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ABSTRACT

X-ray double crystal diffractometry and
reflection topography were employed to examine the
deformation response of single crystals and Al 2024
alloy specimens. A propensity for work hardening
in the surface layers compared to the bulk material
was demonstrated for both tensile-deformed and
fatigue-cycled metals. The cyclically induced
defect distribution with depth from the specimen
surface was also investigated as a function of the
fraction of fatigue life. This led to a capability
for predicting the fatigue life and failure by a
nondestructive x-ray diffraction method.

ADMINISTRATIVE INFORMATION

This investigation is part of an in-house research program at the
David W. Taylor Naval Ship Research and Development Center. It was con-

ducted under task ZR0220101, work unit 2802-004.

k INTRODUCTION

The ability to predict the failure of materials subjected to repeated
or alternating load is of great technological importance, both for
mechanical and structural applications. Because x-ray diffraction methods
are nondestructive, they have been used extensively in the past to eluci-
date structural changes. In these previous investigations, however, the

change in the patterns, such as asterism or line broadening, occurred

: either at the very early stages of cycling, remaining invariant there-

bl

after, or were restricted to that period which follows the initiation B

of catastrophic macroscopic failure.™’

Consequently, the attempts to ﬂ
forecast ultimate failure at early stages of the life were unsuccessful.
We recently applied a special x-ray method which enabled us to pre-
dict the fatigue life and failure of Al 2024 with considerable relia-
bility.** The nondestructive technique combines diffraction analysis i

using a double crystal diffractomer, with x-ray reflection (Berg-Barrett)

*A list of references is given on page 10.

**A list of symbols and abbreviations is given on page v.
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topography to provide a visualization ot the surtace detect structure. '’

For polycrystalline specimens, the individual grains are considered to

tunction independently as the second crystal of a double crystal diftracto-

meter. Rocking curves tor the reflecting grains are obtained by irridating

the specimen with crystal monochromated
spot retlections on a cyvelindrical tilm
incremental specimen rotation, combined
spot contributions, arrays of spots are

ot each spot array represents the x-ray

radiation, and by recording the

along the Debye-Scherrer arcs. By

with tilm shitts to separate the

obtained. The intensity dependence

rocking curve tor the grain, and

gives a measure ot its dislocation density. The width of the rocking curve

at halt the peak intensity maximum is denoted by the measured haltwidth

¢ . The haltwidth of grains for various (hkl) retflections can be averaged

to give a representative haltwidth ;im for the grain population. Corrected

tor the haltwidth & ot the virgin specimen, 3 is obtained by the relation
Ay
y y 1/2
B = (B8° - h‘“) . The excess dislocation density o tor the specimen is
m < i

then calculated from & according to the relation’

p = RT/9b° (D
LATTICE DEFECTS IN SINCGLE CRYSTALS INDUCED

BY MONOTONIC DEFORMATION
8-11

It has been reported previously that single crvstals and commer-
cial alloys show a propensity tor preferential work hardening ot the sur- i
tace laver, when deformed by uniaxial tension or tatigue cveling. It

was
!

proposed that when the work hardening reached a critical value, which was

stress amplitude, cvelic history and environment, tracture

it

independent ot

was initiated the accumulation ot excess dislocations produced local 1

stresses {n excess of the tracture strength.

Our prediction of tfatigue tailure on the basis of x-rav rocking

curves was developed trom a svstematic studv ot the excess dislocation dis- 3
tribution from the surtface to bulk of tensile detormed single crvstals,

lhree model materials were chosen: silicon, a low stacking tault energy, i

brittle material, which is ductile when detormed at elevated temperature,

and for which the dislocations are virtually tmmobile when cooled to




ambient temperature; aluminum, a high stacking fault energy material, with

microstructure typical of ductile fcc metals; and gold, which exhibits !
little propensity for surtace oxide layer formation. The distribution of
excess dislocations in depth was determined by rocking curve measurements

after discrete surface laver removals by chemical dissolution or electro-

polishing.
As shown in Figure 1, a decreasing gradient of excess dislocation
density from surface to bulk was obtained for all three species. It will

be noted that there was a decline by factors of 2.7 to 6.2, from a high

surface dislocation density pq to a constant value ;i at about 150 um into
the interior. Although tested to only 3% plastic strain, the gold revealed
a similar gradient. This result indicates that oxide film formation is not

a necessary prerequisite for the decrease of excess dislocations from the

surface to the interior. A relation proposed to describe the dislocation
! 2 . : L2 2 .
gradient in ground alkali halide crystals can be employed in this study

to convert the obtained curves of Figure 1 into the linear form

S : = = _ [
1In{(p_/p,) - 1} =1 T T | S > f
(0 /0)) nt(p /o) =1 kx (2) »
iy
’
where p is the excess dislocation density at the depth distance x. The H
-~ "
linear conversion yielded a consistent material-independent slip k of about i*
2.85 for all three materials. ﬁ
i
a
LATTICE DEFECTS IN FATIGUE-CYCLED Al SINGLE CRYSTALS 1
&
Aluminum crystals were subjected to axial tension-compression tratiguce, ?
and the defect structure induced in the high cycle range (f1.03 MPa,  x
5 g ’ ;
107 cycles) was studied in depth by rocking curve measurements. As shown
in Figure 2, a decreasing gradient from the surface into depth, tvpical ot
monotonic deformation, was also produced by the cycling.
The depth profile exhibited, however, an additional salient feature.
A minimum in the curve was obtained at a depth distance of 100 um trom the
surface. Further in depth, the halfwidth value increased again and )

P attained a plateau level at about 250 um from the surface and extending

into the bulk. [t can be noted that the halfwidth values measured tor the
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subsurface layer extending from 50 to 150 um in depth were lower than
that of the virgin crystal, indicating that a cyclic recovery process
occurred in this region. Furthermore, it may be seen that in the bulk no
change from the intrinsic halfwidth was produced by the low amplitude

cycling.

DEPTH DISTRIBUTION OF LATTICE DEFECTS IN
FATIGUE-CYCLED Al ALLOY

Al 2024 alloys were cycled in the push-pull mode at an amplitude of
+200 MPa corresponding to the proportional limit in static tension. The
fatigue behavior of the specimens is given in Table 1. As shown in Figure

3, Part A, the measured rocking curve halfwidths, and thus the derived

excess dislocation densities, increased throughout the specimen with
increased cycling. Analogous to the deformation characteristics of
monotonically and cyclically deformed single crystals, the depth profile
analysis of Part A in the figure revealed higher excess dislocation densi-
ties in the surface layer. After 0.15%7 of the fatigue life, a decreasing
gradient to a constant bulk level was obtained, similar to that observed
for simple tension (the first half cycle of push-pull fatigue). For 57 of
the fatigue life, an increase to a bulk plateau level was again evident, as

found previously for single crystal fatigue.

TABLE 1 - FATIGUE LIFE OF THE 2024 Al

SPECIMENS; R = -1
Stress (MPa) Cycles to Failure
200 21,100
150 191,000
100 6,740,000
3
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Figure 3 - Composite Diagram for Al 2024
Specimens Given Prior Fatigue to 75 and
95% of Their Life at +200 MPa, Fol-
lowed by Surface Removal (Part A)
and Recycling (Part B), and
Either Continued Recycling
or X-ray Analysis in
Depth (Part C)

Figure 4 shows data obtained by analysis of the surface layer.alonc,
using shallow-penetrating copper radiation, after cycling to various frac-
tions of the fatigue life. The results are plotted for specimens with two
average grain sizes, differing by about 257 in grain diameter, and for
tests carried out at two different stress amplitudes. The change in excess
dislocation density during the life could be described by a three-stage
sequence for all the tests. Rapid increases in the defect concentration
occurred early (Stage 1) and late (Stage II1) in the life. A markedly
decreased slope was obtained for the long duration of the second stage,
comprising the period from 15 to 95% of the fatigue life. All the data
fell within the experimental error band, even for the alternate grain size
stock if a uniform shift factor related to the ratio of grain diameters

was applied.
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By carvvine out haltwidth measurement s as a tunct ton ot the lite
traction, utilizing deeplyv-penetrat ing molybdenum vadiation, grains at
depths ap to 350 pm could be analyzed.  Figure 5 shows a comparison ot
the excess dislocat fon densities obtained by analyvsis with Cu and Mo vadi
attons, which ditter to maximum penctration by an ovder of magnitude,
Unlike the vapid saturation ot the dislocation density tor surtace graios,
as sampled by Co radiation, analysis with Mo vadiation provided a wnoch
steeper and nearly linear tncrease. At tatlure, the terminal dislocat ton
density was fdentical to the critical excess dislocation density % pea
suted using Co radtatton,  This steeply inelined dependence ot powith
tatigue Lite permits a much more accurate prediction ot the tinal tailure.
Reterving to Figure 3, Part A, {t may be seen that this vesult devives
trom the gradual increase ot the plateaun value of o fn the bulk as a tund
tion of tatigue lite, as compared to the vapid saturation at the surtace
laver,  Only the Mo vadiation was able to disclose the gradual incvease ot

P oin the intevior,
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To test the stability of the detect structure in the grains ot the
bulk induvced by cveling, o turther experimental program was carried out.,
As shown {n the composite diagram ot Figure 3, the surtace layvers ot pre
viously cyveled specimens were removed by electropolishing to a depth ot
00 pme The specimens piven prior cveling to 75 and 950 ot thefr lite,

tallowed by the surlace removal, were then recveled at the same amplitude,

Fhe excess distocation density declined vapidly duving the fnitial

recveling, as revealed in Pavrt B ot the tigure.  This remarkable exper tmen

tal observation has to be attrvibuted to the instability of the bulk struc-

ture on intttal cveling when the work hardened sartace is absent.  Atter
veaching a minimum at 1 to 25 ot the Lite, the density fncveased apatog,
since a new, work harvdened surtace laver was agatn being tormed.

When the recvelfng process was interrupted atter 5% to obtain a
secand depth protile, as exhibited in Figure 3, Part €, the analysis ot
the specimen piven 755 prior cveling veveatled an excess dislocat fon den-
sity over the entive cross section nearly equal to the value ot the

undetormed, virgin specimen.  The instability ot the bulk disfocation

S e | —

| IR



structure when cyeled in the absence ot the work hardened surface layer

explains the extension of tatigue life afforded by
14

judicious, periodic

13
surtace laver removal., ° Uninterrupted recycling ot a specimen pre-

viously tatigued to 95% of {ts lite and polished to 400 jm in depth, pro-

duced a 750 net increase in the normal fatigue lite.

It is theretore apparent that the accumulation of prefatigue tailure

damage is dependent on a anutual

the surtace laver and bulk material., This study has also shown that the

tatigue lite can be characterized by the nearly

dislocation density as measured by rocking curve measurements using pene-

trating radiation. Thus, by preestablishing the critical excess disloca-

tion density o* and comparing it to the p value measured at any stape in

the tatigue process, the remaining traction of tatigue lite can be deter-

wined.

FUTURE WORK
In the continuation ot this project it is intended to test the capa-

bility of this x-ray method to predict cumulative fatipue damape.  The

tuture fnvestigation will also include a determination ot the excess dis

Location=depth protile and critical dislocation density tor specimens

cveled in bending (R = =1), tension=tension (R = 0), and under constant

strain amplitude conditions. The applicability of the line protile method

tor measuring the excess dislocation will be investigated.

{nterplay between the detect structures in

lincar dependence of excess

e e —
g ’
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