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INTRODUCTION

The X—ray studies reported in the last Interim Technical Report1

assessed quantitatively lattice defects induced by stress corrosion (SC)

in 304 stainless steel . These studies were continued , and the scope of

the investigations was also extended to include studies of corrosion
fatigue (C?) of 2024 alt.~~inum alloys .

Based on the results of the previous SC studies and motivated also

by the results of parallel fatigue studies of aluminum alloys ,
2 4  

~
appears that there exists a critical excess dislocation density, ~
above which structural failure sets in. This critical value can be

assessed f r om measurements of the buildup of the excess dislocation
densities in the surface layer and bulk of the material . It was shown
that such measurements can be effectively obtained if X-ray rocking curve

measure ments of the grain population have been carried out. From the

~ half-width of the rocking curve values , measured for various gra in
reflections, a statistical parameter ~ was derived that was representative
of the entire grain popul ation for the particular stage of deformation to

which the specimen was subjected . The results of the studies suggest
-~that there exists a critica ’ ‘~alf-wtdth value , S • which corresponds to

a
the cri tical excess dislocation density ~ . Therefore , S may be viewed

as a critical parameter that characterizes the limit of integrity of the
-e -

microstructure. Consequently, if $ can be predicted f rom 8 measurements,
the remaining l i f e  of the specimen can be forecast on the basis of the
nondestructive X—ray measurements.

-A
It was shown that in order to assess B unequivocally, the bui ldup

of excess dislocation densities must be probed in the bulk of the material;

that is , in specimen regions lying beyond the quickly hardened surface
• 1—4layer. Therefore , the current studies focused on the attaismant of B

in SC and CF studies , and on improvement and automation of experimental
techniques so that B measurements can be performed with speed , viable for

• ul t imate technological application. In addition , a special effort was

* mede to elucidate the surface topography of the analyzed grains by X—ray

3
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topography , so as to establish a bridge between the X—ray measurements

and optical and electron microscopy studies of the grains by TDI and S~ 4.

EXP ER DtENTAL PROCEDURE

Specimen Preparation , Corrosion Media and Testing

The austenitic stainless steel was 304 co~~~rcial grade with composi-
t ion Fe—l 8Cr—8 N i—2Mn —lSi — O .8C . All alloys were received in shee t form,

and pin—loading tensile specimens wer e cut with the long axis parallel to

the rolling direction . The selected spec imen d imensions adhered to the

ASTh recomeendations (AS fl1 Standards , Part 31, A—37 0) , with gage dimensions

1.1’ x 0.05” x 0.25”. Each specimen was heat—treated prior to SC testing,

to stress—relieve the specimens and to obtain a unifor. grain size of

20—100 um diameter suitable for  the subsequent X—ray diffraction analysis .

Specimens were placed in evacuated quartz ampoules to prevent oxidation .

The spec imens were heat-treated at llOO C for 0.5 hour foUoved by water
quench. Subsequently, the specimens were electrolytically polished . To

prevent oxidation and contamination effects , a surface of at least 100 um

was removed . Care was taken to obtain flat surfaces to satisfy subsequent
testing and characterization procedures . Electropolishin g was also applied

f or the in—depth analysis of deformation induced by SC and CF . The co sive

medium for austeni tic stainless steel was boiling MgCl2-020 solution at

l54 ’C) The corrosive medium for the 2024—T4 a lloy tested in tens ion—

tension was a 3.5% NaC1 solution The SC tests wsre ’ carried out at

constant tensile load us ing the testing machines and testing procedures

previously rep orted . 1

For C?, an apparatus was constructed with a container for the corrosive
medium which was made out of noncorrosive plastic . Special grips were aide
of MC nylon and the pins were aide of stainles s steel , covered with polytaid.,
to avoid any generation of curren t between grips and spec imen duri ng testing .

4
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RESULTS

Defect Structure in Surface Layer and Bulk Induced by Stress
Corrosion, Fa tigu . and Corrosion Fatigue

A tension—tension fatigue experiment of Al 2014—TI. was carried out
as control experiment in a CF study . Rocking curves ~,t the grain popula-

tion were obtained, and the ratio of the average half—width over the

intrinsic half-width, was studied as a function of d~epth distance

from the surface for various fractions of the life. Th1~ dependence is
shown La Figure 1. An analogous experiment was performed for 304 stainless

steel, subjected to SC when rocking curve measurements were carried out

as a function of depth distance from the surface for various fractions of

corrosion t ime . This dependence La shown in Figure 2. Here , the dependence
on corrosion t ime is expressed in terms of the ratio t/t~~, where t~ signifies

the critical time associated with the macroscopic mechanical instability

of the structure .

Inspection of Figures 1 and 2 reveals som. remarkable features that

are co~~~n to both stress corrosion and metal fatigue . It will be noteu
that La both cases th. surface layer exhibits much larger 8/8 values than- 0
the bulk , and hence the densir~ of excess dislocations at the surfac e is
auch greater than that of the bulk . Moreover , with increased cycl ing or
corros ion time, the excess dis location density in the surface layer quickly
approaches saturation , while the buildup La the bul k takes plac. much more
gradually. In both cases there exists a gradient of excess dislocation

density from surface to bulk that is iuch steeper in the case of SC.
However , in metal fa tigue there exists a characte ristic minimum in the
gradien t that has also been observ ed in tension—c ompre ssion fatigu. 2

~~ and
which is entirely absent in SC. This ainiaa is associated with a

dynamical recove ry effect .
Th. tendency for saturation of the excess dislocation density in the

surface layer was also evident in CF. Figure 3 shows the dependence of
as a function of fatigue life . The data were obtained fro. measurements

with Cu K3 radiat ion which , due to its limiting penetration power, probed
essentially the defect structure induced in the surface layer .

5
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Figure 2. Dependence of ~/I0 on depth distance from surface,
• x (us), for various stages of SC of 304 stainless steel .
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Accrued Damage and Crack Propagation in SC

It is apparen t from Figures 1 and 2 that in order to assess the accrued
damage in the material, it would be desirable to apply an X—ray beam that

would be capable of penetrating at least partially beyond the quickly work—
hardened surface layer. Consequently , for greater depth penetration in
the measurements , molybdenum K radiation was employed. Furthermore, it

was felt that some of the great precision currently attained from the use

of X—ray double—crystal diffractome try could be traded for greater speed
and wider range of sampling by carrying out conventional diffractometer
measurements. Such measurements were carried out , and the increase of

the half-width value B of the (220 ) line as a function of normalized SC
time t/t f is shown in Figure 4. 8 is defined by (B 2 _ 8 ) 1~’2 , whe re
and are the measured line width, at half of the peak intensity for

t/t, and t0, 
respectively .

It is interesting to note that the curve of Figure 4 ascends steeply

up to the 3 value, denoted by VC. At this value of t / t f • 0.45, visible
cracks have developed , as shown in Figure 5.. Metallographic studies
showed that from this value on (wh ich may be denoted conveniently as
up to t/t

f 
— 1.0, the life was controlled by crack propagation (Fig.  Sb)

without any appreciable concomitant line broadening . The terminal, steep

ascent of t. curve, shown by the dotted line starting from the point IT
(initiation of tea ring),  is actual ly unrelated to the mechanism of SC per
se . It is a manifestation of the catastrophic breakdown of the structure

du. to tearing.

Focusing our attention on the rise of i up to t r (corresponding to

B — 4.93, tcr 
5 t / t f  0.45) ,  we say interpret this rise to result from

the barrier effect of the quickly hardened surface layer , which impeded
the egression of dislocations and sicrocracks developed in the bulk. Once

this barrier effect is broken by the development of a major propagat ing
crack , no further hardening of the surface layer occurs and the increase

of line broadening virtually stops. Consequently , the 8 value corresponding

to VC represents a critical value, B , and the corresponding lifetime,

therefore, is also denoted as ter .

8
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(a)

(b )

Figure 5. Metallographs (20X) of SC cracks at
(a) t / t~ — 0.45, (b) t/t

f — 1.00.
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Perhaps one of the most cogent reasons why the line broadening study

by the conventional Jiffractometer method was undertaken was the fact that

• the results obtained by the rocking curve measurements of the grains could

be checked by an independent X—ray method , namely the Warrea—Averbach

Fourier analysts of the life profiles .
5

The rocking curve studies have shown that the surface layer has a

special rropensity over the bulk material for work hardening (Figs . 1 and

• 2). Through the aid of X—ray topography , it was shown that this work

hardening is characterized by a breakup of the lattice into small, misaligned

domains, and that these domain, are separated f rom each other by regions

in which the dislocation dens ttv is considerably larger than in the interior

of these domains. The misalignment of domains Is brought about by excess

dislocations of one sign, and since rocking curves measure lattice tnisalign—

ment , they can measure density of excess dislocations .

The Fourier analysis of the line profiles can lead to similar information .

One obtains the average size of the coherently reflecting domains particle

size) D, and also informatIon about the root-mean—square lattice strain
, 1/~’ Of particular interest in this comparative study was the

question to be answered: What is the re la tive  contr ibution of particle

size and lattice strain to the line broadening effect in SC?

The line profiles of the (220) and (440) reflections of a specimen

subjected to SC for t/t f • 0.1 were used as input data for the Fourier
analysis. Referring to Figure .~ , this analysis pertains to the steep ascent

for the curve B vs tI t~~. Because the K doublet of the lines was not well

separated , first the Rachinger correctt-~n for the doublet separation was

performed .” A plot of the corrected Fourier coefficients vs the column

length , L, in a given crystallographic direction is shown in Figure 6a.

The extrapolation of the linear part of the plot gave an average particle
- -, 1/2size, D — 410 A. The plot of cc > vs L is shown in Figure ~b. It

will be noted that the maximt~ value of <
~ (L)

> was only 5.2 x 10

In view of the small strain value obtained , it is evident tha t the

greatest con tribution to the line broadening effect in SC derived from

the fra~ .entation into smal l particle .. These results, therefore, support

the f indings based on the measurements of the rocking curves . Cohen 7 has

11
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Col~~n Length , L (A)

Figur e 6.  Results of Warren—Averbach Fourier analysis of the line profiles
of SC. (a) Corrected Fourier coeffici~nts y, the colu % length L.
(b) Root-mean—square lattice strain <c (t) ’”2 vs the col*~~ length 1..
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utilized the values of D and Ce
2 >1/2 to calculate dislocation densities.

For the total dislocation density surrounding the particles , 0D — l ID , one
obtains the value 5.9 x 1010 dislocations per cm2. For the total dislocation

dens ity due to lattice strains , • 12 <t (L) > I
~ 

the value 5.4 x l0~
dislocations per cm2 was obta ined . The latter value is smaller by one

order of magnitude.

Identification and Topography of Grains Analyzed for Their
Defect Structure and SC Specificity

It has been shown previously 1 that because of the low stress applied

in SC experiments , excessive grain rotation was avoided ; consequently ,
due to the precise repositioning of the specimen, the identical grain

reflections could be retained . Thus the lattice defects of the identical

gra ins could be analyzed both as a function of fracture time , while exposed

to conditions of SC. and of depth distance from the surface , for a given

t/t
c.

Because of this unique feature which the X-ray double—crystal

d iff ra ctose t ry offers , namely th at those grains that exh ibit pronounced
susceptibility to SC can be analyzed selectively , considerable effort was

expended to co~~ine this method with X—ra y reflection topography . The

purpose of developing the capability of identifying and locating the sites

of the analyzed grains on the specimen surface was to establish a l ink

with other important methods of topographic grain analysis , namely optical

setaflographv , T~21 and SF~l.

Figures 7a and 7b show the metallograph and X-ray reflection micrograph

respectively , of an annealed 304 stain less steel sample . The identity of

a few grains is given by ni~~ ers . The individual reflection images can

be traced outward in space by recording the images photographically at
increasing distances from the specimen surface . By means of this tracing

technique , there is establishe d a direct correlation between the spot

reflections on the Debye—Sch errer lines and the crystallite . on the specimen

surface giving rise to these reflec tions . Figures Ba and Sb show the
spatia l tracing of the grain reflections of lb. Selected reflection

micrographs at distances of 2.5 and 27.5 ma from the specimen surface are

/
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Figure 7. Identification of grains of 304 stainless steel.
(a) Meta llograph . (b) X-Ray reflection micrograph .
Crvstal-.onochromated Cr K radiation .
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shown. For the sake of clarity , only three image reflections , marked by
numbers 1, 2 and 3, are shown . It is perhaps worthwhile noting that , due
to different crystal orientation, images that appeared in topographic

proximity at the surface ended up at different (hkl) reflections on the

circumference of the Debye—Scherr er camera (compare Fig. lb to 9a). Once
• the correlation of the grain reflection was established at the Debve—

Scherrer arc , the rocking curve analy3is was performed 1 by angular

specimen rotation and discrete f ilm shift , as shown in Figures 9a and 9b.

Comparison of Figures 9a and 9b will show that as a result of SC attack ,

only specific grain reflections showed an increase in the rocking curve

half-width , such as those marked by the numbers 1, 2 and 3, while the
rocking curves of other grains remained invariant . For the grains 1, 2

and 3, B was about 14’ in the annealed state and increased to about 20’

after the alloy was sub jected to SC for 75 of its lifetime. (Compare

the enlarged rocking curve details of annealed grain 3 in Figure 9c with

those after SC in Figure 9d.) Thus, in analyzing the defect structure

of the grains in slow , creeping SC attack , the method proved to be capable

of specific selectivity .

ADVANCES IN DATA COLLECTION BY AUTOMATION ANT)
POSITION-SENSITIVE DETECTORS

Although the X-ray double—cr ystal diffractometer analysis yields

precise quantitative information on the excess dislocation density of the
reflecting grains, the collection of the intensity data, recorded on the
photographic film as a function of specimen rotation, is admittedly somewhat

time—consuming.8 Typically each exposure of an arr ay of spots , such as

thos. shown in Figure 9, may take 30 minutes . An array of spots, represent-
ing the rocking curve of a grain, may consist of about 20 spots, so that
the total time of exposure may extend to 10 hours . Subsequently, the

recorded spot intensities are either visually estimated with the aid of
a ~ altiple—exposed film pack or , if a higher degree of precision ir1

desired , they are analyzed by a microdensito.eter . The latter operation
is particularly time—consuming .

16
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Figure 9. Detail of multiple—exposure diagram of 304 stainless
steel. Array of spots represents samplings of the rocking curve
of each reflecting grain . (Discrete , angular specimen rotation
3’ of arc. Cr K radiation.)
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Two significant advances in data collection have been made recently .
One advance resulted from the automation of the X—ray double—crystal

diffractoseter. This development made it possible to progra. the specimen
rotation and film shift as desired , and carry out the program automatically
with considerable reduction of time and effort. The layout of the automated
double—crystal diffractomster for polvcry.talline materials is showu in

Figure 10.

However, by far the most significant advance was made by applying a

position—sensitive detector to the recording of the individual. spot ref icc—
d ons. Preliminary experiments show that by means of this innovation, the

total data collection time for measuring the rocking curves of the grains

with their intensity distribution has been reduced to about 30 minutes.

Figures 11 and 12 may serve to illustrate the remarkable results obtained .

The stainless stee l specimen was irradiated with crvstal-monochromated

Mo K radiation and the (111) reflections of the grains were recorded by

the position—sensitive detector (Tennelec Model PSD11O) . Th. detector

had to be placed about 15 cm fro, the specimen surface , with its wire

section parallel to the (111) Deby.—Sch.rrer arc. This direction is denoted
in Figure U as the y—dir. ction . The position of the beams reflected from
the grains was analyzed by the electronic registering unit (Teunelec

PSD1100), and the position and the intensity contribution were displayed

via the multichannel analyzer on the oscilloscope (Norther TN—1705). The

oscilloscop, display is depicted in Figure 11, where the peaks above the
background represent the individual gra in reflections, some of which are
denoted by letters .

The specimen was rotated i~ intervals of 3’ of arc, and the discrete
angular rotation positions are shown in Figure 11. It will be noted that
the peak variations as a function of specimen rotation represent rocking

curve s of the grains. For example, grain D sta rted its rocking curve at

angular position 3’, reached its peak at about position 12’ and terminated
the curve at position 21’ . Thus the total reflecting range was about 18’

of arc and the 3 value was about 8’ of arc . Figure 12 exhibits in greater
deta~l the grain reflections corresponding to the angular rotation position

12’ , obtained b, extend ing the exposure t ime by a few minutes .
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Figure 10. Automated double—c ystal di f f r ac tometer.

1. X-Ray tube
2. Automatic shutter
3. Collimator
4. Monocry.ta.l holder
5. Receiving slit
6. Berg— Barrett camera—fil m holder
7. Specimen holder and specimen
8. Debye—Sch erre r camera—fi lm holder
9. Film drive

10, Different ial micro meter for specimen rotation
11. Micrometer drtv
12. Power—transmitting gears
13. Stepping motor
14. Exposure—tins controller
15. Stepping—motor controller
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Figure 11. Rocking curve analysis of stainless steel grains b,
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It appears almost certain that the total time of collecting rocking
curve data for a representative grain population can be reduced to a few
minutes if (a) the distance between specimen and position—sensitive detector
is shortened , which requires modification of the present experimental
ar rang~~~nt; (b) the registration of the data is interfaced with our PD? 1134

computer for storage and further analysis.

CONCLUS I ONS

The X—ray studies of 304 austenitic stainless steel subjected to

stress corrosion (SC) and Al 2024—T4 subjected to corrosion fatigue (CT )
have shown that the surface layer exh ibits a special propensity for

defo rmation when compared to the bulk of the material . An analogous

behavior was found previously in tensile—deformed silicon, al~ninum and
gold single crystals and in fatigue—cycled aluninum single crystals and

Al 2024—T3 alloy specimens .~ The deformed surface layer is characterized
by a decreasing gradient of excess dislocation density from the surfac e
into the bulk . Whereas the gradient in the corrosion—fatigued aluminum
alloy extended to a depth of 75—100 um , the gradient in the SC of steel
was much steeper, declining to its lowest value at about 10—25 um from
the surface.

As in the cycled Al alloys, the depth pro f ile analysis of steel
showed that the increase of excess dislocation density of the surface

laye r with corrosion time was also accompanied by an increase in the
bulk. However , wh ile the increase in the surface layer reached saturation

rap idly , that in the bulk proceeded more gradually .
Whereas the penetration power of molybdenum radiation for aluminum

alloys is such that it can probe the excess dislocation density in a

• depth region of 150—200 um, which is well beyond the work—hardened surface
layer , i ts penetration power is limi ted for steel . For steel subjected
to SC, the depth penetration of molybdenum radiation extends only slightly

beyond the deformed surface layer . Yet line broadening studies with this
radiation showed that in the surface layer , saturation of the increase
of excess dislocation density set in when the surface layer was no longer

able to impede the egression of dislocations fro. the bulk (Fig. 4).

• I 22
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At this critical corrosion time, t
r~ 

cracks became visible (Fig. 5a) . The

saturation level of excess dislocation density in the surface layer is

associated with a critical value of line broadening if conventional X—ray
-a

diffractomstry is used , or with a critical rocking curve half—width ~ if

the more precise double—crystal diffractometer method is applied . This

value may be regarded as a parameter defining the limit of the integrity
of the microstructure, for it was shown that with increased corrosion t ime
this value remained invariant (Fig. 4) and that the remainder of the

corrosion life from t r onward was taken up with the development and

propagation of a large failure crack (Fig. Sb).

The most important conclusion that emerged from this study appears to

be the universal significance of 8 , which seems to be the decisive parameter

to assess the accrued damage in a structure , be it induced either by tensile
—a

deformation, fatigue , SC or CF. 3 can be obtained experimentally from

careful measurements of the X—ray rocking curves of a representative grain

population . This study has shown that the most promising and least time—

consuming approach for etuicient data collection is the use of position—

sensitive detectors , which Wi ll register position and intensities of the

grain reflections wi th great speed . The collected data are then sorted

out , stored and analyzed via a isiltichannel analyzer and interface to a

computer. If a lesser degree of accuracy in collecting data is acceptable ,
an al ternative path can be taken by performing a Fourier analysis of the

X—ray line profiles . The input data will then be based on conventional

diffractometer measurements. For greater speed, position—sensitive

detectors may be extremely helpful . Both experimental approaches are being

investigated intensively.
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