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1.0 SUMMARY

A continuum electrochemical mass-transport-kinetic model has
been formulated and computations have been made on a digital computer,
giving results that appear to be consistent with velocity-current-
potential data for duplex annealed Ti:8-1-1. The model predicts that
the electrochemically controlled velocity is determined by mass
transport of chloride, bromide or iodide ions to the crack tip. The
tip current is equivalent to formation of an adsorbed monolayer of
halide ions or titanium halide. Data on the relation of velocity to
bulk halide ion concentration indicates that a recycling of halide iomns
by displacement or hydrolysis occurs near the tip. Many similarities
are observed to the previously proposed model for pitting corrosiomn
of titanium.

Ti:8-1-1 heat treated to a very brittle condition and Ti-Al alloys
after similar heat treatment give stress corrosion cracking velocities
greater than predicted from the electrochemical model, indicating an
additional mechanical mode of fracture. This mechanical mode is related
to rate of change of stress intensity. The velocity in the electro-
chemical mode appears to be related linearly to stress intensity factor,
perhaps through changes in crack angle. Ti:8-1-1 heat treated to a
ductile condition gives stress corrosion cracking velocities less than
predicted from the electrochemical model. It is proposed that ductile

(non-susceptible) phases retard crack propagation in this case.



2.0 INTRODUCTION

This report describes part of a study of stress corrosion
cracking of titanium alloys initiated in July 1965 (1) and continued
under NASA sponsorship beginning July 1966 (2). This is the fourth
Quarterly report in the series (3) and covers the period April 1
through June 30, 1967. The contribution on metallurgical and
mechanical effects in this report was made by Dr. M. J. Blackburn,
who is in part supported by the present program. The assistance of
J. C. Williams is acknowledged. Professor E. A. Grens II of Berkeley,
worked with T. R. Beck on the formulation and the implementation of the
mass-transport—kinetic model for SCC velocity (4) and his services are
acknowledged.

As this report marks the completion of the first year of work on
the contract, it is appropriate to measure the progress against the
original work statements (2). The work statements and the work
completed are listed below.

1. "Determine electrochemical polorization curves for a variety of
alloys and heat treatments and electrolyte compositions'. It was
determined in the precontract studies (1) that polarization curves
for oxide-covered titanium had little relation to the SCC problem
except that under open-circuit conditions the anodic current
for SCC propagation may come from cathodic reactions on the exterior
surface of the specimens. Effort has therefore been concentrated
on the more relevant processes of, oxidation of, or hydrogen ion

reduction on, newly generated titanium alloy surfaces. Various



salt solution environments have been investigated using mill-
annealed Ti:8-1-1 alloy. Further work is planned with other
alloys and environments.

"Conduct tensile tests with notched specimens of a variety of
titanium alloys and heat treatments in electrolyte environments at

"

controlled potentials based on 1 . The bulk of the exﬁerimental
work has been conducted under these conditions. Ti:8~1-1 and

Ti-Al binary alloys with various heat treatments have been
investigated. Further work is planned with other alloys.

"Conduct a limited number of engineering tests on standard

precracked specimens of selected alloys and heat treatments at
selected electrol&te environment compositions and potentials based

on 2 ." Four point bend tests on 1/2 inch thick specimens of Ti:8-1-1
alloy have been made. The results are consistent with data on the
smaller notched speéimens and very limited further testing of the
larger specimens is planned.

'Conduct applicable physical, metallurgical and chemical examinations
including determination of fracture path." Work done to satisfy

this objective includes, electron fractography, determination of
cleavage plane, studies of dislocation arrangements and slip modes,
phase studies, collection of chemical analyses and physical properties,
tensile and strain rate tests, and analyses for chlorine. Further

analyses will be conducted as required to provide data for test

of the theoretical models.



5. "Conduct theoretical analysis of mechanisms in conjunction with
1 through 4 ." A continuum electrochemical mass-transport—
kinetic model has been formulated, that appears to fit the
observed relation of velocity to potential and with modification,
to salt concentration. Some tentative relations to metallurgy and
mechanics are proposed. A more rigorous formulation of metal-
lurgical and mechanical effects and further definitive experiments

are planned to test the models.

3.0 TECHNICAL DISCUSSION

3.1 Electrochemical Mass~-Transport-Kinetic Models

In this section, several models for describing the electrochemical
mass transport and kinetic phenomena are described and compared to
experimental data.

3.1.1 Preliminary IR Drop Model

The preliminary IR drop model was proposed to explain the linear
relationship between crack propagation velocity and applied potential
and between the associated anodic current and potential (1). Each line
had an intercept at about —800 to ~900 mv and it was assumed that this
intercept was the potential at the tip of the crack. The difference
between the applied potential and this intercept could therefore be
interpreted as the potential drop in the cecrack. The kinetic data for
growth of multilayers of oxide on a plane surface as illustrated in

Fig. 1 (1), showed a very rapid decay of current density with time.
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Applied to a propagating crack, the kinetic data indicated that most

of the anodic current would flow most of the way into the crack.

Assuming a constant current, a constant angle, and a constant conductivity
electrolyte, the resistance of the electrolyte would be (1):

R =—L 2n (£/8) Equation 1
e W'Y

The resistance calculated from the slope of the current versus potential
plot for a 0.127 cm thick specimen with about a 0.1 cm crack length was
about 18,000 ohms (1). Assuming a bulk electrolyte resistivity of 20
ohm em (for 0.6 M KC1 solution) and a crack angle of 0.05 radians
(approximately 3 degrees observed) requires that ﬁn(—g;ﬁ be about 5 or that
—%— be on the order of 100. This appeared to be a reasonable value
assuming = 10—2 cm, i.e., about 1/lO the specimen thickness 0.12 cm
(0.050 in.) where appreciable current enters from the sides of the crack;
and = lO_4 cm. The value of § could not be defined a priori with
precision but it must certainly be larger than 10_6 to 10_5 cm from the
geometric apex because this is the zone where the electrical doubkle layers
on the walls of the crack would intersect in a 3° crack. A finite time
would berequired for the first monolayer to form, so §= 10_4 cm would
appear to be the right order of magnitude.

This simple model also gave the right order of magnitude for total
current. The current required to form the first monolayer on the two

walls is:

Iy = 2 QOV . Equation 2



The current to build up multilayers of oxide is:
I, =2 fs i dy Equation 3

But from Fig. 1:

A
T Equation 4

i =
The age of the surface at a point y distance from the geometric
apex is:

t(y) = y/V Equation 5

Eliminating i and 1 from Equations 3, 4, and 5 gives:

Iw =2 AV In (L/6S) Equation 6
The total current is therefore:

I =2V [Q, + AV £n(£/8)] Equation 7

. -6 2(1) -3 2 .

Assuming QO = 425 x 10 = coul/em , A = 10 7 coul/em” (experimental
data, Fig. 1), and 4£Zn(£/8) =5 (as from the calculation of resistance)
gives AL 1.08 x 10—2. This again is the right order of magnitude

AV

in respect to the experimental data.



The simple model, although it gave order of magnitude agreement
with experiment, was deficient in several respects; such as, it
neglected the effect of potential gradient on kinetics of oxidation
and the effects of changes in electrolyte concentration in the erack on
resistance. Therefore, a more rigorous analysis was formulated, which
was outlined in a previous report (3, 2nd Quarterly) and paper (4).
3.1.2 More Rigorous Mass-Transport-Kinetic Model

Fig. 2 shows the more rigorous mass-transport-kinetic model of the
propagating SCC and definitions of some of the terms. There is a
uniform, small-angle crack with angle, vy, propagating at a velocity, V,
through the material. A moving set of coordinates was chbsen with the
zero at the geometric apex of the crack. This system has the advantage
that the wedge of electrolyte can be considered to be in plug flow moving
with the apex at a velocity, V, and a quasi-steady-state approximation
can be méde. The convection term in the mass-transport equations can
also be neglected.

The lower boundary of the mass~—transport model is Gp, where the
two double layers on the walls intersect. From 8P to 6 there is
a zone in which the first monolayer of oxide is formed on the walls.

At 8§ the oxide coverage, 0, is equal to unity. From & to £ multi-
layers of oxide are formed. The length £ is defined as that distance
at which appreciable current begins to flow in from the sides of the
crack rather than axially down the crack. The length £ was considered

to be about 1/10 the thickness of the specimen. At point y from the
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geometric apex there is a surface current density for oxidation, jS s
and a nondimensionalized potential in the electrolyte, ¢ . The
potential was nondimensionalized with %E' and referenced to the potential
at 8P . There is a concentration in the electrolyte, C, and a current
density in the cross section of the crack, i, which is related to the
fluxes of the various ions, N. In this one-dimensional model, no
gradients were considered across the width of the crack.

There is one equation for jS in the distance 6P to & where bare
metal is oxidized and another equation for jS in the region § to £
where multilayers of oxide are forming. The boundary conditions at
6P are ¢ =0 and 1P equals the tip current; and at y = §
9 is unity. The problem is solved by the Runge-Cutta-Gill numerical
integration procedure implemented on a digital computer, iterating
until the concentration at £ converges to the bulk concentration.
Calculations give the concentration at the tip and the potential and
current density at £ .

The system of equations used in the model is given in Table I.
It is beyond the scope of this paper to explain all of the equations
(the model is described fully in Reference 4 to be published), but a few
comments are required. It is assumed that the only wall reactions are
oxidation of titanium by water and hydrogen ion reduction. Therefore
the alkali metal cation from the bulk solution is not reacted and its
current is zero at all positions in the crack. The halide was assumed
to be not involved in the wall reactions but may be involved at the crack

tip so its current is zero or a constant. The hydrogen ion current varies

with position and depends on the rates of the wall reactions.
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Table I: System of Equations used in Mass-Transport-

Kinetic Model

dc
{ons : = -p —F _ de _
Flux Equations: N+ D+ & z+D+C+ &y = 0
dc
- D —= _ de
N_ = ~D_ &y z D C_ dy
dc
N : de
Ng = Dy 3y~ 2P Gy
Electroneutrality: }Ez cC=20
Relation of current
density and fluxes: is= F}Ez N
Relation of total current
to current density: I =1ivyy
Mass Balance: dl =y (i dy + y di) = 2 j dy
Kinetic Equatioms:
i=3,- iy
. B(2-¢ -X)
@8<y<y, i = 3, exp e
K fy
Vgpligdy
ig=0

P~ z . = 4 - n —- 4
@s?<y<s, ig 1m(1 8) exp {2 (¢ Qe)} + I, 0 exp

iy = iy (i-8) exp {§(®-®H)}

Equation 8

Equation 9

Equation 10

Equation 11

Equation 12

Equation 13

Equation 14

Equation 15
{B(@—%—X)\

t

Equation 16



12

Table I (continued)

Definition of Surface

1
Overpotential, X: j_ = io 2 sinh {%- x}

£ £ L f
Definition o : 0 = ——— ]

° QY i, 4y
sP

Equation 17

Equation 18
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Values of the parameters used in the solution are given in Table II.
All of the parameters except vy, §?  and £ came from sources in-
dependent of the SCC experiments. The diffusivities are approximate values.
The angle vy is the approximate value observed on the surface
of specimens with propagating cracks. The exchange current densities
are order of magnitude values estimated from the electrochemical
kinetics experiments (3, 2nd Quarterly). The value of B in the high-
field conduction equation came from Johansen et.al., (5). The wvalue of
K was calculated from the density of bulk rutile. The reversible poten-
tials for oxidation and hydrogen ion reduction were from Latimer (6),
converted to the SCE scale, and nondimensionalized. The charge dénsity
of a monolayer of oxide is based on one oxide ion per titanium atom in
the basal plane (1). The valué of &P is based on the minimum double
layer thickness of 2.5 2 on each wall and the angle of 0.05 radians.
The value of £ is 1/10 of a unit thickness specimen.

The first calculations were made before the kinetic data for
hydrogen ion reduction on bare metal were available and iH was
assumed zero. The potential of the tip was assumed to be -900 mv or
35 in dimensionless form. (This is the zero potential in the calcula-
tions.) The tip current, being unknown, was assumed to Ee zero. A
typical velocity of 10”'2 em/sec was chosen for the initial calculation.
The experimental values of current and potential (1) for thisvvelocity
are respectively about 200 uA/cm and -400 mv or ~20 in dimensionless

form referenced to the tip potential.
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Table II: Values of Parameters used in Mass Transport - Kinetic Model

D+ = 1 x 10_5 cmz/sec
D_ = 1x 10_5 cm2/sec
DH = 6 x 10-—5 cmz/sec
z+ = 41
z_ = =~]1
Zy = 41
Y = 0.05 radians (3 degrees)
. -8 2
iy = 2 x 10 ~ amp/cm~ (or zero)
im = 2 x lO—3 amp/cm2
io = 2 x 10_3 am.p/cm2
i, = 10_12 to 10—6 amp/cm2
n = =1
n' = 1
- -6 _F
B = (6 x 10 cm/volt)/ RT
K = 4,85 x 10—5 cm3/cou1
e, = 40 (dimensionless potential)
oy = 7 (dimensionless potential)
-6 2
Qo = 425 x 107° coul/cm
P = 10% cm
-1

L = 10 cm
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Of the kinetic parameters used in the calculations, jo had the

12 6

dominant effect and the lower and upper bound levels of 10 ~° and 10
amps/cm2 from Fig. 1 were used. As shown in Table III, a 10_6 fold
variation of j0 only gives a 4-fold change in the current and about a
2-fold change in the potential. The reason for this is that the higher
the value of jo the faster a resistive oxide layer is built up thus
limiting the current. Also the faster the oxide layer is formed,

the greater the rate of generation of hydrogen ion and the higher the
conductivity of the electrolyte and therefore, the smaller the potential
change. Calculated currents approach the same order of magnitude as
obtained by experiment, but the potential is at least 20 fold too low.
The reason for this is that the hydrogen ion carries most of the current
in the model and hydrogen ion concentration increases continually toward
the tip when there is no hydrogen ion discharge. On the first iteratiom
of the calculations using constant bulk solution conductivity the com-
puter solution gave about the same potential as the experiments, but when
the concentration was allowed to build up and hydrogen ion carried the
current, the potential was too low.

At this point it became apparent that a lower conductivity must be
obtained in the crack in order to obtain potentials compatible with
experimental results. The only way that this could be accomplished in
the model was to have some process which would make the concentration

decrease. The only feasible way to accomplish this appeared to be to have
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Table III: Initial Results

For V=10_2 cm/sec;

(iH =0 and IP=0 in calc)

Jo I° - pA/em  @°

Exp. — 200 -20

calc.. 10712 30 -0.5

10~ 120 -1.0
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a mass—transport limiting current density at 6P such that the concen-
tration at 6° would approach a very low level. By trail and error it
was found that a tip current of 7.2 amp/cm was close to the value of
the limiting current, as it gave a concentration of halide ion at &
about one-thousandth that of the bulk solution. Results are shown in
Table IV and plots of flux, potential and concentration versus position
in the crack are shown in Fig. 3. The potential is approaching the
right order of magnitude and can be increased further by approaching

sP

the limiting more closely thus giving a lower concentration at
There are several important implications of this requirement

for a limiting current:

1. The halide ion tip current either goes to charge the electrical
double layer or to an electrochemical reaction consuming halide
ions within the tip zone (i.e., @y <sPy,

2. The rate of hydrogen ion discharge within the tip zone must be
small because if the hydrogen ion current were of comparable value
to the halide ion current there would be no potential grédient.

This would appear to exclude the hydride mechanism.

3. The limiting tip current corresponds to the order of magnitude for
one monolaye: adsorbed halide ions or of titanium dibhalide, the
thermodynamically stable form at the tip potential. The tip current
can be defined as:

P = 2nQXV. Equation 19
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Table IV: Results with Inclusion of Hydrogen Ion Discharge

Mechanism and Limiting Tip Current

Conditions:

vV = 10_2 cm/sec

2 x 10—8 amp/cm2

iH=
i, = 10_8 amp/cm2
Results:
I° = 270 pA/cem
1P = 7.2 uA/em
° = ~4.6
1073

lO
I
i
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LOG y (cm)

FIG. 3 Calculated Current Density, Potential and
Concentration as a Function of Position in
a Propagating Stress Corrosion Crack
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For 1P = 7.2 uwAmp/cm, QX = 425 uAmp/cm2 (for dihalide) and V =

1072

cm/sec; n = 0.85 of a monolayer.

3.1.3 Experimental Tests of Model

(a)

Time Constant

The mass—transport-kinetic model predicts that the potential
gradient in the crack can be accounted for by concentration
polarization. Potential transients on open circuits were
measured to test this prediction. Epoxy coated specimens

were used in order to limit the electrochemical reactions
to‘the new surface formed in the crack. A crack was propagated
at =500 MV in 0.6 M KI solution, the current open circuited

and the potential recorded as a function of time, as shown in
Figure 4. The time required to reach the new steady-state
potential recorded as a function of time, is shown in Figure 4.
The time required to reach the new steady-state potential at
open circuit was about 20 seconds. It was not clear from the
strip~chart record if there was any appreciable IR contribution
to the initial potential so a Polaroid photograph was taken of
a 500 millisec oscilloscope trace. The potential decay data,
plotted against a logorithmic time scale in Fig. 5 indicates

essentially no IR component. (In contrast, the relatively large
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IR component disappeared in less than 10-_8 sec in the pitting
corrosion experiments previously report (3, 1lst Quarterly, Fig.
13).

The time to reach the steady-state open-circuit SCC
potential was on the order of 1 to 10 seconds for a number of
experiments. The transition time for a diffusional process

can be approximated by:

22
T = < Equation 20

This equation can be used to estimate the diffusion distance £.
Assuming a diffusivity of 107> cm2/sec gives £ = 3 x 1073 to
10_2 cm for the above transition times. This diffusion distance
is consistent with 1/10 of a 0.12 cm thick specimen considered
earlier as the position where current and solution enter the
sides of the crack. Unfortunately decay of concentration
overpotention and decay of activation overpotential both have
the same type of relation to log time (see, for example 7), so
further analysis will be necessary to definitively state that
the experimentally observed potentials are concentration over-
potential. However, the low activation energy for SCC velocity

indicates a mass transport limiting process rather than a kinetic

process (1).
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(b) Open Circuit SCC Potential

During the potential decay experiments it was observed that

the potential always decayed to about -800 mv. Fig. 6 shows
the initial current and the open-circuit potential asymptote
for a series of experiments conducted in 0.6M KCl solution with
initial potentials in the range of -900 mv to O mv. The
current was linear with potential as observed earlier (1, Fig. 22),
with an intercept near -800 mv. A cathodic current and an
applied potential more negative than -900 mv was required to
stop crack propagation. The open-circuit asymptote was mnear
-800 mv regardless of whether the initial potential was
positive or negative in respect to this value. The open~-
circuit potential for SCC crack propagation was nearly the

same in chloride, bromide and iodide solution, however, its
value changed with SCC velocity.

The steady-state potential of about -800 mv during open
circuit crack propagation is consistent with a mixed potential
for titanium oxidation and hydrogen ion reduction in 0.1 to 1
normal acid (3, 3rd Quarterly, Fig. 10). If the mixed potential
existed throughout the length of the crack there would be mno
current and potential gradient down the crack and no net
hydrogen ion reduction. Further, the net anodic current of
halide ions to the crack tip would have to be balanced by

a reduction of hydrogen ions, which would cause the solution
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to go alkaline. An alkaline solution Would be inconsistent
with a mixed potential of ~800 mv for oxide formation and
hydrogen ion reduction on open circuit SCC propagation.

Two possible solutions to this dilemma are: the mixed
potential is due to titanium halide formation and hydrogen
ion reduction; or hydrolysis of the initially formed titanium
halide occurs with the generation of hydrogen ion which is
reduced at another position in the crack. The first mechanism
does not appear to be reasonable because it would require the
formation of halide in preference to oxide in alkaline solution.
At -800 mv in alkaline solution there would be a large driving
force to form oxide and it is highly unlikely that multi-
layers of halide would form in preference to oxide which forms
rapidly on newly exposed metal. The potential observed during
open circuit SCC propagation is ome bit of evidencé pointing
to hydrolysis of titanium halide occurring in the crack. A
simplified model for the hydrolysis mechanism and other evidence
will be introduced in section 3.1.4. |

Extended Range of Potential

The mass-transport-kinetic model does not contain an explicit
relation of velocity to applied potential. The potential applied
at the mouth of the crack can only influence velocity in the

model through its effect on concentration near the crack tip.
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Thus, applied potentials more positive or anodic to the open
circuit potential increase oxidation relative to hydrogen ion
reduction, resulting in a net generation of hydrogen ions.
The potential gradient is also in the direction to bring
halide toward the crack tip by migration so that the concen-
tration is greater than for pure diffusion and the gradient
is steeper near the tip as shown in Fig. 3. At applied
potentials more negative than the open circuit mixed potential
there would be a net reduction of hydrogen ions and migration
of halide ion would be reversed, resulting in a reduced halide
ion concentration in the crack and a smaller gradient near the
tip. At a sufficiently negative potential, the halide con-
centration would be reduced to a low level compared to
hydroxyl ion concentration and the crack would stop (1). The
experimental data already presented are qualitatively in
agreement with this model. Quantitatively, however, as will
be described later, it appears neéessary to also introduce
titanium halide hydrolysis into the model to explain the wide
range of velocity with potential.

If the velocity is determined by halide concentration
near the crack tip there must be an upper limit to the concentra-
tion and the velocity in respect to potential. Prior experi-

ments, at potentials below +1000mv, had indicated no such limit
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to the velocity. It was decided to extend the range of
applied potentials to determine if there is an upper limit.
Results are shown in Fig. 7 for 0.6 M chloride and iodide
solutions. The éxperiments were conducted with epoxy coated
specimens in order to minimize surface reactions. (Mill
annealed specimens of sheet 2208, with chemical analysis
shown in Table VI, were used.) A limiting velocity was
observed that occurred at about +1000 mv in chloride and
iodide. The decrease in velocity at potentials higher

than 41000 mv in dodide may have been due to removal of iodide
by oxidation to iodine as it was observed that the solution
turned brown near the crack. At potentials lower than +1000
mv the velocities were somewhat higher for this mill annealed
sheet at about 1/3 the fracture load than for duplex annealed
sheet previously reported (1, Fig. 21). This is consistent
with the heat treatment effect previously report (3, 3rd
Quarterly)

‘The strength in chloride and iodide solutions appeared to
be equivalent at potentials more negative than -500 mv. The
strength in iodide solution was independent of potentials
more positive than -500 mv. The strength in chloride solution

increased at potentials more positive than -500 mv but complete
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anodic protection did not occur with this mill-annealed
sheet. A plateau in strength about 507 above the minimum at
-500 mv but considerably below the air value was observed.
There appeared to be some perterbations in strength from the
plateau level at +1000 to +2000 mv but not enough experiments
were made to determine if this is a real effect. Pitting
corrosion was observed to start on the new fracture faces at
+2000 nv.

An interesting effect was observed in respect to rolling
direction on sheet 2208. Most of the specimens from this
sheet were cut transverse to the rolling direction so that
the crack propagated longitudinal to the rolling direction
(designated 2208L). The cracks propagated in a direction at
an angle to the usual course, normal to the tensile directionm.
Specimens cut in the longitudinal direction, with crack trans-
verse to the rolling direction, appeared to be more notch
sensitive as indicated by the lower fracture load in air, and
the crack propagated at a higher velocity and in this case,
normal to the tensile direction. The direction of crack
propagation is opposite to the observations on duplex annealed

sheets 2433 and 2533 (3, 3rd Quarterly).
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3.1.4 Simple Hydrolysis Model

In this section a simple mass transport model including hydrolysis
of titanium halide is described. Some striking similarities are observed
between this model and the previously described model for pitting corrosion
(3, 1st Quarterly) as well as between the data for the two processes.

It is instructive to first calculate velocity for the limiting
case of a mass-transport—controlled velocity with no hydrolysis or wall
reactions. This case is represented by the dashed line in the concen-
tration plot in Fig. 3. It can be readily shown that for a small, constant-
angle crack in a unit thickness specimen and for constant diffusivity the
equation for this condition is:

c® =L n (£/6P> Equation 21
z_ D_y

The tip current can be related to velocity by equation 19:

I_ = 2n QXV

Eliminating I_ gives:

z_FD_ yCO
2n Q Kﬁ(£/6p> Equation 22

Equation 22 is plotted in Figure 8 and compared to a collection
of experimental velocity versus concentration data. The constants
used in Equation 22 are given in Table v, The data were taken on
three different sheets, at three potentials and with NaCl and HC1
electrolytes. Both initial and average velocities are included as

sometimes one was more convenient than the other to measure. The data
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Table V

Constants used in Equations 22 and 23 for Plots in Fig. 8

z_ = 1 equiv/mole
F = 96500 coul/equiv
D = 1x 10_5cm2/sec
y = 0.05
n = 1
Q, = 425 XZUTﬁ- coul/cm2
£ = 1071 e
5P = 10_6 cm
ve = 10--3 cm/sec
V=25.0C_"° cm/sec Equation 22a

. 3
where C ° is in mole/cm

2

C°=1.18x 1072V &n (V x 10%) Equation 23a
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are somewhat scattered as expected but nevertheless show significant
trends. The wvelocity is not linearly related to concentration as
predicted from Equation 22, but varies approximately as the 0.27 power
over about four decades of concentration. At low concentration, the
velocity does not approach zero, but becomes asymptotic to the velocity
observed in distilled water.

If it is accepted that a halide mechanism occurs at the crack tip
to cause crack propagation, it is mandatory that the halide ion is
conserved within the crack in distilled water because there is no
significant source. In other words, hydrolysis of titanium halide or
displacement of adsorbed halide ions must occur.

Chloride ion can be gathered from the content in the metal as new
metal surface is exposed, but this amount is insufficient to cause
cracking unless it is allowed to accumulate in the electrolyte in the
tip zone. For example, to accumulate a monolayer on both walls of the
tip zone of 10_6 cm length would require exposing about 10“l cm length of
new surface if there were ten parts per million atomic of chloride in the
metal and chloride were removed only from the surface layer (Appendix B).

Inclusion of titanium halide hydrolysis in the rigorous mass-trans-
port-kinetic model entailed considerable additional complexity and required
hydrolysis rate constants with unknown value. Tt was therefore decided
to test the hydrolysis concept in a much simplified model before altering
the more rigorous model. The derivation for the simple hydrolysis model
is given in Appendix C, but the basic assumptions and solution are
outlined here.

The hydrolysis model is illustrated in Fig. 9. The following assumptions

were made:
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( Hydrolysis Occurs and Goes to Completion at & h )

FIG. 9 Hydrolysis Model
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A small, constant-angle crack propagates at a velocity V through a
unit-thickness specimen.

The environment is a hydrogen halide solution, i.e., only ot and
X~ ions are present and their diffusivities are constant.

The reaction at the tip is: Ti + 2X =~ Tin + 2¢ with a current
I=2n va°

The TiX2 remains adsorbed on the surface to the position, 6h

where hydrolysis occurs and goes to completion:
TiX, + 2H,0 > Ti0, + 2X + sat + 2e

No further oxidation of titanium or hydrogen ion reduction occur in the
crack. Therefore, from Gh to &P there is a constant current of
halide ions, I_ = 2n QXV and from Gh to £ there is a constant
current of hydrogen ions, IH = 4n va' This last assumption is
probably the weakest link but it is justified on the basis that it
makes a simple analysis possible (continued oxidation with formation

of multilayers of oxide generates considerable more H+.)

A constant time for hydrolysis is assumed such that

where the superscript s refers to the condition in pure water where
. 0 . . .
the bulk concentration C = 0. Using these assumptions and solving

the mass-transport equation gives:

Dy

2n(1 + 2D)Q
c®= Xy, L E ion 23
- F v DH nys quation

It turned out that this relationship of velocity to concentration is

independent of the values of &° and £ chosen.
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Equation 23 is plotted in Fig. 8 using the constants shown in
Table V. Equation 23 appears to have the right form as compared to the
experimental data but it gives velocities too high in concentrated solutions.
The fit is close enough, however, to warrant adding the hydrolysis step
to the more rigorous mass-transport-kinetic model. This work is in pro-

gress and will be reported at a later date.

Non-dimensionalized concentration gradients for the simple hydrolysis
model and the mass—transport-kinetic quel (from Fig. 3) are compared in
Fig. 10. The calculations were based on a 0.6 molar bulk solution in each
case. The oxidation of titanium to TiO2 near 6 is seen to contribute
significantly to the slope near 6% so that the simplifying’assumptions
of no reaction in the zome from &F to 5h in the simple hydrolysis model
was not justified. The experimental dependence of velocity on potential

is assumed to occur through the effect of potential on the oxidation reaction

rate and therefore the concentration.

Non-dimensionalized concentration gradients for the simple hydrolysis
model are plotted in Fig. 11 with bulk concentration as a parameter. The
lower the bulk concentration, the greater the fatio of the slope from P
to Gh to the Nernst diffusion slope. This is the reason for the increasing

ratio of velocities computed from equations 23 and 22 respectively at low

concentrations in Fig. 8.

A striking similarity is seen between the concentration profiles in
Fig. 11 and the calculated concentration profiles for the pitting corrosion
model (3, 1lst Quarterly, Fig. 16). Other than the logarithmic distance

scale which results from the wedge shape geometry and the angular shape
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which results from complete hydrolysis at a point rather than distributed
reaction, the curves show similar trends. Perhaps it is fortuitous but
the experimental SCC velocity varied with the 0.27 power of the concen-
tration (Fig. 8) and the pitting corrosion current density appeared to
vary with the 0.27 power of the concentration (3, lst Quarterly, Fig. 10).

Although there are some similarities between the electrochemistry
of SCC and pitting corrosion, there are also some significant differences.
One of these is the difference in observed potentials for the two
processes as shown in Fig. 12 (redrawn from Fig. 5 and 3, lst Quarterly,
Fig. 13).

In the pitting mechanism the hydrolysis must occur in solution. The
lower valent halides are soluble, relatively completely ionized, and not
readily hydrolyzed. The tetrahalides are relatively non-ionized and
readily hydrolyze to form an insoluble oxide species. Therefore, in order
to obtain the hydrolysis necessary to develop high halide concentrations
in the boundary layer, the tetrahalides must be formed.

The reversible potentials for various titanium halide reactions are
shown in Fig. 13. It is seen that a potential of -760 mv is required
to obtain titanium tetrabromide, but higher potentials may be required
to obtain some of the intermediates. Therefore, a high overpotential
for the tribromide may be required to obtain the hydrolyzable tetrabromide.
This may explain the threshold potential and current demsity for pitting
corrosion (3, 1lst Quarterly, Fig. 9). The higher threshold potential and
current density for the chloride enviromment (3, lst Quarterly, Fig. 12)
qualitatively is consistent with the higher overpotential required for the

corresponding trichloride to tetrachloride step as indicated in Fig. 13.
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Further transient studies on the pitting reaction in chloride bromide

and iodide solutions will be made to test this hypotheses. Unfortunately,
at the time the pitting transient studies were made, the oscilloscope

had an intermittent shift in calibration of about 300 mv and it is not
known whether the minimum potential (3, 1st Quarterly, Fig. 13) is at

-100 mv or -400 mv. (The minimum in Fig. 12 was drawn between these

two levels.)

In the SCC mechanism, the hydrolysis must occur on the walls of the
crack. The hydrolyzable tetrachloride would not form at an applied
potential of less than -630 mv and the tetrabromide at less than -760 mv.
If the dihalide or trihalides were to go into solution they would ionize
and titanium ions would conduct current from the tip zone. With complete
ionization, there would be no flux of halide ions required. The concen~
tration of titanium halide in solution would increase toward the crack
tip and the high concentration polorization could not be obtained with
the mass-transport-kinetic model.

Further, if hydrolysis of titanium haldies occurred in solution,
there should be a considerable difference in velocity with the different
halides as observed in pitting corrosion. The SCC velocity, as a function
of potential, appears to be relatively independent of whether the
environment has chloride, brémide or iodide ions, again pointing to a wall
reaction.

It is not certain, however, that a true compound is formed as the
halide ion may be absorbed, with the tip current of hélide ions being the

double~layer charging current. The regeneration of halide jons in solution
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would be by a displacement by oxide rather than a hydrolysis in this
case. The rate of displacement by oxide could be less sensitive to
the particular halide ion than the rate of surface hydrolysis of the
dihalide. The mass—transport-kinetic model gives a value of 0.85 for
n in Equation 19, The dihalide would give a value of 1 and halide ions
adsorbed one-to-one on the surface titanium atoms would give a value
of 0.5 for the value of Qk - 425 uAmp/cm2 used. A more careful analysis
will be required to distinquish between dihalide and absorbed halide.
The large difference in IR drop between pitting corrosion and stress
corrosion cracking should be examined. The pitting corrosion threshold
current density is about one amp/cm2 in 0.6M bromide and 20 amp/ cm2 in
0.6M chloride at room temperature. The current density corresponding to
the initial potential of 1200 mv in Fig., 12 is 2 amp/cmz. The actual
current density may be considerably larger than this if all of the
apparéntly active surface is not all corroding simultaneously, i.e.,
there is a dynamic competition between formation of tetrahalide and
formation of oxide. During SCC at -500 mv the anodic current is about
20 wuamps for a 0.12 cm thick duplex annealed specimen (Fig. 6).
Assuming an angle of 0.05 radians, the current density at £ = 0.01 cm,

where it is assumed that current flows in from the sides of the crack, is:

i= 20 x 0_6 = 0.3 am.p/cm2
(0.12) (0.05) (0.01) '

The current flow lines rapidly diverge upon leaving the crack so the

average current demsity contributing to the IR drop is smaller than this



45

value. A ratio of IR drops considerably greater than 10 would be
expected for the two experiments illustrated in Fig. 12. The actual
ratio must be more like 100. A 0.013 cm 0.D., 0.004 cm. I.D. Luggin
capillary tip was used to detect IR drop in the solution adjacent

to the side of a specimen near the tip of a propagating crack at -500 mv.
The maximum IR drop detected was 15 mv. This is smaller than the

estimated error in the oscilloscope transient shown in Fig. 5.
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3.2 Metallurgical and Mechanical Effects

3.2.1 Experimental

(a)

(b)

(c)

Alloys

Tests were performed on several 0.060" sheets and on 0.5"
plate of Ti:8-1-1. A series of titanium aluminum alloys
was also tested, the compositions of which are listed in
Table VI.

Specimens

The notched tensile specimens produced from the 0.060"
Ti:8~1-1 and the Ti-Al alloys have been described (1, 3).
A small number of notched precracked specimens of the
0.500" Ti:8-1-1 plate were tested in four point bending.
The specimen configuration and dimensions for the bend test
are described elsewhere (8).

Testing

The general testing procedure has been described previously
(1, 3). Most specimens were loaded using a slow crosshead
speed (0.005 cms/min.) until the first indication of
cracking, which was usually the development of an anodic
current. After initiation, three methods of loading were
employed; the crosshead motion was continued, stopped or
reversed. In order to investigate the influence of higher
initial loads, specimens were cathodically protected and
on attainment of the required load, the potential was

switched to the test potential. From such tests values of
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TABLE VI

Alloy Compositions (by weight)

(a) Ti:Al
Designation Al 0 N H C
Ti:6bwtZAl 6.11 0.110 0.013 0.004 0.016
Ti:8wtZAl 8.04 0.105 0.012 0.004 0.020
Ti:8.65wtZAl 8.62 0.100 0.006 0.0015 0.013
Ti:10wtZAl 10.28 ‘1 0.100 0.018 0.006 0.018
(b) Ti:8-1-1
Designation Al Mo v 0 N H C
0.060" Sht# 2283 7.8 1.04 | 1.0 {0.075 | 0.0012 {0.003 10.040
2194 7.6 1.05 § 0.9810.109 {0.008 {0.004 |0.040
2208 7.8 1.0 1.0 [0.090 10,015 [0.003 (0.023
2279 7.7 1.1 1.1 10.090 }0.009 10.004 10.025
0.500"plate 7.8 | 1.0 | 1.0./0.080 | 0.010 ]0.009 |0.010
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the initiation load (which can be converted to net area
stress or stress intensity factor) and velocity of cracking
were obtained. Also the stress intensity during a £est can
be computed’from the record of the crack length and load.
The variation of susceptibility to SCC with potenfial has
been described (1, 3), the majority of the results presented
here were conducted in 0.6M KCl at a potential of ~500mV or
in 0.6M KI at various potentials.

Crack Propagation Veloecity

Velocity was measured by the dbservation of the movement of
a crack past lines on the specimen surface. A typical
distance~time plot for a static crosshead test is shown in
Figure 14 from which it is seen that three velocities can
be defined, Vl’ Vz; and V.

Analysis of Data

The load - crack length data from these tests were analyzed
using linear elastic mechanics; calculation of the stress
intensity factor, K, was performed using the equations given
by Srawley and Brown (9). However, it was found that the
conditions for plane strain fracture were usually violated
during crack propagation in tests on the 0.060" sheet. Thus
some of the SCC crack propagation occurs under mixed plane
strain and plane stress conditions. Direct comparison of
fracture and velocity data for different conditions is

complicated by this change in fracture mode.
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Heat Treatment

Heat treatments were performed in argon atmosphere or
vacuum furnaces; where necessary, specimens were water

quenched. In order to produce a dispersion of the «,-phase

2
in the a-phase some specimens were step cooled from 800°C.

Other specimens were isothermally aged at 600 & 500° C.

Reproducibility of Data

One of the most puzzling features of this work has been
the irreproducibility of data from sheet to sheet (there
are of course minor inconsistencies in the results from
one sheet). Some of the variability can be traced to
differences in heat treatment, grain size, distributiqn of
phases and preferred orientation but it appears that other
more nebulous factors are present. We can only suggest
that some processing factor or impurity elements contribute

in some way.

3.2.2 Results

(a)

Phase Structure

The phase structure of the Ti-Al alloys (10), Ti:8-1-1

(11, 12) and other commercial alloys (13), have been
described in a series of papers. We shall show below that
only the hexagonal o~phases in these alloys are considered
susceptible to SCC and thus the other phases, e.g., B-phase
and o' martensite will not be discussed here. The

martensitic transformation B~o'' - martensite, which has a



(b)
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hexagonal structure, is probably more relevant and it will
be shown that there are differences in susceptibility for
this phase in the Ti-Al alloys and in the commercial alloys.
However, the morphology of the phase and its internal
structure are similar in the Ti:8A1 and Ti:8-1-1 alloys. 1In

both Ti:8Al1 and Ti:8-1-1, low temperature aging produces a

" dispersion of the az(Ti3Al) phase in the a-phase. The

morphology and distribution of the a,-phase in the o~phase

2
in step-cooled specimen is shown in Figure 15. One other
aspect of transformation behavior relevant to SCC suscepti-
bility in these alloys is the formation of the w-phase in

the B-phase on low temperature aging. It has been shown that
the hexagonal w-phase is formed in the B-phase of Ti:8-1-1
on low temperature (260°C)aging (13). A subsequent section
will show that the presence of this phase makes the alloy

more susceptible.

Mechanical Properties and Dislocation Arrangements

Aluminum additions to titanium increases the modulus and yield
strength and decreases ductility (14, 15). The yield

stress - composition curve tends to be concave upwards and
Figure 16 shows such a relationship. However, interstitial
solute elements probably have the predominant effect on

yield stress and it appears that the effect of aluminum is
additive to the interstitial content in determining the

absolute strength of an alloy. Thus, the yield stress -
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FIG. 15

o, particles in step cooled Ti:8.65 wt% Al,
s%owing two particle sizes.

Dark field, g = (1120)0,, [0001]a Zone Wormal

2’
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composition curve is always concave upwards but the position
of this curve on the stress axis is largely determined by
interstitial content.

Yield strengths of the Ti:8.65 wtZ Al alloy have been
determined as a function of heat treatment and these results
are plotted in Figure 17. Although at present insufficient
data is available to determine the grain size dependénce of
the mechanical properties in this alloy, several coarse
grained specimens have been tested, 1In all cases, these
specimens fractured by cleavage without macroscopic yiélding.

Dislocation arrangements have been studied in deformed
impure Ti, Ti-Al alloys and Ti:8-1-~1 and the more important
observations are summarized below:

(1) The dislocation arrangements vary from cellular arrays
in unalloyed, low oxygen titanium to coplanar arrays
in the Ti:8.65 wt % Al alloy as shown in Figures 18
(a) and (b). The transition from cellular to coplanar
arrays occurs at an aluminum content of ~5 wt Z Al.

(ii) Evidence for {1122} slip has been found in alloys con-
taining O, 4, 5, 6 and 8 wt %Z Al, but the extent of
such slip appears to decrease with increasing
concentration. The Burger's vector for this'type of
slip has not been determined, but it has been shown
that it is not <1010>. Examples of such dislocations

are shown in Figure 19,
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FIG. 18

Dislocation arrangements after ~ 3% deformation

‘ (a) Extensive tangling in commercially pure titanium
( 1500 ppm oxygen)
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Dislocation arrangements after ~3% deformation

18

FIG.

8.65 wtZ Al

3
.

Coplanar arrays in quenched Ti

(b)
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FIG. 19 {1122} slip in commercially pure titanium
( 1500 ppm oxygen). [1120]a Zone
Normal, § = (OOOZ)a
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Some dislocation tangling occurs in all alloys at
higher straims, but the strain required to produce

tangling increases with increasing Al content.

Several additional observations specific to alloys which

exhibit coplanar slip, i.e.>5 wt Z Al, can also be listed.

1)

(i1)

(iii)’

(iv)

)

The thickness of the slip bands decreases with
increasing aluminum content. The extent of b;sal
slip at low strains decreases with increasing
aluminum content, resulting in slip predominantely

on prism and pyramidal planes (especially at yield).
Intersection of two prism slip bands often results in
blockage of one of the bands. 1In addition, contrast
experiments show that when interpenetration of the
slip bands occurs, the dislocation reaction

a

a .5 a 3 ==
3 [1210] + 3 [2110]~ 3 [1120]

seldom occurs.

Cross slip is infrequently observed.

In the Ti:8.65 wt % Al alloy, dislocation pairs are
frequently observed in the quenched (disordered)
condition and are always presented in the ordered
condition as shown in Figure 20,

Shearing of ordered (TiBAl) domains during deformation
has been observed in Ti:8.65 Al alloy; an example of

which is shown in Figure 21,



60

FIG. 20 Dislocation pairs in deformed Ti:8% Al aged at 500°¢
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FIG. 21 a, particles in step-cooled Ti:8.65 wt% Al which
have been sheared during deformation. Dark field, g
= [lOll]aZ’ [1120]u Zone Normal
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Dislocation arrangements have also been studied in
deformed commercially pure titanium containing high (0.38 wt %)
oxygen. This material also exhibits a marked tendency toward
coplanar slip as shown in Figure 22. The slip bands in this
material are comparable in thickness to those found in a
6 wt % Al alloy.

() Fracture

The fracture surface of a SCC specimen is generally
characterized by several macroscopically distinguishable
zones as shown in Figure 23. The zone resulting from
crack propagation by SCC is marked 'B' while the zone

marked 'C' corresponds to rapid fracture after K c has been

I
reached.

In the type of tests reported here, we can vary the
relative extent of these zones by varying the crosshead
speed and its direction of motion after slow crack growth
(SCC) begins.

Electron fractography has been used to study the
fracture mode associated with SCC and several observations
can be listed.

(i) The occurrence of cleavage fracture characterizes
SCC in all susceptible alloys as shown in Figure 24.

(ii) Regions of ductile fracture are observed in the
Ti:8-1-1 alloy. It has been shown that ductile

rupture of beta or martensitically transformed beta

regions result in such regions and that the alpha
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Dislocation Arrangements in Deformed, High Oxygen
Commercially Pure Titanium ( 3800 ppm oxygen)

Showing Tendency Toward Coplanar Slip. [1123]a
Zone Normal



FIG. 23

64

1
i

i
i
)
1
1

Fracture surface of 0.500" thick notch bend SCC
specimen showing fatigue precrack (A), stress

corrosion crack growth (B) and rapid fracture (C).
Approx. 4x magnification
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FIG. 24 Electron Fractograph from SCC Zone of a Ti:8-1-1
Specimen Showing Cleavage of Alpha Phase
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phase fails by cleavage.

(iii) The fracture mode of the alpha phase usually changes
from cleavage in the SCC zone to ductile rupture in
the rapid fracture zone.

(iV) As K tends to KIC the areal per cent of cleavage
decreases although the transition zone is usually
relatively narrow.

The crack path has also been observed optically on
electropolished specimens of Ti:Al and Ti:8-1-1 alloys. As
seen in Figure 25, the crack is branched and follows an
irregular path. Movies taken of the propagation of the
surface crack in Ti:8 7 Al indicated that propagation
occurs discontinuously. However, the branched nature of
the crack and the continuity of the current-time plots
indicate that cracking is continuous but the macroscopic
crack front advances discontinuously.

The cleavage plane has been determined using standard
back reflection x-ray techniques in coarse grained specimens
of the Ti:8 7 Al alloy fractured in air and by SCC. In both
cases, the cleavage plane can be described by a 12-14°
rotation from the basal plane about [1210] and thus is of
the type {1017} or {1018}. The physical significance of

this plane is not clear at present.
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SCC Crack Profile in Ti:8.65 wt% Al Showing Extensive
Branching of the Crack and Limited Extent of Plastic
Deformation Which Accompanies Cracking.

Magnification: 9 X
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Effect of Heat Treatment

1.

Fracture Initiation in Ti:8-1-1:

The effect of heat treatment on susceptibility to SCC has

been studied in a 0.060" sheet of Ti:8-1-1. Specimens were

quenched from a series of solution treatment temperatures

and tests performed in air and in 0.6M KCI at -500 V. The

results were plotted in Figure 26. However, before

analyzing these results several points must be made.

(1)

(i1)

(iii)

The tests were performed on equiaxed specimens,

excluding the transformed structures.

It should be emphasized that the comparisons are
relative as changes in heat treatment produce changes

in the fracture mode. Thus, specimens tested in air
failed under plane stress and some of the specimens
tested in KC1 failed under plane strain conditions.
Larger specimens are required for an absolute comparison.
(Such specimens, however, have the drawback that
different cooling rates are produced at the surface and -
mid section, leading to differences in structure through
the thickness.)

Recent work at NRL has shown that the environment of heat
treatment produces changes in susceptibility (16). We
have encountered an apparently similar effect in this
study. Crack initiation in air in specimens heat

treated at 500 to 600°C were found to be dependent’ upon



69

A YT:OW %T:TV %8:TII I03J sanjeisdwol
UOTINTOS YITM PEOT 3anIdeaJ JO UOTIBTIBA €877 I99US 97 "91d

(Do) HUNILVEIIdWHL NOLLATOS

0011 0001 006 008 00L 009 00¢g

| | _ _ _ _ _

NODYV NI ddLVHYL LVEH ¥

WNAONJOVA NI dHLVIYL LVHH e

dIV NI (Ui /wogg 0 AVHIH mmO&OAN

daIsdL ( Ww/wo ¢°0 AVAH SSO¥D @
AWQO0G- LV TOMW 9°0 CHLSIL O

00g

0001

00sT

0002

004¢

(831) @VOT dNLOVEAL



70

environment as can be seen in Figure 26. However,
these differences were not so marked in specimens
tested at faster rates. (See (iv) below or in speci-
mens tested in KCl.)

(iv) Slow crgck extension occurred in specimens heat
treated at 500 or 600°C which leads to inaccurate air
fracture 1oéd values. Slow crack growth could be
eliminated by testing at faster rates as shown in
Figure 26 when the obvious discontinuity between
700°C and 600°C disappears for specimens tested in
air.

(v) The pkase change o+oto, that occurs below 680°C is

2
rather sluggish and long aging times are required to
approach equilibrium. The effect of this is far more
evident in the velocity changes discussed in the next
section.

From Figure 26 the following points can be made.
Increasing solution treatment temperature tends to increase
the fracture load in both air and KCl. For specimens tested
in KC1 there is a discontinuity between 900 and 1000°C which
corresponds to a rapid decrease in the volume fraction of
primary o-phase and to the production of the martensitic
phases o' & o". Specimens quenched from 1100°C have a

completely martensitic structure, a'', which although it has

a hexagonal structure appears to be virtually immune to SCC.



71

This behavicr should be contrasted with that of the
martensites in Ti:8 7 Al, discussed below, and in

Ti:5 Al1-2.58n (17) which are susceptible to SCC. The
fracture load decreases with solution treatment temperatures
below 900?0.4 Although, as we shall show in the next section,
there is a considerable change in velocity between 600 and
700°C, the SCC fracture load does not show a discontinuity
in this alloy. However, in material that is step cooled
from 800°C a much larger change can be produced; the
maximum difference that has been observed is ~600 Kg which
corresponds to a change in K of ~24 ksi/in.

The above results apply to specimens which are at
equilibrium at the solution treatment temperature, quenched
and given no subsequent heat treatment*. It has been shown
that retained B-phase can decompose during low temperature
aging, and this decomposition has been described in some
detail elsewhere (11, 13). It -was shown that the w-phase
forms after very long (10,000 hours) aging times at 260°C.
Formation of this phase influences susceptibility of
Ti:8~1-1 as shown in Table VII producing approximately a two-
fold increase in velocity without large changes in the
initiation loads. A similar effect has been observed in

commercially pure titanium containing 0.30 wt % Fe and

* 1In this investigation, we have not studied the influence of
tempering the martensitic structures on susceptibility
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TABLE VII

Summarybof Results for Long~Time,

Low-Temperature Aged Ti:8-1-1

Ht. Treatment Specimen Fracture Vi Vo v
‘ Number Load (kg)

As Rec.
Duplex Ann 1050 (L) 710 0.2 6.25 4.7
+10,000 Hrs

at 260° C 994 (L) 713 ——— 14.1 8.85
As Rec.
Duplex Ann 1051 (T) 779 3.38 8.39 6.85

+10,000 Hrs
at 260° C 990 (T) 750 5.21 28.3 13.3
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0.38 wt % oxygen. In this alloy, B~phase stabilized by

the iron has also been shown to contain the w-phase,
resulting in a very susceptible coﬁdition.

2, Effect on Velocity - Ti:8-1-1:

The formation of ordered particles of oy in the a~phase
although in many cases having a relatively small effect on
initiation load has a much larger effect on crack velocity.
Figure 27 illustrates the change of velocity with heat
treatment for two sheets of Ti:8-1-1. It can be seen that
the velocity changes by a factor~4 between 600 and 700°C.
Figure 27 also illustrates the intrinsic differences observed
between various sheets of Ti:8-1-1, i.e., sheet 2194 always
has a higher velocity than sheet 2283, and it should be
emphasized that more extreme differences have been encount-
ered. However, the general shape of velocity: heat treat-
ment curves are the same, i.e., differences being in the
absolute velocity values. Velocity is not changgd to a
large extent by heat treatment in argon or vacuum.

3. Ti:8 % Aluminum

Much less testing has been performed on these alloys and only
preliminary results are presented here. The same trends can
be observed as in Ti:8-1-1. Thus, with increasing solution
treatment temperature the net area initiation stress OI*

tends to increase and the velocity tends to decrease. As

* oq is used rather than the initiation load as several different -
thicknesses were tested.
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with Ti:8~1-1, the velocity shows a discontinuity between
700-800°C, the temperature range in which the oy phase boun-
dary is c?ossed. Grain size has a large effect on q as

can be seen in Figure 28. 1In the large-grained specimens,
step cooled to produce a dispersion of o, phase particles,
the velocity was estimated at >0.1 cm/sec and there the
fracture may have contained a high proportion of mechanical
cleavage. 1In the fracture of these large grained specimens

the amount of plastic flow is very limited. (See Fig. 25).

Effect of Stress Intensity

Crack velocity always changes during a test, (See Fig. 14)
and it can also be varied by heat treatment. In order to
investigate the influence of stress on velocity we have
used the methods of linear eleastic mechanics to compute

the stress intensity factor, K at the crack tip. Calcula-
tions were made for plane strain conditions which are valid
over a considerable range of K wvalues in the 0.500" plate
specimen but are only valid for low temperature aged Or step
cooled material in the 0.060" specimens. The data from the
0.060" sheet however shows similar trends as that for the
plate material and the results may be used to establish some

general behavior patterns.



76

\
\
\
\
\
‘\ O INITIATION STRESS o, Kg/mm2
\ O VELOCITY  V cm/sec
\ — 400
\
\
\
\
f v
§§ GRAIN SIZE ~1mm /E .
~.
g 60— /— 300 §
(5] / }O
4 V . / apt
¥ PR I
3 GRAIN SIZE =~ 0,05 mm e a
B 50— @® -’ el
8 i )
% Z
> S
- =
40— ! GRAIN SIZE = 0,05mm 200 5
B &
Z
D”
30 |—
20 — —{ 100
xS N N 3
10 }—
0 | | [ | | |
600 700 800 900 1000 1100 1200

SOLUTION TEMPERATURE °C

FIG. 28 Summary of fracture and velocity data obtained for Ti:8.65 wtZ Al



77

The results for the 0.5" plate were analyzed both for the

variation of velocity with the K wvalue and for the varia-

AK .

tion of velocity with the time dependent change of K; s

It was found that there was a considerable variation of

behavior dependent upon the heat treament of the specimens.

Figs. 29 a, b & ¢ illustrate the results for éeveral heat

treatment conditions of the 0.500" plate and Fig. 30 illus-—

trates the results for the 0.060" sheet aged at 600° C.

The following general observations can be made (at a fixed

concentration and potential).

(1) The crack tends to accelerate after initiation. The
rate of acceleration varies with heat treatment.

Velocity (in cm/sec) varying as 3-4 x lO_3 K,

3 3

(600° C); ~1 x 10~ K (700° C);and ~0.7 x 10
(800° €) (K in ksi Vin).

(ii) In the 600° C specimen tested under static cross
head conditions, the crack appears to reach a constant

velocity which is relatively independent of the K

level.

(iid) In the 600° C aged specimen, the acceleration is

independent of initial K level.

1The velocity tends to increase again in the later stages of a test

when K-+KIC
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(iv) There is a general upward trend of velocity with K
level in the 600° C specimens. This is more evident
in Fig. 30 for the 0.06"sheet, in which the tests
were run under static crosshead conditions. The
results shown in Fig. 29 include tests in which the
crosshead was reversed and it was found that this
influences the wvelocity.

As the velocity of the cracking appeared to change with the

loading conditions, i.e., the rate of change of K , the data

shown in Fig. 16a for the 600° C specimen was replotted as

velocity versus '%% . The resultant plot is shown in Fig. 29

from which it can be seen that although there is still

considerable scatter, there appears to be a linear correlation.

(The correlation from a single test is often good and the

scatter possibly reflects slight differences between specimens.)

Further, the velocity was found to be approximately constant if

a reversed crosshead test was conducted in which K

was held constant and thus %% = 0. Fig. 31 shows the variation

of velocity with potential in such tests. Finally, the varia-

tion of velocity with %%‘for tests at three different potentials

is shown in Fig. 32. Somewhat surprisingly, these results

appear to lie on the same straight line with slight deviations
AK

at large values of Y
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f. The Effect of Potential Vs. Velocity

A linear relationship of velocity of crack propagation to
potentfal has previously been decribed (1). This determina-~
tion was for one sheet of material. Although a linear
relationship is usually observed, a considerable variation in
slope and the intercept for zero velocity has subsequently
been found. Fig. 33 illustrates two of the structural
parameters that appear to influence such curves. Curves one
and two show the variation for specimen orientation taken for
one sheet, as can be seen when the crack propagates in the
transverse direction the velocity is considerably faster than
for a longitudinally propagating crack. Further, a longitud-
inal crack often propagated at an angle of 30° to the normal
stress axis. A second factor is heat treatment, illustrated
in curves 3 and 4. From these it can be seen that specimens
heat treated below 700° C have a more rapid propagation and
are susceptible to lower (more negative) potentials.

g. Preferred Orientation

This effect has not been investigated systematically at present.
However, it may be expected that as the cleavage plane is

near the basal plane that its gemeral orientation to.the
applied stress (see discussion) may affect susceptibility.

The relationship between preferred orientation and suscepti-

17
bility to SCC has been demonstrated by Fager and Spurr
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for Ti:8~1-1. Tﬁey showed that when the average

cleavage plane is directed parallel to the applied stress
then the alloy was essentially impmune to SCC. The -
differences observed in sheet 2208 tested in the trans--
verse and longitudinal directions may have their origin in
a preferred orientation effect.

Effect of Loading and Unloading Rates

We have described in Sections a & e, the effect of
loading and unloading rates on the crack wveloeity. It is
considered that the two stage curves, i.e., showing Vl
and V2 sections are produced by a mechanical factor in the
loading of specimens, i.e., the rigid wedge type grips
(3, 3rd Quarterly). If specimens are ﬁin loaded or four
point loaded, although the crack still accelerates, the
shape of the curve is generally concave upwards rather
than divided ifito two distinct sections.

The second point of importance is whether the initia-
tion of the process is a dynamic or static effect. For
instance, it may be postulated that slip has to occur in
order to produce fresh surface with which the environment
can react. Two observations are.relevant to this; firstly
the rate at which a crack accelerates is related to the

initial loading rate as shown in Fig. 34. Secondly,

however, specimens loaded to the SCC initiation load
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in air and left for periods up to sixteen hours show
exactly the same behavior, when the solution is added,
as a dynamically loaded specimen, i.e., there appeared to

be no induction time before cracking initiated.

3.2.3 Discussion

From this mass of results obtained in aqueous solutions

we have to try to extract some of the salient points. Some interpretatbns

are presented here.

(a)

Fracture Initiation Criterion

We shall consider a crack initiating under plane strain
conditions. As this appears to be é cleavage type process,
we shall postulate that these conditions are necessary for
SCC of a susceptible alloy.

(i) A critical normal stress.

(ii) The presence of an active environment.

(iii) Rupture of the oxide film (initiation only).

The evidence for the first point is that there is a well
defined minimum stress intensity (all other conditions being
specified) below which fracture will not initiate or
propagate. The evidence for the second point is that if the
environment is removed or potential changed to a large

cathodic value (—ZOOO.mV) the cracking stops. (Under both
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plane strain and mixed conditions). The evidence
for the third point is perhaps inconclusive (See
Section 3.2.2h) and not really essential to the
argument.
We should next attempt to evaluate the normal stress
condition for failure. Here the analysis of Hahn and
Rosenfield is of relevance as we are dealing with
the onset of slow crack propagation and not the
actual process of propagation. These workers show that
the plastic constraint factor (pcf) in front of a
sharp notch under plane strain conditions can be
.expressed for mild steel by pcf =1 + 2 %" where K =
stress intensity factor and Y = yield stress. This
relation is in general agreement with the results of

19
Barton and Hall .
The minimum value of KINT (initiation) that we have
observed in Ti:8-1-1 is ~10 Ksi Vin with a corresponding
yield stress Y = 150 Ksi which gives a value of omax =
1.13Y. For duplex annealed material KINT'VAO Ksi Vin
which for a yield stress of 120 Ksi give omax = 1.66Y.
Thus for duplex annealed material it is probable that
SCC will occur only under plane strain conditions and

thus there will be a limiting sheet thickness below

which SCC will not occur. Such a thickness dependence



91

is in fact observed. KINT tends to decrease as
the Ti:8-1-1 is strengthened by precipitation of
oy i.e. as the yield stress increases, thus at the
highest yield strength (150 Ksi) it should become
possible to produce SCC under plane stress condition
or even in a uniaxial tension test. This is true in
the case of Sheet 2279 as shown in Figure 35 which
shows the drastic reduction in elongation produced by
conducting a tension test in 1.0 M KCl at a potential
of ~500 mV. To obtain a complete analysis of fracture
initiation, for one heat treatment we must consider
the following factors: potential, concentration and
preferred orientation. The first point is discussed
in section 3.1. The variation of KINT with concentra-
tion (of HCl1) is shown in Figure 36. Finally, to
account for the effect of preferred orientation we
resolve the applied stress on to the average cleavage
plane. Thus we could write

1

K . T
= i vV *
KINT —EEEZ@ + (potential term) + (2.25 Ksi Vin/decade M)

Equation 24

* 0.6M = 0O
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where K" = K when ¢= 0, ¢ is the angle between
the applied stress axis and the average cleavage plane

normal. The variation of KINT with heat treatment

below 900° C appears to be approximately proportional
to the uniaxial yield stress (Y) and can be expressed
by

KINT= (240 - 1.56 Y) Equation 25
which appears to fit the results for several but
unfortunately not all sheets of Ti:8-~1-1 that have
been tested. It is no doubt possible to construct
such empirical equations for KINT for several
titanium alloys but due to the number of variables,

the amount of work involved is considerable.

(b) Propagation
It has been shown above that the velocity of crack
propagation depends upon:
1. Heat treatment
AK ‘s
2. K level and ~hp in some conditions

3. electrochemistry (potential and concentration)

4. preferred orientation

+Y in ksi
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We shall not discuss the effect of concentration

or preferred orientation here. Consider the alloy
after a heat treatment which renders it suscepfible
to SCC, i.e., heat treated below 900° C. Analysis
of the stress intensity at the root of a growing
crack and its variation with time has shown the
following:

(1) In specimens quenched from above the a > o + e,
phase boundary, velocity shows little dependence
on K or %%; whereas specimens containing a

dispersion of o, do show a strong dependence.

2
(ii) The higher the yield stress and more brittle
the alloy, the larger dependence upon K and %%

(Figure 29 and b).
(iii) The dependence on K level is not easily analyzed
from a test in which the K level changes unsystemati-

cally (Figure 29 (a))

(iv) The dependence on-%% appears to be linear and not

much affected by potential (Figure 32).

A
(v) In test where K is constant and At ~0 a constant
velocity, Vo’ is obtained but V0 is dependent

upon the K level (Figure 31)
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From these results we conclude that the velocity

of crack propagation in a specimen that does not
contain o, particles is controlled by the electro-
chemical velocity, VO. This velocity may have a
slight K or stress dependence. It is possible that

as K approaches K the velocity may increase due

ic
to a mechanical contribution to fracture. Analysis
of the fracture surfaces indicates that such
mechanical failure is ductile and thus Krafft's

20
model may apply.

In alloys containing a dispersion of o, the dependence

2

of crack velocity on stress intensity parameters indicates

that we have a contribution from both mechanical and

electrochemical failure. Such a combination of failure

events has been postulated in several models for stress
(21)

corrosion cracking . In many face centered cubic

alloy systems it is difficult to envisage cleavage

failure in air as such failures cannot be produced by

purely mechanical means. However, such failures can

be produced at high strain rates in Ti:8-1-1 containing

a dispersion of o, phase. Thus we consider that the

velocity, V, can be expressed by two terms which are

assumed to be additive, i.e.,
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AK . .
VvV = VO + f(—zzi (fixed concentration & heat treatment

600° C) Equation 26

where V0 ( a function of K) is the electrochemical
term and f(%%) is a mechanical term. Insufficient
testing has been performed to provide a complete test
of this hypothesis but one series of experiments has
been performed in KI which indicate that it may apply.
Considering first VO; this increases with potential
(See Fig. 31) and also depends upon K level. Tests
were conducted at -500, 0 & +500 mV in which range

the potential variation can be expressed by

V0 X 103 = 18(1.100 + ¢) where ¢ is the potential in volts.

Equation 27
The dependence of VO upon K can be represented by

VO X 103 = (0.5(K) + E) where E is a function of

potential Equation 28

Thus we can compute V_ for a test at a given
potential and a known K level. If the above equation

applies then
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AK .
At) Equation 29

vV - Vo = f (
The data from Fig. 32 are plotted according to this
formulation and the resultant plot is shown in Fig. 37
which indicates some validity for the analysis. The
exact physical interpretation of the terms in the
equation are not clear, but the variation of VO with K
may be related to the crack angle y, in the electro-
chemical mass~transport-kinetic model. It is tempting
to associate the term f(%%) with the strain rate at the
end of the crack. It is probable however, that local
strain rates are rather high due to the non-uniform
crack propagaton. The cleavage stress for purely
mechanical failure is higher than that for electro-
chemical mechanical failure and this may explain in
part the '%% dependence.’ Furthier, mechanical cleavage
failure probably occurs rapidly, leading to higher
overall velocities. This analysis is an over simplifi-
cation for there is evidence, from Fig. 31, of deviations
from the simple (linear) Vo function with potential or
K level. Further, if the AR dependence is associated

At

with strain rate this may also be a function of K.
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(18)

For instance, Hahn and Rosenfield's formulation of

the strain rate at the end of a crack includes a term
K

Y
The above analysis applies to high yield stress (and

brittle) specimens of Ti:8-1-1. As the yield stress is

reduced and ductility increases it appears that both

AK

AT dependence is reduced and thus for the

V_and the
0

alloy heat treated above 700° C the dependence of
velocity upon %%'Virtually disappears and the VO
dependence on K also is reduced. This behavior is

represented diagrammatically in Figure 38.

Susceptibility Criterion

We consider that the metallurgical factors control
the suceptibility of titanium alloys to SCC. Essentially
we have to explain:

1. What determines the suceptibility of a given alloy.
2. How does heat treatment etc., effect susceptibility
within this specified alloy.

Our general postulate is that is aluminum content
of the a-phase has the predominant influence on sus-
ceptibility in a and super o alloys. (We have performed
little work on B or predominantly B-phase alloys.

However, it has been shown that the Ti:Mn and 1311-11Cr-3A1
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alloys are susceptible whereas we have found that a
Ti~ 11.6% Mo alloy at least in the as quenched and
B + w aged conditions 18 not.) Until more systematic
work is performed on binary alloys the effect of other
alloying elements remains unknown. One may expect that
alloying elements that behave in a similar fashion to
aliminum may have the same effect, e.g., Sn, In, Ga,
etc., and possibly oxygen as long as the electrochemical
factors remain about the same.

Returning to our postulate, aluminum additions have
been shown to promote the following:
(i) Increased yield strength
(ii) Coplanar slip
(iii) Decreased number of slip systems.
The possible origin of these effects will be described

(22)

in a separate paper . These factors influence the
ductility, plastic anisotropy and work hardening
characteristics of the o-phase. Coplanar slip is
usually considered a necessary condition for susceptibility
to SCC; the arguments usually advanced depend either on
the formation‘ of a large slip step for crack nuclea-
tion or on a stress concentration at a piled up group

to produce a brittle crack. We have no direct evidence for
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either of these events but would agree that both
probably occur. We would, however, suggest that what
may be more important is the inability of the material
to relax stress céﬁcentrations around a propagating
crack., 1If this is a factor, then the mobility of
dislocatons would be an important parameter. Possible
indirect evidence for this is the behavior of alloys
containing the B~ phase which has been embrittled by

a dispersion of the w~phase. As the initiation load
remains almost unchanged, fracture initiation is still
controlled by the o-phase but the velocity of crack
propagation is increased. Thus the g-particles no
longer act as ductile inclusions and increase the
ability of the material to sustain a sharp crack. It
has been shown that the cleavage plane in these alloys
is of the type %1017} - {1018} and that the predominant
slip vector is <1120>, As there is only a 12-15° mis~
orientation between the slip vector and the cleavage
plane, it is apparent that grains favorably oriented
for cleavage will have a low resolved shear stress on
the slip systems. Thus it will be difficult to relax
any stress concentration by slip and this will accentu-

ate the influence of preferred orientation. Essentially,
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we conclude that planar slip may influence nucleation
of a crack but the factors listed above result in the
ability of the material to sustain a sharp (and propagating
crack) in the presence of an active environment. These
general considerations explain the increasing suscepti-
bility of Ti:Al alloys with increasing Al content.

In Ti:Al alloy containing 7 wt Z Al we have an

additional effect, i.e., formation of a,-phase. Presence

2
of this phase leads to a mechanical component of SCC.
There is a correlation in both Ti:8-1-1 and Ti:8 % Al
between susceptibility and increasing yield strength.

The yield stress associated with o, precipitation

2

depends upon the size and volume fraction of these Ay
particles. It has been shown that step cooling produces
several sizes of particles. It is to be expected that
such a treatment leads to an increased volume fraction

of particles compared with an isothermal aging treatment,
i.e., one cannot produce a large volume fraction of

large particles by an isothermal aging treatment. Yield
strength increases with both particle size and volume

fraction if the particles are sheared; which occurs in

these alloys. This increased yield strength is
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accompanied by a reduced ductility and an increased
tendency to fail by cleavage. This gives some insight,
albeit qualitative, into the increased susceptibility

of these alloys containing a dispersion of the o, phase.

2
Finally, considering the variation of susceptibility

with solution treatment temperature (>900° C) in the

Ti:8~1-1 alloy. The reduction in susceptibility

on quenching from high temperatures is

associated with the increasing volume fraction of the

' and o" and to the corres-

non-susceptible phases 8, a
ponding reduction of volume fraction and mean free path.
in the a-phase. The reasons for the nonsusceptibility
of these phases is probably electrochemical in nature

and is discussed below.

Electrochemistry

Some of the many of the aspects of the p?enomena
which are included under this heading have been considered
(Section 3.1 and Refs. 1, 3, 4). We will only comment
on ﬁwo factors, which are metallurgical in origin but
which have an influence on the electrochemistry. Firstly,
B, o' and o' phases are not susceptible to SCC, while

the B-phase in Ti-Mn and Ti:13-11-3(VCA120)and the o
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phases in Ti~Al and Ti:5A1-2.5 Sn are. The most

obvious differences between the susceptible and
non-susceptible phases are chemical as structurally
marked differences have not been detected, e.g., the o"
in Ti-Al and Ti:8-1-1 appear microstructurally identical.
Thus we, as other workers, attribute non-susceptibility
to the molybdenum and possibly wanadium content of the
non-susceptible phases. Secondly, there appears to be
electrochemical differences between the behavior of an

a-phase containing «, particles and one that does not,

2
e.g., in VO values and in the intercept of potential
velocity plots. We do not suggest explanations for

either of these observations but they are obviously

of practical importance.

In this study we have tried to separate the wvariables that
contribute to SCC of titanium alloys. We consider that it has been
shown that the process in neither hydrogen embrittlement (HE) or an
oxide wedging process (Section 3.1 and Ref. 3). However, in the above
discussion we do not specify the mechanism of interaction of the
enviromment with the metal at the crack tip. Until this is elucidated
we consider it premature to attempt quantitative application of

dislocation models to the fracture process. Such models treat the
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cracking as essentially mechanical, the environment effects

being included in the rather nebulous surface energy terms.

The evaluation of such energy terms will involve a detailed know-

ledge of at least the shape of the crack tip, the structure of the
electrolyte on this scale and its effect on the surface and possibly on
dislocation mobility. Until this stage is reached, it is con-

sidered that the continuum and semi-empirical approach used here

is the most realistic.

3.3 Proposed Relation of Electrochemical, Metallurgical and Mechanical

Effects

An attempt will be made in this section to place the electrochemical,
metallurgical and mechanical aspects of SCC of titanium alloys in broad
perspective and show how they might be interrelated.

Fig. 39 illustrates an arbitrary conceptual division of regions of
study in and around a propagating SCC crack. Linear elastic continuum
mechanics can predict the stress field in the elastic region around a
crack. Considerable efforf has been expended by others in this direction.
Continuum plastic models can be applied to the plastic zone around the
tip of a propagating crack. Much less work has been done in this area.

As a further complication, inhomogeneities in composition and structure

can cause perterbations from these continuum approaches, at scales
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FI1G. 39 Regions of Study in and Around a Propagating SCC Crack
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considerably larger than atomic. A continuum electrochemical mass-transport-
kinetic approach can be applied to the walls and the electrolyte in the
crack and results of this approach have been discussed in Section 3.1.

A real understanding of SCC will require knowledge of the inter-
actbns between metal atoms and their stress fields at the tip of a crack
with the environmental species at an atomic level. Speculations on events
at this level will not be fruitful until the events at the macroscopic
(compared to atomic dimensions) continuum level are well understood.
Nevertheless there are some interactions between the continuum electro-
chemical, elastic and plastic zones that can be explored.

The continuum mass-transport-kinetic model has two types of parameters
that can be related to mechanical or metallurgical effects; the angle, vy,
and the kinetic parameters, i.e. the exchange current densities for halide,
oxide and hydrogen ion reduction reactions. Outside of the plastic zone
the angle, Y, can be shown to be directly related to the stress intensity
factor. Within the plastic zone, it is not clear yet what determines the
angle so a uniform has been assumed for the whole crack. It is proposed
that the approximately linear relation of.Vo to stress intensity factor
over- a range of K (Fig. 38) operates through the crack angle, y. The
differences in SCC behavior between different alloys (Section 3.2) might
be related to electrochemical kinetics. Further electrochemical kinetics
experiments will be conducted with alloys other than Ti:8-1-1 in order to

resolve this question.
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The data on SCC velocity versus heat treatment temperature suggest
that there may be three regimes of welocity control as illustrated in
Fig. 40. Duplex annealed Ti:8-1-1 appears to exhibit nearly pure

electrochemical velocity control given by:
. o 0
vV = ayf(30,¢ ,C ) Equation 30

where:
a = a constant
vy = crack angle, y= bK
K = stress intensity factor, b = a constant

i = exchange current densities

Lower temperature solution treatments have empirically given the

relation:

Equation 26

. . dK R e s
It is proposed that the‘a?* term arises from transmission of shear through

the plastic zone to the crack tip, i.e., the strain rate at the crack front
possibly raises the local stress level to that for mechanical cleavage.

. ' dK
For a given alloy and heat treatment, the greater the wvalue of aT the

greater the mechanical cleavage contribution. The velocity might also

be described by:
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v
v= -2
o Equation 31

where: o = fraction of environmental (halide) cleavage and o?u<1.
Higher temperature solution treatments give ductile inclusions.

The crack either has to go around or through these. To go through, the

inclusion must fail by mechanical means or by corrosion or oxide or

hydrogen embrittlement. (If the velocity through the ductile inclusions

is low enough the oxide and hydrogen embrittlemént mechanisms may not

necessarily be excluded as they are from the main electrochemical

mechanism). The velocity may then be described by:

1

V= Vo T o1 ) Equation 32
v

where: ¢

f

fraction of ductile phase
v = Vd/Vo velocity ratio, ductile to pure electrochemical.
The fraction of ductile phase, ¥, that the crack traverses may vary with
direction.
While these speculations on interrelation of electrochemical,
metallurgical and mechanical parameters on a macroscopic scale are
somewhat nebulous they provide a framework for more definitive

quantitative experiments.
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4.0 CONCLUSIONS

The following conclusions are based on the work accomplished in the

period of April 1 through June 31, 1967.

1.

An electrochemical mass-tranéport—kinetic model predicts a

limiting tip current corresponding to a monolayer of adsorbed
halide ions or‘titanium halide. A hydrogen ion tip current is
excluded by the model.

Transient potential time data are consistent with concerntration
overpotential predicted by the model and theory for decay of
concentration overpotential.

The ~800 mv open circuit potential observed in neutral chloride,
bromide and iodide solutions is consistent with a mixed potential

in acid solution; therefore, a hydrolysis reaction is suspected near

the tip.

A cathodic current at potentials more negative than ~-800 mv is consistent

with the mass-transport—kinetic model.

The relation of SCC velocity to bulk concentration also indicates
hydrolysis. An equatioﬁ for a simple hydrolysis model was derived
whiéh roughly fits the wvelocity vs. concentration behavior. Many
similarities to the previously derived pitting corrosion model exist.
A high strength,brittle, form of Ti:8-1~1 produced by step cooling
from 800° C gave SCC velocities greater than predicted by the electro-
chemical model, and evidences of pure mechanical cleavagé., The

velocity could be expressed by
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dK
vV = VO + B at
. . . dKk .
where Vo is the electrochemically controlled velocity and it is

the rate of change of stress intensity factor with B a constant
for the particular alloy and heat treatment.
Four-point~loaded, 0.5 in. thick specimens gave velocity data

consistent with 0.06 in. thick notched tensile specimens.



115

5.0 FUTURE WORK

The following items of work are planned for the immediate future:
Resolve the chloride analysis problem.

Refine and extend kinetic studies to other alloys.

Include hydrolysis in mass—transport-kinetic model.

Investigate metallurgical and ﬁechanical parameters further and

develop more quantitiative relationships.
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7.0 APPENDIX

A. NOMENCLATURE

a constant
constant in high field equation
: 3
concentration, mole/cm
bulk concentration
, s 2
diffusivity, cm” /sec
Faraday, 96500 coul/equiv, or 23,060 cal/volt equiv
current along axis of crack in unit width specimen, amp/cm
. , . 2
current density in cross section of crack, amp/cm
. 2
current density, amp/cm
a constant
stress intensity factor, KSI vin (plain strain opening mode)
crack length to position where current enters from sides, cm
2
flux, mole/cm” sec
number of electrons in rate determining step
. ’ . 2
charge density of surface species, coul/cm
Qo for oxide, QX for halide
gas constant, 1.987 cal/deg mole
resistance, ohms
o
temperature, K
crack propagation velocity, cm/sec
thickness, cm

yield stress
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distance from apex of crack, cm

equiv/mole

crack angle, radians

distance from crack apex to position where monolayer of oxide
is complete, cm

distance from crack apex to position where electrical
double layers intersect, cm

overpotential, volts or mv
oxide coverage, dimensionless
resistivity, ohm cm

stress

time, sec

potential, volts or mv

angle between applied stress axis and cleavage plane normal

F

— ¢, dimensionless potential
RT

SﬁbscriEts

-+

1

IC

cation

halide ion

hydrogen ion

signifies initiation stress

signifies K value of instability (fracture mechanics)

INT = signifies K level for initiation of SCC

m

metal
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o = oxide

s = surface

x = halide

Superscripts

h = position in crack where hydrolysis occurs

o = bulk

p = position in crack where double layers intersect
s = pure solvent
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B. EXTRACTION OF CHLORIDE FROM METAL

Recent analyses of titanium alloys have indicated chloride con-
centrations from less than 0.5 ppm atomic by a wet chemistry technique
(3, 3rd Quarterly) to over 100 ppm atomic by mass spectrograph.

Analyses are being continued by these techniques and by neutron activa-
tion to resolve the differences in analyses. In order to estimate the
length of crack required to make availagble from the metal enough chloride
to form an adsorbed monolayer in the tip zone a mean concentration of

10 ppm atomic will be assumed.

It will be further assumed that all of the chloride required for
stress corrosion cracking comes from the metal in a distilled water
environment and that, once extracted, the chloride is conserved in the
tip zone. It will be assumed that the chloride is extracted from only the
exposed surface atomic layer of metal, i.e., no diffusion from the bulk
metal. Chloride is probably extracted from more than a monatomic layer and
more than a monolayer of adsorbed ions are required for SCC but these two
corrections are compensating. The calculation is to obtain an order-of-
magnitude length only.

Consider a unit square array of metal atoms on the surface with
dimensions of 103 X 103 atoms. This square would contain 106 metal atoms
and, statistically, 10 chlorine atoms. To obtain one lO3 atom row of
chlorine atoms would require crack advancement of 103/10 = 100 unit square

arrays. For a tip zone of 10-6 cm length, the number of rows of adsorbed
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. . . . -6
chloride ions in a square array is 10 ~/d, where d is
the chloride ion diameter. Assuming a one-to-one correspondence of adsorbed
chloride ions to surface metal atoms, the length of crack required to

gather sufficient chloride ions is:

L = (100 units/row Cl ) (lO3 Ti atoms/unit) (d em/Ti atom)
-6
10Cm cm )= 10—1 om
d /row C1

This is about the length of the fatigue crack put in the metal. Thus
if the distilled water entering the crack sweeps the surface chloride to
the tip (by migration) the crack could initiate immediately. Without a
fatigue crack, an induction period would be required to gather chloride
from the surface of the metal deformed plastically and breaking the surface
oxide at the root of a notch.

If this analysis is correct the susceptibility of titanium alloys to
SCC in pure non-halide containing solvents.should be considerably reduced
by a more complete removal of chlorine from the metal. Perhaps a small
amount of silver could be addéd to the alloy to tie up the residual
chlorine. The argument would not, of course, apply to a chloride-contain-
ing environment. Inhibition of SCC by parts per million of nitrate or
sﬁlfate in distilled water and methanol (3, 3rd Quarterly) is probably due
to these ions reaching the tip zone from the environment and adsorbing ‘
and passivating (mechanism unknown) before sufficient chloride is extracted

from the metal.
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C. DERIVATION OF EQUATION FOR SIMPLE HYDROLYSIS MODEL

A diagramatic representation of the model is given in Figure 9
of the text. The basic assumptions are also listed in the test in

connection with Figure 9,

For this system:

N
(|

=+, z_=~-1

CH =C_=¢C (electroneutrality)

Flux equations:

dc ds
N.o= Do tH Do g
dc do
Ny = oDyt Dy O

Relation of current density and fluxes:

i=F (-N_ + NH)

Relation of total current to current density:

I=1ivy vy
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(constant current)

H
Il
N
=}
NO
<

2nQ V
N ____Qx__=_2D ic
- Ky - dy
or
nQ Vv
dc=—2— 97
D Fy y
and
c=cP+ En(—l—)
D__ 6P
and
nQ v h
h _ .p (é_)
C C +D_FY n o

At limiting mass transport rate:

Cp <<

m&v /Gh
D_FY KVL\ sP )

e's Assume cP =0

h
Similarly in the region § “y % £ :
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N_=0
1= PN
T = 41‘1va
and
2nQ Vv
C=cC°+ = UL(Z)
D Fy \y
and
. 2nQXV

. . h . ' .
Eliminating C from equations for two regions:

anV [_ m g)— ‘fﬂ(—%ﬁﬂ

S

200,V [m (_6.‘1)(2'%.) + o (5;)]

(@]
e}
i

D,y sP
= 2n_v . (Sh)(l + g%?)
Dyhy ( sp) (_li)'ﬂlf) £

Assume @ C° = 0, V=V, ¢ =296

(g [(ap)
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