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] ABSTRACT

The excess dislocation densities in surface layer and bulk of 304 stainless
steel and titanium aluminum alloys were determined by X-ray rocking curve

measurcments combined with X-ray topography. Up to a critical density of i3
E || excess dislocations, the surface layer exerted a barrier effect on the 1
1 egression of excess dislocations from the bulk. When this critical value was * 3
: | exceeded, macroscopic mechanical instability set in. Methods were presented
F topredict the stress corrosion lifetime of alloys by non-destructive X-ray
! measurements.
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INTRODUCTION

Stress corrosion cracking (SCC) is the phenomenon of metal disintegration
under the combined action of chemical corrosion and mechanical stress.

Although a number of theories have been proposed to explain SCC, no
single theory has received general acceptance, Indeed, some inveatigatorsl
maintain that no general mechanism is applicable to SCC and that different
mechanisms may be operative for different metals and environments. Thus,
some investigatorsz-b believe that SCC is caused by a preferential dissolu-
tion process at the crack tip ("dissolution theory"). SCC has been attributed,
>=7 A brittle film model

also, 5278 decrease of surface energy by absorption.
t proposed by I.ogan,8 and this concept was pursued further by a number

was fi

of 1nvestigators.9’1°

It was first held that the crack propagation rates were
dependent on the re-formation of the cracked films, but when the predictionms
were in disagreement with the experimental observations of crack velocity,

the propagation rate was attributed to the dissolution of the substrate at

the cracked sites in the film, and was believed to be controlled by the

repassivation process, which prevents dissolution. Based on the studies of

many investigators, it became quite evident, however, that film formation may -
play an important role in SCC,11 and that this formation may be closely asso- ]
ciated with the surface stresses set up in the surface layer of metals and

alloys.lz.la

A number of investigators have gathered experimental evidence,
both direct and indirect, that hydrogen is evolved at the tip of an advancing
crack during SCC of austenitic stainless steel. This evidence has been sum-

15-17

marized and reviewed in a series of papers, and has received renewed

interest by recent 1nvestigators.18’19
Pertinent to the present study are the results of the X-ray investiga-
tions of SCC in austenitic stainless steel, carried out by Kamachi et al.zo
These workers preformed a Fourier analysis of the diffraction line broadening,
and found that despite the small amount of plastic deformation observed in
the specimens after testing, the dislocation density reached a maximum value
of about 1011 cmfz. When this value was reached, crack initiation was
detected. Moreover, the stored energy-—estimated from the broadening of the
X-ray diffraction line--to initiate cracks was approximately the same for all

specimens tested.




0f particular interest to the present study are the similarities between
the susceptibility to SCC and fatigue pointed out by a number of investiga-
tors.ll"z1 This interest was stimulated by the recent results of X-ray
diffraction studies of cycled aluminum alloys carried out in this laboratory,
which showed that the fatigue-induced plastic deformation of the surface layer

22,23 3

e L S —

o controlled the egression of dislocations from the bulk, and that upon reaching

i % a critical demsity of excess dislocations in the surface layer, material

? f failure would set in. This critical value could be predicted experimentally

: at a fraction of the fatigue life. Motivated by the results of these studies,

the present structural investigations were undertaken. They aim to clarify _
the effect of the strain distribution in surface layer and bulk on the sus- 4

. ceptibility to SCC. Tensile~deformed alloys of titanium and austenitic

i | stainless steel, subjected to conditions of SCC, were investigated. ;

; ! Although all the stress corrosion (SC) studies are still in progress and

P ‘ further developments are expected to emerge very soon, particularly from the
studies on titanium alloys which have progressed only recently beyond the
initial stages of investigation, it is felt that enough new information and
corroborative evidence have been gathered to support the conclusions reached

) in this report.

EXPERIMENTAL PROCEDURE

F ; Specimen Selection, Preparation and Corrosion Media

Two types of alloys were investigated: alpha-titanium and austenitic
stainless steel. The nominal compositions of a-Ti alloys, designed as A1,
A, and A,, were (in weight percent): Ti-5A1-5Sn-5Zr, Ti-9Al1 and Ti-10Al,
respectively. Austenitic stainless steel, designated by A&’ was 304 commer-
’ cial grade with composition Fe-18Cr-8Ni-2Mn-1Si-0.8C. All alloys were
received in sheet form, and pin-loading tensile specimens were cut with the

T T T s e AT

E long axis parallel to the rolling direction. The selected specimen dimensions
adhered to the ASTM recommendations (ASTM Standards, Part 31, A-370), with
gage dimensions 1.1" x 0.05" x 0.25" (2.794 x 0.127 x 0.634 cm). Each
specimen was heat-treated prior to SC testing, to stress-relieve the speci-

» mens and to obtain a uniform grain size of 20-100 ym diameter suitable for

J ; the subsequent X-ray diffraction analysis. Specimens were placed in evacuated
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quartz ampules to prevent oxidation. The heat treatments, followed by water
quench, are given in Table 1. After the heat treatment, the specimens were
electrolytically polished. The solutions and condition of polishing are
given in Table 2. To prevent oxidation and contamination effects, a surface
layer of at least 100 um was removed. Care was taken to obtain flat surfaces
to satisfy subsequent testing and characterization procedures. Electro-
polishing was also applied for the in-depth analysis of deformation, induced
by SC. Layers of micrometric dimensions could thus be removed. Two types
of corrosive media were used for the a-Ti alloys Al’ A2 and A3. Solution I
was a 0.5 aqueous, molar solution of NaCl and Solution II consisted of 0.5%
HC1, 1% nzo and 98.5% CH30H. Both solutions were applied at room tempera-
ture, and a wide range of cell potentials was applied during testing. The
corrosive medium for austenitic stainless steel (specimen A4) was boiling
MgClz-HZO solution at 154°C. Constant boiling temperature and MgCl2 concen~-

tration were maintained by controlled heat and water flow.

TABLE 1. HEAT TREATMENT OF SPECIMENS

Alloy Temperature Time

designation (°c) (hr)
A 980 10

A, 950 3.5

A, 950 3.5

A, 1100 0.5

TABLE 2. POLISHING SOLUTIONS AND CONDITIONS

Alloy Current DC Temperature
designation Electrolyte density voltage (°c)
A/cm?
Al, AQ’ A3 60% methyl alcohol 0.06-0.09 14 =20
34%Z butyl alcohol
6% perchloric acid
A4 607% phosphoric acid <0.6 6 60

40% sulfuric acid
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SC Testing

The SC tests were carried out at constant tensile load. An Instron
Universal testing machine and a cantilever-type, dead-load machine were used
for mechanical loading. To insure electrical insulation of the specimen in
the solution, a special loading fixture made of Teflon was constructed.

This fixture was adaptable to both testing machines. Details of the experi-
mental arrangement are shown in Figures la,b. Special care was taken during
the loading and unloading procedures. The rate of loading for all specimens
was 0.05 in./minute (0.127 cm/minute). The corrosive media were held in a
Pyrex container, and a hot plate was used for high-temperature experiments.

A Wenking potentiostat was used for adjustment of cell potential and

measurements (Fig. 1).

Characterization Methods and Lattice Defect Analysis

For the routine structure characterization of the specimens, standard
metallographic techniques were employed. Fracture surfaces were also investi-
gated by scanning electron microscopy (SEM). The principal research tool,

however, for structural characterization and analysis of lattice defects was
the X-ray double-crystal diffractometer method in combination with X-ray 1
topography.zl'-z6 On applying this method, the polycrystalline specimen is '
irradiated with a crystal-monochromated beam, and each reflecting grain is b
considered to function independently as the test crystal of a double-crystal
diffractometer. The reflecting grains give rise to spot reflectioms which

are recorded along the Debye-Scherrer arc of a cylindrical film. Depending

on the perfection of the grains, the specimen is rotated in angular intervals

of seconds or minutes of arc. As the grains are thus rotated through their
reflecting region, discrete film shifts are carried out between each angular
interval of specimen rotation. This multiple-exposure technique gives rise

to an array of spots for each reflecting grain, as shown in Figures 2a-d.

These arrays of spots, with their intensity dependence on specimen rotation,
represent X-ray rocking curves of the reflecting grains. Thus, if the grains
contain a substructure, the intensity distribution of the arrays of diffraction
spots will be multipeaked, not only along the horizontal rotation direction

but also along the azimuthal elevation (Fig. 2b). From the angle, subtending

; i <—_-.-.-----------l-IllIill-HIIIllﬂIHH-
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(a)

(b)

Figure 1. Experimental arrangement for specimen testing. (a) Instron

Universal testing machine.
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(b) Cantilever dead-load machine.
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Figure 2. Detail of reflection range of identical grains. 304 austenitic
stainless steel; CuKy monochromated radiation; angular specimen setting: 6' of
arc. Assigned letters establish identity of grain reflections. (a) Annealed before
SC. (b) After SC at t = 0.75 t.; 55% YS.
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(d)

Figure 2--continued. (c) Exposed to SC, t = 0.1 t.; 55% YS; MoK, radiation;
angular specimen setting: 3' of arc. (d) Same as (c), after removal of
100-um surface layer.
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succesgsive peaks of the rocking curve, the excess dislocation density between
subgrains can be deCermiued,.while from the spread of the subpeak curve, the
excess dislocation density within the subgrain lattice can be obtained.

From the width, B8, at half-maximum of the rocking curve, the excess disloca-
tion density of the entire grain is detern‘n:l.ned.zl'-'26 The excess dislocation

density, D, is calculated from the relationship given by H:l.rsch:z7
D = g2/9p2

where B is the width of the rocking curve at half of the intensity maximum
(half-width) and b is the magnitude of the Burgers Vector.

By analyzing the rocking curves of the grains for various, recorded
(hkl) spot reflections, a representative statistical parameter, E, of the
defect structure of the grain population is obtained. Furthermore, by taking
reflection topographs (Berg-Barrett) and performing a spatial tracing of the
image reflections to the spot reflections of the rocking curve, the analyzed
rocking curve can be correlated to the grain topography on the specimen.

An important novel feature in the present SC study was the introduction
of a precision specimen holder which permitted precise repositioning of the
specimen after SC exposure or after removal of surface layers for depth
profile analysis. Because a very low stress was used in the SC experiment,
excessive grain rotation was avoided, and consequently, due to the precise
repositioning of the specimen, the idertical grain reflection could be
retained. Thus the identical grains could be analyzed for their induced
lattice defects as a function both of fracture time, while exposed to condi-
tions of SC, and depth distance from the surface.

RESULTS
SC of 304 Stainless Steel

Mechanical Testing--When studies of SCC are carried out in 304 stainless

steel applying a high stress in a corrosive medium such as a hot MgCl2 solu~-
tion, one has to consider the superpositioi effect of creep deformation on
that caused by SC alone. Therefore, the first task of this study was to
separate the creep contribution from that of SC and to establish the proper

10
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stress level at which SCC alone would be responsible for the observable

deformation process.
Control tensile tests were performed at high stress level in both argon

atmosphere and non-corrosive paraffin oil at 154°C. These experiments

revealed a substantial amount of creep and a drop of 35% in yield stress
referred to room-temperature deformation.*

SC experiments were carried out at the three stress levels of 95, 75
and 55% YS. The dependence of fracture time on applied stress is shown in
Figure 3.

It will be seen that the fracture time increased rapidly when the applied
stress was dropped below the proportional limit ccrresponding to about 70%
YS. SEM examination of the specimens stressed at 95 and 55% revealed the
transcrystalline nature of the fracture mode, as shown in Figures 4a,b.
Figure 5 shows the time dependence of the strain of this specimen. The small
initial increase was due to elastic loading, and at the critical time tc’ when
mechanical instability set in due to the development of a large central crack
and concomitant reduction of cross-section, € was about 2.5%.

In view of these mechanical and metallographic studies, it could be
safely deduced that if a stress of 55% YS is applied, using HgCl2 solution
as the corrosive medium at 154°C, the contribution to deformation by creep

can.be virtually ruled out.

X-Ray Studies--X-Ray doubl:-crystal diffractometer studies of the grain

reflection were carried out as a function of corrosion time for specimens
)

stressed at 55% YS. Figure 2a shows details of the rocking‘surves of reflect-

ing grains of an annealed specimen before SC exposure. Figure 2b shows the

effect of SC exposure at t = 0.75 t, on the rocking curves of identical grains.
It will be seen that due to plastic deformation the angular rotation of the
grain reflection has increased. Furthermore, the induced plastic deformation
of the grain is manifested by a breakup of the spot reflections with sequen-
tial intensity maxima and minima that are characteristic of a deformation
substructure.24’25 Figures 2c,d show the effect of surface removal on the
rocking curve of the identical grain and concomitant decrease of reflection

* "
The applied stress level in the SC experiments will be given in percent
yield stress (% YS) referred to room-temperature deformation.

11
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(a) (b)

Figure 4. SEM fractograph of 304 austenitic SS. (a) 95% YS; 200X.
(b) 35% YS; 200X.
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range for t = 0.1 tes employing HoKa radiation. Figure 6 shows the dependence
of the average, normalized half-width of the rocking curve B/Bo on t, where

Bo refers to the average half-width of the annealed specimen prior to SC
exposure. 8/8o retained the value of unity in control experiments, when the
specimens had either the same stress level without exposure to the corrosive
medium, or were exposed to the medium without applied stress.

Figure 6 displays two curves. The lower curve, A, refers to the average
B/Bo values of all grain reflections analyzed and, therefore, expresses the
mean dependence of lattice distortions induced in the grains by SC.

It will be remembered that for a low applied stress, the rocking curves
of identical grains can be analyzed. It was observed that certain grains
showed a persistent increase of the angular range of reflectioms with t, and
that the topographic images of the reflections exhibited image contrast of

lattice distortions resulting from dislocation interaction. The upper curve
of Figure 6, B, represents the 8/8o values of these specific grain reflectioms.
Hence curve B is a more representative indication of the lattice distortions
induced by SC, since it is composed of B/B° values derived from grains selec-
tively affected by SC. Both curves ascend to maximum values at the critical
corrosion time of L. - 19.5 hours, after which they decline conspicuously.

The maxima of B/Bo are 2.40 and 1.64 for the upper and lower curve, respec-
tively. For this stress level, tc corresponds to about 80% of the total
failure time, tes and corresponds to the onset of the macroscopic mechanical
instability shown in the e-t curve of Figure 5. The macroscopic, mechanical
instability from t, to te is reflected on a microscopic scale by the rapid
rise of B/Bo, shown in Figure 6.

To study the effects of SC with depth distance from the surface, rocking
curves of identical grain reflections were analyzed by successive removal of
surface layers through etching. Thus, a profile of 8/8° values as a function
of depth distance was obtained, such as that shown in Figure 7, for a specimen
stressed to 55% YS and exposed to the corrosive medium of 0.1 t.- For depth
profile studies, the application of Cuk, radiation proved to be very useful,
because for this radiation the mass absorption coefficient for steel is very
high, so that the average path of depth penetration of the probing X-ray beam
was about 1 ym. The concomitant fluorescent radiation was easily controlled
by the combined effects of the monochromated radiation reflected from the

15
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analyzing crystal and by application of multiple films or interposed screens
which absorbed the fluorescent radiatiom.

It will be seen from Figure 7 that the B/B° value at the surface was
about 40% larger than in the bulk, and that the plastic deformation induced
by SC was restricted, therefore, to a surface layer of a few micrometers.
When, however, BIBo was measured in depth at the critical SC time, €. the
depth values of B/B° were approaching or became equal to those of the surface
layer, as can be seen from Figure 8. Focussing the attention on the rate
of increase of 8/80 during the corrosion time period 0.1 t. to t,, it will
be seen, by comparing Figures 7 and 8 to Figure 6, that the rate increase
is much greater for grains in the bulk than for those on the surface.

SC of Alpha-Titanium Alloys

Fracture Dependence on Applied Electrochemical Potential and Metallography
of Fracture Mode. Ti-5A1-5Sn-5Zr (Alloy Al)--The effects of corrosive environ-

ment (Solution I) and impressed potential were investigated. The rest poten-
tial was determined to be -380 mV (calomel reference electrode). Applying a
stress of 90%Z YS, SC fracture occurred under an applied potential of =100 mV

in four minutes. SEM revealed cracks on the polished surface of the specimen,
as shown in Figure 9. At higher magnification, details of the crack path,

shown in Figure 10, revealed the intergranular nature of the fracture mode

at the initial stages of SCC. Once the crack was formed, transgranular fracture
occurred, followed by plastic tearing, as disclosed by the striated areas shown
in Figure 11. The surrounding of the crack tip was characterized by heavy
grain deformation, as shown in Figure 12,

Ti-9A1, Ti-10A1 (Alloys Az, A3)-Uaing the corrosive Solution I and
applying a constant stress of 60,000 psi, corresponding to 90% YS, the

dependence of fracture time, t, on the electrode potential was determined and
is shown in Figure 13. It is seen that the fracture time was systematically
extended as the electrode potential approached the rest potential of -230 mV.
Specimens more cathodic than the rest potential of the cell did not fail,
even after exposure of one week. This asymptotic approach has been reported
for other titanium alloys, but is reported for this type of alloy for the
first time.
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Figure 9. SEM micrograph of surface
of Ti-5A1-5Sn-5Zr exposed to SC.

Figure 11. Transgranular fracture path

in Ti1-5A1-5Sn-5Zr. 700X.

150X.

Ei

20

Figure 10.

Intergranular cracking

in Ti-5A1-5Sn-5Zr. 700X.
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Grain deformation at crack

tip of Ti-5A1-5Sn-5Zr. 2000X.
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The effect of applied stress on fracture time was also investigated,
keeping the imposed potential of -200 mV constant. It may be seen from
Figure 14 that the reduction of the stress level from 90% YS (60,000 psi)
to 60% YS (40,000 psi) increased the fracture time by a factor of four.
Metallographic studies revealed typical SC cracks at the fracture site, like
those shown in Figure 15. The fracture mode appeared to be mixed in nature,
since both intergranular and transgranular cracks were present. Figure 16
shows the induced damage in the area remote from the fracture site. Many
microcracks in grains of various orientations are visible.

X-Ray Studies--Double-crystal diffractometer measurements of grain

reflections of fractured specimen A2 have been carried out after the specimen
was subjected to an applied stress of 60% YS in Solution I. A depth profile
study of the induced lattice defects was also performed by electrolytic removal
of surface layer. Figure 17 shows the dependence of 8/80 as a function of
depth distance for the fractured A; alloy. It will be seen that selective
grains at the surface (d = 0) exhibited a fourfold increase of rocking curve
half-width, B, when referred to that of the annealed specimen prior to SC
exposure, 80. It will be seen algo that the B/Bo reduces to about 2 after

the surface layer of about 100 ym has been removed. Of particular significance
appears to be the observation that when a stress of 90% YS was applied, the
fractured specimen exhibited at the surface, also, a B/Bo of 4, despite the
fact that the fracture time became drastically reduced by the application of
the higher stress level.

DISCUSSION
X-Ray Measurements of Plasticity Induced by SC

Because of the characteristic, transcrystalline crack path and small
plastic deformation, as disclosed by metallography, the SC fracture of both
the austenitic stainless steel and the titanium alloys investigated can be
considered brittle fracture. However, the X-ray results of this study have °
shown that a considerable amount of plastic deformation was generated in the
surface layer, and that this plastic deformation was induced at an early

stage of exposure to SC (Fig. 6). The results were based on the measurements
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Figure 15. Crack formation at Figure 16. Microcracks remote
fracture site. Specimen Ag;

from fracture site. Specimen A3;
magnification 200X. magnification 200X.
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of the increase of the angular range of reflections of the grains, B/Bo, j
and analysis of the topography of the corresponding reflection images.

The measurements of the rocking curve half-widths that were carried
out do not give information about groupings of adjacent dislocatioms of
opposite sign. The specific species of lattice defects measured by this
method, however, is the excess dislocation density, which has been showm
to be a most significant indicator of md.croplasticity.28 The microplastic
deformation of the individual grains measured could either have been gen-
erated directly by the advancing microcracks, because the sites of the grains
may have been adjacent to these cracks, or it could have been transmitted
indirectly by other grains that, in turn, may have been located in the vicinity
of the microcracks. This method of X-ray analysis offers the advantage that
the defect structure of the individual grains can be analyzed and, since a
great many grain reflections are being analyzed simultaneously, one obtains
at the same time, also, statistical information of the grain population of
the polycrystalline sample. If the induced plastic deformation generates
a dislocation substructure (Fig. 2b), the correlated X-ray tbpography will
image the substructural entities and the dislocation walls with their excess

dislocation density separating these entities. By these direct measurements,
many computational averaging procedures of lattice defects, used in conven- :
tional X-ray line-broadening analyses, are being avoided. This method is é
particularly useful in the study of SCC, where it has been shown that in the :
initial stage, only a selected number of grains is affected by the deformation .
process. Thus the B/B° values obtained by the rocking curve measurements ‘
are a sensitive measure of the microplastic regions induced in the grains

by ScC.

Role of Deformation of Surface Layer and Bulk in
Crack Nucleation and Propagation

By measuring B/B° as a function of SC time, it was shown that in 304 stain- 4
less steel a maximum value was reached at a critical time, tc’ which coincided 3
with the time at which the macroscopic, mechanical instability of the alloys
set in (Fig. 5). Since it was observed that selective surface grains exhibited

a persistent increase of lattice defects with exposure time (curve B, Fig. 6),
it appears reasonable to deduce that the SC process affected selectively those

26




grains that, because of their orientation and constraints, underwent the

‘ greatest amount of plastic deformation. :

3 j The depth profile studies of induced lattice defects disclosed, in both

| stainless steel and titanium alloys, that the preferential plastic deformation
at the surface created a barrier effect with respect to the egression of
excess dislocations generated in the bulk. The same effect was shown in
statically and cyclically deformed, commercial aluminum alloys.zz’z3 In

- aluminum and titanium alloys the plastically deformed surface layer extended
to about 100 ym (Fig. 17), but in stainless steel it comprised only a few

¥ micrometers (Fig. 7).

In SC the electrochemical attack was not only initiated at the surface

by the preferential plastic deformation of the surface layer, but sustained
by the progressive deformation of the surface layer with fracture time. As

E | in fatigue of metals,22’23

| one also encounters in SC a buildup of dislocation
‘ density in the bulk of the material with time. Just as in fatigue, there
exists also in SC a dynamical interplay between the buildup of excess dislo-

cations in the surface and bulk. During the initial stage of SC, e.g. from

t=0¢tot=20.1 tos there was a rapid rise of excess dislocations in the
surface layer but only a minimal increase in the bulk, as may be seen by
comparing the B/B° values of Figure 6 to those of Figure 7. During the SC
time period from 0.1 t, to t.s the rate increase of excess dislocations for
the grains located in the bulk was much greater than for the surfacg grains
(compare Figs. 7 and 8 to Fig. 6). This steeper increase in the bulk has
to be attributed to the effective blocking effect to dislocation egression
by the surface layer.

In SC the chemical corrosion process is superimposed and is aided by
5 the dislocation dynamics between surface and bulk. One can conceive, there- |
fore, that the electrochemical attack was initiated at the plastically

deformed, film-free metal grains functioning as anode, while the undistorted ;
grains functioned as the cathode in a galvanic cell. Microcracks could be
initiated, therefore, which would advance by a combination of electrochemical
22 The diffusion of the chemical attacking species

from the surface region to the bulk is presumably assisted by the intense
19,30

and mechanical action.

dislocation activity in the surface layer. Thus the surface layer in

SC is subjected simultaneously to two opposing effects: one is due to the
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preferential work-hardening with respect to the bulk, which confers to the
surface layer the property of a barrier against the egression of disloca-
tions generated in the bulk; the other is due to the electrochemical attack
which embrittles the surface layer, the more so as the dislocation activity
of the former effect is increased. This corrosive embrittlement of the
surface layer lowers the critical B value when compared to a stressed mate-
rial in a non-corrosive medium. When the resistance of the surface layer
toward the egression of dislocations from the bulk is lowered to a critical
value, (B/Bo)*. macroscopic mechanical instability will set in with concomitant
rapid crack propagation. Such a stage was reached at the fracture time tc
of Figure 6.

It should be pointed out that the discrepancy between the observed crack
velocities and the predictions derived from the various proposed theories of
SC conmstituted one of the most disputed stumbling blocks to bringing theory
and experimental observations in agreement. The concept, however, of the
dynamical interaction of deformed surface layer and bulk under chemical corro-
ion and the eventual breakdown of surface layer resistance when the accumulated

*
excess dislocations have reached a critical value, B , appears to offer a
*
satisfactory solution to this dilemma. The criticality of 8 1in SCC found
in this study is in agreement with the X-ray results reported by Kamachi
20
et al.

Experimental Prediction of SC Lifetime ' ]

The results of the studies imply that the critical accumulation of excess

dislocations in the surface layer, experimentally determined by B*, governs
the fracture of the material. In both austenitic steel and alpha-titanium
alloys, mechanical instability occurred when 8* was approached, regardless of
whether the route to fracture was taken by application of high stress and short 5
SC exposure time or low stress and long SC exposure time. The recognition of
the importance of B* in SCC opens up the exciting vista that the lifetime of
an alloy, subjected to conditions of SC, can be predicted experimentally if
the measured average half-width value of the alloy, E; can be expressed at
a specific SC time, t, as a ratio of (3/80)*.

Inspection of curve A of TFigure 6 will show that the slope in the plot
B/Bo vs t is rather shallow and that, therefore, B cannot be expressed in 5
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terms of (B/Bo)* with any degree of certainty, since any measured B value
would fall within the experimental error band. The failure to predict SC
lifetime from such a curve stems from the fact that the X-ray measurements
of curve A included the analyses of many grains that were not appreciably
affected by the SC attack, and hence suppressed the effect of SC on the
broadening of the rocking curve width. This explains why conventional
X-ray line-broadening analyses have not been effective in predicting the
SC lifetime.

By contrast, curve B of Figure 6 exhibits a steeper ascent, and hence
by constructing a calibration curve and its error band,'g can be expressed
in terms of (B/Bo)*. The possibility of predicting SC time based on
curve B derives from the fact that the double-crystal diffractometer method,
employed in this study, was capable of distinguishing those grains that
exhibited pronounced susceptibility to SC, by virtue of the broadening of
their rocking curves, from those which did not. The latter grains could
thus be excluded from the statistical count.

In addition to predicting (B/Bo)* from selective grain reflections of
the surface layer, there exists the distinct possibility, as the depth
profile analyses of Figures 7 and 8 have shown, that (B/Bo)* can be predicted
from a calibration curve of B/Bo vs t of grain reflections emanating from
the bulk. Such a calibration curve can be prepared from a series of alloy
specimens subjected to identical conditions of SC, from which, at various
time intervals, a surface layer of about 150 um h;s been removed pribr to
each X-ray analysis. Removal of the surface layer prior to each analysis
is necessary to insure grain representation from the bulk. Counstruction
of such a calibration curve is currently in progress.

This phenomenon of gradual buildup of excegs dislocation in the bulk in
SCC appears to be analogous to recent results obtained from studies of
fatigued aluminum alloys carried out in this laboratory. In the latter
studies it was also shown that the accumulation of the lattice defects
generated by cycling occurred very rapidly in the surface layer, while in
the bulk the buildup was more gradual. For these cycled alloys a linear

relationship was obtained between 8/8 and number of cycles to failure,
22,23

with a measurable slope to predict (B/B ) experimentally.




CONCLUSIONS

Lattice defects induced by SC of 304 austenitic stainless steel and

titanium-aluminum alloys were investigated by a method based on X-ray
double-crystal diffractometry combined with X-ray topography. X-Ray
rocking curves of grain reflegtions from surface layer and bulk were

§ obtained, and from the population of the grain reflections a statistical
| half-width value of the rocking curves, B, was derived. This 8 value was
' a measure of the excess'hislopation density of the analyzed grains. The
following results were obtained:

1 1. Selective grains at the surface exhibited a pronounced suscepti-

bility to SC with concomitant increase of their B values, while

| under conditions of stress application alone or corrosive medium

without stress, the 8 values remained unaltered.

‘ 2. The excess dislocation density of the surface grains,_:uceptible

to SC, increased with SC time until a critical value 8 was

reached at a SC time, tcr’ at which macroscopic mechanical
instability set in.

3. Investigation of the induced excess dislocations in depth showed
that there exists a dynamical interplay between the buildup of

excess dislocations in the surface and bulk.

4. During the initial stage of SC in 304 stainless steel (t = 0 to
t=0.1 tcr)' there was a rapid rise of excess dislocations in
the surface layer but only a minimal increase in the bulk.

o
5. Up to B8 , the surface layer functioned as a barrier to the egression
of excess dislocations from the bulk. Due to this barrier effect,
the excess dislocation demsity in the bulk increased until at t.

it was virtually equal to that on the surface.

6. Predictions of SC time of alloys can be made by the non-destructive
X~-ray double~crystal diffractometer method, if calibration curves
are prepared based on the B values of grain reflections from
surface and bulk.
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