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ABSTRACT

An Investigation of fatigue-hardening mechanisms in copper single
crystals oriented for single slip was carried cut for fully-reversed push-
pull tests at a total resolved shear-strain amplitude of ' 0,008. Hysteresis
loops and fatigue-hardening curves were recorded, and the diglocation struc-
tures were studied in annealed specimeng and in cyclically hardened specimens
after 4—1/2, 20, 100, and 680 cycles. Control specimens were irradiated with
Tast neutrons to prevent the loss and/or rearrangement of dislocations during
electrothinning for transmission electron microscopy. No significant dif-
Terences in dislccation density or morphology were detected between the ir-
radiated and unirradiated crystals. The results indiecated that dislocation
gtructures in thin folls were representative of bulk material.

Fatipgue hardening occurred by the accumulation and storage of dislcca-
tions into low-energy configurations characteristic of Stage I tensile hard-
ening. The rapid-hardening stage was characterized by the rapid multiplica-
tion of dislcecations and the build-up of cell-wall nuclei by the mutual trap-
ping of primary edge dislocations on parallel slip planes. These bundles of
primary edge dislocations {cell-wall nuclei) were aligned perpendicular to
the primary Burgers vector and along the (110: critical and conjugate slip-
plane traces. Edge bundles and mixed dislocations were preferentially
aligned along these {110 directions as a result of an interaction with
Frank partial-dislocation dipoles lying on the critical and conjugate slip
planes. As cyclic straining proceeded, dislocations in the cell-wall nuclei
became more densely packed and fragmented, and linked up to form a cell
structure as saturation hardening developsd. During saturaticon hardening,
the applied strain could be accommodated by the traffic of dislocations
across cells and/or cell-wall motion. Measurements of hysteresis loops in-
dicated that 30 percent of the energy dissipated per eycle was available
for point-defect production, which could yield a point-defect concentration
of ~ 1078 /cycle at 300°K.

This abstract is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be made
only with prior approval of the Metals and Ceramics Division (MAM),
Air Force Materials Laboratory, Wright-Patterson AFB, Ohio 45433
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I.

INTRODUCTION

An vnderstanding of fatigue-hardening mechanisms is essential to the
further development of a crack propagation theory and to the elucldation of
crack nuclestion processes. In spite of the massive amount of experimental
fatigue data available, relatively few experiments have been conducted
under conditions most amenable teo interpretaticon and analysis in terms of
hardening mechanisms. This investigation is part of a larger program which
was designed to meet the above needs by providing fatigue-hardening studies
for a high-purity single-crystal metal under carefully selected conditions
of temperature, shear-strain amplitude, strain rate, crystal orientaticn,
enviromment, and mode of deformation. The study of the fatigue-hardening
mechanisms in pure copper has the following cbjectives: {1) to determine
the mechanisms of hardening and to formulate a quantitative theory of fa-
tigue hardening for pure metals; (2} to determine the relationship between
the saturation-hardening stress and the applied shear-strain amplitude; and
(3) to assess the hardening that takes place at the tip of propagating fa-
tigue cracks.

Two principal methods of study were employed in the investipation.
Cyclic-strain hardening experiments were carried ocut and hysteresis lcops
were recorded as a function of the number of cycles. Transmission electron
microscopy was then utilized to study the resulting dislocition arrange-
ments at selected cumulative strains along the hardenirg curve. We have
concentrated our obgervations of microstructures to the earliest stapes of
fatigue hardening in an effort to identify specific hardening mechanisms.
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EXPERIMENTAL PRCCEDURES

A. Growth of Copper Single Crystals

Oriented single crystals seeded to a Schmid factor of 0.49 (single
slip, approximately 5° from;iéé]axis), were grown from ASARCO 99.999+ per-
cent copper in a high-purity graphite mold. Three-eighths-inch diameter
crystals were grown in 3-in. lengths at a rate of approximately 1 to 1-1/2
in. per hcur using a Bridgeman technique. The graphite mold was designed
so that six crystals could be grown at one times; after fusion with the sgeed,
solidification proceeded through a 1/52-in. diameter orifice to eliminate
sub-boundaries (Ref. 1). The elimination of sub-boundaries was subseauently
verified by examination of thin foils in the electron microscope. From each
of these crystals a 2-in. long fatipue specimen and a l-in. seed were ob-
tained. Back-reflection Laue patterns were taken of each crystal to verify
that the orientation was correct. Table I lists the Schmid factors for the
various slip systems for the [149] axis.

TABLE I

SCHMID FACTORS FOR FAVORED SLIP SYSTEMS
FOR |149. SPECTMEN AXTS

Schmid Factors

1ip System E;iculated Measured
(111) [To1l; Primary system 0.50 0.49
(111) [iOiE; Cross-slip system 0.17 -
(T11) 101 ; critical-slip system 0.47 -
(111) [011] ; Conjugate-slip system 0.33 -

B. Preparation of Fatigue Specimens

Fatigue specimens were prepared (see Figure 1) by machining the gauge
length on a Servomet spark-cutiing machine to approximately 0.24 cm. diam-
eter by 0.825 cm. long. When subseguently sectioned for transmission elec-
tron microscopy, specimens of this diameter fit directly into the Hitachi
HU-11, electron-microscope specimen holder. In addition, five grooves ap-
proximately 0.075 cm. wide by 0.012 cm. deep were machined intec the gripping
ends of the specimens. These grooves were found necessary to ensure a hard



loading column and provided a purely mechanical means of gripping the spec-
imens when mounted in Wood's metal (described under Secticn II-D). The
gauge-length dimenions were governed principally by the maximum tolerable
load in the Wood's metal and the length tc diameter ratio, L/D, required to
eliminate buckiing. An L/D ratic of ~ 4 has been employed successfully.

Each crystal was then annealed under vacuum (10-5 to 10-8 torr) in a
high-purity graphite boat for 4 hr. at 950°C and furnace cooled. Prior to
use the crystals were cleaned in dilute nitric acid, the gripping ends
tinned with soft scolder to promote wetting by the Wood's metal during mount-
ing, and the gauge length electropolished at room temperature in standard
Digapcl electrolyte D2 at approximately 10 volts. The diameters and gauge
lengths were measured optically to approximately T 0.003 cm.

C., Cyclic-Strain Fixture

A lcoading fixture was constructed of 304 stainless steel and attached
tc the bottom of the moveable cross head on an Instron testing machine.
The fixture is designed to allow all testing to be carried out in a helium
environment and allows the desired test temperature to be maintained by
immersing the fixture and specimen in an appropriate 1igquid bath. The en-
clogsed test chamber allows us to eliminate possible extraneous surface ef-
fects of the different liquids used for temperature control. Figure 2 iz a
line drawing and Figure 3 a photograph of the loading fixture (including
an LVIT extensometer) mounted on the Tnstron testing machine. The fatigue
specimen is mounted in Wood's metal for the room temperature (300°K) tests
or in tin babbitt alloy 2 {ASTM-B23-49; 893n, 7.58b, 3.5Cu; melting range:
241 - 354°C) {Ref. 2), for the test carried out at 425°K. This mounting
technigue allows careful alignment and precludes accidental straining of
the specimen during mounting. The helium-filled specimen chamber is en-
clogsed with a tightly fitting neoprene or gilicon-rubber bellows which fits
over the ends of the lecading column.

Because of the difficulty in achieving perfect axial aligmment of the
long {11-3/4 in.) loading fixture, the bottom of the fixture executes a
small transverse motion during cycling which produces an additicnsl shear
strain in the specimen. Assuming that the specimen accommedates the entire
transverse motion, an additional shear strain equal to & 12 percent of the
total resolved shear strain is produced.

An extensometer designed for use over a wide temperature range {Ref. 3)
was constructed of 304 stainless steel and Teflon (Figures 2 and 3); split-
gripping plates are attached to the loading column above and below the
specimen and eliminate the effects of linkages in the leading column. The
differential displacement of the core and coil of the LVD transformers

3



was used to control the strain amplitude through the calibrated 1limit
switches on a Datronic 300 CL/62 instrument. Addition of the electrical
outputs of the dual LVD transformers eliminated bending effects and doubled
the sensitivity of the extensometer.

D. Cyclic-Strain Tests

Fatigue specimens were mounted in the upper grip in the following man-
ner. The specimen was held in a Teflon split-gripping ring which screwed
into the objective lens housing on a tool-maker's microscope and the
upper gripping head cf the leading fixture was centered beneath the speci-
ren. Vertical aligmment was achieved optically using a cathetometer.
Wood's metal was melted in the gripping head with a resistance-zscldering
unit and the specimen was then lowered into the Wood's metal using the
vertical travel of the microscope. The Wood's metal was allowed to freeze
(melting point = 75°C) and the assembly was next attached to the loading
column on the Instron testing machine. Weod's metal was then melted in the
lower gripping head and the specimen was lowered into the melt by means of
the cross-head travel. After solidification the necprene bellows was
pcaitioned in place and the chamber was flushed with helium. The helium
envirormment was maintained throughout the tegst. The load on the specimen
was manmually maintained at zero until testing began. This was necessary
because of the volume changes which oceur in Wood's metal for £ to 3 hr.
after sclidification. After mounting the specimens in the higher-melting
tin babbit for the tests conducted at 425°K, the gauge lengihs were re-
electropolished in situ to remove oxidation products.

Cyclic-strain-hardening experiments were carried out with polycrystal-
line specimens at rcom temperature for a variety of strain amplitudes and
with single crystals at a total shear strain amplitude of * 0.008 both at
300°K (room temperature) and 425°K. The load was recorded on the Instron
gtrip chart and the signals from the lcad cell and VD transformers weare
fed into an X-Y recorder to plot the change in size and shape of hysteresis
loops as cycling proceeded. A tensile strain was always applied for the
first quarter cycle. Cyclic-strain-hardening experiments on single crystals
were terminated at W = 4—1/2, 20, 100, 660 cycles feor subseguent transmis-
sion electron microscopy. Upon termination of the test, specimens were
carefully cut out of the grips with a jeweler's saw.

E. Specimen Preparaticn for Transmission Electron Microscopy

Figure 4 shows the orientation of the single crystals employed and the
orientation and geometry of disce prepared for transmission electron micro-
scopy (TEM). Discs®were sectioned so that the primary slip plane (111) was
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approximately parallel tc the foll surface. Figure 5 1llustrates the pro-
cedures used in preparing discs for TEM. The gauge lengths cf the single-
crystal fatigue specimens were oriented for secticning by means of primary
slip traces under an optical microscope and specimens were then cemented to
a metal support {Figure SB)}. Discs 0.030-in. thick were then sectioned
along the primary =lip plane on a Servomet spark-cutting machine. The discs
were thus elliptical with their major axis parallel to the primary slip
direction [101] (Figure 4). The minor axis (0.22 cm.) of the elipse was
small enough in relation to the electron-microscope specimen holder sc that
the edge of the disc could be viewed in the microscope and used to establish
the direction of the primary slip vector on micrographs. The discs were
subsequently indented with a 0,054-1in. diameter steel tcol on the spark-
cutting machine %o a depth of approximately 0,008 in. They were then spring-
leoaded in a small strain-free mounting cf platinum wire. The wire was
gripped with stainless-steel tweezers and all nonessentlal areas were masked
with & nonconducting lacquer {Microstop). An area on each side of the disc,
slightly larger than the 0.054-in. diameter indentaticn, was electrothinned,
removing approximately 0.011 in. from each gide.

The polishing conditions found to be most satisfactory were as follows:
a 2:1 mixture of methanol:nitric acid at -25°C, 1.5 voltsg, 0.11 amps/cmg.
(For initial thinning, slightly higher values of current and temperature can
be used.) The specimens were continuously observed and the circuit was
broken when light from a source on the copposite side of the disc cculd be
seen. The specimens were subseguently washed in distilled water and in
methancl at room temperature. The Microstop was dissclved ‘n acetone and
the specimen was rewashed and dried by placing it on filter paper,

Discs of the thickness employed (0.030 in.) were relatively rugged TEM
specimens and reduced the possibility of accidental damape during handling.
As a further precaution the discs were held in place in the electron-micro-
scope specimen holder with a small (0.008-in. diameter wire) bronze spring
ingtead of the solid insert normally used. This arrangement was quite
successful in preventing specimen damage during handling.

F. Reliability of Thin-Foil Observations

In order to determine the extent of dislocation loss and/or rearrange-
ment during electrothinning for transmission electron microscopy, annealed
single crystals and crystals fatigued to 20, 100, and 660 cycles were ir-
radiated with fast neutrons (> 0.4 Mev to 1.37 x 1018 nvt) to pin the dis-
locations and preserve the bulk dislocation structure.
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EXPERTMENTAY, RESULTS

A, Cyclie-3train Hardening

Details of cyclic-strain-hardening conditions and results are tabulated
in Table II. Hardening curves are shown for polycrystalline copper in
Figure 6 and for copper single crystals in Figure 7. All single-crystal
tests were carried ocut for a total resclved shear-strain amplitude, Y ,
of T 0.008. The equivalent resclved shear stress plotted in Pigure 6 is
0.435 times the normal axial stress. {An equivalent resolved shear strain
for polycrystalline specimens was simulated by taking the axial normal
strain as 0.435 times the resgclved ghear-gtrain amplitude used for single
crystals (Ref. 4).)

The hysteresis loops for a single crystal Tor the first 25 cycles are
shown in Figure 8. The curves in Figure 7 represent the results from a
mmber of specimens (Table II) and the hardening curves for undamaged speci-
mens are virtually identical. The results shown in Figures € and 7 are in
general accord with published data for copper. That is, the initial harden-
ing rate (rapid hardening) is higher for pclycrystallire specimens and for
higher ftemperatures, and the saturation stress 1s higher for larger strain
amplitudes and for lower temperatures (see, e.g., Refs. 5, 6 and 7). The
saturation stress, v , for Yy = t C.008 is 416 kg/cm'e for polyerystalline
specimens at room temperature, 335 kg/cm‘2 for the single crystals at room
temperature and 238 kg/cm‘2 at 425°K. Specimens which were inadvertently
bent during mounting always hardened more rapidly, though the saturation
stress was unaffected.

Areas of hysteresis loops were measured with a planimeter for speci-
mens M8 (300°K) and for M12 and M5 (both 425°K). These measurements were
converted to energy dissipated/cm5/cycle and plotted-versus cumulative total
shear strain in Figure 9. The trend of these curves is the same as for
those in Figure 7. If it is assumed that this plastic-strain energy ig con-
verted to thermal energy and dissipated entirely as heat, the resultant
temperature rise is quite insignificant. For specimens M8 (300°K) and ML3
(425°K) at saturation, the energy, B, dissipated is 5.75 x 106 and 3.94 x
10° ergs/em3/cycle, respectively (0.1370 and 0.0943 calories/cm3/cycle,
respectively). The maximum instanteneous (taken here as one cycle which is
about 7 - 8 sec.) temperature rise is AT = £, where p is the density of
copper and (€ the specific heat., Thus AT e 0.164°C/cyc1e Tor M8 at 300°K
and AT = 0.112°C/cycle for M12 at 425°K. At a cyclic frequency of 8 cpm
it would require approximately 1 min. to achieve a 1°C rise in temperature
assuming no heat less to surroundings. In view of the good thermal contact

with the specimen it is doubtful that any significant bulk-temperature rise
cceurred during these cyclic tests.
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Figure 10 shows the results cbtained for a single crystal which was
cyclically hardened (yt = 70.008) into the saturation regicn and then cy-
clically softened by changing to a lower strain amplitude (v, = To.0025),
The strain amplitude was reduced manually by adjusting the setiings of the
1limit switches on the Daytronic instrument cover a duration of 7 cycles. An
abrupt reduction in strain amplitude results in an abrupt reduction in
stress amplitude. Thus, the dotted line shown in Figure 10 dces not repre-
gent a real softening rate. Following this reduction in strain amplifude,
the maximum stress amplitude begins to decrease {softening begins) from an
initial value which lies on the hysteresis loop egtablished at the higher
strain level. The rate of scftening decreases with continued cyeling ancg a
new saturation stress level is established.

B. Transmissicn Electron Microscopy

A limited amcunt of transmission electron microscopy (TEM) was carried
out on the polycrystalline specimens during the development cf thinning
procedures. All cf the remaining TEM was carried out on single crystals,
for N = 0, and for crystals cyelically hardened at Yy = f0.00B, Z00°K to
N = 4—1/2, 20, 100, and 660 cycles. All crystals were sectioned parallel
to the primary slip plane.

Representative micrographs cbtained from polycrystaliine specimens Fo
and P6 are shown in Figures 11 and 12, respectively. These speaimens were
cycled well into saturation and the cell structure was well developed with
very high dislocation densities within the cell walls and with relatively
few dislocations in the centers of the cells. The cell size decreased with
higher strain amplitude and cell walls tended to lie along close-packed
< 110 > directions. Many elongated dipoles can be seen in Fipgure 11,

Figures 13A and 13B ghow the microstructure in an annea’ed and ir-
radiated copper single crystal. The small dark spots are dislocation lcoops
produced by the precipitation of irradiation-induced point defects. 1In
Figure 13B a dislccation in screw orientation has produced a long {(preater
than 3 micrens) edge dipcle as & result of a drag exerted on the screw
segment by a super Jog. The dipole appears to be in the process of pinch-
ing off at the end; this could be a result of climb induced by the nsutron
irradiation. Other evidence of climb was observed in fatigued and ir-
radiated specimens; that is, dislocations, and particularly dipoles, appeared
to contalin a greater number of large jogs in the irradiated crystals. The
dislocation densities (exclusive of the irradiation damage) in the annealed
copper single crystals were 107 to 108 em-2.

Figures 14 through 17 show representative microstructures in cyclically-
hardened copper single crystals at progressively increasing numbers of



cycles. PFigures 14A and 14B show the dislocation arrangements after 4—1/2
cycles (rapid-hardening stage). Dominant features of these typical micro-
graphg are {a) the nonuniform distribution of dislocations, {&t) the presence
of prismatic closed-loop dipoles, elongated in the [181] direction, (¢) tae
bundles of dislecations in edge orientation, (d) the presence of Frank
partial dislocations (in faint contrast) (Ref. 8) lying along the traces of
the critical and conjugate slip planes (see also Figure 21), and (e) the
tendency for cell walls tc build up, not only in the [iﬁl} directicn, but
alsc alocng the criticel and conjugate glip-plane traces in asscciation with
the Frank partials (see Figure 21). Also shown in Figure 144 are

examples of the formation of elongated dipcles behind gliding screw dislcca-
tions. Burgers vector determinations have not been made for these dis-
locations; however, the majority prebably possess the primary l/E[iOl]
Burgers vector.

Figures 154 and 15B show the dislocation arrangements after 20 cycles
{rapid-hardening stage). The same features cbserved after 4-1/2 cycles are
present. Major changes are the increase in dislecation density and dipole
densifty, the continued build-up and linkage of cell-wall nuclei into a ¢ell
structure, and the increased density and the fragmentaticn of dislocations
within cell walls. The dislcecaticons within the cell wall become very
densely packed and are no lenger resclvable ag individual dislocations.

Figures 16A and 168 are representative micrographs showing the diglo-
cation arrangements after 100 cycles (almost in saturation-hardening stage).
The cperating reflection for the upper right hand corner of Figure 164 1s

Llll] which renders dislocations posgessing the primary l/2wlOl
Burgers vector invigible. This demonstrates that a great many diglocations
with other than the primary Burgers vectors are present and that plastic
Ilow has probably been active on other slip planes during the first 100
cycles. The cell walls that are in conirast exhibit a tendency to align
along traces of the critical and conjugate slip planes ag noted earlier.

Figures 17A and 178 conclude the series of micrographs showing micro-
structures as a function cof the nmumber of cycles and shows representative
structures after 660 cycles. The major changes that cccurred betwean 100
and 660 cycles are the continued build-upand fragmentation of densely-
packed dislocations intc gharply-defined cell walls, and an increased mis-
orientation across cell walls.

Table IIT summarizes the quantitative results of the TEM studies. As
cycling proceeded, the dislocation dengity increased from 107 4o 108 in
the annealed crystals to approximately 6 x 109 em™2 at 20 cycles. It is
not feasible to measure disiocation dengities for structures exhibiting a
pronounced cell strucbure, ag for N = 100 and €60, because individual dis-
locations in the cell walls cannot be resclved, and the statistical variation

of dislocations within cells is large.
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TABLE III

STHGLE-CRYSTAL SPECIMENS, HISTCRY, AND DIST.OCATION DENSITIES

Dislocation Primary Dipocle

Srecimen i T3at (kg/cmg) Densgity, om=€ Density, cm=2
M35 0 - 107 - 108 -
M0 (Trradisted) 0 - 107 - 108 -

M25 g-1/2 - 2 x 30° 5 x 1012

Mp2 20 - 5-7 x 109 9 x 1012
M6 (Trradiated) 20 - - -
M34 100 (323) - -
M4 (Trradiated) 100 (314) - -
M35 660 314 - -

ME {Trradiated) E80 333 - 5 x 1043

C. Relispility of Thin-Foil Chservations

We do not yet have sufficient data for the irradiated specimens to draw
& firm cenclusion regarding dislocation Losses and/or rearrangemants during
electruthinrirg for TEM. It appears generally true, however, that a greater
number of lsgolatec dislocations can be found in the Irradiated specimens
than in unirraciated specimens, ndicating that the neutron irradiation wasg
effective I »inning the dislocations and preverting their loss during
tnirning,  The effect, however, appears to bz relatively small, confined o
the Zess of relatively free dislcecations within the cells, and no major dis-
locetion rearrangements were detectable. Tigures 17 and 18 ghow an example
of the type of dislocations that ares prevenied from being lost during thin-
ring. Lorg Zsolated dislocations, appearing joggy as a result of the ir-
rac¢iation-induced climb, are effectively pinned; these isolated dislocations
account for less taan an estimated five percent of the total dislccation
censity, and Zs within the experimental error of determining dislocation
densities (== 720 percent). These isclated dislocations are seen with less
fregquency in unirradiated specimens; nevertheless, they can be found in
some areas (Figure 19).

Figure 20 shows the results of measurements of the foil thickness and
diglocation dernsities in crystal M22. The thickness was calculated from
neasurements on a single twin trace for a known orientation, and conse-
guently, yield unusually consistent dislocation densities over a broad range
of thickness. The dislocation density was observed tc be constant over the
entire thickness range down To approximately 700 to 80C ﬁJ where accurate
thickness measurements were not available. In the 700 to 800 i range the
dislocation density appeared to decrease rapidly.

11



Iv.

DISCUSSTION OF RESULTS

A. Reliability of Thin-Foil Observations

The results shown in Figures 18 - 20 are strong evidence that the loss
and/or regrrangement of dislocations during electrothinning is neot serious
where the thickness of the foil is greater than about 10C0 A. Dislocation
densities in some regions of neutron-irradiated specimens are estimated to
be at most 5 percent higher than in unirradiated specimens. If large
numbers of dislocatlions are lost during thinning then they are lost almost
as easlily from the neutron-irradiated specimens as from unirradiated speci-
mens. We belleve this to be highly unlikely.

It has been suggested by some workers that the absence of gerew dis-
locations in thin foils is due to their loss during electrothinning. It
has been cur observation that isclated screw dislcocations are seen with
more frequency in the early stages of hardening (4-1/2 and 20 cycles,
Figures 15 and 21C) than after saturation hardening has occurred. This ob-
servation indicates that screw dislocations may be preferentially eliminated
during cyclic straining, or aligned intc a mixed orientation rather than
lecat during thinning. Similar conclusicns have been drawn in the cage of
unidirectional deformation (Refs. 9 - 11).

We may conclude, therefore, that the disiccation arrangements which
we cbgerve are representative of the bulk material.

B. Dislocaticn Arrangements During Hardening

It has become accepted practice in discussions cof fatigue hardening
and fracture teo classify the mzgnitude of the stress or strain amplitude as
"high" or "low™. Although the dividing line between these two arbitrary
regions is somewhat vague and dependent on the material, the experiment to
be discussed here should be claggified as intermediate to high shear-strain
amplitude (F 0.008}. This region of applicability should be kept in mind
when comparing the results to those of other werkers in the field.

The observations made during the rapid-hardening stage yield the
¢learest understanding of the fatigue-hardening process in copper. Figure
21 shows additional examples of the dislocation morphology after 4—1/2 cycles
at 300°K. The dominant features are the bundles of primary edge disloca-
tions and the aliggment of these bundles along critical and conjugate slip-
plane traces. Also present are isolated prismatic dipoles, some of which

12



can be seen in the process of formation (Figures 21C), and Frank partial
dipoles which may be seen in Figure 21C. All of these features have alsc
been cbserved after unidirectional deformation of copper single crystals
into Stage I {(Refs. 8 - 11). OQur strain amplitude, 0.008, is well within
Stage I for copper (Ref. 12), hence, the first few reversals of this strain
simply serve to accentuate and accumulate the dislocaticn morphology
characteristic of Stage I.

The dislocation bundles contain edge dislocetions (on parallel slip
planes) which have interacted over a portion of their length with disloca-
tions of opposite sign to form dipoles {nct necessarily terminated), or of
the same sign to form tilt walls. The dipoles are probably formed by a
mutual-trapping mechanism. In addition, prismatic cliosed-leop dipoles
{formed by jogged screw dislocaticns) can be swept into these dislocation
bundles by newly arriving dislocations {(Refs. 13 and 14). Even at this
early stage of hardening, the dislccation bundles can be viewed as the nucledl
of future cell walls, Figure 22. Bundles of dislocations in predcminately
edge corientation have alsc been observed after Stage I tensile hardening of
aluminum (Ref. 15), and cobalt-nickel (Ref. 18).

It is clear from the micrographs (Figures 21B and 2iC) that a strong
interaction exists between the Frank partial dislocations and the primary
dislocaticns, resulting in a preferential alignment of the dislocation
bundles along (110> directions. The details of the origin of the Frank
partials is not clear. Hirsch (Ref. 8) indicates that a jog of a mixed
dislocation could dissociate under an applied stress into Shockley and
Frank partial dislocations (dipoles). As the primary dislocation advances,
the glissile Shockley partial advances with 1t and extends the fault. Once
a Frank partial has formed, the trapping of primary dislocaticns beging and
thig in turn may promcote the formation of additional Frank partia_s.
Figures 21B and 21C show evidences of such trapping at (e).

Thus for the strain amplitude employed, the rapid-hardening stage in
copper is dominated by the rapid multiplication of dislocaticns and their
clustering into edge bundles. These bundles lie along <110: directicons in
association with Frank partials, and along the [l§1:direction as a natural
consequence of thelir edge orientation.

As cycling preogresses through 20, 100, and 660 cycles the dislocation
density continues to increase and the dislocation bundles become more
sharply defined and form a cell structure on the primary giide plares.
Comparison of the micrographs taken at 66C cycles with those at 100 cycles
reveals that considerable cell-wall activity has occcurred during the pro-
longed cycling. That is, dislocations in the cell walls have been chopped
up into shorter segments, presumably as a result of climb and dislocation
interaction. It 4s also quite clear {Figure 16A) that extensive disloca-
tion multiplication and glide has occurred on secondary slip systems.

13



Our observaticns have been restricted to sections parallel to the
primary glide plane and deo not establish whether the cell structure is
really a completely enclosed three-dimensional structure. We have never ob-
served, for example, fthe low-angle twist boundaries which ILaufer and Raoberis
(Ref'. 17) observed after prolonged fatigue cycling. The possibility exists,
therefcore, that the cells which form in 660 cycles remain essentially two-
dimensional in charagter for single-slip crystals, i.e., they are not en-
clogsed parallel to the primary =slip plane.

At lower strain amplitudes Segall, et al., (Ref. 18) have observed that
cell structures do not form in copper, even after prolonged cyeling. We
believe that the patches of dislocation loops and dipoles which they report
are entirely analogous to the bundles of nearly edge disliocations which we
observe in the early stages of hardening at the higher strain amplitude.

It 1s reagonable *tc believe that the effect cf the higher amplitude is
simply to promote the organization of the dislocation bundles (which are
formed at all amplitudes) into a regular cell structure.

C. Saturation Hardening

The saturation stage of fatigue hardening is characterized by a hard-
ening rate which approaches zero. Three mechanismg for accommodating the
applied strain in the saturation stage are: (1) the flip-flop motion of
prismatic dipoles (Ref. 6); (2) thne traffic of dislocations acrogs the cells
or betweer dislocation bundles, and (3) the two and fro motion of disloca-
tions within cell walls {(or bundles). The first mechanism cculd be logi-
cally considered a special case of (3); however, we list it separately be-
cause of the special treatment it has received by Feltner (Ref. 6).

Bvidence of dislocation traffic acrcoss cells is gained from micro-
graphs such as PFigures 17 - 19 which shows dislecations lying acress the
intericr of cells. Direct evidence for the motion of cell walils and/or the
diglocations within them is, of course, not available from micrographs of
the residual disiocation arrangements. Nevertheless, some insight into the
plausibility of these two possible mechanisms can be gained from simple
calculations of the number of dislocations required and the displacements
involved in each case. A further check on the validity of these mechanisms
is afforded by calculation of the energy dissipated per cycle which can be
compared with the experimentally cbserved energy dissipation (area of
hysterises lcop) during saturation.

Consider first the number of dislocations moving across cells which
would be required to accommcdate the applied strain. The basic equation is
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where N i1s the dislocation density, b the Burgers vector, and 4 the
average glide distance of a dislccation. If we take d 1o be the average
cell dimension (1.2 p) and substitute for N the guantity m/d? , where m
is the number of dislocations per cell which move on any given cycle, then
we caleulate m = 38 for v = & 0,008, in essential agreement with Feltner
and Laird (Ref. 19), who worked at v = T C.05.

We can also derive a value for m by considering the total energy re-
quired to push these dislocations across a cell for any given cycle. The
work required to move one dislocation acrcss a cell of dimension & 1is

W = b'rd:2

where + is the resolved shear stress on the primary slip plane. The work
required to move m dislocaticns is simply mW . If we take the number of
cells per unit volume as l/d5 , the energy dissipation per unit volume is:

If we equate this to the measured energy dissipation during saturation,
5.75 x 106 ergs/cms,we obtain a value for m = 85 dislocaticns. The fact
that this value exceeds that required to accommedate the applied strain
indicates that ~ 50 percent of the energy is dissipated by other processes,
e.g., point-defect production.

One can alsc calculate the amount of cell-wall motion necessary to
accommodate the applied strain (sssuming that mechanism (3) applies). If
the cell wall contains egual numbers of dislocations of opposite signs, then
it will simply expand and contract under the alternating strain. If there
is an excess of dislocations of one sign, then localized regions of the cell
wall will actually move to and fro as an entity. In either case cne can
eatimate the average distance which a dislccation must move in order to
accemmodate the saturation strain., If x is the average displacement of a
disleecation in the wall, then

X =vY/Nb
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where N is an average dislocation density which is obtained by averaging
the number of dislocations in the cell walls over the total erystal volume.
This calculation ignores the question of cell-wall orientaticn and the fact
that the resolved shear strain will be different across different cell
walls. We have nct measured the density cf dislcoccations in the cell walls
because of the difficulty of resclving individual dislocations; however, we
may estimste this density as ~ 1015/cm2. If the cell-wall width is ~ 0.1
of the cell dimension, then N = & x 1012/0m2, and ¥ = 16 A, This value
prcbably underestimates the actual motion which is necessary to accommedate
the strain because of ocorientation effects and the fact that cell walls will
be pinned gt their intersecltion with other walls. BEven if X were ten times
the calculated value, the average motion of cell walls would be very small
cempared toc the cell dimension.

The energy necessary to accomplish this cell-wall moticon again accounts
for only ~ 50 percent of the total measured energy dissipated per cycle, so
that other dissipative mechanisms such as peint-defect production must also be
invoked. If half of the energy dissipated were eguated to vacancy and
interstitial production and diffusion, a point-defect concentration of ap-
proximately 10-¢ per cycle would be generated. Weissmann, et al., (Ref. 20}
have recently attributed the mobility of cell walls during cyclic straining
to a climb mechanism which would involve vacancies.

On the basis of cur experiments and the above calculations we are not
ghle to make an unambigucus choice between mechanisms (2) and (3) to ac-
count for saturation hardening. Slip-band formation at free surfaces and
our observatlion cof dislocations within cells indicates that some traffic
of dislceations across cells takes place. However, the fact that disloca-
ticns within cells do not occur frequently (even in neutron-irradiated
material) favors the third mechanism of cell-wall motion. Thus a minority
of strain can be accounted for by to and fro traffic and the majority by
cell-wall motion. Approximately half of the total energy dissipated would
remzin for point-defect preduction and climb. Feltner and Laird (Ref. 19)
have also considered both of these mechanisms recently to explain their re-
sults on polycrystalline Cu and Cu-7.5 percent Al.
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V.

CONCLUSIONS: FATIGUE-HARDENTNG MODEL

Based on the obgservaticns reported here, fatlgue hardening of copper
single crystals at intermediate to high-strain amplitudes can be summarized
in the following manner:

The initial rapid-hardening stage is characterized by the rapid multi-
plication of dislocations and their storage into low energy configurations.
Thege configurations consists initially of bundles of primary edge disloca-
tions aligned along the [lﬁi] direction or along the <110> directions cor-
responding tc the traces of the critical and conjugate slip planes. The
mechanism by which these dislocation bundles are formed is by mutual trap-
ping of edge dislocations gliding on parvallel slip planes. These bundles
are thought tc be immobilized by their interaction with Frank partial dis-
locations which form on the critical and conjugate slip planes. Concori-
tant with this stage of rapid hardening is the formation of prismatic closed-
loop dipcles at large Jjogs on screw dislocations. These dipeles and other
peint-defect debris are swept into the primary edge bundles by newly arriv-
ing dislocations.

The transition from rapid hardening tc saturation hardening occurs by
the formation of a cell structure whose walls consist of the aforementiaoned
diglocation bundles. The hardening which occeurs is due primarily tc dis-
location multiplication and the limitation of dislocaticn mean-free-path by
the cell structure. The final value of the saturation stress i1s inversely
proportional to the mean cell dimencgion as originally sugpested by
Grosskreutz (Ref. 21) and confirmed by Pratt (Ref. 22). The effect of in-
creasing temperature is to decrease the value of the saturaticn sftress.
This cbservation is consistent with the mcdel, for Pratt (Ref. 23) hag ob-
gerved the cell gsize formed at a given applied strain amplitude to increasc
with temperature.
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Figure 3 - Loading Fixture and Extensometer Mounted on Instron
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Figure 11 - Dislocation Arrangements in Polycrystalline Specimen PS. Cell walls
aligned in <110> directions; dipole formation is indicated by arrovws.
Yy = % 0.008, 300°K, N = 410, Tq,y = 416 keg/cm’.
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Figure 12 - Dislocation Arrangements in Polycrystalline Specimen FP6.

Yp = ¥ 0.0105, 300°K, N = 330, 74,4 = 535 kg/em’ .
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(a)
Figure 13 - Copper Single Crystal (MLO) Annealed 4 Hr. at 1220°K and
Irradiated with Fast Neutrons (> 0.4 Mev) to 1.37 x 1018 nvt
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(B)

Figure 13 (Concluded)
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Figure 14 - Dislocation Arrangements in Single Crystal M36, N = 4-1/2.
The primary Burgers vector is * [101]; (A) = [022]; examples of
prismatic closed-loop dipoles at (b), bundles of edge dislocations
at (¢), and Frank partial dislocations at (d) are shown; (B) a pris-
matic closed-loop dipole is shown at (b), and bundles of edge dis-
locations are shown at (c).
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(B)
Figure 14 (Concluded)
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(A)

Figure 15 - Dislocation Arrangements in Single Crystal M22, N =
Burgers vector is the ¥ [101] direction; (A) g = [202] and [11%]; bundles of
edge dislocations are shown at (c¢), and Frank partials at (d); (B) g = 220 ;
a prismatic closed-loop dipole is shown at (b).

20, The primary
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(B)

Figure 15 (Concluded)
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Figure 16 (Concluded)
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(A)

Figure 17 - Dislocation Arrangements in Single Crystal M8 (Trradiated);
N = 660; zone axis = [111]}; g = [022] for (A).
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Figure 17 (Concluded)
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Figure 18 - Copper Single Crystal M8 (Irradiated); N = 20. Isolated
dislocations in an irradiasted specimen.
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Figure 19 - Copper Single Crystal M22; N = 20. Example of isolated
dislocations in an unirradiated specimen.
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Figure 20 - Profile of Foill Thickness and Dislocation Density

in Crystal M22 {Unirradiated)
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Figure 21 - Dislocation Arrangements in Single Crystal M36 After 4-1/2 Cycles.

Zone axis = [111], g = primary <220> directions. Frank partial dislocations
are shown at (d) and the alignment of cell walls and dislocations along the
traces of the conjugate and critical slip planes in association with Frank

partials are shown at (e). DPrismatic dipoles are being formed at (f) in (C).
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Figure 21 (Continued)
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Figure 21 (Concluded)
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IDEALIZED CELL—WALL NUCLEUS
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Figure 22 - Schematic Illustration of the Low-Energy Ceil-Wall
Configuration During the Earliest Stages
of Rapld Hardening
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