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ABSTRACT

Stress corrosion behavior of titanium allcys and high strength
gteels has been studied.

In titanium alloys the initiation and propagation of cracks
in agueous and methanolic enviromments is being studied as a func-
tion of alloy composition, electrochemiecal control, and applied
stress. Corrosion processes within crevices are being studied.
Straining electrode studies are also reported. Crack initiation
in Ti-6A1-4V specimens was observed at q-g interfaces and in g
grains. Studies of crack velocity show it to depend on applied
stress but not on potential. Crevice studies show corrosion to be
accelerated when the IR drop is large.

In high strength steels the processes of transient passivity,
dissolution of carbides, crack propagation and hydrogen permeation
are being studied. The kinetics of transient passivity on iron
alloy surfaces shows good agreement with clagsic models for growth
of thin films. Dissolution of iron carbides is shown to depend on
pH, potential and anion. The action of cathodic poisons such as
arsenic is shown to depend on co-deposition of the poison species.

This document is subject to special export controls and each trans-
mittal to forelgn govermments or foreign nationals may be made only
with prior approval of the Metals and Ceramics Division (MAM), Air
Force Materials Laboratory, Wright-Patterson Alr Force Base, Chio

45433
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SECTION I

INTRODUCTION

Stress-corrosion cracking is one of the most important, if not the
most Important, corrosion problem facing this country. Cracking often
occurs prematurely with catastrophic results.

The program is aimed at developing fundamental information concern-
ing the nature and control of stress-corrosion cracking including design
of alloys and envircmmental control. Primary emphesis is on titanium
alloys and high-strength steels.

Pursuant to the coupling aspects of this program, seven lectures
and seminars were held at AFML by our staff, and a postdoctoral fellow
was transferred to AFML and is conducting research there.

One Master's degree and one Doctor's degree were awarded during
this period based on this research.



SECTION II

TITANIUM AND TITANIUM-BASE ALLOYS (F. H. Beck)

A, EFFECT OF APPLIED POTENTTAL ON CRACK INITIATION
AND GROWTH FOR Ti-6A1-4V ALLOY IN METHANOL-WATER-
SODIUM CHLORIDE SOIUTIONS (E. J. Timmer)
(This investigation was completed and was the basis of a thesis by
E. J. Timmer who received the M.Sc. degree in March, 1969)

1. Introduction

The purpose of this investigation was to study crack initia-
tion and propagation in Ti-6A1-4V alloy in CHAO0H-H-0-NaCl solutions.
Stress corrosion tests were conducted wsing smooth bend specimens which
were ohserved at a magnification of 60X during the tests. The effects
of applied potential, stress level, and environment upon the crack
initiation time, faillure time, and crack veloceity were investigated.

2. Experimental

A schematic diagram of the apparatus used in this investigation
appeers in Fig. 1. It consists of a pyrex cell (in which the specimen
and specimen holder were immersed in the methsnol solution), a Luggin
probe, & saturated calomel reference electrode, a Bausch andi Lomb binccu-
lar viewer, and a Wenking potenticstat.

The specimen holder, congtructed of fused silica, conteined a
2-inch-iong slot to receive the stress-corrosion bend specimen. Metal
contacts of Ti-6A1-4V at the ends of the slot were used to provide an
accurate and constant gapge length and to provide an electrical connec~
tion from the specimen to the potentiostat. The stress on the cuter
fibers of the bend specimens was varied by changing the specimen length.

Stress corrosion specimens were made fram Ti-GA1-L4V alloy
sheet of coamposition Wo. 1 given in Table I. This sheet was scolution-
heat-treated and then aged in a vacuum of 5 x 10-5 mmHg at 1100°F for
six hours and furnace-cooled (treatment results in high susceptibility
to stresg-corrosion cracking). All samples were cut so that the longi-
tudinal direction of the specimen corresponded to the rolling direction
of the sheet. Specimens were 0.25" wide X 0.025" thick, and of & length
predetermined to give the desired stress level when placed in the holder.
The specimens were then lightly cleaned on all surfaces with 280-grit
paper to remove excessive oxide; and finally, one of the large surfaces
wag metallographically polished through No. 2 alumina. This polished
surface was placed in tension and viewed during the test.

The specimen and holder were then placed into the test cell,

x < o e Srat
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Table I - Chemlcal Compositions of Titanium Alloys
(0.025" sheet)

Element Ti-8A1- 1Mo-1V Ti-6A1-4V (w/o)
w/o Alloy #1 Alloy #2
Al 7.85 6.30 6.75
v 1.05 L.10 L.00
Fe 0.13 0.19 0.30
Mo 1.1 - -
¢ 0.02 0.03 0.10
N 0.008 0.01 0.05
0 0.08 0.106 0.20
H 102 pmm 60 prm 150 ppm
Ti balance balance balance

electrical comnections were made, and the CHs0H-H,0-NaCl solution was
added. The Iuggin probe was then positioned adjacent to the surface of
the specimen being examined and the desired potential was applied. When
the potentisl was applied a clock was started and continuous chserva-
tion of the specimen surface was begun. The time for the first crack
to be formed (cracks always originated from pits) was recorded as the
initiation time, and failure time was recorded when the sample was
cracked into two parts. Crack wvelocity was measured on the tension
surface of the specimen. Current measurements were also recorded for
some specimens during the tests.

In order to determine the crack path, the failed specimens were
examined with the light microscope in the etched and unetched conditions
gt magnifications up to 2000X. In addition, replicas were made of the
fracture surfaces of several specimens to provide electron fractographs.
The two-step plastic-carbon replication technique was used,

3. Results

a. Effect of Potential

The effect of applied potential on crack initiation time,
total failure time, and crack velocity is shown in Figs. 2 and 3. 1In
these tests, the bend specimens were stressed to 80% of the yield stress
in the outer fibers, and were immersed in a CHgOH-0.3% H,O-saturated
NaCl solution. This solution was shown by several investigators!s®,3
to be the most effective in causing stress-corrosion cracking of titan-
ium alloys. It is seen from Fig., 2 that Ti-6A1-4V alloy was susceptible
to stress-corrosion cracking over a wide range of applied potentials,
from spproximately -650 mV to +500 mV (SHE). The crack initiation time
and total fallure time decreased significantly in this range with 1in-
creasing anodic potential, and were minimum near +150 mV. Crack

L
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velocity measured on the tension surface, however, increased only
glightly with increasing potential, and was approximately 0.003 mm/sec
in the susceptible potential range (curve A of Fig. 3). Curve B of

Fig. 3 shows the crack velocity obtained by subtracting the crack initi-
ation time from the total failure time. Although the crack velocity
obtained by the latter method is somewhat lower than that measured on
the tension surface, the crack wvelocity is still constant over a signif-
icant part of the susceptible potential range. At the extremes of the
potential range investigated the allcy is much wore resistant to stress
corrosion as indicated by the sharp increase in both crack initiation
and total failure times (Fig. 2). Curve B of Fig. 3 shows that crack
velocity decreases rapidly with increases in cathodic and anodic poten-
tials in the highly cathodic and highly anodic potentlal ranges. It
appears that the crack initiation time has the predominant effect on
the total time-to-feilure in the highly susceptible potential region.

Each data point on the figures represents an average of
between three and five test results. The data scatter for crack initia-
tion times and failure times were approximately 0.5-1.0 minutes and 2-3
minutes, respectively. Cocks et al.* showed that aging the test solu-
tion, methanol-bromine, had & considerable effect on the times-to-failure
of Ti-6A1-U4V alloy specimens and concluded that this was the cause of
data scatter in many reports. Therefore, in all of the tests conducted
during this investigation, the CHA{H~-H-0-NaCl solutions were allowed to
age for five hours before the tests. In addition, it has been shown®
that a mechanically polished surface on & stress-corrosion cracking
specimen produced the least data scatter of any surface preparstion;
and, therefore, this technique was also used.

b. Effect of Stress

Figures 4 and 5 show the relation of stress to crack
initiation time, failure time, and crack wvelocity. Increasing the stress
was found to decrease total failure time and to increase crack velocity.
In addition, crack initiation time decreased with increasing stress. A
threshold stress of sbout 60% of the yield stress was necessary to initi-
ate stress-corrosion cracking. A potential of O mV was applied to the
specimens during these tests in order to shorten the testing time.
CH50H-0.30% Hz0-saturated Nall solution was used.

¢. Effect of Solution Composition

The effects of sodium chloride and water concentrations
were determined by holding either the water at 0.3% or the sodium
chloride at saturation. The effect of water content on initiation time,
failure time, and crack velocity appears in Figs. 6 and 7. When water
concentration is varied, both crack initiation time and failure time
show a minimum at approximately 0.2% water. Velocity measured on the
tension surface was found to be independent of water content (curve A)

and to show & maximum at about 0.2% (curve B, total failure time minus
initiation time),
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Fig. 5 - The Effect of Stress Level upon Crack Veloecity. Specimen

Polarized at O mV in Methanol-0.3% Water Saturated NaCl
(A--measured on tension surface during test) (B--calculated
from total failure time minus initiation time)
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Figures 8 and 9 show that crack initiation time and fail-
ure time decrease with increasing sodium chloride concentration and that
the minimum times occur in a saturated sodium chloride solution; i.e.,
at 0,195N NaCl. Only two points exist for the change in crack velocity
with sodiuwm chloride concentration; it appears that velocity was rela-
tively independent of the chloride content {curve A) and increased
slightly with NaCl concentration (curve B). The most aggressive environ-
ment for ceusing stress-corrosion cracking of Ti-6A1-4V alloy appears to
be CH.OH containing 0.2% water and saturated with NaCl.

d. Visual and Metallographic Results

Crack initiation and propagation were observed at 60X on
smooth specimens of Ti-6A1-4V alloy in CH-OH-Hz0-NaCl solutions. After
the potential was applied, black spots (surface pits) began to appear
on the surface. During the incubation time, these pits would grow in
diameter and in depth until much black corrosion product was evident
around the pits. Abruptly, cracks were seen propagating from the pits
in & divection perpendicular to the applied tensile stress. The indivi-
dual cracks would then proceed to grow until sncther crack from another
pit was encountered. The total failure of the specimen resulted from
eracks being formed at variocus pits on the surface and interconnecting
with cne ancther acrossg the specimen width. A% the cathodic potentials,
little general surface dissolution occurred; however, as the potential
was increased, the surface dissolution was increased until at approxi-
mately +500 mV the entire sample was covered with a black corrosion
product and no pits were seen.

Photomicrographs of cracks that propagated from surface
pits appear in Figs. 10 and 11 and emphasize how localized disintegra-
tion occurs arcund the pits. Figure 12 shows selective sttack of the
o-p interface and B particles during pit formation and disinbtegration.
Stress-corrosion cracks in a feiled specimen are shown in Fig. 13.
Cracking is intergranulsr along c-p interfaces and transgranular through
some o grains. Pigures 14 and 15 are electron fractographs from failed
specimens and show that failure was assocliated with intergranular frac-
ture, cleavage fracture, and ductile fracture. Figure 15 also shows
quasi-cleavage fracture.

L. Discussion

The results presented in Figs. 2 - 15 support the observations
of Sedriks et al.! that the stress-corrosion cracking of smooth speci-
mens of Ti-AA1-4V alloy in CH-OH-Hp0-NaCl solutions can be separated
into a crack initiation stage that is associated with anodic dissolution,
and a crack growbh stage that is associated with predominantly mecheani-
cal failure. During the crack initiastion stage, preferential corrosion
wes dbserved at the o~-p interfaces and intergranular g particles, and
resulted in locsligzed anodic disintegration and pit formation. The
crack growbh stage was associasted with infergranular cracking and trans-
granular cleavage cracking. The crack veloecity on the tension surface
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Fig. 10 - Crack Propagation from a Pit,
Magnification 250X. Unetched.

Fig. 11 - Crack Propagation from a Pit.
Kroll's Etch. Magnification 500X.
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Fig. 12 - Preferential Corvroslon at the @-R Interiace and B Phase in
Ti-6A1-4V. (llote: micro-crack between two small pits)
Kroll's Etch. DMagnitication 2000%.

Fig. 13 - Cracks in a Failed Ti-6A1-U4V Specimen.
(Note: black areas associated with pre-
ferential o-B interface corrosion)
Kroll's Etch. Magnification 2000X.
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Fig. 14 - Electron Micrograph of Fracture Surface of Ti-6Al-L4V
Specimen. (Note: cleavage fracture) Magnification
TO00X.

Fig. 15 - Electron NMicrograph of Fracture Surface of Ti-6A1-L4V
Specimen. (Note: intergranular fracture and quasi-
cleavage fracture) Magnification TOOOX.
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was Tound to be independent of applied potential but very dependent upon
stress level.

Significantly, the crack initiation stage is shown in Figs. 2
and 3 to have the predominant influence upon the total time-to-failure
of the specimens since crack velocity is essentially constant over the
entire potential range. This result is in agreement with the work of
Green and Myers® who found that crack propagation in Type 302 stainless
steel in boiling MgCl, did not appear to have an appreciable effect upon
the total time-to-failure. The variation in failure times of the speci-
mens is attributed to the variation in crack incubation time. Thus, if
the crack initiation time ig long, the total failure is long, and vice
versa. Therefore, by controlling the crack initiastion time, the total
failure time of the specimen can be controlled.

Figure 2 shows the variation of crack initiation time with
applied potential in CH30H-0.3% HoO-saturated NaCl solution. From this,
and from visusl and metallographic results, it is apparent that the
crack incubation stage of the stress-corrosion process in smooth speci-
mens of Ti-6A1-4V alloy consists of localized anodic dissolution of the
metal at o~p interfaces, P particles, and same grain boundaries. This
produces disintegration and eventual pit formation at localized areas.
Corrosion continues to occur at these sites until a pit of sufficient
depth to cause crack growth is formed. The presence of a black corrosion
product at the pits was identified by others.”

As the potential is increased in the anodlc direction past the
open-circuit corrosion potential of the specimens (-550 mV), significant
locelized anodic dissolution occurs on the surface and, in time, a few
scattered pits form. A further increase in potential in the anodic
direction (in the susceptible range) results in more pits being formed
and in an increase in current density at these pits. Menzies and Averill”
cbserved that anodic disintegration of titaniuvm in CHLO0H-HC1 solutions
hegan at localized areas and progressed over the entire surface as the
current density waes increased. This effect explains why the crack
initistion time was decreased with increasing potential in this range.

In the susceptible potential range (i.e., up to approximately
+150 mV) corrosion of the specimen is confined to pits and adjacent
areas (Fig. 10 and 11). However, as the potential is increased past
+150 mV, black corrosion product begins to appear over more and more of
the surface until at a potential of +500 mV the entire surface is
covered. Thus, the localized anodic disintegration and pitting in the
suscepbible range changed to general disintegration over the entire sur-
face as the potential was increased above +150 mV. Although the corrosion
rate was more rapid at the higher potentials, the anodic disintegration
occurred uniformly over the surface so that no deep pits could form.
This effect explains why the Ti-6A1-4V specimens appear to become more
resistant to stress-corrosion cracking at the higher anodic potentials
(< +150 niV). The high resistance of Ti-6Al-4V specimens to crack initi-
ation at cathodic potentials (below -650 mV) is related to the lack of
corrosion, i.e., black corrosion product.

18
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Figure b4 shows that increasing the stress level brought about
a decrease in the incubation time for cracking and is associated with
exposing more of the alloy surface {active sites) to the solution. Thus,
the pits could form at a faster rate at the higher stresses, and, in
turn, could reduce the crack initistion time.

The effect of water concentration upon creck initiation time,
failure time, and crack veloecity, as illustrated in Figs. 6 and 7 concur
with those of Haney et al.® and can be explained in a similar manner.

It is conecluded that the minimum in the failure time versus
water concentration curve occurred when the grain boundaries were barely
passivated. As more water is added to the methanol solutions, at constant
potential, the quality of passivity on the bulk grain surface improves and
the current densities at the active o-p interfaces and the p particles
increases so that less time is reguired for the pits to grow to the criti-
cal depth. The critical water content, 0.2% Hn0, is associated with the
a-B interfaces and intergranular p particles being barely passivated.

At water contents above 1 wt.%, the entire alloy surface is passivated
and no corrosion occurs.

The effect of the sodium chloride concentration upon crack
initiastion time (Fig. 8) may be explained as follows: As the corrosion
pits form on the surface of the Ti-6A1-4V alloy in CH50H-H,0-NaCl solu-
tion, chloride ions diffuse from other areas on the surface or from the
solution to the pits in order to continue the anodic disintegration
assoclated with the crack initiation stage. At low sodium chloride con-
centrations much migration of the chloride ions would have to occur to
continue pitting attack; and, therefore, the time taken for this build-up
of chloride ion concentration cowld account for the increased incubabtion

period. This effect would be more pronounced the lower the sodium chlo-
ride concentration.

T. R. Beck® has shown that in aqueous NaCl solutions the crack
velocity in Ti-8A1-1Mo-1V increased with increasing chloride concentra-
tion and increasing anodic potential, and concluded that crack velocity
was dependent upon electrochemistry. He qualified this conclusion by
stating that it was appliceble only to those titanium alloys without oo
dispersion strengthening and, therefore, of low yield strength. However,
for titanium alloys that have been heat treated to give a dispersion of
o> (Ti Al) in the matrix, end to have a high yield strength, Beck con-
cluded that the crack velocity was glven by the expression:

V=%Vo+ Vm where

V = total crack velocity,
Vo = electrochemical term, and
Vi, = mechanical ternm.

Vo increases with increasing sodium chloride concentration, applied
potential, and increasing stress level, while V, increases with
increasing stress level.
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Since the Ti-6Al-4V alloy in the vresent study was heat treated
at a t=mperature to precivitate @z in the matrix and, thus, have a high
yield stress, the equation for fotal crack velocity was valid in this
work., TFrom ¥Figs. 3 and 5, V_, the electrochemical velocity, was found
to be aegligible, and, there%ore, the crack velocity in CH-OH-H-0-NaCl
solutions was assoclated primarily with V,,, the mechanical failure
velocity.

Greene” has observed a potential drop of approx.mately one
volt down a stainless steel crevice specimen in aqueous sodium chloride
solutions; recently, Chen'C has shown the same effect for a Ti-8A1-1Mo-1V
alloy crevice specimen immersed in CHLOH-0.63% H20—0.37% HC1 soluticn.

A potential drop of approximately 150 mV was cbserved and increased with
decreaszing crevice width, Therefore, although the potential applied on
the surface of a stress-corroding specimen may be anodic, the potential
at somez depth below the surface in a pit or a crack might be low enough
to cause hydrogen evolution. Crack initiation time could be associated
with the time needed for the pit to reach the critical depth where
hydrogen evolution could occecur, and either hydride or hydrogen embrittle-
ment rasulting from this crevice effect could acccunt for the cleavage
fracture observed in this system.

B. CREVICE EFFECT DURING POLARTIZATION OF
Ti-8A1-1Mo-1V ALLOY IN AQUEQUS AND
METHANOL EVIRONMENTS (C. M. Chen)

1. Intrcduction

If polarization is applied for either anodicl!»!2,13,1%, or

- cathodic!® protection, a crevice effect in some special cases will be
important.® The same effect should also occur at the apex of cracks or
fissures in stress-corrosion specimens during polarization and it is
clear that a large potential gredient could exist in the crevice. This
gradient is caused by the high resistance of the narrow electrolyte
path.®s1® Thus, although a crack exterior is polarized to a certain
potential, the crack interior could remain at a different potential.
The purpose of the present experiments is to determine the factors in-
fluencing this crevice effect at the crack apex when polarization is
gpplied to a stress-corrosion specimen.

2. Experimental

Experiments were performed with the apparatus illustrated in
Fig. 16. A sheet specimen of Ti-8A1-1Mo-1V alloy measuring 4.5" x 0.025"
of the composition given in Table I was secured to one side of the speci-
men holder through the backup plate by screw, S,, and the crevice size
was adjusted by screw, Sp. After setting the crevice size the crevice
assembly was tightly wrapped with Teflon tape up to the position indi-
cated to prevent solution fram entering the crevice from the edges. The
entire assembly was then immersed into the test solution to the indicated
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level and the specimen was polarized uvsing = platinug electrade anl =z
Luggin probe located at the crevice extericr. Potentisls in ths crevice
were measured by four Lugsin probes inserted in the four prove openincs
(in the Lucite specimen holder) which were located at 3/h-inch intervals
into the crevice. All potentials were measured asainst saturated calomel
electrodes.

3. Results

a., Crevice Effect in Sulfuric Acid Solution

Polarigzation potential at the crevice interior is plotted
as the ordinate and polarization potential at the crevice exterior is
plotted as the abscissa in the following figures. When the experiment
was carried in 1N H-8504 solution, there was essentially no crevice
effect as shown in Fig. 17. Upon increasing the acid in the solution
to 10N H=80,; , the critical current density for passivation was greatly
increased and a crevice effect occurred as a result of the large ancdic
dissolution current in the active potential region as shown in Fig.18.
When the crevice exterior became passive, the crevice interior remsined
active until a certain higher polarization potential was attained.
Finally, when the potential at the crevice exterior was high enough,
say 1100 mV for crevice I {(see Fig. 16), a potential of 1000 mV was
observed for crevices IT and IIT and 200 mV for crevice IV; in time,
the respective crevice regions gradually became passive from exterior
to interior and the crevice effect gradually disappeared.

b. Crevice Effect in KBr Solution

Ag ghown in Fig. 19, the anodie current is very small at
polarization potentials below that for halogen ion attack and there is
no observed crevice effect. When the anodic polarization was increased
to approximately 1100 mV, bromide ion attack occurred and a crevice
effect appeared. The potential in the crevice remained constant with a
further increase in anodic polarization.

¢. Crevice Effect in XI Solution

No crevice effect appeared until the anodic reaction,
277 = TI. + 2e occurred at approximately 650 mV as shown in Fig. 20 and
the potential in the crevice remained constant as the polarization
potential was raised to about 2050 mV. When the polarization potential
was Turther increased above 2050 mV, pitting due to halogen ion attack
oceurrsd and the current again increased. Although pitting occurred at
the crevice exterior, it did not cccur within the crevice and the poten-
tial within the crevice remained constant.

d. Crevice Effect in Methanol Solutions

When ancdic polarization was applied to the titanium-
methanosl system in the absence of a passivator, anodic digsolution or
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halogen ion attack occurred and & crevice effect appeared, Figure 21
is for titanium in methanol + HC1 solution and Fig. 22 is for ftitanium
in CH-OH + H,80, solution.

e. Crevice Effect during Cathodic Polarization

Figure 23 shows the crevice effect resulting from catheodic
polarization of titanium in O0.6M KI solution. When hydrogen gas evolu-
tion occurred, the crevice effect appeared. The crevice effect in cath-
odic polarization results in the crevice potential deviating to the more
anodic direction; whereas, in anodic polarization the potential shifts
in the more cathodic direction.

b, Discussion

Tt has been shown'’s'® that the suscepbibility of titanium and
its alloys to stress-corrosion cracking is potential dependent. Further,
it is demonstrated in the present paper that a crevice effect should
exist in a crack, and that the polarization potential and the potential
at the crack apex can be quite different. This crevice effect occurs
from IR drops in the crevice. Therefore, when certain electrochemical
reactions occur and, in so doing, cauvse the polarization current to in-
crease, an IR drop becomes predominant and a crevice effect is observed.
When the polarization curve shows an active-passive phencmenon, the
critical current density for passivation is the praminent factor influ-
encing the ecrevice effect. If the current is wvery large, the crevice
exterior becomes passive while the crevice interior remaing active; how-
ever, when the polarization potential is high enough, passivation oeccurs
inside the crevice and, in time, the crevice effect disappears.

In neutral environments, such as aqueous NaCl and KBr solu-
tions, the anodic current is small at applied potentials below that re-
quired for halogen ion attack and there is little or no crevice effect.
When halogen ion attack cccurs, the crevice efiect appears simultaneously
and thereafter the potential in the crevice interior remains constant.
Here 1t should be noted that in spite of the crevice effect the crevice
interior is also polarized %o a potential high enocugh for hslogen ion
attack. However, in KT solution, the reaction 21 —I. + Ze occurs
prior to halogen ion attack and the crevice effect appears to be due to
this reaction; therefore, the potential in the crevice remains constant.
When the potential is further increased, halogen ion attack occurs at
the crevice exterior and the current increases rapidly: howsver, the
potential in the crevice interior remains unchanged and so halogen ion
attack ocecurs.

In methanol solutions, in the absence of a passivator, anodic
dissolution or halogen ion attack occursg in the very active potential
region and the crevice effect sppears simultaneously. In this case the
potential in the crevice is high enough for the apove reactions to occur.
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Although the artificial crevice used here is different from a
real stress-corrosion crack or fissure, the crevice effect in an actual
crack can be discussed in a similar manner. Stress-corrosion cracking
susceptibility vs. potential data in NaCl and KBr solutions®’»'® show
cathodic and anodic protection zones and susceptbible zones
of which are near the corrosion potentlal and halogen ion attack regions.
From the present results it is reasonable to assume that halogen ion
attack occurs at the apex of the crack when the specimen is polarized
in the susceptible zone of the halogen ion attack region where the crevice
effect occurs. In XKI solutions the tendency for susceptibility is dif-
ferent from Wall and KBr scolutions and there is no anodic protection zone
as shown in Fig. 24. 1In this case halogen ion attack occurs at the crack
exterior only, and it is not possible for halogen ion attack to cceur at
the apex because of the occurrence of the 217 —eI- + 2e reaction; these
different tendencies for cracking in the KI and KBr solutions suggest
different mechanisms. In methanol solutions it is reasonable to assume
that anodiec dissolution or halogen ion attack occurs at the crack apex;
the susceptibility vs. potential data do not show an anodic protection
zone for this environment.

Regardless of the electrochemical reaction in the crevice,
whether it be anocdic dissolution, halogen ion attack, hydrogen evolution,
ete., the crevice effect appears at the crack apex and makes it difficult
or impossible to increase polarization within the crack., For example,
Fig. 25 shows failure time and propagation time vs. polarization poten-
tial in the halogen ion attack region in a C.6M KBr solution. Pigures 2
and 3 show failure time and crack initiation time ws. potential and crack
propagation rate vs. potential, respectively, for Ti-6A1-LV in CH-0H +
saturated NaCl + 0.3% Hu0 solution.'® Although failure time and crack
initiation time are greatly affected by the polarization potential, the
effect of polarization potential on the crack propagation time or propa-
gation rate 1s small. This implies that once the electrochemical reaction
causing stress corrosion cracking sysceptibility occurs, it is difficult
to increase polarization at the crack apex because of the crevice effect.

C. EFFECTS OF STRAIN RATE AND POLARIZATION POTENTIAL
ON THE SUSCEPTIBILITY OF Ti-6Al1-4V ALLOY TO STRESS-
CORROSION CRACKING BY METHANOL-O.166% HYDROCHIORIC
ACID-WATER SOLUTIONS (C. M. Chen)
{Dr. C. M. Chen moved to The Air Force Materials Iaboratory
on 3 April, 1969, pursuant to the coupling aspects of the
research program, This part of the research (Section II-C)
was done by Dr. Chen while at AFML. Fubure studies by Dr. Chen
will include other alloys of titanium.)

1. Introduction

Report ATML-TR-00-1¢ summarized research on the stress-
corrosion cracking of Ti-8A1-1V-1Mo alloy in agueous and methanolic
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envircnments. It was emphasized that susceptibility was highly depend-
ent on polarization potential. The research described in the present
report inecludes similar studies on Ti-6A1-4V alloy in methanol + hydro-
chloric acid + water solutions. In addition, considerable data were
obtained through the use of straining electrodes and the direct observa-
tion of crack initiation and propagation.

2. Experimental

smooth tensile and bend specimens of the dimengions given in
Fig. 25 were prepared from rolled Ti-6A1-4V sheet material of composi-
tion No. 2, Table I. Specimens were oriented with the long axis either
parallel or perpendicular to the rolling direction. The material was
used in the amnealed condition. Tensile specimens were placed in the
test cell illustrated in Fig. 27 and were strained during testing with
en Instron machine at strain rates ranging from 0.005 to 0.5 cm/min.
Bend specimens were restrained in short lengths of one-inch diemeter
glass btubing as shown in Fig. 28. Electrical contact to the tensile
specim=n was mede through the specimen grip, while contact with the bend
specimen was made by spot welding an insulated wire to one leg of the
specimen, Cylindrical platinum counter electrodes surrounded the speci-
mens and Luggin prdbes were placed in the cells ag illustrated. A
zoomingz stereo microscope was used in conjunction with a closed circuit
TV camere to cbserve crack propagation on the bend specimen.

All specimens were polished through 600-grit emery, degreased
in acetone, and rinsed in distilled water prior to being placed in the
test solution (absolute methanol containing 0.166% hydrochloric acid
and from 0.28 to 1.31% distilled water as desired). The external elec-
trical connections were then made through a potentiostat and the test
was started,

3. Results
a. Effect of Water Content on Elongation of

Specimens at Corrosion Potential (strain
rate = 0,005 cm/min)

The effect of water concentration in CHaOH-0.166HC1-H,0
solutions on the elongation of Ti-6A1-4V specimens in which the ten51le
axis is parallel and perpendicular to the rolling direction is shown in
Figs. 29-a and b, respectively. In "pure" methanol solution the speci-
mens with the rolling direction oriented parallel to the tensile axis
have ar elongation of about €.4% compared to about 7% in air. This
value 18 reduced to about 3.5 to h.S% when the CHsOH-HC1l environment
contairns water in the range of about 0.2 to 0.7%. The elongation in-
creases rapidly to more than 6% when the water is 1ncreased from 0.7 to
0.8% as shown in Fig. 29-a

Specimens with the rolling direction oriented perpendicu-
lar to the tensile axis show the same Lendency as for the paraliel
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Fig. 26 - Specimen Configuration:
(a) Tensile Specimen for Straining Electrode Tests
(b) Bend Specimen for Static Tests
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Fig. 27 - Cell for Straining Electrode Tests
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Fig. 28 - Cell for Stress Corrosion Bend Tests
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Elongation (%)

Water Content { %)

(a) Tensile direction parallel to rolling direction.

Strain rate 0.005 cm/min)
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Fig. 29-a - Elongation vs. Water Content. CHsOH + 0.166% HC1 + H,0
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Fig. 29-b - Elongation vs. Water Content. CHs0H + C.166% HC1 + H,0

(Tensile direction perpendicular to rolling direction.
Strain rate = 0.005 cm/min)
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orientation described above. The curve for the perpendicular orienta-
tion is shifted to lower values; i.e., about 3.9% in "pure” methanol,

5% in air, less than 3% in the critical water range (0.2 to O.7% water),
and 4 to 5% at water concentrations of 0.8% and greater. All specimens
were strained at a rate of 0.005 cm/min.

b. Effect of Water and Polarization
Potential on Elongation

Figure 30-a shows that when cathodic polarization is
applied to specimens tested in CHLOH-IX1 solutions containing 0.28 to
0.99% H.0, the elongation is asbout 7. Under anodic polarization, the
elongation is reduced to about 3.5% when the solution contains 0.7% and
less water., The transient potential at which the elongation changes
from the higher to the lower value is a function of the water content,
as illustrated in Fig. 30-b. In the low-water-content range (approx.
0.2-0,7%) the transient potentisls are located in the corrosion poten-
tial renge (shaded zone of Fig. 30-b). The transient potentials are
more anodic than the corrosion potential for solutions containing water
in excess of 0.7T%.

The above data are for specimens having the tensile axis
oriented parallel to the rolling direction and tested at a strain rate
of 0.005 cm/min.

¢. Effect of Water Content on Corrosion Potentisl
of Strained and Nonstrained Electrodes

The effect of water content on the corrosion potential in.

the absence of an applied strain is shown in Fig. 31-a (readings were
taken after the specimens were exposed to the test solution for four
minutes). The corrosion potential increases rapidly and linearly in the
anodic direction with water content in the range of about 0.2-0.8%. At
0.8% water and above there is little effect of water on the corrosion
potential.

When specimens are strained in solutions containing 0.8%
water cr less, the corrosion potential increases in the anodic direction
when the specimen 1s going to fail as shown in Fig. 31-b. The corrosion
potential then decreases rapldly in the cathodic direction. At water
concentrations in excess of 0.% the corrosion potential was observed to
shift gradually in the cathediec direction when the strain was near the
yvield and finally a rapid cathodic shift was cbserved at failure. A
strain rate of 0.005 cm/min was used.

d. Effect of Water Content on Polarization
Figure 32 shows that water content has little effect on

cathodic polarization; however, water has a great effect on the poten-
tial at which a2 rapid anodie current increase is observed; that is, the
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Fig. 30-b - Potential vs. Water Content (%)
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Fig. 31-a -~ Corrosion Potential vs. Water Content
CH=0H + 0.166% HC1 + H0 (no applied load)
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higher the water content, the more anodic the potential for chloride
ion attack.

e. Effect of Strain Rate on Current and Elongation

Figure 33-a shows the effect of strain rate on current
vs. time for Ti-6A1-LV tested in CHL0H + 0.166% HC1 + 0.42% Hp0 solu-
tion at the anodic potential of +350 mV. As the strain rate was in-
creased from 0.005 to 0.5 cm/min, the current increased at a more rapid
rate. However, when the current is plotted against strain for the
different strain rates, it is observed that the higher rates cause a
more gradual increase in current, as illustrated in Fig. 33-b. Figure
33-c, elongation vs. strain rate, shows an elongation of about 6% at
high straln rates (greater than sbout 0.03 cm/min) and an elongetion of
gbout 3.7% at low strain rates (0.005 cm/min).

When the specimens are polarized in the anodic region
neer the corrosion potential (+200 mV) they show the same tendency &s
described sbove for the +350 mV tests. Current vs. strain and elonga-
tion vs. strain curves are plotted in Figs. 34-a and b, respectively.

When the specimens are polarized in the cathodic region
(+#50 mV) the behavior is different from the anodically polarized speci-
mens., The higher the strain rate the more rapid the incresse of current
with time (Fig. 35-a), as was the situation for the anodically polar-
ized specimens; however, the current vs. strain curves in Fig. 35-b show
that the current remains almost constant and at a low value until a
little more than 3% strain is introduced. Thereafter, the current in-
creases and, the higher the strain rate the more rapidly the current
increases with strain. Figure 35-c¢ shows that elongetion is constant
at sbout 7% at all strain rates.

Results similar to the above were obtained when the water
content of the test solution was increased from 0.42 to 0.8%. The
effect of strain rate on current vs. strain is shown in Fig. 36-a, while
Fig. 36-b is for elongation vs. strain rate., All specimens were polar-
ized st + 550 mV.

f. Effect of Strain Rate on Corrosion Potential

Figures 37-a and b show the effect of strain rate on
corrosion potential vs. strain in solutions containing less than 0.8%
water., When the straln rate is slow, the corrosion potential increases
in the anodic direction; however, at fast strain rates the corrosion
potential decreases in the cathodic direction.

At water contents greater than 0.8% the coriosion poten-
tial decreases in the cathodic direction regardless of the strain rste
as shown in Fig. 37-c. Strain rates in the range 0.005 to 0.5 cm/min
were used in the above serles of tests.
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Fig. 33-a - Effect of Strain Rste on Current vs. Time in CHOH + 0.166% HC1
+ 0.42% H,0 at +350 mV (SHE)
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g. Effect of Water Content on Failure Time of
Bend Specimens at Corrosion Potential

Eight specimens were exposed to pure methanocl for a
pericd of 200 hours; no failures occurred in this period. In CHsQ0H +
0.166% HC1 + H,0 solutions the cracking time varies with water content,
&8s illustrated in Fig. 38. Failure times are very short in the range
of approximately 0.2 to 0.8% water.

h. Effect of Polarization Potential on Failure
Time of Bend Specimens

The effect of failure time wes determined as a function
of polarization potential in CH-OH + 0.166% HC1 + 0.99% H.0. Results
of these experiments are plotted in Fig. 39 which shows short faillure
times (about 15 minutes) in the anodic range of +250 to 800 mV. Speci-
mens cathodically polarized in the approximete range of -500 to +250 mV
did not crack during the 12-hour test periods used. At high cathodic
potentials (more cathodic than about -500 mV) cracking occurred within
a few hours.

4, Discussion

From the results of both dynamic and static tests presented
sbove, it is clear that about 0.8% water in CH=OH - 0.166 HC1 = H0
solutions is a critical concentration. Electrochemical behavior and
cracking susceptibility vary greatly depending on whether the water
content is greater or less than this critical concentration. It would
appear that the water, when present in concentrations of 0.8% and creater,
is sufficient to repair defects which might exist in ailr-formed oxide
films or which are introduced into films during straining. However, less
than 0.8% water is insufficient to repair an oxide film. On this basis
the following interpretation is made.

When titanium specimens are placed in the methanclic solutions,
the portions of the specimen containing the defects described sbove act
as anode areas while the remaining oxide covered surface behaves as a
cathode. The anodes will become passivated (oxide film repair) by the
presence of water. The nmmber of defects, therefore, decreases with in-
creasing water content and the corrosion potential will shift in the
anodic direction, as illustrated in Fig. 31-a. When the water content
is high enough {0.8%) all defects will be repaired and the system will
approach a steady-state condition.

If a specimen is strained (especially beyond the yield) rup-
tures will ocecur in the oxide film causing an increase in active sltes,
&nd chloride lon attack wlll take place in these sites when the solution
conteins insufficient water for film repair. Under these conditions the
corrcsion potential will move in the anodic direction. However, when the
water content is high encugh to repair the film the corrosion potential
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will move in the cathodic direction, as iilustrated in Fig. 31-b, since
strain continues to provide new active regions.

Figures 37-a and b show that the corrosion potential beccomes
more anodic at low strain rates when the enviromment contains less than
the critical amount of water for passivation. This is the result of
chloride ion attack. At high strain rates new active regions are pro-
vided rapldly enough to prevent chloride ion attack in the newly formed
active regions and the increased anodic region causes the potential to
move in the cathodic direction. However, when the water content 1s
greater than the critical concentration chloride ion attack does not
occur regardless of the strain rate and the corrosion potentisl will
move in the cathodic direction, as illustrated in Fig. 37-c.

When a specimen is strained while at the corrosion potential
in a solution containing less than the critical amount of water, the
resulting chloride ion attack will cause a substantial decrease in elon-
gatlon., The application of cathodic polarization or the addition of
water to a concentration greater than the critical value prevents
chloride ion attack and under either of these conditions no loss in
elongation is observed (Figs. 29 and 30). However, if the specimen in
the inert enviromment (critical esmount of water added) is polarized in
the ancdic direction to induce chloride ion attack, the elongation will
again be reduced to the low value as in the active enviromment at the
corrosion potential.

The increased current cbserved during straining under anodic
polarization is controlled by the diffusion of chloride ions to the
active sltes. This current effect is greatest at the low strain rates
under conditions promoting the low elongation values described in Figs.
33, 34, and 36, During cathodic polarization the current increase
appears to regsult from anodic dissolution and oxide film formation, and,
therefore, the higher the strain rate the more rapid the increase in
current with strain., When the strain rate ig low some of the newly
formed defects will be repaired (oxide film formation) and the increase
in current with strain will be more gradual, as shown in Fig. 35.

Failure time of bend specimens was greatly reduced for those
stress-corrosion specimens tested in sclutions containing less than the
critical amount of water. It is suggested that under these conditions,
when Ghe water content is insufficient o repair defective regions in
the film, some of the active sites will support chloride ion atteck.
This chloride attack then leads to stress-corrosgsion failure. When the
water content is greater than the critical concentration, longer times
will be required for failure to cccur (Fig. 38). However, the applica~
tion of anodic polarization will induce chloride ion attack and cause
failure within a short time., In this same enviromnment a low cathodic
polarization potential will prevent chloride ion attack and grestly in-
crease failure time. Highly cathodic polerization potentials, however,
will reduce failure time. This latter effect probably involves hydrogen
enbrittlement and, therefore, is different from the mechanism ceusing
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failure of gpecimens polarized in the anodic potential regionm,

D. AN ELECTROCHEMICAL INVESTIGATION OF THE FACTORS
AFFECTING THE STRESS CORROSION CRACKING BEHAVIOR
OF TITANIUM-BASE ALLOYS IN METHANOL ENVIROMMENTS
(5. F. Gloz)

It has been known for some time that titanium and titenium alloys
undergo stress-corrosion cracking in aguecus halide envirommenfs. One
explanation of this susceptibility to cracking in a normally passive
material is attributed to breakdown of the passive film by the action
of aggressive halide ions, particularly chloride. The electrochemical
nature of the process is demonstrated by the variation of suscepbibility
with potential; that is, in certain potential regions cracking can be
inhibited.

Recently, however, titanium and titanium-base alloys have been shown
to be susceptible to cracking in other enviromments including methanol,
ethanol, ethylene glycol, and other organics nominally halide free. Con-
sidering this cbservation in light of the known aggressiveness of halide
environments, two conclusions are possible.

(1) A very small concentration of halide ions, sufficient
to cause halide ion attack, is present in the titanium-
methanol system.

(2) Some mechanism other than halide ion attack is respon-
sible for the susceptibility of these msterisls in
methanol and other organic enviromments.

The possibility of traces of halide ions cannot be dismissed even
though extensive precautions are taken to avolid contamination. For
example, & small but finite amount of chloride, usually less than 50 ppm,
is found in commercial titanium. Although Haney et al.®? indicate that
halide ions must be in the methanol to produce susceptibility, the
occurrence of halide ions in the regions of attack (because of local
dissolution of halide-containing base metal) has not been definitely
determined. To investigate the effect of residusl chloride on stress-
corrosion hehavior, a serles of tests will be carried out in pure

anhydrous methanol on tltanium specimens of known but varied chloride
concentrations.

Hydrogen-containing complexes are also of interest since there is
a growing amount of evidence to suggest that hydrogen plays & key role
in the stress-corrosion cracking of titanium. Attention will, therefore,
be given to the chemistry of the methsnol. Hydrogen complexes may react
with bare titanium metal at an emergent slip-step to inhitit repassiva-
tion or form methoxide ions.=! To evaluate such possibilities gpecial
attention will be glven to reactions in this environment.
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The observation of in situ initistion and propagation of a stress
corrosion crack by x-ray microscopy will be attempted. This investiga-
tion should provide a more complete understanding of the factors in-
volved in the stress-corrosion cracking of titanium by methanol and,
in particular, the role of the electrochemical factors.

E. EFFECTS OF TEXTURE AND GRATN SIZE ON STRESS
CORROSION CRACKING OF TITANIUM-BASE ALLOYS
(I. J. Loorba)

Previous experiments on titanium demonstrated that stress-corrosion
cracks in titanium alloys exposed to methanol-hydrochloric acid-water
solutions originate from pits which, in turn, are associated with p phase
and o-p interfaces. Also, a strong tendency exists for the pits to be
elongated in the rolling direction and for stress-corrosion cracks to
propegate parallel to the rolling direction.

Crack initiation and propegation studies are being continued on
Ti-6A1-4V alloy in the above enviromment. Large-grained specimens, pre-
pared by strain annealing, are being used in this work. It is hoped
that strain annealing will provide large enocugh grains to permit studies
of selected crystals of known crystallographic orientation. Although
the specimens prepared thus far show substantial grain growth, none
contains crystals large enough for individual studies. The large-grained
specimens are being used for crack initiation studies under potentio-
statically controlled conditions in en apparatus similar to that described
in Fig. 1.

F. EFFECT OF STATE OF STRESS ON THE SUSCEPTIBILITY
OF TITANIUM-BASE ALLOYS TO STRESS CORROSION
CRACKING (8. Mammoud )

Two complementary avenues of approach are being used to investigate
the phencmenon of stress-corrosion cracking in two titenium-base alloys,
In the first, or micro-mechanical method, the effects of various factors
such &8 heat treatment, texture, and grain size are being studied. In
the second, or phenomenological method, the general macroscopic laws for
fracture are being studied. Evenutally, the two investigations will be
correlated to provide a single self-consistent approach to stress-
corrosion cracking problems.

The state of stress in a homogeneous isctropic metal is completely
defined by the three principal stresses. Therefore, the stress state
at fracture can be represented by a stress in three-dimensional Cartesian
coordinate stress space. The specific influence of the state of stress
on susceptibility to stress-corrosion cracking has not been studied in
detail nor well defined.
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Leboratory work is being undertsken to study chemical cracking as
a function of state of stress. It 1s planned to survey the first two
stress quadrants which contain tensile stress

(1) op=+ , 0, =4+ 3 (2) o =- ,0,=+

It is hoped that the initiation and the propagation stages can be de-
fined by monitoring the pitting stage by electrochemical techniques and
establishing a suitable criterion for the onset of the propagation stage.

1. Material and Experimental Analysis

Ti-6A1-4V and Ti-BAl-1Mo-1V sheets, 0.025-inch and 0.050-inch
thick, are being used for the bending and tensile studies. The same
alloys, in the form of a 0.25-inch dismeter rod, are being used for the
torsion-bending testing. The heat treatments of the two alloys are as
follows:

(a) Ti-6A1-L4v
(1) Annesled for one-half hour at 1700/1725°F

in an argon stmosphere followed by a water
quench.

(2) Aged for four hours at 1250°F followed by
an air quench.

(b) Ti-8A1-1Mo-~1V

Reheated mill-annealed material at 1450°F for
15 minutes in an argon atmosphere followed by
an air guench,

In this research various stabtes of stress are being used. The
following is a brief summary of each method:

Uniaxial tension: Un-notched specimens.

Biaxial tension: Bending of flat specimens having various
ratios of width-to-thickness, w/t, will provide two states of stress.
Narrow specimens (small ratio of w/t) provide a state of plane stress;
wide specimens (large ratio of w/t) provide a state of plane strain.

Combined bending-torsion: TFigure L0 illustrates the appara-
tus to obtain various ratios of maximum normal stress to meximum shear
stress. Load (P/2) is put on the specimen (1) lying on the supports
(2) through the arms (3). The specimen undergoes torsion and bending.
Here the relationship of maximum normal stress to the maximm shear
stress remains constant during testing. The relationship is

max _ 4 . 1 (2)
Tnax V1 + (8/k)°
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P/2 4{ A i (3)/

- a \l-/’ (4 ;, (6)
’/
- 2 , (4)
31"
(2) (1) THE SPECIMEN
a” (2) SUPPORTS
‘ (3) ARMS

(4) SILIASTIC SEALANT
(5) POLYETHYLENE BOTTLE
(6) TEST SOLUTION

Fig. 40 - Schematic Diagram of Combined Bending-Torsion {kppara.tus
(1) specimen (2) supports (3) arms (k) silisstic sealant
(5) polyethylene bottle (6) test solution
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Perameters a and k are defined in the figure.

The apparatus is designed to provide stress conditions over a
renge of 1< (/1)< 2. Furthermore, the angle between the maximum
normal stress plane and the plane perpendicular to the specimen axis is
glven by

sin 2¢ = 1 . (3)

V1 + (k/a)?

From Eq. (2) it is evident, that while modifying the ratio a/k, one is
ghle to change the state of stress from simple bending to torsion.

Notched bend specimens: Experiments to define the state of
gtress in the vicinity of a notch are in progress. Twenty specimens of
the design illustrated in Fig. 41 were prepared from Ti-6A1-4V alloy in
the duplex-annealed condition. These specimens will be used to investi-
gate the role of notch plasticity on crack initiation and propagastion in
various enviromments, including CHQH-HCl-weter solutions.

Using a scaled up Bekelite model and with the assistance of
Dr. L. J. Segerlind (Department of Engineering Mechanics, 0SU) the stress
analysis for the sbove geometry was determined. Experimental data and
the stress distribution agreed very closely with the theoretical treat-
ment. (A completely elastic solution to this problem was obtained by
G. A. Criffis®® and J. W. Spretnak using the finite differences method).
The theoretically and experimentally cbtained values of the elastic
stress concentration factor for the specimen considered are 2,06 and
2.10, respectively. The proposed boundary conditions in the theoretical
annlysis were verified experimentally and it was found that (1) & para-
bolic shear stress distribution, {(2) a linear bending stress distribu-
tion, and (3) no shift in the neutral axis exist for measurements made
10 mm to the right and left of the centerline of the specimen.

Experiments are in progress to (1) relate the bend angle and
plastic zone size with the applied bending moment, (2) observe crack
initiation at mid-section of the notch and along its sides, (3) deter-
mine effect of chemical environments on the plastic action at the notch
tip, and (L) determine notch duetility, instability, initiation, and
propagetion energy.

2. Future Work

(a) Loading under certain state of stress and recording the
changes in current vs. time.

(b) Mapping oub susceptibility regions; i.e., potential vs.
stress level.
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(c) Initiation studies will be continued using the dry stripped
plastic replica method. This method is rapid, reproducible, and does not
require destruction of the sample. If several replicas are made during
testing, one can trace back in time the iniitiation and propagstion of
cracks in any given area.

(d) An attempt will be made to determine the specific influence
of the macroscopic state of stress on the shape of the failure envelopes®®
(Tresca and Von Mises eriteria} in the CHBOH-HCl—Hzo environment.

SECTION IIL
STRESS CORROSION CRACKING OF STEELS (R. W. Stachle)

A. OBJECTIVES AND SCOPE

The aim of this program is to identify and quantify the processes
which are fundamental to the initiation and propagation of stress corro-
sion cracks. The individual efforts described herein are considered to
be key factors from which an effective quantitative basis for stress
corrosion cracking can be developed.

The ultimate aim of the work is to provide a quantitative basis for
designing high strength alloys and heat treatments which are resistant
to catastrophic stress corrosion cracking.

B. CONTROLLED PHENOMENOLOGICAL STUDY OF
CRACK PROPAGATION (G. E. Kerns and J. 8. Sneary)

1. Objectiwves and Background

The objective of this investigation is to obtain a set of reli-
able phenomenological information on the propagation of stress corrosion
cracks in several high strength steels exposed to well controlled gaseous
and aqueous enviromnents. The specific quantities being measured are:
Crack velocity as a function of stress intensity, fractographic features,
and sonic emission rate. Important features of the enviromments being
controlled are: Partial pressure of gas, concentration of impurities
added to gas, buffered pH of solutions, electrochemical potential.

2. Experimental Procedure for Crack Length
Determination

All specimens tested were AIST 4335 steel, heat treated as
follows: 1150°F for one hour, oil quench, and a temper of 4O0°F for one
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hour, air cool. Specimen dimensions, as well as the relationship for
stress intensity factor, are given in Fig. 42. All specimens were tested
under plane strain conditions, using cantilever beam type loading. The
data reported herein was obtained using gaseous HE/Ar mixtures. The
impurity levels of the as-received gases were below 100 ppm. Figure 43
sh.ws the purifying apparatus for the gaseous mixtures.

The electronic system for the detection of acoustic emissions
is shown in Fig., 44, A description of the system will be presented later.
Figure L5 shows the actual loading apparatus for the cantilever beam
specimens., A Daytronic Model DS1000 transducer, mounted normal to the
beam was used in series with a Daytronic Model 201B transducer exciter-
demodulator to measure beam deflection. This reading, in millivolts,
was reduced on an Esterline Angus strip chart recorder.

Preliminary testing was conducted to determine the relation-
ship between crack length and deflection under constant load. Cantilever
beam specimens were fatigue cracked to various depths. A cracked speci-
nen would be loaded in 12-pound inerements, allowed to equilibrate, and
the beam deflection was then measured. The resultant data, shown in
Fig. 46, were then used to predict crack length as a function of load
and deflection. It was noted that crack growth in hydrogen gas gives a
microscopically dark fracture surface, while catastrophic failure or
propagation in air leaves a bright surface. Therefore, the end of the
hydrogen-induced growth zone could be discerned from the color transition
on the fracture surface. The curves described above were used to predict
the crack length at which a specimen underwent catastrophic failure at
constant load. This fracture stage is characterized by an extremely
rapid change in crack growth and acoustic emission rates. The observed
crack length at the end of the hydrogen propagation zone was compared to
that predicted by the calibration curves, since the deflection and load
at the onset of catastrophic failure were known. ZErrors, often times
ranging to 20%, were observed.

In order to obtain a compliance curve which accounted for the
erack front geometry, 14 specimens were fatigue-cracked giving initial
erack lengths of approximately 0.350 inch. The specimens were then
loaded to a starting K, value of 35-40 ksi-inch”*. After equilibration
in an srgon atmosphere, hydrogen gas was 1lntroduced, giving rise to slow
erack growth. Oxygen gas was then introduced to halt crack growth at a
desired value of deflection. While in an oxygen environment, the speci-
men was rapidly loaded to failure. As shown in Brown and Srawley's
text®* on plane strain fracture toughness testing, the parameters E v B/P
and a/W are the significant variables for a calibration curve of this
type, vwhere

Young's modulus {psi)
compliance change (in.)
specimen thickness (in.)
load (1b)

crack length (in.)

= specimen width (in.)
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Pig. 42 - Specimen Size and Relationship Governing Stress Intensity
Factor '
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DEFLECTION (mV)

£y
Py

/
o /

CRACKLENGTH

o - 0.208"
@ -0.276"
a-0.316"

6 -0.511"
e -0.639"

m-0.374"
a - 0.504"
¢ - 0.295"
x -0.433"

I 1
120 160

TOTAL LOAD (lb)

Fig. 46 - Relationship between Crack Length, Load, and Deflection
as Determined in Argon Atmosphere for 4335 Steel
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Such a calibration curve is independent of stress intensity factor and
is based on the assumption of no plastic deformation.2%

For the purpose of this investigation, the elastic compliance,
U, is determined by the conversion of the beam deflection {(mV) and the
transducer calibration curve in Fig. L7; i.e., 0.005 inch/mV. Since the
deflection is due to a change in crack length, the crack length, a, is
replaced by (ar-ac), where

ar = crack length at end of hydrogen
propagation, and
ae = initial center crack length.

Because of the fact that E and P (static load) are constant, as well as
U being a linear function of deflection (&) in millivolts, the data are
plotted in Fig. 4B as 8B (millivolt-inches) vs. ap-ap/W (unitless). The
95% confidence limits on the least squares plot in Fig, L48 are also
shown.

3. General Description of Acoustic
Technique

As the crack propagates, a fraction of the stored elastic
energy at the crack tip is released with each increment of crack growth.
This energy translated through the lattice as stress waves may be de-
tected by a piezoelectric crystal fastened to the surface of the speci-
men. As the accelerometer is accelerated by the stress wave, crystal
resonance and a sinusoidal charge difference across the crystal are pro-
duced. Treating the accelerometer as a single-degree-of-freedom spring
mass system results in various solutions for the displacement of the
crystal with respect to time ag different forcing functions are used.
If the crystal is subjected to a spike pulse (large force for & very
short time), mathematical solutions such as those found in Kinsler and
Frey®® show that the displacement, acceleration, and charge differentisl
of a piezoelectric crystal are of a damped sinusoidal form. Therefore,
when a gtress wave is emitted from a growing crack and strikes the
aécelerometer, the output voltage of the accelerometer is of a sine wave
nature, but decaying with time. The response of the accelerameter is
meximur at its natural resonance frequency. By filtering the varlous
frequencies emitted by the crystal using a pass band filter, the reson-
ance freguency compeonent for each emission can be exsmined. The size
and nurber of resonance peaks associated with each output of the crystal
can be taken as a relative measure of the size of the initial phonon or
energy release from the crack tip. The advantages of an accelerameter
are that the resonance freguency is quite independent of mounting tech-
nigues and the voltage across the accelercmeter can be converted into
an sbsolute acceleration or force. It must be noted here that the out-
put of the crystal is a strong function of frequency above 1/5 of the
natural resonance frequency, so that the use of an accelerometer at its
natural resonance frequency allows it to be used as a comparative tool
only. The acceleration walues obtained at this fregquency will always be
higher than the true values. However, the increased response of the
crystal in this frequency range enables it to be a more sensitive tool.
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DISPLACEMENT MEASURED
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Fig. U7 - Deflection of Beam vs. Displacement for Cantilever
Beam Specimen
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Fig. 48 - Calibration Curve for Pre-Cracked 4335 Cantilever Beam Specimens
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In this investigation the number of resonance peaks above a
certalin voltage value will be used as a relative measure of the size of
the emission. A larger energy release from the crack tip will resonsate
the crystal with a larger amplitude or for a longer time, or both. The
number of resonance peaks assocliated with the emission asbove a certain
voltage level will be larger.

4. Description of Acoustic Detection System

The acoustic emission is detected by an Endevco Model 2272
accelerometer (natural resonance frequency of 37 kHz), and amplified,
using an Endevco Model 2711B charge amplifier. The output of the ampli-
fier is 5V/g. The amplifier output is sent into a Daytronic Model T72L
filter, operating in a 15 kHz double-high pass mode. The gain of the
filter for a 33.3 kHz signal is 0.204. For viewing purposes the output
of the filter is fed into a Hewlett-Packard Model 132A dual beam oscillo-
scope. The oubtput of the oscilloscope was fed into a Hickok Model DMS
3200P mainframe, containing a DP-150 1 MC ecounter plug-in unit. The
events counted by the plug-in unit were recorded, using a four-digit
Hickok PR 4900 printer. This system was used in conjunction with an
Electro Instruments Model A20B-34 amplifier in series with a Honeywell
Model 1508 visicorder. The two electronic systems allow three measure-
ments to be made as shown belaw.

a. The Hickok event counter permits thé counting of the
number of resonance peaks associated with each acoustic
emission. The output is the number of resonance pesks
recorded during the print cycle. This parameter is
used as a relative measure of the energy release from
the crack tip, and therefore, the amount of crack
growth.

b. A Hewlett-Packard Model 197A oscilloscope camera is
used with the oscilloscope. The oscilloscope is
btriggered by the slope of any incoming signal, there-
by allowing the emissions to be successfully photo-
grephed without over-exposure due to the intensity
of the base line on the oscilloscope over a long
period of time. In this manner the amplitude and
periocd of the gignals can be recorded.

¢. The Honeywell visicorder, with a frequency response
of only 13 kHz, allows individusl emissions to be
recorded without resolving the mmber of resonasnce
pesks contained in & given emission.

This instrumentation allows the use of acoustic emission de-~

tection as a quantitative technique in the monitoring of hydrogen-
induced slow crack growth.
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5. Experimental Procedure for Detection
of Acoustic Signals

The trigger level for the Hickok event counter was adjusted to
record all resonance peaks above 0.0l g (as determined by the voltage-
acceleration constant for the accelerometer). Because of the resonance
of the crystal, the real acceleration value required for triggering the
counter 1s much less than 0.01 g, However, the correction factor is
constant and can be neglected, but only in a comparative study. The
effects of stress intensity factor on crack growth rate and emission
rate are given for four specimens of AISI 4335 steel at low hydrogen
partial pressures in Tables II-V. Photographs of acoustic emission
signals obtained from specimens during crack growth are shown in Fig. 49.

Table II - Stress Intensity Factors, Crack Growth Rates,
and Fmission Rates for a Hydrogen Level of 3.3%

Stress Intensity Crack Growth Resonance Peaks
Factor** (ksi-in.') Rate (in./min) Counted* per Minute
- 55.1 .0009 10.5
56.1 . 0009 23.0
57.2 .0010 10.0
58.4 . 0008 38.0
59.3 .0010 9.0
61.3 .0011 23.0
62.8 .0013 26.0
6L.8 .0010 50.5
66.9 .0013 36.0
69.2 .0017 52.5
T2.4 .0020 120.0
77.2 . 0035 401.0

Tnitial stress intensity - 51.5 ksi-in.”

* Trigger level set at 0.0085 g using square wave generator
** K, values based on maximum cracked length for parabolic
crack fromt
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Table TII1 ~ Stress Intensity Factors, Crack Growth Rates,
and Emission Rates for a Hydrogen Level of 6.9%

Stress Intensity Crack Growth Resonance Peaks
Factor¥** (ksi-in.%) Rate (in./min) Counted* per Minute
55.2 . 001k 5.0
56.1 . 001k 22.0
57.1 . 0018 83.0
58.2 .0018 16.0
59.2 . 0018 16.0
60.5 . 0020 56.0
62.0 .0023 116.0
63.7 . 0024 2k.0
65.6 .0027 32.0
67.8 .0027 18.0
70.3 .0031 61.0
73.2 .0038 128.0
e 0051 2k9.0

Initial stress intensity ~ 50.L ksi-in.*%

* Trigger level set at 0.01 g using a square wave generator
** K, values based on maximum crack length for parsbolic
crack front
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Table IV - Stress Intensity Factors, Crack Growth Rates,
and Emission Rates for & Hydrogen Level of T.1%

Stress Intensity Crack Growth Resonance Peaks

 Factor¥* (ksi-in.'%) Rate (in./min) Counted* per Minute
51.8 . 0019 30.0
52.5 0024 10.0
53.1 .002Y 32,0
54.0 . 0027 23.0
54.8 .003h 132.0
56.0 . 0037 140.0
57.2 . 00k7 14k, 0
58.6 .00kl 219.0
60.2 . 0056 307.0

Initial stress intensity - 48.0 ksi-in.*%

¥ Trigger level set at 0.0l g using a square wave generator
** K, values based on maximum crack length for parabolic
crack front

Table V - Stress Intensity Factors, Crack Growth Rates,
and Emission Rates for a Hydrogen Level of 7.7%

Stress Intensity Crack Growth Resonance Pesks
Factor¥* (ksi-in,% Rate (in./min) Counted* per Minute
53.8 .0027 38.0
55,1 .0027 29,0
56.5 | . 0034 257.0
58.1 . 003k 43.0
29.9 . 0034 67.0
62.0 . Q045 56.0
6.5 .00k T 114.0
£69.1 ‘ . 0075 | 365.0

Initial stress intensity - 48.6 ksi-in.%

* Trigger level set at 0.0l g using a square wave generator
*¥* K; walues based on maximum crack length for parsbolic
creck front
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Fig. bo _ Photographs of Oscillographic Trace Produced by Acoustic
Emission During Crack Propagation in 4335 Steel.
Vertical Scale - 0,02 g/cm; Horizontal Scale - 0.2 msec/cm
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6. Discussion

Examination of the emission data showed s sporadic pattern
while the crack growth rate showed a relatively steady increase with
increasing stress intensity factor. During the testing of the speci-
mens, it was noticed that ultra-high frequency interference was present
which occurred in bursts. After consultation with the mamufacturer of
the Model 724 filter, it was learned that operation of the filter in a
band-pass (30 to 40 kHz) mode eliminated the interference. This inter=-
ference may explain, in part, the sporadic emission data, Investiga-
tion of the trigger level adjustment for the Hickok counter showed con-
clusively that the trigeger level must be set using a sinusoidal wave
form of the same frequency as that for accelerometer rescnance. Square-
wave generators and low-frequency sine wave generators were found to be
unsatisiactory. In order to determine the optimum trigger level for
detecting the maximum nmumber of emissions, while eliminating extranecus
background noise, a third investigation was conducted. The accelero=-
meter was mounted on a loaded 4335 steel specimen exposed to air. The
trigger level of the counting system was lowered until background noise
was detected. The results of this test are shown in Fig. 50. A trigger
level of at least 0.013 g was required tc avoid extranecus background
hoise,

T. Conelusions

a. Hydrogen-induced slow crack growth does occur in
ATSI 4335 steel at hydrogen partial pressures of
less than 0.01 atm.

b. Oxygen gas, as shown in Ref. 27 by Johnson and
Hancock, when introduced into a hydrogen=-argon
enviroment, halts slow crack growth in its early
stages.

c. Acoustic emissions may be detected during slow
crack growth in the presence of hydrogen gas.

d. Crack growth rate increases with the stress inten-
sity factor when 4335 steel undergoes hydrogen--
induced crack growth.

€., EFFECT OF ENVIROMMENTAL ADDITIVES~-HYDRAZINE
(R. D. McCright, P. L. Carter, and J. S. Snerry)

1. Objectives and Background
The objective of this work is fo assess the behavior of cer-
tain envirommentsal species known to interact with surface processes.

By using various additives, in enviromments in which cracks are pro-
pogating it should be possible to obtain additional information on
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critical processes occurring at the crack tip. The work described here-
in was performed using hydrazine additives to agueous solutions. In
order ‘to cbtain an understanding of the cracking behavior, polarization
and hydrogen permeation experiments were conducted.

2. Experimental

a. 8CC Experiments

The cantilever beam experiment as shown in Fig. 45 was
used for studying crack propagation. The base solution was 3.5% NaCl;
hydrazine was added in the range O to 2.0%. The crack propagation
data are summarized in Fig. 51. Additives of hydrazine are shown
clearly to exert a slowing effect on crack propagation. The total
time-to-cracking is increased by a factor of about 10 and the crack
propagation rate in the early stages is substantially slowed. A1l
specimens were heat treated as described in Section TII-B-2.

b. Peolarization Experiments

Potentickinetic polarization curves were yun cn AISI 1010
steel, A small specimen (area = 0.504 cm®) was cut from a coupon and
ground with 600 grit paper. The specimen was polarized in 3.5% NaCl
solution, with and without hydrazine (NHoNH,) additions. Solutions
were deaerated for at least two hours before the test and during the
test by bubbling high-purity tank nitrogen through the system. In
the tests in which hydrazine was used, this compound was added shortly
before the test was started because of its volatility. The bubbling
nitrogen throughly mixed the liquid hydrazine with the salt solution.
The potential was scanned at 5000 mV/hr begimning at -1600 mV(SCE) which
is on the cathodic side of the rest potential., The potential was
scammed in the noble direction passing through the rest potential, and
the scan was continued into the region of intense anodic dissolution.

In no case was there ancdic passivation. The scan was reversed at the
point of intense anodic dissolution, and the potentlal was scanned in
the active direction, through the rest potential and to the starting
potential [-1600 mV{SCE)].

The active~to=-noble and noble-to=active scans are shown
in Figs. 52, 53, and 54, with the first corresponding to neutral w/o
hydrazine, the second to the chloride + 0.02 w/o hydrazine, and the
third to 0.2 W/O hydrazine. TFigure 55 shows only anodic scans compar=-
ing effects of hydrazine but at a lower scan rate.

The rest potential of the active-noble scans varied with
the composition, ranging from -875 mV(SCE) [~-1105 mV(SHE)] with no
hydrazine, to =975 mV(SCE) [-1205 mV(SHE)] at 0.02 w/o WHsNH,, to
~1025 mV(8CE) [=1265 mV(SHE)] at 0.2 w/o NHoNH> (see Fig. 55). This
is in accord with the "scavenger" behavior of the hydrazine. The chief
cathodic reaction in a neutral pH solution such as this is oxygen
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reduction. By chemically removing residual oxygen, the half-cell poten-
tial of the oxygen electrode is shifted to more active values. The pH
of these solutions was 6.9. There was considerable hysteresis on the
back scan (noble-to-active) and the rest potentials of these were much
more noble that those of the active~to-ncble scans. This was probably
a result of the oxidation of iron to ferrous ions and ferrous ions to
ferric ions at the high anodic potentials and the subsequent influence
of the ferrous/ferric redox potential on the rest potential. At these
high potentials, the corrosion of the sample was rapid and the solution
became dark green colored and finally rusty colored as the oxidation
continued.

¢. Hydrogen Permeation Experiments

Hydrogen permeation experiments were conducted on AISI-
1010 steel 0.2 mil thick, The specimens had been vacuum annealed at
650°C for two hours and polished with 600 grit paper. Solutions were
3.5 w/\»/r NaCl at pH 6.9 without and with hydrazine addition at 0.2 and
0.02 w/o.

The apparatus used was the standard electrochemical
technique shown in Fig. 56, Hydrogen ions are reduced and hydrogen
is charged at negative potentials on the left side of the membrane, and
on the right side hydrogen is oxidized (H- H') in a 0,1N NaOH (pH 12.8)
gsolution, This oxidation current is then the permeation current.

The ancdically polarized side is maintained at +300 mV
(8CE). With no hydrogen charging fram the other side, the current on
the anodic side decayed until a steady state value was achieved. This
is called the residual current. We assume that the current correspond-
ing to oxidation of the hydrogen at this surface is in addition to the
regidual current. The difference hetween the total anodic current when
hydrogen is charged through the system and the residual current is the
permeation current as shown in Fig. 57. Once a steady-state residusl
current obtains, the charging current was switched on. The hydrogen
production on the cathodically polarized side was controlled ampero=-
statically at 14 mA (specimen area = 2 em® so i = 7 mA/em®). The
potential during charging on this side was in the region -1450 to
1500 mV(SCE). Then, while hydrogen charging, the anodic current
increased. These transients are shown in Fig. 57. In the larger
amounts (0.2 w/o) of hydrazine, the hydrogen permeability is increased.
In the lower amounts (0.02 w/o) the hydrogen permeation kinetics are
decreasged,

3. Discussion
The key observaticns here are
(a) the crack velocity is slowed by hydrazine additions,
(b) the anodic kinetics are slowed by hydrazine, and

(c) the permeation kinetics are accelerated,
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These facts suggest that the hydrazine must be affecting some aspect of
the anodic kinetics at the crack tip. A fairly reasonable interpreta-
tion of the data may be that the availability of hydrogen at the crack
tip is controlled by the anodic reaction. Although the permeation is
increased by a factor of about three, the anodic kinetics are reduced
by a factor of 10-100, Therefore, cracking should be slowed,

D. INTERACTION OF HYDROGEN WITH STEEL
(R. D. McCright and P. L. Carter)

1. ObJjectives and Background

The purpose of this work is to determine how hydrogen inter-
acts with metal structure. To accomplish this an experimental appara-
tus has been set up to monitcor hydrogen permeation. Initial work has
eongidered the permeation of hydrogen into carbon steel and the factors

affecting its entry.

2. Experimental

Experiments are being conducted on charging steel specimens
(AISI-1010) with hydrogen from acetate buffer solutions. The quantita-
tive aspects of the effect of sodium arsenite additions to the acetate
on the hydrogen permeation through the steel are being determined.

In the experimental arrangement of Fig. 56, the cathodically
polarized side of the specimen is amperostatically controlled. The
polarization of the anodic side (hydrogen exit side) is potentiostati-
cally controlled.

a. Alternate Charging and Discharging

A test was run on an AISI 1010 gsteel sample in which
the cathodic charging current at the entry side (see Fig. 58) was
alternately turned on and off, during which time an oxidation potential
was kept continuously on the hydrogen exit side. Thus, permeation cur-
rent rise and decay transients were recorded. The diffusivity can be
calculated from these transients, as explained in the previous report,38
by approximating suitable equations to the transient. These® are, for
the rise transgient,

iooi -2 i expl- 255 6]
P &) P 12

o]
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Where
4. = value of the permeation current at time, 4,
ipp = steady state value of permeation current
f = hydrogen diffusivity,
L = sample thickness, and
t = time from when cathodic current turned

on (rise) and or off (decay);
and, for the decay transient,

. . Dr?
ip = ip exp[- Tz t],

00

Therefore, D can be found from the slopes of the respective plots,

ipn=-1 i
log (—-1-)-—--&") vs t and 1og(—_;°—) vs t.

1ps 10w

The specimen was 10 mils thick and was vacuum annealed at 650°C for an
hour. The surface was ground lightly with emery paper and cleaned with
acetone. The charging solution was acetate buffer (pH 4.3) with an
addition of 1 g/1 of thiourea. The solution on the anodically polarized
side was 0.1N NaOH (pH 12.8). The test temperature was 24°C. A galvano-
static system was set up for this test since it was felt that, because

of the long time hetween hydrogen entry and exit, a potentiostatic charg-
system would not allow the exit condition to reflect the conditions at
the entering surface because of the change of the cathodic current with
time,

The charging current density was 45 mA/em®; the potential
at the exit side was kept at +100 mV(SEC). The results of this test are
shown below.

Transient Type Diffusivity (cm®/sec)
First rise 7.9 x 1078
First decay 8.2 x 10-8
Second rise 7.0 x 107
Second decay 1.7 x 1077
Subsequent rises and decays 10°7

The steady-state permeation current for the first rise was 7.1 uA/cme;
that for the second and third rises was 2.8 pA/em®.

The increase of diffusivity upon continued charging seems to
substantiate the theory”° that the mobile hydrogen atoms inside the metal
Tirst seek to lodge at or near structural defects. Since the mean time
of stay for an atom in these sites is greater than in an interstitial
lattice site, the apparent diffusivity is low (all of these experimentally
determined diffusivities are apparent). This network of "rifts" ig un-
connected®' and this should slow diffusion.
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After these sites are filled, diffusion should be slower, and
additionel hydrogen atoms can locate only on interstitial lattice sites
where thelr mean time of stay is shorter. Hence, the diffusivity in-
creases. These tests were run with the rise transients being spaced
sbout 3/4 to 2 hours apart (longer at the beginning since it took longer
to come to steady state). When a decay transient is yun for a longer
time, as in some of the other experiments, (ov. .iight or longer) the be-
havior of the subsequent rise transient is usually the same as the initial
rise transient (no hydrogen in the steel). This would indicate that the
first hydrogen discharged from the steel is the interstitial lattice
hydrogen and after prolonged hydrogen discharge of the steel the hydrogen
assoclated with structural defects diffuses out.

For shorter time intervals between rise transients, the value
of the permeation current decreases from run to rum, as it did in this
experiment. When the sample is allowed to discharge overnight, the
permeability is restored to its initial value and often exceeds it (see
next section). Again, this is consistent with the supposition that the
permeation should be highest when there 1s the largest mmber of accommo-
dating sites (interstitials and rifts vs. interstitials alone).

b. Effect of Oxidizing Potential
at the Exit Side

A gignificant amount of hydrogen discharged from the steel
at the anodically polarized side undergoes the recombination reaction to
form molecular hydrogen instead of the oxidation reaction of atomic hydro-
gen to hydrogen ion. Since the former reaction does not contribute to
the current, the true permeability is higher than the apparent one. The
higher (more noble) the potential at this surface, the less thermodynamic
tendency for the recombination reaction. At all the potentials considered
molecular hydrogen ls unstable, but its presence apparently results from
the high bond energy in molecular hydrogen. Since this loss of hydrogen
flux cannot be measured by peremation current, many investigators plate
palladium on this side of the specimen.

The initial rise transients for 2-mil-thick, AISI 1010
steel samples held at different anodic potentials on the exit side exposed
to 0,1 MNaOH are shown in Fig. 59. The conditions at the cathodically
polarized side were the same in all cases; i.e., acetate buffer (pH k4.3)

plus 5 x 107*M NaAsO, (375 ug As/ml), cathodic current density of 10 mA/cm®
galvanostatically controlled, specimen surface lightly ground. The steady-

state permeation current {(plateau of transient) increases as the potential
increases in the noble direction.

Showm in Fig. 60 are permeation transients for the same
specimens and conditions but after the charged specimen wag allowed to
expel hydrogen overnight. In all but one case the next-dsy transients
were higher than the initlal ones. In some cases these next-day transi-
ents show an anomaelous permeation maximum and decrease of permeability
with time.
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c¢c. Effect of Palladium Plating

A thin coating of palladium was electrolytically plated
on the hydrogen exit side. This is the surface which is exposed to
NaCH solution as shown in Fig. 58. The effect of the palladium was to
show a large increasse in the hydrogen permeation for a given set of
boundary conditions (charging and discharging parameters). Figure 61
illustrates the enormous increase in the permeation current when the
exit surface is palladized. It is believed that the emerging hydrogen
atom is more rapidly oxidized to hydrogen ion or water on the palladium
surface because of the high exchange current (107% A/cm2 for hydrogen on
palladium compared to 107 A/cm? on iron). As a result, the permeation
current through a palladized sample is a measure of the true permeability
of hydrogen. The diffusivity® of hydrogen in palladium is ~ 1077 cm?/sec,
comparable to that of the steel; and the palladium plate is much thinner
than the thinnest steel specimen used (Pd plate about 6 x 10™° em thick
and the thimest steel specimen, 5 x 1073 em thick). Thus, the hydrogen
diffusion through the steel is the slowest reaction in the permeation
serieg and the time lag to reach steady state in the permeation current
transgient is inversely proportional to the hydrogen diffusivity in the
steel. Permeation is the overall process of reducing the hydrogen ion
at the cathodically pclarized surface, transporting the hydrogen across
the metallic phases, and oxldizing it at the anodically polarized surface.
Diffusion, then, is associated only with the transport through the metal-
lic phases (steel, and palladium in scme cases),

Unless otherwise stated, the specimens used in the tests
reported in this text were 2 mils thick (5 x 107% cm).

d. Effect of Arsenite Additions to
the Charging Solution

The presence of species like sodium arsenite (hydrolyzed
to arsenious acid) generally increases the hydrogen entry rate into the
steel. The data in Table VI show this effect. The charging solution
was acetate buffer, pH 4.5.

Table VI - Effect of Arsenite Additions on the Hydrogen Permeability
of Unpalladized AISI-1010 Steel at Room Temperature

Concentration, Permeation
expressed as pg Charging Current Potential at Fxit Current Density

Elemental A : 2
Oty Demsity (md/en®)  gurface (mvy) (ua ez
S 20 +5L0 0.75
3 . 9 20 +5]+0 19 ; 3
7.0 20 +540 20.8
394.0 20 +540 R
768.0 20 +540 16.3
101
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Fig. 61 - Effect of Palladium Plating of the Exit Surface on the
Hydrogen Permeability in AISI-1010 Steel
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When sodium arsenite is sdded to the acetate buffer, the
rest potential of the steel electrode moves in the noble direction, as
shown in Fig. 62. The arsenite/arsenic couple is more ncble that the
hydrogen ion/hydrogen gas couple. The pH of the solution is unchanged
until large amounts of the arsenite (a weak base) are added. This is
also shown in Fig. 62,

The cathodic polarization behavior of the acetate and
acetate~arsenite solutions is shown in Fig. 63 for a wide range of
arsenite concentrations, expressed in terms of elemental arsenic. At
small arsenic concentrations (up to sbout 6 ug/ml typified by the
curve for 4.1 ug/ml) the arsenic increases the cathodic kineties. Thus
arsenic deposition occurs simultaneously with hydrogen deposition. As
the potential becomes more active, the ratio of the partial currents
for arsenic deposition to hydrogen deposition becomes smallex as the
polarization curve for the dilute arsenite-acetate solution approaches
that of the solution without arsenite. At higher concentrations of
arsenic, the curves show a "two hump" behavior. The first corresponds
to As deposition and the second, at more active potentials, to Bt reduc-
tion. The depression of the hydrogen evolutlon region may be caused by
changes in the local pH brought on by a very high arsenite concentration.
The apparent limiting current obtained in the arsenic reduction region
does not correspond to the bulk solution. Thus, if the reduction rate
of arsenite were controlled by mass transfer from the solution, the
limiting currents would be directly proportional to the concentration
of arsenite in sclution. This is not the case and it must be concluded
that the critical step 1s some sort of surface diffusion.,

Hydrogen permeation experiments were conducted by charg-
ing from arsenite-containing solutions into AISI-1010 steel palladized
at the exit surface. This method gave high permeabilities, even at low
charging current densities. In Fig. 64, the permeation rise transients
are shown for hydrogen charging from acetate alone, and acetate plus
small and large additions of arsenite. The boundary conditions were a
charging current of 125 ;.LA/cm2 and a potential at the exit side of
O mV(SCE) [240 mVg]. The highest peremability was from the solution
with the small As concentration. These data are tebulated in Table VII.

Table VII - Effect of Arsenite Additions on the Hydrogen Permeability
of Palladized ATSI-101C Steel at Room Temperature

Concentration, Permeation
Expressed as ug Charging Current Potential at Exit Current Density
Elemental As per Density (mA/cm®) Surface (mVy) (uA/cm®)

nl Solution
0 0.125 +540 ho
3.9 0.125 +2ho 61.5
7.8 0.125 +240 48.0
19.7 0.125 +240 39.5
39.4 0.125 +240 L0
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Fig. 63 - Cathodic Polarization of 1010 Steel in Acetate Buffer
with Arsenite Additions
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The highest permeation occurred when there was simultane-
ous deposition of the arsenic and the hydrogen (3.9 ug As/ml). Chrono-
potentiometric measurements during the charging showed that the potential
decreased from an initial value of -450 mV{SHE) to -620 mV at 180 seconds
(onset of steady-state diffusion). At the higher arsenite concentrations
there was an initial deposition of arsenic followed by co-deposition of
arsenic and hydrogen, with hydrogen predominating as illustrated in the
polarization diagram, Fig. 63. In these cases the potential at steady
state hydrogen diffusion was =700 mV and lower. These latter solutions
had permeation behavior characteristic of the pure acetate as tabulated
in Table VII. ‘

However, as the charging current was increased the per-
meation current increased. At high charging currentsg, the permeation
current for all As~containing solutions greatly exceeded that of the
acetate-only solution. -

In Fig. 65, the permeation current at steady state (the
plateau current in Fig. 6h4) is plotted against the square root of the
charging current. This relationship has been developed in the litera-
ture®® and applies when recombination of the freshly deposited nascent
hydrogen atoms on the metal surface is the rate-controlling step in
the cathodic reduction process. The constant of proportionality involves
the diffusivity of hydrogen, the thickness of the specimen, and the
specific rate constants for the recombination and absorption reactions.
When recombination is hindered, the competitive absorption reaction, H
(absorbed, surface) - H {absorbed, lattice), is promoted. The deposited
arsenic can hinder recombination in a purely geometric way or by a chemi-
cal coordination with the hydrogen. Presumably the chemical compound
can break down and release hydrogen to the steel. Qualitative tests
for compound AsHz in the charging sclution showed none present.

Figure 66 shows an anomalous effect. At low charging
currents a higher premeability obtains from the solution containing no
arsenic, Up to a charging current of 0.31 mA/cm®, the transients show
the "plateau behavior" for this solution. Above this charging current
value, steady state does not occur and the permeation falls off with
time, BSince the permeability is proportional to the product of the dif-
fusivity and the solubility, either or both of these must decrease.
When the same experiment was run, charging from an arsenited solution,
the series of plateaus for charglng current increases was cbserved up
to 20 mA/em®, Beyond this value, the "saw-tooth" shape response was
noted. Thus the presence of arsenite in the solution would not affect
the hydrogen diffusivity, but the arsenic deposits on the surface have
a great influence on the fugacity of the adsorbed hydrogen and, there-
fore, on the hydrogen solubility just inside the steel. Therefore,
the appearance of this "saw~tooth" behavior is not a criterion for
detecting hydrogen trapping (decreased diffusivity due to preferential
hydrogen migration to structural defects where the mean time of stay
is longer and the migration away is a slow process).
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Fig. 65 - Relationship of Permeation Current to Charging Current
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e, Effect of Co-depdsition

In order to show that arsenic and hydrogen co-depositicn
(i.e., as opposed to As on the surface) was a necessary condition for
enhanced permeation rates, a steel sample was deliberately plated with
50 millicoularbs of arsenic which was an smount of arsenic estimated
to be deposited during a hydrogen permeation test for the conditions
corresponding to the maximm permeation rate in Fig. 67. This sample
was then placed in an acetate solution with no arsenite present, and
& hydrogen permeation transient was obtained. This permeation behavior
of this arsenic-plated specimen is compared to that of a sample charged
from a solution containing no arsenite and the one containing arsenite.
Figure 67 shows the highest permeation for the case of simultaneous
argenic and hydrogen deposition and sbout the same rates for (arsenic
plated specimen) hydrogen deposition only. The thickness of these
specimens was 3 mils.

f. Caleulation of Diffusivity

The analytical bases for diffusivity calculations is
described in Section D=2-a

The results of experiments on hydrogen diffusivity are
tabulated helow.

Table VIIT - Diffusivity of Hydrogen in Palladized AISI-1010 Steel.
Hydrogen Charged from Arsenite-Acetate Solutions. Units:

cm?/sec.
Method of Arsenic Concentrations (pg/ml)
Calculation 3.9 7.8 19.7 39.4
Lag Time 4,98 x 1078 0.378 x 10™® 2,73 x 1078 2.32 x 1078
Time Rise
Constant 12.5 x 1078 0.426 x 1078 J-l.'?'f’) x 1078 1.76 x 1078
Decay
Transient L.65 x 1078 2.39 x 1078 1.63 x 1078 2,17 x 1078
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Table IX - Diffusivity of Hydrogen in Palladized
ATSI=-1010 Steel for Various Thicknesses

Method of Sample Thickness (mils x 107%)

Caleculation 2 3 5 10

Time Lag 0.378 1.57 3.02 2,32
Time Rise

Congtant 0.h26 3.35 1.67 7.36
Decay

Transient 2.39 1.20 1.2 2,87

The decay transients give the most consistent values
since neither the thickness nor the charging solution should affect
the diffusivity. The diffusivity can therefore be taken as approxi-
mately 2 x 1072 cm®/sec.

g. Morphology of the Arsenic Deposgits

It was established that elemental arsenic was deposited
on the charging surface during permeation tests by electron diffraction
of this surface. In addition, there was agreement of gravimetric and
coulometric determinations of the amount of arsenic deposited at con-
stant potential [-1000 mV(SHE)] and from a high concentration of arse-
nite in acetate solution. Scanning electron rhotomicrographs were
taken of the arsenic-deposited surface, as shown in Figs. 68 and 69.

In Fig. 68, the steel substrate can be geen since the preparation
scratches are visible. The arsenic plate is not uniform. In Fig. 69,
the cracks show the plate is brittle, and the arsenic appears to

adhere poorly to the substrate. It appears that an initial thick plate

is formed on top of this. The plate thickness was estimated to be 80003.

3. Discussion

Most of the above work is aimed at establishing parameters
for subsequent experiments. The work on arsenic co-deposition sheds
new light on the mechanism for the absorption of hydrogen. It would
appear that the absorption is influenced by the ioniec form of arsenic
rather then noncharged arsenic.

The diffusivities cbserved are in general accord with those
in the Iiterature. The equipment and techniques appear to be repro-
ducible and in good working order. The next efforts will be directed
toward studying the interaction between hydrogen and interfacial
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boundaries in an Fe~Cu alloy where mabrix-precipitate coherency can be
varied by heat treatment. These foils, appropriately hydrogenated,
will be deformed and subsequently examined by TEM to assess the inter-
action among hydrogen, interfacial coherency, and strain-induced dis-
location activity.

E. DISSOLUTION OF FERRITE~CARBIDE
HETEROGENEQUS STRUCTURE (C. Cron and J. Payer)

1. Objectives

High=strength steels are complex materials containing a number
of c¢hemically and structurally different phases., This work is aimed at
elucidating the detailed nature of the local dissolution processes in
these materials. The work reported in the first description of local
dissolution in Progress Report AFML TR-67-240 showed clearly that there
was a great difference in the relative reactivity of the iron matbtrix
and the complex carbide of quenched and tempered 4340 steel. In order
to cbtain a less ambigious understanding, a pure Fe-C (1045 nominal)
alloy is being used where there is less uncertainty about the FesC and
ferrite compositions and structures.*

2. Experimental

Specimens are prepared by first thirmming to the thickness
required for transmission electron microscopy. The specimens are then
mounted in an electrochemical cell with the salt bridge probe adjacent
at various values of pH (O, L4, 10, 14). Figure 70 shows these poten-
tials and pH's relative to schematic figures of the potential-pH dia-
grams for iron-H,O and carbon~H,O0. In addition, the effect of various
anions was examined at pH 4 and pH 14. All experiments are performed
at 25°C. All potentials are reported on the standard hydrogen scale.

After exposing the specimens at specified potentials and
pH's, they are examined in the transmission electron microscope.
Figure 71 shows the specimens prior to exposure at coustant potential
to the enviromments. Examples of the various types of attack observed
are shown in Fig. 72.

3. Results

a. pH 0O

" Electron micrographs of specimens exposed to & pH O KCl-
HC1 buffer solution are shown in Fig. 73. After one hour at ~1000 mV,

*This material was furnished through the generosity of Dr. B. F. Brown
of the Wawval Research Laboratory.
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b) Carbide Aftack
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h) Interface Attack

Fig. 72 - Electron Micrographs Showing Various Modes of Attack

117



pHO K CI-HC!I BUFFER

Fig. 73 - Electron Micrographs of Specimens Exposed at pH O in KC1-HCL Buffer
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no reaction was observed (note the carbides appear black in the electron
micrographs) .

At =200 mV the specimen was exposed for 5 minutes. The
overall attack occurred quite rapidly with the matrix being attacked
more vigorously than the carbide; the same was true at -130 mV.

At more noble potentlals the attack was too aggressive
and foils were destroyed after very short exposure times.

b, pH L4

Specimens were exposed to enviromments containing various
anions (i.e., S0,72, C17, NOg~, PO, °, Ac™) as well as a buffer solution.
The attack varied with the anion present.

(1) H.80.

Figure 74 shows electron micrographs of specimens
exposed to a pH U4 H,S0, solution. At =1000 mV, no
attack was observed after 60 minutes exposure.

At -500 mV, after 60 minutes the matrix was
attacked but the carbides are not attacked. Dis-
solution is most vigorous at the interface between
the ferrite matrix and the iron carbide.

At -215 mV, the attack is more vigorous than at
=500 nmV, After 10 mimites exposure the matrix has
been substantially attacked. More rapid attack of
the interface is not observed. The carbideg are
attacked to a small degree.

At +100 mV, dissolution occurs toc rapidly and
specimens are destroyed after short times. At
+800 nV, after 25 minutes, the specimen has under-
gone substantial general attack.

(2) HC1 Solution

At -1000 nV, after 60 minutes exposure the car-
bides have been dissolved, whereas the matrix has
undergone only slight dissolution (see Fig. 75).
This is the only enviromment in which attack was
observed at this potential.

At -500 mV, alter 60 minutes, the carbides are
again attacked although not as severely. The
matrix atback is still slight. At -125 mV, the
entire specimen iz substantially attacked.

19



-1000 mV
60 min.

Fig. 7k - Electron Micrographs of Specimens Exposed at pH 4 in H,S0,
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Fig. 75 - Electron Micrographs of Specimens Exposed at pH 4 in HC1
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At +100 mV, the carbides are severely attacked
while the matrix is untouched. Note the smooth
cavities that remain where carbide has been. At
+800 mV, the attack is again general and substan-
tial.

The behavior of the specimens at all potentials
except +800 mV is quite different in the HC1 and
the H:850, enviromments. In the former at -500 mV
the carbides are attacked and the matrix is stable,
whereas in the latter opposite behavior is observed,

(3) HNO; Solution

Electron micrographs of specimens exposed to
pH L HNO; are shown in Fig. 76. At =500 mV, after
30 minutes exposure both matrix and carbide are
attacked. The interfacial region is attacked most

rapidly.

At +100 mV, two opposite types of behavior are
observed on the game specimen. In one area the
matrix is severely attacked and the carbides are
stable while in another area the carbides dissolve
and the matrix is stable. This is the only case
found of this type. In all other tests behavior
was consistent and reproducible.

At +800 mV, after LO minutes exposure the matrix
is unattacked while some carbide dissolution has
occurred. This 1s in contrast to the behavior in
HC1 and H,o80, where general attack was cbserved.
This is a result of the passivating or inhibiting
trend of the nitrate ion on the corrosion of
iron.

(4) H4aPO, Solution (see Fig. 77)

At <1000 mV, no attack was observed, Substantial
general attack was observed at both =500 mV and
~215 mV, the attack being more vigorous at the ncbler
potential. At +100 mV attack was too vigorous and
gpecimens were destroyed in a few seconds.

At +800 mV, after 60 minutes exposure only a
glight amount of matrix dissolution has ocecurred.
This points out the effect of the anion present.
At +800 mV in HC1l and H.S0, substantial general
attack is observed, whereas in HNO, and HsPC,
1little or no attack occurs.
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Fig. 76 - Electron Micrographs of Specimens Exposed at pH 4 in HNOg
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Fig. 77 - Electron Micrographs of Specimens
Exposed at pH 4 in HyPO,
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(5) Acetic Acid Sclution (Fig. 78)

At -1000 mV, no attack occurs. At -500 mV the
matrix is attacked and the carbides are stable,
At -215 mV, matrix attack is more vigorous that at
=500 mV and the interface is the most severely
attacked region.

At +100 mV, a reversal of behavior is cobserved
in that the carbides are severely attacked while
the matrix is unattacked. At +800 mV, attack is
general with the interface again being attacked
most vigorously.

(6) 0.1N NaOH~0.IM KHCgH,0. Buffer Solution
(Fig. 79)

At 1250 mv, after 120 minutes exposure no
attack was observed. At -290 mV, after 10 minutes
exposure the matrix has been severely attacked
while carbides remain unaffected. At -200 mV
similar behavior was observed, with the matrix
attack being more rapid. Large black areas are
thought to be agglomerated iron carbide resulting
from removal of nearly all of the supporting
matrix material. At +800 mV, the matrix is
again severely attacked and the carbides are not
attacked.

In summary, at pH 4 the behavior is found to vary con~
giderably depending upon the anion present. The HC1l enviromment was
unique in that it is the only enviromment in which attack was observed
at =1000 mV. In general, severity of attack appears to pass through =
maximm in going from -1000 mV to +800. This is consistent with the
greater tendency of iron to passivate at the higher potentials.

c. pH 10

Electron micrographs of specimens exposed to a pH 10
0.1N NaOH~0,IM HaBOs; buffer solution are shown in Fig. 80. At -1200 mv,
after 60 minutes exposure no attack was cbserved. At -680 mV, =580 mV,
and +400 mV the matrix was vigorously attacked while the carbides were
unaffected.

d. pH 1h

Three enviromments were used to investigate the effect
of the anion present on dissolution behavior.
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Fig. 79 - Electron Micrographs of Specimens Exposed at pH 4 in 0.1N NaOH -
0.1M KHCgH,0, Buffer
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10 O.IN NaOH - 0.IM H,BO; BUFFER

Fig. 80 - Electron Micrographs of Specimens
Exposed at pH 10 in NaOH -
0.1M HSBOB Buffer
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(1} 1N NaOH (Fig. 81)

4t ~1200 mV no attack was observed., At -860 mV
substantial matrix attack occurred while the car-
bides were stable. At -4OO mV substantial dissolu-
tion of both matrix and carbide have occurred, with
the interface being attacked most vigorously. At
+400 mV the carbides are severely attacked while
the matrix was only slightly attacked.

(2) 1IN NaOH+IM Na.80, (Fig. 82)

No attack occurred at -1200 mV. At =860 mV
the matrix was not affected, while the carbides
were severely attacked. At -400 the behavior
was the same, with the carbide attack being less
vigorous. At +L00 mV the carbides are again
severely attacked and the matrix unaffected.

(3) 1N NaOH+IM NaCl (Fig. 83)

The behavior is the same as in the 1N NaCOH+1M
He,504. The only differences being that the matrix
is slightly attacked at -400 mV and -860 mV, and
that the carbide attack is not as vigorous at
+400 mv.

e. The dissolution behavior in all the envirorments is
surmarized graphically in Fig. 84 which shows together the relative
dissclution behavior of the matrix, interface, and carbide. Here are
clearly four discrete dissolution modes; i.e., overall dissolution,
preferential ferrite dissolution, preferential carbide dissolutions,
and preferential interface digsolution.

f. Current Densities

The current densities meastured during exposure of the
foils are glven in Table X.

g. Thermodynamic Caleulations

Thermodynamic data have been used to predict the range
of stability of the various species that may be formed during the dis-
solution of the carbide, The stabilities are determined as a function
of potential and pH.

The results of these calculations are presented here in
five sections: {1) iron stability (2) carbon stability (3) iron car-
bide (FesC) stability (4) chromium carbide, (C-Ca), stability (5) com~
plex species stability. Table XTI is a compilation of the free energy
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§M' 400 mv

80 min.

Fig. 81 - Electron Micrographs of Specimens Exposed at pH 14 in NaOH
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b)
-1200 mV

#9400 mv

&:’ 60 min.

Fig. 82 - Electron Micrographs of Specimens Exposed at pH 14 in
1N NaOH + IM NasS0,4
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pH 14 IN "NaOH + M NaCl

- 1200my
60 min.

Fig. €3 - Electron Micrographs of Specimens Exposed at pH 14 in
NaOH + 1N NaCl
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Table XI - Free BEnergy of Formation '
of Species Considered
Species AG® (eal/mol) l
Hp0
Fe't - 20,300 l
pettt - 2,530 l
FeO (hydro) - 58,880
FesC + L,760 l
CH,0H - 41,700 I
CH, - 12,140
HoCOs - 149,000 l
HOO5™ ~140,310 l
C0s~ -126,220
COs - 94,260 l
oty - 43,840 i
crtt - 42,100
Crs04 (hydro) ~250,200 I
030," ~128,090 ;f
Cr05~C ~1h4k,220 l
Ccr0O (hydro) - 83,810 l
1
1
136
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of formation data used in the calculations.¥* TFree energies of reaction
were calculated for the reduction reaction in a2ll cases regardless of
the direction in which the reaction was written. Subsequently the
Nernst equation, G = nFE, was applied to each reaction.

{1) Iron Stability

The equilibrium diagram for Fe-H,0 is shown in
Fig. 85. The diagram has been taken from Pourbaix.
The specles considered for the diagram are Fe, Fe++,
Fett  Fe(OH),, Fe(OH)5, and HFeOy~. The equili-
brium formulae are given in Table XIT. The region
below lines 1, 2, and 3 is the region in which irom
is thermodynamically stable in water at 25°C. Iron
is unstable and will corrode in regions where the
product of oxidetion is soluble; i.e., in regions
of Fett and HFeO,~. In regions where the corrosion
product is a solid, iron can passivate; i.e., regions
of Fe(OH), and Fe(OH),. Lines a and b define the
region of stability of water with respect to hydrogen
gas and oxygen gas, respectively.

(2) Carbon Stability

The equilibrium diagram for C-H-0 is shown in
Fig. 86. The species considered are C, CHg, OH,
CHy, HoCOs, HCOs™, CO5 , and CO-. Above lines 3, 4,
and 5 carbon can be oxidized to H CO4, HCO4™, and
C0s™, respectively. Lines 7 and 8 define the
regions of predominance of H,CO , HCOs™, and COs=.
Below lines 2 and 4 carbon can be reduced to CH,
and CH;0H, respectively. It is of interest to
note that carbon has no region of thermodynamic
stability in agueous solution. However, the strength
of the carbon-carbon bond makes the system react
irreversibly, thus graphite finds use as anodes in

cathodic protection. The equilibria involved are
listed in Table XIT.

(3) Iron Carbide Stability

The species considered are Fe, C, FesC, Fe++,
Fe(OH)z, CH50H, CHy, HpCOs, HCOs™, CO5~, and COs.
The equilibria involved are listed in Table XII.
Figure 87 (a~d) shows the potential-pH plots of
the equilibria, Figure 87b lines 2 and Y4 show

*Data from (1) Atlas of Electrochemical Egquilibria in Agueous Solutions,
Marcel Pourbaix, and (2} Oxidation Potentials, Wendell M, Latimer.
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Fig. 85 - Potential-pH Diagram for the Iron-Water System at 25°C
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Table XII - Reactions and Equilibrium Formulae

Iron-Water System

Fe » Fett 4+ 2e~

E = - 0.440 + 0.0295 log [Fe*™]

Fe + Ho0 > Fel + 2H" + 2¢”

E = - 0.047 -~ 0.059 pH

Fe + 2H,0 » HFeO,~ + 3H' + 2e”

E = - 0.493 - 0,087 pH + 0,0295 log [HFeO,]
Fett + H,0 > FeO + 2H'

log [Fet™] = 13.29 - 2 pH

2Fett + 3H,0 > Feo05 + OHT + 2e”

E = 1.057 - 0.177 pH - 0.0591 log [Fe'™t]
oFett™ + 3H,0 -+ Fe,05 + GH'

log [Fett*t] = 4,84 - 3 pH

2Fe0 + Ho0 - Fes04 + 2HY + 2e~

E = 0.271 ~ 0.059 pH

2HFel0,™ - Fes0s + HaO + 2e”

E =~ 0.810 - 0.059 log [HFeO,"]

Carbon-Water System

CHaOH % C + Ha0 + 2H" + 2e7
E=-0.325 - 0.0591 pH - 0.0295 log [CH,O0H]
CHy = C(s) + 4" + Le™

E = 0.132 - 0,0591 pH - 0.0148 log [PCH,]
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Table XII - (Continued)

C + 3Ho0 +HoC05 + UHY + le~

E = 0.228 - 0.0591 pH + 0.0148 log [H,CO4]

l]
+

3H,0 > HCO3 + SHT + Ye™

[cal
I¥

0.323 - 0.0739 pH + 0.0148 log [HCO5™]

c

ER

3Hp0 + CO5™ + 6HY + Le~

E

0.475 - 0,0887 pH + 0.0148 log [C05=]
CO, + 4H' + Le™ > C + 2H.0

E = 0.207 - 0.0591 pH + 0.0148 log [Peo, ]
H.CO3 -» HCO5™ + H*

[HoC05] = [HCO;™] @ pH 6.38

HCO.™ - CO05= + HY

[KCO5™] = [CO5™] @ pH 10.34

Iron Carbide-Water System

FesC = 3Fe™™ + C(s) + 6e”

E = = 0.475 + 0.0295 log [Fe']

FesC + Ho0 + 2HY + 2¢™ » 3IFe(s) + CHOH

E =0 0.222 = 0.0591 pH - 0.0295 log [CHAOH]

FeaC + HpO + 2H' =+ 3Fe’™ 4+ CHLO0H + be~

E = - 0.549 + 0,0295 pH + 0.0148 log [Fe™1® [CH,OH]
FesC + 4H' + be™ » 3Fe(s) + CHu(g)

E = 0.183 - 0,0591 pH - 0.0148 log [Pcy,]

FesC + 4™ - 3Fe™ + CH, + 2e~

E = - 1.687 + 0.1182 pH + 0.0886 log [Fe**] + 0,0295 log [Pch,]
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10.

11.

12,

13.

1k,

15.

16,

17.

Table XII - (Continued)

FesC + 3H,0 » 3e(s) + H COz + 4H' + Le”

E = 0.177 - 0.0591 pH + 0.0148 log [HoC04]

Feal + 3H,0 » 3Fet™ + HoC05 + LHT + 10e™

E = - 0,194 = 0.0236 pH ~ 0.0059 log [H.COs] + 0.0177 log [Fe**]
FesC + 3H,0 -+ 3Fe(s) + HCO:™ + SHY + Le™

E = 0.271 - 0.0739 pH + 0.0148 log [HCO5™]

FesC + 3H.0 » 3Fe™ + HCOs™ + sHY + 103

E = - 0.156 - 0.0295 pH + 0.0177 log [Fe™"] + 0.0059 log [HCO;™]
FesC + 3H0 »3Fe(s) + CO,= + 6HY + Le~

E = O0.k2k - 0.0886 pH + 0.0148 log [CO5~]

Feal + 3Ha0 » 3Fe’ ™ + €05~ + 6HY + 10e”

E = - 0.095 ~ 0.0354 pH + 0.0177 log [Fett] + 0.0059 log [CO5~]
FesC + 2H,0 + 3Fe(s) + €O, + Wt + Le™

E = 00.15 - 0.059 pH + 0.0148 log [Pgq, !

FesC + 2Hp0 » 3Fe’™ 4 co, + W™ + 10e”

E = 00,202 - 0.02% pH + 0.018 log [Fe'"] + 0,006 log [Pgp, ]
FesC + 3H,0 - 3Fe0(s) + C(s) + 6H + 6e~

E = - 0.082 - 0.059 pH

FeaC + LHo0 - 3Fe0 + CHLO0H + LH3 + le~

E = - 0.040 - 0.059 pH + 0.01L8 iog [CHOH ]

FegC + 3HS0 » 3Fel + CHy + 20T + 2e”

E = - 0.509 - 0.059 pH + 0.0296 log [Pgy,]

FesC + GH;0 — 3Fe0 + HoCO, + 10H + 10e”

E = - 0,042 - 0,059 pH + 0.006 log [H5COs]
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18.

15.

20.

Table XII - (Continued)

FesC + G6HoO - 3Fe0 + HCO,™ + 11HT + 10e”
E =+ 0,080 - 0.065 pH + 0,006 log [HCO5™]
FesC + GHoU > 3Fe0 + CO5™ + 12HF + 10e”
E=+ 0,141 - 0.071 tH + 0.006 log [C05=]
FesC + SHo0 =+ 3Fe0 + CO, + 10HT + 10e™

E = + 0.03% - 0,059 pHf + 0.006 log [Fgq,]

Chromiuvm Carbide-Water System

Cr,Csy = 7CrtH + 3C(s) + 14e™

E = - 0.775 + 0.0295 log [Crtt]

Cr-Cs + 3Ho0 + 6HT + 6e™ » 7Cr(s) + 3CHLOH

E = = 0.641 - 0,0591 pH - 0.0295 log [CH5O0H]

Cr,Cs + 30 + 6HT = 7Ccrtt + 3CHSO0H + 8e™

E = - 1.09 + 0.0bk pH + 0.049 log [Crtt] + 0.021 log [CH40H]
Cr,Cq + 12HT + 12e” > 7Cr(s) + 3CH,

E = 0,025 ~ 0.0591 pH -0.0148 log [Bgy, ]

CrCq + 12HT - 702 & 30H, + 2e”

E= ~6.23 + 0.354% pH + 0.203 log [Cr™*] + 0.089 log [Pey, ]
Cr,Cq + 9H O »7Cr(s) + 3HCO5 + 12HT 12e

E = 0.387 = 0,0591 pH + 0.0148 log [H,CO04]

Cr,Cs + SHo0 » 7Crtt + 3H,C05 + 12HY + 26e

E = - 0.313 - 0.027 pH + 0.016 log [Cr*t] + 0.007 log [HxCOs]
0r.Cs + GHo0 - 7Cr(s) + 3HCO; + 1SH' + 12e”

E = 0.481 - 0.074 pH + 0,0148 log [HCO;™]
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Table XII ~ {(Continued)

4 - . _
Cr-Cs + GHo0 » 7Cr  + 3HCO,™ + 15H  + 26e
E = - 0.269 - 0.0341 pH + 0.0159 log [Cr™"] + 0.0068 log [HCO;™]
10. CrCs + GHa0 - TCr(s) + 3005~ + 18H' + 12¢”

E = 0,634 - 0.0887 pH + 0.0148 log [CO.™

b

11. Or Cs + P00+ T7Cr" T + 300, + 18H" + 26e”

E = - 0.199 - 0.04%09 pH + 0.0159 log [Cr™*] + 0.0068 log [CO5™]

12. 20r,Cs + 21H,0 - 7Cro05 + 6C + 42HT + h2e™
E = - 0.489 - 0.0591 pH
13. 20r,Cs + 39Ho0 = 7Cre0s + GHoCO5 + G66HT + 66e”
E =~ 0.228 - 0.0591 pH + 0,0054 log {HoCO,]
1h. 2Cr,Cq + 39H.0 = TCro0s5 + GHCOS™ + T2HT + 66e
E = - 0.194% - 0.0645 pH + 0.0054 log [HCO,™]
15, 2Cr,Cs + 39Ho0 =+ 7Crs04 + 6C0;™ + T8HT + 66e™
E = - 0.138 - 0.0698 pH + 0.0054 log [CO5=]
6. Cr,Cs + 23H,0 » 70r0s~ + 3005~ + 46H™ + 33¢™
E = 0.095 - 0.824 pH + 0.0054 log [C0,=] + 0.0125 log [CrO,~]
17. Cr,Cg + 1WH,0 = 7Cr0,~ + 3C + 28Ht + 21le”
E = - 0.122 - 0.0788 pH + 0.0197 log [CrO,”]
18, Cr,Cs + 30H50 - 7Cr0= + 3C0.= + 60HT + 33
E = 0.b68 - 0.1075 pll + 0.0125 log [Cr0s=] + 0.0054% log [CO5™)
19. Cr.Cs + 21H50 » 70r0,= + 3C + lpH' + 21e”
E = 0.464 - 0.1182 pH + 0.0197 log [Cr,0%]
20, Cr,Cy + TH0 =+ 7Cr0 + 3C + 14HT + 1he”

E =~ 0.452 - 0.0591 pE
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Table XII - (Continued)

21. CryCs + 16Ha0 == 7Cr0 + 3HoCO04 + 26HT + 26~

E =~ 0.138 - 0.0591 pH + 0.0068 log [H,COs]

22. Cr,Cq + 16H,0 > FCr0 + 3HCO,™ + 29H' + 26e”

E == 0,094 - 0.0659 pH + 0.0068 log [HCO,™]

23, Cr,Cs + 16H.0 - T7Cr0 + TCr0 + 3005~ + 32Ht + 26e~

E =~ 0,024 - 0.0727 pH + 0.0068 log [COs=]
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Fig. 86 - Potential-pH Diagram for the Carbon-Water System at 25°C
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the potential required to reduce FesC to methanol
and methane, respectively. The iron carbide is
less stable with respect to methane, The oxida-
tion of iron carbide to carboniec acid, bicarbonate
ion, and carbonate ion is considered in Fig. 87c.
The dashed lines are metastable with respect to
solid lines 7, 9, 18, and 19. Figure 874 shows
lines for oxidation of FesC to carbon dioxide

{(4) Chromium Carbide (Cr.C,) Stability

The stability of chromium carbide ls of interest
because of ite presence in any alloy of practical
significance. Sensitization of stainless steels is
but one example in which the electrochemical behavior
of chromium carbide is important. Figure 88(a-d)
shows plots of the equilibria considered. The equili-
bria are listed in Table XII. The species considered
are Cr,Cs, Crt*, Crs0s, Cr0s~, Cr0s™2, Cr0 (hydr), C,
CH30H, CH,, HoCO4, HCO3™, and CO<<.

Figure 88a is the potential~pH diagram for the
chromium-water system. Chromium, like iron, corrodes
in acid solutions and passivates ags pH increasges.

The chromium passive region is larger than that of
iron.

(5) Complex Species Solubility

The formation of complexes vetween ions in solu-
tion may affect the kinetics of dizsolution.
If a soluble complex is stable, the dissolution
kinetics can be accelerated. Conversely, if an in-
soluble compound is stable, the dissolution kinetics
can be retarded. It is thought that the presence
of complexes will prove to be the reason for the
different behavior observed in the presence of dif-
ferent anions. A study has thus been undertaken to
define the region of stability of the various com-
plexes which are possible in an iron-water-carbon

system, BSome of the results of this study are given
below.

(a). Iron Carbonate (FeCOs;). The solubility
product for this complex as given by Latimer as
2.11 x 107'1, Whenever the product of ferrous ion
concentration and carbonate ion exceeds 10711 fer-
rous carbonate will be precipitated., Higher fer-
rous ion concentration is favored hy low pH whereas
higher carbonate ion concentration is favored by
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high pH. The carbonate ion concentration falls off
much more rapidly than the ferrous ion concentration
increases as pH is lowered. Thus, precipitation of
iron carbonate is favored by high pH.

(b). Carbon Tetrachloride (CCl,). In solutions
containing chloride ions, carbon tetrachloride could
be present. The free energy of formation of CCl, is
small and hence the reaction, C + 401~ % CCLl, + be™,
has a high reversible potential (E® = 1.,18). The
tendency to form CCl, is small.

(¢). Ferric Tartrate =~ Fes(C,H 05)a. The pH L
buffer solution contained 0.IM KHCgH,0,.. Ferric
tartrate is a soluble complex and may possibly
explain why the specimens at +800 mV in the pH U
buffer solution exhibited very rapid matrix attack
(see Figs. 79 and 84).

L, Discussion

The significance of the above results is still not completely
clear but a number of important ideas should be emphasized as follows:

(a). The behavior of ferrite and iron carbide varies drasti-
cally over the range of pctential and pH.

(b). The effect of the anion present is substantial in some
instances.

{¢). The consideration of complexes formed in the system is
of great importance and further work in this area sghould prove fruitful.

(d). 1In several cases, the carbide-ferrite interface was
attacked more vigorously than the rest of the specimen. It is
that this is the result of segregation of other elements to this inter-
face., Manganese is suspected because it would be rejected from the
carbide during carbide growth and it accelerates the anodiec dissolution
kinetics of iron.

{e). The dissolution of carbides and slight attack of the

matrix at =-1000 mV in the pH 4 HCL solution is unexpected but is in
accord with the prediction of Fig. 87b.
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F. DISSOLUTION KINETICS OF IRON CARBIDE,
GRAPHITE * (J. Payer)

1. Objectives and Background

Iron carbide and allcy carbides are important constituents
of high-strength steels. The purpose of this investigation is to
define the dissolution and reduction kinetics of these carbides. Aan
. understanding of these processes will be used to determine in what way
and to what extent carbides take part in the stress-corrosion cracking
of high-strength steels.

The study involves two types of investigations. The first
is an investigation of the dissclution of thin foils of pure iron-
carbon alloys using electron microscopy. The progress of this study is
described in Section III E of this report. The second is an investiga-
tion of the dissolution and reduction kinetics of iron carbide using
electrochemical techniques. The specific aspects of the experimental
work will determine the reaction scheme for carbon oxidation and reduc-
tion while in the carbide lattice. The work will identify reaction
products and rates.

2. Preparation of Iron Carbide

An essential problem which slows progress in the preparation
of iron carbide is its thermodynamic instability., Efforts to procure
iron carbide commercially have been unsuccessful. The aim of experi-
mental work to produce iron carbide has been to optimize on reducing
the degree of metastability and to increase the rate of carbide forma-
tion.

A schematic dilagram of the equipment being used for prepara-
tion of iron carbide is shown in Fig. 89. A diagram of the furnace
tube is shown in Fig. 90. A Marshall Products tube furnace in con-
Junction with a Barber-Coleman time-proportioning controller allows
temperature control within + 1°C. The atmosphere of the furnace can
be regulated to any desired ratio of hydrogen and methane. This is

accomplished by adjusting the flow rates through a series of manometers.

By controlling the amount of methane in the gas mixture, the carburiz-
ing potential of the atmosphere can be regulated.

A series of runs has been systematically varylng the tempera=
ture and carburizing potential., Thus far, only moderate success has
been realized. Samples contalining roughly 30 volume per cent carbide

have been produced. TFigure Gl shows a typical photomicrograph of a speci-

men with a high carbide concentration. Further runs are planned in an
attempt 1o cbitain a material with a greater content of iron carbide.

In addition, three Fe-C alloys have been cast; i.e., 0.8% C (eutectoid)
alloy, a 2.0% C alloy, and a 4.3% (eutectic) alloy.
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Fig. 90 - Schematic Arrangement of Furnace Tube

152

= v‘r’J




r.-

Fig., 91 - Photomicrograph of Specimen Containing
FesC

3. Work on Carbon Dissolution Kinetics

The dissolution and reduction kinetics of the iron electrode
have been well documented, but this is not the case for the carbon
electrode. One of the main reasons for the paucity of electrochemical
work on graphite is the difficulty of preparing reproducible surfaces
for investigation. A study carried out on graphite specimens showed
the kinetics of oxidation and reduction to be extremely slow. The
reason for the retardation of the kinetics is the difficulty of break-
ing the very strong carbon-carbon bond in graphite. It is thought that
the carbon in the carbide lattice can react more readily because less
energy is needed than is required to dissociate the carbon-carbon bond.

Since it is likely that a pure specimen of bulk iron carbide
will never be obtained, the experimental determination of electrode
kinetics of the carbon in iron carbide will be pursued as follows.

Since the carbon is virtually all tied up in the FeaC, then all the
reaction products can be assumed to originate from the source. By
quantitative metallography it is possible to specify the relative area

of the iron carbide. By holding at a series of potentials for protracted
times the current-time behavior can be obtained. The solutions will be
analyzed to determine both the amount of carbon reacted and the identity
of the product species. The oxidation of the iron in the iron carbide
can be studied in a similar way since the oxidation kinetics of pure

iron can be readily obtained and the contribution of the iron in the

iron carbide can be derived.
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G. KINETICS OF GROWIH OF PASSIVE FIIMS
{K. N, Goswami)

1. Objectives and Background

The objective of this study is to determine the kineties of
growth of passive films on iron alloy surfaces. This work is directly
relevant to the state of affairg immediately following the formatlon of
fregh surfaces at a crack tip. The rate of formation of passive films
affects the quantity of ions going into solution and also provides a
barrier to the subsequent entry of hydrogen into the metal.

2. Experimental

The theory of ellipscmetric measurements of kinetics of growth
of passive films and a detailed experimental arrangement is reported in
Technical Report AFML-69-16. For the results described herein, a deae-
rated solution of sodium borate and boric acid of pH 8.41 was used for
both the anodic passivation and the cathodic reduction. The solution
was kept under a stream of purified nitrogen.

The specimens of Fe, Fe~10Cr, Fe~10Ni, and Fe-10Cr-10Ni were
mechanically polished (final polish with 1 diamond abrasive) and finally
washed in spectrographic grade methanol, dried guickly by adsorbing the
methanol with lens paper, and placed in the cell. The oxide films
formed on the specimen surfaces by existing air were reduced galvarno-
statically at 10-20 pA/em® cathodic current. After cathodic reduction,
the solution was completely replaced by fresh solution, with the metal
surface maintained at the reduction potential. When the surface was so
reduced, optical readings were made, and by using the potentiostat the
surface was then brought rapidly to an ancdic potential where films
start to form. The film formation was carried cut in the potential
region -400 mV(SCE) to -800 mV(SCE). Before anodic polarization at
each potential, the specimen was freshly polished and reduced. Through~
out the experiment purified nitrogen was bubbled in the cell.

The optical constants and thicknesses of passive films of Fe,
Fe~10Ni, Fe~10Cr, and Fe-1O0Cr-10Ni alloys were calculated by using the
McCracking®? programing for analysis of ellipscmeter measurements from
the electronic camputer. The optical constants of the bare substrate
and passive films are shown in Table XIII.

3. Results and Discussion

It has been found that our data it equally well either the
logarithmic (d vs. #zt) and inverse logarithmic (1/d vs. #21t) rate
laws. Kruger and Calvert®> have also reported similar results for
pure iron studied in solutions of pH 8.4, A logarithmic growth law has
also been reported by Nagayama and Cohen™ for film formation of iron
in borate-borie acid solutions pH 8.41. The plots of growth rates
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Table XIIT - Comparison of the Complex Refractive Indices, q(l—ki) of
iron and iron base alloys and their anodic oxide films

for A\ = 5’461 A
Substrate Anodic Oxide Film
n k n k
Fe 2.833 1.190 2.L80 0.11
Fe-10Ni 2.875 1.255 2.300 0.12
Fe-10Cr 2,727 1.307 2,300 0.100
Fe~-10Cr-10Ni 2.757 1.343 2.300 0.12

(logaritimic and inverse logarithmic) are shown in Figs. 92-99. It has
been found that the direct logarithmic rate is independent of potentials
(approximately parallel lines for different potential), but the inter-
cept varies with potential. Sato and Cohen®’ have also observed the
logarithmic growth law for iron in sodium borate and borie acid solutions
of pH 8.41. They proposed a '"place-exchange"” mechanism for oxidation

of iron. This mechanism invelves film growth by the simultaneous
exchange of positions between oxygen and iron ions for all lyaers of
these two species forming the films.

We will now consider the other way of looking at the data
which, ag has been shown in the Figs. 96-99, fit an inverse logarithmic
growth equally well, When this type of growth rate is cbserved, we can
consider the rate to be controlled by the escape of ions from metal
lattice over an activation barrier, For such a process the plot of the
reciprocal of the film thickness vs. the log of time should yield a
straight line. This is a well~known theory of growth of thin films
proposed by Cabrera and Mott.38

Linear relations between potentials and film thicknesses for
an hour of polarization of iron and iron base alloys are shown in
Fig. 100. A deviation from the linearity at lower potential may be
interpreted in a term as film dissolution. Similar relations between
potential vs. amount of charge are reported by Nagayams and Cohen™ in
their coulometric study of passive film on iron in solutions of pH 8.41.
They have also found deviation from linearity below O mV(SCE}. Xruger
and Calvert®® have alsc found the linear relation betbween potential
and film thickness. '

In Teble XIV a comparison of film growth of Fe, Fe-10N1,
Fe-10Cr, and Pe-10Cr-10Ni alloys is given for the complete passivation
range. From Table XIV it could be seen that the film thickness de-
creases as iron is alloyed with Ni, Cr, and Cr-Ni.
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Table XIV - Comparison of the Change of Film Thickness of Fe, Fe-1lONi,
Fe-10Cr, and Fe-JOCr-1QNi Alloys for cne Hour of Polariza-

tion

Potential Fe Thickness (£)

[mv(SCE) ] Fe~10Ni Fe~10Cr Fe-10Cr-10Ni
=200 18.30 15.90 13.60 10.40
0.00 24,20 22.0 19.50 16.30
200 30.20 28.20 25.40 22,30
400 36.10 34.30 31.30 28.20
600 42,00 L4o. Lo 37.20 34,20
800 48,00 46,50 43,10 40,10

E. FELECTROCHIMICAL PROCESSES ABOVE 25°C
(R. Cowan)

1. Background and Objectives of Current Work

The purpcse of this work is to develop and apply techniques
for measuring electrochemical kinetic properties at temperatures above
25°C in aquecus solutions. In addition, theoretical calculations of
the ranges of thermodynamic stability of elements and their compounds
as a function of temperature, pH, and electrochemical potential are
being made. These calculations will then in turn be used to interpret
the kinetic data.

The present acope of this research is to determine the tempera-
ture dependence of the kinetic behavior of Ni 270 (99.93%) in the acid
range of pH. Emphasis is being placed on understanding changes in
cathodic reduction kineties and the breakdown of passivity at elevated
temperatures.

2. Thermodynamic Stability

A series of recent papers®®™** by Cobble et al. has shown a
method for determining the Gibbs free~energy change as a function of
temperature for reactions with ionic species ineluded in the reactant
and/or products. This type of calculation has been impossible for most
types of electrochemical reactions because there are no data available
for the heat capacity of most ionic species. Recently Townsend?® has
used their method to calculate potential-pH diagrams of ions in the
25°C to 200°C range.

The free-energy change of a reaction at temperature, T, can
be related to a reference temperature (i.e., 298°C) by
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O Q G O O Q
AFp, - OFq = AHp, - Tp05p, - Mg, + TadSp, (W)
O o T2 0 240
&F%g - OFp = OHp + f ACpdT - TpAS; - Tp _?E at
Tl i) 1
o]
- AHTL + TL&STI 3 and (5)
o) o) 0 T = AEP
ary, = aBp - (Tmsy v [ acpr-n [ Rar o (g
T, T,
where
ACP = vicpi - ViCI‘i
products reactants

One can define the average value of the heat capacity over a
temperature range as

2 To
Ty j& CPdT T de n T
'é' — 1 ~ 1 (7)
P B I T e
T, f ar j donT
T, T,

The far right-hand side of Eg. (7) is an approximation that is valid
within experimental error over temperature ranges of 175°C. Substituting
the sbove equation into Eq. (€) we obtain this result:

o 0 s} T2 [ Tg
AFT, = AFp. - ATAST + ACP] AT - T @nT—l s (8)
T,
where
Ts To Ts
ACp:l + z viCos - z viCri ]
T, products T, reactants T, e

For most condensed liquid and gaseous phases the heat capaclity and
entropy data are readily available in thermochemical handboocks. However,
for ionic species the only availeble data is 8°.gs. It is Criss and

Cobblets*9:41 ynique method of determining SOTE and EE[TE‘ that mekes
Ty

calculation of Eg. (8) possible.

Criss and Cobble have determined a correspondence principle
between the entropy of an ion at 25°C and the entropy of the same ion
at an elevated temperature that follows the relation
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Sp, = ap, + bp, 8 (25)&bs. scale (9)

In electrochemistry the entropy of hydrogen is artifically assigned an
entropy of Sﬁ+ = 0., Chris and Cobble have determined the absolute

entropy of HY as 8§ps(HY) = -5.0 at 25°C. By trial and error they have

found values of S§ps(H') at elevated temperatures that make all ijons of

a certain class give a linear dependence to their entropies at 25°C, In
this manner the constants aT, and by, have been determined for each class
of ion for different temperatures. 1In order to use Eq. (9) the entropies

from the literature must be put on the absolute scale by the following
equation:

e o

T - O

80,5(25) = 89(25) - 52, (10)

where Z is the ionlc charge. Thus, with the correspondence method it is
possible to determine the entropy of any ion at the temperature of
interest if the entropy is accurately known at 25°C. A listing of the a
and b coefficients is shown in Table XV,

To evaluate Eq. (9) it is also necessary to know the average
value of the heat capacity of the ions in question over the range of

- T
temperature in question, CP|T2 . This is easlly calculated for the tem-
1
perature range 25°C to 200°C by the following equation:

_ g, 5°(+2) - s%e5)
Cplas = on Ty /298

For temperatures greater than 200°C, Eq. (9} is evaluated for each tem-
perature increment of 50°C using 200°C as T, ete.

Using this wethod of calculation, we are determining the poten-
tial-pH diagrams of the Ni-H,0 system at temperatures to 300°C. Unfor-
tunately, there are no S°(25) or Cp data available for Nip0s, Nis04, or
NiO,, which are stable only in aquéous solutions. However, data are
availeble for Cos0s3, Fea04, and MnO,. BSince these compounds have the
same crystal structure as the corresponding Wi oxides and because Co, Fe,
and Mn are close to Ni in the periodic table, the S°(25) and Cp values
of these compounds will be assigned to the corresponding NiO. Prelimi-
nary calculations show that there is a marked temperature dependence of
the potential-pH diagram of Ni.

It should be noted that when calculating free energies from
Eq. (8), the whole cell reaction should be used with 2+ + 2e” > H, as
the oxidation half-cell reaction, For an example we can use the Ni/Nit+
equilibriim,

TS e o NI S TR, i S TR

168




per pgeE pes O gRr P e P B e B OB R e e e
-

me

Ni - Nitt ¢ 2e”
PH' + 2e~ - H,

Ni o+ 28 STt o+ I [whole cell reaction used for

Eq. (9))

In this manner, the reference reaction at each temperature is
the standard hydrogen electrode with E® = 0.000 at every temperature.
The standard free-energy charges are determined and potential-pH diaw=
grams are constructed in the usual manner.

3. Kinetic Experiments

The experimental apparatus for the potentiostatic and poten-
tiokinetic polarization experiments on Ni 270 was described in the pre~
vious report of this series. The apparatus is working nicely and
experimentation on the electrode kinetics of Ni 270 is well under way.

The polarization behavior of Wi 270 is being studied in three
different acidic pH's over the temperature range 25°C to 300°C, The
envirommental solutions are made of triple-distilled water, reagent

grade H,30,, and reagent grade K,30,; and has an ionic strength of O.1N.
Their compositions are

PH 1.3 0.05N H.,304 0.05N K530,
PH 3.k 0.001N HoS04 0.099N K,S04
pH 6.4 .- 0.1N K-804

Before testing the Wi samples are degreased and ground successively with
240-, 400-, and 600~grit abrasive paper. After the specimen is intro-
duced into the autoclave, the solution is deaerated and saturated with
hydrogen by bubbling for 12 hours. Tests are then made after the cell
has reached the test temperature for one hour. The hydrogen redox
potential, corrosion potential, and cell pressure are recorded before
and at pertinent times during the test. The temperature inside the

cell is monitored continuously. A test at a given temperature consists
of three potentiostatic scans at a rate of 2000 mV/hr in the following

order:
1. Measurement of E(H'/H.) and Eoopr
2. Noble-to-active anodic scan from Eoopy + 2000 mV to E

3. One half-hour pause, then measurements of E(H'/H,) and E

corr
L. Cathodic scan from Eggpp t0 Eqgpp =600 mv

5. One half-hour pause, the measurements of E(H'/H,) and Eoorr
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6. Active-to-noble anodic scan from Ecorr to +2000 mV
7. Measurement of E(H"/H,)

A new sample is used for each test at each pH and temperature combina-
tion.

In Fig. 101 is a comparison of an active-to~noble scan deter-
mined in a glass cell and the autoclave at 25°C on two different samples.
The agreement is well within reproducibility limits on an overpotential
basis. However, on the absolute potential scale as plotted in Fig. 101,
it can be seen that the autoclave curve is shifted slightly in the noble
direction. This phenomenon is due to streaming or menbrane potentials
produced in the salt bridge caused by the overpressure of nitrogen in
the autoclave., This overpressure is required at low temperature to wet
the salt bridge. This effect will be studied in the near fubure so that
measured potentials can be adjusted to their real values. In Fig., 102,
the cathodic reduction kinetics at pH 1.3 are plotted. The hydrogen
reaction shows activation (Tafel) behavior followed by diffusion effects
at temperatures to 100°C. Above this temperature the reaction shows a
predominance of diffusion and possible resistance polarization. In
Fig. 103 the noble~to-active scans are shown for pH 1.3. The salient
feature of these curves is the absence of passivity at temperature above
100°C. These curves can be contrasted with Figs. 10k and 105 in which
the noble-to-active scans for pH 1.3 from 25°C to 300°C are shown.
Again, passivity is absent above 100°C. At 300°C the curve shows a
behavior that indicates some new reaction is occurring that was absent
at low temperatures. In Figs. 106 and 107 the cathodic reduction curves
for pH 3.4 are presented. They are interesting in the fact that two
separate reduction reactions take place at 200°C. Above this tempera-
ture the reactions are masked by apparent diffusion control. In Figs 108
and 109 the noble-to-active anodic scans are shown for pH 3.4. At this
pH remnants of passivity are seen at 150°C. Again at 300°C at noble
potentials some gort of reaction ig taking place that is different from
that at the lower temperature. The active~to-noble scans at pH 3.4 in
Figs. 110 and 111 again show passivity absent at temperatures above 100°C
ag did the corresponding curves for pH 1.3. In addition, the reaction
kinetics reach a maximum at 200°C.

No attempt has yet been made to analyze in detail the data in
Figs. 102-111, nor will it be made until the data from pH 6.4 are come
pleted and the potential-pH diagrams are determined for the temperatures
of intersst. In addition, an examination of streaming potential and
membrane potential will be made to incorporate their effects into the
data. In Fig. 112 = plot of measured E(H*/Hy) and Euopp for both pH's
a8 a function of temperature is shown. The saw=tooth nature of these
curves indicates that there is probably wmuch uncertainty in the rela-
tive behavior of the measured potential and the actual potential due
to membrane, streaming, and thermal potentials. Figure 113 is an
Arrhenius type plot of critical current and miniwum passive current
density at the two vH's
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¥Fig. 102 . The Cathodic Reduction Curves of Ni 270 at pH 1.3 from 25°C to 300°C
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Fig. 104 - The Anodic Dissolution Curves for Ni 270 at pH 1.3 from 125°C to 300°C
in the Active to Noble Scan Mode
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Fig. 106 - Cathodic Reduction Curves for Wi 270 at pH 3.4 from 25°C to 125°C
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Fig. 107 - Cathodic Reduction Curves for Ni 270 at pH 3.4 from 150°C to 300°C
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Fig. 112 - Variation of the Measured Hydrogen Redox Potential, E(H'/H.)
and the Corrosion Potential, EBaopy With Temperature at pH 1.3
and pH 3.4
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SECTION IV

DELAYED FRACTURE OF HIGH STRENGTH STEELS
(G. Meyrick, J. P, Hirth and D. C. Langstaff)

A. INTRODUCTION

The furmace insert used for testing high-strength steel wires in a
hydrogen atmosphere was modified because of the mechanieal difficulties
encountered in preliminary experiments. However, no delayed fractures
were obtained in these experiments, so an altermative sample preparation
technique, incorporating cathodic charging of the specimen with hydro-
gen and subsequent cadmium plating, has been developed and the requisite
apparatus assembled. An apparatus for testing cathodically charged and
cadmimm~plated wires under ambient conditions has been designed, con-
structed, and tested.

B. EXFERIMENTAL

The first batch, (a), of AISTI 4140 and HyTuff wire was received at
the beginning of this investigation. An additional bateh, (b), of AIST
L4iko (2 1bs, 79 mil) and HyTuff (3 lbs, 80 mil) wires has been receiveds
since the February, 1969, management report. New 4140 wires of batch
(b), which had the desired initial "patented" microstructure, with
strength levels above 290 ksi have been drawn using a combination of
selected cold reductions with the use of improved tempering and point-
ing techniques. Commercially prepared ATSI 4140 wires of various s
strength levels and diameters comprising batch (e) were received between
June 27 and August 7, 1969. Metallography has been completed on all the
as-received wire pieces in batches (b) and (c¢) and on wire cold-drawn
to 93% reduction at Ohio State. In the latter photomicrographs were
obtained for both as~drawn and tempered samples.

The specimens were prepared so as to provide a three-inch length
free of macroscoplic surface defects. This length was subsequently
cathodically charged with hydrogen, cadmium-plated to retain the hydro~
gen, and baked at 300°F for one hour to homogenize the hydrogen dis-
tribution. It was thought that small defects within the wire would act
as stress raisers and hence would produce stress gradients in the wire
when it was uniaxially loaded in tension. The above conditions were
expected to result in the delayed fracture of a susceptible material.
Six stands, each using a horizontal beam for static loading, have been
constructed and used to test these specimens under ambient conditions.
A total of 20 tests has been completed on 21 mil, 250 ksi; 15.8 mil,
408 kis; and 15.5 mil, 280 ksi wires. An improved furnace insert has
been constructed for testing specimens under direct static lcad in a
hydrogen atmosphere. A cam~type grip which can be used in all the test~
ing equipment has been designed, constructed, and tested successfully.
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A description of the furnace insert and grip was given in the "First
Technical Management Report," dated June, 1969.

C. RESULTS AND DISCUSZION

The 21 mil, 250 ksi strength level L1LO wire (b) cold drawn at
Ohic State was tested pending delivery of the commercially supplied
were (c). Upon receipt of the 15.8 mil, h08 ksi wire (c¢) statie
delayed fracture tests were initiated upon it. However no suscepti-
bility was found for as-~loaded specimens at stresses up to 95% of the
yield strength, even though macroscopic specimens of L41h0 are highly
susceptible under similar testing. It was thought that the apparent
lack of susceptibility was a grain size effect and that a wire having
a larger grain size would be more susceptible., Tests were therefore
initiated on the 280 ksi wire (c); no apparent susceptibility was
cbgerved in this case either. Furthermore, it became evident during
the 20 tests that a proper loading technique was critical for repro-
ducibility when loading to near the strength level of the material.

The delayed fracture tests either failed on loading or 4id not
fail in 100 hours or more of testing. This result indicates that the
conditions for delayed fracture are not being met. Three possible
reasons are (1) that the defects are not acting as stress raisers,
therefore the wire is uniformly and uniaxially stressed, (2) that not
enough hydrogen is present in the sample; and (3) that heavily cold-
worked AISI 4140 wires tested under the above conditions are not sus-
ceptible to delayed fracture hecause of association of hydrogen with
the high density of dislocations in cell walls in the drawn wires.
Because a notched geometry is not suitable for cylindrical specimens
of 15 to 20 mils diameter and because the wire does not contain stress
raisers effective when it is axially loaded, only reasons (2) and (3)
will be studied subsequently.

The high reproducibility of Instron tensile test results obtained
when using the cam-type grips indicates that they are more suitable for
use in the delsyed Tfracture tests than the serrated-face, wedge-type
grips.

D, FUTURE WORK

The hydrogen content of some specimens will be determined by quan-
titative chemical analysis. Bend tests will be used as a qualitative
measure of specimen embrittlement. These tests will be designed to
reveal (1) whether or not hydrogen is entering the specimen initially,
(2) whether or not hydrogen has entered escapes before the specimen can
be cadmium plated, and (3) whether or not hydrogen is lost through the
cadmium after plating. Specimens stressed to near their respective
strength levels by t~nding will be cathodically charged in gitu as a
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qualitative measure of their susceptibility. If in situ charging proves
more reliable than charging and cadmium plating, the test stands will
be modified and delayed fracture testing continued using this technigue.
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SECTION V

COORDINATION AND BRIEFING
(Met.E.-0SU Staff)

Seminars and lectures were presented by the staff at the Air Force
Materials Laboratory as follows:

Date

(1968)

October 22

November 19

December 17

(1969)

January 21
February 19

April 22

May 20

Staff Member

Plastic Instabillity and Its Role in

Notch Ductility J. W. Spretnak
Progress to Date in Investigating the

Stress Corrosion of High-Strength

Steels R. W. Staehle
Progress to Date in Investigating the

Stress-Corrosion Cracking of Titanium

Alloys ¥. H. Beck
Properties of Discontinuous Thin Films R. Speilser

Some Applications of Field Ion Microscopy G. Meyrick

Cyclic Stress-Strain Response of Materials

as IT Relates to Fatigue Failure C. Laird
Recent Advances in High Temperature
Oxidation R. A. Rapp
SECTION VI
MISCELLANEQUS

Dr. C. M. Chen was transferred to AFML and is conducting his research
there. Mr. BE. J. Timmer received a Master's degree on this program. He
left OSU because of the draft situation. Continuation of his work at AFML
was dropped for the same reason. Robert L. Cowan received a Ph.D., on this

program.
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