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Figure 11. Cyclic stress curves for series QSA.
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TABIE 3

MECHANICAL PROPERTIES

(&) Monotonic

] : ) 2 2
xperiment Yield Point MN/m~ Luders Strain U. T.S. I\AI\I/I’D.‘ Total Elonga-

tion %
QA (y) 60 217 0.0015 287 40. 5
200 0.002 223 44,1
233 0.003 345 39.9
QA (y) 240 129 0.0l 268 52.6
QA (y +=)60 286 0. 0016 342 33.4
QA (y +«)25 296 0. 001 - -
QA {y +246 145, 152 0. 007 4% 53.0
159L 0. 008 199 -
F, C. 123 None 210 56.0
QSA 60 238 None 290 30.4
QSA 240 217 None 244 31.4

3
N.B. To convert p.s.i. to SI units multiply by 6.8948 x 10".Units quoted in

millions of newtons per square metre.



(b) Cyclic

Semi-amplitude of Stress MN/InZ

Softening (-) or Hardening (+) Range

Experiment Initial Stabilised Saturatioa Cycles Stress MN/m
4
QA(y) 60 1 262 283 2.7x10"° + 21
3 269 250 6x10° - 19
181 167 6.5:\'104 - 16
QA(y) 240 1 170 152 10 - 1000 - 18
2 169 155 20 - 700 - 14
4 198 156 10 - 104 - 22
5 193 155 10 - 10 - 18
6 232 219 8 - 700 - 13
7 250 225 8 - 2500 - 25
5
QA (y+=)60 2 224 220 2.4 x 10 - 6
6
QA (y+=)25/0 1 248 238 1.06 x 10 - 10
QA (y+«)25 1 302 302 None
2 285 285 None
5
3 269 264 6.5x10 - 4
4
QA(y+x)240 1 223 231 400 - 5=x10 + 8
2 198 170 6 - 900 - 28
3 200 187 8 - 1200 - 13
&
QSA 60 ] 240 228 1.2 x 10° S 12
K
2 192 178 0.9 x 107 - 14




(b) Cyclic (Cont'd.)

QSA 240 2

224
221

178
166

H

- 48
- 55
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not compare favourably with lives obtainable in fine dispersions of

particles.

4.3 Electron Microscopy

Photomicrographs obtained by T.E, M. of thin foils are illustrated
in plates one to nine. The ficlds shown are numbered {rom left to right,

top to bottom, and are described in sequence,

4.3.1 Series QA (y)

Quenching from austenite and ageing at Z4OOC for five hours,
produced a distribution of carbide particles of generally acicular aspect,
precipitated on habit planes deduced from their traces in electron diffraction
analysis to be {110} . Electron diffraction patterns were obtainable from
the particles but cross-grating patterns which could definitely by analysed
to determine the structure of the precipitate could not be obtained. The
burden of the literature suggests that under the conditions of ageing used
these precipitates should be cementite (see for example Wells and Butler
(1966)),0r the excellent review of Kelly and Nicholson (1963)). It was
difficult to characterize the distribution by numerical measurement of the
size or spacing of the particles; the heterogencity of any distribution produced
by quenching and ageing is a consequence of varying local conditions throughout
the bulk specimen,and was manifested principally by regions of the crystal
containing relatively few precipitates in these specimens; in regions with
reasonable densities of precipitates such as illustration 1 of Plate 1, a
spacing in the range 1 - 3 pm.with a mean of about 1.5 pm.is typical. The
needle size is of the ordexr of 0.5 Mm; an appreciable transformation-induced
dislocation substructure was present, forming a semi-continuous network
linking the particles in regions of uniform density, with fairly extensive

tangles of dislocations around particles being present on occasion.
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After fatiguing a specimen to the onset of saturation, approximately
1(?3 cycles, an irregular cell structure was observed, Field 2 of Plate 1
shows a detail of such a structure. A stecply inclined boundary appears to
have formed on a plane containing precipitate particles; the oblique
boundaries are not associated with precipitates, nor is their structure
very regular. The density of dislocations within the confines of each cell is
already very low,however. Fine defects which could be dislocation loops,
and dislocation dipoles,are apparent in the wall structure.

The presence of the transformation induced substructure complicated
an understanding of the development of the saturation state and its relation to
the particle distribution; although precipitation may then occur on dislocations,
no modification was detected in this b, c.c. material comparable to the
elimination of one of the three habit planes of 6' precipitates formed in
Al-Cu alloys with helical dislocation substructures, as shown by Nicholson
(1962). Further study of the saturation subsiruciure was theicluie resorved
for specimens quenched after slow cooling through the austenite-ferrite
transformation range.
| Interpretative problems are similarly posed for specimens quenched
from austenite and aged five days at 60°C. The aged structure was very
inhomogeneous, possessing a considerable quenched-in substructure and
evidently precipitated extensively along dislocation lines to form the
quasi-regular networks shown in Fields 3 and 4 of Plate 1. The statistically
reliable description of such a structure is very difficult to achieve; attempts
were made to estimate the distribution of particle sizes using the method
of Cahn and Fullman (1956) to calculate the volume fraction distribution from
lineal data, making the assumption that the particles precipitate generally
as oblate spheroids,

As no identifiable electron diffraction patterns could be obtained
the precipitate could not be classified with any certainty. The work of

Hale and McClean (1963) showed that metastable ¢ -~carbide can precipitate
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dendritically as platelets with {100} habit planes to {form a three-
dimensional array with an axial dislocation nucleus. The contrast
conditions arising at such a structure vary with tilting of the specimen

in such a way as to distort the apparent morphology; for example
peripheral contrast in scme operating reflexions, possibly arising from
solute gradients around particlies, masks the true dimensions of the
individual platelets. It was quite different therefore to assign intercept
limits in a random manner when analysing the overall distribution at low
magnification, for off-contrast conditions at local orientation or thickness
changes distorted the apparent image size. Only at high magnifications

in foils oriented so that the electron beam lay in the habit plane of the
particle, could the platelets thickness be seen to be ~ 10083, and the habit
plane %100} . It is possible therefore that a proportion of the precipitate
in these distributions is cementite, rather than metastable & ~carhide, The
distribution function derived is shown in Figure 14. The dendrite spacing
is in the range 0.2 - 1. O pm. with a mean of about 0.4 jim; the dendrite size
is typically 0.7 jum long, with platelets of 0.2 yam radius. Few particles
rnot associated with dislocations were observed,

After fatiguing 3 x 104 cycles, no significant changes were
observed in foils taken from the specimen. By 6.5 x 104 cycles, however,
certain changes had occurred; in Field 1 of Plate 2, taken with the electron
beam approximately parallel to (100) so that background e -carbide
platelets are in the plane of the foil, rmany extensive dendritic structures
are observable. No identifiable diffraction patterns could be obtained
from these features; Field 2 shows a detail in which a composite of carbide
platelets precipitated on a forest dislocation axis is associated with
dislocation loops and other configurations. The size of such a feature
(> 2 ygam long and 1 jam widé) distinguishes it from coarsened carbide

dendrites, but there is cause for circumspection in interpreting these
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structures. The work of Hale and McClean (1963) again s hows that

p1~ecipitaition. during ageing may occur at more complex substructural

arrays such as networks orbsub—boundaries formed during transformation;

the resulting structures may be very complex. Furtherm ore,‘ the rig

temperature (350C), and the specimen demounting procedure in this case,

both allowed overageing to occur to a limited degree, and so it is not

possible to determine if any ageing process enhanced per se by fatigue

deformation has occurred. The most reliable observations of the general

change accompanying fatigue are shown in Field 3 and clearly illustrate

that the formation and development of tangles of dislocation loops thrown

around carbide particles, forming a continuous network, accompanied

by the production of finc loops resolvable in the low-density enclaves,

is the salient feature. There is no evidence that particles are sheared by

dislocations.
The specimen from which illustration 4 was taken fractured at 2.25x

107 cycles., The structure now consists predominantly of large complex tangles.

Particle contrast is obscured and the details of the substructure are

irresolvable. From a careful examination of many fields of the specimen

the scale of this substructure appears to depend strongly on the local

original distribution of particles. This is illustrated by the low magnification

Field 1 of Plate 3 which is taken slightly off-contrast, and should be

compared with the results of McGrath and Bratina (1967, Fig. 7), who

attributed the change of scale to a particle shearing process, rather than

the accumulation of dislocations around particles. Both from the measured

scale of the distribution of tangles and the detailed observations of the

tangles, for example in Field 2, where the tangle is 3 pm.long it is quite

apparent that particles are not sheared vin thes e materials. A cell

structure was ncver observed to form at the strain amplitude used, but

dislocation loop densities appeared to increase throughout the fatigue process.
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The fields observed in foils from the specimen fatigued 6.5 % 104
cycles were used to derive the distribution function for particles aficr
fatigue. The attendant difficulties were enhaﬁccd by the increased
substructure, but the resultant distribution is compared with the original
distribution, in Figure 14 . The expected volume fraction, calculated
from the equilibrium diagram, was approximately 3 x 10—3, for the

equilibrium }3“03 C phase.

4.3.2 Series QA (v +%)

The particle distribution formed on ageing five hours at 240°C
after slowly cooling through the austenite-ferrite transformation, and
quenching from 725°C was very similar to the QA (y) 240 distribution;
the amount of transformation substructure was very much decreased,
however and the distribution correspondingly miore uniform. Particles
were still associated with a forest structure, but the average spacing was
slightly larger (~ 1. 6pam), Particle sizes were comparable.

At saturation, a cell structure had developed whose scale was
similar to that of the QA (y) 240 scries being in the range 0.8 - 1,9 pm
with a mean of about 1.5 jum, the detailed configuration being controlled
substantially by the carbide distribution. This is shown clearly by
Field 3 of Plate 3. The pinning of dislocations in the sub-boundaries by
carbide particles is shown in Iield 4; details of such cell walls arec generally
difficult to resoclve in this material, but in Field 4 two sets of parallel
dislocations forming a network can be seen.

Although it was not possible to carry out Burgers vector deter-
mination on the cell wall components, other measurements were obtained.
Using foils of different orientations, the plane of the cell wall was determined
by stereographic projection of the traces of walls intersecting reciprocal

lattice sections, to establish the pole of a suitable habit plane. Since the
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cell geometry is often dependent on the particle geometry, and may also
be strongly dependent on the segregated solute concentration, certain
simplifications in indexing the traces werc made so that only low index
directions were analysed, The results arce displayed in Figure 12; the
cell walls appear to be more {requently on 5”112% slip planes than {110}
planes in the foils considered.

4

Further, the misorientations acorss various types of cell
boundary were measured using shifts in the Kikuchi line patterns cobtained
from thicker regions of the foil (Hirsch ct al. (1965)). These misorientations
were generally small; in Figure 13, a field including seven cells was
examined in detail. The misorientations are quoted as rotations, about
low-index axes comprising the major component of the displacement of
the pattern; their magnitude is typically one-tenth to one-half of a degree.
it is inferesting to note from Figure 13 that the misorientations as measured
are self-cancelling over distances of the order of 5 ST, coi‘responding to
four cell diameters.

In plate 4, Fields 1 and 2, the effect of overstraining the saturation
cell structure by € = 0.01 in tension is displayed for the QA (y +w«) 240
material fatigued 3.3 x 104 cycles. In an attempt to pin the structure in
the stress-~applied state after overstraining, in a manner similar to the
irradiation pinning technique used by Mughrabi (1968) the specimen was aged
under stress at 13OOC for three hours; the amount of stress relaxation
observed was not greater than 15% indicating that no significant recox}ery of
the structure occurred. Michalak and Paxton (1961) analysed similar
recovery of the flow stress and found significant recovery to occur after
comparable times only above 300°C. The micrographs indicate that
sufficient carbon was available still in solution to produce a fine precipitate.
The overstrained structure therefore appears in the stress-applied state;
the effectiveness of particles in retaining the cell structure during overstrain

is clearly limited by their spacing. In Field 1 segments of dislocation line
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1-2 o002} 1.92
2-3 _ 0.38
1-3 1.79
1-4 0.38
3-4 : 2.05
4-5 0.51
5-6 0.26
4-6 0.13
6-7 o 0.26
1-7 0.26
4-7 , ' 1.94
2-7 0.38
1-2 | [213] 0.29
2-3 0.29
1-3 0.15
1-4 0. 45
3-4 0.45
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5-6 0. 63
4-6 e 1. 50
211
213
002
120

FI1G. 13, KIKUCHI LINE ANALYSIS



66

PLATE 4



67

have bowed out in the slip plane to accommodate the applied overstrain;
where the number of particles is sparse large segments of the cell walls
are destroyed by overstrain. Around carbide particles dislocation tangles
are retained, much as they are accurmulated prior to saturation, in a
random configuration. This can be seen in Field 2. The breakdown of the
structure is confirmed by observations in oversirained but unpinned
specimens; the cell structure is locally destroyed but the detailed nature
of the breakdown, the bowing out of dislocations from pinning points in

the wall cannot be clearly seen in the relaxed state.

The breakdown of the substructure in overstrain was more clearly
seen in a furnace cooled specimen, austenitized two hours at SSOOC.
Sufficient carbon is apparently available to pin the structure in the stress
applied state however, and Field 3 shows that the cell structure is not
very resistant to small overstrains: the original cell structure is apparent
but the constituent wall networks are disturbed. Much of the wall debris
of loops and dipoles is visible in the breakdown structure of Field 4.

In plate 5, Field 1, a typical distribution formed by ageing five
days at 60°C after gquenching from 7250C subsequent to slow cooling from
8500C, is shown. The size and spacing of the particles was insufficiently
different from the (cementite) distributions produced at 2_4OOC for the
purposes of this investigation. The contrast effects observed at these
particles and the traces of their habit planes correlates cloé ely with
observations of € - carbide made by several investigations (see Kelly and
Nicholson (loc. cit.)). Distributions after ageing at ZSOC for one month
consist of very much finer particles, visible only by strain-field contrast
at higher magnifications; the precipitates can be resolved as platelets in
suitable reflexions at high magnifications. The platelet diameter is 4004
and the thickness much less than 100% , compared to platelets of up to 0.5 pmm

. . . O . . .
in diameter after ageing at 60 C; no interface interference fringe contrast
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can be obtained, but displacements in the line of no contrast across
extinction contours in the foil are observable. Theé strain-ficld contrast

was not analysed in detail, for example with rrespect to the position of the
particle in the foil thickness, as the tilting angles on the Siemens microscope
are limited. The true thickness of the particles is therefore undetermined.
The particle spacing is slightly larger than the particle size, being

typically 5004,

Such distributions are very resistant to fatigue., Illustration 3 was
taken after 1.1 x 106 cycles, and apart from isolated simple sub-boundaries,
which may form during transformation, as they possess denuded zones, the
substructure is restricted to very fine scale networks of dislocations linking
particles, visible only at higher magnifications.

The paucity of observed slip activity led to the design of three
experiments to determine the details of substructural development in fine
dispersions during tatigue, and to obtain correlation with some of the
obs ervationAs present in the literature. In the first of these experiments
a2 specimen aged at 25OC was subsequently aged for three days at GOOC;
this treatrment coarsened the precipitate size to about 6004 and generally
increases the spacing to about 800-1000K. After 106 cycles a recognisable
fatigue sub-structure can be generated. Field 4 of Plate 5 shows a simple
geometrical cell structure based on H-junctions. The network of dislocations
connecting matrix particles is better defined in Plate 6; here the sub-
boundaries have simple structures consisting of sets of parallel dislocations.
The misorientations across these walls, indicated by changes in contrast
conditions across the foil, do not appear to be large. Plate 6 was taken
in an 01? operating reflexion; since the set of dislocations in best contrast
in the walls is also visible in a TIZ reflex:ion, then a consistent scheme
would give a Burgers vector of a/2 (111] to the set. A second set,
perpendicular to the first, and almost invisible in OIT, is best resolved in

130 reflexions of the same scheme, whence the Burgers vector would be
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a/2 [111_! . This determination is not unambiguous however, but the
assigned Burgers vectors correspond to a screw dislocation network,

The second experiment was designed to generate larger scale

features such as those described by McGrath and Bratina (loc. cit. ) and

Wilson and Tremans (1970) as channels of localized slip. Such observations
have been made principally in reversed bending tests, in which gradients of
strain amplitude are maintained. To duplicate this condition a specimen

aged at 25°C for one month was fatigued to 30% of the life (3 x 105 cycles)

in an attempt to suitably increase the mobile dislocation density, notched
circumferentially at its mid-section in situ, and fatigt;.ed to fracture, which
occurred at 7 x 105 cycles compared with lO6 cycles in the un-notched
specimen. In plate 7, micrographs of foils prepared by single-sided

polishing of samples cut directly below the fracture surface are displayed.

In the presence of the gradient of strain producéd between the stress con-
centration at the crack tip and the bulk of the specimen, slip activity has
apparently localised into channels the traces of which correspond to a %110}

elip plane in the case of Field 1, The interior of the channel is out of

contrast but it does contain dislocations; the peripheral contrast is remeniscent
of carbide precipitation at a boundary, but no discernable electron diffraction
patterns could be identified, nor could misorientations be measured;

resolution of the tangled dislocations at the boundary was not possible, similarly,
because the quality of foils prepared close to the fracture surface is
necessarily inferior to those prepared from the bulk. Other important
observations were made, however, In Several regions considerable alignment of
dislocations into parallel arrays frequently piled up against an inclusion were
seenn. At what is possibly a later, but still embrimic stage of channelling of
slip,dislocation boundaries of braids of dislocations and extensively aligned
monopoles delineate small misorientations across the crystal as shown by

Field 2. These embryo channels are by no means either precipitate or



72

dislocation free, but the added complexity of poorer definition in {racture
surface foils restricted a detailed investigation of all the possible effects
obtainable from the channels. It was noted that thie channels frequently
began or ended at inclusion sites, however, and it was quite apparent

in the examination of fracture surface foils that the channcls were not
precipitate free; in some reflexions precipitates could be brought into
contrast throughout regions which in other reflexions showed black-
white contrast suggestive of denuding within a channel, particularly in

a second specimen prepared similarly to the first and thinned as before,
The third experiment was therefore designed to determine the detailed
structure of the channels; on the prernise that the structure was actually
‘a function of the local strain amplitude, rather than the‘ local gradient of
strain, a specimen aged at 25°C was fatigued at a total strain amplitude of A&, =
+ 0.018, which was six times the level employed in all other tests.

The material developed extensive channels and was examined alter
fracture, which occurred at 350 cycles. There were seldom more than
three channels per grain, and not every grain exhibited channels; in some
grains, channels on two intersecting systems were observed, The channel
contrast frequently diminished and eventually vanished within a grain. Two
important observations were made; firstly the detailed nature of interaction
between matrix particles and dislocations is a tangling process, not a
shearing process, as previously speculated by several authors, and is
exactly the same in finc dispersions of carbides which are probably meta-
stable, as in coarse dispersions of stable cementite. Only the spacing of
the particles prevents a cell structure from forming; in general a simpler
network of dislocations is formed. Seccondly from Fields 3 and 4 of Plate 7
it is obvious that misorientations are present between the channels and the
matrix and that apparent denuding within the channels has occurred. It is
necessary to examine the channels at high magnfication to determine, as

is shown in the detail of Field 1 of Plate 8, that if the interior of the channel
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is tilted into contrast then it can be scen to contain a high density of
dislocations and debris. Since the projected width of the channel in a foil
of {IOOi oricntation is about 1200&, then in a material with a particle
spacing in that plane of SOOX, and particles whose resolution is primarily
a function of their strain fields, it is unwise to describe these channels
as slip paths devoid of particles, as the extent of contrast at a particle
on either side of the channel, i.e. a particle acting as a pinning point for
the zig-zag dislocation boundary shown in Field 2 (compare Field 2 of
plate 7) can locally reduce the apparent channel width to the interparticle
spacing. Furthermore, when the slip plane is only partly out of contrast,
and the surrounding matrix is in contrast, precipitates above and below
the slip plane are visible, and the chamnel may completely vanish, It is
concluded therefore that the observed contrast in a channel is determined
by the Bragg conditions necessary to obtain diffraction images from
disiocations in the plane oI the channel, and not by absorption contrast in
the absence of a second phase; i.e. this is an orientation contrast effect.
One further observation (Field 3) was the initiation of a simple
cell Svtructure at a grain boundary in addition to dislocation tangling around
particles in the matrix. TFrom Field 1 the network of dislocations can be
seen to closely follow the geometry of th‘e particles, in that in local regions
dislocation networks with spacings between quadrf%;oles of the order of the
particle spacing have been established; since furthermore we sce a region
with a well defined network of two sets of dislocations spaced only about
3004 apart, which corresponds closely to the spacing of dislocations in cell
walls formed at saturation in coarsely dispersed specimens, the tangling
and tidying process secems to be confirmed as the mechanism of substructural
development in fatigue of iron-iron carbide composites regardless of the

distribution.
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4.3.3. Serics QSA
Plate 9, Field 1, illustrates the rough cell structure produced by
swageing, and Field 2, the structure after ageing five days at 60°C. The
precipitate morphology is not clear; precipitation must primarily have
occurred on the cell boundérie& There also appears to be some precipitation
within the cells, although this type of contrast can arise from dislocation
loops, produced during deformation, which did not anneal out on ageing.
After 1.5 x 104 cycles, very little change in the structure is
¢bserved (Tield 3). After a similar number of cycles, a specimen of
series QSA 240 (aged at 240°C for five hours after swageing) begins to
develop a well defined cell structure, amongst the swaged irregular
network, apparently initiated at a grain boundary. We may conclude that
ageing at the lower temperature pine the swaged structure more effectively
than high temperature ipit
The initial QSA 240 structure does not differ markedly from the
QSA 60 structure, except that the cell inteviors are free of precipitates.
Difiraction patterns can be obtained from cell walls suggesting cementite
precipitates are present on the walls. The structure is shown in Field 1
of Plate 10. At fracture ( 105 cycles), the structure has reverted to a
fairly regular cell structure, very similar in its scale and dependence
on carbide particle spacing to the saturation structure in both series QA(y) 240
and QA (y +«) 240. This is apparent iﬁ Field 2, though regions remain that
have not completely tidied, as can be seen in Field 3. A further feature of
interest (Field 4) is the nature of the cell wall junctioﬁs and the long continuous

cells whose traces are those of slip planes of both gllO} or {llzgtype from

electron diffraction patterns from: such regions.
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4.4 Ancilliary Observations

4.4.1 Optical Metallography

The limitations of electron microscopy in producing results
representative of the bulk behaviour have been widely debated. In any
process of localized deformation, any technique which provides a more
macroscopic view of the extent of deformation constitutes a valuable means
of checking the reproducibility and applicability of microscopic observations,
High resolution optical metallography of polished sections, etched with
suitable reagents, was therefore used wherever details of the substructure
were large enough to be resolved by oil-immersion lenses. In practice, this
meant that cell structures could be observed directly and the process of
fatigue substructural development could be followed quite readily.

For both series QA (y) 240 and QA (v + ) 240 the build-up of
the cell structure was observed to occur gradually through the softening
process, and to be initiated at an inhomogeniety such as a grain boundary
or an inclusion interface. Measurements of the cell size observed optically
correlated well with T. .M. observations; at saturation the cell structure
extended across the entire transverse section of the specinlcn, the cell size
being about L. 5 pm. Occasionally slip band cracks formed at the surface could
be correlated with the saturation cell structure.

As an adjunct to understanding the fatigue process in Series QA (y)
60, sections were carefully examined after preparation by mechanical
polishing and etching for a fixed period (40 seconds), in Fry's reagent, before
fatigue, and after 6.5 x 104 cycles, It was found possible to distinguish
several different etching effects which could be related to electron microscope
images; a histogram of the number of fields displaying each feature before
and after fatigue is presented, with a description of each fcature, in Figure 14.
The change in the distribution of features indicated by the histograms may be
compared with the distribution functions for particle or particle-substructure
composites derived from electron micrographs both before and after fatigue

described in section 4. 3.2, While this data could be interpreted as an
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Etch features occurring in the histograms of Figure 14.

1. I'ine {features < 0.2 pm. in diameter.

2. Dendritic features corresponding to original distribution < 0.4pmMm in
diameter.

3. Coarser dendritic or acicular features > 0.4 pm in diameter.

4. Coarscr features associated with substructural networks, as in original

distribution.
5. Large dendritic composites observed near interfaces or grain boundaries.
6. Fatigue tangle-shaped featurecs.

7. Cellular networks of comparable scale to type 4 features.
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indication of carbon redistribution during fatigue, it suffers from limitations
in the accuracy of its acquisition, firstly becausc of the problems of
interpretation and secondly in the Jower-bound resolution cut-off, which
limitations are statistically indeterminate.

No images either on transverse or longitudinal sections, even at
the fracture surfaces could be resolved in the QA (y + o) 25 specimens in
which the scale of the structure or its response to the etchant evidently render
it irresolvable.

The austenitizing treatment gave a grain size of approximately
40 jgm. diameter in all specimens; the aspect ratio was close to unity
for transverse to longitudinal sections, but some grains were elongated in
the rod-drawing direction, and a considerable range of diameters could be

found in any one specimen.

4.4.2  Scanning electron microscopy

A considerable amount of scatter is to be expected in the duration
of the fatigue life in different specimens. In the fine dispersion QA (y + «)
25 series this scatter was an order of magnitude, however, and the cause
of failure was therefore investigated in two specimens, one of which failed
at 7.5 x 104 cycles and the other at 5 x 105 cycles, using fractography in
the scanning electron microscope. In Plate 11, Fields 1 and 2 the cause
of premature failure at 7.5 x 104 cycles is assigned to an interfacial fracture
mode initiated at inclusioné producing straight boundary cleavage facets.

The normal wavy matrix striations are shown in Field 3.

The fracture surface of a specimen notched during fatigue to

promote a strain gradient was examined similarly, and at higher magnifications

fine side branching cracks were observed, as in Field 4.
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4,4,3 Surface observations

Cellulose acetate replicas were used to monitor the development of
surface slip during the fatigue of series QA (y). Specimens aged at 60°C
with a life of 2.2 x 105 cycles. showed no resolvable sli}s activity until
5000 cycles, when a few grains began to display fairly straight slip lines,
sorne of which extended across a whole grain. Subsequently there was little
surface development, but by 6.5 x 10 cycles most grains exhibited surface
slip. In contrast, slip lines were first resolved in specimens aged at 240°C
after 1000 cycles and by 5000 cycles nearly every grain had slipped. The
slip lincs possessed quite large offsets, were fairly straight and mostly
propagated right through the grains. By 15000 cycles a pattern of {issures or
microcracks at approximately 45° to the specimen axis had developed,
apparently along active slip bands as well as grain boundaries; the feature
is shown in Field 1 of Plate 12. At higher magnification, direct surface
observations with an oil immersion lens revealed that the slip lines consisted
of short wavy segments deviating in direction of distances of the order of
2 pim, which is cornparable in scale to the periodicity of the saturation structure,
or, of course the particle spacing. In Field 2 a detail (x3300) is shown.

A few observations on specimens repolished lightly after replicating at
saturation, indicated that on overstraining many slip lines followed the
paths of the original fatigue slip bands.

The resolution of the above method is not sufficiently high for the
reliable comparison of the influence of the various particles distributions on
basic slip processes to be assessed. The mode of slip in a fine (QA (y +«) 25)
and a coarse (QA (y + = )240) distribution during tensile pre-strain to ¢ = 0.01
was therefore examined in detail using two-stage replication, the final carbon
positive being examined in the electron microscope. Field 3 shows that the
slip lines formed at -78°C in series QA (y +©)240 were short and apparently
limited by the particle distribution, frequently changing direction. In Field 4,

slip lines in the fine dispersion QA (y +#)25 are shown; although in general
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slip lines appear to be longer they are still wavy and constrained lccally

by the distribution; no cvidence for shearing of particles could be obtained,

e . o,
the elip lines always being wavy at ~-78 C.,

Summary

During the fatigue of age hardened low carben iron alloys containing
dispersions of carbides of various sizes and interparticle spacings,
dislocations are accumulated around particles, regardless of their

size, spacing or structure. No evidence of shearing of particles

by glide dislocations could be detected in this investigation,

In general cyclic softening is associated with the formation of

a saturation cell structure. The influence of particles of 2 second
phase on the resultant geometry of the cell structure is marked.

Fine particles tend to restrict the development of dislocation networks
at the cyclic total strain amplitude used, unless this amplitude is
raised appreciably. Coarsening dispersions permits cell siructures

of decreasing regularity to develop .

When the scale of particles is very fine, localised deformation may
occur, the conditions for which are sensitively dependent on the
local strain amplitude, producing intensive slip channels during

cyclic softening.

Thermal mechanical treatments described in this thesis act to
enhance fatigue resistance by retarding the deveclopment of cyclic

softening by the pinning of the cold-worked structure by precipitates.

The saturation cell structure exhibits a lower rate of work hardening

under tensile overstrain than during prestrain of the virgin material.
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Evidence is presented suggesting that the substructure is unstable

on a local scale in subsequent tensile deformation.



CHAPTER 5

DISCUSSION OF RESULTS

5.1 Introduction

It is possible to discuss substructural observations both in regard
to the mechanisms of development, and in terms of the subscquent stability
of the dislocation arrangements. In the pTesent investigation, emphasis
has been placed upon the latter consideration, and this will be reflected in
the discussion. The correlation between the substructural changes observed

P

to accompany fatigue, and the initiation and propagation of {racture, must
be facilitated by any investigation which seeks to determine the criteria
under which instabilities occur, and thence the deiinition and prevention
of instability in the structure.

The properties of the dislocation sub-siructure are nevertheless
a consequence of the manner of its formation, and particularly when cohsi_deri.ng
the constraints imposed upon the observed sub-structure by particles of a
second phase, during fatigue, it is important to recognise the possible
mechanisms of the transient processes of hardening and softening in the
matrix. Only then can a model for the mfluence of particle distributions upon
the substructural development be formulated. In Section 2, a rationale will be
proposed to describe this influence; the stability of the resulting substructures
will then be assessed, with special reference to the uniformity of strain
distribution in the material, and to the efficiencyof the thermal-mechanical
treatment tested in this investigation. |

The discussion of the observations of low initial rates of work
hardening, observed on overstraining fatigued specimens, will be based on

the conclusions of Section 2. Suitable mechanisms leading to this behaviour

88



89

will be presented and discussed in Section 3.

Finally, the applicability of generalised models of fatigue
to the description of experimental data will be reviewed to assess the
relationship between macroscopic models of unstable plastic flow and the
mechanisms propounded in the present investigation.

Before passing to the main body of the discussion we should note
that ever in the overaged specimens used in this investigation, sufficient
carbon was apparently left in solution for extensive fine precipitation to
occur on low-temperature ageing treatments used to pin substructures in
the stress-applied state. Since there is therefore,likely to be sufficient
carbon in solution in most specimens during the fatigue process for strain
ageing or further precipitation to occur, a brief consideration of some of
the effects of solute carbon concentration and redistribution during f{atigue -
i1s in order. The dectection of such eiffects requres the use of experimental
techniques beyond the scope of this thesis, but certain indirect observations
indicative of solute redistribution have been observed in the present work, and
should be related to the literature to assess their importance.

Considerable evidence is available for cyclic strain ageing, although
the interpretative prerdgatives seem to have been widely asserted, for
example by Sanders and Hempel {1952) who reported observations of
reprecipitation in slip bands. However De Foucquet (1961) detected changes
in solute carbon concentration in quenched iron during fatigue, using
internal friction measurements. At higher cyclic strain amplitudes evidence
of dissolution-atmosphere formation-dissolution mechanisms was obtained
with resting data which correlated with the known precipitation kinetics of
carbides in ferrite. If such processes do occur, then knowing the
constraining effects of continuous precipitation are similar to those of
pre-existing precipitates, according to the substructural observations of

Wilson and Tromans (1970), we may well attribute fatigue strengthening in
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iron, defined as a resistance to extensive partitioning of strain amplitude
or strain rate, to two active components, fine initial precipitation, and
subs e;iuent continuous strain-ageing, following Wilson (1970). Certainly
the stability of the large fatigued tangles observed in series QA (y) 60

in the present investigation would be enhanced by pinning by a solute
atmosphere, and the difficulties in obtaining good diffraction confrast in
T.E. M. of these tangles could be partly attributed to the presence of solute
carbon atmospheres.

Other authors have attempted to analyse S-N data to determine if
accelerated ageing is a consequence of fatigue deformation in stecls,
Yamakazi (1270) applied a damage criterion and ideal ageing kinetics for
the total precipitation in an alloy steel fatigued in the ageing temperature
regime, but the assumptions of the model were crude; the rate was
ohserved to he accelerated hut the rate equation took no account of suh-

structural modification. The source model of Kawasaki et. Al (1967)

——

is more interesting, being based on the premise that damage will not
oécur if the rate of source generation 2 rate of pinning by strain-ageing.
It suffers in detail from its simplifications,

Apart from basic modifications to slip processes by solute carbon
concentration variations, the other effect of interest 11es in the interaction
of solute carbon with other point defects manufactured in fatigue. There is
evidence, for example,that radiation induced defects generally nucleate
€-carbide precipitates, although the exact nature of the defect is not
known with any certainty (Hull and Mogford (1961)) . Vacancy-interstitial
pairs have been detected by resistivity measurements by Fujita and Damask
(1964), and grow under similar kinetics to € -carbide (Arndt and Damask
(1964)). Such a defect may be important in diffusional processes (Homan

(1964)). The interpretation of damping and resistivity data is so complex,

however that at the present time it is not possible to assess the mobility of

such defects as distinct from their influence on nucleation frequency.
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5.2 The Stability and Influence of a Second Phase

The accumulation of dislocations by coarse cementite particles
and the influence of the particles on the local geometry of cell structures
developed at saturation,in both series QA (y) 240 and QA (y +w= ) 240,
together with the absence of any evidence of shearing of the particles,
suggests that the material is plastically inhomogeneous according to the
defirition of Ashby (1970). The particles are thus effectively rigid and
non-deformable,
The experimental obscervations of the influence of particle size
on the substructurec developed under cyclic strain may be summarized
thus: very fine particles accumulate dislocations locally, and require
high strain amplitudes to be applied in order to develop a recognizable
cell structure, or sub-boundaries. Increasing the particle size and
spacing, however, permiis the dislocaiion subsiruciure to develop a
regular cell structure or a large scale localized structure, such as the clusters
of dislocations observed in series QA (y) 60, even at low strain am.plitudesv.
It is possible to rationalize thes ev observations by considering
how the particle size and the applied strain amplitude affect the method
of storage of dislocations in the deformed material. Dislocations can
accumulate toc accommodate shear deformation of the matrix and maintain
continuity at a particle-matrix interface in two ways (Figure 15 );
shear loops can accumulate around the particle according to the simple
model of Fisher et Al. (1953) producing a heavily polarized structure and
a back stress on the primary system, or prismatic dislocation loops
may be generated. In the former case the substructure can be detected by
a Bauschinger effect; this point is fully developed in the Appendix. The
latter type of slip will tend to be activated once the component of the back
stress due to shear loop build up, exceeds the critical value on the secondary
slip systems. Once prismatic glide is facilitated the model of Fisher et Al,

breaks down and the situation is best described by Ashby's model, in which
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{a)

(@) A hard particle in a plastic matrix. () Whon the particle is removed

from its hole, and the matrix undergoes a uniform primary shear dis.
placement uy = ar,, the hole is distorted as shown. (c) To replace t‘hc
particle in its hole, a sccondary sheer displacement uy=cx, b the
particle-inatrix interface is first needed if the particle is to be clas tically
distorted only. (d) Alternatively, the matrix can be displaced by
prismatic punching to give displacements uy" and wy" parallel to new
axes @, and z,".  (For clarity, diagram (.b) shows a large shear strain
of 0-5. In conscquence, a subsequent uniform sccondary shear ‘ty=0n
would not restore the hole to a sphere.  When strains ave small, crare
applicd simultancously, a uniform shear w, restores the clliprod to

“a sphere.)

! "The dislocation analogue of fig. 3 ().

Figure 15, Maintenance of continuity of ma’crix—par’ciclé interface during defor
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has left N primary loops round the particle. At (b) sceondary
has occwrred by the nucleation and movement of glide loops.
complex pattern of (D) is the superposition of the low energy arrangehi
shown giving a rotation ey, shown at (¢), plus the residual loops showh
at (d). The residual loops at (d) will cause work hardening.
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the activation of secondary slip produces the characteristic work-hardening
of two-phase plastically inhomogencous materials.

The applicability of Ashby's theory has been successfully tested
experimentally; Russell and Ashby (1970), have deformed single ‘crystals

of aged Al-Cu alloys containing incoherent §'

platelets, in tension. They
found that geometrical storage of dislocations at particle interfaces, either
as shear loops of the same sign or dipoles or prismatic loops dominated the
observed density of dislocations. Now the system tested by these authors
was probably the most complex case which could be completely analysed,
yvet it was exceedingly simple compared to the system treated in the
present investigation. In a polycrystal, five independent slip s rstems must
operate just to maintain the continuity of the material at grain boundary
interfaces; however they need not all operate throughout the grain, if
the grain size is suitably large, Nevertheless, we cannot completely
separate the effect of a second phase particle from matrix constraints
on dislocation storage, particularly when examining the resultant
misorientation écross cell boundaries such as those formed in fatigue, Tt
is possible tc say from observations such as those of Plate 2 , that {from
a qualitative viewpoint, considerable similarities exist between dislocation
accumulation in iron-iron carbide after fatigue and the simple Al-Cu system
analysed by Russell and Ashby.

The total cyclic strain amplitude employed in the present investiga-
tion was ,é_zf._ (t otal) = 0.003; this is a lower strain than that corresponding
to the critical stress for activation of secondary slip, calculated by Ashby

tobe € =~ 0.02. Particles may therefore accumulate shear loops in the

manner propcsed by Fisher et Al. over the first few cycles, until the ,

sccondary system is activated, unless dislocations are able to cross-slip
around the obstacles. According to the observations of Boyd et Al. (1969)
of slip lines in iron at room temperature unidirectional deformation, wavy

slip, indicative of cross-slip processes, occurs in sub-bands 200-4008



94

apart. If we assign 3004 as an average cross-slip offset, then particles
with diameters < GOOK might not act as obstacles to slip at low strain
amplitudes. The absence of slip activity observed in series QA (y +o) 25
in the present investigation is therefore attributed to cross-slip éround
particles occurring, rather than any accumulation of dislocations developing.
To obtain activation of secondary slip it is necessary to either coarsen
the particle size or increase the macroscopic applied strain amplitude,
Both these changes were observed to produce cyclic softening and the
development of a cell structure in the present work; increasing the particle
size from 5004 to 800A resulted (in series QA (y +) 25/60) in a regular

\ .. . AeE 5 .
cell structure, and raising the amplitude to F (Totali= 0.02 i. e, the
Limit of the Fisher et Al treatment produced embryo networks and
extensive accumulation,

All the

9

oa

red

rsely dispercsed materials softened cyclically after 2
brief initial hardening period, the mechanism of which is obscured because
the material was then being cycled in the Luders region of strain. According
to the I'isher et Al. thecory the number of shear loops which can accommodate
strain has a maximum value inversely proportional to the radius of the
particle. Coarser particles should thercfore more readily permit activation
of secondary slip. However in order to understand more of how the cell
structure actually develops, a review of observations of softening and the
concommitant detailed mechanisms proposed in the literature of single

phasc materials is essential.

The detailed mechanism of the reduction of the flow stress is
generally assigned to the production of dislocation dipole arrays from the
existing structure. Such arrays have negligible. long-range internal stress '
fields, as the individual fields are almost self-cancelling for pairs of dis-
locations of opposite signs. The incrcase of the primary dipole density thus

decreases the sum of the contributions to the flow stress. Apart from direct
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observations of increased dipole densities during fatigue softening
{(Huggard (1970}), it is interesting to note that their production may be
assisted simply by the vrelease of the applied stress. Mughrabi (1968)
observed no primary dipoles in unidirectionally strained copper $single
crystals irradiated in the stress-applied state to pin the substructure
for examination. On this basis cyclic strain will inevitably produce dipole
configurations, and the fundamental substructures in fatiguc should be
dipole-based. Two mechanisms have been proposed for dipole formation.
The first (Gilman (1962)) requires the jogging of a screw dislocation at
an obstacle; the jog is sessile and continued movement of the screw,
followed by constriction, for example prior to cross-slip, would produce a
pair of edge dipole loops. Pairs of dipoles are not generally observed
however, and the second mechanism, due to Tetelman (1962} is much more
attractive. It involves the re-orientation of lengths of two non-colinear
glide dislocations on parallel glide planes, along a common direction, followed
by pinching-off. Only one mixed dipole is produced by this process, which
can readily occur in reversed strain, and, according to Bullough and
Sharp (1965), not only is the force perpendicular to the glide plane for the
initial configuration quite appreciable, but the component in the cross-slip
plane, required for constriction, is significant. The process should be
easier in f,c,c. materials .rather than b.c.c. materials according to these
authors because the ratio of the area of potential cross-slip plane to the
area of glide plane is greater in the former lattice.

In the present two-phase system dipoles may easily be generated
on the primary system from the shear loops, which will either be annihilated,
by loops of opposite sign,or repelled and distended in the glide planc by '
loops of the same sign. To what extent dipoles would be produced by distension

of prismatic loops on secondary systems is not clear. It is possible that

interactions with forest obstacles would be weak; Huggard did observe an
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unchanged secondary (forest) density during fatigue softening.

It is imstructive to éxarm',ne the resulting cell-wall structure
and to compare the properties of cyclically formed cells with those
of cells produced by unidirectional deformation. The principal h’a,bit
plane of the cell walls determined in this investigation was the {112} plane.
The details of the wall structures are strikingly similar to those obtained
from analyses of stable networks, Li (1963) has determined that fourtcen
of the eighteen stable networks formed in b, c. ¢, metals have {112'3
habit planes, although only two of these are of twist configuration. The
overall rotation axes determined for these configurations could not bé
correlated with the present m.éasurernents which are unlikely to represent
stable networks, but typical angles of tilt or twist measured are of the

same order as the values calculated from Li's expressions for two orthogonal

sets of dislocations of the experiincotally obscrved dislucalion-disiocaiion
- YT LT - -
spacing. If 8 = A/ kl ao/kzhz where a = lattice parameter of iron
o
h2 = spacing of second set of dislocations
kl’ kZ are constants

then for h= 300?& , § is typically 4 x 10_3 radians for a twist wall. The

| observed misorientations are very much smaller than in cell structures
produced in unidirectional deformation, at least for dislocations of the

same net sign, such as were determined by Steeds (1966) during stage 1II
hardening of copper single crystals., In the absence of particles of a second
phase, the obstacles promoting both cyclic hardening and unidirectional
hardening appear to be similar, according to the activation volume
measurements of Kettunen and Kochs (1969). Such obstacles, described as
forest obstacles by Steeds, are any dislocations threading the glide plane.
Consequently as the secondary dislocation density in a single crystal increases

the unidirectional hardening increases. In cyclic deformation, however,
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the formation of a cell structure from primary dipoles can occur without
hardening, because the magnitude of the associated secondary densily is

4

fundamentally di ent from that of cells formed in unidivectional defor -
mation, being much Jower,

The dislocations accumulate to form cell struciures with
approximately self-cancelling misorientations, at least over a small

Y g
number of cell diameters in either type of deformation, Whilst in single
phase materials this can be accomplished by obstacles of oppoesite sign,
A

Ry

since by stage 1II the secondary slip distance is small {Steeds, loc. cit.),

1

in two phase materials the continuity requirement ensures that once a
cell builds up {from geometrically nccessary dislocations that region of the
crystal becomes effectively dead, and further cell formation produces a
compatible opposite rotation of the lattice. This 5 been demonstrated
to be true hy Russell and Ashby {loc. cit.) in Al-Cu at higher unidircctional
strains. One further observation is of interest here; the cell structures
formed in monotonic deformation of iron single crystals contain internal
misorientations within the walls, according to Ikeda (1970), between a core
multipole network, and an outer tangled periphery, containing a high density
of active primary edge dislocations. This type of structure could continue
to grow, and would usefully represent the interrmediate structures observed
in the present investigation of series QA (y) 60, where large tangles
rather than cells developed into saturation, with little cyclic softening, but
exhibiting no net lattice rotation across the crystal. Such a structure
might require stabilising by local constraints such as strain-ageing, which
would also explain the lack of cyclic softening associated with its formation.
Although no explicit account may be given for the kinetics of cyclic
softening from the present results, a basis for the influence of particles of
a second phase on the initiation of softening is established. To initiate the
process of dipole formation the particles must be large cnough, or the strain
amplitude sufficiently high to activate slip systems irreversibly, generating

dislocation structures with negligible long range stresses. To outline
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generally the influence of particle spacing is more difficult; if secondary

slip is iritiated, then according to the Ashby model the amoeunt of cyclic
softening should increasc as the particle spacing increases, just sc in
monotonic deformation the work-hardening decreascs. On this basis the
particle spacing determines the local constraint on the substructural build-up,

limniting the slip distence, and hence the scale of the structure. Hence in

a {ine dispersion; less cyclic soffening is expected; the extreme regularity

of the cell structure observed in geries QA (y + ) 25/60 of the present
investigation is an indication of such a constraint. In the eXirere case,

series QA (v 4« 25, not only is it necessary to raise the strain amplitude
to initiate the processes of softening, but the constraints are apparently s
severe that the networks that do form are very clesely related to the

particle morphology indeed.

E o T Ty, B A I -SSR, IR SRR 35 I ~ et e via P S S,
L oald g UL Udbd 411 VOL Y 0 LIPS 3 Y el u A R AR Crieliia Gl Lad
Ashby model is scarce, shown by Woo et Al. (1970), however,in more

ideal cases, such as copper-alummna alloys containing a fine dispersion of
incoherent particles, fatigue hardening is possible at low strain amplitudes.
The rate of hardening is significantly lower than {or pure copper during
unidirectional hardening. It is not possible to compare the ocbservations

in detail with the present results, not only because of the single crystal
technique used by Woo et Al, but also because the internal oxidation technique
used by these authors resulted in a bimodal particle distribution. In single
crystals and polycrystals of Al-Cu, precipitation hardened to give particles
of differing sizes, spacings and coherency, Park et Al. (1970) have observed
a similar influence of particle size and spacing on cell formation in fatigue
to the present investigation, but considered only the effects on fatigue life,
and then principally in terms of interfacial coherency strains; the fatigue
life diminished as the coherency decreased, but increased again for fully

incoherent precipitates observed to constrain the cell structure as in the
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present invesiigation.

When the quenched material was aged alter swageing it did not

begin to softer as rapidly during subsequent fatigue as material sliimply

1
L

quenched and aged., The effect was more marked on ageing at a |

[OhnG

temperatare at a high temperat This retardation of sufiening

is attributed to pinning of the swaged substructure, eiiher by discrete

precip ion ar a semi-continuous atmosphere of solute atoms associated

with the three-dimensional disiocation arvay. No significant diffecrence

in the rate of softening relative to the rafe in quench-aged materials was

%)

detected, and the eventual saturation condifion cccurred at a stres
amplitude within the range ol saturation values observed, In the 2hsence
of a detailed understending of the kinetice of softening, it is pointless
to speculste.upon the differvences between rates of soltening in series QSA 240
and secive 054 60 excepl Lo indicate thal sirain apeing processes may be
important., Feltner and Laird (1967) have used strain-rate sensitivity
measurcments in copper and Cu-7.5% Al to derive activation volumes in an
attempt to distingnish the rate controlling process for each mode of slip,
but the problem in analysing differing systems such as these is to make
measurements of modifications to similar initial substructures. Because
the deformed pre-stirain structures were not similar in the two materials
these resulis are not reliable.

In the present investigation, the naturec of the initial unpinning may
be important in determining the efficiency of thermal-mechanical pre-treatment.
In the investigations of Neumanu (1969), pre-strained copper single
crystals subjected to a controlled, increasing cyclic applied stress axnplitude,
responded with bursts of cyclic sftrain of increasing amplitude cccurring at
regular intervals. This behaviour, of cyclic softening in bursts, the
author attributed to catastrophic unpinning of dislocations on a local scale,
but simultaneously throughout the crystal in regions of analogous dislocation

configuration {and hence flow stress). Cyclic softening of a pre-strained



100

substruciure could then depend sensitively on the pinning strength of the
structure, in terms of its orientation and the density of defects in its

R ]
Lt

vicinity, The onset of discernible softening in a2 material would then

depend on the distribution of pinning strengths in the matervial, This

description complicates interpretation of the initi

1 hardening respense
{requently observed in the present investigation particularly when the
pre-strained structure is exhausted of work-hardening capacity; for this
reason, and because of delays in the initial response of the recording device,
the stabilized stress amplitude used for normalising data was talien at the
end of the initial transient.

One further important observation in the present work was of
the conditions governing the uniformity of strain distribution within the

structure. It was apparent that in the very finest distributions of particles
regions of intensive glip activity could be induced, but only by local or

e A~
2. 4 L A S W
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mMacrosconic increases in the strain amplitude, Theoe ro s
in the literature as channels, were observed by T.IE, M. to consist
probably of glide planes containing fairly large active densities of
dislocations, and are rotationally miisoriented about two paraliel sub-
boundaries formed by the braiding of dislocations about consecutive
particles lying along the boundaries. The projected dimensions of the
channels were not significantly different from the interparticle spacing in
the glide plane, so there is little justification for assigning the observed
contrast to an absorption effect,i. e. to the denuding of the glide plane

of particles. The misorientations could not be detected by selected area
diffraction with the diffraction apertures available, but would be self-compen-
sating. The contrast would then be due to an orientation effect, and the thin
platelets of carbide immediately above and below the bundle of active glide
planes would be out of contrast in some reflexions permitting resolution of

the glide dislocation structure, since unless the particles are at oblique

angles to the foil normal they are visible only by strain ficld contrast, rather
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than absorption contrast., In other reflexions contrast in the channels
could in fact e weakly resolved, coming frem both particles and disloca-
tions.

The embryo structures observed helow the fracture surface
then represent the build-up of the misorientation,i. e. of the sub-boundaries.
Once the material begins to cyclically soften in such a region,slip will be
enhanced on sbip planes contained in the regions of misorientation, and the
length of the region will increase to assurne the aspect ratio with the lowest
associated back-stress, the lateral extent only being constirained by the
interparticle spacing., It will thus appear elongated and narrow, like a
small twin, Iollowing Friedel (1964).the back stress in the centre of a

P

platelet of thickness t, and diameter D, deformed to a shear strain vy is

LA )
T = “‘L/‘%"M whetre Mis the shear modulus.

It = 0, 1#‘”"‘“1' and D = 40 pm, then even if all the shear strain

is confined to these regions (v = 0. 02 in the high amplitide experiment),
<~ 300 psi{ 2 x 10—1 MN/an) which is hardly sufficient to explain
the observed softening of 10% of the original flow stress.

It is concluded from the for‘egoing that the description of cyclic
softening in terms of channel formation by the shearing and reversion of
precipitates, due to McGrath and Bratina (1967) is inapplicable to iron-iron
carbide in fatigue. No evidence of shearing of particles could be obtained
in the present investigation, and there appears to be no valid reason why
particles should accumulate dislocations in one region of the crystal, yet
be shecared sufficiently to redissolve in another, Furthermore, McGrath and
Bratina (1970) failed to detect channecl formation in an iron-copper alloy
containing copper rich zones, fatigued at a suitably high strain amplitude;

nor did they find any evidence of shearing of particles. Channel formation
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is thercefere believed to require initial dislocaiion ¢ i oa fnely

distributed material., Hence low amplitude tesis failed to produce delectakle

channels in series QA {y +¢)25 in the present investigation. The introduction

(=4
of a strain gradient ahcad of a crack, or a macroscopic strain amplitude
increase was required to produce such localization of substructural develop-

'

ment.

5.3 Responsge Under Overstirain

The instability of a fatigued cell-substructure under tensile overstrain
has been related in this thesis to the breakdown of the structure bheyond
the original imposed units of cyclic strain amplitude. This results in a
period of low initial work-hardening and is directly analogous to the
,
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propagating across the surface of an overstrained copper single crystal fatigued
to develop a localized cell-like substructure, and fto the results of Neumann
(1969), who, by interrupting an increasing-stress fatigue test and overstraining
the crystal at any point just prior to the next strain burst response, ohtained
similarly, long straight slip lines and very low rates of work hardening over
strains of up to five perbcent.

To account for the low rate of work hardening and the localization of
strain observed in the present investigation, two general types of model may
be considered. The first type requires that some additional obstacle be
produced during fatigue which suppresses the rate of work-hardening such
as point defects, which contribute significantly to the thermal component
of the flow stress. If, following Friedel ((1964) p.274) the defect concentration

-4 2 . . . .
is described by C ~ 10 € , where € is the plastic strain amplitude used

10 | . . . :
defects /atomic volume, corresponding to a mean spacing of

then C ~ 10

-5 . i .
~ 10 cm between defects in iron in the present experiments. Foreman

(1968) computed that the interaction between rigid obstacles randomly
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distributed, and a glide dislocation would be

[N
T pro MU he L is the ot e T L SRS I
¥ where L is the cbstacle spacing, provided
H 1. 751, Pacaie, I
the obstacle radius V « L.
. . 3
whence as an upper hound limit of the present case Y ~ 7T x10 p.s i,

. H
(50 MN/m") if no defects collapsc and coalesce as loops, and the defects

are rigid and immobile. In a more realistic estimate, for a cell wall

o) ) . . L. . ., ¢
of 0.5 twist miscrientation, the shear strain accommodated, v ~ 0.009
requires a dislocation spacing h in the wall of b/\/,. where b is the Burgers
vector of the constituent dislocations, sothath ~ 3 x 10 cimn., as is
observed by T.X.M. If we use the appropriate expression for the passing

stress at an obstacle

£ P
” = SLB ~ B x le woa. 3. {25 MN /oY
T o — 1. c.e.i, {3 M
-~ L Y

Regardless of the detailed nature of the obstacle, therefore, its
attrition would significantly reduce the hardening; furthermore cyclic
softening could be produced by the destruction of such obstacles progressively.
Indeed, Makin (1967) has explained cyclic softening in neutron-irradiated
copper single crystals .by the destruction of defects in localized channels.

The second type of model depends on the saturation substructure
being intrinsically unstable to overstrain. To model this instability in a
polycrystal would require an accurate knowledge of the distribution of Burgers
vectors in the cell siructure; clearly during polyslip it would be very difficult
to describe the process. The model outlined below is developed qualitatively
therefore for a simplified cell wall geometry, but should he capable of
verfication by observation of the overstrain responsc of fatigued single
crystals. It is based on the well documented evidence that whercas in
unidirectional deformation in stages 1I and III dislocations of opposite sign

accumulate only over appreciable distances, so that primary arrays give rise
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to observable X-ray asterism or misorientation contrast in TEM, in

[atiguc they tend to pair up at the local level,

4
L

o form enhanced primazry
dipolc densities. 'There is considerable ancilliary and indirect evidence

to support TEM observations in the latter case. Huggard (1970) detected

a decrease in Laue asterism accompanying cyclic softening of fatigued
pre-strained single crystals of copper.. Stored cnergy measurements made
by Halford (1966} revealed a decrease in stored energy immediately upon
reversal of plastic strain during each cycle of fatigue softening of cold-
worked copper. In recovery experiments after large tensile and small
reversed straineg, Hargrcaves et Al. (1963) detected decreases of up to 50%
in the stored energy after reversal of strain. Although these resulls could
be interpreted in terms of defect annihilation, concommitant density changes

observed in the latter case might be better attributed to total core volume changes

i a A d T AT A n bl e A liadnann mdrr e a T s A AT ED e S e e T 131 e 3
produccd by diclocation subsiructural modifications, The dipcele bosoed medel

does explain the stored energy decrease qualitatively.

Following Li (1963) a simple twist boundary of a cross grid of
screw dislocations is unstable mechanically by the pulling out of one screw
dislocation, for which the stress perpendicular to the boundary is require.d to
be at most *g%)— where h is the spacing of the dislocations, or by the
emission of a si'ng].e loop of dislocation form intersectional pinning points;
again the required stress is ~ pMb/2h. Neither event would result in
catastrophic destruction of the boundary or deformation of the boundary as a
whole.

The only other mode of instability is disintegration by sclf-elimination
of each set of dislocation composing it; if the boundary is thermally stable
this is unlikely. The fatigued boundary is likely to consist of crossed grids
of dipoles, however. The stability of the boundary, now consisting of pairs
of dislocations of opposite sign. in close proximity is then severely reduced

with respect to stresses on the slip plane, according to Li (1964). He

considers the simple case of a screw dipole, and shows that two interior



dislocations moving against cach arm of the dipole will always exert

C"

o

force on the dipole sufficient to decomposc it, and rcform as two widely
eparated dipoles, There is thus no equilibrium configuaration, i.e. of
maximum attractive force or minimum Gibbs free encrgy, for two dipoles
on parallel planes. Computer calculations for the stability of an individual
dipele in an infinite dipole array, and for edge dipeles in egimilar arraye

reveal thot the introduction of additional dislocations alwaye results in the

. y . M
stress required to decompose the dipoles being less than ““*2"}‘1“ by a
2451
factor proportional to cosh ——* where y is the separation of the slip

-

planes and x the interaction distance, Hence as y becomes small the approach
distance x of a dislocation emitted by some source within the confines of a
cell, and required to initiate decomposition of the wall increases. Thus for
fatigue dipole arrays where y is quite small the activation of a source during

overcetrain may g 1
retrain ma qur

o
[l

e readily produce an instahility of the tyne described hy

&

Neumann (1969) as the passing stress may decrease to a few percent of the
value Mb/2h required for arra ys of the same sign; after breaking down the
wall dislocations are more randomly distributed so that a large series of
local events will produce considerable extensions, with very little associated
work-hardening occurring. The regime of reduced work hardening rate at low
temperatures, obs erved by Keh and Weissman (1962) in iron, displays an
analogous break-down process; cell structures formed at room temperature
in unidirectional behaviour modify in subsequent low temperature deformation

apparently by unpinning of wall segments. Neumann, loc. cit.,depicled the

process more as a series of local events rather than Luders instabilities even
in single crystals with no second phase obstacles. The observed gcometry of
cell walls is certainly suitable for this process; for a dislocation spacing of y
3004 in the plane of the cell wall, the spacing of dislocations perpendicular to
the plane of the wall is probably similar as the dipole is stable in a 45°
configuration. According to Li's calculation for the in’cerazction of two screw

dipoles the force on the dipole tending to split it is > = 4‘\“y for spacings
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o Q i 3
perpendicular to the plane of <« 1200A . The walls should thus casily

2

decompose once a source is acviuvated, for litile contribution {romr the
applied stress wovld even be regquired. The proposed configuration used

in the model and the variation of the force on the dipole with the dipole

width (after 14 (1964)) is shown in Figure 16.

To test the dominance of either an obstacle or safuration dislocation
network mstability.in the reduction of work-hardening capacity after
fatigue,strain rate change tests over onc decade were carried out before
fatigue and after fatigue during overstrain through the low work-hardening
regime,in surnace cooled specimens. The strain rate sensitivity, (o
increased only slightly from 0.96 to 0.97. Here v was the {flow stress, and
v the applied strain rate. Clearly such a difference is not significant and
suggests that there is little contribution to the thermal component of the
flow stress during the overstrain process, from easily activated obstacles
such as point defects, clusters or fine loops, produced during fatigue. We
are therefore justified accordingly in considering in detail alternative
processes, and the model described above is not only suited to the overstrain
case but also to modifications to the cell size by strain amplitudc changes
during saturation. If may also indicate the mesh length activated during
reversible non-~linecar elastic bowing of dislications,to accommodate strain
during fatigue deformation, although in this case it must be necessary to
estimate the effects of local pinning at wall intersections or by sclute or after
defect configurations. A simplistic calculation of the average distance x
moved by a dislocation in a wall network to accommodate an applied shear
strain y = 0.003 in the present investigation where p, the dislocation density

14 3 . . - s
equals 3.6 x 10 /em™ (resulting from a simple cubic cell structure consisting
of walls of two perpendicular sets of dislocations of the experimentally

. . = -2 . .
observed spacing (3()0.% )) gives x = y/pb ~ 3 x10 R which is clearly
ridiculous. Obviously, if this mechanism is to be applicable a smaller

proportion of sources must be activated at any given stress level. Iiven in
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Figure 16. Breakdown of a dipole array (after Li {1964)).
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overstrain however, strain can casily be borne by movements of dislocations

over distances less than the cell dimmensions, as the number of potential

sources is cvidently adeguately high.
P @ J &

5.4 Macroscopic Deccriptions

By considering a system consisting of two elements of different
areas in series (so that the load on each element is equal),McClintock
(1963 ) has shown that during cycling at constant total strain amplitude,
the difference in strain boine between cach element tends to increase

exponentially as cyclic straining continues. The system had a simpile

invarianit work-hardening coef{icient h, producing linear hardening, and
a constant Bauschinger effect ratio b. At stress levels S 2 h necking

mstabilitv occurs: if 5 > /h(n—hl the tractional increase 1 8tratin difierences

1 dée [ 82 hh-b)1 . ) . .
per cycle " ‘ & = w2 % is very large whilst even at
de - 17 -5 . , dse
lower stress levels S deformation is still unstable as W6 — ~~1 — =
€ dn

2 ga N S(:}“b)
h (h-b)

stress or strain amplitude the rate of strain hardening is not constant but

is still increasing. In a real material fatigued at low

decreases towards the Bauschinger coefficient value; the third expression is
applicable in the present investigation, and as an indication of the inevitability
of 1ns‘rablhty propagation we will consider typical data for the furnace coolcd
condition. Here h decreases {rom an initial valuc of ~ 5,8 = ].05 psi to
~ 4 ox 104 psi after fatigue. Taking b constant and equal to 1.5 x 105 psi, the
value of. [N—(ﬂ“}“)) drops from ~ 5 x 105 psito ~ 7x 104 psi. Under these
conditions the stress S < ,f h{h-b) but the difference of the squares is
decrcasing. One description of fatigue softening is therefore the growth of an
instability defined as the difference in strain between elements of the material.
McClintocks model is of course only qualitative and applicable only

to macroscopic sources of instability progressing right through the material,
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in particular te the plastic zone abead of a growing fatigrue crack, Nevertheless,
it delincates elegantly the basic fact that any material which posscsses

little strain hardening capacity will not resist fatigue crack propagation
adegurately, withoul resorting to detailed dislocation substruciural

models,

Experi,mental evidence for the fundamental importance of work-
hardening capacity has been obtained by Klesnil and Lukas (1967), in anncaled
low carbon steels, who discovered that an empirical descripticn of the
initial cyclic softening under stress amplitude control in terms of the
spreading of plastic zones through the specimen below the macroscopic
yield point, could also be accurately applied to subsequent cyclic hardening
to saturation Since their description was based on a linear activation of
plastic sources but alsc on an exponential development of slip with cycling
within each plastic zone, it was equivalent to the des crintion of MoClintornl,
albeit for control of stress rather than strain amplitude,

Therc is good reason, therefore, to investigate scurce models of
transient fatigue processes, saturation and residual work-hardening, since a

)

basic microscaleinstability developed at many points in the crystal should
according to the above considerations be capable of producing macroscepic
instability by simple geometrical spreading,in materials possessing insufficient
strain-hardening capacity to dissipate local partitioning of strain. Thus

crack propeagation by side branching under stress intensification in shear
bands should,in principle,be controlled by the work hardening during shear

deformation,as can be seen by the development of the Coffin-Manson law

given by Tomkins (1968) in terms of fundamental material parameters.
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CHAPTER 6

CONCI.USIONS

6.1 Summary

From a study of polycrystalline iron, containing various
distributions of carbide particles, subjccted to controlled low-amplitude
cyclic straining, it was determined that the effect of particle size upon
the development of fatigue substructures lay in the influence of particles
of a sccond phase on the accumulation of dislocations. A qualitative
description of this influence, and of the influence of the magnitude of the
applied strain amplitude has been developed to explain the occurrence of
cyclic softening in these materials based on the requirements of continuity
in plastically inhomogencous materials. No detailed model of the softening
process itself could be proposed from the present results, though an effect
of particle spacing was observed.

Comparisons of the observed saturation substructures were made
with unidirectional structures of corresponding scale, in terms cf the
detailed configuration and the associated lattice rotations. It was concluded
that the characteristic simplicity of the cyclic structure was a consequence
of the high primary dipole density, compared with the low secondary and forest
density, producing very much lower rates of work-hardening in a fétigued
structure than during the original unidirectional deformation of the material.
As the polycrystalline case is complex, it was not possible to separate
the contribution of second phase particles to the observed accumulation of
dislocations at saturation, from the overall matrix continuity requirements.

By considering macroscopic instability criteria in conjunction

with observations of the stability of the fatigued structure during tensile
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overstrain, a model describing micro-scale instabilities as the activation

of petentially unsfable dislocation sources in the saturation subsiruciure

has been proposed consistent with the present and other recsults.

Further obsecrvations have been made of the efficiency of tlriermal-
mechanical pre-treatment in retarding cyclic softening of deformed
substructures subjected to fatigue. Thesc results have been interpreted in
terms of precipitate constraints. Some evidence of strain ageing as a
contribution to local constrainte of the substructure has heen detected, bhut
the relative importance of this cffect, and its distinction from normal ageing

processes could not be assessed,

6.2 Recommendations for Future Work

The results of the present investigation snggest strongly that
finely dispersed particle distributions, with small particle sizes and small
interparticle spacings resist the development of fatigue substrucfures which
characteristically partition the bearing of strain into active and dead regions,
permitting cyclic softening to occur, This is particularly apparent in coarse
distributions which soften readily and allow cell structures to build up.

The resistance of any particle distribution is however sensitively dependent
on the applied strain amplitude, and local instabilities can still arise,
such as the slip channels observed in the present investigation.

Evidently, thermal-mechanical working offers considerable
opportunity, for example in ausforming, to produce étrong, pinned substruc-
tures. Iiqually, materials such as TRIP stecels capable of crack-blunting,
should dissipate localized dislocation substructural development by phase
transformation. Certainly, HSLA and ferritic stainless stecls should be
examined in a similar manner to the present investigation to determine the

optimum carbide morphologies for fatigue resistance.
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There arce several critical experiments, however, which should
be attempted, preferably in single-phase, single crystals, to test some of
3 b Y ke I H & ) )

the predictions arising from the present work,

(1) To determine the saturation strain bearing mechanism,
a single crystal, fafigued to saturation, could be irradiated to produce a
high concentration of defects, and then fatigued a further half cycle.
Examination by T, X, M. should reveal which dislocations move, and by how
much, as moving dislocstions annihilate irradiation induced defects, and would

hence leave denuded traces.
(2) A similar experiment could be performed for tensile
overstrain to assess the validity of the source model, which cannot he

readily correlated with surface slip observations except in single crystals,

'

L I AT o m e A -
2

Two phacte single crystals would be 1ot suitable lur exdiniuation
of the softening process in detail, particﬁlarly in the deterrnination of the
dipole formation and the development of cell structures in the content

of secondary slip.

In general, further investigation of polycrystalline iron with

finally dispersed carbides is required, in order to:

(i) determine whether overstrain of such dispersions results in
channel formation once dislocation accumulation has been initiated.
(ii) determine if softening can be induced in very fine dispersions
by suppressing cross-slip by fatigue at low temperatures.
Techniques for more detailed examination of the plastic zone ahead
of a growing fatigue crack should be developed, such as etch-pitting;
materials resisting fatigue crack propagation could then be more fundamentally

assessed.
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APPENDIX

The Bauschinger Eifect in Two Phase Materials

Al, Introduction

When a crystalline solid is pre-strained under a particular
stress system, and then restrained under a diiferent stress system, the

ed,

]

absolute value of the yield stress in the restrained material is reda

A degree of permanent :softening is obegerved indicatin g.t}").a't work-hardening
processes are modified in the reversce direci:ic;n of straining. The effect
was first ohserved by Bauschinger {1886).

Cortrolled measurements of the effect in single and polvervatals
of varicus inalerials were obtained Ly Buckley and Entwhistle (1956) using
torsion of thin walled cylinders, which bear approximately uniforin cross-
sectional strains, after the method of Woolley (1953). By applying a Taylor
factor of 3.1 to polycrystalline data, these investigators showed that the
greatest Bauschinger effect occurs in single crystals during casy glide,
for single phase materials. The textural and grain boundary back-strcsses
become significant in polycrystals only at higher equivalent strains. The
effect was detected according to Woolley's definition of the Bauschinger strain,
modified to include the anisotropy of unloading, as the deviation of the reverse
shear stress-shear strain curve from the elastic line of the pre-strain curve,
at a fixed stress level. Such a definition is unsuited to comparisons of
materials of different elastic moduli and does not take explicit account of
work-hardening.

Wilson (1965), used a similar experimental technique on single

and two-phase materials, but used a definition of the effect based on the

Al
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ratio of the flow stresses which designates the work-~hardening in the material,
He found that the cffect saturated above 11/2 to 2% reversed strain, havin g

its greatest value in two-phase alloys with high volume fractions of
precipitate, particularly if the particle size were small; the effect of

particle spacing was much less marked. As a2 semi-quantitative measure-
ment of the infernal sirain remaining after reversed straining, the X-ray

line peak shifts detected by diffractometry were used to calculate the residual

back stress ¥ = ¢ (75— ) where € _is the residual lattice strain
x X -V X

« funcltion

measured by the line shift., This stress was found to be a linc
of the permanent softening stress increment, Furthermore the mezsured
lattice residual strain saturated at a similar pre-strain to the macroscopic
Bauschinger effect.

Abel and Ham (1966) investigated the effect in single crystals of
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the reverse yield stress in tension-compression tests to measure its
magnitude. They found increases in prestrain and decreases in test temper-
ature increased the magnitude of the Bauschinger effecct suggesting that
cross-slip might be important to the relief of back-stresses built up at
second phase obstacles. A decreasc in coherency or stacking fault energy
also increased the effect,

Numerous investigations of the effect have been carried out in
steels, for it is detrimental to the strength of fabricated components. Hoff
and Fischer (1958) took specimens from badly bent girders which required
cold straightening; they found the effect was highly anisotropic, being
detectable on re-straining at small angles to the direction of pre-stress.
Kumakura (1968) made similar observations; he also chserved that
in spheroidized steels the effect was markedly decreased, but that higher
annealing temperatures were needed to effectively reduce it than in
pearlitic steels. In general, however, recrystallization is neccessary to

completely remove the Bauschinger effect.



Janiche et al. (1965) found that the annealing kinetics for removal

of the effect corresponded to recovery of subsiructure in s
fopnd a larger Bauschinger effect in sieels with high pearlite contents
than with low pearlite contents, but the effect was independent of the
lamellar spacing. Milligan et al. (1966) found the effect more sensitive
to morphological changes in bainitic steels than in pearlitic or martensitic
steels, using a high stress 4340 material, although the efiect always
saturated at about 2% pre-strain. Subsequently Milligen and Koo (1968)
related the hardening increment fJ’A;_.cqual to the differcnce between the
forward flow stress and the reversed 0.2% offsect yield stres s,to the
hardening stress derived from the theory of Fisher et Al, (1953} for two
phase materials (discussed in section AZ)and obtaine.c“i:f}_‘ifnear relationship
after corrections for hardening in the ferrite matrix had been applied.

e Tt AT an ad

They need sphercidized staels and lamellar penrlitl but did not
explicitly test the predictions of the theory outlined in scction A2 of this
appendix.

The motivation of the present work was to test quantitatively a

simple model of the Bauschinger effect in two phase materials to fully

assess its physical feasibility.

AZ. Theoretical Basis

The problems of analysing the Bauschinger effect have heen
elegantly described by Orowan (1958). A real solid does not exhibit true
Voigt behaviour, i.e. the stress components are not linear functions of strain:
instead of relaxing homogeneously and elastically with time a stress applied
to a real solid deforms it inhomogencously, and subsequent re]_axation of the
stress will include a component of non-linear relaxation, termed aneclasticity by

Zener (1948). Typical inhomogenieties result from the anistropy of
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individual crystals in a polycrysial with respect to orientation and yield

strength, from the resiriction of deformation to slip bands, and from

pilastic inhomogeniety in two-phase materials, Each of thesc inhomogenicties
i3 a source of intcruanl stress, which on removal of the applied st will
generatc an anisoltropy with respect to stress reversal, and there is no

sharp distinction between such sources, whether they be of macroscopic or
microscopic scale., The main requirement of a theory of the Dauschinger
effect is the ahbility to distinguish which source is most important.

Back stress hardening at a barrier in a Taylor lattice should give
symmetrical unloading, because of the symmetry of the network, and hence

no Bauschinger effect. Similarly, most hardening, in which Lomer-Cottrell

o3

locks prevent reversible slip, would result, under stress reversal, in the
destruction of the network by source generation, by the Frank-Read mechanism.
The presence of the effect even in single crystals suggests that Hevn stresscs
are unimportant; more crucially, the difficulty in annealing out the
Bauschinger efiect suggests that fairly large scale inhomogenicties, such as
those between a slip band and the undeformed matrix, or Luders instability
in a polycrystal cannot be critical to the effect, as they should be thermally
sensitive.

The origin of the strain-~hardening is therefore important. A back-
stress model provides for .perrnanent softening, i.e. reversed flow at a
stress consistently less than in the initial direction, by the supplementing
of the reversed stress by the polarised back stress, but does not provide {or
an intrinsic Bauschinger effect on unloading, as is observed. Obstacle hardening
theories are better, but the degree of irreversibility obtainable is restrictive,
since persistent hardening of the structure by intersecting slip processes
can only be maintained at the expense of irreversibility.

Orowan therefore invoked his loop-hardening theory. A rather
specific obstacle distribution, with regions of both high and low obstacle

density will accumulate dislocation loops on stressing in one direction. On



removing the siress, local readjusiment talies place, so that on reapplying the

stress in the reversed direction segments are propelled under Loth the
back stress of the loop accurnulations, and the applied stress, which will
therefore be lower than in the forward direction. The build up of loops around
obstacles vesulis in continued hardening, but at a lower rate than for simple
barrier hardening., The Bauschinger effect should then saturate at some
finite glide strain where the availability of slip planc for reversed glide
at a reduced stress begins to be outweighed by the distribution of lcop
hardening.

The work hardening problem has been treated for a simple
that of a random distribution of rigid obstacles of circular section, in two

dimensions, by Fisher et Al. (1953). To sum the self energies of dislocation

- rmm—ns. o~

loops accumuliating about these particles an analogy with the magnetic field
Of @ Lhln wire cunnduclor was us ey Wie »ilall due Lo o derived distribuiion of
loop radii was related to the energy sum, and minimised to give the optimum
annular radius, which was not a function of the number of loops. Assuming
the spacing of dislocation sources to be large compared to the spacing

cf accumulated loops, a uniform distribution of particles was shown to give

rice to a hardening stress increment

< . N 3/2

= 3>~ f where N = number of loops/particle

i

R = particle radius

If we now consider the flow stress to consist of two components,

= v+

Forward IFFlow e} H .
= 1T - T
and K Reverse Yield o H

if we allow kinematric reversibility. Then

4y - T = 2T
Forward Flow Reverse Yield 2 H (1)

This hardening stress contained a contribution from the single phase matrix,



and should be corrected for this. Thus if we approximate the average
shear strain duc to the loops of dislocation buili up at the second phasc

particles by

1 s : .
vy= -~ N e for N loops of mean radius r, of Burgews vector b
2 r
- N 3/2 : .
then T ' 3 T 7 Gb in absolute units
- 3/2 .
=6 Gvy1 / (2)

At any fixed strain y the relationship between the corrected hardening

stress measured as in equation (1) above, and (volume fraction of sccond

3 .
phase) should be linear,with a gradient of 12 Gy.

>

The model is clearly restricted, both in the allowed geometry

of the second phase distribution and in the specific mechanism of work-
hardening veed In real motericls, the catoration of ke Bauschinger effect

after a few percent deformation can be explained by the breakdown cf the
mechanism, or more specifically, its reversibility, a problem analysed by
Ashby (1970) in his theory of work-hardening in plastically inhomogeneous
materials., By considering the continuity requirements in the material
Ashby showed that activation of secondary slip systems was geometrically
necessary beyond certain limiting strains. Further analysis of the
Bauschinger effect is however not required since the internal stresses
producing it, arising from shear loop arrays derived according to the Fisher

et Al. model, do not contribute further to work-hardening. The effect

saturates when the glide dislocation-obstacle or glide dislocation-prismatic
loop interaction stresses are no longer screened by the long-range stresses
of the loop arrays; Ashby estimates the limiting strain to be of the order of

2%.
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A3, Results
To test the prediciions of the IFisher ¢t Al. model developed in

tion AZ, data supplied by the Steel Company of Canada

Ltd., for

[P
N
)
—~

a range of carbon and bigh strength, low alloy (HSLA) steels with
lamellar pearlite morphlogies was re-aralysed. Most of the mater als
were as rolled (A.R.), but some were nounalized for one hour at 1850 F
or 2000 T, All had fine grain sizes and approximately similar carbon
contents; the pearlite content was modified by the high mangancse and

1

small alloy additions. For further details on the experimental arrangement

and analyses of the materials, the reader is referred to Jamicson and
J 3
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The data was originally acquired in the form of a ratio
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1
T = 0.2% offsct yvield stress in reversed strain

termed the Bauschinger Effect IMactor (BEF). The saturation of the effect
with increased pre-strain is shown in Figu,fe Al, for plain carbon (I°. C.)
and Vanadium (V) steels, and in Nichium (Nb) steels in Figure AZ2.
Saturation occurs around prestrains of 0, 02.

The product of the BEF and the original flow stress was pletted
as the uncorrected hardening stress versus the volume fraction of second
phase (cementite) calculated from ecquilibrium concentrations, to the
power 3/2. Figure A3 shows the results for P.C, and V steels, and Figure

A4 results for Nb and V steels, The vanadiuxn HSILA steel data fits best

with the other HSILA Nb stecl data, as the points for this alloy (shown in

parenthescs) indicated, Iach line is shown for a constant initial pre-strain y.
Reasonable linearity is obtained, considering that the data is

not corrected for hardening in the pure material., The hardening sftresses

quoted arec double their true values, as can be seen from equation (1) of
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Scetion AZ,
The data of Hoff and Fischer (1958) was similarly reanalysed
: T fl 4 T4 Ny . o & 3/2 s e
and in Figure AL a plot of the hardening stress ve. f is shown
for a range of P, C. steels, Linearity is obtained with the small aumber

of points used.

A4, Discussion and Conclusions

At low applied strains the model of Fisher et Al. appears to

provide a reasonable description of the Bauvschinger eflfect in terms of the
accumulation of dislocations at particies of a second phase, producing
kinematically reversible stress fields which assist reversed flow. Beyond
the limits of strain acceptable for this simple model, the effect saturates as
gecondary slip svstems become activated at the particle matrix interfaces,
The model has been crudely applicd in what is essentially a
preliminary investigation. The distribution of the second phase in a
pearlitic steel is somwhatl remote from the idealized distribution of the
model. Xt would appear that the manner of accumulation of dislocations at
the interface is the important process, so that providing the spacing of
second phase particles is sufficiently small for the gradients of strain at
each interface to overlap and contribute to low amplitude reversibility of
dislocation motion liftle effect of interparticle spacing is to be expected as
observed by Janiche et Al. (loc., cit.)., Spheroidized structures, approaching
the ideal distribution more closely, should show strain limits at saturation
corresponding to the theoretical limit for activation of secondary slip, if
the particles are completely incoherent. Milligan and Koo (loc. cit.) found
that the linear relationship of the observed hardening stress vto that predicted
by the Fisher et Al. model held up to pre-strains of 4%, suggesting that

dislocation accumulation is more ideal in spheroidized structures.
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f3/2

Measurements of the gradients of the plots of < g Ve
gave valucs of G from 5 x 106 to 6.5 = ].06 p.s.1., and the gradicnts of
the BEFEF saturation curves at various strains gave suitable values of
the hardening stresses, showing that the physical basis of the model is
The magnitude of the observed back stresses is of the
order of 25% of the flow stress at most; the calculations of the stress
fields of various ideal dislocation pile-ups, made by Mitchell (1964)
suggest that a suitable internal stress field of this magnitude could be
exerted over distances twice as large as the dimensions of pile~ups in
the primary planc. Secondary slip systems could only be activated in
regions of dimensions about half those of the pile-up. Obstacles in general
are better represented as providing a resistance to further slip which varies
with the distance from it, than as unsurmountable obstacles, as in the long-

range stiess theory of the Stuttgart school; this type of description is well

suited to an explanation of the saturation of the Bauschinger effect in general.
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