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INFLUENCE OF CALIBRATION PROCEDURE UPON DETERMINATION OF J,
FOR A TITANIUM 6A1-4V ALLOY

INTRODUCTION

A growing body of experimental evidence [1-8] supports the J integral [6,7] as a
criterion for the initiation of crack extension in elastic-plastic fracture. Recent J-integral
studies have demonstrated success with an unloading, heat-tinting technique to define the
critical load-point displacement associated with the initiation of crack extension (6,) in
steel [3], titanium [4], and aluminum [5] alloys. This displacement is of prime signifi-
cance to the determination of J;,, the critical value of the J integral for the initiation of
crack extension in specimens of (or structures made with) materials exhibiting linear-
elastic, elastic-plastic, or fully plastic load-vs-displacement behavior. In the previous re-
port concerned with a titanium 6A1-4V alloy [4], values of J;, were determined by re-
ferring 6, to a master compliance canbration, J(@) vs 8, which was based on calculated
loading curves which appeared to simulate well the load-vs-displacement response of
elastic-plastic fatigue-precracked specimens. However there are potentially several alterna-
tive ways to obtain such a compliance calibration. Moreover other more expedient pro-
cedures for evaluation of the J integral have been proposed recently which obviate the
cumbersome compliance calibration technique. The purpose of this report is to compare,
for this same titanium 6A1-4V alloy, values of J;, inferred from different compliance
calibrations as well as from one of the latter procedures, namely, the deep-slot-in-bending
approximation.

Each compliance calibration requires a set of load vs displacement diagrams for
specimens with different crack lengths. The different compliance calibrations to be com-
pared have all been derived from such sets according to the method of Begley and
Landes [1,2]. The calibrations differ in that their respective sets of loading diagrams vary
in origin. The sets examined in this report include those generated from notched speci-
mens of two different thicknesses, those generated analytically from plane-stress and plane-
strain solutions of Bucci et al. [8] and corrected for machine contribution to displacement,
and the noncorrected plane-stress solution which simulates well the load vs displacement
behavior of the fatigue-precracked specimens.

To use the deep-slot bend approximation [9,10], values of the J integral are deter-
mined via

_ 24
J = B (1)

Note: Manuscript submitted January 9, 1974.
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where A is the area under the load vs load-point-displacement curve relative to the dis-
placement of interest, B is specimen thickness, and b is the uncracked ligament ahead of
the crack tip. There is already one report of experimental confirmation of this
approximation [3].

The alloy studied exhibits crack extension prior to maximum load. To determine
Jj., values of the J integral determined from a specific compliance calibration or othier
procedure are plotted as a function of crack extension (Ag). This extension, when taken
as an average of values measured at the quarterpoints of specimen thickness, appears to
be a useful parameter for defining initiation [4,5]. The initiation criterion employed in
this study is that suggested recently by Paris [11] based on developmental experience with
K;. fracture mechanics, namely, that the crack extension

K;.\2
Aa, =L x 2% x 25 1] | @)
¢ 2 Oy

where K, is the plane-strain fracture toughness and o, , the yield strength. Results are
considered for four types of fatigue-precracked three-point bend specimens: of two thick-
nesses and two crack lengths. These specimens exhibited, to varying degrees, loading be-
havior characteristic of the lower end of the elastic-plastic regime. That is, all exhibited
limit loads which were only a fraction of those expected for the fully plastic state;
further, behavior of the specimen type with the most highly constrained crack appeared
to be only marginally elastic plastic, as one specimen of three of this type examined for
Kg provided an ASTM-valid Ky, value [4].

EXPERIMENTAL PROCEDURE

A previous report [4] provided a detailed description of the material investigated,
the three-point bend tests with fatigue-precracked specimens (the results of which are to
be reanalyzed in this report), the heat-tinting procedure to delineate crack extension, the
measurement of J using the Begley and Landes compliance-type calibration procedure,
and the calculation of elastic-plastic loading curves for the compliance calibration via the
solutions of Bucci et al. To recapitulate: The Ti-6A1-4V «-§ alloy studied had a yield
strength of 124 ksi (866 MPa), had an elastic modulus of 18.55 X 103 ksi (129 GPa) in
the T direction, and fractured by microvoid coalescence. Fatigue-precracked three-point
bend specimens of TL orientation (Fig. 1) were of two thicknesses, B = 0.500 in. (1.27
cm) and B = 1.000 in. (2.54 cm), and two nominal crack lengths, ¢ = 0.685 in. (1.74 cm)
and a = 0.885 in. (2.25 em); thus there were four basic specimen types. To define the
amount of crack extension for each specimen type at various points on the respective
load-vs-displacement curve, duplicate specimens were loaded to successively greater dis-
placements, unloaded, heat tinted at 600°F (589°K) for 2 hours, and subsequently
broken apart. The compliance calibration procedure of Begley and Landes is outlined
in Fig. 2, with which the plane-stress solution of Bucci et al. was employed to generate
load vs displacement diagrams, according to
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Fig. 2—Graphical method for determination
of J(a)-vs-0 calibration: Load vs displace-
ment response of three-point bend bars, as
measured in (a), is recorded in (b) for speci-
mens of various crack lengths a. Graphical
integration of areas under curves in (b) gives
potential energy U, as plotted in (c) versus
crack length @, for various displacements §.
Graphical differentiation of constant-displace-
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thus the compliance calibration curves J(a)
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[1.04 + 3.28 (W/S)2(1 + v)]

for which Poisson’s ratio is taken as v = 0.34, E' = E, and

B )]

where a = 2% and the stress-intensity factor is given by

B PS a 1/2 a 3/2 a 5/2 a 7/2 a 9/2
K = W[z.g <—W> — 4.6 <W> +21.8 <W> - 376 <—W> + 38.7 (W) .(5)

Using Eqgs. 3 through 5, the calculated plane-stress diagrams, uncorrected for machine
(loading-fixture) contribution to displacement (=4.1 X 104 in./kip or 2.34 X 10-4
cm/kN), simulated well the behavior of the fatigue-precracked specimens.

As noted in the Introduction, this report will compare results obtained with that
calibration with those obtained from other compliance-type calibrations based on load vs
displacement diagrams generated by machine-corrected plane-stress and plane-strain solu-
tions of Bucci et al. as well as from loading curves of notched specimens. Two notched-
specimen calibrations were made: one obtained for specimens with B = 0.500 in. (1.27
cm), the other with B = 1.000 in. (2.54 cm). In each case specimens with six notch
depths were employed with a/W ratios ranging from 0.3 to 0.7. A notch root radius of
0.030 in. (0.76 mm) was used in these specimens, the remaining dimensions of which
conform to those of the fatigue-precracked specimens depicted in Fig. 1. The notched
specimens were also tested in the same fixture, of course, as employed previously for
the precracked specimens.

RESULTS

Load-vs-displacement diagrams obtained from notched specimens appear in order of
increasing a/W in Figs. 3a through 3ft for specimen thickness B = 0.500 in. (1.27 cm).

*For plane strain @ = 6 and E' = E/(1 - V2).
Plastic limit loads shown in Figs. 3 and 10 were calculated according to Refs. 8 and 12:
P; = 1.456 0,(B/S)YW-a)2.
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Also shown are the corresponding load vs displacement curves obtained from the machine-
corrected plane-stress and plane-strain solutions of Bucci et al. as well as the uncorrected
plane-stress solution. These latter curves are distinguished according to their respective
displacement designations: 6° stm> Ocem» and 8.7,

Calibrations were formed from the different sets of loading curves. To compare
values of J;, as inferred from precracked-specimen results evaluated via the five calibra-
tions, for each calibration the values of the J integral are plotted versus crack extension
(Aa) for all four specimen types. Results obtained using the notched-specimen calibration
with B = 0.5 in. are presented in Fig. 4; those from the notched-specimen calibration
with B = 1.0 in. are presented in Fig. 5; those from the machine-corrected plane-stress
and plane-strain solutions of Bucci et al. are presented in Figs. 6 and 7 respectively, and
finally those from the uncorrected plane-stress solution are presented in Fig. 8. Deter-
minations of J;, are based on a value of Aa, = 6 mils, according to the criterion of Eq. 2,
with K;, = 59.7 ksiy/in. [4]. The results in each of these figures suggest that the J
integral as a function of crack extension is reasonably independent of B and a. Values
of J;, from the five calibrations agree well and are summarized in the upper half of
Table 1 together with their translations in terms of K., assuming JIc = K Ie /E. From the
notched-specimen calibration with B = 0.5 in., J;, = 188 to 240 psi-in. (K;, = 59.1 to
66.8 ksiy/In.); from the notched-specimen calibration with B = 1 in., Jj, appears to lie
between 152 and 195 psi-in. (K;, = 53.1 to 60.2 ksi\/iﬁ'.); from calibration via the plane-
stress solution of Bucci et al., J;, = 152 to 202 psi-in. (Kj, = 53.1 to 61.3 ksiy/in.);
from calibration via the plane strain solution of Bucci et al., J;, = 155 to 223 psi-in.

(K;, = 53.7 to 64.4 ksiy/in.), and from the loading-simulation calibration formed from
the machine-uncorrected plane-stress solution of Bucci et al., J;, = 188 to 242 psi-in.
(K7, = 59.1 to 67.0 ksiy/in.).

Results from the deep-slot bend approximation are also included for comparison in
Table 1. For each of the four fatigue-precracked specimen types values of J;, were cal-
culated via Eq. 2. This was accomplished by first obtaining the critical displacement
corresponding to Aa, = 6 mils from Fig. 9, where displacement is plotted as a function.
of crack extension. Then the integrated areas under the respective load vs displacement
traces up to the critical displacement, minus the machine contribution of the testing
fixture, are employed in Eq. 2 for the calculation. The four calculations prov1de esti-
mates of J;, = 202, 167, 195, and 211 psi-in., which translate via J;, = K ./E to
K;. = 61.3, 55.7, 60.2, and 62.6 ksiy/In. respectively. These values are well within the
bounds for J;, defined from the compliance-type calibrations.

DISCUSSION

Results from the comparative study of compliance-type calibrations suggest that
load vs displacement diagrams of quite diverse origins may be employed to generate
calibrations J{(e) vs &, which yield substantially equivalent results in the evaluation of J,
from fatigue-precracked specimens. Divergence of the analytically generated loading dia-
grams relative to those of the respective precracked specimens is illustrated in Figs. 10a
through 10d for the four precracked specimen types. For one type (Fig. 10a) the be-
havior of a notched specimen with notch depth equal to the length of the crack in the
fatigue-precracked specimen is also compared; a sizeable difference is evident. Thus it is
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Table 1

Effect of the Calibration Procedure on the J;, Determination

Calibration Type or

. . Ji. (psi-in.)*
(for the Deep-Slot Bend Approximation)

K, (ksiv/in.)f

Specimen Type Max Min Max Min
Notch (B = 1.0 in.) 195 152 60.2 53.1
Notch (B = 0.5 in.) 240 188 66.8 59.1
Plane stress 202 152 61.3 53.1
Plane strain 223 155 64.4 53.7
Loading simulation 242 188 67.0 59.1

Deep-Slot Bend Approximation (for Comparison)
B=1.0in., a/W = 046 202 61.3
B=1.0in., a/W = 0.59 167 55.7
B=0.51in., a/W = 0.46 195 60.2
B =0.5in., a/W = 0.59 211 62.6

*1 psi-in. = 177.3 Pa-m.
+1 ksiVin. = 1.112 MPa-m1/2,
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Fig. 9—Load-point displacement (8) as a function of crack extension (Aa)
in fatigue-precracked specimens [4]
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Fig. 10a—Comparison of analytically generated loading diagrams to that of
the fatigue-precracked specimen with B=0.500 in. and a = 0.685 in, Notched-
specimen behavior is also shown.
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Fig. 10b—Comparison of analytically generated loading diagrams to that of the
fatigue-precracked specimen with B = 0.500 in. and a = 0.887 in.
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Fig. 10c—Comparison of analytically generated loading diagrams to that of the
fatigue-precracked specimen with B = 1.000 in. and ¢ = 0.684 in.
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Fig. 10d —Comparison of analytically generated loading diagrams to that of the
fatigue-precracked specimen with B = 1.000 in. and ¢ = 0.878 in.
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apparent that precise simulation of load vs displacement diagrams of precracked specimens
is not necessary for calibration purposes, as it is the change in load vs displacement be-
havior with crack length that would be expected to be of prime importance [6,8,13].

While the degree of uncertainty in J;, as determined with each calibration may be
somewhat greater than desired for precise comparison of the five, the degree of scatter is
no greater than the toughness variation which would be expected in the plate itself [14].
It might also be noted that some of the calibrations infer J;, levels a shade higher or
lower than others. These differences are relatively small however; they are of the same
order as the uncertainty in translation of the ASTM-valid K, value for this material
(59.7 ksiy/in.) to Jp, itself [13,15,16]: J;, = 170 psi-in. if J = K2(1 - v2)/E is assumed
vs Jj, = 192 psi-in. if J = KZ2/E is assumed. Furthermore the quoted K;, value may be
lower than the average value of the plate material, inasmuch as two out of three K
tests with identical specimens failed to provide a valid K;, determination via ASTM-
E399-72 [4]. In view of these uncertainties it is difficult to conclude that any one of the
calibrations is superior to the others.

SUMMARY

The influence of calibration procedure on the determination of J;, from fatigue-
precracked elastic-plastic specimens of a Ti-6A1-4V alloy has been studied. Results are
compared from five compliance-type calibrations, each derived from sets of load vs dis-
placement diagrams according to the method of Begley and Landes. The calibrations
differ as to the origin of the sets of loading diagrams. The sets examined in this work
include those generated from notched specimens of two different thicknesses and those
generated analytically from plane-stress and plane-strain solutions of Bucci et al. as cor-
rected for machine contribution to displacement and from the noncorrected plane-stress
solution which simulates well the load vs displacement behavior of the fatigue-
precracked specimens. The Jj, results obtained from these five calibrations are in sub-
stantial agreement with each other and with a known value of K, for this material.

Preliminary results from application of the deep-slot bend approximation are in good
agreement with those determined by the compliance-type calibration procedures com-
pared in this report.
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NOMENCLATURE

integrated area under a load vs load-point-displacement curve
crack length

crack extension

crack extension used to define the initiation of crack extension
thickness of the specimen

uncracked ligament, W - a

Young’s modulus

value of the J integral

critical value of the J integral for the initiation of crack extension
stress-intensity factor

critical value of the stress-intensity factor for initiation of crack extension

stress-intensity factor defined by ASTM-E399-72 5-percent secant-offset method,
from record of load vs crack-mouth-opening deflection

applied load

maximum load )

span length in three-point bend test
potential energy per unit thickness
depth of specimen

load-point displacement

critical load-point displacement for the initiation of crack extension defined
by Aa,

load-point displacement owing to the specimen alone
8, obtained from the plane-stress solution of Bucci et al.
6% corrected for the machine contribution to &

5s obtained from the plane-strain solution of Bucci et al. corrected for the ma-
chine contribution to &

Poisson’s ratio
uniaxial tensile strength

yield stress
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THE EFFECT OF STRAY DIRECT CURRENT AT VARIOUS CURRENT
DENSITIES ON THE CORROSION OF STEEL

INTRODUCTION

There have been several incidences of very severe corrosion on naval ship hulls in
the past few years. In at least some of these cases, the possibility of the corrosion being
caused by improper welding techniques has been eliminated. Field studies have been
made in which the recorded hull potential intermittently showed large fluctuation in the
positive direction indicating that stray currents do exist at some naval berthing sites.

The source of these stray currents, however, was not established.

- As part of a continuing effort to gain further insight into stray current corrosion and
mitigation, personnel of the Naval Research Laboratory have been conducting laboratory
experiments to quantify the corrosion caused by stray currents. Parameters that may be
useful in stray current detection are also being studied. '

Stray electrical currents can flow through multiple paths which generally result in a
very complex network. For stray direct currents on steel, the primary concern is the
corrosion at the anodes and bipolar (or intermediate) anodes.

A bipolar or intermediate electrode exists when a metal, other than the primary
anode and cathode, is in an electrolytic cell and the metal has no metallic contact with
the current source or return to the source, i.e., the metal is an electrically isolated, float-
ing electrode. A ship in an electrical direct-current field is a bipolar or intermediate
electrode if it is not metallically connected to the source or return for the current.
Figure 1 shows a ship (Ship 2) in a stray-current field as a bipolar or intermediate electrode.
This ship would receive current at one location on the hull and discharge current into
the water from some other area on the hull. The location where the current leaves the
hull would be a bipolar anode and would corrode at an accelerated rate.

The location on the steel hull where the current was received from the solution would
be a bipolar or intermediate cathode. There should be no concern about accelerated
corrosion of steel bipolar cathodes because at these points the steel would receive at least
partial cathodic protection. The electrochemical reactions at the bipolar cathode should
also produce an alkaline condition which would tend to further reduce the corrosion of
the steel. Similar to intentional cathodic protection, the possibility of hydrogen embrittle-
ment on susceptible steels and hydrogen discharge into a confined space would be of
concern.

This report presents data obtained on low-carbon steel in stray direct-current fields
of various intensities. In order to minimize variables, these studies were conducted on

Manuscript submitted January 22, 1974.



LENNOX, JR. AND PETERSON

+ DC |-
SOURCE
SHIP-1 SHIP-2 SHIP-3

C
A A
N T
0 H
D 0
E D
E

BIPOLAR OR

INTERMEDIATE

ELECTRODE e see

Fig. 1 — Stray currents and bipolar
or intermediate electrodes

laboratory scale models. The solution used in all experiments was 0.6M (3.5%) NaCl in
tap water with a resistivity of 19 ohm-cm.

EXPERIMENTAL TECHNIQUE

A planar bipolar electrode would pick up current on one side (or surface) and dis-
charge the current into the water from the opposite side. To quantify stray-current
corrosion parameters, it is necessary to have two separate metal specimens to simulate a
bipolar electrode; one specimen being the bipolar cathode and the second the bipolar
anode. These experiments were designed so that quantitative data could be obtained
on anodes, bipolar anodes, cathodes, and bipolar cathodes.

Individualizing the bipolar cathode and the bipolar anode was achieved by the experi-
mental technique shown in Fig. 2. An anode and bipolar cathode were positioned in one
acrylic tank and a bipolar anode and cathode were in a second acrylic tank. The anode
and cathode were electrically connected to the direct-current power source. The bipolar
cathode and the bipolar anode were electrically connected to each other, but were not
electrically connected to the power source or to the metallic return to the power source.
An electrically isolated, floating, bipolar electrode was thus obtained, and each half of
the bipolar electrode could be studied independently. Each electrode measured 6 X8X1/32
in. The cross section of the tank was 6X8 in. and the internal length of the acrylic tanks
was approximately 21 in. The cross section of the solution in the tank was 6 X 6 3/4 in. The
electrodes were positioned at the extreme ends of the tanks. A constant area of each specimen
was in contact with the solution so the apparent current density could be controlled at selected
levels.

The area of metal exposed to the solution was 26.25 sq in., i.e., 5X5-1/4 in. on the
one flat surface of each specimen facing the bulk solution. The other areas on the specimens
were masked with 15-mil-thick vinyl tape. The masking also served to eliminate possible
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Fig. 2 — Stray current experimental technique

edge and water line effects. Each specimen was weighed to 0.01 g before and after the
experiment to permit metal-loss rates (corrosion rates) to be calculated.

The potential of each specimen was measured relative to a Ag/AgCl reference electrode.
The Ag/AgCl reference electrodes were located in inverted polyethylene bottles to which
a polystyrene capillary tube was attached. The plastic bottle and capillary were filled
with 0.6M (3.5%) NaCl solution, and served as a salt bridge from the Ag/AgCl reference
electrode to the specimen. The tip of the capillary was positioned essentially in contact
with the metal electrodes being studied in order to eliminate as much voltage (IR) drop
from the potential measurement as possible.

The time between potential measurements was programmed and the potentials were
recorded on a Digital Data Acquisition System (DDAS). The potentials were measured
both with the current on and the current off. The current-off potentials were obtained
by manually interrupting the electrical current flow in the system for less than 5 s. The
current-off potentials completely excluded the IR drop from the potential measurements
and therefore are better values for the potential at the metal surfaces.

The source of the direct current was a 12-V lead-acid storage battery. A milliammeter
in the circuit indicated the current flow and the current was recorded on the DDAS by
measuring the potential drop across a precision resistor (shunt). The current was con-
trolled at preselected levels by a decade resistance box in series in the circuit.

At the conclusion of each experiment, the tape used for masking the selected areas
was removed from the specimens and the electrodes were cleaned with ethyl alcohol to
remove any remaining adhesive. Prior to the final weighing, the specimens were cleaned
at room temperature by brushinig in HCI containing 40 g/l of Sb,0g; rinsed in distilled
water; and dried with ethyl alcohol and a jet of dry nitrogen gas.
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DATA AND DISCUSSION
Electrode Potentials vs Time

Figures 3 — 6 show the potential vs time data for steel at direct-current densities of
5, 10, 100 and 1000 mA per square foot (mA/sq ft), respectively, after an initial stabiliza-
tion period of approximately 1 hr. The potentials of freely corroding steel are shown for
the entire time periods. At the three highest current densities, the same range of potentials
has been used on the ordinate axis, i.e., —0.3 to —1.3 V to the Ag/AgCl reference electrode.
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Fig. 3 — The effect of stray direct current on steel electrodes in 0.6M (3.5%) NaCl
solution, Potential vs time data at a current density of 5 mA/sq ft.

For a current density of 5 mA/sq ft, the ordinate axis covers the potential range
from —0.4 to —0.9 V. The same time scale has been used for the abscissa at all the
current densities except for the data at a current density of 1000 mA/sq ft, where an
expanded time scale has been used because the experiment at this current density lasted
only 48 hrs.

Figure 3 shows that at a stray direct-current (dc) density of 5 mA/sq ft or less it
would not be possible to detect stray currents by measuring the potentials of the electrodes.
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Fig. 4 — The effect of stray direct current on steel electrodes in 0.6M (3.5%) NaCl solution.

Potential vs time data at a current density of 10 mA/sq ft.
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Fig. 5 — The effect of stray direct current on steel electrodes in 0.6M (3.5%) NaCl
solution. Potential vs time data at a current density of 100 mA/sq ft.
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Fig. 6 — The effect of stray direct current on steel electrode in 0.6M (3.5%) NaCl
solution. Potential vs time data at a current density of 1000 mA/sq ft.

There was less than a 0.020-V potential difference between the freely corroding specimens,
the anodes and bipolar anodes that were corroding, and the cathodes and bipolar cathodes
which should be at least partially protected. These small differences in potential were
evident even when the potential measurement was made with the current on, i.e., any

IR drop was included in the measurement.

Figure 4 shows the potential as a function of time for steel electrodes at a stray de
density of 10 mA/sq ft. As in the case at a current density of 5 mA/sq ft, the potentials
for the anodes and bipolar anodes at a current density of 10 mA/sq ft are similar to
the freely corroding potentials. Therefore, stray direct currents at a current density of
10 mA/sq ft still could not be detected from potential measurements even if the current
interrupter technique was used, i.e., by comparing the current-off to the current-on
potential.

At a current density of 10 mA/sq ft, definite potential changes with time occurred
on both the cathode and bipolar cathode. These potential changes show that both the
cathode and bipolar cathode were being protected because the specimens had polarized
to a potential more negative than —0.8 V to the Ag/AgCl reference electrode after
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approximately 175 hr. However, these cathodic potential changes could not be used to
detect stray currents because they are similar to the potential changes that would be
obtained from intentionally applied cathodic protection.

Figure 5 shows that, at a stray dc density of 100 mA/sq ft, an appreciable IR drop
exists in the electrode potentials measured at both the anodes and the bipolar anodes of
steel. Therefore, if current-on and current-off potential measurements can be made, the
existence of stray currents of this current density can be detected from the potential
observed. Even if current-on and current-off potential measurements could not be made,
the existence of stray currents of this magnitude could be detected by comparing the
potential of the bipolar anode with the potential of the same steel in the freely corroding
condition. This is possible because a potential difference of approximately 0.05 V would
exist. Surges of stray direct currents with a current density of 100 mA/sq ft could also
be detected by continuously recording the potential over a period of several days.

Figure 5 also shows that both the cathode and the bipolar cathode polarized to a
potential of approximately —1.0 V to the Ag/AgCl reference electrode when the current
density was 100 mA/sq ft. This degree of polarization, a change in potential from —0.7 V
for the freely corroding specimen to —1.0 V for the cathode and bipolar cathode, also
indicates that the cathodes were completely protected. The existence of a stray dc density
of 100 mA/sq ft could perhaps be inferred from the extremely negative potentials although
a cathodic protection system could also produce negative potentials in the same range. If
the current from the cathodic protection system was turned off and the potential remained
at extremely negative values over a portion of the hull, the existence of stray currents
would be definitely indicated.

Figure 6 shows that with a stray dc density of 1000 mA/sq ft a sizeable IR drop
exists at all the steel electrodes. The potentials of the anodes and bipolar anodes with
the current on is sufficiently distinct from the freely corroding potential of low-carbon
steel that stray currents at a density of 1000 mA/sq ft can be readily detected from
potential measurements. The stray current in this instance could be detected either by
a direct comparison of the current-on potential to the freely corroding potential or by
continuously recording the potential to observe any changes that would be caused by
current surges.

At all the stray dc densities studied, the potentials of the anodes and bipolar anodes
measured with the current off were essentially identical to the freely corroding potential
of low-carbon steel. This indicates that steel does not show appreciable anodic polariza-
tion even at a current density of 1000 mA/sq ft. Any anodic potential change observed
on steel in 0.6M (3.5%) NaCl solution was a result of an IR drop in the measurement due
to the flow of electrical current through the solution.

The potential data for low-carbon steel also indicates that steel cannot be cathodically
polarized more negatively than approximately —1.06 V to the Ag/AgCl reference electrode
in 0.6M (3.5%) NaCl solution. Cathode potential measurements more negative than
—1.06 V can be observed only if a large IR drop is included in the potential measurement.
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The significance of the limits of the range of potentials that steel will assume is that
the more positive value (approximately —0.7 V) is the potential at which steel will corrode.
Regardless of the current density, the potential under anodic conditions (i.e., when steel
is dissolving) will remain essentially constant until all the steel has dissolved. The most
negative potential (approximately —1.06 V) apparently is the potential at which hydrogen
is discharged at both the cathode and bipolar cathode. Potentials this negative, if caused
by a cathodic protection system, would indicate that a substantial amount of current is
being wasted.

Steel Metal Loss vs Mean Electrode Potential

Figure 7 shows the steel metal loss in mils per year (mpy) as a function of the mean
potential for each type of electrode in the presence or absence of stray direct currents.
The mean potential of the anodes and bipolar anodes with the current off was approximately
—0.7 V to the Ag/AgCl reference electrode regardless of the anodic current density. How-
ever, when the IR drop at the higher current density levels is included in the potential
measurement, potential values more positive than —0.7 V were observed.

The mean potentials of the anodes and bipolar anodes at the low current densities
were similar to each other and to the mean potential of the freely corroding control
specimens. This was true whether the potential measurements were made with the
current on or current off. Even without a noticeable change in the mean potential of
the anodes and bipolar anodes, a stray dc density of 5 mA/sq ft increased the metal loss
rate from 3 to 5 mpy. A current density of 10 mA/sq ft increased the metal loss rate
from 3 to 8 mpy. Increases in corrosion of this magnitude would not be catastrophic,
but would decrease the life of the steel proportionately.

The metal-loss rate for steel anodes and bipolar anodes was 50 mpy at a current
density of 100 mA/sq ft, and approximately 500 mpy at a current density of 1000
mA/sq ft. In both instances the current-off electrode potentials were —0.7 V. Metal loss
rates of 50 and 500 mpy would be catastrophic.

Figure 7 also shows that a current density of 5 mA/sq ft was not sufficient to
cause any apparent polarization on either the cathodes or bipolar cathodes. This magnitude
of current density, however, reduced the rate of steel metal loss from 3 to 1.6 mpy on
the bipolar cathode. A current density of 10 mA/sq ft or higher was sufficient to produce
significant cathodic polarization and to eliminate essentially all the corrosion on the steel
cathodes and bipolar cathodes.

Increase in metal-loss rates at the anodes or bipolar anodes was accompanied by a
reduction in the corrosion on the cathodes and bipolar cathodes. This effect would not
be practically beneficial, however, because the anodes and bipolar anodes corroded at an
accelerated rate.
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Steel Metal Loss vs Current Density

Figure 8 shows the theoretical values of steel metal loss in mpy as a function of current
density. Data for anodes, bipolar anodes, cathodes, bipolar cathodes and freely corroding
control specimens are included in Fig. 8.

The anodes and bipolar anodes at a current density of 100 and 1000 mA/sq ft had
a metal-loss rate that was equivalent to the theoretical values for the reaction Fe—2e=Fe*2,
At a current density of 10 mA/sq ft and less, the metal-loss rates of the anodes and bipolar
anodes increased compared to the theoretical values. At a current density of 5 mA/sq ft,
the metal-loss rate was approximately 100% greater than the theoretical and 60% greater
than for the freely corroding steel.

A stray current density of 100 mA/sq ft increased the metal-loss rate by more than
an order of magnitude compared to the freely corroding control exposed for the same
time period. A stray current density of 1000 mA/sq ft caused a metal-loss rate increase
of almost 2 orders of magnitude compared to the control exposed for the same time
period. This latter increase in corrosion is conservative because it is based on control
specimens that were exposed for only 2 days; the duration of the experiment at this
current density. The metal-loss rate of the control specimens in the 2-day experiment
was high compared to the longer term experiments. The high metal loss rate for the freely
corroding steel in the shorter term experiments is not uncommon as will be discussed
later in this report. Based on the metal-loss rate of the controls in the longer term
experiments, steel at a current density of 1000 mA/sq ft would have a metal-loss rate
approximately 2-1/2 orders of magnitude greater than the control.

The metal-loss rate is essentially reduced to zero when the current density on either
a steel cathode or a bipolar steel cathode is 10 mA/sq ft or greater.

11
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Corrosion Rate Factor vs Current Density

Figure 9 shows corrosion-rate factors for steel anodes and bipolar anodes as a function
of current density. Data have been shown for corrosion-rate factors based on both the
theoretical rates and on the rates for freely corroding control specimens. As an example
in the use of this graph, at a dc density of 100 mA/sq ft, steel anodes and bipolar anodes
would have a corrosion-rate factor of 1 based on the theoretical corrosion rate. Therefore,
the corrosion rate would be equivalent to the theoretical. Based on the freely corroding
control specimens, the corrosion-rate factor for the steel anodes and bipolar anodes would
be approximately 16.5 at a current density of 100 mA/sq ft. Therefore, if a freely
corroding specimen had a corrosion rate of 3 mpy, the corrosion rate of the steel anodes
and bipolar anodes would be 3 X 16.5 =49.5 mpy at a current density of 100 mA/sq ft.

A graph of this type is a useful guide in estimating the increased amount of corrosion
that could be expected on steel in 0.6M (3.5%) NaCl solution. Similar graphs developed
for other metals and other environments would be useful in estimating the increased
corrosion that could be expected from stray direct currents.

Percent Reduction in Corrosion Rate vs
Current Density

Figure 10 shows the percent reduction in corrosion rates for steel cathodes and
bipolar cathodes as a function of current density. Both the cathodes and bipolar
cathodes showed approximately the same percentage reduction in corrosion rates at a
particular current density. This was especially true at current densities of 10 mA/sq ft
and above, where essentially complete protection was obtained. At a current density of

12
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5 mA/sq ft, the reduction in corrosion rate was 44% for the cathode and 52% for the
bipolar cathode. As discussed earlier, these reductions in corrosion rate occurred without
any detectable potential changes.

Corrosion Rates, Potential Data, and
Corrosion Characteristics

Tables 1, 2,and 3 each summarize the corrosion rates, mean electrode potentials and
corrosion characteristics for low-carbon steel at various de densities and in the absence
of stray current.

Table 1 shows data for the freely corroding control specimens in the absence of
stray currents. The corrosion rate on these specimens ranged from approximately 3 to
8 mpy. With an exposure time of 20 days or more, the corrosion rate was relatively
constant at approximately 3 mpy. At the shorter exposure time of 2 days the corrosion
rate was approximately 8 mpy. The relatively high corrosion rate in the short exposure
time is not unexpected. It is generally agreed that the corrosion rate of unprotected
steel decreases with exposure time. The reason for this is that apparently a partially
protective film develops on corroding steel with time. The longer term rate is, therefore,
lower than the rate in the shorter term experiments where the protective film has not
had sufficient time to develop.

The mean electrode potential for the freely corroding steel specimens varied from
—0.680 V to —0.726 V in these experiments that ranged from 2 days to 27 days duration.
The mean potential of the freely corroding specimens for the four time periods was —0.704 V.
For any one time period, the mean potential was within £0.025 V of this value. The range
of potentials were between —0.421 and —0.747 V. The least negative potentials were

13
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observed in the early stages of the experiments, before the steel specimens had stabilized
in the environment, and therefore are not indicative of the actual electrode potentials.

General corrosion was observed on all the freely corroding steel specimens. On some
specimens the corrosion was relatively uniform while on others the corrosion occurred on
approximately 75% of the exposed area.

Table 2 shows the data for the anodes and the bipolar anodes of low-carbon steel in
the presence of stray direct currents. The corrosion rates for the anodes and bipolar
anodes were essentially the same at any one current density. The corrosion rates ranged
from 5.3 mpy at a current density of 5 mA/sq ft to 492 mpy at a current density of
1000 mA/sq ft.

The mean potentials for all the time periods measured with the current off (IR drop
excluded from the measurement) was —0.700 V for the steel anodes and —0.709 V for
the bipolar anodes. This difference cannot be considered a real difference in potential
because for both the anodes and bipolar anodes the mean potentials varied by more than
0.01 V from one current density to another. However, the mean potentials of all the
anodes and bipolar anodes measured with the current off were within £0.005 V of the
freely corroding mean potential (compare Tables 1 and 2).

Table 1
Corrosion Rates, Potential Data and Corrosion Characteristics for Low Carbon Steel
Controls: No Stray Current; Freely Corroding in 0.6M (3.5%) NaCl Solution

Controls Potentialt
For Corrosion
Current Test Rate Mean Range Corrosion
Density at | Duration (days) * Characteristics
mA/sq ft (mpy*) Current | Current |Current } Current
Shown On Off On Off
1000 2 8.1 - —0.714 — —0.666 | General and relatively
to uniform corrosion
—0.738
100 20 3.1 - —0.680 - —0.4783 | General and relatively
to uniform corrosion
—0.730
10 27 3.2 — —0.726 — —0.534 | General corrosion on
to 75% of exposed area
—0.746
5 25 3.3 — —0.696 — —0.421 | General corrosion on
to 75% of exposed area
—0.747
Mean = | —0.704

*mpy = mils penetration per year, 1 mil = 0.001 in,
tPotentials measured to Ag/AgCl reference electrode.
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Table 2
Corrosion Rates, Potential Data and Corrosion Characteristics for Low
Carbon Steel: Anodes and Bipolar Anodes; Stray Direct Currents Pre-
sent in 0.6M (3.5%) NaCl Solution

Potentialf
Current Test Corrosion Mean Range c .
Density Duration Rate g Orrosion
(mA/sq ft) (days) (mpy*) Characteristics
Current | Current | Current | Current
On Off On Oft
Anode
1000 2 491 —0.563 | —0.694 ]1—0.340 |—0.628 | Channeled by
to to corrosion at tape
—0.594 | —0.730 | edges; uniform
corrosion other
areas
100 20 50 —0.642 | —0.678 |—0.339 | —0.483 | Very sharp cor-
to to roded channels at
—0.702 | —0.722 | some locations of
taped edges; some
areas uncorroded
or very small
amount of corrosion
10 27 7.3 —0.714 | —0.724 |—0.518 | —0.538 | General corrosion
to to entire exposed
—0.730 | —0.741 areas and some
areas under tape
5 25 5.3 —0.690 | —0.705 |—0.489 | —0.527 | General corrosion
Mean = to to entire exposed
—0.700 | —0.736 | —0.742 | area
Bipolar Anode
1000 2 492 —0.567 | —0.699 |—0.323 { —0.633 | Channeled by corrosion
to to at tape
—0.595 | —0.734 | edges; uniform
corrosion other
areas
100 20 50 —0.643 | —0.699 {—0.347 |—0.520 Channeled by
to to corrosion at some
—0.710 | —0.741 | location of taped
edges; some areas
uncorroded or
very small amount of
corrosion
10 27 7.6 —0.714 | —0.726 | —0.528 | —0.550 General corrosion
to to entire exposed area
—0.728 | —0.745
5 25 5.4 —0.702 | —0.710 | —0.547 | —0.563 | General corrosion
to to entire exposed area
Mean = | —0.741 | —0.748
—0.709

*mpy = mils penetration per year, 1 mil = 0.001 in.
4Potentials measured to Ag/AgCl reference electrode.
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Table 3
Corrosion Rates, Potential Data and Corrosion Characteristics for Low
Carbon Steel: Cathodes and Bipolar Cathodes; Stray Direct Currents
Present in 0.6M (3.5%) NaCl Solution

Potential{
Current Test Corrosion M R .
Density Duration Rate can ange ChCorrc;mQr;_
% aracteristics
(mA/sq £t) (days) (mpy*) Current Current Current Current
On Off On Off
Cathode
1000 2 0 —1.190 —1.011 —1.152 —0.987 No corrosion but
to to some small areas
—1.284 —1.028 with peened
appearance
100 20 0 —1.208 —1.010 —1.154 —0.988 No corrosion
to to
—1.325 —1.059
10 27 0.12 —0.872 —0.802 —0.602 —0.556 Slight general
to to corrosion on
—1.034 —0.904 <10% of exposed
area
5 25 1.9 —0.705 —0.694 —0.595 —0.577 General corrosion
to to on 35-40% of
—0.760 —0.757 exposed area
Bipolar Cathode
1000 2 0 —1.207 —1.015 —1.175 —1.001 No corrosion but
to to some small areas
—1.314 —1.033 with peened
appearance
100 20 0 —1.211 —1.014 —1.178 —0.987 No corrosion
to to
—1.250 —1.047
10 27 0.04 —0.873 —0.836 —0.629 —0.607 Slight general
to to corrosion on
—1.041 —0.978 <10% of exposed
area
5 25 1.6 —0.703 —0.694 —0.592 —0.524 General corrosion
to to on 45-50% of
—0.758 —0.756 exposed area

*mpy = mils penetration per year, 1 mil = 0.001 in.
tPotentials measured to Ag/AgCl reference electrode.
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The mean potentials in Table 2 also show that at current densities of 5 and 10
mA/sq ft, there was less than 0.015 V difference between the current-on and the current-
off potentials for both the anodes and bipolar anodes. The existence of stray current
could not be readily detected from current-on and current-off potential measurements
at these current densities because of the small IR drop. At current densities of 100 and
1000 mA/sq ft, sufficient IR drop was evident so that stray currents could be readily
detected from current-on and current-off potential measurements. The range of potentials
for the anodes and bipolar anodes were similar when the current-on and current-off
potentials are viewed at a particular current density.

The corrosion characteristics of steel anodes and bipolar anodes were similar at any
one current density. At current densities of 5 and 10 mA/sq ft, general corrosion was
evident over the entire exposed areas. At current densities of 100 and 1000 mA/sq ft,
very accelerated corrosion was evident at the edges of the tape used to mask certain areas
from the solution. This corrosion occurred in the form of deep channels. At a current
density of 1000 mA/sq ft, this type corrosion occurred along all the tape edges, but at
a current density of 100 mA/sq ft occurred only at some locations along the tape. The
areas distant from the tape edges were uniformly corroded at a current density of 1000
mA/sq ft, but at a current density of 100 mA/sq ft, some areas away from the tape were
essentially uncorroded.

Table 3 shows the summary data for the cathodes and bipolar cathodes of steel in
the presence of stray direct currents. The corrosion rate at any one current density is
similar for the cathode and bipolar cathode except at a current density of 10 mA/sq ft.
At this current density, the bipolar cathode had a lower corrosion rate than the cathode.
The lower corrosion rate for the bipolar cathode in this instance was undoubtedly the
result of the bipolar cathode being slightly more polarized than the cathode. This additional
polarization was indicated by the mean current-off potential measurements; —0.802 V
for the cathode and —0.836 V for the bipolar cathode. As noted earlier, at a current
density of 5 mA/sq ft the corrosion rate of both the cathode and bipolar cathode was
reduced approximately 50% compared to the freely corroding control specimen, although
no noticeable polarization of these electrodes was evident from the electrode potential
measurements.

Current densities above 5 mA/sq ft caused varying degrees of cathodic polarization.
The mean current-off potentials show that for both the cathodes and bipolar cathodes
—1.015 V was the most negative mean potential to which steel cathodes could be polarized
in 0.6M (8.5%) NaCl solution. More negative mean potentials were not true polarization
potentials because the value included an IR drop.

The change to more negative potentials shown by the ranges of potentials for both
the cathodes and bipolar cathodes with the current off and above a current density of
10 mA/sq ft is indicative of cathodic polarization. At a current density of 100 mA/sq ft
and above, polarization of the cathodes and bipolar cathodes occurred almost immediately
on applying the current. The immediate cathodic polarization at these high current
densities was evident from the instantaneous current-off potentials which were approximately
—1 V (Figs. 5 and 6).
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The corrosion characteristics of the cathodes and the bipolar cathodes were the
same at any one current density. As expected, no corrosion occurred at current densities
of 100 and 1000 mA/sq ft, although at the latter current density some small areas had
a peened appearance. The cathode and bipolar cathode at a current density of 10 mA/
sq ft had only slight general corrosion on less than 10% of the exposed area, and the
corrosion rate had been reduced by more than 96% (Fig. 10). At a current density of
5 mA/sq ft, general corrosion occurred on 35 to 40% of the exposed area of the cathode
and 45 to 50% of the exposed area of the bipolar cathode.

CONCLUSIONS

1. An experimental technique has been developed which makes it possible to in-
dividualize bipolar anodes and bipolar cathodes so that stray-current corrosion parameters
can be studied and quantized.

2. Low-carbon steel had a mean potential range of from —0.700 V to —1.015 V
to the Ag/AgCl reference electrode in 0.6M (3.5%) NaCl solution under the conditions
of these experiments. The least negative potential was measured on anodes, bipolar anodes
and freely corroding control specimens. Regardless of the anode current density, steel
corroded at a potential of approximately —0.7 V. Any more positive potential measured
on steel was caused by an IR drop in the potential measurement as a result of the dc
flow through the solution. The most negative potential was the potential to which steel
was polarized cathodically. The most negative potential with the current off is undoubtedly
the potential at which the only cathodic reaction occurring is hydrogen discharge. A
mean potential more negative than —1.015 V to the Ag/AgCl reference electrode was
obtained only when the measurement included an IR drop.

3. At stray dc densities of 5 and 10 mA/sq ft on steel, the IR drop was too small
to detect stray currents from potential measurements.

4. Stray direct-current densities of 100 and 1000 mA/sq ft were readily detected
from potential measurements because there was an appreciable IR drop at the bipolar
anodes. The stray currents of this magnitude were detectable by either measuring the
potential changes that occurred with the current on and the current off or by comparing
the potentials measured with the current on to the potentials of the freely corroding
control specimens.

5. The metal-loss rate for steel anodes and bipolar anodes was 50 mpy at a current
density of 100 mA/sq ft and approximately 500 mpy at a current density of 1000 mA/
sq ft. These increases in metal-loss rate would be catastrophic.

6. Even without a noticeable potential change at the anodes and bipolar anodes of
steel, a stray direct current of 10 mA/sq ft increased the metal-loss rate from 3 to 8 mpy.
This increase in metal-loss rate would not be catastrophic but would proportionately '
shorten the life of the steel.
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7. A current density of 5 mA/sq ft was not sufficient to cause any apparent cathodic
polarization, but reduced the metal-loss rate by approximately 50%. A current density of
10 mA/sq ft produced significant cathodic polarization and essentially eliminated corrosion
on the steel cathodes and bipolar cathodes.

8. The anodes and bipolar anodes at current densities of 100 and 1000 mA/sq ft
had a metal-loss rate equivalent to the theoretical values for the reaction Fe—2e=Fe*2,
At current densities of 5 and 10 mA/sq ft, the metal-loss rates increased compared to
the theoretical values.

9. General corrosion was observed on all the freely corroding steel specimens.

10. The corrosion characteristics of steel anodes and bipolar anodes were similar at
any one current density. At current densities of 5 and 10 mA/sq ft, general corrosion
occurred over the entire exposed areas. At current densities of 100 and 1000 mA/sq ft,
highly localized corrosion in the form of deep channels occurred at the edges of the tape
used for masking specific areas from the solution. At a current density of 100 mA/sq ft,
some areas away from the tape were essentially uncorroded.
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