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... uction E Hydrogeio-n-sdli arge

. Development of an understanding of stress corrosion B
cracking and corrosion fatigue requires a knowledge of the H + + e - H (goes into metal or into H., bubbles).

electrochemical behavior of the nev metai surface gen-

erated at the crack tip. Newly generated metal surfaces have

very different electrochemical properties from the steady techniques stated above.

state exterior surfaces of the metals which are covered by The purpose of this paper is to review new surface
oxide films. Many of the metals subject to stress corrosion experiments reported in the literature and examine advan-
oxd im.Mn fteMtlssbett t s orso tages and limitations of the various techniques.

cracking and corrosion fatigue are normally passive, e.g.,

stainless steels, aluminum, titanium, and zirconiumn. First, experiments with liquid mercury and scraping
exneriments to determine potentials of zero charge will be

Electrochemical conditions at a crack tip are not
amernable to direct measurement because of a number of reviewed. Next, because of their historical significance,

potential-step experiments using shielded electrodes will be

1. A long, tortuous electrolyte path in the crack has a described. Then the scrape and abrade, wire straining, and

rapid shear and fracture will each be followed historically.
high resistance.

2. The crack tip region is too small (< microns in Last, the various techniques will be compared on a

radius) to introduce a Luggin capillary sufficiently close to oua!itative basis.

the tp.

3. Reactions occur on the crack walls downstream Potential of Zero Charge
from the tip and cause concentration and potential changes The earliest reported technique found for generation of

that obscure conditions at the tip. new surface is the dropping mercury electrode. Mercury is a

Measurements of electrochemical parameters important rather noble metal with a high hydrogen overpotential, so it

Sto understanding events at a crack tip have therefore been has a wide range of potential in which it does not react with

made on new surfaces produced by other methods. Reýcent water. Paschen t 
'2 took advantage of these properties to

papers on the electrochemistry of new surfaces have been measure the potential of zero charge (pzc) of mercury; this

directed toward obta;nirg data to elucidate stress corrosion is the potential at which there is a zero charge on the metal

cracking, whereas earlier papers in general had other goals. side of the interface.
Techniques to obtain new metal surfaces may be The basic idea of the techniOue is that for a metal body

divided into five categories: (1) Form droplets of liquid with a given amount of charge, Q, at an interface, the

metal, (2) scrape or abrade a surface, (3) strain a wire, (4) charge density, q = Q/A, can be made arbitrarily sma;l by

rapidly shear a wire, and (5) rapidly fracture a notched sufficiently enlarging the interfacial area, A. The experi-

specimen, ment is carried out in the apparatus illustrated in Figure 1.

Reactions and events that occur on new surfaces are: A fine jet of mercury flows into a solution in which it

0 Charge of the electrical doub!e layer br-aks up into fine droplets with large area. The potential,

0 Dissolution meamurcd with a potentiometer or electrometer, rapidly

approaches the pzc.
M -* MZ + ze Andersen, Eyring, and coworkers -' extended the

concept to noble solid metals by means of a scraping

* Formation of salt film and/or oxide film technique. Noble metal wires embedded in Teflon were

scraped on their ends with a high speed sapphire cutter in

M + zX- MX, + Ze various electrolyte solutions, as shown in Figure 2. The

cutting chips enlarged the metal surface analogously to the

and/or mercury drops in the Paschen experiment. Values of pzc

were determined for silver, gold, bismuth, carbon, gllium,

M -z/ 2 H 2 0- MO, 2 + zH + ze indium, iridium, platinum, rhodium, antimony, and tin by

this technique.
The scraping method can fail to determine the pzc for

'EloctrochemicAl Technology Corporation, Seattle, Wnshington. several reasons as shown in the Pourbaix diagram of Figure ,_
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3. At high pH, the pzc may intersect the reversible potential

f line for oxide formation. In this case, a Nernst potential is

I measurcd, as ik the case for indium, gallium, bismuth,
antimony, and tin. At low pH, the pzc may be sufficiontly
below the potential for hydrogen ion reduction thMt a
mixed potential between the pzc and hydrogen ion reduc-

tion is obtained, as for gold, silver, the platinum metals,
bismuth, and tin. If the pzc is above the reversible potential

for mrtal dissolution, the scraping method will measure a
Nernst potential or a mixed potential for dissolution and
hydrogen ion reduction. This is the case for the more active

metals of interest in stress corrosion cracking. The factors
controlling scrape potential as a function of pH for various
metals are summarized in Figure 4.

Process controlling scrape potential
in aqueous SO; or ClO•I solution

FIGURE 1 - Determination of potential of zero charge for Z Vs- pzc
mercury. M Reduction of solvent
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FIGURE 4 -Factors controlling scrape pcjtentila
function of pH (by permission of The American Chomical
Society).

FIGURE 2 - Determination of potential of zero charge for
7

solid metals by scraping method (by permission of The Shielded Electrode, Step Potential
American Chemical Society).

Muller" conducted a classic: set of experiments in the

1920-30 era in which he applied a potential step to a

shielded electrode initially at a rest potential and observed

the resulting current transients and appearance of surface
films formed. The shielded electrode, shown in Figure 5,

0 has the virtues of a well defined active area, near-uniform
H. current deisity over the metal surface, absence of con-

HMO Ne'"I vection, well defined mass transport conditions, and ease of

M Pmtenti.l observation. With this electrode, Muller showed that passi-

%th •"vation process for iron involved first a precipitation of a
, oc ferrous salt followed by oxide.

__ _" _ •Unfortunately, the technique is not generally appli-
M - cable to many metals that stress corrode because a partial

N.• passivation exists even in their active corrosion regions of

potential in strong acid solutions, e.g., titanivm. 9 This

"method of step potential from an immune state to an

.1 _ insoluble salt or oxide film forming state has been studied

0 pH for a number of metals such as silver, lead, and mercury.

Mechanisms of nucleation and growth of films have been

derived based on such measurements.' 0 A review of various
FIGURE 3 - Causes of errors in potential of zero charge. anodic film processes has been made by Vermilyea., 1
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FIGURE 5 - Shielded electrode of W. J. Muller. (a) glass PLASTIC
tube. Wb) connecting wire, (b') spiral wire spring, Wc) metal
cylinder, (d) rubber tube (by permission of the Faraday STIRRING VANES
Society).

Scrape and Abrasion
The first paper found that was concerned with

measurements of electrochemical current or potential of a
newly generatpd surface was by Brown and Mears t

2 in

1938. They wax-coated specimens of aluminum and made 1
cm long scratches through the wax in neutral, 100 gm/I,
KCl and NaCl solutions. Current flowing to a second, bare CARBORUNDUMI _TIP Fe ANODE
specimen of aluminum was measured with a microammeter.
Potentials of each electrode were measured. The scratched

electrode became negative to the other electrode and an
anodic current flowed to it. The purpose of these experi- FIGURE 6 - Scraped anode (by permission of Z. Phys.

Chem.).
ments was to demonstrate the electrochemical nature of
corrosion for aluminum. The potential of the scratched
aluminum went 0.4 to 0.5 V negative to the standard F
hydrogen electrode.') As will be seen later in work of
other investigators, a new surface of aluminum goes to a
more negative potential, but high speed measurements are
required to measure it.

Clark and Akimov' 3 in 1941 reported on abrasion of
metal surfaces to determine effect on steady state electrode

potential. This was followed by a number of Russian

papers.14-1 6 Schw3be and Dietz' " abraded nickel with a
corundum wheel in various electrolyte solutions and
studied passivation. The behavior of nickel was interpreted
as due to formation of chemisorbed oxygen.

Schwabe t 8 in 1960 described a continuous scraping B
experiment illustrated in Figure 6. He scraped nickel and
iron in various strong acid solutions and concluded that a
primary salt layer did indeed form prior to oxide passiva- Ation.

Breiter' 9 in 1967 scraped a rotating cadmium rod with D
a sapphire cutter in potassium hydroxide solutions in a cell
illustrated in Figure 7. By measuring cyclic voltammograms

at different rpm and voltage sweep speeds, he found that
scraping led to considerable increase in current density overa rtigelectrode. A--cadmium rod E-plmtinized Pt foil attached to Pt wire

resting B-steel rod F-Teflon tubing with closed ends and small
Tomashov and Vershinini in 1970 described abrasion C-.sapphire rod holes for gas stirring

experiments on iron, nickel, tin, palladium, lead, zinc, D-steel spring -made of Teflon

(I)All electrode potentials will be referred to the standard hydrogen FIGURE 7 - Scraped cadmium anode' 9 (by permission of

scale. Pergamon Press).
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titanium, and chromium. The apparatus they used, illus-
trated in Figure 8, was similar to that of Schwabe except
that their Luggin capillary came through the metal spec;-
men from the back side to the abraded surface. They
studied both hydrogen evolution and anodic polarization in
various inorganic electrolytes. Anodic polarizations of lead
and zinc during anodic dissolution were found to be Counter PolishingWhea
unaffected by abrasion, whereas iron, nickel, titanium, and Electrode
chromium polarizations were sharply reduced. Titanium, Reversed Standard SpLcime
nickel, and chromium were not completely active, even at Taper
thq highest abrasion rates of 2000 rpm.

Ambrose and Kruger 2
1 in 1972 described a technique

they termed tribo-ellipsometry. With it, a metal specimen is
polished with an abrasive wheel to remove surface ocxides as /
shown in Figure 9. The wheel is rapidly retracted, and the Gas Bubbler Seal
specimen is viewed with an ellipsometer. Repassivation .J0"1 ring
current and film thickness by ellipsometry were simul- Connector
taneously measured for low carbon steel in nitrate, nitrite, To Reference

and buffered borate solution. Ellipsometric measurements Electrode
could be started within about 10 milliseconds of cessation
of abrasion. A considerable oortion of the oxide film
growth occurred prior to the ellipsometer measurements. FIGURE 9 - Tribo-eripsometric electrochemical cell with
Ambrose and Kruger later reported 22 on tribo-ellipsometric retracting abrasion wheel 2 ' (by permission of NACEI.
measurements on Ti:8%AI-1%Mo-l%V alloy in 1IN NaCI
and 1N NaNO 3 . Stretch of Wires

22 in 1972 reported on scraping titanium with a A number of investigators have studied effects of stress

sapphire bit in small volumes of hydrochloric acid solu- and strain on metal wires. Fryxell and Nachtrieb 2 4 in 1952

tions. The technique was similar to that of Schwabe 18 reviewed some of the earlier work and presented data for

(Figure 71, except that the metal specimen was rotated and silver and gold. Their apparatus, illustrated in Figure 10, is
advanced axially against a fixed sapphire bit. The solution typical for the method. They conclude that the small, stress

turned purple from dissolved Ti 3 ÷ which was measured induced changes in electrode potential could not be
quantitatively by the H2 0 2 spectrophotometric method. It explained by thermodynamic considerations of stress, but
was found that a large fraction of the anodic current passed were due to disruption of a film at the metal-solution

could be ,accounted for by dissolution. The current in- interface.
creasedc(vith the depth of cut per revolution, and it Funk, Giddings, Christensen, and Eyring 25 in 1957

appeared that at least a Jm/revolution had to be removed reported changes in potential of copper wires associated

to make the surface fully active, with strain, and the decay time of the potential transient.
Potential excursions of up to 200 mV in the negative

direction with strain, depending upon the solution, were
measured. The time constant for decay was on the order of

one second. Results were interpreted as due to rupture of a
copper oxide film. At low pH, the potential excursions

were less due to thinner oxide film.
Hoar and West 2 6 described in a note in 1958 and later

in more detail 2 ' the anodic dissolution of straining
" -- "[- - -'-'- -- _- austenitic stainless steel wires in boiling concentrated

- magnesium chloride solutions. Yielding at quite small strain

-~ - ~ .~: 2 -rates was shown to considerably decrease activation polar-
.. , ,""' -z w n o erization. These results were confirmed by Hoar and

/7 -------- Scully. 2" Hoar and Galvele 2 9 measured current increase for
-- -mild steel polarized in nitrate solutions.

- ,-A number of papers have appeared which were con.
4 cerned with effects of straining on electrode potential and

kinetics for metals not normally passive."" 3 3 These works
are of less concern here because the present interest is in

FIGURE 8 - Continuously abraded electrode 20 (by per- reactivity of normally passive metals.
mission of Pergamon Press). 1-Sample, diameter 10 mm: Bubar and Vermilyea 3 4 presented a most interesting
2-corundum scouring disk; 3-insulating sheath of sample paper in 1966 on deformation and cracking of anodic oxide
(plastics); 4-capilary for measuring potential; 5--contact to films on straining wires lending a note of caution in
sample; 8--ounter electrode (Pt); 7-solution; 8-controlted
rotation of corundum disk; 9-continuous application of interpreting straining experiments. They derived an equa.
corundum disk to sample. tion for new surface formed by cracking of the oxide film
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I 2 mm hole for

c hucked wire{Fur adding Solutionsn)
For gas exit

6 1m ID

216" OD7

gas bubbler
5 mm IO

1%-3 i7

O 0 0 FIGURE 11 - Rapid-shear cell39 (by permission of The
Electrochemical Society, Inc.). 1-Anvil; 2-Duralium bush,
3-PTFE anti-splash guard; 4-electrode; 5-salt bridge (cello-

bottom phane membrane); 6-hydrogen inlet; 7-platinum wire elec-

cross section trode; 8-ruby cutter; 9-polyethylene coating.

sintered disk a b
oscilloscope. An illustration of the apparatus is shown in

2 mm holes Figure 11. An aluminum rod of 99.99% purity (4 in Figure
a. for chucked wire 11) was coated on its lower end with fused polyethylene. A
b. for reference electrode ruby cutter (8 in Figure 11) driven downward by a hammer

blow on the top (1 in Figure 11) of its supporting rod cut a
FIGURE 10 - Straining wire cell 24 (by permission of The neat gash through the polyethylene into the underlying
Electrochemical Society, Inc.). aluminum. The cutting time was about 10-4 sec. A

cavitation bubble was observed to follow the cutter. At its

assuming constant volumes for the metal and ;ilm, that collapse, the rise time of the potential was about 6 psec.

cracks occur when the original length is exceeded, and tha The initial potential peaked at about -1.6 volts on the

hydrogen scale, close to reversible potential for aluminum.

diameter, is reduced by elongation. They noted t',at this last In a later paper by Hagyard and Earl, 3 9 an anodic

assumption requires some deformation of the film. Alumi- polarization curve for the fresh aluminum surface was
num oxide films appeared to be completely brittle, giving obtained at a time of 10-30 psec after cutting. They also

agreement with the equation for thin films. Thick alumina obtained a cathodic polarization curve at a time of 1 m sec.
films showed evidence of spalling and producing greater Hagyard and Chapman 4 0 showed that for cadmium in
than theoretical bare surface. Tantalum oxide films %thantheretcal aresurace.Tanalu oxie flms chloride solution, there was reasonable agreement between

exhibited great ductility and thinned rather thtn cracked, hle potetiobn ther re apld saremento and
the potential obtained by the rapid shear method and

Shibata and Staehie- in 1972 reported on use of the ccnventional static methods.

wire straining technique to measure transient currents for c k 4 1,42 ntedas

iron, nickel, and Fe-Cr-Ni alloys. Murata and Staehle 3 6 Beck presented a method of fast fracture to
obtain new surfaces of titanium. Whereas fast shear worksassumed that ideal fracture of passive oxides produced a well for a ductile metal like high purity aluminum, fast

multiplicitV of new surfaces at slip steps, and interpreted fracture is applicable for harder, more brittle, metals. A

their data on the basis of integrating the current from these diagra of th e fas f are l ge intFiguret12. A
indiidua slp stps.diagram of the fast fracture cell is given in Figure 12. A

individual slip steps. double notched specimen is broken by dropping lead

Diegle and Vermilyea 3 7 in 1975 presented a method of weights onto a rod connected through a lever arm to the

applying a rapid-pulse strain to a wire specimen by specimen. The specimen is potentiostated and the current is
dropping a weight on an attached movable shaft. A 5% determined as a function of time after fracture by recording

strain in one millisecond was achieved. They assumed ideal
on a storage oscilloscope or storing and processing in a

fracture behavior for the surface oxide on iron in concen- micoptrMstfthexrmnswreoduedn

trated sodium hydroxide solutions. Dissolution appeared to srn gc i sout ios. the me re nti andic tcurrn

occu siultneouly ithpassvaton.strong acid solutions. The measured initial anodic current
occur simultaneously with passivation. density can be high (> 10 A/cm2 ) a:nd is limited by the

ohmic drop between the Luggin capillary and the new

Rapid Shear and Fracture of Metal surface. A mixed potential is immediately established

Hagyard and Williams 3" in 1961 described an interest- between anodic dissolution and hydrogen ion discharge,

ing method for rapidly generating a known new surface area and the actual initial current densities may be as high as

of aluminum in aqueous KCI-AICI3 electrolytes. Electrode 101 to 103 A/cm 2 , but new techniques need to be

potential was measured as a function of time on an developed in order to determine how high. The current
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GLASS THINNED TO EASE BREAKING

---- \ TUNGSTEN FILAMENT FOR

S Reference Electrode

Metal Specimen

Teflon Teflon Spider

B.,dge / Teflon Cl,,

* Stainless Steel Ring

,----J. Four Thumb Screws
At 90'

Neoprene Plug -7: Specimen.. MERCURY
Packing length =3' GLASS BUTTON, TARGET FOR/•1 width = V/s .- EVAPORATED All

Electrical Connection hickness = 0.060'
!o Specimen double notched

60" TUNGSTEN CONDUCTOR
'/32'" depth each

FIGURE 14 -Breakable glass bulb with vacuum deposited

aluminum446 1by permission of The Electrochemical Society.
FIGURE 12 - Rapid-fracture cell41 (by permission of The Inc.).
Electrochemical Society, Inc.)

starts to decay at about a m sec after the fast rise. It is upon breaking the bulb under 1N KCI solution was -1.67
likely that a cavitation bubble forms as for the fast shear volts. There was thus good agreement with the rapid shear

method. After an initial current decay at about a -2 power, method.
the decay follows a -1 power law, which may be attributed

to.high field growth of oxide. After about 103 sec from Comparison of the Various Methods to
fracture, a steady state passive current density is ap- Produce New Surfaces of Passivating Metals
proached. It is desirable to compare the advantages and dis-

Buhl 4 3 4 5  described a shear method for titanium advantages of the various methods of producing new metal

illustrated in Fig,.lre 13. Results were similar to the rapid surfaces for electrochemical study. None of the methods is
fracture tests except that the shear rate was slow (1.2 sec) perfect, and trades must be made.

so that a distribution of age existed on the surface. Further, Table 1 lists the various methods of creating a new
the sheared slip of metal continued to contribute anodic active surface and some criteria for judging them. A
current until it broke off. Machining chips likely contribute qualitative comparison is made on the basis of good-G,
to anodic current in all of the continuous abrasion and fair-F, and poor-P. The ranking of criteria are somewhat
scraping methods. subjective; they will be explained.

The shielded electrode method does not generate new

A-1,,,..y El.a,-. surface, but it is capable of generating active surfaces of
3 5N AVAVCI) F1certain metals and is thus a basis for comparison. It ranks

'- w c., high on all criteria except that most of the passive metals of
" Crltc pln... E ,ectode

interest are partially passivated even in their active corro-

sion region of potential. Iron in acid solutions is an
...... exception and could be used for cross checking the other

s 8.1ti Bo,,of C.1 methods.
O,.toe oMotow Sp.c.nS.. Definition of new area and initial passive condition of

the surface go together. The shielded electrode has a well
FIGURE 13 - Sheared specimen cell 4 3 (by permission of defined surface area, but many of the metals subject to
NACE). stress corrosion cracking are partially passivated in their

active region of potential. The fast fracture and fast shear

methods both generate well defined virgin surfaces. Stretch
Electrolyte Contact with of wires generates virgin surface, but the exact amount of
Vacuum Deposited Metal new area is open to question due to plasticity or brittieness

Hagyard, et a14€' vapor deposited gg.gg% aluminum on of the preexisting surface oxide. Continuous scrape does
a glass button in an evacuated thin wall glass bulb not generate a well defined new area unless the depth of cut
illustrated in Figure 14. The initial peak potential measured p',r pass exceeds a critical value because the tool may skip
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TABLE 1 - Qualitative Corpariso, of Methods to Measure Kinetic Parameters for Bare Metal Surfaces

G - Good. F - Fair. P - Poor

Criferion Initial Time for Charge Analysis of
Well Active Mechanical Solution Current EeL on Solution for

Defined Condition Disturbance Current to Reach Density Solution Adjacent Optical Diasolution
Method New Area of Surface of Surface to Chips Surface Distribution Ohmic Orop Surface Observation Products

Sielded
electrode G G-P G G G G-F G '3 G

Fast
fractule G G F G F F F G P P

Fast
shear G G F F F F F G F P

Strain
wire G-P G F G G F G-P G-F P P

Cc-,tinu out
scrape G-P G-P F F F F F C-F F G

Continuous
abrade G G-P F F G F F-P G P G

Abrade with
retracticrn G G-P F G F F G-F G G P

Electrolyte contact

with vacuum
deposited metal G G-P G G F F F G G P

over the oxide surface. The initial passive condition is Solution ohmic drop is more or less of a problem for all
therefore also open to question. Abrasion, both continuous of the methods for the very active-passive metals because
and with retraction, is subject to the same question. quite large current densities can occur. For the stationary,

All of the mechanical methods that produce new shielded electrode, a Luggin capillary can be placed in the
surface cause some mechanical damage to the surface, e.g., cavity4c to minimize the ohmic drop. The mechanical
plastic flow, stress, and surface roughness. The' increase in methods have limitations on how close the Luggin capillary
free energy due to stress in plastic flGw is on the order of a can be placed unless it can be brought in from the back side
few millivolts. With high anodic overvoltage applied to in the abrasion techniques. 20 Small slip steps produced in
passivating metals, the effects of residual stress should be the wire stretching method can have small ohmic drops in
negligible. Surface roughness, about a factor of two, may be solution even at high local current densities because of
developed on rapid fracture. Current flowinq to cutting hemispherical or hemicylindrical conduction in the electro-
chips can cause an error in current density in the fast shear lyte. Advantage was taken of this concept to obtain high
and continuous scrape and abrade methods, current densities with the fast fracture of sma:l notched

Formation of cavitation bubbles can cause a delay in titanium wire s.4 9

solution reaching the surface in the fast fracture and shear, Charging of the electrical double layer on adjacent
continuous scrape, and abrade with retraction methods. pa-.i-. surface can cause errors in peak current and
The collapse time of the cavitation bubble has been potential measurements when the fraction of new surface is
estimated at 5 x 10-s sec for the fast fracture method.4 2  small. For example, titanium has a semiconducting surface
Some reaction may accompany metal contact with the oxide and the electrical double layer capacity is about 20
vapor bubble. A water vapor pressure of 20 Torr and 5 x /lF/cm 2 . If a patch of bare metal is formed by fracture of

10-6 gives 10-4 Torr sec, whereas formation of a mono- the oxide, the potential of this new surface may be a volt
layer requires only about 10-6 Torr sec with unit sticking negative to the rest potential of the ox.ide covered surface,

coefficient. Formation of cavitation bubbles would not be requiring 20 pC/cm 2 to change the potenti3l of ,he oxide
expected for wire stretching because the displacements are surface. The charge to passivate a unit area of new surface
on a micro scale. Likewise continuous abrasion should be may be about 10 mC/cm 2 .4 2 Ten percent new surface must
free of cavitation, therefore be produced to reduce the EDL charging error to

Among the methods in Table 1, only the shielded 2%.
electrode has the capability of providing a uniform current Optical observation of the new area is only possible for
density over the new sturface. All of the other methods have those methods where a sufficiently large new surface that is
some degree of shielding or edge effects. Solution uf the planar and is in a fixed position is produced. These
Laplace equation for conduction in th. electrolyte gives conditions only obtain on the shielded electrode, abrasion
infinite primary current density at the edge of an electrode with retraction, and a vacuum deposited metal surface.
with an unbounded electrolyte. 4 7 Polarization, of course, Analysis of the solution for anodic dissolution products
limits the edge current density to a finite value, but produced transiently is only applicable for the methods in
nevertheless, nonuniform current density could affect which the metal surface can be continually renewed in a
kinetic interpretations, small volume of electrolyte, i.e., the continuous scrape and
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