.0575 56 14.88

+400 0.0605 58 14.03

11. 1N Carbonate/0.1N Bicarbonate, 700C

-750 0.0513 48 13.24

-750 0.0533 46 14.14

-690 0.0450 48 13.39

-640 0.0525 48 13.47

-200 0.0483 48 13.21

III. Blank

oil 0.0590 59.3

air 60.0
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Fig. 17 Relative reduction in area (RA) for C1117 steel in iN Na3PO4 , pH = 4.

32



NADC-80102-60

I I I I I I I I III I I

* m LN NAHC3 .IN NA2

.8,40

.820

.- • 800 "
-J

0

v*

EMV VS SCE

Fig. 18 Relative RA for C1117 steel in carbonate/bicarbonate solution.
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Figure 19 shows the impedance data in the form of Bode plots at four

potentials in 1N Na3PO4, 210C, pH 4, under conditions of elastic strain, point

#1 (Fig. 16). At the active potential, E = -400 mV, the impedance response

shows a frequency independent region at relatively high frequencies. This

response typifies active dissolution and can be represented by a corrosion

resistance in parallel with a double layer capacitance. A solution resistance

in series with the double layer and currosion resistance gives rise to a
frequency independent region above w~ = 104 rad/s for all cases. At the more

positive potentials, the impedance behavior is more complicated since films form

at the electrode surface. At the passive potential of E = +400 mV, the

electrochemical impedance shows nearly a w-1 eependence at low frequencies

corresponding to the capacitive behavior of the passive surface. At the

intermediate potentials of 0 mV and +100 mV the impedance shows neither

resistive nor capacitive behavior at the low frequencies. At +100 mV, the

impedance tends toward w behavior only at very low frequencies. At 0 mV, a

subtle plateau in the impedance curve appears between w = 103 and 102 rad/s.

Similar behavior was observed for unstressed steel (Fig. 12). Strain influenced

only the behavior of the specimen polarized at 0 mV, for which at high strains,

- * this plateau region of the impedance disappeared. The plot of phase angle vs

log w in Fig. 20 provides a more sensitive means of observing this effect. As

the plateau disappears with higher strain a high frequency maximum in the phase

angle between 103 and 104 rad/s (0.0025" and 0010") gives way to a shoulder at

frequencies below 102 rad/s (0.035" and 0.047") in Fig. 20.

3.3.2 Carbonate Solutions

* Some similarities in the electrochemical impedance of C1117 steel in 1N

Na3PO4 exist for the steel in 1N carbonate/0.1 N bicarbonate at 700C under

deaerated conditions. Figure 21 shows the Bode plots for this case. No d.c.

limit was observed for the potentials between -750 mV and -200 mV. Capacitive

response occurs for the specimens polarized at -640 mV and -200 mV. However,

the capacitive behavior at -200 mV can result from a film which is thicker by a

factor of 100 than that produced at -640 mV based on the assumption that dielec-

tric films having the same dielectric constant determine the capacitive
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Fig. 21 Bode plots for C1117 steel in 1 N Na2CO3/O-l N NaHCO3 a 0 ne
elastic strain.
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* impedance at these two frequencies. At -750 mV and -690 mV the electrochemical

* impedance shows neither purely capacitive nor resistive behavior over the entire

observed potential region. At low frequencies and with no plastic strain, the

impedance spectra for the specimens at -750 mV and -690 mV show a gradual

approach to w-1 behavior. At frequencies above 102 rad/s a relatively high

impedance behavior results which does not fit the extrapolation of an assumed

low frequency capacitance. An additional element lies in series with the solu-

tion resistance and capacitance. In addition, this region in the impedance

spectra between w = 102 and 104 rad/s shows substantial changes under plastic

strain of the material as shown by the dependence on strain of the phase angle

spectra for -690 mV and -750 mV (Figs. 22 and 23). For the tensile specimen at

-690 mV, the impedance between w = 102 and 103 rad/s shows a phase angle of 450

under elastic conditions. Upon straining, the electrochemical response becomes

more dissipative as evidenced by a lowering of the phase angle in the 102 - 10

rad/s region to below 300 directly before failure (Fig. 22). For the tensile

specimen polarized to -750 mV a maximum in phase angle occurs above w = 103

rad/s under elastic strain. However, at yield this maximum shifts to lower

frequencies and disappears upon very large strain (Fig. 23).

4.0 DISCUSSil

The present effort has centered on an evaluation of electrochemical

techniques which have been suggested to be useful for determining the potential

regions where steel could be susceptible to SCC. Parkins et al.( 2 ,8 ,9 ) have

used the differences in current flow in fast and slow anodic polarization scans

in the active-to-passive and the passive region to the determine the critical

potential range. Armstrong and Coates( 3) have determined a time constant T for

passivatlon for the same purpose by analyzing ac impedance data. Where a

maximum for T is observed, maximum susceptibility to SCC is expected and it is

argued that at this potential the most unfavorable correlation between metal

dissociation and repassivation kinetics exists which makes SCC possible.
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Fig. 22 Phase angle plots for C1117 steel in 1N Na2CO3/0.1 N NaHCO3 at -690 mV
at different strains.
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Fig. 23 Phase angle plots for C1117 steel in 1N N32CO3/O.1 N NaHCO3 at -750 mV-4 at different strains.
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The criterion of Parkins has been used to determine the SCC regions for

Cl117 steel in IN Na3PO4, pH = 4 at 210C and in 1.0 N NaHCQ 3/0.1 N Na2CO3 at

700C for subsequent CERT. A principal error in Parkins' approach is the neglect

of the ohmic drop which causes a distortion of the polarization curves and leads

to a scan rate which is not constant throughout the potential range studied.

Since the true potential of the test electrode surface EWE is the difference

beween the applied potential Eo and the ohmic drop n = IR., the real scan rate

dEwE/dt equals:

dEWE dE0  dnQ (2)

This means that in the active dissolution region the real scan rate is less than

the applied scan rate, while in the active-to-passive transition region the re-
verse is true. While these effects are important in the determination of the

"true" polarization curve, experimentally not much difference was found in the

calculated regions of susceptibility to SCC (Fig. 3).

In 1 N Na3PO4 the present electrochemical results do not agree with

those of Parkins et al.( 9 ) who determined a cracking region of -100 mV to -470

mV vs SCE, while in the present case a cracking range of 0 to +250 mV was found.

The suggestion by Parkins et al(9) that 1N Na3PO4 and 1N Na2HPO 4 cause crack-

ing, but not 1 N NaH 2PO3 (all at pH = 4) because increased corrosion without

passivation and without SCC was not confirmed in the present tests. Such an

effect was very unlikely based on the similar chemistry of the three solutions.

A second approaah to determine the cracking range is that of Armstrong( 3)

who determined the time constant T for passivation. It was found that true ac

impedance data cannot be obtained in the active-to-passive transition region,

because of continuous change of the current at a constant applied potential

until passivation occurred. Very rapid impedance measurements at a minimum num-

ber of frequencies and at minimum measuring time gave results similar to those

reported by Armstrong,( 3) but this method was not considered very reliable.
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CERTs were carried out at an extension rate of 2.5 10-6s "1 in order

to duplicate Parkins' SCC results.( 9 ) The tests were performed in 1 N Na3PO4 ,

pH = 4, T - 210C and in 1.0 N NaHC03/0.1 N Na2CO3 at 70
0C at constant potential

with continuous recording of ac impedance spectra between 10 kHz and 30 mHz.

Examination of the stress-strain curves, reduction In area, percent elongation

and time to failure gave some indication of SCC; however, the effect was not

very pronounced. In 1 N Na3PO4 SCC is indicated at about 0 mV, while in the

carbonate solution the mechanical properties are reduced at all potentials as

compared to CERT in mineral oil with a minimum at -700 mV which is in the

active-to-passive transition region close to the current peak (Fig. 5). Since

the current ratio in fast and slow sweeps was less than 100 (Fig. 5), a

prediction of the SCC range was very difficult in this case. It is possible

that the observed low susceptibility to SCC is due to the use of cold rolled

C1117 steel. Parkins et al.( 9 ) state that similar results were obtained in

phosphate solutions for a steel with a small amount of cold work (- 1%) after

hot rolling and a steel which was annealed 1 h at 9500C before use. The C-Mn

steel used in the present study has a similar chemical composition as that used

by Parkins(9 ) and was used as received.

The ac impedance data do not show much change between the behavior at

potentials where the steel is susceptible or non-susceptible to SCC. However,

the fact that a second, high frequency relaxation phenomenon is observed at the

potential of maximum susceptibility and appears to be influenced by applied

stress, suggests that the impedance data can indeed give some information about

the events leading to SCC. A model for the impedance behavior resulting from

changes of surface structure and chemistry is given in the following.

Model for Electrochemical Impedance Behavior of C1117 Steel During CERT

The model schematically presented in Figs. 24 and 25 provides a consis-

tent explanation of the impedance observed during the CERT. Under conditions of

active dissolution, the impedance analog for the electrochemical response in-

cludes a parallel double layer capacitance, C and corrosion resistance, Rp. in

series with the ohmic solution resistance R.. The schematic of the response for
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Fig. 24 Model for Impedance of C-Mn steel. Circuit analogs of surface films.
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this active case appears in the Bode-plots in Fig. 25a and the steel in in

Na3PO4 at -400 mV demonstrates this behavior (Fig. 19).

For the active-to-passive transition region at steady state, the

impedance results are consistent with the formation of a duplex film consisting

o'r a porous outer precipitate layer and a thin heterogeneous inner layer. The

partially protective inner film can be represented by a capacitor which shows

substantial dissipation at high frequencies. It may be represented by a capa-

citor in series with a pseudo-Warburg element K2 (jw)"
1 /2 . The physical signi-

ficance of the pseudo Warburg impedance comes from the heterogeneous and partial

porous material of the inner layer. The outer layer results from a precipita-

tion of corrosion products and shows mostly resistive behavior represented by

Rp. The properties of the outer film also make it behave as a porous electrode

giving rise to pseudo-Warburg behavior at high frequencies. The pseudo-Warburg

of the outer film is represented by K 1(jw)1/
2 (Fig. 24b). Figure 25b shows the

impedance response for the active-to-passive case. The high frequency maximum

in the 7hase angle also appears in Fig. 25b and exemplifies the response of the

steel in carbonate/bicarbonate at -690 and -750 mV and for steel in pH = 4

phosphate at 0 mV (Figs. 22, 23 and 20, respectively).

With strain, however, mechanical disruption of the outer film provides

lower resistance paths which bypass the K1(j.)'1/
2 impedance and effectively

eliminate this element (Fig. 24c), and the high frequency phase angle maximum

(Fig. 11c). A lower frequency shoulder in the phase angle rcsults from the nature

of the inner film which behaves as K2 (J w)'1/
2 at high frequencies, but follows aof0

capacitive response (jwC) "I at low frequencies (Fig. 25c). The steel specimens

at -690 mV and -750 mV in carbonate/bicarbonate and at 0 mV in IN Na3PO4 show

this shift in phase angle at high strains as illustrated in Figs. 20, 22 and 23,

respectively.

At passive potentials the electrode behaves as a capacitor Cp in series

with a solution resistance R. thereby giving rise to W-1 behavior down to low

frequencies as in the case for the steel at high anodic overpotentials in both

electrolytes (Figs. 19 and 21). The resulting capacitance, Cp, may be substan

tially smaller than those observed for the inner films in the active-to-passive

transition .egions due to substantial film growth.
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5.0 RECOMMENDATIONS FOR FUTURE WORK

The present study has shown that the electrochemical impedance behavior

of C-Mn steel tensile specimen in 1N Na3PO4 and in alkaline carbonate electro-

lytes is consistent with a model of a surface composed of two films. An inner

film shows capacitive behavior in the active-to-passive and passive regions.

The inner film becomes thicker in the passive regions and dominates the impe-

dance response. In the active-to-passive region a thick precipitated film

exists outside the inner film. This precipitate film becomes highly conductive

with high strain. The inner film in the active-to-passive region is less pro-

tective and shows greater electrical loss than that in the passive region.

Future work should concentrate on developing an experimental approach

for determination of the mechanical impedance Zm(1 ) which is defined as Zm =

Ao(j)/AI(jw), where Ao is a small amplitude cyclic stress superimposed over a

constant stress and Al is the resulting AC current. These results should be

compared with the electrochemical impedance Zel determined at the same constant

stress without Ao. Such measurements should be performed for the C-Mn steel, a

high strength steel (such as 4340) and aluminum 7075 under potentiostatic

control in the elastic and plastic region. The potential region where these

materials are susceptible or immune to SCC as determined by CERT should be

explored. The characteristic time constants for Zm and Zel will be correlated

with SCC susceptibility. By observing the relaxation of the electrode processes

which couple to surface deformation it should be possible to determine directly

the mechanical and electrochemical coupling modes which may relate to the very

A- early stages of SCC. A correlation of the mechanical and electrochemical

coupling to SCC could possibly lead to the development of novel methods of NDE

and a capability to predict SCC susceptibility from a relatively rapid

electrochemical test.

In future studies, attention should be paid also to corrosion fatigue

(CF) in a similar manner. The mechanical and electrochemical impedances should

be determined for steels and Al alloys and correlations should be established

between CF behavior and impedance characteristics.
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Finally, the results for SCC and CF should be analyzed to determine the

feasibility of using electrochemical and mechanical impedance techniques to

determine CF and SCC susceptibility of different materials and to make material

selections.

REFERENCES

1. A. Roelandt and J. Vereecken, Surf. Techn. 9, 347 (1979).

2. R.N. Parkins, Corr. Sci. 20, 147 (1980).

3. R.D. Armstrong and A.C. Coates, Corr. Sci. 16, 433 (1976).

4. F. Mansfeld and J.V. Kenkel, Corrosion 32, 380 (1976).

5. K. Schwabe, W. Oelssner and H.D. Suschke, Prot. Metals 15, 126 (1979).

6. F. Mansfeld, M.W. Kendig and S. Tsai, "Corrosion Kinetics in Low

Conductivity Media, I. Iron in Natural Waters," Corr. Sci. (in press).

7. F. Mansfeld, Corrosion 37, 301 (1981).

8. J.M. Sutcliffe, R.R. Fessler, W.K. Boyd and R.N. Parkins, Corrosion 28, 313

(1972).

9. R.N. Parkins, N.J.H. Holroyd and R.R. Fessler, Corrosion 34, 253 (1978).

47




