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ABSTRACT:

Several conflicting models have been proposed to
dchere the work hardening behaviour of alloys cdmposed of
a hard second phase in a plastically deforming matrix. Good
agreement is reported when the models are compaied with the
results of unidirectional tests. To diétinguish between
the models, it is necessary to use testg which include de-
formation in both the forward and reverse directions.

In this study the wdik’hardenin behaviour in alu-
minum copper alloys has been studied u iné deformation in
compression immediately after deformat; n in tension. The
large Bauschinger Effect obtained has;%een analysed to give
the magnitude of the long rangefEéck stress present in the
alloy due to the elastic deform;tion of the 8' particles in
the pi;stically defqrming matrix. ﬁkper;mehts_were carried
out on polycrystals,-and on single crystal test pieces
oriented for single and multiple slip over a wide range of _
temperatures. The.results give excellent‘agreement'with a
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model which calculates the long range back stress. The re-
ported good agreémen% of other experimental work with an
opé;sing model has been critically examined.

The behaviour at large st}ains has been studied to
“deﬁermine the processes leading to plastic‘relaxation. The
conditions at the onset of necking of the single crystal
test pieces haG; been examined, and the formation .of coarse

shear bands and final fracture correlated with the work

‘hardening rate.
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CHAPTER 1
INTRODUCTION

In the stud§ aof the'plastic deformation of two
phase alloys containing hard non-deforming precipitate par- '
ticles in a plastically deforming matrix,there are three
areas of considerable theoretical interest and great indus-
trial importance. These are:

a) the descr}ption of the initial yielding of the
material,

b) the description of the work hardening rates
during the initial plastic deformation,'hnd

c) - at greater plastic¢ strains, the determination
of the competing processes which result in either continued
uniform piastic deformation or in the onset of strain locali-
sation and/or fracture. /

In the past three decades the first of these areas,
the description of the initial yielding,has seen considerable.
progress towards the formulation of an adequate theory.
There is now a reasonably complete description of the yield-
ing process in terms of the size and distribution of the
second phase particles and the anglé through which the dis-

locations must be bent in order to pass them. The yield



stresses have been calculated for many different alloy
systems and the results compare favourably with those ob-
tained in careful experiments on well characterised single
crystals. ~ *

The description of the work hardening at small
strains and the competitive processes occurring at large
strains demand a more detailed ?nderstanding of the be-
haviour of plastically inhomogeneous mé;erials from both a
macroscopic and mechanistic viewpoint. A variety of com-
prehensive theories have been advanced and these will be
examined. It is important to consider

(a) the assumptions on which they are based, and

(b) their comparison with experimental observations
before attempting to judge the veracity or completeness of
any given model. —

One possible description is that the work hardening
is due to the accumulation of dislocations close to the
particleé. This causes the matrix to become harder locally,
and an increased stress must then be applied to continue the
plastic deformation. These harder regions increase in size
and also increase in dislbcation density as the strain in-
. creases, so that the material is expected to work harden.
An alternative description is that the hardening is due to
large long range bacK“%tregses which result when the matrix

L
eforms plastically and the particles deform elastically



only. These back stresses inhibit the continued forward
deformation, and the increased applied stress necessary to

. overcome them is equated to the work hardening. The model
is a continuum one, and makes no use of dislocations or
slip line spacing, although equivalent models can be deve-
loped in terms of dislocations.

These two types of models as formulated‘lead to a
problem. Since they are designed to give an adequate des-
cription of the forward work hardening it is not possible
to distinguish between them on the basis of experiments
using monotonic loading, - Additional informa}ion from re-
verse loading experiments is needed.

In the examination of the models it is needed'also

‘

to relate the macroscopic and mechani§tic aspects so that .

a comprehensive description can be found to dié%inguish the

important parameters which control the behaviour. For e

example, it is of value to be ane to relate the behaviour

of polycrystals and singie crystals, to define the role of

the volume fraction of the second phase, and to clearly elu-

cidate when the behaviour is dependent upon the detailed
ometry and distribution of slip or when it is determined

by the competition between local events such as those wﬁich_

occur at the particle-matrix interface.

The present work is an attempt to study the work -

hardening of a well chaxacterised two phase alloy system -.



~containing hard particles, using both forward and reverse
deformation and using both single. crystals of different

<

orientations and polycrystals,in order to define the ranges
of applicability of the recent models proposed to describe '
the work hardening of these alloys.

In a description of.work hardening processes it is
important to indicate, both theoretically and experimentally,
the limitations of a given process. It is of value to indi-
cate the nature of the competition between continuing uni-
form plasticity and the localisation of tﬁe plastic strain
in terms of the different components of the microstructure.
Hence,in this work, experiments were also carried out at large
strains to study the onset of the alternative processes in
the vicinity of the second phase particles, and to determine
their effect on the mécroscopic behaviour of the two phase
materials. In this pért of the study, single crystals were
again used, oriented for single and multiple slip.

In summary, the objectives of the study were tg'
determine the local processes which operate in the viéinity
of the particles at differéqE levels of strain, and to show
how these affect the overall plastic respoﬁse of the material.
At small strains their effect.,on the work hardening rate is
of most interest,”whilst at larger strains it is their effec;

on the instability leading to failure that is emphasised.

The work contains an at;edpt to construct a model to
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describe the forward and reverse deformation of the alloy
system. This is mainly a microscopic model based on the
interaction of dislocations on a given slip plane with par-
ticles intersecting that plane. Electron metallographic

and X-ray evidence is presented in support of the model,

but there are always problems in extrapolating these local
interactions from the scale of the slip plane modelﬁto the
total volume of the tesi piece. The model 1s also described
in terms of a macroscopic continuum model which can be
stated in an empirical form of more general applicability

to more complex multi phase systems.



CHAPTER IL

LITERATURE REVIEW

Introduction

In the first part of this chapter, a short description
of the Bauschinger Effect will be given. It will include a
discussion of the important features of the reverse deforma-
tion of materials. The second part wi be devoted to a
review of, the principal models pndﬁg;zziin the literature
to describe the unidirectional work hardening processes in
two phase alloys. The models will be examined critically
to determine if they can account for the occurrence and
magnitude of the Bauschinger Effect. In the third section,
previous studies of the Bauschinger Effect and of the re-

verse deformation of alloys reported in the literature will

be discussed.

2.1 The Bauschinger Effect

~

«

There has been extensive interest in recént years
in the Bauschinger Effect. Some of this interest has arisen
because theoretical and experimental studiés have shown that

P .
some information about the work hardening processes in two



!
phase alloys can be obtained from an examination of the

Bauschinger Effect. Other work of great industrial impor-
tance has been concerned with the characterisation and
possible elimination of the effect, especially in those in-
dustrial materials which rely on a combination of second
phase particles and work hardening to achieve the required
strength levels.

The Bauschinger Effect, first‘reported in 1886, can
be described by reference to the schematic diagram, figure
2.1, Consider a test piece subjected to deformation in a
forward sense. As the imposed strain increases, the material
undergoes elastic deformation until at A, at a stress o_

o
it yields and underqoes plastic deformation. With increas-
ing strain, ége str;ss~strain curve follows the curve ABC.
If the test were repeatedign another test piece to the point
B, and unlogged to zero load at D then reloaded in the ori-
ginal direction, the new part of the curve will follow the
line DBC. Usually the yielding at B is well defined but it
sometimes becomes increasingly rounded,'as for example DGC,
if the test piece is allowed to rest for longer periods of
time at ‘higher temperatures. However, ﬁhe stress-strain
curve will ﬁsually follow the loading path BC.

If a third test is carried out to the point B again

and unloaded to D and then immediately deformed in the re-

verse direction, a curve similar to BDE is obtained. This

>
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response in compression can be redrawn in the positive
stress quadrant as the curve D'F. There are several dif-
ferences to be pointed out between the curvés DBC represent-
ing the continued forward deformation, and D'F representing
the reverse deformation. “

The continued yielding in the forward sense at B or
G takes place at a stress approximately equal to that from
which the test piece was unlocaded. The subsequent work
hardening curve follows BC, the original curve. In con-
trast, the reverse deformation does not have a well defined
yield stress, the curve is vef§ rounded, and plastic defor-
mation in the reverse sense proceeds at stresses much
smaller than those needed. for the é%ntinued forward defor-
mation; the curve D'F lies well below the curve BC initially.
The exact shape of the curve D'F depends on the material
tested; in some cases, for example Cu-SiOZ, it seems to have
a‘linear portion which is parallel to and below BC, whilst
in other cases the curve D'F joins BC. after some reverse
deformation.

The reverse deformation can also be considered in
terms of the magnitude of the reverse strain. It.can be
seen that as the reverse flow stress approaches the magni-
tude of the original prestress at B, the reverse strain ob-
tained is'very large. This large plastic strain has to be

compared with the zero plastic deformation that would have

-
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be?n‘obtained if the test had been carried out in the foryard
direction from D.

These two different wayslof consideriég the reverse
deformation have led to two different methods of studying
the Bauschinger Efféct. Iﬁ one of these methods, attention
is focussed on the stress at which reverse yielding takes
place; éﬁis occurs at a stress'mﬁch smaller than that re-
.quired for continued forward deformation. Thé definition
of the Bauschinger Effect using the comparison of thé yield:
stresses lead® to the development of Bauschinger Effect
Parameteré defined in terms of. stress. The othér methqd,

" using strains, leads to a Baﬁschinger Effect Parameter de-
fined in terms of strainsl In generél, materials with a
l;rge Bauéchinger Effect Parameter (BEP) measured in terms
of stresses will also have a large BEP if measured in terms
of straip. Howéver, in the coﬁparison of some materials,
different rankings are obtained depending on which BEP is
used (Abel and Muir, 1972).

As indicated,.the shape of the reverse stress-strain

-

curve is cémplex. It is_very rounded and the extent of its
}oundedness depends on the alloy being tested and on the
conditioﬁs uﬂéer which thé test is condgcéed. In the for-

ward deforma%ioﬁ the yield stress could be'determinéd
. readily; for the reverse strain it is more difficu?t‘;o
‘specif§ wﬁen the transition from elastic to blasgic deformation

‘ ~
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takes.place.‘ Sometimes it seems that this rg%&rse plastic
deformation commences whilst the material is still loaded in
forward sense. Also,the work hardening rate in the early
stages of the reverse deformation is very high, much higher
than that at the samé cunmulative forward.strain.

In this work, the Bauschinger Effect has been studied
in a material which contains hard(particles in a soff ma;
trix. The aim was to gain a better understanding of the
processes involved in the high work hardening rates of these
materials. Seyeral models have been proposed in the litera-
ture to describe the unidirectional.pfocesses and these
will be discussed in the next section. It is hoped that
the results of this study will permit distinctions to be
made between some of these models, and lead to considera-
tion of how the competition between deformation processes
at larger strains affects the stability. of the deformation.

It is appropriate to review here the major models
proposed to account for the work hardeding in two phase
alloys. It will be pointed out how some of these models
can predict a large Bauschinger Effect and also how some
of'theﬁ are modified to describe matériéls contgining a
vafiety of'shapes of second phase particles by consideriné'
the elastic and plastlc compa;ablllty condltlons of the

partlcle and the matrix.
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2.2 Work Hardening Models

POV ,.../‘
In this section the principal theories developed

to describe the work hardening of two phase alloys will be
examined. These alloys are made up from a hard non de-
forming second phase in a plastically deforming matr?x.

It is necessary to consider the premises on which the models
are based and to discuss their applicability to materials
containing large particles. In particular, it is.important
+o learn if the models can predict the large Eauschinger
Effed{\fbserved in these alloys. It is also necessary to.
examine~carefully those models which do not predict a
Bauschinger\gffect, but which are still in reasonable agree-
ment with other experim%ptal data, especially the &iidirec—
tional work hardeniﬁg behaviour. \ _

There are two principal approaches to work -rarden-
ing; these are represented by the microstructural approach
ana by the continuum approach. In the microstrucpural
models, the emphasis is on the calculation, using disloca-
tion theory, of the local stresses inside the material, and’
on the determination of their contribution to the work
hardening process. The microstructural models are of two
extreme types Y
a) unrelaked, in which the only dislocations have primary

Burgers- vectors and no mechanism is allowed to reduce

the number of Orowan. loops on each of the particles.
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b) relaxed, in which one of several possible mechanisms
is allowed to reduce the number of Orowan loops on the
particles and to give rise to dislocations with secon-

dary Burgers vectors.

In the continuum approach there are two ways to in-
clude the idea of work hardening:

a) isotropic hardening in which the yield surface is con-
sidered to expand isotropically in all directions during
plastic deformation. This leads to the material having
equal yield stresses in tension.and compression after
plastic deformation. .

b) kinematic hardening in which the yield surface is con-
sidered to not change its shape, but to translate in

stress space very much like a rigid body.

It is possible to consider models which include parts of
these two ideas, so that the yield surface is enla;ged and
translated, and a further refinement permits the distortion
of the surface. These models are very complicéted for real
materials, and although they can be made to be exact, they
do require some additional input from experiment before the

exactness is realised. Only one continuum model will be

examined in this section, after the dislocation models.
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A Dislocation Models

The hard second phase particles have an effect on
the yield process in the alloys. This process has been exa-
mined by Orowan (1548); t@e work of Ashby (1966a) and the
review of Brown and Ham (1971) give a good description of
the yielding. When a dislocation moving on a slip plane
encounters the hard particles, it is hindered, and unless the
applied stress is sufficiently large the diélocation is
arrested. Under the action of the applied stress, it will
bow between the particles; if the stress is increased the
extent of the bowing will increase. ‘Depending on the size
of the obstacle and the interaction between it and the dis-
location there will be a critical stress at which the ob-
stacle breaks and‘dislocation advahées to the next-part of
the obstacle array. If the obstacle is very strong so that
it does not break even wﬁen the dislocation has almost com-
pletely bowed around it the dislocation will reach an un-
stable semicircular configuration. It will then act as a
Frank-Read source, leaving an Orowan loop on each particle

- bypassed. The critical shear stress Tt can be written as

T = —

b ' -
I .

where p is the matrix shear modulus, b the Burgers vector

-

and L the interparticle spacing,
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As the plastic deformation increases, the number
of Orowan loops on the particles ?ncreases, and their inter-
action energy will be great. If all the loops are main-
tained there will be a large hardening effect; if some pro-
cess occurs near the particles to reduce the number'of the
loops, the stored energy will be smaller. The e;ergy or
the number of Orowan loops can be reduced by several pos-
sible mechanisms, including the conversion of the shear loops
to prismatic loops, the fracture of the particies, the cut-
ting of the particles, the decohesion of the particle matrix
interface, and the cross slip or climb of the dislocations.
When such a process takes place to reduce the number of
Orowan loopsg,the model is said to be relaxed, to distinguish
it from the unrelaxed ones in which all the Orowan loops
are maintained.
' The dislocation models will be examined in sequence.
The model proposed by Fisher, Hart and Pry (1953) attempted
to calculate the hardening caused by particles present in
a volume fraction f£. This hardening was to be in addition
to the hardening which the pure matrix would have undergone
at the same total strain. _fhey considered a single crystal,
oriented for single'slip, containing spherical particles;
and calculated the interaction between mobile dislocations

and a coplanar set of Ordwan loops surrounding each particle.

It was argued that this interaction, being repulsive, would




stop the operation of the Frank~Read sources on the same
slip plane and that an additional stress AT would have to
be applied for. further plastic deformation. This stress

was calculated as

ar, =3 £2/2 Wb

h

where the particles of radius r are surrounded by N Orowan
loops.

There was a maximum value for Arh; this was con-
trolled by those prodesses which could compete with dis-
location loop accqulation at the particles. The maximum
would be reached when the local stresses from the disloca-
tion pile-up close to the particles exceeded the yield
strength of the particles, or of the matrix, or of the par-

ticle matrix interface. Then the number of loops was ex-

.
£l

’ t
pected to remain constant and the maximum hardening increment

given by

_ 342
A'rmax-Bf 'l‘c

n

where Te is the éritical local stress.

The model has no further increment in hardening be-
yond the strain necessary to reach the critical stress T
at the particles. Thé value, of éhis strain is small, of the
order of 0.0l1, so that the model has only a limited useful-

-
ness, and provides little information at larger, strains.



TP B O ppm——r—. o ——

et T e

- 1%

-

At these large strains bne of the other models‘must be used.
There is no provision in the model for the effect of par-
ticle shapé and size on the hardening increment, and the
volume fraction dependence is at variance with that obtained
from %gter experimental work.

The authors did not consider if there would be a
Bauschinger Effect, but it can be argued that the repulsive
interactions, leading to long range stresses, between the
Orowan loops and mobile dislocations would cause a Bausc-
hinger Effect at small strains. At larger strains it is
not possible to make any prediction because the nature of
the process responsible for the éaturation of the hardening
increment was not known.

Ashby examined the work hardening process in a series
of papers (1966a, 1966b, 1969, 1970, 1971). He accepted
the Fisher, Hart and Pry (1953) idea that the early part
of the work hardening is due to long range back stresses
resulting from Orowan loop accumulation at the particles.

He calculated the number N of such loops as a function of

shear strain y for particles whose diameter was 4,

N =y 4/b

making the assumption that the back stress from the N loops

could be added linearly, the hardening was calculated as

AT = 6 n v f3/2
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This result differed from the Fisher et al. result in that
it calculated tﬂé increment of shear stress over the ini-
tial yield stress, not the increment over the flow stress
of a single phase material at the same strain. It is a
stress-strain relationship.

It can be seen that the model predicts a linear
work hardening rate, and that the important parameter is
not the size or spacing of the particles, but their volume
fraction f. The model leads to large elastic stresses on
the particles, and led Ashby to predict a large Bauschinger
Effect. However he did not actually define how the effect
wouid be measured, nor did he indicate the conditions under“
which reverse yielding would occur. This model is subject
to the same criticiém as that of Fisher et al. in that it
can be used only at small strains.

At a shear strain of y the stress exerted on the
partiéles and on the immediate matrix is close to Gy. The
array of shear lOOES will be stable only as long as the
local stress is smaller than that needed to activate the
relaxation mechanisms which restrict the range of applica-
tion of the model of Fisher et al. However as the strain
increases, the local stress exceeds that required to acti-
vate a relaxation mechanism. It was felt, on the basis of
the work of Hirsch.and Humphreys, that the prbcéss would

be cross slip, as this would take place before the genération
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N

of new dislocations from the interface. It had been shown

o
for Cu-SiO, alloys with particles 1000 A diameter that a

2
stress of approximately 0.0lu could lead to cross slip.
Then the shear array could be expected to break down at
strains of the order of li._ The figure may differ for other
alloy systems but it does indicate that only a small strain
is required to cause the breakdown of the array of shear
loops at spherical particles.

Above this strain, secondary dislocation loops are

formed to accommodate the plastic strain gradient between

the particle and the matrix. Ashby calculated their density
\

= L 4y
¢ = X; B

He gave the title "geometric dislocations" to them since
their presence was required to maintain compatability bet-
ween the matrix and the érecipitates. They were thus dif-
ferent from those dislogations which were present in the
materi;l for other reasons. In the microstructure, however,
it is not possible to distinguish between the two types of
dislocations. The(parameter AG was the geometric slip dis-
tance, and was a characteristic of the structure. It was
compared with the parameter AS for the étatistical storage
of dislocations (as used by Mader 1963) which is a function
of strain. For alloys containing particles, XG was the

N s .
interparticle spacing on the slip plane in the slip direction.
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In this model there were two components in the

hardening:
a) the long range back stress as calculated for thé earlier

model
b) the secondary dislocation or frictional type hardening. -
However it was not clear how the long range back stresses
should have been included and Ashby exéluded them, arguing
that they ‘
(i) were limited to applicability at small strains (% 1%)
(ii) represented a minor contribution to the work hardening

in alloys with a small volume fraction of particles.

The model was then developed to describe the work hardening

in terms of the total dislocation density bp. along the

lines of the model used by Nabarro, Basinski and Holt (1964

T =T, + Cub%pT

where T, Wwas the initial yield stress and C a constant.

The total dislocation density was considered as the
sum of the §tatistically stored dislocations and the geo-~
metrically necessary dislocations. When the geometrically
necefsary contribution doﬁinates at small strains the dis-

location density is

Pp = Pg = 4Y/J\Gb
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T =T, + 2Cu ¢5Y7XG
Since AG is strain independent, the formulation of the -

work hardening, based on dislocation density, shows a para-
bolic dependence on strain.

It is of interest to point out:
a) this is quite a different equation from the earlier qne
3/2

T = T, + 6uyf

b) for spherical particles it reduces to

- fby
T = To + 2Cu T

in which there is a parabolic dependence on strain(épd
the important particle paramgters are YE/r.
c) for platé shaped particlés, with Ag = L = particle

spacing

T = To + 2Cu ¥ bY

L
which again has a parabolic dependence on strain; the
volume fraction does not directly enter the equation.
d) at large strains the statistically stored dislocations

will dominate the hardening: as shown in Figure 2.2.

This model does include a Bauschinger Effect, but
only because it arises from the shear loops accumulated
during the early part.of the deformation. The number of
ﬁhese loops is expected £o remain constant during the de-

formation, but the forest hardening, due mainly to the

'
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The statistically stored (shaded band) and geometncally necessary dislocation
ceasity, plotted against strain. Note that pG can dominate the total density at small
stramns but be swamped by the staustically stored dislocauons at larger stramns.

2.2, Figure to show that the dislocation density,

gedmetric and statistical, depends on strain.

k3

(After '‘Ashby 1971)
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secondary loops, will increase. The forest hardening al-
ways hinders the dislocation motion, so that, as it in-
creases, the Bauschinger Effect will be expected to decrease.
However, although Ashby recognised that some materials had
been shown to have a large Bauschinger Effect, -he did not
include the long range back stress hardening in the final
formulation of his model. The large Bauschinger Effect ob-
tained in some materials must thén raise doubts as to the
épplicability of Ashby's equation to them. Perhaps of
greater importance is the objection that, in the model,
Ashby used the average dislocation density, which is a sca-
lar guantity, to describe a work hardening process'which

is known from the Bauschinger Effect to possess a definite
directionality.

The applicability of the Ashby model was examined
in considerable detail by Russell and Ashby" (1970). 1In
‘this study, the work hardening and slip characteristics of
the aluminum~copper alloys containing 2, 3 and 4% copper.
and aged to 6' were examined by éhbjecting single crystal
test pieces .to compressive strains. In this alloy; the -
interparticle spacing L sets an upper limit for the geome-
tri? slip distance AG' and for all the alloys it;was cén-
sidered that the particles dominated the work hardening

.-
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since

At a shear strain 7y, the density of dislocations

was calculated to be

p = 4y/bL

and the dislocations were to be stored at the particles in
such a way that,jbn one side of a particle, all the dis-
locations had the same sign; this sign was op@osite to that
of the dislocations on the other side of the particle. The
result was that the particle and the matrix adjacent to it
were rotated through‘an angle ¢ = vy for shear strains

"y 2 0.20. Such a rotation would be expected to give rise
to extensive X~ray asterism ané differences ih contrast at
the particles during TEM studies. : .

The 1a¥ge X-ray asterism was established in the ma-
te:ialé containing the platelets. Comparison tests on idep—
tical but queﬁched single phasé solid solution alloys of‘
thé.same composition at the same strains showed asterism,
but it was not as ektensively developed. From a study of
the, asterism it was possible to show that the rolier axis
for the'deformat%Pn was [121]. The electron microscopy
also confirmed the presencé of the dislocations with pri-
mary Burgers vector stored close to the par£icles. Further

wqu involving the studf of the shabe change showed that

the éeformation'took place bj\slip on a single slip‘s?stem,

H
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and not, as many'had earlier expected, by multiple-slip.
Measurements of the dislocation density with stra;n
showed that 'the storage rate was much higher when the par-
ticles were closer together. The authors then attempted to
establish a relationship between the‘dislocation density

»

and the shear strain, and between the dislocation density
and the work hardening increment;'it is unfortunate that
only two points were available for each of these possible
relationships.. It was argued that the dislocation density
measurements showed that the flow stress of the #lloy de~-
pended simply on the sguare root of the dislocation den-
sity, which led toza parabolic relationship between the

shear stress t and the shear strain y, for all volume frac-

tions

T =T, 0+ 0.35u ¥p

T, + 0.35p V E%

il

By comparing the data from their own experimenﬁs
and also that of pew—Hughes and Robertson with the above
g?uation; Russell and Ashby were able to obtain good agree-
ment between theory and experiment, and argued that the
work hardening in the Al-Cu alloy aged to é'\could be ac-'

«counted for by their simple model.
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The implications of this model will have to be
discussed in greater detail later. Here it is sufficient
to indicate again that it does not include a contribution
from the long range back stress hardening, (and no Bausc-
hinger Efféct)‘because it was consiflered that this contri-
bution would be very small. '

Hirsch and Humphreys attempted to give an account
of the uniaxial work hardening iﬁ two phase alloys'at
strains larger than that necessary to cause cross sl;p.
The basis of the model was tha£ the hard particles were
bypassed by the cross slip mechanism proposed by Hirsch
(1957, 1962). In this mechanism the particles were by-
passeé by the screw component of the mobile dislocation

-~

undergoing cross slip and leaving at the particle a pris-

‘matic loop. There was considerable microstructural evidence

for this mechanism in the work of Hirséh and Humphreys
(1969, 1970) on Cu-sioz, Cu—A1203 and other two phase
alloys. Their micrographs showed many prisﬁétic loops ar-
ranéza close to the particles, the rows of loops suggest-
ing the type of mechanism which took place at the particles.
Occasional Orowan loops in thé arrays show that the dis-
location processes are complex. -

The model was based on the premise that the flow

stress of a work hardened material depended not only on the

density of the dislocations, but also on their type and
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distribution. The dislocatjons of most interest e the
arrays of prismatic loops with primary Burgers ;;:tir, left
close to the particles. There were essentially two steps
in the calculatién of the hardening:
a) an estimate of the number N of loops on each particle
as a function of strain

b) the calculation of the hardening due to those loops.

To estimate the number of loops it was considered
that each Orowan loop gave rise to one prismatic loop as a

result of cross slip, so that if no recovery takes place,

at a plastic strain ep,

N=2r ¢
P /b *

H

In the calculation of the hardening it was argued that the
screw dislocations will interact-with the arrays to form

the commonly observed helices, and that the dislocation will
bow between the end of the helix and the neighbouring par-
ticle. As the applied stress increases, the dislocation
will have a greater tendency to pass because its loop radius
will decrease, and also the pitch of the helix will decrease.
The effect of the array was to convert the spherical obstacle
into a cylindrical one, so that its length was expected to
increase with increasing strain, subject to the array being

stable.

N
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Thé average spacing of the obstacles changed, and
a new criteri&n for bypass was established. This was that
the mobile dislocations would bow until they touched a °
nearby array, after which the dislocation would continue
to propagate as a double kink. Then; using eguations de-
rived from the geometry of the arrays and an equation de-
rived earlier to give the yield stﬁength of .a material con-
taining N

obstacles per unit area on the slip plane,

s
W o

. - :8LubNY2 o ar o

_ 2Zr (I - v} r, ) ‘//

is the dislocation core size, '‘and v is Poisson's

wherelro

Ratio, the following equation was derived for the hardening:

\

A

I.Ib S “n Z£

At =
217(1—\))172 2D2 s

in which S w;s the arra& size and D the distance between the
end of the array and a nearby paréicle. ‘

The equation was simplified using the assumptions
that all the loops were pressed against the particles and’
that their spacing Gas approximately equal to the particle

-

radius. Then

_0.10 2r
AT——WQ-D(I:O .f.sp

This equation shows a linear dependence on strain and volume

fraction and slight dependence on the partigle radius.
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The model and calculations must be expected to hold

only at small strains. At larger strains the prismatic

loops do not lie in neat arrays; some of them are secondary

loops, some are swept away by mobile dislocations on adja-

cent slip planes, and as the strain increases, a greater

proportion of the loops .is expected to be randomly distri-

buted. The work hardening rate will be reduced.

To ascertain if the model can predict a Bauschinger

Effect, it is necessary to consider it in three parts:

a)

b)

¢)

small strains (<0.01): at which the only loops are Oro-
wan loops. These will give rise to a long range back

stress and a Bauschinger Effect. This point was not

 discussed in the paper by Hirsch and Humphreys, but the

result shouid be similar to that of Fisher, Hart.and
Pry. .

larger strains (<0.1l): at which the primary prismatic
lobps are present. The arrays contributed to the
hardening, principally by reducing the separation of
the particles. This does not lead to a Bauschinger
Effect. However, the contribution due to the few Oro-

wan loops will still exist, but its relative magnitude
will be reduced. o

large strains: the random prismatic loops wliich dominate
the hardening will have‘no long range back stress, and

no Bauschinger Effect.

s



Thus the earlier papers by Hirsch’and his co-workers
do not predict a Bauschinger Effect comparable to that ob-
served ‘in many materials. Their model is applicable to
materials containing *small particles, and can not readily
be extended to those with large precipitates or with precipi-
tates'not'spherical in shape. The reason is that, in ma-
terials with large precipitates, the dislocations are not
arranged as observed by Hirsch and Humphreys. As stated in
their work, prismatic loops with primary Burgers vector were
generated by cross slip at and on one side of the particles.
This is not the common observation if large particles are
used (Brown and Stobbs' 1971, Atkinson et al. 1973, 1974); then
there are large numbers of‘dipoles and/or secondary slip
occurs.

In two important papers, Brown and Stobbs (1971)
attempted to describe the work hardening of copper alloys
containing a small volume fraction of silica particles. 1In
their microstructural examination of the deformed alloy,
they observed many secondary dislocations, with some pri-
mary ones. The secondary dislocations they considered to
have been formed as a fesult of plastic relaxation pro-
cesses near the silica particles. Before attempting to
develop a model t6 include their microstructural observa-
tions, they examined a model in which no relaxation took

place. It was realised that such a model was unrealistic
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for their alloy, but its development has led to some clari-

fication of a difficult problem.

The particles were consi;;:gd to be spherical; the

dislocations trapped by them were smeared out as in a con-

tinuum model so that they did not consider the slip line

5pécing. They sought first the solution to the problem of

the resulting stresses and strains in a finite body (con-

taining a volume fraction £ of particles radius r) if it

were given a uniform shear strain ¢ . They used Eshelby's

P

model (1957) and calculated the displacements in the matrix

and in the particles; the results were compiicated, but they

did Ehow

a)

b)

c)

Fyere were long range and short range stresses in the
maprix

these stresses had a mean value of zero, so that they
were as likely to aid a moving dislocation as to oppose
it

for the particles there were stresses inside, whose

magnitude was given by :

%z T %2x © 2y M gp

where y is an Eshelby constraint factor. All other .

oij = 0,

These stresses were independent of pgsition and of

the size of the particles. The important point in this
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.

.

model is thaf, since all the stress components in the matrix

Gij have mean values of zero and there still exists the Oz
L4

in the particles, this 0,p Can be averaged over the whole

test piece giving a value

Oz = 2y £fu ep

In paper I (1971) this is called the image stress, but in
later papers the term "mean stress in the matrix" is used.
It is the average stress exerted by the particles in the
matrix at a strain E?' This stress acts to oppose continued
forward deformation in the matrix and to aid deformation in
the reverse sense. Further modification of the elastic con-
stant b is required if the particles are not elastically
identical to the matrix. '

In paper II the possible processes of plastic re-
laxation were discussed. In these processes the prihary
shear loops (Orowan loops) interacted with each.other and
with approaching dislocations to givg different types of
dislocation confiéurations, with primary and secondary
Burgers vectors. For small particles oﬁly.primary disloca-
tions were observed, and the process was similar to that
proposed by Hirsch (1957). For larger particles, at larger
sgrains, relaxation occurred and the formation of secondary

:dislocations took place. The formation of these secondary

dislocations had important consequences in that it

*
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s
a) legdg to the local hardening of the matrix adjacent to

e particles and thus it
b) /' made further plastic relaxation mofe difficult.
The plastic relaxation reduced the unrelaxed strain and this
caused a reduction in the mean stress in the matrix. The
total strain was % and it was equal to the sum of the re-
laxed strain and the unrelaxed strain %;. The size of the
secondary dislocation zone at the particles increased slowly
with strain. The work hardening was considered as tﬁe sum
of the hardening resultiﬁg from the mean stress in the mg-
trix, and that caused by the increase in thé dislocation
density adjacent to the paréigles. The formula used by
Ashby (1971) and by Nabarro et al. (1964) was applied to
calculate the hardening resulting from the secondary dis-

locations /
At =aub/psec

Detailed consideration of the relaxation processes

b Y

has shown that: - ’
8e b
a) the unrelaxed strain e* = (—212——01/8. o . (_Fg_)l/Z
P o ebro o

This shows almost a quadratic dependence on the imposed
strain. There is an inverse dependence on particle
size. .

b} the contribution from the secondary dislocations (or



c)

d)

e)
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forest) is calculated as

1/2U

fp local /

Here fp is the volume fraction of the regions containing
secondary dislocations, and are called "plastic zones".
is the local flow stress in the plastigc zone.

clocal

the mean stress in the matrix is f u e;.

since the volume fraction of the plastic zone depends
linearly on the volume fraction of the particles the two

hardening contributions have a volume fraction depen-

dence, such that

mean matrix stress contribution 1/2

forest contribution = £

This is important since it bredicts the origin of some
of the volume fraction dependence of the Bauschinger
Effect.

the forest hardening term is similar to that of Ashby
(1966, 1970). The back stress term is smaller by a

1/2 and so for small volume fractions the

factor of £
back stress makes a very small contribution to the work
hardening,

172 _ 0.1

for example, at £ = 1%, £
and Ashby was correct in not including the back stress
hardening in his model. However the Brown and Stobbs’
thesry of the work hardening given above is dependent

on there being a large plastic relaxation so that forest

.

.
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hardening dominates. In materials in which there is
little forest hardening, as for example in those tested
in this present work and in fibre composite materials,
the conditions imposed by Brown and Stobbs are not

obeyed, the volume fraction fl/2

dependence indicated
above is not valid and Ashby's assumption that the back
stress haraening is negligible is not correct. This last
point is very important and will be developed in a later
discussion.
f) The model also predicts a Bauschinger Effect with the
difference in the yield ‘stresses being predicted rea-
sonably well. This is better than most other theories
which do not include a Bauschinger Effect. The origin
of the effect is in the back stress (or mean matrix
stress) which opposes the continued forward deformation
and-aids the reverse deformation. The authors point
to the evidence fro? the work of Wilson and Konnen
(1964) and Wilson (1965) in éupport of their belief
that the long range back stresses are responsible for
‘the Bauschinger Effect. The work of Wilson will be exa-
mined in the next section. )
Tanaka and Mori (1976, 1973) considered the work
hardening from a continuum approach in which they ignored
)any effect of slip line spacing and were interested in the

effect of the particles on the free energy of the system.
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The particles were allowed to deform only elastically and
the plastic deformation was considered to take place by
multiple slip since it was argued that this process gave a
more energetically favourable deformation mechanism than
single slip. The deformation was € in a tensile direction
and - ; in the traﬂsverse directions.

The free energy change was calculated for a ma-
ﬁerial containing N non deforming particles, after a plas-
tic stréin € at which the applied tensile stress was Ope
The result was '

_ 1. 2
-G = N[Eel * Eint + Einh] TE %A Vo

+ 0_¢€ Vo - g

o €Y

A

The individual terms were explained as follows:

1. Eel is the elastic strain energy in and close to the
inclusions due to the particle deforming elastically
whilst the matrix is deformed plastically.

2. Eint is the interaction energy of the internal stress

field under the applied stress.
3. ‘Einh is the energy due to- the disturbance of the external

stress due to the differing elastic constants.

4, % E oi Vo is said to be the elastic strain energy the

body would have at the applied stress o, if it had no

A
inclusions. It is not clear that this is so, since the

product E oi is not an energy.
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5. 0,€ VO is the energy diséipated by friction during the
piastic flow of the body.

6. cAe.Vo is the change in the external potential energy
due to the occurrence of plastic flow.

The conditions for stable deformation were given

as
2
3G _ 3°G
e = 0 and ;:2 > for ¢ constant.

Then, using values for terms 1, 2 and 3 above, derived
earlier in their work, it was shown that the stress-strain
relation for a body containing spherical particles was of

the form d

g = 00/(1-3) + AE¢/ (1-B)
where A and B are constants for a given alloy system ana de-
pend on the Elastic Moduli, Poisson's Ratios and the volume
fraction of the particles and matrix.

Similar calculations for other alloy systems con-
taining disc-shaped and needle-shaped particles showed that
the same formula could be used, but with different valués
of the constants A and B. These constants also depended on
the paréiéle orientation.

'Tﬁe derived equation predicted a linear hardening
rate AE/(1-B) and a vield stress of o,/ (1-B), but the authors
acknowledged that the initial yielding might be governed by

the yielding of the matrix.at its own yield stress O, and
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that tEgré could then be a small strain in which the work
hardening rate was high.. This Agrees with maﬁy experi-
mental results; Beyond this small strain, the hardening
rate would be AE/1~B. -

Further work has showg that the hardening rate is
almost linearly proportional to the volume fraction at
small *volume fractions and closely similar elastic moduli.
The effect §f the difference in elastic moduli also seems
to satura?gr - ‘

The work hérdening‘behavioué depended on the shape
and orientaéion of theipaiticles'and,it was shown clearly
that the effect was greatest for disc shapedlﬁarticles
parallel té the tensile a#is. The spherical particles had
t@e smallest contribution. The effect of particles at
random orientations to the‘tensile axis, as'for example din
a polycrystalline material, waé given as a weighted ave-~
_rage of thgleffects QE tﬂe_particles ﬁarallel'to,and per-
pendictdlar. to the tens}le axis. ' ‘

Tﬁe ;uthors also considered the breakdowh‘of linear
har@ening and its resultant parabolic form. They can be
considered to have apprbached\the work hardening behaviour
in a way_siﬁilar to that’éf Brown and Stobbs. At smdll‘; i
strains the deformation was unrelaxed;‘aé'largef.strains
tit.was.requed. Fér Taﬁaka and Mori ;hguieléﬁatioh pro-
cess was ’the on_set of prism'at‘ic': Quncgi:hg ‘:oi: thi eross slip

*
. "
-

-

A
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of dislocations. They attempted to calculate the strain
necessary for this, arguing that the relaxation process

will take place when the shear stress in the particle matrix
interface exceeds the theoretical shear strength (approxi-
mately u/30). Their results indicate that for many diffe-
rent materials the critical strains are less than 5% tensile’
strain. '

It must be pointed out that, because of effects not >
included in the model, the work hardening éalculated is a
lower bound. It was assumed that all the work done by the
extra applied stresé_over the initial yield stress was
stored as internal elastic energy. &2ny additipnai work
used to prodﬁce heat was not inciuded and as such must cause
the correct flow stress to be higher than that calculated.
An example of.the processes dissipating energy is disloca-
tion bo&ing due to'ﬁon uniform stress fields in’the body .
These local differences in the stress field are due to the
" elastic moduli diffegences. ™

Brown {1973) has shown that the hardening calcu-
lated by Tanaka and Mori is the same as that calculated in
the papers by Brewﬁ!and‘Stobbs and’called "image" stress,
or later "mean stréss in‘th% matrix", Since the'hardening
calculated by Tanaka and Mori is not frictional, but rathef
a back stress type hardening, it must readily account for

the la;ge Bauschinger Effect observed in .materials containing
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hard particles. However, they did not indicate the condi-
tions for reverse yielding.

In an attempt to extend the work of Fisher, Hart
and éry (1953), Hart (1972) was concerned with avoiding
the principal defect of the earlier thegry. Helassumed
that the O;owéﬁ stress was simply additive to the matrix
flow stress, and that the effect of the back stress from
the trapped loops raised the critical stress for bowing
additional dislocations between the particles. He recog-
nised that the Orowan process was a critical step, and
attempted to calculate the strain hardening increment t

h
where . . ) .

-with T = flow stress of the alloy, and T t@g flow stress
of the single phase material at the same strain. There is
here the important assumption, also made by Fi;hér et al.
(1953), that the matrix work hgrdens as if the second phase
were absent. This assumption can be readily disputgd on
the basis of the microstructural evidence obtained by Brown
and Stobbs (1971).

Hart equated the work hardening to the additional
Streés_necessgry to force a dislocation between o par-
t}éles each of which is surrounded bj several O:owag ioopé.

It is important to realise he not only calculated the‘gffect
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of source shortening. Rather, by considering the inter-
action between the glide dislocation and the existing loops
as aldipole he calculated the forces between them. The re-

sult, assuming single slip is that

= T (1 + Ay 2e3/4 4 pyagd/2

where To is the Orowan stress, and y* the unrelaxed strain,

such that h

Y* = Nb/2r N

where N is the number of loops on e particles. Here A
and B are constants including the mod .us, line teﬁsion,
particle radius and number of loops. Since some relaxation |
"took place Y* < y the imposed strain. However, the harden-
ing resulting from the relaxation debris was considered
negligibli/gnd\was ng; included.A The work harde Qfg ?ad.a
mgximum value determined by v*;

a) Y < y* hardening is parabolic in strain.

b) ¥ > v* hardening .is constant.

Aﬁcording to Hart, the model‘predicts a large
Bauschinger Effect on stress reversal, butvnoé upon simple
stress removal. He explained how the calculated back stress
aids the reverse motion of the dislocations and ﬁow‘the

dislocation loops on the particles provide no resistance to

this motion. Even if the reverse motion of the dislocations

N
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was not on the same slip plane as the dislocation loops,
the shorf range'inperaction could be expected to lead to
the annihilation ef the loops, with perhaps some debris
left behind. The particles with loops were not then ex-
pected to resist slip in the reverse direction. However,
he seems to have ignored the effect of the friEtion stress
in the matrix.

It was predicted that for a prestrain of y the
streés increment Tp On stress reversal would be substan-
tially zero (or even negative) for a strain interval
apprpxiﬁately equal to vy or v*, whichever was smaller.

After this reverse strain, the stress increment would rapidly
rise to the value T, and hardening would continue agein,
being given by the equation derived, but with y now measured
to start from the sudqen increase at T,

| This model considered only the hardening arising
from the interaction of the dislocation loops with the
bowing disloeations. The hardening mechanism used above by
Hirsch and Humphreys was not included. Hamt considered that
hthls type of hardening - resulting from the lnteractlon of
gllde dlslocatlons with dislocation debrls left over from
cross slip processes - was much less than the contribution
calculated in hig~mode1. The debris hardening is a fric-
tlon type hardenlng° if affects dislocation motion in both

the forward and reverse dlrectlons and as such it has thed
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'effecé of reducing the Bauschinger Effect.

Likewise Hart did not calculate the long range back
stress .hardening due to the elastic deformation of the par-
ticles. This stress would have to be added to that calcu-
lated as Th and, since there is no forest haréening asso-
ciated with it, the magnifude of the Bauschinger Effect
would be increased. He does not give any criteria to deter-
mine the onset of reverse yielding, exceét to say that it
will not také place during unloading, and that some reverse
stress is necessary. The reasons for this rgyerSe.stress
are not given, but the inclusion of a back stress due to
the particles-ﬁuét reduce the}reverse yield stress. This
is hinted at in an appendix to the paper.

It seems appropriate here to point out that the
curve shown by Figure 1 in Brown (1973}, here Figure 2.3
labelled "Hart", used to compare experiment wigﬁ theory
should really be called "Hart and Brown and Stobbs". It
represents the combined back stress theéry of Brown and
Stobbs and the theory proposed by Hart. When the Brown
and Stobbs forward curve is compared with that of "Hart,
Brown and Stobbs" it is easy to see that the Hart contriﬁu—,
tion is a smaller one. It does, however, have a great ef-
fect on the reverse curve, but, as explained above, it is

not clear how Hart arrived at his reverse yield criterion.

Brown and Clarke (1975) attempted to calculate the

\ [

-



x
-
b
[
-
3

Y o
~=
"

2 4

P Y —r— € 1 a0t —

——— = Tamaka ond Mom
4 e Bmows end SrTosss

' T R T D B B

Compuron of theores for the PMS with cxpen-
mental obsorvation

Tho eapernnental atress stvgin curvo is taken frin
Brown and Stobhx.'$t  For thix material (Cu $i0,),

J = 0847, o= 4.8 -~ 103 Kgmm-%;

ne
0d; —— = 0.8
! B =y — )

wnel mean volunetnie particlo radius = 650 A,

Tho curve lubollod "I‘anulm and Mori is construetesd
fion oquation (3). The unloading bohaviour s detornnned
by the awumption that the Orowan strosos acts a~x u

* friction stress, =o that no revorss flaw ocecurs until the
~truss drops by 2a,.

Tho curve lubelled Hart 13 takon from roforence (2),
cquation {22) ax cirreoted in the appondix of that paper
Iu Hart's notation, x® in the unrvlaxed glido stram and ~
cqual to 2¢,. Thu unlvading curve w cunstructed uccond-
ing to Hart's primeription,

The ocurvo laballed Beown and Stubbs is conntructesd
frum reforencs (4). The unloading Lehavieur has been
conntructod B follows:  awsume that the fluctuating
stresowes with zoro inean value act emscntially us s friction
strosa, x0 that they pluy tho rulo of g, in Tanaka and

. Mori's theory. Then the stress must bo lowsred by twaee
the amount by which Brown and Stobbs' curve exeeetix
‘Tanoake and Marn’s curve bofupo roverse flow starts, and
themafter tha roverw flow follows a curve which i«
amply tho forwand work-hamlening curve, displaced
downwards hy a conntant amount. .

This figure repluces and improves upon Fig. § of refir.
neu (4), which ix erroncausty drawn,

Fig. 2.3. Comparison of different work hardening models,
including the Bauschinger Effect, for Cu--SiO2

(After Brown 1973)



L 4

work hardening in two phase materials by considéﬁing that
the resistance to plastic deformation in these materials .
was made up from five contributions:
a) friction stress of the matrix
b) Orowan Stress
c) mean stress in the matrix. It is equal to the differen-

tial of the total elastic energy with respect to strain

d) 1local fluctuating stresses of mean zero value which are

L4

heat prBducing

- due to the.inﬁéraction of the

e)‘ forest contribution
glide dislocations with the increasing density of secon-
dary or forest dx locations as plastic relaxation takes
place. d

In the model, Brown and Clarke examined.the work
haréening under conditions where no plastic relaxation oc-
curred, and attempted to calculate the work hardening in-
crement arising from the mean stress in the matrix. Then
differences between the calculated increments and the ex-

e,

perimental valué@ were attributed to other forms of harden-

ing, for exafiple source shorteniﬁg, ‘

The determination of the mean matrix stresses makes
use of the work of Eshelby which attempts to calculate the
stresses and strains produced in the matrix when an inclu-

sion changed its shape due to a transformation. The inverse

.is used in the model. The material undergoes plastic
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.
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deformation under the action of the external stresses, but

the changes in shape of the inclusion are elastic and the

interaction of this elastic deformation of the inclusion
with the matrix leads to the devélopment of the m?an matrix
stress. It was assumed that the plastic deformation was
uniforﬁ, so that the slip line spacing was much smaller

than the particle size. The model attempted to calculate
two quantities: ‘

a) the mean stress in the matrix following a plastic defor-

N

. Mmation by single slip. N
~b) the stress needed to continue plastic deformation in a
material oriented for multiple slip.
' The moéei used as its starting point Eshelby's equa-
tion for the mean strain in the matrix <8ijF>M (in a Finite

material) in terms of the transformation strain éij' the

Eshelby coefficient S,

ijk1 and the vqlume fraction £,

U

P, _ o,.T _ s
€5 = EO&55 = Sisk1 Sl

Brown and Clarke simplified this

= f v £

i3 p '
where %p was the fractional tensile strain and Yij was a
second rank accommodation tensor, which can be defined in

terms of Sijkl' Also defined were the stress accommodation

ceefficients zij such that
. L
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with

Igq = Y5y * ‘r;\g’v”mm‘sij

The authors calculated Sijkl for ellipsoidal inclu-
sions of different types, including ribbons, fibres, discs
and spheres, and they also t}eated three cases of importance
for this study in which the inclusions were on cube planes.
The calculated Sijkl gave the values of Yij.needed for the
determination of the contribution from fibres and discs
parallel to or perpendicular to the tensile axis.

The‘table giving the stress a?commodation coeffi-
cients showed that in all except the most symmetric case the?e
are hydrostatic stress components. These caused a need to
decide on a criterion for plastic flow before the work har-
dening could be calculated. . The choice was the Tresca cri-
terion which made use of the difference between the maximum
and minimum principal stresses being equal to twice the re-
solved shear stress for plastic flow. Then the critical

resolved shear stress required to overcome the mean shear

stress’ in the matrix was written

OsuEar = 2YHEg, .

where ¥y was the accommodation factor given for single slip

and multiple slip in table 2BC.
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The analysis was extended to include the effects of
elastic inhomogeneity. Again using Eshelby's approach and

the Tresca criterion, it was shown that

OSHEAR = ZYufepD

where D is the modulus correction factor. Values for D,

for discs and other shapes, were presented in graphical

form to show the dependence on modulus and orientation. The
result that discs parallel to the tensile axis had a greater
effect than fibres parallel to the axis, with spheres having
a small effect, s?pported the work of Tanaka and Mori.

The authofs compared their equations with the ex-
perimental results for many. different alloy systems. The
calculated hardenirg rate was always smaller‘than the ob-
served rate. This difference was expected, because the
model ignored the locally fluctuating stresses which caused’
the required applied stress to be greatér than the calcu-
lated stress.

The stress calculated in this_model was the mean
stress in the matrix; it has the same effect in the work
hardening as the back stress. This means that the Bausc-
hinger Effect is expected, and the stress calculated will
aid the reverse deformation. The authors do not, however,

consider the conditions for reverse yielding.

Since this model attempted to include the Bauschinger

<
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Effect, and to consider the effect of particle shape on the
work hardening process, it will be examined later and a
comparison will be made between it and this experimental
work.

Hazzledine and Hirsch (1974) were concerned to cal-
culate the effect of Orowan loops on the flow stress, work
hardening and Bauschinger Effect in Cu-Al;O3,'and to conm- '
bine the different hardening mechanisms to derive a stress
strain curve. In the model they considered the deformation
to take place in such a way that each particle was inter-
sected by only one active slip plane (particle diameter
<500 R); in this they differed from earlier authors who as-
sumed that the deformation was uniform. The single slip
plane intersecting each particle resulted in a pile up of
circular, concentric and coplanar Orowan loops. The slip
pldne spacing was an independent parameter which had to be
determined in order to derive the work hardening curve.

At small strains the loops were stable, but at large strains
other dislocation arrangements were obtained, in a manner
discussed by Hirsch and Humphréys (1970) and Brown and
Stobgs (1971). The accumulated loops stood off from the
particles, the innermost hugging the interface, the suc-
ceeding ones being at a distance controlled by the inter-

actions and applied stress.

The model considered the work hardening to be made

Lagec)

N
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up from three principal components:

work - limage long range + bowing
hardening stress back stress stress

LR~

The image stress and the long range back were two long range
back .stresses whicg opposed continued deformation in a for-
ward sense and aided the deformation in the reverse sense.
The long range back stress was calculated, assuming an in-
finite solid, using a method based on the work of Krouba
(1962) ; only the loops on the active slip plane had any con-
tribution to this back stress. The back stress on all
other parallel planes averaged out to zero.

The image stress was the same as that calculated by
Brown and Stobbs (1971); but in tﬁgs case the shear strain
had to be reconsidered. As stated Brown and Stobbs assumed
a uniform shear; whereas Hazzledine and Hirsch allowed slip
on only some planes so that the particles were intersected
by only one active §lip plane. The term in the Brown and
Stobbhs formula had to be replaced by an expression which
included the slip line spacing, and a correction for the’
mean aréa enclosed by the loops. ‘

The bowing stress was based on the stress required
.to bow glide dislocations between two particles whose cen-
tres were at some distahce apart, and which had some Orowan
loops. These Orowan loops stood off and reduced. the criti-

cal length of glide dislocation which could bow., As this



length was reduced the applied stress had to increase.

Although.the slip line spacing was assumed constant,
it was realised tha£ it could vary with strain. This would
have had a profound effect én the nature of the stress strain
curve. The authors decided to minimise the flow stress at
a given strain to determine the slip line spacing. The need
for uniformity of deformation would lead to a reduction of
the slip plane spacing, but there was an interaction between
dislocations moving on parallel slip planés which tended to
increase the spacing.

The reverse deformation céuld be considered to take
place on the same slip planes as used for the forward de-
formation. However this has been found by Hazzledine and
Hirsch and by Brown (1973) to lead to a reverse stress
strain curve for which the stress level is too small when
compared with experiments. When Hazzledine and Hirsch in-
troduced the interaction stress between'dislocations moving
on parallel slip plaﬁes the reverse curve wagjbeiter, but
the work hardening rate and Bauschin;er Effect were too
large. The third possibility considered was that of stor-
ing about 4-5 Orowan loops on the particles and converting
additional loops into prismatic 10053. " This process would
still lead to an indreasing bowing stress with increasing
strain. This gave a reasonable agreement with the forward

and reverse curves, even though it was acknowledged that

~ >



52

the reverse calculation required some arbitrary assumptions.

The good agreeﬁent of the "hybrid model" with the

' forward and reverse stress strain curves does not readily

ledd.to:tbe model being accepted. One reason for this is

the slip plane spacing. The authors did noégcleerly etete
which slip plahe epacing was being used. In a model of this.
kind, the value which should be used is the current slip
plane spacing; that is, the spacxng between those slxp

planes which were?actlve for a given infinitesimal strain

increment. It is unlikely to be'the slip plane spacing ob-

. tained from surfaCe measurements on the test piece after a

small strain. The value obtaxned in an experxment like

~

thlS would be a lower bound on the spacing.
o5

Brown and Stobbs in Paper V (1976-7) have argued
against the use of the sllp plane spacing as found in this
model of Hazzledlne and Hirsch. The slip plane spacing
'was considered a means of introducing the term for the
interaction hardenlng due to dleiocatlons gliding on parallel
slip planes. It was important to Brown and Stobbs. that thé‘
interaction hardening was necessary in the Hazzledine and

’

Hirsch model to-produce the good agreement between the ex—"

L] ¢ . * »

perimental results, and to dvoid having a slip plane .spac-

ing which was indefinitely small. In their view the slip’

" plane spacing will be as small as the nunber of actlve

'soﬂrces allows. They asserted that it will be small enough '
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so that the continuum model as used by them (in which the
dislocations were smeared out) will give a reasonable esti-
mateﬁof the internal stress. The need to invoke the inter-
action hardening is conéidered unjustifiea as the data of
Gould et al. (1974) can be satisfactorily explained by
other models. It was the experiments of Gould et al. which

the model of Hazzledine and Hirsch was trying to describe.

B Continuum Models

[~
The models discussed s8o far have been dislocation

mod?ls: it seems appropriate tc conclude this section with
a description of some continuum models which have recently
been discussed by Asaro (1975). The first of these models
was proposed by Ma§ing (1927), and in it the material was
considered to be made up grom many elastic-plastic elements,
each wi%h a diffefent yield strength. The elements were
:;erfectly plastic so that no work hardening occurred during'
<zheir plastic deformation. They were also identical in
size and had equal yield strengths in tension and compres-
‘'sion. |

ﬁThé stfess-st;ain history ‘of a material composed of
elements bound in parallel iike this can be examined. For
the first part of the dégéfmation all the elements will de-~
form elasticallf until the stress oy is reached at which

element 1 undergoes vielding. If this happens at a strain

Fa
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¢ e
ﬁ_the stress is Oy As the load increases, element 1 e

makes no further contrxibution to the load carrying ability
and the stress on the other element increases faster. At

a stress 0, element 2 undergoes plastic deformation; the
strain is g - Again increasing the load CaUSZS further
yielding of addiéional elements to take place, and the mean
stress in thé& structure at the time when the last element

yields can be calculated from
0= (0, + 0y + 03+ ..., cn)/n ,

When this model undergoes reverse deformation after
- » g . 1]
a prestrain the elastic unloading occurs over a strain range

of 2el and a stress amplitude of 201. Then element 1 yields

.in compression, ‘and the stress is

Orevy = 9 = 205,

Increased reverse loading leads to element 2 yielding in
reverse at a reverse strain of 2&2, and the reverse stress
could be calculated. A two element model is shown in

Figure 2.4.
) »

It can be shown that the reverse, loading curve is

the same as that 'in the forward direction, except that the

4 -

strain values in reverse are doubléd when compared with the

forward curve. As the number of elements increases this

is still true, but th& curves become more rounded. If the

elements are cansidq;ea as work hardening, the paﬁtern

. |
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changes; the factor of 2 is no longer maintained between

reverse and forward strains; however, the work hardening

of the elements itself presents complications.® It has to
be decided what type of hardening occurs in the elements:
frictional or back stress?

Several other continuum models exist to describe
the work hardening of materials in unidirectional deforma-
tion. These include the combined kinematic andAis;tropic
hardening model, and models based on the translation, ex-
pansio; and distortion of the yield surface. They are all
complex and this complexity has hindered their application
to real materials. It is accepted that these models can
be made very exact, but they need considerable input from

. &
the material in order to determine the many constants in

the equations.

2.3 Studies of the Bauschlnger Effect and Reverse
Deformation

In this section an account will be given of those
studies reported in the literature which examined the
Bauschinger Effect and the reverse deformation of materials.
Of interest here is an examination of the techniques used .
to measure the Bauschinger Effect énd how the relevanf in-
formation was obtaine@. The difficu1£ies involved in thesé

' \
measurements will be briefly discussed, and the significance
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of the resulté will be examined.

A Problems

It was indicated earlier that the shape of the reverse
stress-strain curve is very rounded and that reverse yield-
ing takes place at a lower stress than the flow stress in
the forward direction. Problems arise if the Bauschinger
Effect is considered as a reduction of the yield stress in
the reverse deformation: the chief problem is that the
roundedness makes the definition of the yielding very diffi-
cult. Also the work hardening rate at small reverse strains
is very high so that any uncértainty in determining the on-
set of reverse yielding will cause a large error in the
measured reverse yield stress. These problems have been
realised for some time, and they have affected the approach
taken to the analysis of the stress-strain curves in re-
verse.

For e%ample, Woolley (1953) in his study of the
Bauschinger Effect in pure polyérystalline materials de-
fined the effect in terms of stress, but then explained the:
problems involved in measuringéghe stresées.and strains in
uniaxial tests and opted fox*torSLOn tests. Here he did
not use hlS orlglnal definition. Rather he considered the
Bauschlnger Effect as the ex1stencé of a large reverse

strain that is necessary to bring the reverse flow stress
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up to the same level as the original forward flowistress at
the end of the prestrain. Then thé'problems of deciding on
a yield criterion and of measuring stresses and strains at
small reverse strains have been replaced by an easier one -
that of determining the reverse strain required to make the
reverse flow stress equal to the forward flow stress.

For some processes the Bauschinger Strain is an im-
portant parameter, but for much of the recent work the main
interest is in using the Bauschinger Effect to study the
work hardening process in alloys containing hard particles.
This requires that the local stresses inside the alloys be
determined so that the processes can be identified. As ex-
plained earlier, it is considered that the long range back
stresses responsible for the Bauschinger Effect are built
up in the materials during the forward plastic deférmation.
The magnitude of these back stresses is of great interest
and many different approaches have been used in their deter-
mination.

Before giving an account of some of the experimental
methods, some mention should be made of the contribution by
Orowan (1959). He considered the bgpaviour of a plastic
material on stress reversal. There were two separate parts
of the réverse curve of interest to Orowan.

a) at large reverse strains one part showed a constant

stress'difference between the forward and reverse
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OROWAN'S DEFINITION OF THE BAUSCHINGER EFFECT

. PERMANENT SOFTENING AT LARGE STRAINS.

. 2. RAPID DECREASE IN DIFFERENCE BETWEEN
FORWARD & REVERSE CURVES,

3. TRANSLATION OF FORWARD CURVE TO GIVE
‘REVERSE CURVE.

FIG 2.5
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curves, SD

b) at small reverse strains the curve was very rounded‘and
showed a rapidly decreasing difference between the two
curves.

For Orowaﬂ this transient softening was the Bausc-~
hinger Effect; on the basis of the data he had examined, he
predicted that the rounded part of the stress-strain curve
would “"extend over a strain of the range 1-3%" if the pre-
strain "was more than a few percent”". He also considered
that the parallel curves SD, could be obtained by moving

the forward curve OAC to a position such as ESD.

| ’I‘ It is unfortunate that Qrowan did not see a wide
range of materials when making his prediction. The 1-3%
prediction holds for sége single phase materials, as does
the permanent softening, but materials which exhibit a large
Bauschinger Effect will be shown to not fsllow the predic-
tion. Examples are those materials which contain a hardk
second phase. The work of Wilson (1965) showed that the
single phase materials followed the Orowan prediction, but

the two phase alloys did not.

B Studies

Wilson (1965) carried out a series of tests on se-

veral cubic materials to study the long range back stresses

P
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set up during plastic deformation. He used mechanical

tests, but the more important part of the work was the use}
of X-ray techniques, described in Wilson and Kon;an (19642)
to determine the long range back stress from lattice strains.
The work established that long range‘back stresses did exist
and that they were responsible for the Bauschinger Effect.

In the experimental work, Wilson used thin tubes of
material and deformed them in torsion, first in a forward
sense to 9% shear strain, then immediately in a reverse
sense; others were given a forward strain of some 158%.

From these curves it was possible to study how the ratio

rr/rf (where Tf is the flow stress in the forward sense,

T, is the flow stress in reverse at the same cumulative

strain)'depended on reverse plastic strain. The many ma-

terials tested fell into two groups: j

a) principally pure single phase materials showed a rapid
increase«to a ratio greater than 0.8 in the first 1%
reverse strain, ‘and then saturated at Tr/Tf = 0,9 after
2%. These materials showed a permanent softening,
whose magnitude was small, about rf/lo.

b) the second group composed of materials containing hard
particles did not show the same tendency to reach a
constant value of Tr/Tf - in fact several of them do

not remotely apbroach such a state. The ratio is al-

. ways increasing. There is thus some problem in attempting
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to describe these tests as showing "per@ane?t softening”.
Wilson summarised this work b§ correlating the relative mag-
nitudes of the "permanent softening" effects with the types
of dislocation barriers expected in the materials. The
weak barriers gave rise to small permanent softening, whilst
the harder obstacles had a much greater effect.

He also demonstrated that the long range stresses
built up by the prestrain could be removed by the reverse
straining. Specimens were deformed to 9% in torsion, un-
loaded and carefully sectioned with two mutually perpendi-
cular cuts at 45° to the axis of the test piece. After
polishing to remove the damaged material, the surfaces were
examined using X-ray diffraction to measure the lattice
strains. The angular difference, A20 between the positions
of diffraction line peaks was measured. Other tegté were
carried out in which the test pviece was given ;'reverse
%train after the 9% forward strain. The results were piottedw
.as A20 against reverse strain. At some reverse strain, & ,
the sign of 426 changed. This was taken to be the reverse
strain necessary to Treduce to zero the‘average value of the
back stress from the pre;train. This work was carried out
for many of the materials and the results are
a) singig\p553e materials g 2 1.6%. -

b) two phase materials with a hard second phagé

& 2 4.7s.
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The value of gy Was then used to calculate the "permanent

softening" 1t at N% reverse strain after 9% forward strain,

SN
as the difference between the forward and reverse curves.

A further X-ray study was made to determine the
lattice strains in the material after 9% forward strain.
Again the relative positions of two peaks were compared, the

strain YRAY calculated, and the average basic stress deter-

mined for the constrained deformation as

T E/(1 + V)

XRAY - Sxray
Results for several materials were obtained using different

radiation and a plot was made showing that

TXRAY/TSN = .53

This is an important result; it shows that the average back
stress in the material is proportional to the "permanent
softening"” measured at N% reverse strain. Wilson pointed
out, however, that-:_'rXRAY nmust underestimate the back stresses
because of the relaxatién processes likely~to occur when the
test pieces are cut and polished. To reduce this, strain
ageing was carried out.

Wilson's work also shows that the back stress har-
dening is increased by

a) a largef volume fraction of precipitates

- b) a finer precipitate size

¢c) a higher matrix elastic modulus.
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He was also able to show from measurément of T YRAY that the
back stress hardening was probably responsible for 0.25-0.5
of the total flow strength at 9% prestrain. These results
are important, but of greater significance is the calcula-
tion of the fraction of the work hardening that was due to
thé back stress. Thig fraction depends critically on the
initial yield stress and Wilson had to use log-log plots to
estiﬁgte the yield stress of some of the steels. It is suf-
ficient to indicate here that the results of these measure-

ments show that the materials separate into three groups:

T

XRAY
" TWKHDG
a) little permanent softening - single h
phas?;materigls < 20%
b) more "permanent softening" - higher
carbon steels ) ~ 50%
c) greatest "permanent softening” -
Duralumin (Al - 3.5 - 4.5 % Cu) '~ 80%

Further calculations will be made as necessary to
show that the method used in this present work to determine
the back stress from the stress strain curves leads to re-
sults that are consistent with those from Wilson's X-ray
studies. These calculations will be~given.in the chapter
containing the e%perimental results.

Abel (1965) and Abel and Ham {1966) studied the -

-
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Bauschinger Effect in single crystéls of aluminum - 4% BN
copper alloys aged to contain the different precipitateé:

GP zongs, e",ge' and 6. They carried -out the aéformation~

in ténsion and compres§ion at different tempera£ures 293°K -
.and 80°K. The strain ranges used for most of the tests

were small < .01. ,

The chief interest in this work was in the-stress

+

measurements. The departure from elastic loading.in the

forward sense was taken as the initial yield stress cog.in

.the reverse sense the departure gave ¢

reverse® Their para-

meter to describe the Bauschinger Effect kas'the\raﬁio

¢ 5

» &

Uback/cforward ’

where @ is the flow stress at the end of the pre-

forward
strain, and

. pack © ( O forward - loreversel) . '

1

The results can be summarised as follows:

2

a) for small coherent easily cut ,precipitates the Bauschinger
Effect is small and samllar to that obtained in pure

,alumlnum. , . C

b) as the particles increasé in. size and the strengthening
) \

mechanlsm depends on the Orowan bypassang mechan m ~
rather than prec;pxtate cuttlng) the Bausch;nge Effect

1ncreases -

c) the Bausch;nger'Effect is greatest for the e' condltxon.

2 # " <
I ] + 'G
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d) the Bauschinger Effect is increased at low tempera-
tures, especiélly in the 8' alloy.

It was considered that the Bauschingér Effect was
due to the disordering of the small cutaéle precipitates
wh;n they were sheared and to the large back stress in the
materials containing 6' and 6 particles. It was hinted
that the back stress developed as the dislocations accumu-
lated around‘the particles, but no details were given.

It is interesting to gee in their work that the re-
verse yield stress was always compressive when the cutable
precipitates were used. However the @' precipitates gave
rise totfeverse yielding when the test piece was still in
ténsion. It is not clear from their analysis if they. ac-
cepteé»ﬁhat this reverse plastic deformation could occur
whilst the system was in tension. Their reverse deformation
cprves;werélall convexX. |

Abel and Muir (1972) deveIOpéd the-understan@ing 6f‘
the Bauschinger Effect beyond that of Abel and Ham (1966)
with, the réalisatioﬁ‘that the effect is associated with the
nature of plastic deformation, so thatxuﬁ;oniy the ;eversé
yielding,préces§ was affected but also the whole of the re-
verse stres; strain curves ? They accepted the fact that re-
wverse yielding can;, pnée} some iircumstances, occurﬂdurin§~

uhlqadiﬁ@ when the material is still loaded in the forward

sense. The idea of.permaﬁent softening was introduced, but °

Yy
4

e,

e e e i e
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not really proven.

Because of the difficulties encountered in charac-
terising the Bauschinger Effect, three new paraﬁeters were
:@uggested. Iﬁ was ﬁoped that there then would be some uni~
formity in the parameters in use. The ones suggested by
Abel and Muir are best introduced with the help of a sketch.
In Figure 2.7 the reverse deformation is drawn in the posi-
tive‘stress quadrant and the cumulative strain is plotted.

9

1. The Bauschinger Strain Parameter, B8 (e)

This is the ratio of the Bauschinger Strain (the
reverse strain required to bring the reverse flow stress to
the same magnitude as the forward flow stress) to the pre-

strain

B (€

]

Bauschinger strain/prestrain
= B/€ .
/ p
With this parameter, materials with no Bauschinger Effect
have

AB\:O - .

4

%, Ble) = 0.

Abel and Muir considered that 8(e) will usually be less than
. 1.0, and the possibility exists that it may have a value of

2.0. - They do not explain the conditions for this value of
. " : " L3 . ' '
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2.0, but it is possible to have processes which would lead

to a result greatly in excess of 2.0.

2. The Bauschinger Stress Parameter B8 (g)
7

This relates the decrease in yield stress to the

flow stress at the end of the prestrain. The notation used
by Abel and Muir coenflicted with that used m commonly.
Blo) = (0. - 0.) /0,

The magnitudes of B (o) were not considered by the
authors. However, the maximum and minimum values can be set.

a) if the material does not show a Bauschinger

L

and B(o) = 0. »

Effect

b) if the Bauschinger Effect is very great so that
reverse yielding takées place immediately the unloading com-

mences

and B{(o) = 2.

3. The Bauschinger'Energy_Parémetet

It was argued that the energy parameter related -the

~
v
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stress and strain parameters, and that it was the best one

to use.

R(E) = Es(Ef .
where E_ is the energy saved during the reverse deformafion
in bringing the stress up to the same level as the prestress.
It represents the area outside the reverse stress strain
curve. Ef is the energy stored during the prestrain. Abel
and Muir consider that ES is always small and that B8(E) must °
. then be less than 1.0. However conditiogs can be examined
in which this ratio easily exceeds 1.0.
These parameters were applied to two sets of data

obtaineé from experiments carriéd out by Abél and Muir:
a) For low Carbon Steel it Qas found that the parameters

B(E) and B(c¢) decreased with increasing,prestrain,

whilst B (o) increased.

b) For the Cu-Al alloys examined, the tests were carried

A

out to the same strain on different alloy compositions.

These alloys were designed to have lower stacking fault

3

energies and thus a greater tendency to planar slip as

the aluminum content increased. At the small strain

+

4

used, 10 °, all the parameters increased.
i - IS

_Two points of interxest in these results are found

»

in the data for the alloy containing Cu - 8% Al, with a very

low stacking fault energy.
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i
(1) The Parameter

B(o) = 1.6

is very 1a;ge;
(ii) It can be seen very easily that theé stress strain curves
in tension compre351on do not show a permaaeﬂ%>ﬁuften—?g
ing. In fact the gradlent of the reverse deformatLOn 4
curve is very steep and indicates tha; the forward and
reverse curves would cross at a strain just greater
than 10”4 in reverse. This is important considering
that many authofs draw the diagram for the Bauschinger
Effect showing "permanent softening"”.
None of the Bauschinger Effect parameters proposed
by Abel and Muir have been adopted in this present study.
.The chief object of this work is to determine the contribu-
" tions to the work hardeniné arising from the long range back
stresses of the type investigated by, Wilson. ‘'None of the
parameters providee any information on these stresses. .
Atkinson, Brown and Stobbs (1973, 1974) studied the
qeuschinger Effect in the ébpper—silica system to test the
earlier theory of Brown and Stobbs (1971). Copper-silica
single crystals orlented for SLngle slip were tested in

-

tensxon-compression at dlfferent temperatures 77°K - 473°K,

.
to different prestrains. The compression part of the curve

wes compared with a previously obtained tensile curve at the
4

» e
-« - '

« -
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same cumulative strain and they were able to measure the

stress difference

g. - 0 .

~

where P is the forward flow stress at a given cumulative
strain and 0. is the flow stress in reverse at the same cumu-
lative strain. It was shown that this stress decreased ra-
pidly in the first 2% reverse strain, but that at larger
reverse strains it wasﬁconstant. This constant value, which
depended on the prestrain, temperature and volume fraction

of the particles, was called the "permanent softening". It
should be realised that this is the sége.effect as that ob-‘
tained by Wilson for some materialé, and considered by
Orowan. When the permanent softening waé compared with
Wilson's work it was shown that there was a relationship bet-
ween their worihand Wilson's X-ray work. This gave a method

to determiné %he back stresses in the material (or "the mean

stress in the matrix" as they termed it) from

I%ray = 33 9pERMANENT SOFTENING

Thi; result is important. ?gé quantity éoughg after is thg
long range back stress in tﬁe material as measured by X-ray
techniques. ¢ fh?se techniques can>not always be applied and
it is dégiraﬁle to bé able to determine the back stresses

from the more readily available stress strain curves. <he

L/ - g
' ' 14
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’Fig. 2.8. Permanent softening in Cu-Si0, alfoys.

(After Atkinson et al.” 1974)
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materiai, Cu-SiOZ, gave a permanent softening ang the back
3
stress was then determined.

'\
\ e
f~ A second approach enabled them to calibrate-the
vefy rounded part of the stress strain curve in terms of the
\
mean stress in the matrix. They were able to show empiri-

cally that

- 1/2
“r
at a reverse strain of €. measured from ¢ = 0. Then using
their own data with that of Wilson they were able to show
that

-1

" .
This result means that the internal stresses as measured by

v’l’

X-rays at a given prestrain were correlated with the shape
of the reverse curve. Of interest here was that their own
results fitted the master curve obtained from Wilson's work

if they used

+33 OLERMANENT SOFTENING

instead of Oy A plot of Bv back stress was obtained

RAY®

and by determining  in a given tesh they wepe able to ar-.

rive at the values of the back stress. This method works
for the materials which showed a permanent softeﬁing, but
it was not expected to work for those which did not show

a permanent softening.
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Having established that the permanent softening was
equal to twice the mean stress in the matrix, t;e authors
used it to investigate how the mean stress depended on pre-
strain,'%emperature, vo%pme fraction and particlewsize. In

this work they were checking on the validity of the formula

derived earlier (Brown, 1973)

u*
g = f et
mean = 2HY P u*-y (u¥*-u)

where e; is the unrelaxed plastic strain, p and u* are the
moduli of the matrix and particles and y is the accommoda-

tion factor derived by Brown from the work of Eshelby (1957).

]

For equiaxed particles ¥y 0.5. They were able to show

that there is a linear dependence on volume fraction but not
. * - * » .

particle size. By calculating Eb from their measured OMEAN

they showed that *

et = ¢
P P

at small strains and low temperatures. This indicated that
their formalism was reasonably correct.
The same--plot of calculated EE v imposed plastic

strain showed that at 77°K+ .

e* = ¢
P P

up to a resézved shear strain of .06, and at 293°K this was
true up to a strain of about .015. This equality meahs

that'no plastic relaxation had occurred\gpd»only Orowan'lqbps
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would be found on the particles. There would be no secon-
dary prismatic loops. Beyond these strains, the value of
25 increased more slowly, approximately parabolically, with
%f Then plastic relaxation was taking place by the pro-
duction of secondary dislocations at the particles. The
stress to cause production of secondary loops calculated

from

2ue§
is close to that obtained by” Ashby et al. (1969) - %%—-at
77°K and Thy at 293°K.

In the second part of the work, the softeping at
room températmge is discussed. By this is meant the time
dependent'decrease in the work hardening increment. It is
considered to'occur by the material relieving the internal
stresses in such a way that it may lose its ability to re-
cover. This softening occurs by the removal of Orowan lqops
by plastic relaxation and is accompanied by a small shape
change in the direction of increasing deformation. They
investigated the effeét of the softening on the measured
Bauschinger Effect.

The experiments to study this softening were carried
out on materials with smalf'pérficles. The specimens were
deformed in tension to some prestrain at 77°K and then un-

loaded and left at 293°K for- séveral days. On‘refesting

in tension the yield stress was lower than the previous flow

H



stress. The softenable fraction of the work hardening in-
creased rapidly with strain beydhd a resolved strain of 0.02,
reaching a constant value of about 30% at a strain of 0.08.
The magnitude of the softening at any strain was equal to

the sum of the magnitudes of the softening found when a
crystal was softened at a series of strains up to the given
strain. This result showed that the fully qgftened strength
is a unique function of strain. Little or no softening was
found in materials with large particles.

When the softening delay preceded the compression
part of the Bauschinger test, it wasfound that an increase
in the compressive yield strength resulted. Thus the sof-
tening caused a reduction in the Bauschinger Effect; the
permanentrsoftening and the roundedness of the reverse curve
were both reduced. When the sofﬁgniné took blace after in-
creasiné‘reverse strains it was found that the softening
decreased as the reverse strain incréased. For 8% forward
strain the softening was zero at a reverse strain of 4%.
This result confirmed the work of Wilson who showed that
reverse strain reduced the internal stresses and at approxi-
matel& 3% reverse strain in torsion the back stress result-
ing from a 9% torsion prestrain had been reduced to zero.

Gould et al. (1973, 1974) considered the work har- -
dening process in goppéf alloyg. As alrea&y explained in

- L)
the papers by Hirsch et al. (1971) the accumulation of

[
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Orowan loops on a slip plane surrounding a particle are
stable to some small strain. For larger strains, new Orowan
loops lead to the formation of prismatic loops by a cross
slip mechanism. B?th the shear Orowan loops and the new
prismatic loops are responsible for the continued work har-
dening, until, as shown by Atkinson et al. (1975) and Palmer.
and Smith (1968), voidiné takes place at the particle ma-
trix interface. Gould et al. were interested in determining
the contribution of the Orowan and prismatic loops to the ~
work hardening process, in materials with small hard par-
ticles. To do this they carried out tests at 77°K to study
the Bauschinger Effect. 1In many of the tests they carried
‘out anneals at 293°K (with the specimen in the unstressed
condition after the prestrain), before completing the test
" at 7T°K. -

The materials studied were Cu»A1203 produced by in-
ternal oxidation to ha&é very small”volume fractions <.05%
of small particles (2 .05u) with interparticle spacing
~ 0.5u. After the annealing treatment at 293°K, it was
found that the flow stress for continued deformation had
been reduced. During the co#pression an initial high work
hardening rate was obtained after a lower yield stress, and
after a strain in reverse, calléd by them the Bauséhinger

Strain, the work hardening became nearly linear. The re-

verse yield stress T

L 4

p Was obtained by back extrapolating
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the linear work hardening curve to zero reverse plastic

strain; Fiqure 2.9. It was found that t after annealing

B
was significantly different from the same gquantity obtained

if no annealing were carried out. A strain dependence of
the amount of recovery was observed; it was very small for
small strains (< 2%) but increased to more than 30% of the
work hardening incremegf at larger strains. This result is
similar to that of Atkinson et al..

* The hardening contribution from the Orowan loops

was considered to be the sum of three terms,

a) a bowing term Ty ¢

b) a long range stress term T, due to ioops on the same

slip plane
c) an image stress T of the.type calculated by Brown and

Stobbs.

-

The term T, due to‘loops on parallel planes was assumed to

be zero.

The flow stress Ty at some strain is then

T,, =1 _ +71T, + T, +T..
M o b .

It was considered that r2 and Ti would aid the reverse de-

formation and reverse yielding occurreqbat Té, when

1 _ -
g = T hz +ri)

1 _
so that Ty ~Tg = Ty + 2(11 + Ti)

4
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Typical experimental reverse stress/strain curve at 77°K and the measured. pars-
meters.

Fig. 2.9. Reverse Stress Strain Curve for Cu-A1203,

after Gould et al. (1974).
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Similafly, after recovery, the forward and reverse yield

stresses differed by

1 _
TR~ Tgr = (rb + 212 + Zri)R

Use was made of these equations, together with theo-
retical estimates of Tyr Ty and Ty to evaluate the number
of Orowan loops on the particles before and after recovery:

©

number of equivalent
. Toops straln
Before Recovery 4 -5 1.8%
After Recovery 1 -2 <l% -

Several methods were employed to cféss check these results,
but in general they all depended on eguating stress diffe-
rences found between the forward-and reverse cu?ves, with
and without delays for recovery.

The hardening contributions from individual Orowan

*

and prismatic loops were alsd calculated. One example, at
8.5% showed 5 Orowan loops §nd 20 prismatic loops on the -
particles. The work showed‘that about 30% of the work har-
dening results from tpe.combined image and long range stress.
Whilst it is not clear that all the hardening terms are
linearly additive, the image stress a?d long range stress

are considered to be additive to the hardening resulting

from pfismatic loops and matrix dislocations. This 30% of

the hardening resulting from image and long range stresses
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led to

hardening per individual Orowan loop , 12 ~1.7
hardening per individual prismatic loop — 7 :

/

In a second theoretical calculating using the work of H<§iCh /
/
W

and Humphreys, the value of 1.7 was obtained again. Ho
ever the value was expected to depend critically on the slip
line spacing.
Ibrahim (1974) has studied the Bauscpinger Effect
" in single phase body centred cubic materials.‘ The flow

stress Op at a prestrain was expressed as the sum of three

terms, the initial flow stress of the material ¢ a forest

ol

hardening contribution O¢ and the long range elastic back

or
B* The elastic back stress opposed continued for-
ward deformation and aided the reverse deformation so that

stress ¢

The reverse yield stress was given by

g, = 0 _ +- -
R 0 Ufor 0B

so that a Bauschinger Effect parameter could be defined as

B.E.P. = ZGB/(OF—CO)

This parameter is a measure of the fraction of the total
work hardening caused by the long range back stress.

The results obtained for the B.E.P. as a function

of strain at 298°K and 195°K for niobium and for Armco Iron
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show that the B.E.P. is to a first approximation independent
of étrain and temperature, and also of the material. The
most probable explanation for the constancy of the B.E.P.
is that the back stress and forest contributions to the
work hardening are proportional to each other and indepen-
dent of the dislocation arrangemént. This interpretation
agrees with the Brown and Stobbs model in which both the
forest and back stress contributions increase with strain.

Lasalmonie and Martin (1974, 1975) studiéa the
Bauschinger Effect in the unidirectionally solidified Al-
B1;Ni alloy system, and discussed their results in terms of
the conventional fibre composite models. 1In thesé models,
some of the load is carried by the plastigaliy deforming
matrix, and part by the elastically deforming fibres. The
stresses in the matrix and fibres can be calculated using
these models . The authors attempted to do this and to thus
explain the origin of the large Bauschinger Effect observed.
They considered that the plastic deformation of the compo-
site took place by the elastic deformation of the fibres;
the matrix deformed/%lastically. The matrix dislocations
did not cut or break the fibres, and must accumulate around
them as Orowan loops. The number of these loops iﬁ%reases
as the strain increases. |

The stress to be applied to continue the forward
pléstic deformation is called "the flow stress of the ma-

terial"” by many people; unfortunately in the Lasalmonie and



Martin papers the term "back stress" is used instead. This
leads to confusion as "back stress" is used differently by
many other authors. This forward flow stress is considered
to be made up from two parts

a) a frictional type stress, which opposes all dislocation
motion, both forward and reverse, and hence all plastic
deformation (their o reversible)

b) a stress which opposes continued forward deformation,
ggd aids reverse deformation (their o,, our o, and the
<g>y of Brown (1973)).

In the first paper, fibre composite theory is used
to determine o; in the matrix, which they called Oim+ The
values calculated are very small and it seems they calcu-
lated only a small part of the stress which aids the reverse
deformation. They should really be interested in the stress
which aids the reverse deformation in the composite, not
merely in the matrix. Other work in single phase materials
shows that this quantity is very small when compared with
that in the composite material.

One possible reason for the authors' preoccupation
with their stress %im in the matrix is that plastic defor-
mation takes place by matrix dislocations moving until they
are stopped by obstacles. The dislocaéions move only in
the matrix, and the interaction stopping them-is in the

matrix; however, the particles or fibres are responsible for

s
§
t 'k

"
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this interaction.
Their evaluation of the stress Oim in the matrix is
14
very involved and relies heavily on fibre composite theory,
. ,

with its approximations, for example the modulus of the

composite is

EC = Ef

Vf + Eme.

The values of %im arrived at are small, an order of @agni-
tude smaller than their theoretical values, determined from
the models proposed by Hazzledine and Hirsch (1974) and
Brown and Stobbs (1971). Clarke and Lilholt (1975) pointed
out that a wrong formula was used to calculate Oim* Ho;-
ever, from the way the authors separate the contributions
to the load carrying ability into those from the fibre and
matrix, it is not clear they should be using the Brown and
Stobbs formulation. Nor is it clear if they understand

the image stress (later called mean stress) in the sense in
which it was used Sy Brown and Stobbs (1971) and by Brown
(1973).

In the second paper, Lasalmonie and Martin (1975)
were prompted to calculate a different guantity again usiné
fibre composite theory. This is the difference Ac¢ between
the flow stress in the forward direction and the yie}d

stress for reverse deformation after the forward\.prestrain.

Again this calculation-is subject to the same approximations
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\\as the fibre combosite theories, but the stress differences

qalculated are close to those evaluated by Clarke and Lilholt
from the published curves of Lasalmonie and Martin (1974).

Clarke and Lilholt evaluated the stress differences
by extrapolating the almost linear portions of the reverse
plastic deformation curves to the elastic unloading line.
They obtaine? results that showed that the séress differences
Ao depend oﬁ/the forward plastic prestrain. The shape of
the curve A¢ v prestrain shows the following important cha-
racteristics:

a) it is linear at small strains

b) at larger strains it departs from linearity with the
stress difference increasing more slowly

c) the gradient of the linear portion agrees well with
that expected if the formula given by Brown and Stobbs
(1971) is used

d) the departure from lineariﬁf agrees with the experi-
mental evidence of Hertzberg (1965) that the matrix
dislocations are beginning to penetrate and cut the
fibres at plastic strains of order .015.

Clarke and Lilholt then concluded that the Al-Al,Ni
composite system deformed by the Orowan process with the
accumulation of shear loops around the fibres until the
fibres were cut. Until this happened there was no relaxa-

tion of the Orowan loops.
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These three papers can be summarised as follows:

1. Lasalmonie ané Martin (1974) published some reverse de-
formation curées for the Al—Al3Ni alloy system, but made
an error in ca@culatiﬁg their image stress.

2. Clarke and Lilﬁolt (1975) showed how the curves could

/ be analysed to give a stress difference of Ao, which
agreed with the value of Ag calculated for the system
using the Brown and Stobbs theory.

3. Lasalmonie and ﬁartin (1975) used standard fibre compo-
site theory to daleulate the same A0 as Clarke and
Lilholt. It is not clear, however, that they look on
this Ac in the shme way as Clarke and Lilholt. o

4. There seems to be a considerable contradiction between
the conclusions of Lasalmonie and Martin (1974) and the
first paragraph of Lasalmonie and Martin (1975).

The results of two other studies will be briefly

presented. These represent attempts made to examine from a

continuum mechanics approach the relation between brestrain
and the magnitude of the Bauschinger Effect. In the work
the area of interestiis the consideration of how the incre-
ments in work hardenigg are partitioned between the back
stress and the other Eontributions. The back stress is

the stress responsible for the large Bauschinger Effect.

Kishi and Tanabe (1973) consider that the work har-

dening has three contributions
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a) isotropic hardening, which could be represented by an ex-
pansion of the yield locus.

b) anisotropic hardening, in which the shape of the yield
locus changes, as represenfed by Hill.

¢) kinematic hardening in which the yield locus is trans-
lated, and is the hardening résponsible for the Bausc-
hinger Effect. This is the quantity of interest in the
study. ,

The experiments were carried out in torsion on many
materials, and different revekse offséts were used to deter-
mine the yield stress in reverse; the 0.001 was finally

@

chosen. The Bauschinger stress was defined as

T =T

B F ~ RI

where 1. and 7. are the flow streSSjin forward sense and

F R

yvield stress in reverse. The relationship

tB = K Y?
was established empirjcally, where Yp is the forward pre-
strain, m a constant called the Bauschinger Effect expo-
nent, and K the Bauschinger Effect constant.

The magnitude of the Bauschinger Effect depends ol
K and m, and the variation of these for different materials
was investigated.

The work suggests that the reverse yield stress T

, R
for materials deforming by a strain Yy can be written as
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= Q - Kyg

n
o YF
in whi¢ch use has been made of the relationship between for-
ward flow stress and prestrain. The indication is that the
reverse flow stress can then be described in a way similar
to that used for the forward flow stress. However, the
authors did not make any correlation between K and m and the
microstructural parameters of the alloy. Only the grain size
is given, but here the correlation is not a simple one, as
the variation of grain size seems to have opposite effects
in different materials.

In a recent paper, an attempt has been made by
Gupta and Kodali (1976) to establish a relationship between
the Bauschinger Stress and the prestraiﬁ for a wide range
of materials. It is not clear how the Bauschinger stress

OB was obtained, but it seems to have been calculated from

where Ip and Op are the flow stress at a prestrain in the
forward sense and the yield stress in reverse.
The data obtained by Gupta and Kodali indicate a

relationship of the form

UB =m &n Eb + K

which is a semi log dependence, whereas the relationship

4
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favoured by Kishi and Tanabe was log, log. The constants
m and K are different from those of Kishi and Tanabe. Since
both ekpressions are empirical, it can be seen ﬁhat the ex-
perimental results can be‘plotted in different ways.

The saturation of the Bauschinger stress wigk pre-
strain is at variance with the Kishi and Tanébe formula,

—

and Gupta and Kodali argue that their formulation is the-
better. However, it should be pointed out that the strain
range used by Gupga and Kodali to investigate the semi log
dependence was not as large as their experimental strain
range. For example, some of their d;ta for steel and
aluminum-copper are not plotted, and their inclusion causes
the resulting plot to change from lipear to non-linear.
™is must cause some objection to be raised about the vali-
dity of the semi log formula. At best it is valid over a
much smaller strain range than that indicated. '

There is one further point to be made about +his
paper. Gupta and Kodali were interested in pos§ible dif-
:ferences in the Bauschinger Stress when measured in tension-
compression (TC) and compression-tension (CT). There has
been some experimental evidence that the Bauschinger stress
is greater for CT than for TC. This result was confirmed
for the Al-Cu alloy it was claimed to ?g_gpserved only at

small strains. However, their figure 2 shows that the

curves drawn through the data points are identical at all

-

s
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strains up to 8%, after which there is some small difference,

~ with CT being slightly higher. It is not clear, however,

that any significance can be attached to this as the diffe-~

rencé is small.
SUMMARY OF LITERATURE REVIEW

The principal features of the work hardening models
and reverse deformation studies can be summarized as

follows: he -

The work carried out by Wilson has indicated that
there are long range back stresses éroduced during the plas-
tic deformation of materials. The back stresses were shown
to be responsible.for the Bauschinger Effect. Alloys with
a hard secan phase were shown to have a lafge back stress
and a 1arge\Bauschinger Effect, whilst single phase alloys
had small back stresses and Bauschinger Effects. Hdwever,
Wilson did not indicate in detail the origin of the back
stress in the alloys, beyond showing the correlation with
the strength of the second phase.

Later models have attempted to explain the origin
of the work hardening. The principal contributions to the
work hardening in two phase alloys are:

1. the long range back stress arising from the elastic

deformation of the particles in a plastically deforming
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matrix. The calculation of this guantity was carried

out by Brown and Stobbs, by Brown and Clarke, and by
Tanaka and Mori, all using the results of Eshelby. The
elastic deformation of the particles is dirécé&y depen-
dent on the'number of Orowan loops accumulated at them.
If plastic rélax§tion occurs, the rate of accumulation
of 'Orowan loops is decreased, prismatic loops are formed
and the displacement at the parti;les increases less
rapidly. Then the long range back stress does not in-
crease linearly with the imposed strain.

long range back stresses afising from the interaction
of mobile dislocations with coplanar Orowan loops on
the particles. This contribution was included in the
model of Hazzledine and Hirsch, but it only affects the
dislocation source giving rise to the coplanar loops.
Averaged over the test piece, the contribution to the
total back stress is zero.

interaction of mobile dislocations with secondary dis-
locations. This type of hardening is that foun; inzl

)
single phase materials and in two phase materials at

large strains. The interaction is over a short range

-and can not make a large contribution to the long range

back stress until the secondary dislocations have pro-
&

duced tangles. etc. which cause them to behave almost

like particles. The hardening is predominantly

-

) Q)

-
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frictional in nature in that it affects all dislocations,
inaependently of the direction in which they move.

4. Source shortening, arising from the Orowan loops stand-
ing off from the particles and reducing the critical
radiﬁs to which the mobile dislocations must bow in
order to pass between the par;iéles. This hardening
does not lead to a long range back stress, and the work
used in bowing the dislocation between the particles is
dissipated.

The relative importance of these contributions de-
pends on the details of the deformation processes. In alloys
in which the long range back stress is the dominant harden-
in§ process, the Bauschinger Effect will be large. If the
work hardening arises entirely from the interaction between
glide and forest dislocations, the Bauséhinger Effect will
be small. Because of the way that plastic‘relaxation OCCurs
at the particles it is possible to have the deformation do-
minated by back stresses at small strains, whilst at larger
strains the forest hardening dominates. Then the magnitude

of the Bauschinger Effect will depend on the imposed strain.



CHAPTER III

EXPERIMENTAL PROCEDURES

The principal part of the experimental work des-
cribed in this thesis concerns a study of the Bauschinger
Effect in an aluminum-copper alloy. The work required the
growth and characterization of single crystals of the ma-
terial, and the production of suitable test pieces for use
in tension compression tests, at strains up to 0.1l. It
was also necessary to examine the test pieces by X-ray and
TEM techniéues, to determine the structural parameters
responsible for the tensile work hardening and the struc-
tural changesvoccurring during reverse deformation. The

details of the procedures will be described below.

3.1 Preparation of Single Crystals

The material used in this work was supplied by
Alcan Internaéional Ltd. in thé form of hot rolled plate.
The chemical analysis carried out on the metal using spark
analysis technigues gave, in weight per cent: 3.62.Cu,
0.002 Fe, <0.001 Mg, 0.002 Si, remainder Al.

The production ¢of single crystals was carried out

by directional solidification using a modified Bridgman

S5



technique. A rod of the material was melted in a graphite
mold surrounded by an argon atmosphere, using a moving fur-
nace. The plate, 0.5" (12.7 mm) thick was cut into sec-
Eions and machined to rods approximately 0.40" (10 mm)
diameterv 12" (30 cm) long, pointed at one end. The pointed
end was fitted into the pointed bottom of a split graphite
mold, and the two parts of the mold carefully bound together
to minimise the formation of fins and to reduce the tendency
for the alloy to leak out of the mold. The material found
most satisfactory for the binding was chromel alumel thermo-
couple wire. It had good oxidation resistaéce and did not
expand too much during heating in the furnace.

The mold was inserted into a vertical Inconel Fur-
nace tube and supported on a piece of graphite rod. A
steady stream of Argon was passed tﬁrough the Inconel tube.
The furnace temperature was set for 760°C and after about
1 hour the motor drive to raise the furnace was switched
.on. The motor drive passed through a gear’reducer to give
a speed of -about 1 inch per hour. The motor did not actually
lift the furnace - it merely moved a pair of balance weights
which were attached to the furnace. It took approximately
36 hours for the furnace to traverse the length of the
Inconel tube, prior to operating a microswitch to shut off
the power to both the motor and the furnace. There was

water cobling at the top and bottom of the -Inconel tube.
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The water cooling at the bottom was necessary as it provided
a vertical temperature gradient in the mold. A schematic
diagram of the apparatus is shown in Figure 3.1.

Some 4 hours after the furnace was switched off, the
graphite mold could be removed from the Inconel tube. There
were occasional fins on the rod and the top was very irre-
gular. In later melts a short rod of graphite, diameter
just less than 0.4" (1 am), was placed on top of the alloy
rod. It was found in these melts that the weight of the
short graphite rod was sufficient to reduce much of the
waste at the top of the alloy red..

The end pieces, top and bottom 3/4" (2 cm), were cut
from the rod with a jeweller's saw and their flat surfaces
mechanicaliy polished on silicon carbide paper to #600, and
then on diamond paste to 1 nu. Etching these polished end
pieces in Keller's Reagent showed that there were small
grains at the perimeter of the bottom piece, but none were
seen at the top piece. Further slices approximately 1/4"

(6 mm) thick were removed and subjected to chemical analysis
for copper content to check on the possibility of segrega-
tion effects. The results of the analysis showed that there
were slightly different amounts of copper in the top and
bottom. The results of 10 tops and bottoms show

TOPS: 2.96 +0.10 wtt Cu

BOTTOMS: 3.08 +0.15 wt% Cu.
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There is thus a net loss of copper during the solidifica-
tion. This ha; been observed by others (Brown, private
communication). The cutting of the different pieces from
the solidified rod left some 10" (25 cm) available for the
production of test pieces.

The orientation of the top and bottom of the re-
maining solidified rod were determined from the analysis
of back reflection Laue X-ray photographs. Three or more
Laue photographs were taken from different places on the
top and bottom, and their identity was considered to be
confirmation of the etching study that the rods were single
crystals. The as-grown structurelshowed some coring and
lateral segregation. To reduce this segregation the single
crystal rgds were annealed for 10 days at 530 + 1l0°C.
Optical micrographs of the etched surfaces taken before and
after the anneal showed that it was sufficient to remove
the segregation on a horizontal section, but an order of
magnitude calculation showed it would have little effect
on.the vertical segregation. Electron microprobe analysis
of éhe etched surfaces showed the segregation before the
anneal, but did not detect it in the quenched material after
the anneal. The Qrientations of the crystals are shown in

Figure 3.2.
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CRYSTAL SCHMID FACTOR
SX ‘
22 .45
23 .49
24 .45
25‘ \ .43
31 .45
34 .50
35 .40
37 .43
38 .45
41 .48
42 .50
43 .50

100 .40

TABLE 3.1 SCHMID FACTORS FOR SINGLE
CRYSTALS
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3.2 Preparation of the Test Pieces

It was decided to use test pieces with square cross
sections for the mechanical testing. There were two rea-

sons for this choice:

(1) it is easier to take Laue Photographs from flat faces
than from cylindrical test pieces:

(ii) it was desired toycarry out some slip plane trace
analysis to determine the planes on which slip was

taking place.

Attempts to produce these équa;e cross sections by
using a U-shaped tool in a Servomet Spark cutting machine
were not successful. Two parallel faces could be cut using
this tool, but when/tﬂé attempt was made to rotate the test
piece through 90° Eo make the second set of cuts the axis
of rotation could not always be:@aée to coincide with the
axis of the tést piece. The resu}tigg shape was usually
skew and not suited for mechanical testing. There was, a
small amount of wobble in the goniometer; it was responsible
for the(gzgficulty experienced. A further objection to the
use of éﬁfﬁ technique is its speed. It took approximately
one day to make each cut and a brass U-shaped tool was worn
out in the process.

stals were hard and it.was decided to have

them machined in the workshop by a skilled machinist. This
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machining raised the problem of defining the amount of
damage in the surface layers. In all cases the test pieces
were made to specification and the gage length was care-
fully finished by hand with #600 silicon ca{bide paper be-
fore an electropolish. The final width was at least .005"
smaller than that obtained from the machine shop. That the
final surface layers were not severely damaged was confirmed
by the Laue photographs. These showed extensive asterism
before and after the silicon carbide polishing, but it was
removed as the electropolishing progressed. The Laue
photographs at zero strain in Figures 4.20-4.22 indicate
the surface quality, but are not to be interpreted as stan-
dards of that quality. The type of finish on #600 paper
followed by electropolishing was used in thin foil prepara-
tion for transmission electron microscopy. No evidence of
damage was detected in this work and it is assumed that
the test pieces were aged to the 6'.condition after the
completion of the electropolish. This procedure included
h;;ting to 550°C, which is equivalent to an annealing pro-
cess.
The specifications of the test pieces were:
a) gage length 0.55" (1.27 cm)
b) gage width, square, some 0.18" x 0.18" (.46 cm X .46 cm)
most 0.25" x 0.25" (.64 cm x .64 cm)

¢) shoulders, cylindrical, diameter 0.44" (1.12 cm)

length 0.75" (1.9 cm).
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¢
The ratio of gage length to diameter was kept as small as
possible to reduce the tendency for elastic buckling during
the compression part of the tests. Any elastic buckling
would lead to plastic buckling and a localisation of the
strain. There were a maximum of 4 test pieces available
from any one single crystal.

When the gage length had been polished with #éOO
silicon carbide paper the shoulders were laquered with
"Microstop"” and the gage lengths electropolished in methyl
alcohol/nitric acid (3:1) solution at (~10-0}°C. This
electropolish removed the silicon carbide marks and pro-
duced a clean surface. The test pieces were then aged to

8' using the following heat treatment sequence:

a) 2 hours at 550 +5°C, air furnace
b) quench into cold water
c¢) 3 hours at 300 +2°C, air furnace, followed by air

-

cooling

After the heat treatment was completed, the gage
lengths were subjected to a further electropolish in the
methyl alcohol/nitric acid solution. L , photographs
were obtained from the sides of those 3?1

pieces which

were used in the study of the development of asterism.
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3.3 Mechanical Testing

The majority of the mechanical tests were carried
out on an Instron TTC floor model testing machine, with an
FR cell, which could be used up to 10,000 pounds load for
tests in tension and compression. To perform the tension-
compression tests it was necessary to use a special rigqg,
mounted on the underside of the crosshead. Thig rig had
been designed by Watt (1967) for use in the study of the
fatigue 9f copper single crystals. It was designed care-
fully:

a) to be rigid
b) to allow no back lash and no pause on going from ten-
: sion into compression
c) to allow no lateral displacement
i d) to have a very small friction; less than 2 pounds (1 kg)
e) to be suitable for tests at temperatures from 77°K to
over 373°K
f) to be capable of being aligned such that‘ the tension-

compression axis coincided with the axis of the rig

N D,

g) to have conical specimen grips such that the test piece //rz
could be aligned in these grips and then inserted into
the rig. Then it was known that the specimen axis
coincided with the tension-compression axis. This de-"

sign feature is of great importance during compression




tests, as any non alignment of the axes will lead to
elastic/plastic buckling.

The setting-up of the rig and its alignment on the
Instron testing machine took the major part of a day, be-
cause of tﬁq detailed alignment procedures¢ This procedure
15 described in great detalt by Watt (1967). The removal
of the rig from the testing machine could be carried out in
a few minutes. The xig is shown in Figure 3.3.

When the rig was satisfactorily aligned it was
necessary to fit the test piece into the conical specimen
grips such that its axis coincided with the axis of the
grips. This step was carried out with the help of a gal-
lows type rig, on which a rod, diameter 0.440 inches, was
arranged so that its axis coincided with the axis of a
male specimen grip when both the rod and grip were securely
fixed. The specimen was inserted into the grip and its
free end kept close to the lower end of the 0.440 inch diame-
ter rod. Eight set screws were tightened so that the top
of the specimen and the bottom of the }od ;howed no lateral
displacement. The set screws were tightly fixed in posi-
tion and it was found that they were impressed into the
specimen shoulder. The alignméntwwas checked further by
rotating the grip in its seating, making sure that the zero
lateral displacement was still maintained.

The specimen and grip were tﬁen removed from the

L 4
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Tension-compression rig

Machine. Male specimen

on Instron Testing

grips not shown.
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rig and the second male graip fitted to ga]log%,rlg. The

free end of the specimen was fitted into it and the conical end
of the other grip was aligned with a second rod. Again 8

set screws were tightened onto the specimen shoulder and

the aliqnmentqchecked by rotating the male grip about 1ts
axis. This procedure arranged the specimen axis to coln-

cide with male grip axes. It was already arrangea to have the
testing rig arranged so that the axes of the female grips

on the ri1g were coincident with the axis of the rig. Then
when the specimen and male grips were fixed into the female
grips the axis of the test piece woula coincide with the

axis of the testing rig.

The test piece and grips were carefully set into
the testing rig. It had been determined that 4 turns were
sufficient to tighten down the nut on the bottom male
grip. The top grip was set in place first and tightened,
then the crosshead raised to insert the’lower grip.. Strict
control was kept over this part of the procedure; the
applied loads were kept at values less than 40 pounds,
which represents an applied stress of about 1 ksi (7 MPa).
This stress is much smaller than the vield stress of the
material (~5 ksi, 34 MPa). This care was necessary for
two reasons:

a) to know the initial yield stress so that the work har-

dening could be determined. Any overloading in tension
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will lead to an errcneously large vield stress, whilst
any compressive overload will cause an erroneously
small yield stress in tension.

b) to maintain control over the strain history of the spe-
cimen.

The crosshead was raised manually until the 4
tightening turhs were obtained on the lower grip. Here’care
was also necessary to prevent the test piece being twisted
whilst the nut was being tightened.

In the tests the loads were recorded on the chart
recorder; the load cell and load amplifier had previously
been calibrated. An Instron tensile strain gage extenso-
meter (.50" +50%) and amplifier were tsed to measure the
elongation. They also had to be calibréted. The usual
calibration was that,on Range #1, 10" of chart were equih
valent to a tensile elongation of 0.02". Thus, this most
sensitive range was such that each inch of chart represented
a tensile strain of 0.4%.

The extensometer was carefully fitted to the gage
of the test piece, taking care that the knife edges and
clips were securely seated. This led to some little scratch-
ing of the specimen surface. The range and zero point for
the extensometer were selected. It-was usual to start the
test with the pen some 2" above the chart zero, leaving

about 8" of chart to contain the forward prestrain. This
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starting position was chosen to prevent the extensometer
exceeding its allowed chart travel during the reverse de-
formation back to zero strain. The zero control of the
load amplifier was adjusted to give zero load at the 4 or
5 position on the 10 "inch" scale. The Instron amplifiers
were known from calibration to be linear. The fitting of
a test piece into the testing rig required some two hours.

Here the significance of an operation carried out
at the start of the rig alignment procedure can be men-
tioned. Two large nuts on the underside of the crosshead
on the main drive screws were tightened hand tight. Then
the crosshead could not move with respect to the screw
threads when the machine wént from tension into compres-
sion. If this operation is not carried out there is a
slight pause at approximately 400 pounds in compression,
in each direction. |

The crosshead was moved down at 0.01 inches per
minute (.25 mm/minute) until the chart showed that the
desired elongation had been reached. The crosshead motion
was reversed, so that the test piece was unloaded and then
compressed. The only stop occurred at the end of the pre-
strain when the crosshead motion was reversed. On the
Instron machine this reversal happens without delay. The
reverse deformation was stopped at a point which indicated

that the test piece had a zero net strain. This required
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some guesswork; it was important to have zero net strain in
only a few of the tests -~ those in which the asterism was
studied.
\ On completion of the defor&ation in tension-com-
pression the test piece was examined for buckling by the
cathetometer used in the alignment of the rig. If no
buckling took place the reflections in the test piece and
cage were all parallel. 1In those tests which buckled the
reflections in the specimen were not parallel to those in
the cage. The results from such tests were not used.
The majority of the tests were carried out at 25°C
(298°K), with some at 77°K and 373°K. These tests at 77°K

and 373°K required much more care than those at 25°C.

There were two main problems encountered at 77°K:

(a) when the Dewar of liquid nitrogen was being raised
around the cage,the stainless steel (used in the cage
construction) and the test piece cooled and contracted
at different rates. The crosshead had to be moved
using manual control to keep the applied load within
the set limits.

(b} there was a necessary delay as the apparatus cooled
down to 77°K. The reduction of the boiling rate was
one indication; a second and better one was the con-
stancy of the small tensile load on ‘the specimen due to

the contraction of the long rod connecting the test
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piece to the load cell. This load was always tensile
after a few minutes. It was necessary to wait until
it was constant and could be removed by a careful ad-
justment of the crosshead position. The delay for

this part of the procedure was some -30 miputes.

The tests at 373°K had corresponding problems.
L~

3.4 Laue Photographs

In some tests the development of asterism was studied
during the deformation history. Two Laue photographs were
taken of adjacent side faces of the test piece before test-
ing. The X-ray tube used haé a Tungsten targét; the operat-
ing conditions were 50 KV, and 12 mA, white radiation; the
exposure time was 6 minutes with a collimater .5 mm, and
specimen~camera distance 3 cm.

The test piece’and grips were fixed inéo the testing
rig and a predetermined strain imposed, the specimen un-
ioaded and removed from the rig. The Laue photographs were
repeated. A rig was designed to hold the test piece and
grips during the photography so that the same area was
photographed each time. The test piece and grips were in-
serted into the testing rig, the compression carried out to
zero net strain and unloaded. The Laue photographs were
repeated. Some of the tests then required a further

~
e
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compressive deformation and were then rephotographed. The

inserting and removing of the test piece was a tedious pro-

cess, and made this part of the experimental work very time

consuming. ~

3.5 Transmission Electron Microscopy

The transmission electron microscopy was carried
out on a Philips EM300 at 100 KV using a single tilt or a
tilt-rotation specimen holder. Foil preparation from the
test pieces involved the following steps:

i) Cutting of slices, at a predetermined angle to the
tensile axis, using a Servomet Spark Cutting Machine. The
cutting tool was a slowly moving continuous Molybdenum
wire, 0.003" diameter. The slices were cut to be 0.02"
(0.5 mm) thick, ﬁsing control #6. Most cuts required at
least 1 hour.

1i) Discs 3 mm‘diameter were cut from these slices
using a thin walled copper tube 3.3 mm internal diameter
as é cutting tool in the Servomet.

iii) Careful mechanical polishing to reduce the thick-
ness to 0.005 - 0.007" regquired a special jig. A stainless
steel cylinder, 1" diameter, 1" high, was drilled and tapped
with a hole 3 mm diameter. A screw was inserted from the

top and the 3 mm disc was placed in the bottom. - The surface
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tension of the water used to lubricate the #600 s;licon
carbide paper was sufficient {to keep the disc in position.
The screw was turned to expose the disc to the paper and
the process continued until both sides of the disc were
_polished and its thickness was in the range 5-7 x 1073
inches.
iv) The ‘electropolishing was carried out in a jet
polishing rig, gravity fed from a height of about 3 feet
(1 metre}). The electrolyte was the mixed acids:
40 parts phosphoric acid
30 parts acetic acid
20 parts nitric acid
10 parts water
cooled before use to (-10-0)°C. The electrolyte was de-
livereé via Tygon tubing and #18 stainless steel hypodermic
needles about 1 am from the specimen. The 3 mm specimen
disc was contained in a Teflon hélder, described by Morrison
(1975) , so that a platinum wire could be kept .in electrical
contact. A DC power supply to 100 volts, 1 amp was arranged
so that the specimen and platinum wire were positive, and
the stainless steel needles were hegative. During the po-
lishing the voltage was kept at 70-80 V and the current at
0.2 amps. Maintaining good contact between the'platiﬁum
wire and the specimen was often difficult owing to preferen-

- tial attack at the point of contact on the disc. The



polishing continued until the specimen was just perforated.
The onset of perforation is difficult to detect unless ‘
there is some back lighting. A light source was attached
to a 0.5" diameter Perspex rod and the free end of the rod
positioned close to one side of the specimen. The light
coming through the perforation was the signal for manually
switching off the power supply and the rapid washing of the
Teflon holder and specimen in methyl alcohol.

This polishing technique scmetim?s gave foils which
were heavily etched and could not be ;Eed. Attempts were
made to improve the polish by using the above technique
to produce dimples on the faces of the sample. The thin
disc was then removed and the electropolishing continued in
methyl alcohol/nitric acid mixture (3:1) at about -60°C,
using a stainless steel cathode and holding the thin disc
in fine stainless steel tweezers (anode) at 10-15 volts.
The polishing was stopped at the first perforation and the‘
disc washed in methanol. ‘

The foils obtained were examined in the EM300 using
both bright and dark field microscopy. The dark field work
made use of both matrix and precipitate reflections. The
techniques employed are described in more detail by-“Hirsch

et al. (1965).
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3.6 Material Used

The material used in this study is the aluminum
copper alloy, conﬁaining 3.6 wt®% copper. It has been shown
that on remelting to produce single crystals the copper
content reduced to 3.0%. The heat treatment available for
the allov can produce a variety of different metastable
precipitates. The review by Kelly and Nicholson (1963)
discusses them in detail. It is sufficient to indicate here

that ageing process used leads to the precipitate sequence:

GP zones =+ 8' -+ 6

with the result that after 3 hours at 300°C the single cry-
stals contain 8', whilst the polycrystalline material con-
tains 6' in the middle of the grains and some 6 in the grain
boundary.

Much work has been carried out,(Kelly and Nicholson
(1963)) ,0on the nature of the precipitates. The €' par-
ticles are ordered arrangement$ of the aluminum and copper
atoms, formula CuAll's, with a tetragonal unit cell, being

a distorted CaF2 structure with:

a= 4.04 A

0
184
@
>

o]

The precipitates are thin discs, the ¢ axis of the cell be-

ing perpendicular to the habit plane. There is an orientation
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relationship for 6' with respect to the matrix «,
{100}, //{100}

It can be shown that there is a misfit of about 8% between
the 6' and a normal to the habit plane (Weatherly and
Sargent, 1971). This misfit causes the c dimension to re-
main small, and coarsening ;akes place principally by the
increase in plate diameter. This misfit also causes the
particles to be coherent on the flat faces, but incoherent
in the c direction. It is then classed as semicoherent
(Park et al., 1970).

In this study the principal precipitate was 6', ob-
tained by ageing at 300°C for 3 hours after solid é%lutioa
treatment at 550°C for 1-2 hours. The ageing to G‘NY;ads
‘to an increased work hardening rate over that of the solid
solution single phase material of the same composition.
However, the yield strength of the alloy aged to 8' is
close to that obtained for the single phase alloy of the,
same composi;ion as the matrix in the 8' alloy. Russell

and Ashby (1970) carried out such tests at room tempera-

ture; the yield stresses are given as:

i



rokg/mm rok51 T _MPa

Al - .45% Cu

2 hours/550°C .4 .6 3.9
Al - 2% Cu

50 hours at 300°C 1.2 1.7 11.8
Al - 3% Cu

12 hours at 300°C .4 .6 3.9
Al - 4% Cu

4 hours at 300°C 1.2 1.7 11.8

Weatherly (1970) has studied the defects found in
the 6' particles in the Al-Cu alloy. Since the structure

of 6' is made up from alternate layers of copper and alu-
minum atoms, with the copper planes not being close packed

there are three possible antiphase boundary (APB) vectors

/
B_:

(5.3.01, (3,0,%, (0,05

The permitted (h k &) reflections in 6' are given by

[

h + k + 2 = 2n

and using the condition that APB's are visible for a given

reflection, g, when} .
¢ /I \
{
R # INTEGER =T
i to= ! ‘ \~>"\ ,’

'

g

it was shown that the best reflection to use was of the

type (101] for 6°'.

By using other precipitate reflections it was shown



that -.the more common fault vectors are

0] or [0,0,§] :

T

a
E?I

which give a lower energy fault than the {%,0,%] vector.

The boundaries were parallel to (100] and [010], parallel

e 1]

to <100> and must lie on {10 2} planes. The most pro-

AL 6'
bable value for & in the thin platélets is zero.

Some work was also cdarried out on material which had
been given a 5% deformation by rolling. After a low tem-
perature recovery anneal the APB's were identified. Analy-
sis showed that they had vectors [%,%,0], and that their
number had increased by an order of magnitude over that in
the material before deformation. Their presence indicated
that the particles had been cut by matrix dislocations.

The volume fraction of 6' present in the aged alloy
was determined by calculation. The method followed that
used by Boyd (1966) in a study of the calerimetry of the
ageing process the alloy, and for which the volume fraction

had to be established. The value was calculated from the

phase diagram as modified by Beton and Borelius:

~ >
Vf = Ve. . c .n/ Va + Cgr + Ngu
where V,, is the volume of 8' unit cell = 95.1 x 107%% cm’
v is the volume of matrix unit cell = 66.5 x 10 °% cm

a

n is number of atoms per matrix unit cell = 4



-

g 1S number of atoms per 8' unit cell = 6

Cqr 1s atomic concentration of copper in 8' (CuAl

1.8’

¢

= ,36
c 1s atomic concentration of copper which precipi-

tates as 9°

Tgbs last gquantity must be determined from the phase diagram

(

at’ the ageing temperature. At 300°C the solubility of Cu

fn a is .45 wt%, and this must be subtracted from the copper

.

content of the alloy.
-

-
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CHAPTER IV

EXPERIMENTAL RESULTS

In this chapter the experimental results from the
study of the Bauschinger Effect will be presented in three
sections to cover the mechanical testing, the Laue X-ray
photography and the traﬁsmission electron microscopy. With
respect to the mechanical tests, it will be shown that the
method used to measure the Bauschinger Effect has led to
results which are internally consistent and almost identi-

cal to those obtained by Wilson using X-ray techniques.

4.1 The Mechanical Tests

In the study of the Bauschinger Effect, the quan-
tity of greatest interest was the long range back stress,
O+ OF the mean stress in the matrix (as called by Brown
and Clarke, (1975)). This is the stress which is developed
in the ﬁaterial during its forward plastic deformation and
which both opposes the continued forward deformation and
aids the reverse deformation. It is a back stress of the
same type as stuaied by Wilson (1965) and by Wilson and
Konnen (1964). A second quantity db/work hardening increment

also was determined. It represents the fraction of the work

121



122

hardening which can be ascribed to the long range back
stresses.
The basis for the method used to determine the back

stress was to ‘consider the flow stress, o at some pre-

fl
strain, rp, to be made up from the sum of three contribu-

tions

where o _ 1s the 1nitial yield stress of the alloy; in some

alloy systems this 1s the Orowan stress, but in this alloy,

with an overaged second phase, the particles are large and
not closely spaced. The yield stress of the material is
then controlled by the solid solution hardening. There are
three pieces of evidence for this claim:

a) a test reported later, carried out on the singlé phase
material obtained after quenching from 550°C, has a
yield stress greater than that of the overaged material.
It is appreciated here that the solid solution content
in the two alloys is not the same.

b) Russell and Ashﬁy (1970) car;ied ‘out a -campression test
on a;eraged alloys and also on an alloy contéininq 0.45
wt% copper in aluminum. This had a yield stress very
similar to that of the Al-3% Cu overaged alloy.

c) the estimated Orowan stress for the alloy, = 2-ksi

‘oR
{14 MPa), smaller than 00(9 ksi).

/
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The second term,o, ,in the above equation is the

b!
long range back stress. The last term, od, is the contri-
bution to the hardening resulting from the necessary inter-
action of the glide dislocations with the forest disloca-
tions present in the material during the test. Both the
matrix yield stress o _ and the forest term o, are considered
as friction type hardening, because, to maintain dislocation
motion in any direction, the stress on the dislocation must
exceed the sum of these terms. The other term, Oy is con-
sidered to oppose only the increase of the deformation thaé
has caused 0, to develop, and to aid the deformation in the
reverse sense.

Yielding in the reverse sense can be considered to

take place at a stress or‘given by

1‘\
- 1 -
so that Oy = 7[of or]
. . ' O¢ - 9y
and ob/work hardening increment = 213;:3:9 = ob/wk hdg

There are important assumptions iIn this formulation:

a) the additivity of the three contributions to the flow
stress;

b) the need for ¢

g to remain unchanged as the test piece

is unloaded and then subjected to reverse deformation;
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c) the term S behaves entirely as a friction stress during
both the forward and reverse deformation. {

More discussion of these assumptions will be given in Chapter

VI.

The long range back stress is obtained from a know-
ledge of O and O The value of O¢ is readily determined,
but the value of g has caused some problem to earlier
authors, as discussed in the Literature Review in Chapter II.
Many have investigated other techniques to avoid its measure-
ment. In this study the reverse yield stress was measured
for each test using three reverse offsets; these are zero,
0.001, 0.002. The back stress o), was calculated from each
of them and the results tabulated and plotted against the
prestréin Ep

Results are given in the tables for the following
tests:

(1) many polycrystalline test pieces, square cross sec-
tion, approximately 0.25" x 0.25"
(i1} tests on single crystal test pieces oriented for
a) single slip
b) double slip
c) multiple slip, all with square cross sections.
(iii) most tests were carried out at 298°K, others at 373°K,
and 77°K

(iv) in neariy all cases the alloy was aged to 8' condition.

A\
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In some tests the as-quenched (unaged or solid solu-

tion) conditi as used.
(v) other tests on 20%4-T6 and pure aluminum were carried

out for purposes of comparison.

Stress strain curves are shown in Figures 4.1-4.6
to illustrate how the yielding behaviour in reverse depended
on the prestrain, the alloy ageing condition, the test tem-
perature and the orientation of the test piece.

It has been explained earlier that some of the test
pieces were found to be buckled at the end of the compres-
sive strain; the data from these tests were not used. The
.results for Op v ep ané ob/wk hdg v ep afe plotted for the
polycrystalline and single crystal materials in Figures 4.7-
4.16./ The trends established by the many tests with the
polycrystalline materials were used on 6ccasion in the
drawing of the curves through the few points available for
some of the single crystal materials.

The shape of these curves will be discussed in Chap-
ter VI; here the characteristics ‘'common t:.o all the curves
will be indicated:

a) the back stregs Oy increases rapidly with prestraiﬂ,

reaching a saturation value at a prestrain of the order

of .03-.04.

b} over the same strain cb/wk hdg decreases to a constant value.

Choice of Reverse Qffset for Reverse Yield Stress

There are two types of evidence wﬁich point to the
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use of the

reverse yield stress.

leads to Table 4.4.

-
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.001 reverse offset in the measurement of the

The first of these is contained in

the plots of ob/wk hdg v ep. Examination of these plots

Values of o, /wk hdg Extrapolated to Zero Prestrain

Reverse offset strain
used for ¢

reverse zZero .001 .002
1. 8X 37 1.35 1.00 .88
2. SX 34 1.30 1.00 .80
3. SX 31 1.05 .75 .63

" 4. SX 35 . 1.15-1.40 .92 .65
5. polycrystals 1.05 .79 .70

TABLE 4.4

It can be seen in this table that the valué% of o, /wk hdg

extrapolated to zero prestrain are unacceptable if they are

based on the zero offset method of determining the reverse

yield stress.

They are unacceptable because they, imply that

the back stress. is greater than the work hardening, even

though it is only a part of it.

The second set of values taken at the reverse offset

of .00l are more acceptable in that éhey do not exceed



unity. The values obtained from the .002 reverse offset
method do not exceed unity, but they do lead to problems at
small prestrains. At these'small prestrains, the .002 re-
verse strain has greatly reduced the back stress built up
during the prestrain, so that it is not surprising that the
ob/wk hdg data points should be about .2 - .4 instead of
the .8 - .95 as expected from the extrapolatién. This pro-
blem does not arise with the .00l reverse offset method.

The second piece of evidence to support the use of
the .001 reverse offset method comes from the work of P
Wilson. It could be argued that the .001 reverse offset
method will greatly overestimate the back stress when com-
pared with the experimental results obtained by Wilson in
his X-ray study. A very careful study of Wilson's results
shows that this is not correct; in fact, the .00l reverse
offset method leads to results which are smaller than
Wilson's. The details of the calculations are as follows.

In Wilson's work there are two pieces of experi-
mental data of direct relevance to this thesis.

1]

. [ . = i
a) Wilson's Table 2 gives Txray 6.3 ksi and Twk hdg —

8.0 ksi for the alloy Duralumin. The Txray is a stress

of the same type as that studied in this work. Then

it follows that

T Tp - Txray _ 6.3
Wk hdg ~ wk hdg _ 8.0

= .79

T Ty g
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.

b) Wilson's Figure 3 gives stress-strain curves for the

alloy Al-4.1% Cu, aged at 190°C for 300 hours to have

(]
a precipitate similar to that used in this study. Analy-

sis of the graphs as presented leads to Ty = 9.6 ksi,

Tgy = 10.2 ksi, Teg = 18.5 ksi from which using Wilson's
Figure
Txray _ 23 Ts3 _ .53 x 10.2 _ .,

- L] .
( Twk hdg T£97 7y 18.5-5.8 .

It must be remembered that the prestrain in both
these experiments was 9% torsion.‘ This can ée approximated
to a tensile strain by dividing by ¥3, to give 5.2%. When
these two data points are plotted with the polycrystalline
data from this study, it is seen that the reverse offset
method using .001 gives good agreement with the results of

Wilson's work on Al-4.1Cu. At the same stréin the results

from the polycrystals have
o .
P = .57
wk hdg Ut
The difference between this value and Wilson's is. smaller
than the scatter in the. experimental data.
Faor the reasons given above, the consistency of the
results using the .00l reverse offset method and the good

agreement with Wilson's data has led to the use of the .001

reverse offset method in the comparison of the eﬁperimental'

results with those of the different theories.

« .
N
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Results are also presented’for the back stress Oy and =
o, /wk hdg for Eﬁe tests carried out at 77°K and 373°K on
aluminum-copper aged to 6'. These show the temperature de-
pendence of the back stress. It was not possible to obtain
a complete set of data at the different temperatures as the
maximum number of test pieces available at any orientation
was_ four. A further set of results is given for a test car-
ried out on ahbolycrystalline test piece that had not been
aged to 0'; it was tested in the as-quenched condition, a
single phase solid solution'. This test confirms that the
9' particles were responsible for the large back stress ob-
served. In Figure 4.3, it can be seen that the reverse de-
formation curve for the unaged alloy has a much larger re-
verse yield stress when compared with the test on the ma-

terial aged to 6'.

Figure 4.17 shows a stress strain curve for a test

on pure polycrystalline aluminum. This material again !

shows a large reverse yield stress, and the Bauschinger
Effect is small. The results for the back stress in this

material are shown in Figure 4.18 and it is clear that the

L4

back stress is small, and that it repfesents a very small
fraction of the work hardening.

Several tests were carried out on a 2024-T6 alloy, 1
which is similar to the.Al~4% Cu alloy. Stoltz and Pelloux

. {
(1974) , using this alloy, obtained reverse stress-strain ' 3

<
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curves which showed a concave section. Similar concave sec-
tions were claimed by thgse authérs for the Al-4% Cu aged

to 6'. These had not been observed in the present work and
it was felt necessary to establish that their non-occurrence
Qas not due to the experimental method. It was decided to
repeat the 2024-T6 tests. At small prestrains the concave
sections were observed as shown in Figure 4.19. When the
cor;esponding tests were carried out at similar small strains
on the Al Cu 6' alloy, tﬁe concave sections were not ob-
served. Two such tests are shown in Figure 4.1, with pre-

2 2

strains 0.6 x 10 “ and 0.15 x 10~ “ and it .can be seen that-

the curves are convex.

4.2 X-Ray Studies

The results of the X-ray studies were obtained as
sets of Laue patéerns, Figures 4.20 - 4.%2. In these, the
main interest was in the development of the asterism of
the spots, as the deformation histgry of the test pieces
was changed. Thus, gs far as possible, each set of Laue
‘- patterns contains one each from
a)_ a virgin specimen
b) the specimén aftei a strain in tension
¢) the specimen from bs éivén an equal strain in‘j'

compression so that the net gtrain is zero
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d) in some cases c¢) was given a further strain in
compression. ! £
The sets of Lale patterns show that asterism was ’a

_developed by the deformation in tension. This result ;s in
agreemenétwith the Laue pattérns shown by Russell and Ashby.
The extent of the asterism increased as the deformation in—
creased. The asterism on some of the Laye patterns was
analysed to determine the axis about which it developed.
In these cases the result agreed with that of Russell and
%Eéby. The axis about which the lattice bending took place
in the crystals oriented for single slip was [1Z1].

- The asterism was found to decrease when the sense
of the deformation was reversed. 1In the patterns shown at ,
zero net strain, the asterism was effectively removed és-
pecially for the spots with low indices. Some spots with
high indices do not show the removal as convincingly as
those with low indices. On increasing the reverse defor-
mation, the asterism again increases.

The decrease of the asterism is shown in more detail

in Figure 4.20. As stated, it is easier to see the effect

, .
T

in low index spots, eg. the (111) spot in‘thg first set of
patterns. Here the (11l1) spot is magnified in each case.

Its initial circular shape is clearly elohgated in the secqnd/ \

”
Qﬁ
LN
S
\-"
4
.

:
1
4
2
"4
L

1

pattern, (at 4% shear strain), and then circular again at

Zero net strain. There is a second spot‘in the magnifie
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photographs in the top right corner. In the case of the
4% shear strain, the asterism.has caused this spot to be-
almost invisible, whilst at zero net strain it is again
visible.

It is only in the case of the test pieces oriented
for single slip that the asterism was developed extensively.
In the test piece oriented at [100], aeforming by multiple
slip, the asterism did not develop at small strains. Heré
it is necessary to use some results from the work on the
fracture of the [100] test piece. (Figures 5.7 and 5.8) As
shown in the composite photograph, the asterism is deve-
loped when the X-ray beam Qas incident .1" away from the
fracture surface, but yhen the pattern from a region 1"
away from the fracture is examined, some asterism is ob-
seqved. This Laue pattern was taken after the test piece
had necked and broken. The point of maximum load, which
indicates the strain at which necking can commence, is at
some 10% strain; this means that the Laue pattern at 1"
from the fracture surf;ce comes from a region which had
unaergone at léagt 10% strain. The asterism shown in this
photograph is less than that from the single slip test -

piece.

4.3 Transmission Electron Microscopy .

Transmission Electron Microscopy was used to
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characterise the alloy before testing. Two aspects of the
structure were investigated:

(a) it was important to ascertain that the distribution of
Ehe 8' particles was uniform on a micro- and on a macro-
/géale. The first of these was carried out by examining
micrographs containing some 400 particles each, representing
an area approximately 15y x 15u in the material. It was
easy to see that the particle distribution was uniform.
Figure 4.24 contains an example of such a micrograph.

To establish that the distribution was uniform on a
macroscale required that several foils be made from the same
crystal.

(b{ it was necessary to determine the particle size and
spacing, These were measured usiné micrographs cbtained
from foils whose normals, [100] and [111], were parallel to
the incident beam. The particle diameter was determined ’
using the method reported by Boyd (1966) modified from the
work of Scheil (1935). The particle size distribution was
measured and a correction applied for the effect of the
particles which fell out during electropeolishing. The mean
particle size was 1.5 + ,4um. i

The important interparticle spacing measured was
that in the slip directi;n on the slip plane; i.e. in_the
[100] direction on’thé (111) plane. The result obtained

here was 0.7 +0.3um, which is similar to the result of

g
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Fig. 4.23. Transmission Electron Micrograph, typical *ﬂ\\\\\\

i PRI

region, showing 3 sets of 8! particles on

{100} ‘planes.
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Russell and Ashby. Thus the particles were much larger than
their average interparticle spacing. ) s
It was hoped to carry out a Burgers véctor analysis

of the dislocations present during the forward and reverse
deformation of the three different types of single crystal
orientations: single slip, double slip and multiple slip.
Much trouble was experienced‘in the foil preparation from
the deformed test pieces, and only in one case was the
Burgers vector analysis possible. The problem that arose
in the foil preparation was the formation of an etched
structure on the foil surface; this made it difficult to
image the dislocations. Several other authors have ex-
perienced similar problems and only incomplete Burgers
vector anal§ses were made. (Calabrese and Laird,1§73). It
was possible to show tha£ after a prestrain ofJO.Ol in ten-
sion in a test piece oriented for single slip the’é&%gers
vector of the dislocations present was %[llO];(Figﬁ;;‘4.24).

) The contrast adjacent to many of the particies was
also examined. This contrast was shown by\kussell and
Ashby to; be due to strain gradients close to the particles.
There were two effects:
a) adjacen£ to individual particles
b) in the space (box-like) between some closely spaced

particles. .

‘The contrast close to individual particles was cbmmonly




Fig. 4.24.

Burgers vector analysis. SX341, shear
strain 0.01, section cut // (111), tilted

to [110]). Burgers vector of type % (11i0].
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observed. - It was found to disappear in a matrix (242) re-

A&
flection, and can thus be considered a true contrast effect,
not arising merely from variations in foil thickness.

The second type of contrast effect, sometimes re-

N

ferr?d to as "checker board", was not seen very often excépt

a

in small regions. It was common to see that:the contrast
on diffgrent sides of a particle was of 6pposite sign. The
most common place to observe the effect was at the edge of
an extinction contour. In the example shown in Figure 4.25
the regions labelled 3, 4 and 5 have different contrast,
and there are small regions of qhecker board contrast near-
by. The small orientation differences between the areas 3,
4 and 5 have been studied using Kikuchi Line techniques.
The misor%gntations are small, approximately 0.1°,whereas
the strain in specimen was a shear strain of 0.02. In some
other cases studied the contrast disappeared in the matrix
‘(242) reflection. It should be pointed out hére that these

contrast effects indicate the presence of strain gradients

in the material. These are to be expected in materials

whi ow a large Bauschinger Effect.
N

- In the test pieces examiped,the dislocation arrange-
. .
ments tan be summarised as:
a{)ﬁ?glls aﬁter tensile strain - dislocations were observed

to lie close to the particles, with some bowing between

them,

't \r'
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~ b) folls after strain in tension and compression to zero
net strain - the dislocations occupy the.space between
'the particles, and appear to have moved away'frpm them.
This ﬁotion of the dislocations ;way from the particles
will contribute to the reverse strain.
Comparison of these arrangeméents can be seen in Figure 4.26.
It was necessary in this étudy to determine the na-
ture of the processes causing the conétant value of the long
range back stress at tensile stréins greater than 0.05. It
has been indicated earlier that several processes can limit
the magnitude of tﬂe back stresé by causing plastic relaxa-
tion. The aluminum-copper alléy aged to 8' contains large
particles and possible relaxation préceéses_could pe’
a) breakdown of the interface between the particles and
matrix, as reported by Atkinson et al. (1974) in Cu-8i0,.
b) .fracture of the particles, as seen in'Alvlé%.Si.-(Tetgl-
maﬁ and McEvily (lQGf), from J. Gurland and J. Plateay, -
(1963)) . o
c) the plgstic deformation of the partfgles. -
étoceSses a) and. b) involving the formatibh of voids adja—
cent to the particles have important lmplicatlons in this
) work‘ The{vo;ds ‘'would céuse»the Orowan loops to dlsappear
and the long range back stxeSS‘would be reduced to zefo.
If‘the relaxatlon occurs by the plastic aeformatlon of the‘

partlcles the number pf Orowan leops would remain almost

. . . an 0 R
. . [ ‘ N
Lo . .
. .
4o N e
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a) Dislocations ~close to particileé after
Shéar Strain .0Q1. '

b) Dg’.slocations.uniformly arranged g@fter ,
shear strain .01 in tension £61Yowed
by .0;.compression‘ '

&

-
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constant with increasing deformation, and the back stress
would remain close to the value it had before the onset of
particle deformation. E#ﬁeriments were carried out to dis-
tinguish between the different processes.

In one set of experiments a piece of alloy aged to
8' .was deformed by cold rolling 50% in one pass. The sub-
soquent examination in, transmission electron hicroscopy
showed that the particles were no longer straight, but had

“ . -
assumed a sigmoidal shape, with no shape discontinuities

(Figure 4.27). The particles were being‘plasticaliy de- -
formed, but not brokén. :The voids present from the electro-
polishing make it difficult to rule out tﬁe posaibility of"
‘breakdown of the,partioie-matrix interface, but the voids
‘were not observed in a sécond set of experiments. '

En the second set oflexperiments.iest pieces which
had been..tested to fracture in tension were sliced, and
prepared- for examinaﬁion in the transmiséion electron micro;.
scope. The majority'of the siices were taken outside the‘.
'necked reglon, and had undergone approxlmately '10% tensile
strain. The partxcles-were found again to have undergone
plastié deformatlon. Many of them were bent unlformly,
but some showed dlscont;nultles. On examlnatlon of the‘
bent partlcles ln dark fleld microscopy,_uSLng a: 6’ reflec—
tion (lOl), the black and white line contrast shpwed that

) ]
the partlcles had been cut by matrlx dlslocatlons. Furt@ef

L
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Fig. 4.27. Microstructure obtained-after cold rolling
50%. The 6! particles have been plastically

deformed into a sigmoidal shape.
' -
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evidence of‘the cutting came from the offsets observed in
some of the anti phase boundaries. No evidence was detected
for voiding at the particle-matrix interface. This work:
will be reported more fully in Chapter V, together with the
electron micrographs (Figure 5.10 ff).

Thus the particles were found to undergo plastic de-
formation by being cut by the matrix dislocations. They
were not found to have undergone fracture nor did the inter-
face appear to break down. These results are consistent
'with the reported constant back stress at strains iﬂ excess

of 0.05.

4.4 Exrrors

Although the load cell and strain gauge and their
accompanying amplifiers were calibrated in the prescribed
manner to the limits of 0.5%, it is realised ékat large
errors must be brégent_in the measurements made.during the
tests and in the material parameters used.

‘The important errors that may arise in the material

parameters can be.listed: ;T

a) variation; in copper content along the length oflthe
singie‘c;ystals | ‘

b) _variations in' the density Sf 8' particles resulting,

. from a).-

inn e
IR 2o
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analysis showed that there was a loss of copper of some O.§§

169

-

The”first of these involving the variation of copper
is by far the most important since the concentration of the
second phase particles is directly dependent on the copper

content. It was for this reaon that the chemical analysis

‘was carried out on 0.25" slices cut from the as grown cry-

stals about 1" from the tops and bottoms. This chemical -
4

during the single crystal preparation (when compared with
/
the chemical analysis of the starting material). The re-

sults for 16 crystals 'shows that the average copper content
is 3.08 +.15% at the bottom énd 2.96 +.04% at tbe top. The
crystals with_the most differences were not used in the
subsequent mechanical tests. The cryétals which were used
had a copper difference of less than ‘0.2 wt% between the top '
and bottpmn. Thi§ difference will be reflected in a greatér
8’ vqlume fraction in some of the test piecés and will lead
to differences in their'mechanic;l.behavioqr. The c?ppen
content in the calculatiéns is taken as 3.0 wt% in the |
single crystals, and 3.6 wts in’ the polycrﬁgtélé.

‘.

The orientation of the single crystals was deter-

.

mined from back reflection Laue ‘patterns. The accuraéy is *

limited to 2°, and affects the calculated Schmid factor

~leading to a 5% error; There . are other effecfs which are

likely to have a greater effect..

. *' In the mechanical testing, the testing rig and ’
. s \ . : . .
. . “ . > . .-
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specimen were careful%y aligned, and the sources of error

from other factors can be described as:

a) pen width and pen noise in the load measuring system.
In the worst cases, at the highest load range, these
were equivalent to a 10 pound uncertainty on the load
scale, and for the test this represents a~stress un-~
certainty of 6.15 ksi (1.03 MPa);

b) a small amount of backlash in the strain gauge, which

(;h* was traced to the g%ar system of the chart drive. This

— represented a strain uncértainty of 0.03%;

c) the values ogathe yvield stresses for the forward and re-
verse deformation had some uncertainty |

(1) the initial yielding was well defined and the

values obfained were subject to the noise (mentioned
above) of 0,15 ksi (1.03 MPa). |

(iiy the rﬁxerse yield stress taken at the 0.1% reverse

offset is ;ubject to a greater uncertainty because of

the high work hardening rates at the small reverse
strains. Pen noise and pen width combine here to lea%
to a méximum uncertainty of some 0.3 ksi (2.07 MPa).

It was necessary, invthe mechanical tefting, to en-
sure that "’ buckllng did not occur during the compres51on.
This was prevented by the careful aligning procedure and by
check;pg the test pieces after the tests for signs of
buckling. Watt (1967) described a very detailed check on

. 1 .
[ \ * . &
! N ¥

N i ~ * ! .
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his test pieces to show they were not buckled:; ;hose test
plieces were cylindrical. The test pieces used in this study
. had square cross sections and a different check was used
involving reflected light. Data from test pieces found to
be bﬁckled were discarded.

There were also difficulties associated with the
measurement and meaning of strain \for the singlg crystal
test pieces oriented for single slip. The chief problems
arose from (1) the effect of shduldgrs of the test pieces
and (2) the effect of the grips in constraining the test
plece.

Since slip in the test. pieces took place along well
defined sliplplanes,this'hould have been restricted in the
early stages of the deformation so that both ends of the
slip plane were’in the gauge length. In t@is-case.dead
zones existed at®the top and bottom of the gauge length;
as the material deformed gnd work hardened the size of the
dead 2zones wéu%d decrease. In many cases slip lines We£e
observed to penetrate into the shoulders of the fractured
test pieces. The presence of the dead zénes éauses the
,peagured strain based on a éauge length of 0.5" to be'an
underestimate of the strain éhat téok‘place in %he’cential
ﬁortion of thé gauge length. As the hagnitude of the strain

inereased, the real strain and the measured strain would be

“ i
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at right angles to the tensile axis. The testing
lvented this displacement ad a grip constraint effeék\re-
sulted. This effect has been dis¢ussed by Hauser and\\
Jackson (196l1l). It was considered to promote the onset of
slip on some secondary slip systems and to cause the Schmid
factor to be in error. The effective Schmid factor will be

smaller than that determined for deformation with respect

to the (111)[TI01] slip system. If a [213] orientation is

considered, an estimate of the effect of the grip constraint

]

on the Schmid factor may be obti#ined from the following

.T

Slip system - Schmid Factor
primary . .47
conjugate ' .29

The effective Schmid factor will be a complex combination of

these values, plus othexs if other slip systéms are forced

to operate. The value will be smaller than that for primary
- L4 .

slip. NO attempt was made to determine the ei%ent of the
slip on the secondary slip systems. : e

The grip constrainf,cannot have a large effect on

ﬁthe_dnsgt of yielding in the reverxse deformation, The'testsf

carried out on the crystals orieénted for single, double and

L
oo, . Ml
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multiple slfp show stress strain curves that\are qualita-

ti&ely similar to each other and to those from tests on

' polycrystalline materials. It is known that the poly-

crystali{ne and multiple slip test pieces are not+subject —

to the grip constraint. ' N~
analysis can be made of the éxperimental scatter

found in the many tests carried out on polycrystalline test

pieces. These tests indicate that at strains in excess of

0.04, the back stress values are constant, and independent

of strain. It is the intention to use this scatter as a

measure of the experimental error.

The data from these tests can be analysed to give

mean: 13.0 ksi (89.6 MPa)

standard dg&iatioa: 0.64 ksi (4.4 Mpa).
This represeﬁts a standard deviation of about 5% of the mean
value. A-corresponding apalysis cannot be made for the
other tests on single crystals as the number of tests carried
_out on a giQen orientation was limited by the size of the
crystal grown. For these tests the 5% value will be used

-

‘for the standard deviation.

v
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CHAPTER V

THE FRACTURE BEHAVIOUR

5.1 Introduction

The study of the fracture behaviour of the aluminum-
copper alloys was considered separately from the principal
area of investigation. However some of the experimental
results obtain;d were necessary in the development of a
comprehensive model for the deformatiop of the alloy. 1In
particular the structufal aspects of the fracturé study
contributed important data to the overall understanding of
the mechanical behaviour of the material. The X-ray study
of the side faces of the fractured test pieces and the
Tfanémission Electron Microscopy of material from close éo
the fracture surfaces bothkhelp to determine the role of:
the secona phése particles at large styains.

This Chapter will be divided jéio two parts. In
the first a brief review o% the literature will be pre-
sented covering the earlier experimental work on the frac-
ture of precipitation hardehed Al-Cu alloys, and indicating
the criteria which have been developed to describe the ob-
servations. ' The second part wil{ be devoted to an account

of the experihental'resulté obtained in the present study.

The discussion and interpretation of these results will

.
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be given in Chapter VI,

S.i/ﬂv Review of Fracture Studips on Al-Cu Alloys

The principal studiés reported in the literature,

' of the fracture behaviour of the Al-Cu alloys will be exa-
mined in this section. The attention will be restricted
principally to the alloy containing 5 wt® or less of copper.
Of particular interest will be the criteria proposed for the
onset of the observed phénomena. )

In most tensile tests the occlrrence of necking

prevents analysis of the load elongation data at large

o

strains. It was reported, however, by Elam (1925, 1927)
that aluminum-zinc crystals with more than 10% 2Zn failed i
by sudden shear along a {111} plape. Karnop and Sachs
(1928) working with Al-5% Chxcrystai; reported a similar
behaviour, with some orientation dependence of the tensile
fréctu;e stress.

Beevers and Honeycombe (1962) studied the fracture
of Al-5.5% copper crystals in more detai& and attempted to
define a possible f%ilure condition. All the crystals y///.

used were oriented for single slip and were aged to one of

the following conditions: . . . <
-

a) solution treated, single phase;. the only strenggpening

A

effect came from the solid solution.

)
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p ' .
b) GP Zones, so that strength was produced principally by
the small copper rich zones which were cut by matrix

dislocations from the start of plastic deformation. ,/r!L

,caij:;ﬂﬁﬁrtlcles, in which the strengthening resulteg from

all coherent partlcles of composition approximately

Cu Al These particles were also considered to be

1.8°
cut by the matrix dislocations Qarly in the plastic
_ deformation.

The crystals in £he single phase solid solution <.,
condition showed large elongations w;th coarse slip bands
pa}allel to the primary and secondary slip systemé, cfosely
parallel to the final fracture surface. Those crystals
aged to contain GP 2zones showed less ductility, failing
suddenly afté} some necking with little drop in load. Some
slip markings were observed close to the fraéture surface;
only one crystal showed visible segondary slip. The alloys
aged to contéin 8" showed sudden failure without appreciable
necking. The élongation was smaller than that for the other
two ggeing conditiéns. Slip lines were visible with coarse
slip bands close to the fracture surface. A

In all the crystals tested - all oriented for single
slip - the fracture occurred on a {111} plané, parallel to
the Sllp system operatlng at the tlme of fracture. The _

fracture surface contained many shallow dimples. The

stresses at fracture were calculated from the measured load,
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.

area and Schmid Factor (at fracture): a marked orientation
dependence was found, and the author considered that the
condition for fracture was a constant resolved shear stress.
However they were not able to determine the event which
occurred in the material to cause the fracture at a constant
shear stress.

Price and Kelly (1964) argued that the critical pro-
cess in the deformation was the formation of the shear bands,
which they said occurred at a constant resolved shear stress
for the material. They worked with‘superpure aluminum based
single crystals containing 3.7% Cu, or 20% Ag or 15% 2n.

The alloys were aged in different ways to produce a variety*
of precipitates. In two papers the deformation in tension
and fracture .of the crystals were discussed. The major por-
tion of the work was devoted to alloys containing GP zones;
the copper alloy aged to 6' was not extensively studied as
it was reported to have necked\and fractured on a 45° plane,
not parallel to the active slip systems.

In the alloys aged to contain 6" there were different
distinct processes in the deformation history. Coarse bands
formed, followed by strain localisation, and then fracture
took place. The stresses at which the bands formed were
determined during interrupted tests. It was argued that the
resolved shear stress was constant for the formation of the

bands. The values obtained were similar to those reported



by Beevers and Honeycombe and by Karnop and Sachs - but
these other values were for fracture, not shear band forma-
tion.

Price and Kelly attempted to determine a critical
event to coincide with the observed shear stress criterion.
Their discussion indicates that they were nat able to deter-
mine such an event. Also, that the constant, resolved
shear stress should be applicable to a wide range of ma-
terials, some containing different precipitates, and some
tested in the single phase condition presents a further
problem 5f in@erpretation. Likewise it is not clearLig\the
proposed constant value is to apply to all orientations;
the tests reported so far haQe all been carried out on
crystals oriented for single slip. :

In this present work it is desired to study the ef-
fect of the particles on the work hardening process, and
at larger strains to determine how the processes occurring
at the particles influence the stability of the deforma-
tion, and lead to continued uniform deformation or to ;ts
localisgtion. Even in some cases in which the strain is
localised the processes leading to failure are of importance.

To study the onset of failure at large strains and
the effect that the local events occurring at the particles
have on the process a short series of experiments was

carried out. In them it was desired to determine how the



fracture behaviour was affected by the orientation, and
dimensions of the test piece, and the temperature at which

the test was carried out. .

5.3 Results of Fracture Studies

In this section, a brief account of the results ob-
tained in the fracture studies will be given. Single cry-
stals of aluminum 3% copper alloy aged to contain 6' particles
were used for most of the tests carried out at 25°C. In some
cases the tests were conducted at 77°K, or on crystals which
had not been aged, but were in the solid solution\éondition
obtained by quenching from 550°C, and storing for a short
time at 77°K.

The major observations are given below. Some of
the shear stress shear strain curves are shown in Figure 5.1,
together with the curve for the Al-3% Cu alloy from Russell
and Ashby, which was tested in compression. The crystals
after yielding work hardened and gave a uniform shear strain‘
of some 0.20 before a maximum was reached on the load-
elongation curve. Necking commencedz and in most of the
tests there was a slow decrease in the load level (Figure
5.2). Sudden small load drops were seen to coincide with
the appearance on the sides of the test piece of coarse slip

bands. In one such case, the load drops were equivalent to

a stress drob of 0.3 ksi (2.07 MPa) at a load at.which the

awary
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tensile stress was approximately 34 ksi (234 MPa). The
load drops were transient in form, and the load elongation
curve returned to its original shape. Many such bands were
observed on some test pieces. Ag\indicated on the photo-
graphs, they were well separated.

Sudden failure often followed the formation of the
bands. The final fracture occurred ég shown in Figures
5.3-4, sometimes a) parallel to the primarv slip system

b) parallel to a seconaary slip system
c) parallel to two slip systems.
The final fracture surface was not heavily dimpled; such
dimples as were observed after the sudden fractures were
shallow {(Figure 5.5).

There was an orientation dependence of the fracture
behaviour. Test pieces oriented for slip on one or two
slip systems failed in a sudden manner, with little necking,
and with little reduction in the load level from its maxi-
mum. The test pieces maintained their square cross section.
Those oriented for slip on many systems at [100] showed
quite a different behaviour (Figure 5.6). They did not fail
in a sudden manner, but ruptured only after extensive neck-
ing and at a greatly reduced load. The square cross sec-
tion was not maintained, but became cross shaped. The
fracture surface showed larger dimples than the unstable

fractures.



FRACTURE PARALLEL TO SECONDARY SLIP PLANE .
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Tests at 77°K showed that the sdﬁden failures were
still obtained, at higher stress levels and at larger
strains.

Laue patterns were‘obtained at different points
along the sides of the test pieces. They showed two dif-
ferent effects: il

a) specimens oriented for single slip showed extensive
asterism; in the region close to the fracture sur%ace the
pattern gave way to Debye Rings (Figure 5.7).

‘ b) test pieces oriented for multiple slip did not show
the same extensive asterism. It was less pronounced, and

only in the region close to the fracture did it become ex-

tensive. Very close to the fracture surface, the spots

became parts of Debye Rings; away from the neck, they showed

very little asterism (Figure 5.8).
The major portion of the tests were carried out on
single crystal specimens with a gagé length of 0.5", (1.25
cm). Additional tests were carried out on other specimens
cut from the same crystal, one with a short gagé léngth,
the other with a gage length in excess of 2.5", (6.25 cm),
Similar effects, necking, sudden load drops, coarse slip,
sudden failures were obtainégt~;ogether with the necking to
Zero cross section in the [100] orientationm.

A further set of tests was carried out on test .

pieces, prepared from the same crystal, oriented for single
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() (b)

LAUE PATTERNS FROM SIDE FACE
sx-43L,8'

a) 01"
b) 025"
c) 1"
| FROM FRACTURE SURFACE

L]

(c) .

FIG 5.7
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[100] SINGLE cRYsTAL, 6'

LAUE PATTERNS FROM SIDE FACES
a) 1" |

b) 028" . ,
*rc)) o.1” |

FROM FRACTURE SURFACE

(c)

"FiG 5.7



191

slip. One of these was aged to the 6' condition; $t showed
the effects mentioned above. The other was tested in the
solid solution state. Its fracture behaviocur was gquite
different in that it necked down and its fracture surface
was chisel shaped (Figure 5.9). 1It failed at close to zero
load.

A series of compression ¢ests were carried out us-
ing small cylindrical test pieces, whose size was chosen
to minimise the buckling. At large strains the coarse slip
was observed. In tests carried out a% different strain
rates, a slightly positive strain rate dependence was ob-
tained; this result agrees with that reported by Byrne et
al. (1964).

' Samples cut from the fractured test pieces were
examined using Transmission Electron Microscopy. The evi-
dence from this study was that the particles were cut by
the matrix dislocations. There are two types of evidence
for the cutting:

a) on soﬁe micrographs, it could be seeh th;t the 0!
particles were not straight, but were bent. (Figure 5.10)

b} examination in dark field microscopy using a¢ére-
cipitate reflection gave a black and white line contrast
at the precipitates. This sort of contrast is typiEal of
that obtained from antiphase domain boundaries formed when
matrix disleéations cut ordeied precipitates, such as 8's

(Figures 5.11, 12 and 13).



AGED TO 6

FIG 5.9

192

i

-l

PR



S,

193

Fig. 5.10. Transmission Electron Micrographs showing
deformed particles. Foil taken about 5 mm
from fracture surface, [110] crystal, tilted

- to [100]. '
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FIG 5.12 "
DARKFIELD. MICROGRAPHS OF 8§ PARTICLES SHOWING
THE ANTIPHASE BOUNDARIES FORMED WHEN THEY ARE

CUT BY MATRIX DISLOCATIONS. REFLECTION USED 8.
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FIG 5.13-
DARKFIELD MICROGRAPHS OF 8' PARTICLES SHOWING THE

ANTIPHASE E%UNDARIES FORMED WHEN THEY ARE CUT
BY MATRIX DISLOCATIONS . REFLECTION USED 801-
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The fracture behaviour of polycrystalline samples
of the alloy aged to ' was dominated by the grain boun-
daries. All the tests carried out on such material showed
the fracture occurring by the slow growth of cracks in the
grain boundaries.

The results of these fracture studies will be dis-
cussed i; Chapter VI There it will be necessary to include
an examination of the conditions leading to necking, e
formation of the shear bands and the final fracture
either an unstable or a stable manner. The discussien will

also include an account of the processes occurring in the

material which lead to the above tests.




- CHAPTER VI

DISCUSSION

INTRODUCTION

The important feature of the experimental results
obtained in this study is the large long range back stress.
This back stress is the same as that investigated by‘Wilson
(1965), and it rep;esents a large fraction of the work
hardening at small strains in the alloy studied. That its
magnitude is large suggests there is a polarisation in the
dislocation accumulation at the particles. Then any attempt
to devise a theoretical model must include the degree of
polarisation, the magnitude of the back stress and its de-
pendence on temperature and orientation. In addition it
is necessary to consider the other experimental evidence
(that obtained in X-ray and Transmission Electron Microscopy)
that there is a removal of the dislocation structure during
reéerse straining.

It has been indicated in the literature survey that
there are several possible mode;s to describe the work
hardening behaviour of two phase materials during uni-
directional deformation. To distinguish between these mo-

dels, it has been necessary to consider the evidence from

C

" 98
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the reverse deformation studies. The results of: this study
will be compared with some of the theoretical models. Of
importance also is the need to re-examine critically some
of the data in the literature. Good agreement was obtained
befween some of the models and uni-directional tests. The
agreement casts doubt on the attempt made in this study to
explain the work hardening in terms of long range back
stresses. This probleﬁ is the more important when these
long range back stresses were explicitly excluded from the
development of the models reported in the literature.

in comparing the experimental results with the mo-
dels, it is necessary to make use of some material con-

stants. These are given here for referenge.

a) Shear Modulus of-Aluminum :
The shear{modu;us\used is that given by Russell and
NS
Ashby (1970) , with the Yalues at different temperatures ob-

tained using the fgrmulafion in Kaye and Laby (1962).

Temperature Shear M?dulus Shear Moédulus Shear Modulus

mm psi Mpa {

o 3 6 3 :
77°K 2.82 . 10 4.01 . 10 27.69 . 10
298°K 2.55 . 10° 3,62 . 10° 25.00 . 10°

Vé
373°K 2.44 . 10° 5.47 . 10® 23.96 . 10°
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b) Volume fraction £ of 6' particles

The volume fraction is calculated in a manner similar
to that used by Boyd €1966). This is a calculation based
on the phase diagram and leads to the following:
i) Polycrystalline material, contaiﬁing 3.6 wt¥ Cu, £f=3.7%
ii) Single crystal material, containing 3.0 wt% Cu, £f=3%
The difference in copper content represents the loss of

copper which occurred during the preparation of the single

crystals.

c) The particles are large, and closely spaced;
diameter 1.5 +0.4 um

spacing 0.7 +0.3 um

d) The elastic moduli of the particles and of the solid
solution are obtained from studies on the eutectic Al-—CuAl2

by Pattnaik and Lawley (1971), so that

Hgi1/Hy = Mg/u, = 1.32

e) Burgers vector

o

b= 2.862a

&

6.1 Discussion of the Formula Used For the Flow Stress
in Chapter 1V

Before commencing any discussion of the results

obtained in this study, some attention has to be given to
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the formula!used for the flow stress during the mechanical
testing of the test pieces. This more detailed considera-
tion is necessary as the method used to obtain the long
range back stress depends on the applicability of the for-
mula.

Many different terms can be included in a formula
for the flow stress of an alloy at some strain ep. Atkin-
son et al. (1974) considered carefully how to add these
different terms to determine the flow stress O in the

Cu-5102 system. The terms were the lattice friction Op,+

the long range back stress Oy r the source shortening ¢

’

SS

the Orowan stress ¢ and the forest hardening stress o

OR' a’

The lattice friction and the long range back stress were
added lin€arly: the ‘Orowan stress and the source shorten-
ing were also linearly added, but they were derived from
strong ébstacles among many weak ones (forest). These had

to be added according to the addition law of the squaré

root of the sum of squares. The overall result was:

2

2
ge Lt ot /r(cOR + 0o )i+ 0
A more detailed account of the addition laws is given b&
Brown and Ham (1971).
In the Al-Cu-6' alloy the source shortening can be
considgred small because the slip is well distributed, and

then the forward flow stress approximates to

o o~
s

———— e Aoee o
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A

This is different frpm the formula used in Chapter IV, but
it will be shown that the difference is not great.

When tlie reverse deformation is examined, it is
necessary to consider carefully the sense in which the dif-
ferent components of the forward flow stress will act. The
la%tice friction is independent of the sense of the deforma-
tion; so also is the forest hardening.‘ The forest hardening
is assumed to remain unchanged during the early part of the
reverse deformation. The back stress aids the reverse de-
formation, and its value will decrease as the reverse strain
increases. The Orowan stress presents an uncertainty.i If
the slip is exactly reversible, so that each dislocation
moves back along the same slip plane on which it advanced,
the Orowan stress will have no contribution to the reverse \“/\
flow stress. The dislocations moving back will not see the
array of obstacles. At the other extreme, if the reverse
slip is completely independent of the forward slip so that
no "forward" dislocation moves back and new sources have
to be activated for the reverse deformation, the Orowan
stress will have to be added to the formula for the reverse
flow stress.

There are then two extreme possibilities for the

reverse vield stress
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a) for exactly reversible dislocation motion

,

b) for completely independent dislocation motion
_ ) .
o o] oy + o2 & o2 C

and their applicability as indicated depends on the nature
of the reverse slip in fhe adloy.
Some‘examples have been given in recent literature

of the cyclic deformation of materials which deform by

planar slip from the start of ﬁlastic deformation. Two

such examples are (

i) aluminum alloys — Stoltz and Pelloux (1974)

ii) Nim9nic alloys and Fe-10%Al - Asaro {1975)

in which the planar slip was achieved by the cutting of the
sécond phase particles. The important detail in the cyclic
stress strain c@rves for these materials is that they show
sections which are concave. An example from the work of |
Asaro is shown in Figure 6.1 . Thé concave parts are

due to the almost exact reversibility of slip which can
-occur under these circumstances. As other processes occur
' to render the'slip non-planar, the shape of'the stress strain
curves becomes more convex. ;
The aluminum copper alloy aged.to 8' did. not show

any concave sections in its stress strain curve and it is
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conciuded that its slip is noé exactly reversible. A
further hint that the slip is more complex Eﬁbthis alloy
can be found in the work of Russell and Ashby who showed.
that there were many cusps and jogs on the dislocations
near the parEicles. The c¢ross slip which caused these
means that the dislocations would not use thé same slip
rlanes for the reverse deformation. However, the reverse
slip planes will be close to the forward slip planes, and
some form of favourable interaction must be expected dur-
ing the reverse flow. The reverse flow in the aluminum
copper alloy é%ed to 6' must be somewhere between the ex-

tremes.

From the eguations A and B:

Of - Orev = 20b . D
and from A and C:
- - 2 7
of Orev 20b + OOR + Od Od E

whilst the correct result lies between these two expres-
sions. In this study the Orowan stress can be estimated
by comparison with Figure 3 in Russell and Ashby.

N

~.0.7 ksi (4.8 MPa)

-
u
N
o

For the polycrystalline material, this represents a tensile

stress of approximately 2 ksi (13.78 MPa).

P I



At strains larger than 2%, the estimated forest
hardening contribution is more than 4 times this wvalue
(~9 ksi, 62 MPa). The difference between equations‘D and
E is of the order of 0.22 ksi (1.5 MPa) at stress levels

where

Og - Oray = 20 ksi (138 Mpa) .

Thus, }f the difference between D and E is ignored, it is
likely to introduce an error of 1%. fhis 1% error will be
found only if slip is exactly reversible; for slip which
is not exactly reversible,the error will be less. The
sense of the error can be determined. The desired quantity
is the true long range back stress. The approximate value
obtained from the use of°equation D (the equation used in
Chapter IV) will be slightly larger than the true back
stress if the slip were exaptly reversible. If thg slip
is completely independent, the values obtained from Chapter
IV will be the true back stress.

At small straips, the effect of the Orowan stress
can be estimated by app?oximating the forest hardening term
‘to zero. Then equations A, B and C can be rearranged to

<
give’

-t .

Q

t+h
|
Q
I

20b + Oog for exactly reversible slip F

20

rev b for completely independent 4

o]
H
Q .
rh

!
Q
]

siip G



In Chapter IV equation G was used to determine the back
stress. If the slip were exactly reversible, eguation F
should have been used. The error then is GOR/2cb"which
represents 2/2.2°16 in the case of test 502. The estimated
error is about 45%, if the slip had been exactly reversible.
It has been discussed earlier that the slip is not exactly
- reversible and the error must then be muéh less than this
45%.

It is useful to end this section with two points
which indicate that the equation used in Chaptexr IV to de-
termine the back stress was not too much in error.

a) Wilson determined ob/wk}hdg for Duralumin by X-ray

techniques, and for Al-Cu-8' from his T The values

SN°®
are 79% and 61% respectively. At the same strain the
value for ob/wk hdg obtained in this study is 58% by
the use of equation D.

b) .The value of the back stress at a strain of 1% agrees
very well with that determined from the use of the Brown
and Clarke formula. °‘This calcﬁlation will be given in
a later section.

Some attention was given té the possibility that
there were other methods that could be used to derive the
iong range'back stress from the experimental load-elongation
data. The methods used by Atkinson et al. (19i4) were not

suitable:

"
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(i) the forward and reverse deformation curves in
the Al-Cu-6' did not show the permanent softening of the
type predicted by Ofowan. n

(ii) the reverse deformation curves in Wilson's
work were found to sat}sfy rr/rf_= BEi/z,'and ?tkinson was
able to determine the mean stress in the matrix for the
Cu--Sio2 alloys by using a master plot derived from the many
different tests of Wilson. The Al-Cu-6' alloy did not obey
this empirical relationship as shown in Figure 6.2, and

when the Ag&inson analysis was carried out on the Al-Cu-6'

alloy,inconsistent results were obtained.

6.2 Discussion of the Experimental Results

The principal expefimental results obtained in this
study show that the back stress increases rapidly with pre-
strain, up to strains of the order of 0.03, after which the
value approaches saturation. This is seen more clearly in
the case, of the tests carried out on the polycrystalline
material,’as many tests were performed to establish ;he de-
pendence on strain. At the same strains, cb/wk hdg is de-
creasing and app ?aching a constant value. It is necessary
to discuss'the fi\}owing aspects of the experimental results:
a) the initiai deggndencg at small strains.

b) the dépendence a%\larégr strains.

c) the orientation dependence.

d) the temperature dependence.
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For clarity, these will be discussed in sequence:

a) the dependence of ¢, and cb/wk hdg at small strains.

b
The initial rapid increase of o, with strain is

. b
similar to that observed in dther work, and is considered
to be due to unrelaxed deformation. The dislocations res-
ponsible for the unrelaxed plastic deformation, ‘'leave Orowan
(or shear) loops on particles when the particles intersect
the active slip planes. The number of the loops does not
decrease due to relaxation and is related to the imposed
strain. In other work reported in the literature, the de-
formation became relaxed so that the number of Orowan loops
was- not maintained énd was reduced due to the operation of
secondary slip, especially in the Cu-SiO2 system, (Atkinson
et al. 1974, Gould et al. 1974). In the Al-Cu alloy used
in this study, tﬁe~particle size is much larger and less
equiaxed than the"SiO2 particle;, and the particles are
much closer together so that the cross slip mechanism will
have unsuitable condi?ions to operate. There will still be
some cross slip occurring at the perimeter of the particles,
but geometric conéiderations indicate that the effect will
be much smaller than that observed in the Cu--SiO2 alloys.:-
At small strggns the curve for cb/wk hdg can be
extrapolated to zero strisn to ihdicate the fraction of the

early work hardening caused by the increasing back stress.

These values, together with the values at large strains

0 A
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{(in excess of strains of .05) are tabulated in Table 6.1.

. The values at small strains are large and indicate that

nearly all the work hardening is caused by the back stress.

-

This is an important consideration, since it conflicts with
the model used by Russell‘and Ashby (1970). The polycrystal
tests of which a large number was carried out, indicate that
about 80% of the early work hardening is derived from the
back stress. It is important Fhat there be other.;ndepen—
dent experimental evidence to support this result. The
major piece of evidence comes from the X-ray measurements

of Wilson (1965). From the work on Duralumin it an be
shown that the ratio EEE%EE at 9%. torsion s?rain (~5.2%
tensile) was gfeater than 79%. The trend e::leished in

g

. . . b .
this study is that wk hdg decreases as the strain lncregsgg.
It could then be expected that at very small strains ;E—%ag

would be close to unity.

b) Dependence of oy and ob/wk hdg at large strains.
In all the tests carried out, g, increases rapidly

at small prestrains, and then, after some 3% strain, it
tends téwards a saturation value. These values are tabu-
lated in Table 6.2, At the same strains it is also found

that ob/wk hdg is approaching a constant value, as shown

in Table 6.1. ‘ .

The dependence of Ty and cb/wk hdg on strain are

»
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Gb/wk hdg AT ZERO STRAIN AND AT LARGE STRAIN

TESTS ZERO STRAIN LARGE STRAIN
(> .05)

SX 37 SS ~1.00 .55

SX 34 sS ~1.00 ~.67

SX 31 DS .75 . .63

SX 35 MS .92 ‘ .45

PX . .80 . .55

TABLE 6,1
2 fr



SATURATION VALUES OF o,
TEST SATURATION o, ksi
o, ksi b
b SHEAR
TENSILE
’
PX 13.2 4.3
SX 37 >11 >4.8
SX 34 >11 >4.8
SX 31 11 4.8
sX 35 7.4 3.6
TABLE 6.2

213
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both consistent with a relaxation mechanism dominating the
work hardening process after some 3% strain. The cross
slip mechanism res%ogsible for the relaxation in Cu-SiO2
can be ruled out asﬂéke major factor, as the geometrical
constraints on the cross slip mechanism make it likely to
operate only close to the perimeter of the 6' particles.
The evidence presented in Figures 5.10 - 5.13 indicates
that the relaxation process is the.cutting of the particles
by the matrix dislocations. The fracture of the particles
and the voiding that accompanies it can be excluded for
two reasons:

(1) the back stress does not decrease to zero; it

would be zero if the particle matrix ing?rface

separated =

(ii) the rolling experiment did not reveal broken

particles, but rather the 6' particles were

severely bent.

c) The orientation dependence

-

3 The tests on the polycrystal test pieces at strains
larger than 5% show that %, has a constant value. The

scatter in the results has been used to estimate a standard
deviation of +0.6 ksi which represents a standard deviation

of‘tﬁ%. The small number of tests carried out on each

single crystal orientation does not permit such an estimate;

>

=
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o
the same percentage standard deviation is taken to apply
for these tests.

Examination of the saturation values of the back
stress indicates that those oriented for single s}ip are
in excess of 11 ksi, whilst the double and multiple slip
orientations are smaller. There is a significant diffe-
rence between the multiple slip orientation and the other
orientations, based on the difference in their saturation

stresses exceeding twice the standard deviation.

| > 2 . STANDARD
DEVIATION

lc’b max ~ °b max

SX 35

But the data as obtained does not permit the determination
of a significant difference between the single‘slip and
the doublefslip orientatioég.

The wvalues of ob/wk hdg can be examined in a simi-
lar way. The standard deviation of the back stress leads
to alstandard deviation of the ratio cb/wk hdg of about 7%.
There is a signifigant difference between the multiple slip
orientation and the other orientations, but it is not pos-
sible to establish that there is a significant difference
between the single slip and the double slip orientations.
The orientation dependence of the tensile back stress and
the functions of the work hardening can be summarised:

The results for the multiple slip orientation SX.35,

at [100]) are significantly different from those for the

P
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other orientations. The Schmid Factors can be used to
convert the:tensile stresses to shear stresses. When this
i8 carried out the shear stresses are as shown in Table

6.2. The differences still have e same significance.

d) Temperature dependence

The temperature dependence of the back stress Oy
and ob/wk hdg can be seen in Table 4.3, which gives resulté
for tests carried out at di%ferent temperatures on single
crystal test pieces. In all cases the prestrain was close
to 0.01 tensile strain, and the results show that the back
stress and cb/wk hdg decrease as the temperature is in-
creased from 77°K. »

The temperature dependence of the mechanical be-
haviour could be due to the temperature dependence of the
elastic modulus. The results,when normalised with respect
to the temperature dependent modulus, are shown in Table
6.3. The majority of the results are close to unity, in-
dicating that the temperature dependence of the results
is largely due to the effect of temperature on the modulus.
However, there is one set of results for each crystal which
shows the largest departure - in each case it is the guan-

tity

9% 77 ¥/ 77
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CRYSTALS OF Al-Cu-8'

SX 22 SX 25

o u

3911—-32§ 1.1 1.02
0298 Y77

[o} U

Of77 298 1.06 1
£298 Y77

O, o U

_b77 2938 1.13 1.08

9p298 Y77 “

9077 ¥373

- .99
0373 Y77

9¢77 373 95

$373 Y77

g, u

6211’”312 1.07 .
b373 %77

TABLE 6.3 THE DEPENDENCE OF THE PROPERTIES OF SINGLE

ON THE TESTING TEMPERATURE
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where.obT is the measured long raﬁge back stress at tempera-
ture T°K. The discussion of the result can be carried out
most easily with the help of some data from Atkinson et al.
(1974) . For the Cu-Si0, alloy, the values of the back
stress obtained are shown in Table 6.4.

It is well established by Atkinson et al. (1974)
and by Gould et al. (1974) that the deformation of Cu-SioO,
is unrelaxed at shear stra?ns up tp 0.06 at 77°K, and .015
at 293°K. Beyond these strains the extent of the relaxa-
tion increases. The process of relaxation reduces the long
range‘back stress, so that it is to be expected that, as

the temperature is increased from 77°K, the back stress

will decrease. For example, the ratio from Atkinson et a%.

Oy 77/Gb 293 = .87/i54'= 1.6

is an indication of a large relaxation. The values for the
other temperatureoratios~increase rapidly, and a little care
is needed as the ratio of_uniéy for the result at 77°K does
not suggest that no relaxation is taking place.

The results in Table 6.3 show that there is some
relaxation occurring at the test temperatures to give the
ratio - ‘

/h '
b 17 ¥/%r ¥g7 7 -

However, the ratios remain close to unity, indicating that

N

:(
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TEMPgRATURE BAC§ STRESS 0h77/ch
oK ' b
kg/mm2
77 .87 1.0
293 .54 1.6
343 .31 2.8
400 .11 7.9

These results are obtained from.Atkinson et al. (1974)

Table 2. Care was taken to ensure that the crystals

Cu-Si02-1—925 were used for all above results and that

the prestrain and volume fraction were the same. The

values of qb

TABLE 6.4 RESULTS FOR Cu-SiO2

- are corrected for modulus variation.
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the extent of the relaxation at the test temperatures and

-7
at the imposed strains is not great. The cause for this
small relaxation must be found in the aspect ratio of the
space between the particles; it is unfavourable to the
cross slip process. Even at 100°C the deformation process

is mostly unrelaxed.

6.3 Dislocation Model Used to Rationalise Observations

The interpretation of the above experimental re-
sults must be related to the structural evidence revealed
by the X-ray and TEM studies. The X—raf evidence shows
that extensive asterism was developed during prestraining
and that it decreased during reverse deformation. It was
observed in the crystals oriented for single slip, but not
for those crystals which, oriented ét [100], deformed by
multiple slip. The TEM evidence is that dislocations accu-
mulate at the particles during the prestrain, agg,during
the reverse strain they move away £from the particles and
occupy the centres of the boxes between them, At large;
strains the particles are cut by the matrix dislocations.

The model appropriate to degcribe the results is

.

similar to that developed by Russell and Ashby (1970) based

on the work of Ashby. .In this model, the plastic deforma-

tion occurs by the movement of primary dislocations on the

ip plane ﬁntilﬂthey are stopped- by the particles. It

- e
"
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has been explained earlier how the model calculates the
flow stress by using the 'average dislocation density and
'the formula derived earlier by Nabarro et al. (1964). 1In
this study the large Bauschinger Effect must be accounted
for, and the model of Russell and Ashp} will have to be
developed further. ’

It is necessary to examine the model in two stages:
these consider the crystals oriented for single slip and
ﬁultiple slip. The single slip case will be considered
first.

The alloy aged to 8' contains 3 sets of 8' par-
ticles with average diameter about 1.5y and interparticle
spacing about .7u. The al{fy is oriented for single slip,
and at a c%itical resolved shear stress (which will match
the value obtained by Russell and Ashby), dislocations can
commence to move in the matrix. The stress necessary is
the matrix friction stress. They move towards the first
array of pérticles and will be stopped there until am. addi-

tional stress of

is applied to cause the dislocations to bow between the
particles. The factor of 2 is based on a comparison with
Russell and Ashby, figure 3. Here L is the spacing between

the particles in the [110] direction on the (111l) slip

A
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plane. This additiohal stress is the Orowan stress. For
the alloy it is about .7 ksi (4.8 MPa), and it enables
the dislocations to bow hetween the particles, leaving at
them Orowan loops,.with primary Burgers vector.

Continued deformation leads to the further bowing
of dislocations between the particles and the accumulation

of Orowan loops. The arrangement of these loops as the

—Strain increases has been examined by Russell and Ashby.

The loops accumulate close to the particles at small strains.
At larger strains (y > .02) the dislocations seem to stand
off from the particle in an edge wall, similar to a low
angle grain boundary. The edge of the wall is perpendicu-
lar to the Burgers vector, so that it is a (110) plane.
Ashby was able to estimate tge dislocation density
in terms of the applied strain using simple geometry. He °
was able also to show that the angle ¢ through which the.
plates were rotated was equal to the shear strain y, and
that the lattice acquired a curvature whose mean was 2v/L.
In the development of the model for other types of
precipitate particles, especially Sioz, Ashby introduced
the formation of prismatic loops by the cross slip process
or by.a punching process. This could happen easily in the
Cu—§i02 alloy system with equiaxed particles. However, in
the Al-Cu-8' alloy it is”hot likely, as the aspect ratio

of the space between the particles is unfavourable.} In the

£
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Al-Cu-e'.alloy only glide loops are found, except perhaps
close to the perimeter of the particles where some cross
slip can occur. There is evidence in the TEM results of
Russell aﬂd Ashby which showed that at shear strains up to
0.05 almost all (95%) of the dislocations at the particles
had primary Burgers vector. The few secondary dislocations
were not significantly arranged or positioned.

No assumption has been made about the distribution
of slip planes. The evidence indicates that the slip is
uniformly distributed,and that it is not planar,as has been
observed in many alloys containing cutable precipitates.
The observations that the dislocations stack as edge walls
at the particles,and that there are many cusps and kinks,
can only be accounted for by the dislocations paving to /

cross slip to form the walls. The coplanar Orowan loops at

the particles, of the type proposed by Hazzledine and Hirsch.

in the-Cu—Alzo3 alloy, have not been observed in the Al-Cu-
6' alloy. The créss slip will have an important influence
on the reverse deformation characteristics of the ailoy.
The accumulation of Orowan loops at the particles
leads to development of asterism on Laue X-ray photographs.
This can be accountéd for using the Ashby model. The accu-
mulated dislocations indicate that the lattice hhs been
curved in the regions close to the particies because of

the rotation of the platelets. The mean curvature increases

[y Wlm

Pl =



224

as the strain increases, so that the asterism must also
increase.

Also,during the reverse strain,bthe asterism is re-
duced and is built up again as the strain increases in re-
verse. This requires that some or all of the dislocations
move ba?k along their élip p;anes. To have the disloca-
tions beh;Qe in an exactly reversible manner demands that
the slip be planar. The many cusps observed, indicating
that some cross slip has_occurred,will render exact rever-

N\
sible slip "impossible. ?ﬁe reduction of asterism must be
obtained by some of the dislocations moving back on their
own slip plane or on adjacent slip planes (leaving some ’
debris close to the particles). Thé TEM evidence suppor£s
this idea. The dislocations duiing the reverse flow occupy
the centres of the boxes, whilst during the forward strain

-~

they were closerto the particles. .
The matrix has been deforming plastically, whilst
the particles have been undergoing only elastic deforma-
tion, and the dislocations have accumulated at the particles.
The particles have caused inhomogeneity in the plastic de-
formation and their elastic deformation causes a long range
back stress to be developed. Ashby, in his model, coh-
sidered that this back.stqess would be nedligible and did

not include it in the formulation of the equation for the

work hardening increment. However, it has been shown that



the back stress is appreciable and,at small strains,accounts
for nearly all the work hardening. The magnitude of the
back stress obtained in the) present experiments will be
compared with the values predicted on the basis of the

Brown and Clark model.

At larger strains, the particles begin to undergo
plastic deformation. The process occurs because the stress
on the particles, appioximated by ob/f, exceeds their yield
stress. When this happens, there is not an avalanc?e of
dislocations, but rather there is a one to one process.

One dislocation arriving at the particle leads to a disloca-
tion on the same or on a nearby slip plane to pass through
the particle. The reason why all the dislocations on a
given siip plane do not rush through the particle is be-
cause the particles still have strength; their yielding is
not like the cracking and voiding process experienced with
some particles in steels. When these particles crack or

" void, there is nothing to support the dislocation loops and
they collapse into the void. In the elloy’with 8' par-
ticles this does not happen: the number of dislocation
lgops,and hence the elastic strain on the particles,remains
constant. The significance of the quantity ob/f will be
discussed later.

When cutting of the particies takes place, the back

stress remains constant. Then the work hardening rate is

prupans o,
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dominated by the matrix and it will not have a contribu-
tion from the back stress. A change in the’work hardening
rate is observed. 1In the tension tests this is difficult
to detect because the onset of necking obscures the effect.

.

However, in compression tests there is a marked change in
the work hardening raté‘at some 10% shear strain. The al-
most constant back stress, and the slowly increasing flow
stress lead to an almost constant value of ob/wk hdg at
shear strains greater than 10%.

When the crystals oriented for multiple slip at
[100] are considéred, not all of the above.discussion is
applicable. The important differences are:
| a) the asterism is not developed until larger

strains (y > .10) ’ .

b) the back stress is smaller

c) the back stress contribution to the work hardéning

- .

is smaller.

These three results can be included in the proposed model,

if multiple slip is-allowed to take place.
»’
Plastic deformation of the [100] crystal occurred

by the operation of at least four slip systems. These will

>

intersect at the particles and there the possibility exists
i :

=

for dislocation interactions which can either

~

a). reduce the lattice rotation

b} reduce the displacement at the particles .

.

e )
+
- e
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or c) reduce both the displacement and the rotation.
When the lattice rotation is reduced the dsterism is re-
duced, and the reduction of the displace@gnt at the par-
ticles causes the long range back stress to be reduced.
Bonar (1962), in an investigation of line contrast
at 8' particles after plastic deformation in Al-~Cu alloys,
“showed that interactions of the above type take place.
Many other explanations for the line contrast, including
Moiré fringes and antiphase domain boundaries, were ex-
cluded on account of experimental observations that the
‘lines lay parallel to <110> and were invisible when a ma-
trix (220) reflection was used. - .
One example éf a reaction will be given. Consider
the intersecting slip planes (111) and (111); Burgers .

vectors of dislocations m@ving on these ?lanes are:
${10T) and $(011]

They intersect along [1I0], and along the #iine of inter-

section the two dislocations react to produce the disloca- .
tion with Burgers vector %[110]. This is a pure edge dis-

location, and the glide plane é;;;lableAto it is (001),

which is not a normal slip plane in the fcc materials. The N
reaction is energetjically favourable according to Frank's

‘Rule (1949). This dislocation has been known for some time

as a Lomer Lock (1951). It is a prismétic dislocation, and

L4
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the displacement at the particle is smaller than that ob-
tained if either of the two dislocations %[lOf] or %[Oll]
had collected at the interface. It can also be argued
that the lattice bending has been reduced.

Not every dislocation of the type %[lof] and %[Oll]
arriving at the particle interface will undergo the reac-
tion; to do so would require that every plane was an active
slip plane. In fact, these slip planes are at least 40
atomic spacings apart, so there is a finite probability
that the reaction will not take place for all dislocations.
However this probability increases if multiplg slip is con-
sidered to take place.

The reverse deformation of the crystals orientéd
at [100] must take plaée less readily than that for the
single slip crystals. The reason for this i; found in the
way that the diglocation reaction to form Lomer Locks has
pinned the two disibcations so that they cannot move. The
reverse plastic deformation must use the disloéations which
had not interacted to form the Lomer Locks or produce some
additional ones by the operation of some sources. The ex-
perimental results show that the long range back stress is
smaller for the [100] crystals than for the crystéls de-
forming by single slip. The second way to consider this
reduction of the back stress is that the prismatic disloca-

tions produced by the dislocation interactions have a much
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smaller displacement at the particle interface. Both
Atkinson et al. (1974) and Gould et al. (1974) have shown
a similar result, that the Bauschinger Effect is reduced
when prismatic loops are formed. Gould et al. showed that

2N

the

back stress from one Orowan loop - 12
‘ back stress from one prismatic loop B

The model described is very siﬁilar to that of

Ashby (1970). However Ashby calculated the work hardening
by assuming that it depended only on the average disloca-
tion density: theiback stress contribution was considered
negligible. The chief experimental result of the present
study is that there is a large Bauschinger Effect in the
Al-Cu-8' alloy, implying that there is a large long range .
back stress. Ashby's model gave a good agreement with the
experiments carried out by Russell and Ashby. These ex-
periments wereiunidirectional only, being conducted in com-
pregéion. Theré is a need to examine further this agree-
ment and to determine if the results can alsQ be explained

using another model which includes the back stress harden-

ing. The next section will discuss the details.

6.4 More Detailed Discussion of the Ashby, and Russell
and Ashby Model

The good agreement between Ashby's model and their

experimental data for unidirectional tests is shown in
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Figure 6.3 from the paper by Russell and Ashby. In this
=T
figure the work hardening increment

© js plotted against
/ri% , where 1t is the flow stress at a shear strain vy, T
is the initial yield stress, p the shear modulus and D the
interparticle spacing in the [110] direction on the (111)
slip plane. The graph was obtained by calculating these
guantities for the 2, 3 and 4% Cu alloys at shear strains
of .05, .10, .15 and .20. The earlier data from Dew-~Hughes
and Robertson was also included. The agreement between the
data points and the line is good, and the slope of the line
is very close to the slope predicted by Ashby's model. The
authors- concluded that the work hardening in the alloys
cowdld be satisfactorily accounted for by the model.

?he Russell and Ashby calculations must be examined
in more detail. The model used a relationship between flow
stress and dislocation density similar to that of Nabarro,

Holt and Basinski (1964),

/

T = aGbYp

where p is the disdocation density. In the formulation of
the model, Russell and Ashby dttempted to prove this para-
bolic re%atiénship between flow stress and dislocation den-
sity. Figure 13RA shows the measured dislocation density
as a function of shear strain, and also as a function of’

work hardening increment. The model depends critically on
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this plot. The dislocation density determinations were
carried out at shear strains of less than 0.025, but, in
the formulation of the model, these data were extended to
shear straiﬁs of 0.2. Again, the plot of dislocation den-
sity v work hardening increment appears parabolic, but
closer inspection shows that it can be argued that there
are really two different sets of data for the aged materials.
One set is for tHe 4% Cu alloy, and the other for the 3%
alloy; straight lines can be drawn through the origin and
the data points for each alloy, and the linear fit is more
convinciﬁg than the parabolic curve. This new linear fit
implies that:
a) there is a linear.relafionship between the dislocation
density and the work hardening increment
b) some dependence of the work hardening\increment on
the volume fraction of the second phase. ]

This is not too surprising since the plot of dislocation
density against shear strain (Figure 1l3aRA) does show a
strong dependence on volume fraction (or copper content).’

The data presented by Russell and Ashby in Figure
3RA and used in Figure 14RA has been recalculated and re-
plotted. The data of Dew-Hughes and Robertson has not been
included on this plot as their interparticle spacing was

-

not measured in the same way. For this calculation the

following were used:

.
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.

a) Russell and Ashby Figure 3RA together with the plotted
yield stfesses;

b) their qhoted values of modulus and interparticle
spacing;

‘é) data at each 0.02 strain increment, instead of 0.05 as
used by Russell gnd Ashby;

d) the full range of the strains shown in Figure 3RA.

The replotted data is shown in Figure 6.4. It in-
dicates that the Russell and Ashby formulation does not
lead to the reported good agreement with the experiments;
it is clear that their choice of 5, 10, 15 and 20% data
points for the 6riginal plots was fortuitous in that it
led to the linear relationship shown in Figure 14RA. . The
three different curves for thg 2, 3 and 4% alloys can not
be considered as one line. There is an obvious volu@e
fraction dependence; but its exact formulation in texms of
the gquantity //i%jis difficult since D is not constant for ..
the alléys. Also, the p;ots as extrapolated do not go
through tle origin, and estimates of the gradients of the
individual lines (apbroximating the early portions as
linear) show they are in excess of 0.5, considerably‘larger
than t@é 0.33 obtained by Russell and Ashby._ It could be '

’argued that'Ruésell and Ashby took an average*grédient of
the series. of lines, and not the average of the éradienté.
This will lead to a.reduction in the quantity, as the,

-\
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gradients of the 3 and 4% alloys reduce rapidly at large
strains. Neverthelgss, if the Russell and Ashby analysis
is to be applicable, it must be so at small strains, aé it
was at these strains t%at\fhey\determined the dislocation
densities on which thgir forqﬁlation depends . As indi-
cated, at these small—strains:\§he gradient is in excess
of 0.5. f f

This detailég discussion of the Ashby model and
the Russell and Ashby\énalysis was necessary because of the
goed agreement reported for the model with the experimental
data from their compression tests. The exclusion of a long
range back stress and the éauschinger Effect in the Ashby
formulation resulted in the model being not only unsuitable ‘
.to explain the results of this study, but in fact being
coﬁﬁradictory to them. The contribution of the long range

-~ A4
Ashby modél attempted to calculate the work hardening on

back streZi/ia\a major part of the work hardening, but the
\

the basis of an average disloocation dfpsity using the for-
mula of Nabarro et al. (1964). The Na£ar§o et.al. model
used a forest hardening model to calsulate the.work harden-
ing. This study has shown that the maximum forest harden-
ing contribution is only about 50% of the work'hardening'
in this'alloy. "It is not clear that Ashby calculated this
.quantity, as the dislocation content measured in the Al-Cu

/\.

" alloy was that for the primary dislocations - not secondary.
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In the next section of this discussion,it will be
sho&n how the Russell and Ashby data can be fitted to _an
analysis proposed by Brown and Clarke to describe/%he work
hardening in materials containing non deforming particles,
discs or.fibres. This modei is a long range back stress

model.

6.5 The. Re~examination of Russell and Ashby's Data
in Terms of the Brown and Clarke Analysis

Py

The calculations and analysis carried out for the
previou; section .show that the data of Russell and Ashby
de not support the position that the Ashby model satis-
factorily accounts for the work hardening in two phase
alloys. The model is also deficient in the way it excludes
any consideration of the long range back stress and Bausc-
hinger Effect. The analysis éf Brown and Clarke, which
does include these considerations, will be examined and it
will be shown how the data from Russell and Ashby, Figure
3RA fits this analysis. ;

* Brown and Clarke have shown how to calculate the .
mean Stress}in'the matrix, (or in the terminology used in »
this.work,lthe long range back stress) at a given plaétic

strain e_.:
P

T = 2vyDufe_

-
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where T is the mean shear stress on the active slip plane
Yy 1is an accommoéation factor, determined from
Eshelby's work
‘D is a modulus correction factor
H is the shear modulus of the matrix
f 1is the volﬁme fraction of the hard second phase
€ is the unreiaxed symmetrical plastic shear strain

(equal to 0.5 of the resolved shear strain).

Forgthe Al-Cu alloys used by Russell‘an@ Ashby, the

following constants can be determined:

a) v (SINGLE SLIP) = % = 5;- for v =

Wl

*
b) The ratio of shear moduli, Eﬂ = 1.3, based on the work

of Pattniak and Lawley (1971), u* is the modulus of
£he hard phase.
¢) D = 1.2 for disc shaped particles on {100} planes
(Brown and Clarke, 1975).
d) The volume fraction £ of 8' in the three alloys used
by Russell and Ashby are a little difficult to establish
since only the nominal copper content before the prepara-
tion of the single crystals is reported. The actual copper’
content can vary from that reported. Itkis known from this
work that thgre is a loss of copper during the remelting,
(.6% loss in 3.6%). The volume fractions are calculated

using the method‘employed'by Boyd (1966), and lead to the

pe
Vatne ’ -
5
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*

values shown in Table 6.5, for .final heat treathents at

300°cC. .
The minimum additional shear stress which must be

applied to the material for continued plastic deformation

is the back stress at that strain. This is the gquantity

T =\2yDufep

calculated by Brown and Clarke. For comparison purposes
this formula will be used to calculate the expected harden-

ing over the yield stress as ' . B 4y
: S

T
m 2YDfep

.at a symmetrical she strain of 0.01 forward (resolved
. shear strain 0.02). The results from the work of Russell
and Ashby will be obtained at the same strain from Figure
3RA.
These results have been plotted, Figure 6.6 and

it can be seen that the agreement between the calculated
and experimgiﬁgi'values is good, and well within the 15%
expected accuracgwa the Brown and Clarke formulation. The
one experiqehtal result for the 3% copper alloy seems to
be.considerably higher than it might be, and examination
of the original ‘data, reveals that this alloy has an initial
yield stress much lower than might be expected.

‘ It must be pointed out thét any uncertainties in

the co r content and subsequent volume fractions of 6'
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VOLUME BROWN AND CLARKE RUSSELL AND

. COPPER
WTS FR?CTION T . lo3 THEORY ASHBY
8's H -7
. 0 3
.\ m . 10
EXPERIMENT
2 1.55 .31 .28
3 2.95 .59 .84
4 401 082 R ’090
TABLE 6.5 TABLE TO SHOW COMPARISON OF WORK HARDENING

INCREMENTS AT SYMMETRIC SHEAR STRAIN 0.01;
RUSSELL AND ASHBY EXPERIMENT, BROWN AND CLARKE
THEORETICAL
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will not affect the position of the theoretical line; its
gradient will remain unchanged. They will however, affect
the plotting of the Russell and Ashby results and might be
expected to introduce some additional scatter. The re-
melting of the alloys during single crystal preparation
will tend to reduce the copper content and to move the
experimental points to lower volume fractions. The possible
error bars resulting from this loss of copper are marked on
Figure 6.6.

In this section it has been shown that the Russell
and Ashby experimental data gives a good agreement with
the work hardening increments calculated from the Brown
'and Clarke formulation. This is important as it shows that
the formulation whiéh includes the mean stress in the matrix
(or éhe long range back stress) leads to a satisfactory des-
cription of the forward work hardening process, in addition
to describing the Bauschinger'Effect. In the following sec-
tion,the results from the present study will be compared
with the Brown and Clarke formulation;.in this case, however,
the flow séress will'not be compared, but rather the long

range back stress as determined from the reverse deformation

studies.

6.6 Comparison of Experimental Values of Back Stress
From This Study With the Brown and Clarke Formulation

In this section the values of the long range back

A1 The BL VI

L



stresses 0, obtained from the experimental work in this
study will be compared with the work of Brown and Clarke.
As in the earlier section, the comparison will be made at a
.symmetric shear strain of 0.0l (resolved shear strain of
0.02). However, considerable care is necessary as the
Brown and Clarke mean matrix stress is a shear stress,
whilst the back stresses calculated in this. study are -
tensile stresses. The appropriate Schmid and Taylor fac-
tors will be used.

As before, the Brown and Clarke mean shear stress
in the matrix acting against increasing deformation is

given by

LI
E- = ZfYDEp

Here ep is the symmetrical shear strain; in these calcula-
tions it is taken as being approximately equal to the
tensile strain. For the Al-Cu alloy system, with thin
discs on the {100} planes, y = «2- and D = 1.2.

The calculation for SX37 is as follows. The vo-

lume fraction for this alloy is f = 3.0%, and then

=2 . 0.03 . % . 1.2 . 0.01
3 {

\

|

”

= 0,60 x-10"
- AN
The experimental results giving 0, as a function of prestraln,
using the 0.001 reverse offset to calculate the reverse

vield stress, gives at a prestrainof 0.01
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Ob TENSILE = 5,2 ksi = 35.8 MPa

This is converted to a shear\ﬁtress by multiplying by the
]

Schmid factor: \a//;/

rw

Oy, SHEAR = 5.2 x .43
) = 2.24 ksi = 15.4 MPa
and then
fo ; !
b SHEAR 2.29 -3
" = 373 * 10

= 0.62 x 1073
This has to be compared with the value of 0.60 x 10> from

the Brown and Clarke formulation.

For SX35, oriented at [100] for multiple slip,

_ 2=y _ S . =
Y = m = 8’ Schmid Factor = .40 and

T
m = 2fyDep

)
= 2 - 0.03 . g . 1.2 . 0001
= 0.45 . 1073
For this crystal the experimental value is

% tensile = 4.4 ksi = 30.3 MPa

and leads to

g
b shear.= 4.43x6.40 % 10—3 ///

u
= 0.49 x 1073, ’

244
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The data for the polycrystalline tests can also be
compared with the theory. The deformation is by multipie
slip so that y = 5/8. To -convert the tensile stress to a
shear stress the Taylor Factor M = 3.1 is used. The Taylor
Factor was not determined experimentally. The experimental
tensile back stress at a strain of 0.01 is 7.0 ksi =

48.2 MPa. This converts to

7.0 _ o

and

U ' - -
b 3hear - 2.26 % 10 3 = 0.62 . 10 3.

Thg Brown and Clarke formulation leads to

=2 . 0,037 . % . 0.01 . 1.2

=4

= 0.56 x 1073, .

»

in this last calculation, the volume fraction, £; is
sliéhtly higher than that used for éhé single crygfal ma-
terial. This has the original copper content, 3.6 wt%,
wpereas the single crystals had been found to have a copper
content of 3%.

These vélues are tabulated, together with the values
for SX34 which was also oriénted for single slip. Included
also is the data for SX31 oriented for slip on two slip

systems, The calculated value of the hardening increment

Iz

fy o .
ﬂ:ﬁi %}:“: " e
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6

has not been carried out for this orientation as the Brown

" and Clarke formulation is completed for single slip and

¢

multiple slip only. Howe%er,the values calculated for
sindle slip and multiple slip do provide upper and lower
bounds - for the double slip case. ,Ié can be €een that the

experimentai value is between these extremes.. Also tabu-

lated are the calculated and experimental values for tests

at 77°K and 373°K

‘Table 6.6 shows. the comparison between the experi-
. SN

mental results for db'SHEAR/u and ;he calculated t/u for

"tests in series BSX3N, polycrystals, and SX2N. The values _

for the series SX3N and polycrystals were determined at
eé = .Ol from the graphs which shot the relationship bet-

‘reen %% and prestraln. The values for serles SX2N were

' obtained from the individual tests which were carried out

“to prestralns close to 0.01, The actual values are shown
in Table 4. 3.~ These prestralns were the values of ep‘ N

used ln the calculatlon of’the theoretlcal values.,

, There is very good agreement for the tests in

<

. serles SXBN and polycrystals._ The magnitudes are well

thhin the 15% estlmated errcr in'the Brown and Clarke

*formulatlon, and the effect of the crystal orientatlon

-

‘ can be seen 1n.the comparlson of-_

F]

_ sx 37 ~1Slngle sllp
‘ »ﬁi'.ﬂ SX% 31 - double sl:Lp

~

s ' SX 35 and polycrystals - multzple Sllp.

I S
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TESTS EXPERiMENTAL CALCULATED

TEMP

°K % SHEAR __ T x 10°

_ﬁ. M
x 10°

298 sx 37 .0.62 0.60
298 SX 34 0.66 . Q.60

298 SX 31 0.52 (0.45-0.60)
298 sX 35 0.49 0.45 )
298  POLYCRYSTALS  0.62 ~ 0.56 Ny
298 SX 251 0.70 0.72
.77 sx 252 0.75 .0.72 -
373 SX 253 0.71 0.72 .

77 sX 221 _ 0.74 0.66
298 SX 224 0.66 0.66 -
298 $x 231 0.97 0.66 _
373 sx 233 °  0.80 0.66 T
298 SX 244 - .79 {/‘dw ‘0.66 ~ i
298  SX 241 - 1.0 _ 0.72 SN

': '%> .
TABLE 6.6 COMPARISON OF EXPERIMENTAL VALUES OF o SHEAR/h :
AND THEORETICAL. VALUES CALCULATED USING THE

BROWN AND CLARKE MODEL.

PR

e o )



248

[ 4
The temperature dependence can be seen in a com-

parison of the tests in series SX25M and SX22M. ' These
tests show close agreement between the observed and cal-
"culated values at the temperatures 77, 298 and 373:K. The
results for SX23M and 24M are less satisfactoryqin that
some of the differences are of the order of 50%.

The good'agreement between the experiﬁental and
ca;cglated values showp in Table 6.6, including the
a) orientation dependenqe~and
b) temperature dependence of the back stress ‘
is confirm§tion that the Brown and Clarke model is a good
description of the work hardening process in the Al-Cu
alloy aged to 8'. It confirms that the major portion of
the work'hardening at small strains is due to the back

'stress. At small strains (~1%) the deformation is unre-

laxed; the extent of the relaxation increases at larger

strains.

6.7 Comparison of the Results of This Study With The
Model Proposed by Tanaka and‘Mori

~

The ‘experimental results for the back stress deter- é%
mination presented earlier can alsd be compared with the
‘values'predicted by the quel éropqsed by Tanaka and ﬁori.
Their formulation predicts that the'uniaxial tensile strain

033 is given at a ‘tensile strain € by’

a

e
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%33 =T -8 "t

A E ¢
1l ~-B
where A and B are constants which depend on particle modulus
shape and volume fraction. Of greater interest in this work

is the hardening increment over the yield stress of the ma-

terial.
_AEcE
b33 =T |

For the material tested, the particles are disc shaped, and
lie on {100}, such that, for the [l00] orientation single
crystal, there are 2 sets parallel to the tensile axis,
whilst one set is perpéndicular to it. Under these condi-
tions Tanak aqd Mori average the contributions, and the

work hardening increment becomes

A
1 .2 <
g5+ 1-32] Ee o ' &

where the subscripts 1 and 2 refer to particles parallel to K

and perpendicular to the tensile axis.

The constants A, B, etc. are given by Tanaka and
Mori, (their equations 5 and 6) and for crystal SX35 they
can be calculated using : 2

_ _ 1
v = y¥F = T

P
. Lteh o s
PPN

E* = 14.4 x 10% psi = 99.2 x 103 mpa
E =.10.9 x 10° psi = 75.1 x 10> mPa |
£ = 3% . .- o _—
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The values obtained are

b=
]

1 .041 A .030

-N
]

B1 = ,040 B2 .035

from which -

Ao . 0.117 . E . ¢

1

W

33

At a tensile strain of € = 0.01,

Ad33 = 4.23 ksi = 29.1 MPa.

The experimental result is

°b tensile 4.5 ksi

= 31.0 MPa .
Here there seems to be reasonable agreement between the -
calculated work hardening increment and the equrimentaily
detérmined back stress.

The corresponding calculation carried out for the

polycrystalline material, with £ = 3.65%, gives at € = 0.01,

boq45 = 5.1 ksi = 35.1 MPa.
This is considerably smaller than the experimental value“of

9% tensile ©Ptained for the polycrystalline material. This

value is

cb tensile = 7.0 ks} = 48.2 MPa

T
F e
wbwa i‘?ﬁ:" CANRCES
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It seems that the Tanaka and Mori formulation underestimates
the long range back stress. A further check on this can be
made by calculating the hardening increment possible ;f all
the precipitates in the polycrystalline material weré parallel

to the tensile axis, and calculating A033 as

Ao

33 < 5.6 ksi = 38.6 MPa'

This is still considerably smaller than the experimental
value. The difference 1.9 ksi (13.1 MPa) represents a dif-
ference of some 27% which is much larger than the expected
error in the measurements.

Thus it seems that the Tanaka and Mori formulation
leads to close agreement with‘the’experimental back stress
in the [100] single crystal. For this material the model
fits the crystal aﬂd particles closely. 'However, for the
polycrystalline case, in which theNaveraging process and
assumed uniform multiple slip may not be completely accu-
rate, there is considerable difference. The Tanaka and Mori
fofmulation;does not permit the calculation of the effect
for the other single crystals oriented for single slip; in
these cases the angle between the slip direction and the
particle normals can not be included in their formulation.

-

'6.8 The Value of o, Maximum

It was shown in Chapter IV that the back stress o

0
AN
v

-
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increases at small strains, and reaches a constant value
after a strain of some 5%. The meaning of the maximum value
of the back stress must now be examinéd, and rationalised
with the microstructural events.

The values of the saturation back sﬁresses are
given in Table 6.1; the wvalues of greatest interest are the
shear stress values. They are all of the order of 4 ksi
(28 MPa). ?he back stress can be considered to represent
a shear stress on the individual particles: In this cal-
culation, the inverse of the operation employed by Brown

and Stobbs is used. The magnitude

'[' =
max local

where f is the volume fraction.
This stress represents a local shear stress of 133 ksi ’
(919 MPa).

The significance of the stress, Thax local’ must be~
established. The fracture studies have shown that the par-
t;cles at larger strains are cd; by matrix dislocations.
This cutting is shown by the dark field micrographs and it
was d;séussed earlier how thé saturation back stress is due
to the cutting of the particles takin§ place on a lafge
scale, so that no further increment of back stress is pos-

sible. The saturation value of the back stress is then to

be taken as the local stress required to cause cutting of

”

' .

b | -
f
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the particles on a large scale ﬁy the matrix dislocations.
There is an alternative method avallable-to estimate

the local stress at the particle to cause the cutting by

matrix dislocations. The method 1s based on the common obr\\

servation that the shear stress of a material is often

close to
shear modulus/30.

This estimate of the shear stress is intended for fcc ma-
terials; the estimate for a complex ‘structure like ' is

not clear. However, the use of u/30 for 8' leads to an

estimated shear stress
u/30 = 120 ksi = B27 MPa.

which is close to thg value obtained from the use of the
experimental value of the saturated back stress. Here the
value of u is that for the 6 nhase in the eutectic alloy
as determined by Pattniak and Lawléy (1971). So far, no

experimental determination of the yield stress for 6' par-

ticles has been carried out.

‘The agreemenﬁ between these two values for the
stress necessary to cause cutting of the 8' particles lends
support to the model in which the saturation of the long

range back stress is considered to be due to the particles

undergoing plastic deformation. There is experimental

.
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evidence from Transmission Electron Microscopy that the
particles are cut, but the foils which were examined had |
been subjected to tensile strains greater than 10%. The
above agreement indicates that the particle deformation
is well established at tensile strains of approximately
5%¢. One other piece of evidence confirms this value of
5% (or approximately 10% shear strain).. The compression
tests éf Russell and Ashb§ show the work hardening rate in

the material becomes almost constant at shear strains

larger than 10%,.

6.9 Removal of the Long Raqgg Back Stress

A problem which has caused some concern in this
study is the maqnitude of the reverse strain required to
remove the long range back stress resulting from an im-
posed prestrain.

Wilson (1965) showed that, in many polycrystalline
materials, the long range back stress after 9% torsion
prestrain was removed by reverse strains yhich did not ex-
ceed 3%, and were sometimes ~2%.

Atkinson et-al. (1974) studied the reversg‘strain
needed to remove the back stress in Cu—SiOz. Crységls were
deformed at 77°K to 8% prest;ain and interrupted after

different reverse strains for an anneal at room temperature.

This anneal was found to reduce the long range back stress




and to lead to an increased yield stress in reverse. How-
ever, a 4% reverse strain was found to lead to no change bet-
ween the reverse curves before and after the anneal. It was
argued that the 4% reverse strain removed the long range
back stress resulting from the 8% prestrain.

These experimental results afe not the same as those
obtained in this study which shéwed that ,after a 4% pre-
strain,a 4% reverse strain removed the back st:esé. The
back stress was built up again in the opposite sense by
further reverse deforﬁation. The work of Atkinson et al.
and of Wilson indicates that a reverse strain much smaller
than the forward strain will remove the back stress. This
present study shows the forward and reverse strains should
be equal.

‘The difference between these results is to be found
in the way that the plastic deformation was obtained in the
different maéérials.

a) in the Cu-—SiO2 the crystals were oriented for single
slip, but,after some 6% forward s&gdin at 77°K, the single
slip at the particle gave way to.slip on other systems as
the deformation became relaxed. The result of this process
was to reduce the number of Orowan loops on the particles,
and to produce prismatic loops. ' The contribution. to the
back stress from an ginrelaxed dislocation is much larger
than that from a prismatic loop. Gould et al. obtain the

ratio:

e
IR "
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back stress from unrelaxed loop _ 12
back stress from relaxed loop 7

During the reverse deformation, the glide dislocations inter-
acting with the original loops at the particle will reduce
the long range back stress in such a way that:

1 reverse dislocation will remove the back stress

from 1 forward Orowan loop
and 7 reverse dislocations will remove the back stress
from 12 forward prismatic loops.

It is not surprising then that the required reverse strain
is smaller than the prestrain.
b) the materials used by Wilson were all polycrystalline,
and most‘of the deformation took place by slip on many
systems, with the dislocation interactions leading to the
formation of prismatic loops. Again it must pe expected
that the long range interactions from these loops will be
removed by a few reverse dislocations.
c) in the present work, the study of the asterism was car-
ried out on single crystals in'which the deformation took
place by single slip. The forward prestrain to 4 or 8%
shear strain was still an unrelaxed deformation, with the
Orowan loops accumulating at the particie; with little
formation of prismatic dislocations; It has already been -
discussed how some cross slip might be expected to take

place near the perimeter of the particles. The dislocations

\
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responsible for the reverse deformation will cause a reduc-
tion in the number of Orowan loops on the paréiclés and the
asterism will be removed when the reverse deformation has
removed or counteracted all the forward Orowan loops. The
non-exact reversibility of slip will lead to the accumula-
tion of some debris at the particles. This debris will
contribute to the forest hardening of the material.

There is a further piece of work which can be dis-
cussed here; it shows that,in an alloy similar to that ﬁsed
in this study, the effect of the prestrain is removed when
the material has undergone a reverse strain equal to the
prestrain. The work is that of Liu and Sachs (1949) in
which the deformation and fracture of an aluminum alloy
24ST was studied after different strain histories. The ex-
periments of particular inferest are reported in their
Figures 2 and 3. .

In their Pigure 2,the effect of unbalanced strain
cycles on the strain to fracture is studied. The test
piece was subjected to a strain €4 in tension; and then
to e, in ciypression, after which it was‘pulled'to failure

and the retained tensile ductility €¢ Was measured. It was

found that e, was greatest when
'Eli = lszll

but that its maximum value decreased as the magnitunde of €y

Sy Er——— =
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increased.

These results are plotted in a different way in
théir Figure 3. Again the retained ductility ¢ is a maxi- .
mum when

/ lell = |52[

.

¥

so that, at the start of the tensile test, the maté}ial had

a net strain of zero. Again the maximum value of the re-

tained ductility decreases as the prestrain increased.
Two points can be mentioned here:

1. The maximum retained ductility occurring at zero :

“a

net strain is consistent with the model described in Sec-
tion 6.3. In materials which have undergone 1i£t1e relaxa-
tion, the reverse strain needed to remove the effect of the
prestrain ﬁust be equal to the prestrain.

2. The decreaéing retained ductility, as the total
strain is increased, confirms that there is not exact re-

versibility of slip in the Al-Cu alloy, and that there is )

accumulation of dislocation debris.

-

L33

The discussion in this section has shown that the ¢
magnitude of the reverse strain required to remove the ef-
fect of the préstraiﬁ depends on the extent of the reiaxaw
tion during the prestrain. The work of Liu and Sachs has
confirmed the rgsﬁlts of the present study. There is no o

conflict between the results of the work of Wilson and of

Atkinson et al. and of the present study.

. »
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6.10 WOrk Hardening Behaviour At Large Strains

The tei;s carrled out on slngle crystals, in the
present study, together w1th the reported work of Beevers
“and Honeycombe (1964) and of Price and Kelly (1962) in-

dicate that thehwork hardening behaviour of the aluninum—

' copper prec1pltatlon hardened alloys is complex.' There

are three prrncrpal events which need to be dlscussed and

criteria obtained to determine the conditions under which

’

they are observed. The events are ;

i onset of necking

ii. formation of goarse slip bands or snear bands
iii f}nal fracture and its dependence on orientation.
These events must. be considered separately as the
experlmental evidence lndlcates they are different. For
example, Price and Kelly reported the occurrence of shear

bands on their sxngle crystals just before fracture; they

¥

.reported no necklng in 6“ crystals. In the present study,
_ coarse Sllp bands- formed but only after neckrng was esta-

“blrshed. In other work, shear bands were observed in tests

carried out 1n compressron. In all the xests carrled out

¥

in tension, the\flnal fracture occurred aiter,the formatlon

' N

-

. of the shear bands. . ' o “ B .o .
':/f:., The drscussmon will be carrled out with the 62;;—;;~hﬁsjﬁ

ﬂ»plottednagarnst shear stress for the followrng tests:

‘,Figures 6 8 and 6. 9 These show the work hardenrng rates
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a) crystals SX41 and SX42 tested at 298°K. ‘

b) crystals SX43 tested at 77°K. For all these plots,
the stresses were ‘calculated uyp to the load maximum.

c) compression tests by Russell and Ashby on Al-Cu
containing 2, 3 and 4 wt% copper. These tests were
not subject to necking, and the data was processed
to much lower work hardening rates,

d) crystals C6 and.CB containing GP zones.

e) crystals C27 and C29 agntaining 6" precipitates,”
from the work of Price and Relly. These tests were
reported not to be subject ta necking; this point
will have to be discussgd later.

All thé data plotted appears linear. Only the lower part .
df the dt/d+ reéults are %hown on the Figures; Also shown
on the graphs is the line 0.451.‘ The re;son for this line

will be ihdic;ted later.

(1) Onset of Necking

An attempt was made to establish the condition for

r.3

the onset .of necking. In polycrystalline materials, necking

commences after

do
<
N

whgreﬂc'and & are the true stress and true strain. The de-
SR . . ¢

formation of single crystals is more‘difficult to analyse

st
-

PEERY

o



as the angle X between the slip direction and the tensile

axis changes during the deformation. Also; the develop-

ment of a neck requires the activation of slip on at leasé

two slip systems, and,under these conditions, formulae de-

rived for single slfp deformation are not strictly applicable.
The relationships between 1, 0, ¢ and y are complex

and an expression for drt/dy is unmanageable. A simpler ex-

pression can be obtained if it is assumed that

a) 1 = g.SF where SF is the Schmid Factor at strains
£ and v.
b) vy = ¢/SF
Then
do . dv | 1 .4 I
so that
dt ¢ sp . 1 ’
'Y—._

becomes' the approximate condition for the onset of necking.
The value of the Schmid Factor to be used should be that
for‘the crystal being tested. ‘However, since most of thé
crys;als tested have Schmigd, Factors .close to 0.45, this
value will be used. Thié is the origin of the line %% =
.451 on the %igures'G.B - 6.9. Accordiny to the condition,
necking can be expectgd at work hardening rates below the
line .457. This conditionhié very close to that which

determines the onset of necking in tests on rolled sheet. The

¢
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5

f

linear graphs obtained from the work of Russell and Ashby
indicate the line which would be followed in the other
crystals, if necking had not occurred.

There are two sets of data to be mentioned Qere.
'The first set contains the results of the present study.
The conditions for the onset of necking in crystals SX41,
42 and 43 were known from the load maxima. The intersec-
tion of the dr/dy and .45t lines occur at positions' very
close to those corresponding to the load maxima. The
. agreement with the proposed criterion can he seen in Table
6.7, which shows the values of % %% at the load maxima.
There is a small range of strains over which theré is an
uncertéinty abéut the position of the load maxima: these
are indicated in the Table. Examina?ion of the Table shows
that the range of values for the quantity %-%% includes
the estimated Schmid Factor at the onset of ngcking. These
Schmid Factors were estimated from the stereographic plots
of Calnan and Clews (1951). The approximate criterion
gives a good description of the condition for the onset of
necking. i

From the work of Price ‘and Kelly'it is not possible
to determine which test pieces showed necking. It is re-
ported,thét a small amount of necking was observed oéca-"_

sionally, particularly in the Al-Cu crystals containing GPI

zones. None of those containing 8" (or GPII) precipitates

®
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were said- to have necked. Some of the shear stress shear

strain curves have been analysed to test the quantity

1l drt

T dy -

as a criterion for the onset of necking. The graphs in
Figure 6.9 show the comparison. The value of .45 ?or the
avérage Schmid Factor is here based on the estimated values
which range from .42 to +46, at large strains.

It is clear that the crystals aged to GPI condition
could have necked commencing at a shear stress of approxi—“
mately 14 ksi (96 MPa) which might agree with ;he experi-

mental stresses. However, the crystals aged to GPII (or

- R
et

"), whiéh were reported to have not'undergone necking, are
indicated to have suitable conditions for necking at stresses
of approximately 17 ksi (117 MPa). it séems unlikely that
the crystals aged?to contain GPI and 6' wbgld undergo ngck-
ing whilst crystals containiné e" Qould not.

A further indication that necking might have occurred
"in the 6" alloys can be obtained frdm some of the stress v i
levels reported by Price and Kelly for the”fofmapion'of
coarse shear bands. These stresses were obtained from direct *}
measurement of the aréé of the test pieces,.apd were in ex- '

cess of 15 kg/ﬁmzﬂ (21 ksi, 146 MPa), whilst the highest
2

LA

shear stress plotﬁed.is close to 14 kg/mm“. (20 ksi, 137 MPa) ,

The values shown on their graphs are obtained using the | a
’ . . -~ H 4 - AP
[T ! '



assumption of uniform strain on a single slip system. Slip
on a second system to produce a neck would reduce the cross
section below that obtained from a uniform strain calcula-

tion. The corresponding stress would be higher.

{(11) Formation of Shear Bands

Kelly and Nicholson (1963) discussed the conditions
leading to the load drop often observed at yielding in ten-
sile tests on single crystals. For a crystal subjected to
a load P at a shear stress 1 and sheaf strain vy, Kelly and

Nicholson wrote

4dp Ao [ 1 dr T tan3 X]

r ° 20 cos éo N T SLnXO

2
cos Acos ¢O

¢
A\

where ¢ is the length of the test piece. \
Since ¥t has been shown experimental;y“TPxépe/and
Kelly, and present study) that the formatibn of shear bands
in the Al-Cu alloys is accompanied by a load drop, the
analysis of Kelly and Nicholson will be examined to deter-
mine if it can predict the conditions for the formation of

the shear bands. To obtain a load drop

248

<0 *

which requires that

3
dt < tan” A

2,
a—,{;_‘f ETXECOS }COS ¢O
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This coaation s not the < as that obtarned by kel ly and
Yicholeon; therr o counation cannoet be o correct o as ot doees not
contarn the chear strecs ooon the o vrahit hand sade, It the

g loes : thoen the tyroroametrice factors gre thoe came as

rore cTlear thoat the pecoaba Ty ot g boad dror e
' SH ) ) \ 3 ‘
e vl oo Phey two adant riaes ; and , b ot Tk e Tt ot
- iy
ch b g gt anere anses gt Torger o stranr Prode r thhe v ooy
d o
Jitrons N decroases whilst o ancreases.,.
[ Y

The triaor one tri1c tactor s denw adent on the current
anale bhetuween the ship direction and the tensile anas, The
anale decteases during the deformataion. Felly and Nichol-

3

Gom v i der the trigeonagmetric tactor to be about 0.9 fon

tace contred cubrlelraterials, so0o that the condirtion to obh-

tain a load droo - and by anference, a shear band - 1s that
G 6
d. - 77

However, 1t has been calculated i1n the present study that
possible values for the trigonometric factor range trom 0.14
te 1.23, devending on orlentataion.

‘1f the discussion of the previous section dealing
with the onset of necking 1s considered wxéh the above con-
dltloﬂ, 1t 1s secen that the shear bands will form before
necking 1f the trigonoretraic factor is 1esé than .45. How-

ever, 1if the €" crvstals of Frice and Kelly are all to

show shear band formation before necking, as reported
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A4S g criteriton for the

Price and }‘\t’]ly aladdeo that

there was a oritircal resolved shear

\

the formation of the first shear

a4 condition 1s not clear since a

irprlies that some event occurs
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critical
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stress condition

critical stress and
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correlation might be obtained with the help of Figures 6.8
and 6.9.

These figures show that the work hardening rate 1is
decreasing rapidly as the applied shear stress is 1increased.
At stresses close to those revorted as "critacal”", the work
hardening rates are very small. Then a very large strain
excursion 1s required in a matrix element 1f some inhomoge-
neity in the material causes a local reduction. As the
stress 1ncreases the work hardening rate decreases further,
demanding even laréer stralin excursions.

In the present study, the tests were not stopped
after the formation of the shear bands to determine the
current cross section. The values of the stresses at the
shear band formation can be estimated as being greater than
12 ks1 (83 MPa); 1n most cases necking commenced close to
11 k31‘(76 MPa). The work hardening rates were then small.

The mechanism for the formation of the shear bands

will be discussed later.

(iii) Criteria for Fracture in Single Crystals

Beevers and Honeycombe, on the basis of their ex-
perimental results, considered that fracture occurred in the
single crystals of the Al-Cu alloy when the resolved shear
stress reached a critical value. This value depended on the

condition to which the alloy had been heat treated. Their

5



figures 8, 9 and 10 show the values of the tensile, shear
and normal stresses at fracture for the different ageing
conditions.

The constant shear stress criterion suggests there
1s some event which occurs at the critical stress and leads
to the unstable fracture. If some such event occurred 1in
the tensile tests conducted by Beevers and Honeycombe and
by Price and Kelly, and in some of the tensile tests 1in
the present study, to cause the unstable fracture at a cri-
tical resolved shear stress, it did not occur 1in all tests.
The tensile tests carried out on crystais orirented at [(100],
deforming by multiple slip, did not show the unstable frac-~
ture. Instead they necked down to almost zero cross sec-
tion. The crystals compressed by Russell and Ashby did not
show any special event at high stregses. The plane strain
compression tests of Hosford and Zeisloft (1972) again did
not show any special event at high stresses.

The common denominator in the tests which revealed
unstable fracture was that the crystals were all oriented
for slip on one or two slip systems. If tke top and bottom
of the test piece were not constrained by the rigid grip
system, there would have been a lateral displacement of
the top relative to the boStom. The grip constraint must
cause a bending moment on the test piece. The magnituge

of this bending moment will increase as the imposed strain
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increases. The bending moment will increase the normal
stress on the active slip planes, and promote slip on a
secondary slip system. It will also promote crack nuclea-
tion and growth. Any criterion derived to describe thes
onset of fracture should include the normal stress on the
active slip planes. The data from Beevers and Honeycombe
and from the present study will be examined to test the
applicability of one of these possible criteria. The ex-
perimental evidence of crack shape, obtained from_an in-
terrupted test, indicates that the crack was orxenteé
parallel to the active slip plane, but the displacement of
the sides had a component perpendicular to the crack plane.
Priestner and Louat (1963) examined a similar pro-
blem. They were interested 1n the conditions to produce
unstable crack growth in a material which was subjected
to a shear stress 1, in addition to the stress 9y normal
to the crack (as in the usual Griffith case). They argued
that the presence of both stresses contributes to the total
energy available to do the work necessary for the crack
propagation. By examining the total energy and establish-
ing a critical crack length, they showed that for crack

growth

T 0+ Gé = constant = L

This equation was derived for a material in which the fracture

process was governed by the surface energy. The fracture
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of Al-Cu alloys produces dimples, and the work necessary to

form them should be included in the magnitude of the con-
stant..'HOWever, a criterion to describe the fracture of ‘
the Al—Cﬁ alloys based oh I can be tested against the ex-

<

perimental results.

.The data reported by Beevers and Honeycombe have

been analysed to determine if the quantity

v

*

is constant at fracture. The standard error in the mea- L
surements of I will be compared with the standard errors

in the values of T\and-oN. ~The values for the age hardened

-

alloys are:

The larger standard error fof the normal stress is thus

leost double that of the other two. Then a criterion baséd

on the quantity I or on the shear stress could be considéred

equally applicable, based on 'the statistics.  However, the

quantity I, whitch iﬂcludés the effect of the normal stress, -
represents the physical process more closely than a criterion ‘
based only on the shear stress.

The results of the present fracture study, containing

-
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: ] _ 2 2
) Material . T Oy =T o+ QN
1. solution -  ksi 18.8 +.6  10.4 +.7 466 +29 ksi’
treated,single MPa 130 +7 72 +5 22122 Mpa?
phase
2. GPI alloy ksi 23.5 +1.0  12.8 +.5 721 +30 ‘
MPa 162 +7 88 +3 34227
3. 8" alloy _ksi 21.0 +.4 12.7 +.5 608 +21
: . MPa 145 +3 88 + 3 28863

TABLE 6.8 COMPARISON OF REPORTED SHEAR STRESS, NORMAL STRESS
AND THE SUM I FOR THE FRACTURE OF Al-Qu CRYSTALS -~
AFTER BEEVERS AND HONEYCOMBE.

~

. Test Schmid cos op * T N 12 og’ X

. Piece Factor ‘¢ ksi ksi2 .2 ksi?

SX ksi ksi ksi
41s . 46 .81 45.2 20.8 29.7 432 882 1315
41L 43.1 19.8 28.3 392 801 1193
42s .47 .72 43.5 20.4 22.6 416 511 927
421, ‘& - 44,1 20.7 22.9 429 524 953

¢

438N2 .47 .64 50.7 23.8 21.0 568 439 1007

43LN2 54.8 25.8 22.5 666 506 1172

TABLE 6.9 TENSILE, SHEAR AND NORMAL STRESSES AT FRACTURE
’ OF SINGLE CRYSTAL TEST PIECES - PRESENT STUDY.

,
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fewer test pieces, have the following standard errors: -

1]
“~

AT ~ = 2%

AUN ~ + 7%

AT ~ £ 7% < /
and as such seem to support the constancy of shear stress
as a .criterion. HOWeJ%r, as indicated above, this cri-- ;
terion does not include the effect of the stress normal to
the crack on the crack propagation. -

The discussion of this section can be summarised
as follows:

a) necking occurs in the single crystal tensile tests

when

- < ,457 u
Y

b) the shear bands are formed when the magnitude of the

work hardening rate is smaller.
. ’

c) the fracture occurs when the work hardeniné rate is
close to zero. P
The observations are correlated then'with the work hardeniqgl
rate rather than wi£h the criterion proposed by Price and
Kelly (and by Beevers and Hpneycombe). This was a cénstant

P
resolved shear stress criterion.

[
o —
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6.11 Mechanism Leading to Shear Fracture in Single

. Crystals

The results of the previous section have shown that
the single crystals of Al-Cu a%@oys were subject to necking,
sﬁear band formation and, in most cases, unstable sheax
fracture. The conditions that seem to describe the first
two of these are directly related to a rate of work harden-
ing %% which decreases as the flow stress is increased.
First necking starts when the condition g% < .457 is satis-
fied, and the shear bands are formed when the work hardening
has been reduced further. The extrapolaEed.work hardening
rate is then close to zero. At larger strainé the crystals
finally break; the.work hardening rate will have been re-
duced again. .

In this section it is necessary to discuss how de-~
cgeasing the work hardening rate leads to the observed
events, and how the [100] q;ystals, although they undergo
neFking and shear band formation‘do not fail in an un-
stable manner. -

It was discussed earlier how the 6' particles were
responsible for £he increasing back-stress at small strains,
and how at larger\straips the back stress remained c¢onstant.
"The cqpse of this constant value was attributed to the gut-
ting of the particles by the matrix dislocations. Before

s

cutting took place each increment of strain led to an
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»

increase in the back stress and also in the forest harden-
ing. After cutting the sfrain increments produced only an
increment in the forest hardening - the back stress contri-
bution was constant at the value it had before cutting. It
was not reduced to zero by the particle cu&ting. If par-
\ticle fracture or breakdown of the particle matrix interface
\had occurred the back stress would have been reduced to zero.
It is possible to write down the flow stress and

work hardening rates for an element of volume in the alloy

a) before cutting of the particles:

o
%
and,
) .
./ % _ 10cal work _ %% %%
de hardening rate de de *

7

b) immediately after cutting:

qf = % * % + 93
do do )
—ag = -Eg oy = constant

c) immediately after particle fracture or breakdown of

interface:

Ob =0
0f=0'o+0'd
ddf dod ob_

lur T
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RN

where de is the strain inéremgnt over which the event

took place.

When some particles were cut the local work harden-
.ing rate was reduced, and to restore the load carrying
abiiity of the material the volume element had to undergo
) IS

an additional strain. This strain caused agdditional work
hardening of the matrix and an increased back stress in the
elements not subject to cutting. In turn then there was an
increased stress on the neighbouring particles and they
were closer to\ﬁndergoing plastic deformation. The most
likely place for thé\neft particles to be cut was on the
same slip plane, (or cld;ély parallel to it) as that on
which the previous particles\ﬁére cut. . !

' The process of particle cutting continued on a local
scale until many particles on a given slip plane had been
cut and the neighbouring particles and matrix subjected to
the additional strain necessary fo; the extra work harden-
ing. As’the imposed strain increased, the worK'hardenind
rate decreased. The magnitudes of the additional local
strains then increased répidly. Eventually the situation

was reached such that a further strain increment led to the
v &

cutting of the particles on a large scale on a given slip
plane. Then the band of material which had undergone a
'large strain extended across the test piece. The band was

subjected to a large strain and increased the load carrying

e

-
. .
Lo
P B S S
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ability of all the elements\in it.

Further strain increments-tenéed to concentrate in
this element because its work hardening rate was Iower than
that of the rest of the test p}ece. However the flow stress
everywhere was increasing slowly, so that the possibility of
a second or third shear band forming existed. Each suc-
ceeding shear band was strained just sufficient to raise
its flow stress to that of the surrounding elements. But
the work hardening rate at successive shear bands was.re-
ducing so that the strain increments had to be greater.

When the work hardening ‘rate was very close to zero,
the very large strain increment raised the possibility of
void nucleation close to some of the pafticles in the ac-
tive shear band. When this voiding occurred the back stréss
contribution from the affected particles was reduced to
zero and there was an immediate reduction in the work har-
dening rate by the aﬁouqt ob/Ae where A¢ is the strain in-
crement over which the voiding occurred. This reduction
of the work hardening rate had the effect of greatly loca-
lising the plastic deformation in the active shear band.

It may even have reduced the work hardening rate to a nega-
tive guantity. Rapid additional void growth could occur

and accelerated failure then resulted. Since the volume
undergoing the large deformation in éhe shear band was small

the dimples produced from the fracture process were shallow.
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The evidence from some interrupted tests indicated that
there was a stress component perpendicular to the final
crack, and it caused the crack to open up as a wedge. The
stress normal to the aétive slip plane promoted fracture, énd ’
prevented the possibility of the specimen failure occur?ing
by shear all across the slip plane. It also influenced the
shape of the dimples produced on the fracture surface.

The [190] crystal deformation must be examined.
These erystals deformed by slip on at least 4 active slip
systemsl The back stress increased and led to particle
cutting. However the intersecting slip systems then domi-
nated the work hardening process; the matrix work hardening
rate was higher at this orientation than at the single slip
orientatiqns. The result of the higher work hardening raée
. was that a small strain was sufficient to raise the local
flow stress after particle cutting. However,evehtually,all
the particles on a given slip plane were cut and the shear
band formed. Since the work hardening rate was high the
strain in the shear band was small, and further bands were
formed.

An important considerat}on in the deformation of
.\thg [100] crystals is that the symmetric slip ca&ged no
change in the ang}es between the tensile axis and the many

slip directions. There was no lateral displacement of the

top and bottom of the crystal and the bending mome present

,.
r P})-‘” -

* .
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in the other single crystal tests was absent. The deforma-
tion‘of the crystal then continued, with the many slip sys-
tems leading to extensivglnecking. Eventually the test
piece failed after the nucleation and growth of voids in
the neck. Measurements have shown that the true strain at
fracture in the [100] crystals.was an order of magnitude
larger than that in the other crystals.

The o?served asterism in the [100] crystals was
consistent with this model. The Laue photograph taken

v

about 1" from the fracture surface did not show extensive
asterism even tﬁough the deformation was about 0.1 tensile
strain. As indicated earlier the multiple slip led to the
production of many prismatic loops and a reduction of the
lattice bendihg aglose to the particles. 1In the neck, the
extensive slip on intersecting slip systems following par-
ticle cutting caused the material to deform almost as a
single phase allqy. It is well estabfished that such cry-
stals show extensive asterism at large strains. A good
example is shown by Russell and Ashby (1970) in which Laue
photographs were obtained from their single crystal single
phase control samples.
This section has discussed th%/processes leading

to shear band formation and fracture df the single crystéls.
The emphasis ha; been placed on the ;ork hardenihg rates "
when the observations occurred. 1In this the appfoach has
been different from that followed 5§N§?}?e and Kelly who

\

)

/
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considered that there was a critical ipgar stress criterion.
Such a criterion suggests that an event occurs at the given
stress causing the shear bands to form or leading to frac-
ture. Price and Kelly were not able to establish the na-
tu%é of the event. In the present study it has been shown
that the work hardening rate decreases as the flow stress
increases, and the shear band formation and fracture were

explained in terms of the low work hardening rates.

‘M‘m‘l i"’ T"“ .
h WA



CHAPTER VII

APPENDIX

A Review of "The Bauschinger Effect in Precipitation
Strengthened '‘Aluminum Alloys" R.E. Stoltz and R.M. Pelloux
(1976) .

Since the content of the work reported by Stoltz
and Pelloux (1974, 1976) was very close to that of the pre-
sent study, and because there were considerable differences
in the approach taken to analyse the cyclic stress strain
curves and in the nu&érical results obtained from them,it
was decided to review their work separately.

Stoltz and Pelloux studied the Bauschinger Effect
in several polycrystalline aluminum precipitation strengh-
ened alloys. Some were aged to contain precipitates which
were cut by the matrix dislocations from the start of plas-
tic deformation. Others contained precipitates which were
considered not to be cut by the matrix dislocations. - The
cyclic stress strain curves obtained from the alloys con-
taining cutable precipitates were similar to those reported
earlier for single phase alloys, and were considered to
confirm that the alloys with cutable precipitates do not
build up large lbhg range back stresses during plastic de-

formation. The curves obtained for the alloys with hard
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L -3

particles demonstrated a unique effect, shown in their Fi-
gure 3. However, it is felt that the description of the

effect as convex is erroneous. The curves for the alloys

" with cutable precipitates when compared with an optical lens

are convex; the curves from the hard precipitates are con-
cave. ’ P
Because a new shape was obtained for the cyclic
stress strain curve, a different method was devised to mea-
sure the long range béyk stress in the alloys. The analy~-
sis used is identical to that used by Moan et g}. (1973)

and discusséd in Chapter IV of the present study. Where -

the two methogs differ is shown in their Figure 1; a tan-

' gent was drawn to the two parts of the reverse curve and

the ppint of maximum deviation from the tangent was taken
as their reverse yield stress. The Bauschinger Strain was
measured to this same point. The precise meaning of  this
point will have to be discussed later. |
One of the allo?g used in the stud§ was Al-Cu,
{4.5% Cu) aged to 6' and tested in tension-compression to
small prestrains (%3.68%). The 9' particles.were 0.7u dia- v
meter and .46u apart, and their estimated volume fraction |
was 7%. A compérison with the work of Russell and Ashby

L3
indicates that the Orowan stress for such an alloy is

3

o =222 3,5 107 ksi (24 MpPa)

l
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which ‘is nearly half of the initial yield stress.

Two areas of importance which must be discussed are
a) the interpretation of the new stress strain curve
b) ' its applicability to the Al-Cu-6' alloy.

The interpretation of the new stress strain curve ®
can be carried out most easily with the help of a simp%ified
model. It is assumed iﬁitially that the forest hardening
and source shoréening terms do not exist at small strains
in the age haraened alloys, that the deformation is unre-
laxed, and that the only contribution to the work hardening
comes from the back stress which has been shown to increase
almost linearly at small strains. The model is shown in

Figure 7.2.

'

At yielding the flow stress is the sum of two terms:
GL the lattice friction and 9oR the Orowan stress. As the

plastic strain is iycreased from zero, the back stress Gbl

increases and then
Z

Og =0 + IoR + 04

During unloading, -the back stress will aid the reverse de-

formation, and the lattice friction will oppose all disloca-

tion motion. The Orowan stress must be examined carefully. ~
If slip is exactly reversible, the dislocation;

moving in reverse will not see the array of obstacles. In 1

fact, the interaction with the Orowan loops on the particles

v

]
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STRESS , Of

D 1
€4 STRAIN
op = Lattice friction oy = dL
Oor = Orowan Stress - +
% = Long range back stress 2 i ToR
O T oL * Oor * Iy
cr1= =0, + 0y
r2= L
923~ %L 7 %or
%4 7L 7 %0r " %ny
Ors= Op ~ 6b2

Fig. 7.2 Schematic diagram of cyclic stress strain curve
for model material, deformed 31 in tension and

€2 1n compression
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will result in the 'reverse' dislocations being aided as

they move past the particles. The line qension will straigh-
ten out the dislocations after the inter;ction with the Orowan
loops. Then the Orowan stress cannot enter the equation

for the reverse yield stress. Reverse yielding occurs at

Orl.

°r1l= °L T 9p1

As the reverse strain is increaféahfrom zero, the
magnitude of the current back stress mﬁst decrease as the
number of Orowan loops is decreased and the elastic strain
on the particles is reduced. The magnitude of the applied

stress needed to continue reverse deformation is
e

ar(e) = oﬁ - cbl(s)

At zero net strain, the magnitude of ¢ will be

bl
zero; all the forward Orowan loops will have been removed,

and

/ L4

The next increment of plastic deformation can occur if the

reverse dislocations are able to bow between the obstacles.

-

A stress increment in reverse equal to the Orowan stress is

required. The reverse flow stress is then

a = g, + ©O

r3 L OR

P T I s i, W
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Continued plastic deformation in reverse leads to the
build up of a new back stress Obz (whose sense is opposiéE

to that built up during the forward strain). Then

= g, + ¢

1%r4 L orR ¥ b2

The magnitude. of %42 will depend on the magnitude of the

reverse strain.
Unloading from reverse stress Cq will lead to for-

ward plastic flow when the applied flow stress is Orge

=

Ors O ~ obg
and as the strain decreases towards zero the magnitude of

%2 is reduced -and the flow stress increases. At zero net

strain the flow stress is again

At this strain all the reverse Orowan loops will have been

-

removed from the particles and continued forward deforma-

tion requires a stress increment equal to the Orowan stress

so that ///

= 0_ +
0'2 ]

L OR as before.

prgy 2

This model is very simplified, but it is necessary

~

to demonstrate that if slip is exactly reversible a new é
type of stress strain is obtained for cyclic deformation.

Some modifications must be made to the model if it is to be
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~ +

compared with real materials:

1. slip is not exactly reversible so that some fraction
of the Orowan stress will have to be included in the terms
for o_, and Opoe The line DE will move closer to the line\\\
FG, and HA will move closer to BC.

2. the deformation might not be unrelaxed. In that
case, the magnitude of the back stress will not increase
1inearly with strain, and dislocation debris will lead to
a forest hardening contribution.

3. forest hardening will play a role and increase the
stress necessary for plastic deformation. Then DE will
move' .closer to FG, and HA even closer to BC.

4. dislocation sources do not all require the same
applied stress for activation. Théré is a distribution of
strengths, and the corners at D, E, F, Q and A will become
rounded. o
Including these modifications into the moaél leads
to a cyclic stress strain curve similar to those shown by
Stoltz and Pelloux for the alloys with hard particles. As
the magnitude of the forest hardening increases with re-
peated cycling, the steps at EF and AB disappear.

There are two important differences in the inter-
pretation of the curves presented here from that proposed

by Stoltz and Pelloux:

b imendend ~ .

M_‘..W:ﬂv‘-n\‘
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1. they &o not include the effect of the Orowan stress
on the shape of the cyclic stress strain curve.

2. they obtain the magnitude of the back stress by
considering the difference between the flow stress O¢ and
the stress 0. at the goint C in their Figure 1. This dif-
!ference is equated to 20b. Examination of the experimental
curves shows that the point C is closer to zero strain than
it is to the forward prestrain. Then the magnitude of the
difference is not equal to 2ob, but is closer to o;. All
the results for %% in their Table V should be considerably
larger; also, 04 will be cofrespondingly smaller.

The shape of the cyclic stress strain curve for
~Al-Cu-8' must be considered. Stoltz (1974a) attempted to
analyse the curves and considered them to be shallow double
inflected curves at strains less than 0.2%, with a straight
line reverse loading path present up to strains of 1%. A
careful examination of the literature (1974a, 1974b, 1976)
failed to uncover curves for the Al-Cu-6' alloy, so that
the precise meaning of this description is not clear.
Figure 4.1 in the present study shows cyclic curves obtained
at small strains after the initial report by Stoltz (1974b)
of the new curve shapes. The reverse curve is rounded, and
shows no sign of the "new" shape. It seems that Stoltz has

made the Al-Cu-8' alloy fit the same method of analysis used

for the other alloys, even though the curves do not show the
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new shape. A problem then arises as to which tangentlwas
drawn on the reverse curve. The evidence suggests that
Stoltz has underestimated the back stress in the Al-Cu-9'
alloy by at least a factor of 2.

The back stress reported by Stoltz and Pelloux re-
presents some 36; or less of the work hardening in the Al-
Cu—-0' alloy at small strains (up to 0.68%). This obviously
conflicts with the results reported in Chapter IV in the

present stidy, where at small strains in the polycrystalline

alloy the qguantity ‘

o, /wk hdg ~ 80%,

and then decreases at large strains to 60%. Stoltz' result

at a prestrain of 0.68% shows that
. .

db/wk hdg ~ 20%

The difference between these results arises from the dif-
ferent methods used to determine the back stress.
There isﬂindependent evidence that the magnitude of

the back stress in the Al-Cu-6' dlloy must.be greater than

' Ry

that reported by Stoltz. Wilgson in his X-~ray study on Dura-
lumin and his TaN study on Al-Cu~8' show that ob/wk hdg for
these allqys was 80% and 60% _respectively, at 9% torsion ,
preq@iiin (~5% tensile). As indicated in Chapter IV these . :
are cYose to the Q\Tues obtained in the presant study and .

indicate that the results*tk\FtoItz and Pelloux should be

;
¥ -
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increased by at least a factor of 2.

The reason why the Al-Cu-6' alloy does not show the
new curve shape for cyclic deformation can be found in the
difference between the precipitates found in the alloys.
The Al—Cu;B‘ has only one type of precipitate, 6', which is
not cut by the matrix dislocations at small strains. The
other alloys have two sets of precipitates, egl S' and GPB
in 2024-T6 and Al-Cu-Mg-T6. The S' are not sheared during
the plastic deformation, but the GPB zones are sheared from
the onset of yielding. Under these circumstances, the slip
pattern in the 2024 ang Al-Cu-Mg will be more planar than
in the Al-Cu—B'..\Pianar slip is more exactly reversible.
It has already been indicated that local cross slip near
6' particles will cause the dislocation array to form cusps
and‘jogs which will reduce the exact reversibility of slip.

The dislocation arrangements reported by Stoltz
and Pelloux are more complex than those given in the pre-
sent study. The structures in the present stﬁdy were ob-
tained for single crystals, deforming by single slip.
Stoltz' study was made on polycrystalliné;materials which
deformed by multiple slip, and with more complex disloca-

tion interactions.

‘U’me o et e et ey ¢ T
A A .
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CHAPTER VIII

CONCLUSIONS

The principal conclusions arising from the present

study are:

‘1.

/

In the Al-Cu alloy aged to contain 8' particles, the

long range back stress increases with the imposed strain,
reaching a saturation after 5% strain. In the single
phase alloy, and in pure aluminum, the back stress is
very small. K

The back stress accounts for the major portion of the
work hardening at small strains.

There is an orientation dependence of the back stress

.

Oy s and also of cb/wk hdg.

Ashby's model for the work hardening of twotghase

alloys attempts to_scalculate the work hardening in terms

of the dislocatién density. It excludes the long range

back stress as a contribution. A good agreement was

reported between the model and the results of compres-

sion tests carried out by Russell and Ashby. Such good

agreemént conflicts with the large long range back , —
stress observed in the present study. It has been

necessary to re-examine the data of Russell and Ashby

and to show that the agreement is not as good as that

*

e
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reported. The data was further analysed and shown to
agree with the model proposed by Brown and Clarke.

At tensile strains of 1%, the magnitude of the back
stress obtained in the present study has been shown to
be in agreement with the model of Brown and Clarke; the
agreement includes

a) orientation dependence

b} temperature dependence

At small strains, little plastic reiaxation occurs even
at 100°cC, .

At large strains, the major plastic relaxation process
was the cutting of the particles by matrix dislocations.
The saturation value of the back stress agrees reasonably
with the yield stress of the 8' partlicles estimated from
u/30.

The asterism obtained during prestraining in tension was
found to decrease during compressive séraining to zero
net strain, and to increase during further compressive
straining.

The Al-Cu-6' alloy did not show the concave stress strain
curve of the type obtained by Stoltz for other alloys.
Evidence is présented to show that the method used by
Stoltz to determine the long range back stress leads to

results which are too small by at least a factor of 2.

-

e
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11.

12,

13.
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A dislocation model has been used to account for the
shape of the concave cyclic stress strain curves re-
pofﬁed ky Stoltz. .

The maximum on the load elongation curve occurred close

to the condition

g_;i = T . (Schmid Factor)

Using this criterion, the crystals aged to 8" used by
Price and Kelly should have shown some necking.

The formation of coarse slip bands in the aged alloys
was shown to commence when the work hardening rate was
low.

An orientation dependence of the fracture behaviour

was found. Crystals oriented for single slip failed

in an unstable manner; those oriented for multiple slip

at {100] necked down to zero cross section.

———
,,H,a‘,‘é\oﬁ-** PRI
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PROPOSALS FOR FURTHER WORK

A Burgers vector analysis of the dislocations present as
a function of forward and reverse strain in the single
crystals oriented for single, double and multiple slip.
A study of tk> dimensional stability of the deformation
of single and polycrystal test pieces.

A study of the microstrain effects ogéé?ved after un-~
loading to zero load from a prestrain in tension or
compression. ‘

A determination of the strain at which the 8' particles
are cut by the matrix dislocations. .
Further study of the work hardening rate at lérge strains
through the use of tests carried out in tension and in
compression on crystals with the same orientation. The

work hardening rate at the formation of the shear bands

could then be detarmined.

[RR—
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