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Abstract

Strain ageing anisotropy, a surprising property of iron, implies that interstitials,
which are non-lattice obstacles, can give non-symmetrical opposition to glide. Al-
though this has been investigated by others, it is shown that it is difficult to eliminate
extraneous residual stresses during testing. An Avery torsion machine was adapted
for the study of strain ageing anisotropy through the design of a torque and twist
measurement system. This required the optimization of sensitivity, stiffness and me-
chanical stability criteria, while ensuring practicality. When a fine-grained sample
with circumferential groove was tested a sharp yield point and lack of yield after
ageing in the reverse direction was observed. Although more testing is required, it
confirms the results of other researchers. In testing it was found that the quality
of the sample machining was critical in achieving an accurate yield, and the groove
design must be reviewed and improved. While the system measured to the required
torque resolution, the strain measurement system could be improved by redesign

and better calibration statistics.
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Chapter 1

Introduction

Steel has been cast, hammered, formed and studied for centuries. Yet, still, it has
not completely yielded up its secrets. Many of the tools of studying these secrets
have only been developed in the last 100 years. Correspondingly, all of materials
science, including the study of the fundamentals of steel, has made great leaps in

the 21st century.

This study began as the investigation of one of those unexplained characteristics.
Initially, the aim of this study was to investigate reversal strain ageing anisotropy
in iron. Strain ageing anisotropy is the lack of a yield point on reverse straining af-
ter normal ageing times. After some preliminary work by the author, in Lausanne,
Switzerland, it was seen that specialized equipment was required for the investi-
gation. Thus the scope of the topic metamorphosed into the development of the
equipment for studying the strain ageing anisotropy in iron. Testing of the system
showed that some criteria were more critical than predicted; thus improved criteria

were developed. This dissertation therefore consists of:

e A literature survey of the strain ageing anisotropy in iron (Chapter 2).
e The experimental section, divided into three distinct chapters, consisting of
— the details of the preliminary experiments that showed the need for spe-
cialized equipment (Chapter 3);

— the design and optimisation of the equipment, (Chapter 4). There were
many designs; all but the final design were relegated to the Appendix B;

— the testing of the equipment/system which involved the calibration and



the preliminary sample testing (Chapter 5), with the details of the cali-
bration in Appendix C.

The analysis of the results (Chapter 6), with the details of the analysis in
Appendix D.

A discussion of the results (Chapter 7).

Improved design criteria (Chapter 8) and, finally,

The conclusion of the experiment and recommendations (Chapters 9 and 10).

There was also a brief foray into modelling the Schmid factor in iron, and this is

documented for completeness in Appendix A.

When anisotropy is described in this dissertation, lattice anisotropy is being referred
to rather than macro-anisotropy associated with texturing. Lattice anisotropy de-
scribes the property variation with the direction of the stress (forward or reverse)
on a crystal, while texture occurs where the individual crystals in a polycrystalline
material are not randomly orientated but are rather orientated in some dominant

direction, resulting in a variation in properties on a macroscale.

1.1 A brief overview of steel anisotropy

The anisotropy of steel has been an ongoing debate, at times heated but mostly a
murmur. Anisotropy has been shown to have many causes, and there are almost as
many theories. The focus of this survey is only one form of directionality, combined

with the phenomenon of strain ageing.

When a low-carbon rimming steel is deformed plastically and then aged before con-
tinuing to strain in the same direction, a short ageing treatment is sufficient to
restore a sharp yield point. This is convincingly explained by Cottrell and Bilby’s
theory of the pinning of dislocations by solute carbon [1] (refer to Section 2.2.5 for

other effects).

One of the first researchers who showed the anisotropy of strain ageing was Tipper
(née Elam) [2]. If the direction of the re-straining is different from that of the first

strain, she found that the sharp yield point returned very slowly, if at all.



Elliot, Orowan and Udoguchi [3], using a torsional testing system, showed that
reversal without ageing in the yield range lead to the usual smooth reduction in flow
stress (Bauschinger effect). However, after ageing, where one expects the dislocations
to relock, no yield point was seen. To prevent the formation of axial Liiders bands
and their effect on residual stresses, they performed the experiments on grooved
samples. However, they used a steel containing pearlite, which is likely to induce

residual stresses on deformation.

Wilson and Ogram [4] also performed similar experiments, although they used a
lower carbon steel and they did not use grooved samples. They proposed that
straining a specimen in tension results in most of the mobile dislocations being
pressed against obstacles such as grain boundaries, precipitate particles and disloca-
tion tangles. When re-straining is in the same direction the dislocations continue to
face the same obstacles. It would therefore be necessary to lock only a few isolated
dislocations to produce a return of the sharp yield point. In contrast, if the specimen
is re-strained in any direction other than the original one, most dislocations will be
free to move appreciable distances, since the applied stress will then be tending to
move them away from the obstacles that were blocking them. Thus even if isolated
dislocations become locked before dislocations in the tangles or pile-ups (especially
at low solute contents where there is not a high enough local concentration of inter-
stitials to pin all the available sites in a tangle), then unpinned dislocations in the
tangles would be free enough to prevent the appearance of a yield point in reverse

straining [4].

In both Elliot et al.’s work and Wilson and Ogram’s work the absence of internal
stresses, during testing, is debatable (refer to Section 2.3). Therefore it is necessary
to perform new experiments. Since careful measurement of the upper and lower
torsion yield is required in these experiments, accurate equipment is required. It was
hoped that more information might come from experiments with higher sensitivity.
Thus the aim was to do a “best possible” experiment, which must be designed and

built, as none was available in the province of Gauteng.

1.2 The need for this research

Strain ageing is of commercial importance in a number of ways. It may lead to an

undesirable decrease in ductility in cold forming operations, or give rise to unsightly



stretcher-strain markings in pressing operations [5]. However, the strengthening
effects can, in some cases, be used to advantage, such as for car body panels where a
super-formable steel can be made more dent-resistant by utilizing the strain ageing
effect that can occur during paint baking (bake-hardening steel). The precipitation
of carbides (which occurs at advanced stages of quench ageing) is also used in this

application.

Williams has reported the anisotropy of strain ageing in HSLA (high strength low
alloy) line pipe steel [6]. In the fabrication of thick (>15mm) walled pipe from plate,
reverse straining is unavoidable and thus behaviour in reverse straining is of signif-
icance. It would be highly desirable for the steel to regain the high yield strengths
that occur before fabrication (spiral welding). Some sort of ageing (especially if it
could occur during the post-weld stress-relieving treatment) would be highly desir-
able, although for line pipe material impact behaviour is of major importance and

strain ageing generally leads to poor fracture toughness.

Wilson and Ogram [4] point out that directionality of strain ageing is put to use in
temper rolling where the return of yield is retarded, but also limits the application
of strain ageing as an effective strengthening mechanism. The most important type
of pre-strain is an elongation of about 1-1.5% by temper rolling, since this process
can be used to suppress the sharp yield point in sheet steel for pressing, but is
more commonly used on non-strain ageing aluminium killed steel to increase surface

roughness to enhance adhesion of coatings.

Both the work of Wilson and Ogram [4], and that of Elliot, Orowan and Udoguchi
[3], have their shortcomings, especially in regard to the build up of unwanted residual
stresses in the material due to the presence of second phases such cementite, pearlite,

MnS and nitrides (this is discussed further in Section 2.3.1 and 2.3.2).

In order to avoid these problems, equipment must be built that can measure the yield
point effects and a steel that has an extremely low volume fraction of carbides must
be used for the sample material. It is hoped that in a further study the dislocation

movement before and during yield can be investigated.



Chapter 2

Literature survey

2.1 Problem statement: strain ageing anisotropy

A yield point is generally present in a steel containing interstitial carbon and or
nitrogen. Experiments done by Elliot, Orowan and Udoguchi [3] (Figure 2.1) and
also Wilson and Ogram [4] (Figure 2.2) show that if the direction of straining after
ageing is reversed then discontinuous yield is not always present. It appears that
interstitials, which are non-lattice obstacles, give non-symmetrical opposition to

glide.
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Figure 2.1: Torsion test. First straining (1). Reversal without ageing in the yield
range (2): Bauschinger overshoot. After reversal, ageing followed by another rever-

sal,(3), aluminium killed steel [3].
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Figure 2.2: Effect of ageing (time in minutes (m)) at 89°C on torsional stress strain
curves for steel, slowly cooled to 200°C before pre-straining [4]. Tested in reverse
re-straining. Grain size in a) 1920 grains/mm?, b)130 grains/mm?2. No groove. In
a) the yield point returns after 230 minutes, while in b) the yield point returns after

1140 minutes.



2.2 Related phenomena

First the ground work must be laid for exploring strain ageing anisotropy. This needs
a look at dislocation motion, work hardening and reverse motion of dislocations and

strain ageing.

2.2.1 Dislocations in ferrite

Strain ageing anisotropy in steel is primarily the immobilization and mobilization of
dislocations in ferrite. Stress will affect the behaviour and movement of dislocations,
while grain boundaries, dislocation cell structure, second phase particles will interfere

with their movement. There is merit therefore, in discussing dislocations in iron.

Slip

<111>
<111> - S

112

A1)

Figure 2.3: The two main slip systems in bcc.

The Peierls-Nabarro stress dictates that slip will occur predominantly on the planes
of maximum atomic density. The slip occurs in the close packed direction (the
shortest distance between two equilibrium atom positions) to minimize the energy
requirement. In fec this is the {111} plane, however, in bec there are no fully dense
planes. The {110} plane is the most densely packed plane and slip will first occur
on the {110} plane in the most dense direction, (111), and then on the {112} plane
in the (111) direction and as illustrated in Figure 2.3. A further slip plane is {123}

[7].

For a certain tensile axis the dislocations on the (111) and the slip plane {110} or
{112} with the greatest resolved shear stress will move first [7]. This stress is, in

theory, determined by the Schmid factor.
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Figure 2.4: Orientation of slip plane and slip direction relative to the loading axis.

Plastic deformation in single crystals takes place when the resolved shear stress
(Trss) acting on the slip plane in the slip direction reaches a critical value (Figure

2.4).

The term cos ¢ cos A is known as the Schmid factor and slip systems that are oriented

such as to have the highest Schmid factor will yield first [7].

A brief foray into modelling the slip systems in bcc crystals with ideal Schmid
behaviour was done by this author, and this is documented and discussed for com-
pleteness in Appendix A, page 141. The Schmid behaviour of bcc crystals was
successfully simulated. This was confirmed by comparing the same simulation on

fce crystals to published fcc behaviour.
The motion of dislocations at yielding is, in reality, far more complicated.

Bce metals can exhibit two primary non-Schmid phenomena. The first effect is the
twinning-anti-twinning slip asymmetry, which is an intrinsic property of the lattice.
The resistance to plastic flow on some slip planes varies with the directional sense.
The asymmetry is such that the critical resolved shear stress (CRSS) is lower when
the maximum resolved shear stress (MRSS) plane is closer to a {211} plane sheared
in the twinning sense than to a {211} plane sheared in the anti-twinning sense. The

magnitude of the asymmetry depends on the bee metal [8].

Suzuki[9] demonstrates this theoretically at low temperatures by taking the simplest

dislocation motion case at low temperatures. At these temperatures the geometry



twinning shear anti-twinning shear

Figure 2.5: Non-equivalence of opposite senses of {112} (111) shear in the bce lattice

at low temperatures [9, page 85].

of the dislocation in the bce lattice affects its movement, as in Figure 2.5 [9]. Ex-
trapolation to higher temperatures and the inclusion of the effects in polycrystalline
material would be required to apply this to the problem of strain ageing anisotropy

at room temperature.

A second non-Schmid feature is the effect of non-glide shear stresses. Suitable shear
components of the applied stress tensor can affect the core structure by the interac-
tion with edge components of the fractional dislocations forming the core of §(111)
screw dislocations in a bcc lattice. This effect may be strong in some bce metals
and weak or absent in others [8]. Unfortunately, the importance of the effect in iron
was not mentioned. If these effects could be quantified in iron in a mathematical
way then these could be simulated along the lines of the Schmid factor simulation

in Appendix A.

Pencil glide

Iron is known to experience pencil glide (Figure 2.6), which is defined as the slip
on the most highly stressed plane, not necessarily of highest density, which contains
(111). These descriptions of dislocations only applies to sparse dislocations, as
soon as there are enough dislocations for interaction, the picture becomes more

complicated, since work hardening starts to occur.
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Figure 2.6: Pencil glide.

Work hardening

During plastic flow in iron, dislocations appear to be generated from grain bound-
aries, existing dislocations or other interfaces; they form clusters and tangles within
the grain at very early stages of deformation. This occurs even in the Liiders band
region if the deformation is slow or at normal and elevated temperatures [10]. The
strain at the Liiders front is equivalent to the total Liiders strain and can be as large

as 3% [3]. Thus, work hardening must be considered.

Most of the studies on work hardening have been done on the work hardening char-
acteristics of fcc crystals [11]-[16]. However, very little has been reported on work
hardening in steel (with interstitial carbon), iron. Li[10] has made the most sig-
nificant contribution to the topic of work hardening in iron and thus his work is
referred to throughout the literature survey of this dissertation. Unfortunately, no
work hardening model discusses the effect of interstitial impurities, so that this effect

is discussed from the conventional perspective in Section 2.2.3, page 20.

Work hardening of fcc single crystals shows three distinct stages. Stage one consists
of easy glide, where a heterogenous distribution of low density dislocations exists
on the primary slip plane and in a single slip system. The stage one dislocation
structure (in fcc single crystal) consists mainly of isolated pairs of edge dislocations
on the primary slip plane [11]. Stage two is a phase of rapid strain hardening with

slip on multiple slip systems where dislocations, both screw and edge, entangle on

10



intersecting slip planes. Finally, stage three is frequently explained as parabolic
hardening; here the rate of work hardening falls by a factor of 50% as hardening is
now only from edge dislocations as screw dislocations are no longer blocked and can
surmount obstacles by cross slip (which occurs more readily in high stacking fault
energy materials). The last stage usually resembles the stress strain curve seen in

the polycrystalline form of the material [7].

This applies to the fcc structure and not necessarily to bce where the slip would
not occur on a uniquely defined slip plane, thus in work hardening of bcc single
crystals stage one is absent. Iron tends to experience multiple slip: pencil glide is
often observed [17] where the slip surface has a common slip direction but many slip
planes (Figure 2.6). Slip bands (common slip direction and slip plane) are less likely
and no pileups occur. Tangles can occur when dislocations occur on multiple slip

planes ({110},{112},{113}), with a common slip direction ((111))[10].

It has been suggested that Frank-Read sources generate dislocations, and these come
against obstacles resulting in pile-ups. However, pile-ups are rarely seen in iron [18],
[19], presumably as a result of multiple slip starting early in the hardening process,

so that tangles are seen instead.

In fcc crystals it is believed that work hardening occurs when dislocations are created
and move to form a heterogenous structure. This is because the dislocations must
adjust themselves to reduce the long range stress fields between them. The crystal
can be considered as a composite model of soft regions bounded by hard ‘walls’ of
forest dislocations. The forest occurs by the interaction of dislocations on different
planes. The flow stress is then a spatial average of the local flow stresses in the hard

and soft regions [16].

Although it is difficult to interpret bulk properties from electron transmission foil
observations, Keh [19] observed that on slight deformation in polycrystalline iron
most dislocations were screw dislocations. It is possible that the dislocations that
caused the deformation have passed and only the dislocations that were unsuccessful

in contributing to the deformation (immobilized dislocations) are seen.

Li [10] presumes that dislocations form by being emitted from grain boundaries and
other interfaces. It is possible that dislocations can exist in the form of ledges in the
grain boundary. When grain boundaries are not atomically flat a grain boundary

ledge exists. A ledge may also be due to the absorbtion of a dislocation onto the

11



grain boundary, the “absorbed” dislocation can simply be “desorbed” from the grain
boundary upon the application of a shear stress (Figure 2.7). Although individual
ledges may donate one or even two dislocations, a multiplication process is still
required during the dislocation movement in the grain. At the time of yielding it is
assumed that multiplication within the grain has not yet taken place to any great
extent, and the dislocations inside the grain can be taken as all having arisen from

the ledges in the grain boundary [10].
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Figure 2.7: Grain boundary ledge acting as dislocation donor after Li [10].

The number of dislocations in the grain is proportional to the number of ledges,
while the number of ledges is (approximately) proportional to the grain boundary
area. Thus the number of dislocations per volume is proportional to the area per
volume. Since the area per volume of the grain is proportional to the inverse of
the grain diameter, the dislocation density at the time of yielding should be in-
versely proportional to the grain diameter. Li backs this claim using Brandon and
Nutting’s[18] results. They [18] measured dislocation densities from electron micro-
scope images. It was shown that only forest interaction occurred with fine-grained
ferrite while sub-grain boundaries (more dense than forest interactions) are formed
in coarse-grained ferrite. This assumes that all the grain boundaries have the same
density of ledges (which is unlikely) or the boundaries are some weighted average of

high angle grain boundaries and low angle grain boundaries.

However, more precise measurements would be required to substantiate the relation
between initial dislocation density at the time of yielding and the grain size. If such

a relation exists it relates flow stress to the square root of the dislocation density.
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This would lead directly to the Hall-Petch relationship [20, 21]:
1
oys = 0+ kyd 2, (2.1)

where o, is the yield strength of a polycrystalline sample, o; is the overall resistance
of lattice to dislocation movement, &, is the ‘locking parameter’ that measures the

relative hardening contribution of the grain boundaries and d is the grain diameter.

It should be added that even a Hall-Petch explanation of lower yield has complica-
tions as there is a strong inter-relationship between o; and k, in steel[22]. Mintz,
Ke and Smith showed that &, is large when segregation of interstitial solute to grain
boundaries is high [23]. Carbon adds the major locking component and the ease of

dislocation nucleation from the boundaries is reduced further.

To summarize the behaviour of dislocations at yield:

1. At high enough stress, ledges dissociate from grain boundaries and form dis-

locations
2. Small grain size results in more ledges, thus higher yield (oys o df%)

3. Small grain size means that carbon can diffuse to ledges quicker and pin them

more effectively increasing k,, also contributing to higher yield stress (oys o<

ky).

In continuing deformation dislocations must multiply. The Frank-Read multiplica-
tion mechanism would exist when dislocations tend to stay on one slip plane. Thus
the operation of the Frank-Read mechanism must be modified when dislocations can
move on to cross slip planes. It is clear that cross slip occurs readily in ferrite [18]
and most dislocations are characterized by a combination of screw and edge parts.
If the dislocations cross-slip frequently, and do so, before the two half loops bulging
out from the Frank-Read source can combine, then one or both of the half loops
that cross-slip will not combine. Thus the Frank-Read source cannot renew itself,
although many segments are formed by cross slip. Such a dislocation multiplica-
tion process would not produce a pile-up [10]. Pile-ups could explain Hall-Petch

behaviour but are rarely seen in iron [18].

In this study the effect of precipitates on dislocation creation will be ignored, since

this is an extrinsic effect and an effort will be made to eliminate it.
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Cross slip is most likely induced when internal stresses build up from extensive
interaction between dislocations and external stress. The result is the lengthening of
dislocations, and more dislocation interactions. The dislocation interactions within
the grain would cause edge dislocations of the same sign (and in the same system)
to attract one another and line up to form a sub grain boundary. This differs
from a pile up in that the dislocations in a pile up are orientated as to repel each
other (see Figure 2.8). Such a cluster may continue to become more resistant to
decomposition by external stress as more dislocations are added. Li [10] calls a
collection of dislocations from a single system of the same sign a cluster [10]. If a

dislocation from another system joins the cluster then a tangle will form [10].

Shear stress

...................................................... ’
4. .....................................................
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b) Sub grain boundary

Figure 2.8: a) Pile-ups in a grain. b) Sub-grain boundary.

The average distance between clusters is affected by the frequency of cross slip and
dislocation encounters, which in turn is affected by the external stress and the rate
of deformation. However, once tangles start to form they become effective traps for
dislocations so that new clusters will not form. This is a function of the density
of the tangles, and with few tangles more clusters will form. The apparent cell
size is governed by the average distance between tangles. In other words the cell
size would depend on the cluster density at the time when the secondary system
starts to operate or when tangles start to form. Thus cell size, although inversely
proportional to the stress, will also decrease with increasing impurity content and
decreasing grain size [10]. Keh and Weissmann [19] studied the effect of strain on
cell size and found that the cell size initially decreased with increasing strain and

then reached a constant value after around 8% strain. This would correspond to the
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end of tangle formation as Li suggests. The real situation may be more complex
as although the cell size may remain constant, the boundaries will keep taking up
dislocations[19]. This implies that the misorientation across the boundary will keep

increasing (this is of less importance in this study).

Li’s observations also indicate that there will be an increase in the yield stress in
ferrite when the strain rate increases or when there is a decrease in grain diameter. It
also ties in with a study of tantalum single crystals by Weissmann and Hosokawa, [24]
where evidence of two equivalent systems operating in the pre-yield (or microstrain
region) is shown. At the upper yield, they find that the one system stops operating
and the second system continues. Doner and co-workers [25], show how dislocation
clusters in ferrite begin to develop after 0.5-1% strain, and after 3-4% strain the
cells are present in isolated areas. This could also be taken as evidence for forest
hardening. They showed that the distribution of dislocations is essentially constant
for a constant equivalent strain when the stressing is unidirectional and concluded
that within the experimental errors involved, for the same equivalent strain the same
dislocation density is seen irrespective of whether the deformation is carried out in
tension, combined tension-torsion or torsion, provided the direction of the straining

is not reversed [25].

Tangles account for the lack of softening after unloading. Softening upon annealing
would result from the re-arrangement of dislocations. Tangles would also explain the
Bauschinger effect [10]. The latter is explored further in the next section. Li’s [10]
work on bcc deformation has not received wide acceptance [26], although it is still

considered one of the better theories [22] that do not invoke a pile-up mechanism.

Mughrabi [27] also developed a model for describing the cell structure that develops
during deformation (although the greatest application of this model is at deformation
levels much higher than would be encountered during yielding). He uses composite
concepts to describe heterogenous dislocation distributions. The composite model
consists of a heterogenous dislocation distribution with dislocation cell walls having
a non-negligible or finite thickness. There are three types of dislocations; the dislo-
cations in the cell walls, those in the cell interior and interface dislocations which
maintain compatibility. He quite successfully demonstrates the applicability of this
model to the continuous yielding material by considering each part of the composite

as perfectly plastic- elastic, but with different plastic stresses [27].
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2.2.2 Bauschinger effect

The Bauschinger effect (named after the person who first observed it in 1886) is
the stress-strain anisotropy that occurs in materials when the direction of strain
is altered [28]. In the narrowest meaning, the Bauschinger effect is the transient
softening that occurs when the stress is reversed. On stress reversal there is also

often a permanent softening[29], shown in Figure 2.9.

Permanent softening

Transient softening

stress

Reverse stress

strain

Figure 2.9: The transient and permanent softening effects that can occur on stress

reversal, adapted from [30].

The result of the phenomenon is that mechanical properties after a pre-strain are a
function of the direction of re-straining. A mechanism for the Bauschinger effect lies
in the nature of the cold worked state, and Orowan’s explanation is still favoured in

textbooks [31].

Orowan [29] generalized that there are two broad categories of obstacles: strong
barriers and permeable obstacles. The strong barriers are expected to promote back
stress hardening due to some form of dislocation pile-up at the barriers (as seen in
Section 2.2.1). Li [10] would equate strong and permeable barriers with dislocation

tangles and dislocation clusters respectively.

Wilson and Bate [32] studied the effect of abrupt changes in the strain path on work
hardening. They showed the transient reduction in flow stress during abrupt changes
in the strain path is caused by the disruption of the initial pre-strain dislocation sub-
structure. The strength of the dislocation walls rather than the grain size was found

to contribute to the reduction in work hardening.
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Wilson [30] took Orowan’s idea of back stresses further. He explored the possibility
that back stress hardening must be wiped out to a large extent by reversed plastic
deformation, and that it would therefore give rise to a prominent ”permanent”
softening effect. This implies that part of the initial work hardening is permanently

removed by reverse straining.

SHEAR STRESS  10° P.S.I.
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Figure 2.10: The effect of precipitation on the Bauschinger effect in Al-4%Cu:
quenched from 525°C, for (a) 5hr, and (b) 340hr before straining, (b) is also used
to define 74 [30].

The evidence (in Figure 2.10) considered is, essentially, the difference in the abso-
lute values of flow stress, for continued forward and for reverse straining, measured
at the same total strain and beyond the point at which the two flow stress curves
become approximately parallel. 7, is given by the vertical separation of the flow
stress curves measured beyond the first few percent of reversed strain. Wilson com-
pared dispersion hardened metals (spherodised high carbon steel) with single phase
materials (low carbon steel). He confirmed that the single phase materials suffered
much less from permanent softening than the two phase materials [30]. Thus, the
presence of a second phase is likely to affect strain ageing anisotropy by affecting the
Bauschinger response of the material. Therefore, second phases should be avoided
in the present study. In the case of low carbon steel, the second phase could include

cementite (Fe3C), e carbides (Feg 4C), pearlite, sulphides and nitrides.

An alternative method of quantifying the Bauschinger effect is to ‘convert’ the effect
into strain terms (after Deak [28]). This uses the concept of ‘critical intermediate
strain’ (Figure 2.11). A sample is pre-stressed, and then the sense of the stress

is reversed twice. This results in an intermediate reverse strain and then a final
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Figure 2.11: Critical intermediate strain, [28].

forward strain. At a small intermediate reverse strains, the permanent softening (at
the end of the test) is not as great as at a higher intermediate strains. At a critical
value of intermediate strain, the permanent softening disappears entirely. At this
critical intermediate strain, the intermediate deformation removes the cause of the

softening [28, page 65].

Orowan’s [29] development of the theory of the Bauschinger effect considers a non-
uniform distribution of obstacles. At a certain stress a dislocation will move through
low densities of obstacles and come to rest up against a line of obstacles where the
resistance or the density of the obstacles is at a critical value. If the stress is removed,
the dislocation will remain where it is due to the friction stress, but on stress reversal
will easily move back since the obstacles behind it are of a relatively lower density.
Thus in forward motion the yield stress will be high, while in reverse motion there

will be a low yield stress, until an equally dense row of obstacles is encountered[29].

A century after Bauschinger, Hasegawa, Yakou and Kocks [33] developed a model
for the Bauschinger effect in fcc metals, which was very successful in predicting the
effects above 7% strain where the dislocation cell structure is fully developed. At
these higher strains, modelling of the plastic anisotropy of bce metals is also being
done [34]. Both of these models are based on the cell structure and are applicable

to strains greater than will be experienced in this study.

In a TEM (transmission electron microscopy) study of tensile, torsion and tensile-
torsion strains, Déner, Chang and Conrad [35] showed that although the dislocation

density was constant for tension or torsion at equivalent stresses, on reversal the
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Figure 2.12: The transient softening effects that can occur on stress reversal, adapted
from [29]. Position 1: Dislocation stopped at dense row of obstacles. Position 2:
Dislocation can move backwards under reduced load until, Position 3: Dislocation

is stopped by a row of equally dense obstacles.

dislocation density is reduced. It can be expected in the present study that this will

occur during reverse torsion.

Pre-strain paths

Baird [36] summarized Wilson and Ogram’s opinions on the effect of pre-strain path
in the following way: “If a specimen is strained in tension and then re-strained in
the same direction, most of the mobile dislocations will be unable to move far, since
they will be pressed against obstacles such as grain boundaries, precipitate particles
and dislocation tangles. If the specimen is re-strained in any direction other than
that of the initial pre-strain, most of the dislocations (being a combination of edge
and screw dislocations) will be free to move appreciable distances since the applied
stress will be tending to move them away from obstacles that were blocking them”

[37]. This is a re-statement of the Orowan concept.

Although in this dissertation only torsional reversal is considered, it is well estab-
lished that the pre-strain path affects the return of yield point. Thus rolling, roller

levelling and anisotropic pressing will affect the way steel ages.

Given the complex behaviour of dislocations under reverse loading, the next part of
the picture should now be filled in, by looking at the effect of the interstitial solutes

on the dislocations.
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2.2.3 Yield point in steel

It was already well-known by the 18th century that if a steel specimen is strained, it
does not have a yield point if re-tested immediately, but if the specimen is allowed to
age, then the yield point returns [38]. Cottrell locking was first proposed in 1948-49
[1], as an explanation of this phenomenon of strain ageing. Prior to this, there were
other theories including that of thin films of carbides that had to be broken before
yielding could occur [39]. Other theories have been put forward subsequently, but
have not gained much credence. Weissmann and Hosokawa [24] should be mentioned,
they, rather heretically, suggest that discontinuous yielding is primarily caused by
the relaxation of the strains on the first slip system as a result of the operation of
the secondary slip system, rather than locking of dislocations by interstitials. This
must be under the influence of interstitial carbon as interstitial carbon is required
for a yield point in iron. Hahn [40] also claims that the importance of locking
has been overstated, and can relate the yield and Liiders elongation to dislocation
multiplication and velocities. However, such theories may be ignored for the design

of the equipment.

Applied forces,
thermal forces

/ dislocation
\ Back stresses

carbon atmosphere (dislocation length minimization
and pinning force of atmosphere)

Figure 2.13: A dislocation breaking free from carbon atmospheres.

Cottrell and Bilby [1] describe how dislocations can break free from the atmospheres
(Figure 2.13). A dislocation does not break free all at once, but rather bows out in
a loop. The forward stress must overcome the sum of the back stresses. Forward
stresses at room temperature would also include thermal fluctuations in the steel
(which would allow loops below critical stresses to bow out) and external or applied
forces. These would overcome the back stresses, which are the sum of the restraining
force that the atmosphere exerts and the tendency of the loop to minimize its length

(this assumes there are no other back stresses or obstacle stresses).
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The first dislocation to be able to bow out would be in regions where the stress
is higher (at a stress concentration). This unzipping of the dislocation from the
atmosphere is then governed by the stress required to move two kinks sideways from
the bowed out region. If the dislocation manages to escape the atmosphere, then it
is able to accelerate, and sets up an elastic disturbance. The disturbance has the
same effect as a localized thermal fluctuation, allowing other dislocations to break

away, allowing yielding to propagate along the specimen [1].

The stress required to move an edge dislocation from its atmosphere was calculated
by Cottrell and Bilby in their oft quoted paper of 1948. From the interaction energy
per atom plane (U) (Figure 2.14), they calculated the corresponding force on a

dislocation as a function of displacement. The binding energy is most strong when

U=Asna./re

Figure 2.14: The binding energy of an edge dislocation to a solute atom at co-

ordinates r¢, ac¢.

rc and a¢ are 2 x 107197 and 37” respectively. The binding energy per atom plane
can be calculated and correlated to the maximum force. This is converted to the
critical shear stress on the slip plane. In a tensile test the active planes are at
approximately 45°r 7 to the tensile axis, so that the critical tensile stress is

_3V3A

oo = 4)\2/)2 ’

(2.2)

where A’ is a parameter involving elastic constants [20], ( 3x10739N.m?), X is the
slip distance in the dislocation and p is the equilibrium distance that a line of solute
atoms lies away from the dislocation. By inserting known values of A’, X and a
reasonable estimate of p, the upper yield stress at 0K, can be obtained [1]. This

is an estimate for the upper yield stress, known to be dependent on other factors
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such as stress concentration and thermal fluctuations which are not dealt with in

the original paper.

Cottrell[41] observed in one of his early papers on strain ageing that it was not yet
possible to decide on whether the dislocations responsible for yielding exist in dis-
persion throughout the lattice, or are assembled along the grain and cell boundaries.
However, in relation to the mechanical properties, the upper yield point, where the
first dislocation(s) break(s) free, marks the stage where plastic flow or yielding be-
gins. The lower yield point is the continuation of yield heterogeneously through the

gauge length [41].

Petch’s [42] concept of upper yield is slightly more refined: In polycrystals pre-yield
slip can occur in certain grains, but is confined within these grains. The upper yield
point closely follows the eventual attainment of the stress at which the slip does
continue into the next grain. However, the upper yield point is not coincident with
the first such continuation, but when the spread of slip occurs across the specimen
under more average circumstances. It thus appears that the upper and lower yield
point of polycrystals are mechanistically very similar; both are concerned with the
continuation of slip across a grain boundary, although in one case this slip occurs at

the initial plastic nuclei, and in the other case at the Liiders front [42].

The correlation between segregated interstitial carbon and k,, has also been ex-
plained in terms of a reduction in the grain boundaries’ “permeability” to the Liiders

front [22].

The effect of internal stresses on the yield point

Hutchison[43] showed that the upper yield was reduced in the centre of annealed
specimens after bending the specimens around large radii, even when bending left no
visible plastic deformation. Cottrell[44] referred to this work and pointed out that
all manner of stress raisers will affect the uniformity of the stress before yielding

and thus also the yield point.

The lack of an upper yield directly after temper rolling (and even at moderate ageing
times) is another example of the effect of internal stresses on yield point. Butler and
Wilson [45] found that sheets temper rolled about 1% will normally contain more

than 50% of undeformed material with bands of dislocations (sketched in Figure
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Figure 2.15: Sketch of a cross section through a 1% temper rolled sheet, dislocations

revealed with Fry’s reagent [45].

2.15); nevertheless such a reduction is sufficient to eliminate the sharp yield point,
even in a steel of fine grain size. Moreover, the yield stress is reduced to a value
well below that in the annealed material, and remains below this value after several
weeks of ageing. The expectation that free dislocations within the deformed blocks
will be effectively relocked by such a period of ageing (by nitrogen in the case of
conventionally processed steel) is supported by the observation that, on straining
in the rolling direction, the yielding occurs predominantly by plastic strain in the
previously undeformed material [45], rather than the movement of dislocations in
the deformed areas. Thus, the deformed areas are not a source of free dislocations.
The lack of yield is, in this case, more likely due to the internal stresses rather than
the lack carbon locking. These considerations suggest that internal stresses play a

dominant role in controlling yield point behaviour.

The upper yield point is sensitive to stress concentrations, such as surface scratches
or non-axial loading. Conversely, if the specimen is strained in one direction then all
the inclusions (and presumably surface scratches) capable of acting as dislocation
sources under that stress system will be used up (inactivated for subsequent disloca-
tion generation) [44]. In the reverse direction, none of the stress concentrations have
been blunted. This is a clearly anisotropic effect that would also influence torsion
testing, and could be a significant contributing factor to the anisotropy of strain

ageing.

Additionally, Mura and Brittain’s [46] results from ageing under constant load
showed that a yield point was not found even though an atmosphere exists. This
indicates that more than just solute interaction with dislocations is important for a

yield point; this ties in with Wilson and Ogram’s work [4], as discussed in Section
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24.1.

2.2.4 Solute interaction

Interstitials have three different effects on the yield point:

1. Snoek locking where the interstitial atom makes one jump to alleviate the
stress near the dislocation. This takes around 1 second at room temperature

and thus can be ignored in these tests.
2. Cottrell locking (will be discussed below).

3. Precipitation of carbides (also discussed below).

Considering Cottrell locking, during straining free dislocations are produced in the
steel. Subsequently during ageing, interstitial atoms move to the dislocation core
of edge and screw dislocations, and form what is termed a Cottrell atmosphere.
This is favorable since there is a decrease in dilatation energy on the one side of
the dislocation core. In the case of an edge dislocation, an interstitial carbon atom
can relieve hydrostatic stresses and shear by entering the expanded region below the
dislocation core. (The shear stresses in a screw dislocation could also be relieved
