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- ABSTRACT ‘ : B

.,The natﬁre of the disiocation suﬁstructure developed at.large

¥ strains in single crystals of aluminum has been studied. The detailed
characteristics of the suﬁstruéture have been studied as functioné of
(a) strain, up to compressive strains of 1.0 and (b)‘crystal oriénta—
tion. Thé crystal orientatiogs have been selectedﬁto sbudy‘the influ
ence of the stabiliky of orientation on the nature §£€t£e dislocation
substructure developed during deformation.

—
The Bishop~Hill and yield subsurﬁace analyses have been adopted

to predict the operative slip éystems. Applicability Bf these methods

to large strain deformation studies has been discussed.

LY
- Results of the present study emphasize the influence exerted by

'crystal orientation via the nature of operative slip systems and the
extent of homogeneitf of slip on the extent of dynamic recovery and
the resulting dislocation substructure. Development of high angle

5
boundaries in the as-deformed condition in crystals deformed to large
strains, is associated with inhéﬁogeneity of slip. Origin of these

. high angle boundaries during deformation and their rcle in subsequent

ol
¢

recrystallization process hava/?ﬁen discussed.
-»
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CHAPTER 1

© INTRODUCTION

.

-

Statement of Objectivés and Summary of the Scope of the Present Work

" When metallic materials are'éegormed at low temperatures (< 0.5
T,) s in general, their flow stress. increases due to the imposed strain and
the dislocation content of the crystal increases rapidly. Much effort
h;s been devoted to the uhderstanding of thg detailed structural changes
ard dislocation interactions which give rise to the work hardening.

In the majority of cases, the 'investigations have been per formed
at low strains. It has been usual to study the effect of deformation by
X-ray methods, electron microscopy observations of the dislocation sub-
structure and observations of slip plane traces on the surface of the
specimen (Nabarro et al., 1964; Basinski and Basinski, 1966; Hirsch,
1975) . The emphasis has been on correlating the flow stress with the
stored dislocation density and the local configuration of the disloca-
tions (Bailey and Hirsch, 1960; Warrington, 1960}, Various models have
been developed to account for the development of the observed microstruc-
tugél features and the rates of work hardening (Seeger, 1957; Hirsch,
1959, Basinski, 1959, Kuhlmann-Wilsdorf, 1962, Mott, 1952) .

It is important to extend these studies to large strains and to

:

a variety of proportional loading paths. At large strains both work

’
hardening and recovery (i.e., dynamic recovery} occur simultJneously.

Thus, the understanding of the substructural features developed at large

1



strains may be of value in assessing the mechanical and therm&l stabil-

ity of the dislocation substructure. It is also of significance to cbn-

sider the nature of the dislocation substructure developed at large

strains in relation to the subsequent recovery and recrystallization

behaviour.

The objective of the present‘work is to gain some understanding
of the nature and evolution of the dislocation subsﬁructure.characteris-
tic of large strains. Particular emphasis was given to:

(a) the understanding of the role of deformation geometry a£ large
strains; .

(b} the effect of orientation of the crystal on the evolpition of thé
substructure at larép strains, and, -

(b) the relation of the substructure to subsequent recovery and recrys-
tallization behavicur.

To simplify the study, the substruéture development was studied
in single phase, single crystais of high purity aluminum deformed undexr
essentially plane strain conditions in a channel die. The effect of
the orieqtation was investigated by selecting (liﬁ) [f12lpggystals of
stable orientation aqd (lil) (123)] crystals which undergo )5lattice
reorientation during deformation. It is hoped that the data obtained
from the present series of experiments may aid in inLerpreting results
possessing a more varied microstructure and subjected to more complex
aoading paths.

The experimental work described in this thesis includes a

determination of the shape changes undergone by the specimens at differ-

ent stages of the compression process, up to a compressive strain of
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about 1.0. .Slip plane traces observed on the surfaces of the specimen
at different levels of compressive strain enasled unambiguous Aetermin-
ation of thg active slip planes, though nét of active slip directions.
g%e experimental obéervationé were compared with theoretical predictions
of active slip systems based on the Bishop-Hill analysis (1951) and the
yield subsurface method following the approacﬁoproposed.by Kocks (1970).

A major part of the experimental study was directed towards the
understanding of the evolﬁ;ion of the dislocation substructure during
the compression pfocess for crystals of the two initial orientations.
Transmission electron microscope was used to -study the nature and local
configuration of the dislocation substructure. In addition, optical
metallography aidedhin the study of the spatial distribution of the sub-
Structure which in turn could be related to the scale and nature of
the slip plane traces observed on the surface of the compressed crystals.
Particular attention was paid to the homogeneity of deformation.

An important observation was made using the transmission elec-
tron microscope about development of high angle boundaries during de-
formation. These high angle boundaries act’as nuclei for recrystalliza-
tion as was observed from hot stage experiments performed on thin foils
in the transmission electron microscope. It is of importance to under-
stand the development of such subdomains of high misorientation during
deformation. Possible me;hanisms leading to their formation are con-
sidered.

Although the phenomenon of work hardening is accompanied by an

increase in the level of energy stored in the material, no attempt was

made in the present work to correlate the two. Instead, the formalisms
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that are available for describing the stored energy data are consideredtf
and some general commentsgare'offefed concerning the correlation of the

H . -

stored energy @at& with the associated work hardéhing behaviour. - \
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CHAPTER 2

LITERATURE REVIEW

In this chapter, a brief review of the literature relevant to

the present work will be provided. In the interest of clarity, it will

be presented in sections which parallel the presentation of results
later in the thesis. Thus, the first part of the review is devoted to
the description of methods of predictiag the geometry of slip for éen—
e;al deformation conditions and the correlation of these predictions,
vith eﬁperimental observations. 1In order to dgtermine the active slip
systems, observation of the arrangement of slip plane traces on the
surface must be made and thus the second section of the review is de-
voted to a brief summary of the findings concerning the slip plane
traces on the surfaces of deformed crystals.

One of the important problems in plastic deformation is understanding
the evolution of the dislocation substructure during deformation and
thus it is appropriate to review the known data concerning the @isloca—
tion substructure developed particularly at large strains (> 0.2).
Clearly the description of the dislocation substructure is a complex
problem and traditionally the approach has been to attempt to relate
parameters such as the flow stress of the material to average parame-
ters such as the scale of the substructure or the average lattice mis-
orientation measured across the cell walls. However, for many problems
such as the determination of the nucleation eveyt in recrystallization

5
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or the establishment of criterion for flow stability, the paramters
which describe the average quantities may not suffice. Thus, in the-
third seétion of this chapter dealing with dislo;atipn substructﬁre,
aﬁtention is given to.the st?uctural features associated with hetero-
geneity of deformation.

Although as opined above the description of the evolution of
the substructure is of great importance in understanding the cold worked
state it is also of importance to understand the stability of the dislo-
cation substructure and the changes which occur upon subsequent recovery
and recrystallization. Thus the fourth section of this chapter is de-
voted to this topic.

Clearly all the topics outlined above cannot be reviewed in a
comprehensive and critipal manner. Thus, at various points in the
review, references are made to recent detailed review articles. 1In
addition, for the sake of brevity and relevance, the review given here
emphasizes results obtained for aluminum and other féc metals.

2.1 Prediction of Slip Systems

In this section, the yield criterion ‘defined by Schmid (1924)
for deformation of single crystals under uniaxial conditions and itg
modification for multiaxial loading will be considered. The models
available to predict active slip systems as proposed by Taylor (1938),
Bishop~Hill; (1951), Xocks (1970), Chin et al. (1966) are considered.
The application of.the above criteria to available experimental data
obtained under approximate plane strain deformation mode will be

discussed.
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2.1.1 "Yield Criterion in Terms of Schmid Law

Thé Schﬁid Law relates the stress 0 applied in pniaxialvmode

to the shear stress T resolved on a given slip sysfem ag:
T = cos $ cos B @ (Z.i)

As shown in Fig. 2.1, 6 and ¢ are the aﬁgles between the loading axis
and the slip direction and slip plane normal, respedtively. Yield
occurs when T reaches a critical value Tc which is assumed to be the
same on all equivalent élip systems. The product of the direction
cosines cos 0 cos ¢ is referred to as "m", the Schmid factor.

Under multiaxial leoading conditions, Eq. (2.1) can be modified

to A

Eﬁ ©° = no, a,. ‘ (2.2)*
ij i3

where Gij is a general applied stress tensor. The superscrgpt s refers

to a given slip system s. Characterizing the slip system s by Eé' the

vector along the slip plane normal and g? along the slip direction, and
defining the coordinate system in which the applied stress tensor is

given by the unit vectors {31, 52, 33). the components of mij can be

calculated as
S S s
1 - . . 2.3
.Tij (g ra))lg _gj) (2.3)
Based on Eq. (2.2}, yieldcriterion can be defined for a single crystal

deforming under multiaxial loading conditions, as

5 < _5
. = .4
5 %5 " Te (2.4a)
for each inactive slip system, and
mo, 0, = T (2.4b)
ij i3 c
for each active slip system.

The yield criterion defined inEgs. (2.4) is based on the following

* Einstein summation convention is assumed.

.
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Fig. 2.1 schematic illustration of a slip system with respect
to the loading axis.
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assumptions:
{1) A slip system cannot be activated unless the value of resolved
shear stress reaches Tc'

{2} The activity on the active slip systems is caused only by the -

A

. applied stress Gij' i.e., there is no secondary slip.’ )
(3) The .active and inactive slip syétems harden at the same rate, i.e.,
the latent hardening ratio is approximately unity.
The displacement gradient tensor de, is similarlywrelated to
increments of shear dys on each active slip éystem, &efinéd by the yield

criterion

de,. = Em’, @° E (2.5)
1] ij
Contribution from each active slip system must be summed up to get the
components on the left-hand side of Eq. {(2.5).

By definition the displacement gradient tensor can be divided

into a pure strain ténsor d€,, and a rotation tensor &uij as

1)
1 s s s .
.c?eij = I > (mij + mji) ay (2.6)
., = Z2 @S, -nS) & (2.7)
: ij 2 ij Jji

The Equations (2.6) and (2.4b) are the basis of predicting slip systems
in the Taylor, Bishop-Hill and yield sutface analyses.

2.1.2 Taylor Method

Taylor (1938)lp:oposed, based on Eg. (2.6) that among all the
combinations of'availaﬁle slip systems, the active combination will be
the one for which the sum of the shears is the least. When a general
strain is imposed, five independent slip systems need to Qe activated .

{von Mises condition). In fcc crystals assuming that slip occurs on the

)
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{111} <110>'family of slip systems, the Taylorianalysis becomes an
exercise in finding the set of slip systems.which vield least Edys, out
of the available 384 independent combinations. Taylor originally pro- -~

posed the above hypothesié for a polycrystalline aggregate dgforming

under uniaxial tension. The taylor factor, M, scales the applied stress

‘to the shear stress, and the sum of shears on the active slip systems to

the applied uniaxial strain

. (2.8)

~ [

The Taylor factor, M, depends on the mode of deformation and orientation

(Chin, 1966). Based on the principle of virtual work,

ext : .
M = Tde - {2.9)
X%

-

where dmex is the amount of work done externmally in uniaxial tension on

t

unit volume of the material. The evaluation of the value of dmext for a
given deformation mode, based on the Bishop-Hill analysis, will be des-
cribed iater.

As shown by both Taylor and Bishap and Hill the value of M for-a
random polycrystalline material deformed in unaxial tension ié 3.06.
This figure can be arrived at by calculating M for specific orientations
of the tensile axis within the standard stereographic triangle and

averaging the results.

Though the criterion of satisfying the yield condition was not
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dealt with by Taylor, Kocks (1970), and Chin and Mammel (1969) have

shown that obeying'of the yield criterion given in Eq. (2.4) is implicit

in the Taylor hypothesis.

2.1.3 BishopﬁHill Method

The yield criterion of Eq. (2.4) forms the E;sis of the Bishop-
Hill method. The selection of acfive slip syétems is based on the prin-
ciple of maximum work which follows from the assumed convexity of the
yield surfac? and normality of the plastic strain incremgnt at the
yield strain. The description of a representative yield surf;ce'is
given in Appendix 1. Based on Eg. (2.4), Bishop and Hill developed
polyhedral yield surfaces in strebs space for {111} <110> slip in fcc
single crystals deforming under a. general applied stress. It has been
shown by Bishop-Hill (1951) kthat it is sufficient to consider
only 56 sets of slip systems each consisting of either six or eight
independent slip systems, which are éctivated by stress states corres-
ponding to the vertices of the polyhedral yield surface. Bishop and
Hill referred to the 56 combinations as 56 "stress states” characterized
by distinct values of stresé components, given in terms oé coefficients
A, B, C, F, G and H. Since the hydrostatic stress component of the
applied stress deoes not influence yielding, all the six componants of
the applied stress need not be considered to specify the shear stresses
set up in a crystal. The relevant stress components are defined in

terms of the coefficients A to H as:

‘ A = 0,5 7 033 F o= 0y
= - = .10
B 033 011 G 031 {2.10)
C = gl -0 H = O

11 22 12
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Bishop and Hill (1951) and Kocks (1970) have dividéd thege 56
combinations among five distinct sets of polyslip. The five distinct
types of polyslip will be referred to as A*, B*, C*; D* and E* groﬁps.
Each pol&slip group is characterized by a given "external" loading con-
dition. Foliowing Kock; (1970), the description of the five typeé of
polyslip is given in Table 2.1.

In T;ble 2.2, the 12 {111} <110> slip systems and their nomencla-
ture according to Bishop and Hill (1951} and Kocks (1970) are given.

In Taﬁle 2;3,;the 56 "stress states" of Bishop and Hill, referred to '

henceforth as 56 polyslip cornerseare given along with the values of

the coefficients A, B, C, F, G and H and the conbination of slip

-systems intersecting at each corner.

2.1.3.1 Application of Bishop~Hill Method

Under a general applied stress the external work can be evaluated
according to: L

dw = 0O,. dE, . . (2.12)

In terms of the coefficient of Eq. (2.11):

= = + + + + .
dw Bdsll Adszz 2th:23 2Gde13 2HdE12 {2.13)

The de terms are referred to the cubic coordinate system.
The Bishop-Hill technique of predicting slip systems applies to a
case of prescribed stain. The prescribed strain deij measured in a

given reference frame is transformed into components de etc., given

11’
in cubiec coordinate system using the direction cosines mij of Egq. (2.3).

Then, based on Eq. (2.13) and the values of coefficients from Table 2.3,

the work done at each of the 56 polyslip corners is calculated. That
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Table 2.2

Nomenclature of the {;11}<110> type slip systems
"according to Bishop-Hill (1951) and XKocks (1970).

Slip Systems

Nomenclature according to:

Plane Direction Bishop-Hill Kocks*
(111) . [011] by
f1o1) by
11y [o1l} ey a
[101] cy e
{110] e,
(111) (011} a, g
(101} 4, h
[110] d, i
(111)  [011] a, j
[101} aj k
[110] a,

* Nomenclature according to Kocks (1970) is

followed in the present study.

14
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polyslip cofner which maximizes the external work needed to achieve
i - ] ']

the prescribed strain defines the combination of slip systems that is

TN
A

possibly active during the given‘aéformation. When the external work
is maximized at two different polyslip corners, the set of slip systemS
common to the two corners are considered to be active.

Chin and Mammel (1969} have shown that both the Taylor and
Bishop-Hill methods are eqpivalentf‘ The Bishop-Hill method is a search’

among only 56 polyslip corners unlike the Taylor method which for fcc

crystals slipping on {111} <110> systems is a search among 384 possible

- -

combinations. It can be-shown following the work of Chin and Mammel
(1969), that the set of active slip systems selected based on the Taylor
tﬂ\q{y is always contained in the polyslip corner selected based on the
Bishop-Hill model. Henceforth in the present work only the treatment
proposed by Bishop and Hill will be followed because it is simpler to
apply and the results will be treated as being equivalent to the pre-
dictions of Taylor's theory.

2.1.4 The Yield Subsurface Analysis Developed by Kocks

The basis of the yield subsurface-analysis (1970) is the general-
ized Schmid Law of Eq. (2.2). 1Instead of considering a general yield
surface as proposed by Bishop and Hill, Kocks considered "yield subsur-
faces" appropriate to given deformation mode. hus the yield subsurface
analysis can also be treated as a particular foym of the Bishop-Hill
method.

2.1.4.1 Method of Construction of the Yield
- Subsurface for Deformation in the Channel Die

The yield subsurface is constructed based on Eq. (2.2). fThe

stresses actingona crystal during deformation ina channel die are Uxx'
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the primary compression stress,-oyy and Oxy’ the reaction stresses.

{The axes X, y and z are defined in Figure 3.5. The concept of these

stresses will be dealt with in greater detail in Chapter 4.) Eq. (2.2)

can be rewritten in terms of these stress components, as:

™ - +m g+ +md)a {(2.13)
XX XX Yy Yy Xy = yx o xy

s :
m etc. are calculated according to Eqg. (2.3). Eq. (2.13) defines the
location of the slip system "s" in ayield subsurface constructed in the
stress coordinate systemof 0, © and 0 . The paramters m° ' n
_ XX Yy Xy XX
and miy define the inverse of the intercepts, the particular slip system
"s" makes along thego , © and ¢ axes, respectively. A value of zero
XX yy Xy
for a particular m component defines that particular intercept of the
slip plane at infinity. For example, if mix = 0 the slip plane "s" is
parallel to the stress axis Oxx' The stress Gxx cannot active the slip
system "s",
Utilizing the "m" matrix and Eq. (2.6), the shape change possibkle

by slip on the set of slip systems given by Eq. (2.13} can be evaluated.

2.1.5 Lattice Reorientation During Deformation

The yield criterion of Eq. (2.4) defines the slip systems which
could be activated under given deformation conditions, whén ;he orien-
tation of the crystal is known. Whether the same set of slip systems
are active throughout the entire range of deformation and whether the
same ratio of activity is maintained on each slip system depends on
the stability of the crystal orientation during deformation.

In general,slip on a given slip system will lead to both shape

change and lattice reorientation, according to Egs. (2.6) and (2.7).
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The net rotation is given by:

- 2 2 2
|§.w| Yiaw], + Al + dwy, ) (2.14)
The rotation occurs about an axls whose directlion cosines are:
) aw dw
23 31 12 (2.15)

lawl © Jao] " fau]

Based on the variation of parameter lﬁﬂL , the instantaneous rate of
rotation per unit strain, Dillamore eieal. {1968) have determined the
stability of crystals deforming under plane strain conditions. It was
shown that among fcc single crystals with either <110> or <111> axis
along the transverse direction, the orientation; {110} <00l1> and
{110} <112> were stable during-deformatibn. The importance of the
stability of orientation will be considered next.

Both in the Taylor and Bishap-Hill models, the strain components,
Le . the shape change of the crystal,is the parameter that is experimentally
determined. These methods are applicable to crystals deformed to small
strains and crystals whose orientation does not change during deforma-
tion. Application of the Bishop-Hill method to crystals subjected\to
large deformations, is equivalent to agsuming that the shape and size
of the yield surface remain similar and the direction of prescribed
strain vector remains fixed throughout the deformation. The validity
of such an assumption is debatable. The problem is more complicated
when the orientation of the crystal changes during deformation.

As the orientations of he crystal axes changes during deformation,
the components of mij defined in Eg. (2.3) also change. Accordingly,
the vélues of dz.., etc., required to calculate the work done at the

11
56 polyslip corners based on Eq. (2.12) also change. This changes the
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direction 6f the prescribed-strain vector. The implication of these
concepts will be discussed iﬁ detail in Chapter 4.

The concept of the deformation gradient matrix developed by
Chin et ai.(1966) is suitable to analyze the behaviour of crystals of
unstable orientations and at large strains.

2.1.6 The Deformation Gradient Matrix

The matrix treatment enables one to consider any large strain
deformation to be made up of several small measurements of strain. Each
strain inérementis represented by a deformation gradient matrix. The
matrix product of these leads to tﬁe lgrge strain deformation.

Chin et al. (1966) assumed the set of slip systems that is active
during the deformation of a crystal of known orientation and calculated
the shape change that the crystal would therefore‘undergo. Instead,
Johnson (1969) measured the deformation gradient matrix of a given
crystdl at increments of 0.5% reduction in height. The strain components
were determined to an accuracy of t 0.04% and the orientations of the
faces were determined to within * 1/4° accuracy. The ratio of activity
on each of the operative slip systems, which led to the measured shape
change of the crystal, was evaluated.

The components of the deformation gradient matrix can be determined
experimentally during a given strain increment by measuring the initial
and final dimensions and orientations of three noncoplanar lines.

Details are given in Fhe papers of Chin et al. (1966) and Johnson (1969).

2.1.7 Application of the Technigues Available
for Predicting Slip Systems

In this section, the results available in the literature obtained
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by the application of the Bishop-Hill method will be presented.
Emphasis is placed on results obtained for single crystals deformed
under conditions of and approximating to that in a channel die.

‘The application of the yield subsurface analysis will be treated
in Chapter 4. Except for the present work, no other similar treatment
of the yield subsurface analysis applied to deformation in a channel
.

die, is available.

2.1.7.1 Results Based on the Bishop-Hill Method

Chin and coworkers have extensively applied the Bishop-Hill

method to predict the slip systems that are active during deformation

o
in a channel die, similar to the one described in Chapter 3. Results
are available for crystals of copper, Cu-6Al, Ag - 4Sn (1970),
Mo (1975}, Al and Permalloy crystals (1966). Hosford has applied the
Bishop-~Hill technique for single crystals of Al and Al - 4Cu deformed in
pPlane strain compression between two indentors (1966, 1971). Serpoul
and Driver {1979) have applied the Bishop-Hill method to single and
bicrystals of aluminum deformed in the channel die. Results from the
above studies are given in Tablé 2.4 for Al single crystals,

Most of these experimental studies were aimed at understanding the
effect of orientation on the stress-strain behaviou£ based on the calcu-
lation of the Taylor effect, M, and the development of deformation tex-
ture. Identification of slip plane traces is revorted only for certain
orientations of Permalloy and Al crystals. It was concluded that the
slip systems predicted based on the Bishop-Hill method édequately

explained the experipental results.
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Table 2.4

Results of Bishop-Hill analysis.

Orientation Possible set Taylor Factor
of slip systems M (V6 )
(110)11l0) abecdegh3rM @A) 2 4
(110) [001] a5 3G ‘ 1t
(110) [112] abdegnixV 1+
a k* |
(110) {1111 abdegh jk'? | 1.6
ae E* ,
(001) [110) abj ey 144
(100) [010] cEI1® 1
(111)[110] abdegi3rd 1+
abdegi*
(111) [112] abeiM@ 1.5
(112) {111] abeit?
(123)[4 2518] bce fh ikl 1.75

-

(1) Ref: Wonsiewicz and Chin (1970)
(2) Ref: Hosford (1966)

(3) Ref: Serpont and Driver {1979}
* with finite shear

+ decreasing M, *t increasing M

« + constant M (during deformation)
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. 2.2 Slipiplane Trace Observations

In this section, the salient features of the results available in
the literature concerning the slip plane traces formed on the surface.
during deformation of single crystéls will be reviewed. The observa-
tions obtained, deriyed from a variety of strain levels will be dis-
cussed with reference to single phaselfcc single crystals. Iﬁ order to
comment on the accuracy of the determination of the slip systems and the
spatial distribution of slip, a brief review is given concerning the

nature of the information that is required and the various metallographic

— ‘a

techniques availaffle for thé study of the nature and scale of slip plane

traces. In this review section, emphasis will be laid on the following

aspects:

{1) How do the scaleinuidistribution of slip vary with the level of
imposed strain?

(2) Does the scale of slip observed on the surface reiate to the evolu-
tion of the dislocation substructure in the interior of the crystal?

(3) How is the homogeneity of deformation reflected in the cobserved
slip traces?

In treating the information derived from slip plane traces as
representative of the entire deformation process, it is implicitly
assumed that all the slip that occurs can be observed via the slip plane
traces. Fine slip may be beyond the resolution of the technigue pre-
séntly available. The resolutions and limitations of the various tech-
niques available to study the slip plane traces are given in Table 2.5.
These aspects have been discussed in detail by Brown (1952), Nabarro

et al. (1964), Basinski. and Basinski (1966) and Hirsch (1975).
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Technlques available to study 511p rlane traces,
‘the resolution poss;ble and 11m1tat10ns of the technigue.

|

N

Technique

Resolution

"Limitétions

Ordinary optical

metallography
{white light with
green filter)

Nomarski interference
me thod

Replica technigue

°
2400 A

(-]
150 &
in height

50-80 A in length
. apd spacing
15-20 A in height

Fine slip cannot be
studied; step height
cannot be measured.

Surface has to be
extremely flat:; cannot
study electrolytically
prepared surfaces.

Extreme care necessary
in handling the film;
spuriocus structure may
be produced due to
replication.
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2.2.1 1Identification of Active Slip Systems
Based on the Analysis of Slip Plane Traces .

Slip plane traces.are fbrmed on the surface of a deformed crystal
as the steps due to groups of dislocations which emerge from the crystal.
The traces are the intersections which the active slip planes make with
the surface. Steps are formed_on the surfaces where a component of the
Burgers vector of the emerging dislocation is norﬁal to the surfacé.
Identification of the directions of the trace and the surface on which
the correponding steps are formed for two non-parallel surxfaces, leads

to the identification of the active slip system. Barrett (1952) has

dealt with the procedure of identifying the active slip systems based

on slip plane trace information.

2.2.2 Techniques of Studying the Slip Plane Traces

The variocus methods available to study the slip plane traces are
baséd on either optical or electron microscopy. The optical microscopy
technique utilizes either direct or oblique illumination. In obligue
illumination better contrast and therefore improved resélutiou caﬁ be

attained. The theoretical resolution, §, of a microscope is defined as

0.61A
§ = T ) | (2.16)

whereiNA is the nhumerical aperature.

To study fine details of the slip plane traces, particularly the
step heights, the Nomarski interference technique is used (Mitchell et
al., 1966). Fringe displaceﬁent across a slip step is analyzed to deter-
mine the step height. A resoclution of approximately 150 R in height is
possible. To be able to study such small differences in height, it is

)

imperative to have extremely flat surfaces for examination. Electroly-
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ticaily polished surfaces do not meet this requirement.

- In the electron microscope technique, the slip plane traces are
examined by preparing a replica of the surface. Both oxide and carbon
replicas have been used. In the case of aluminum, the Al,03 film from
the surface itself can be usqp (w11génrf,'1952). A resolution of 50 -
80 A in'g§aciﬁg and length and of 15 - 20‘5 in step height, can be ob-
tained usiﬁg the electron microscope. The self-structure of the o#ide
film, and iﬁs fragility.necessitate extreme care in handling the fepliéa
and in interpreﬁing the infofmation that is obtained.

M

2.2.3 Nature of Slip Plane Traces in
Crystals Deformed at Low Strains

2.2.3.1 Crystal Oriented for Single Slip

A typical stress-strain behaviour exhisiting the three stages of
hardening for a fecec single cryétal of copper deformed at ordinary tem-—
perature (T < 0.2 T,) in tension is shown in Figure 2.2; In Stage I, known
as the easy glide region, homogeneously distributed long, straight and
fine traces of primary slip system are observed. Typical length of the
traces is v 1000 ym and often approximates to the dimensions of the
specimen. Only the height of the traces seems to vary (Mader, i963),
both the length and spacing remaining unaltered as strain increases in
the easy glide regi&n.

In the linear hardening stage, the traces of the primary slip
system are still th; tréces which predominate on the surface, though
electron microscope observation shaws a large number of secondary dislo-
cations within the crystal (details to be discussed later in Section 2.3).

-]

This could be due to the fact that the secondary dislocations move over
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very short distances wiﬁhin the crystal and so do not canse any observ-
able traces on the surface. It is also possible that the resolution
attainable in the present-day techniques is not sufficient to observe
extremely fine slip (Basinski and Basinski, 1966). Some coarse slip
traces belonging to cross slip systems are observed. The slip traces

are usually inhomogeneously distributed. Iﬂ Stage II, the length of the
slip plane traces varies with inverse of the strain (Mader, 1963). The
height. of the slip plane traces is not uniform over the entire surface.
New slip line traces apbear.with increasing strain. .

Slip bands of primary siip systems associated with cross slip are
commonly observed'in Stage ITI. Slip bgﬁds are groups of fine slip plane
traces. Blewitt et al. (1955)'reported the appearance of "fragmented"
slip lines in copper deformed at room temperature. WNo evidence of cross
slip was present. The mean length of the "fragmented" slip lines was
found to vary lineérly with strain, up to a shear strain of 1.2.

In crystals oriented for single slip, local changes in slip plane
trace pattern i§ observed from one area to another in the crystal indi-
cating occurrence of abrupt lattice curvature associated with kink bands
{Honeycombe, 1951-52). When baﬁds of Eecondary slip are observed, indi-
cating inhomogeneous deformatign, changes are observed in the associated
slip plane tface patterns (Honeycombe, 195]1-52; Rosi, 1954}. Traces of
secondary slip planes were observed even in Stage I near deformation

bands (Kelly, 1956; Basinski and Basinski, 1966}.

2.2.3.2 Crystais Oriented for Multiple Slip
In fcc single crystals of multiple orientation deformed at

temperatures (T < 0.3 T,) the slip plane trace distribution depends,
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amdng other factors, on the initial orientation of the crystal and the
stability of orientation during deformation. |

In crystals oriented for duplex slip iq tension, for example,
‘erystal of the [112] type orientation, traces of both primary and conju-
gate slip planes are observed on the surface. The traces in general are
long and straight.

{111} oriented aluminum single crystals showed sho;t and wavy
traces be%onging to a number of slip systems.(Kocks, 1960} from the
sgart of deformation. Because of the wavy nature, it is difficult to
accuratﬁly identify the nature of the slip systems. No attempt was made
to measure the variation of the scale with strain.

During room temperature-deformation, {100] oriented single crystals
of aluminum exhibited a strikingly different work hardening behaviour
compared to [1lll] oriented crystals {Kocks, 1960; Hosford et al., 1960;
Sakei an& Miura, 1977). After an initial stage of work hardening in
which multiple slip plang traces were obsexrved, the rate of hardening
decreased to extremely low levels, associated with a slip plane trace
distribution which varied both spatially and sequentially. Only a few
of the available eight slip systems were operative in a given region at
a given strain. Both uniform and clustered cross slip traces were
observed.

Ambrosi et al. {1974, 1978) ocbserved that length of slip bands in
[100] and [lll] oriented copper single crystals déformed at room ;emper—

ature, varied with the inverse of strain.
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2.2.4 Nature of Slip Plane Traces in
Crystals Deformed to Large Strains

The.nature~of the slip plane trace distribution observed on the
surfaces of the crystal deformed to large strains appears to depend 5;
thg stability of the orientation of the crystal during deformation. The
observation was done based on an incremental straining technique follow-
ing Crussard (1945). In crystal of orientation (110)(112], which is a
stable orientation under plane strain deformation mode, slip plane traces
belonging to the primary and conjugate slip systems were observed during
deformation. The average length of the‘traces was about 200 - 400 um
Ffter about 90% rolling (Hu et al., 1966).

B Traces corresponding to duplex slib oﬁ primary and conjugate slip
systems were also observed on (110) [112] crystals deformed under aporox-
imately plane strain conditions in the channel die (Chin et al., 1966).
After an incremental straining at a thickness reduction of about 50%,

the length of the slip plane traces varied between 100 - 400 Hm. The
distribution of the slip plane traces was found to be qguite homogeneous
on the surface of crystals of stable orientations.

In crystals of unstable orientation, inhomogeneities in slip
blane trace distribution particularly associated with formation ¢f deform~
ation bands have been reported (Wonsiewicz and Chin, 1970; Ahlborn, 1966).

For crystals deformed to large strains, not much gquan®itative data
is available with regard to tﬁe variation of‘the scale of slip plane
traces with strain. Most of the data is concerned with the occurrence
of variations in slip plane trace pattern corresponding to inhomogeneity

in deformation.
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- 2.2.5 Importance of Slip Plane Trace Observation

If it is assumed that the length of the slip plane traces remains
proportional to the mean free path of dislocations, a determination of
the scale of the slip plane traces is important to establish a correla-
tiQn with the scale of the dislocation substructure. Such an observation
mﬁy provide an answer to the question "Does the slip plane trace pattern
observed on the surface reflect the scale on which slip occurs, and the
nature of .the dislocation substructure which develops during deformation?"

From the previous review it is clear that there are few gquantita-
tive observations of slip ‘plane traces at large strain. The information
that is available indicates mainly the homogeneity or inhomogeneity of
flow. Oﬁservation of slip.plane traces hy incrementﬁl straining at
various stages of large strain deformatiop is of importance as it enables
one to:

{1) determine whether the same si;p systems are active throughout the
deformation; and,

(2) compare the variation of the scale of slip plane traces with the

scale and evolution of the dislocation substructure,
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2.3 WNature of Dislocation Substructure
. Characteristic of The Deformed Condition

In this section, the nature of the dislocation substructure char-
acteristic of deformed metals will be considered. In‘discussing the
available data emphasis will be laid on:

{1} the geometric arrangement of dislocation tangles and cell walls
with respect to the orientation of the active slip planes;

(2) the effects of the degree of deformation,‘mode of deformation and
initial.crystal orientation on the scale of the dislocation sub-
structure and the misorientation which characterizes the_cell-walls;
and, .

{3) the structural features characteristic of the inhomogeneity of de-
formation at large strains.

In addition, the stability of cell walls and the correlation of the mechi

anical behaviour of the material and the dislocation substructure will

be discussed.

2.3.1 Dislocation Substructure at Low Strains

The configuration of dislocations in the as-deformed condition,
its correlation with slip plane traces and variation of its nature and
scale with strain and orientation of the crystal have been discussed in
great detail for crystals deformed in the low and moderate strain regimes
in the review articles of Nabarro et al. (1964), Basinski and Basinski
(1966), Mitchell (1964), and Hirsch (1975). Detailed investigations
have been carried out for single crystals of copper by Steeds (1966),
polycrystals of iron by Keh and Weissman (1963), polycrystals of aluminum

and its alloys by Swann (1963). As the empﬁasis in this thesis concerns
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‘the nature of dislocation substructure at large strains, the data coﬁ;
cerned with low strain regimé wﬁll be treated only very briefly.

A typicﬁl stréss-strain curve of ﬁn fcc singlg c;ystal exhibiting
three stages of hardening in tension is given in Figure 2.2 of Section
2.2. The evolution of the dislocation substructure during such a deform—
ation path has been surmised by T.E.M. observations of thin foils of
samples predeformed to a given strain. While considering the information
available from T.E.M. observations it must be borne in mind that it 1is
restricted to a two-dimensional view of the overali”configuration and
that possible rearrangement and loss of dislocations may occur during
the preparation of the thin foil. The latter aspect has been treated
in detail by Hirsch et al. (1965).

Based on the observations in T.E.M., the evolution of tﬁe disloca-
tion substructure during the deformation of an fcc single crystal can
be summarized as follows. In the early stages of deformation, only
dipoles and bﬁndles of primary edge dislocations lying in the primary
slip plane along the primary edge dire;tion or along the traces of con-
jugate or critical slip planes are observed. No contrast is observed
across the bundles indicating that they are made up of approximately
equal number of positive and negative dislocations. The slip in this
stage is concentrated on the primary slip plane; most of the crystal is
free of dislocat:;n debris and the rate of hardening is low, of the
order of 10-* . There is no equivalence between the scale of the slip
plane traces and accumulated dislocations.

In Stage 1I, bundles of primary dislocations appear connected by

- groups of secondary dislocations. Such arrangements start accumulating
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Fig. 2.2 Schematic illustration of the shear stress-strain
curve for an fcc single crystal exhibiting three
"stages of hardening.
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in planes parallel to and perpendicular to primary slip planes. In
crystals deformed well into Stage II, well-connected dislocation net-
works appear, made up of primary and secondary dislocations. The rate

of hardening in Stage II is high, about 1/300. The densities

of primary and secondary dislocations are approximately equal, though
most of the slip plane traces belong to the brimary systems, as described
in Section 2.2. The length of the slip plane traces is found to be pro-

portional to the spacing between dislocation groups. When these disloc-

-
v

ation networks extend into the three dimensions of the crystél, thé
arrangement of dislocations is referred to as cellular in nature: Cells
are regions rélatively free of dislocations and enclosed by cell walls
made up of dense dislocation networks. A number of models have.been pro-
posed to expiain the formation of cells in terms of the available driving
force {(Weertman, 1963; Kuhlmann - Wilsdorf, 1977 and Holt{ 1970).

Cells are characterized by their scale, shape and misorientation
and thickness of the cell walls. In two dimensions, the scale is defined
by the length and width of the cells. The misorientation associated with
the cells is the local lattice reorientation across the cell walls caused
by the dislocations constituting the cell walls.

Cells are observed éven at the end of Stage II. As deformation
progresses into Stage III and large strain regime, due to work hardening
effects the cell size gets refined and the lattice misorientation in-
creases. Depending on the extent of dynamic recovery, dislocations in
the cell walls could get rearranged inte simpler configurations. An
irregular arrangement of dislocations is usually referred to as tangles-

while cells in which dislocations are arranged in lower energy configur-
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ations are termed subgrains.

Single crystals oriented for multiple slip do not exhibit any

Stage I hardeﬁing,regime. Cellular substructure -appears- in the early.

g—

stages of deformation. Good correlation between cell wall directions

and traces of slip planes is observed in single crystals of copper
oriented for duplex slip and deformed at 4.2°K (Basinski angd Dove, 1963).
ngevef, no correlation has been observed between slip plane traces and
cell walls in crystals oriented for multiple slip, particularly in alu-
minum single crystais oriented along the <111> axis as was observed by
Warrington (1960), Price and Washburn (1963) and more recently by
Hasegawa and Kocks (1979) and Kawasaki (1979).

2.3.2 Dislocation Substructure at Large Strains

The general dislocation Substructurél features, observed in fcc
materials of moderate to high SFE deformed at ordinary temperatures to
large strains is the cellular arrangemegt of dislocations. At large
strains the arrangement of dislocations in cell walls 1s simplified by
the influence of dynamic recovery.

No correlation was found between the cell walls and active slip
planes. Instead, the arrangement of the dislocation substructure
appears to follow the pattern of externally imposed flow. This has been
observed in drawn pearlitic steels by Embury‘et al. (l1966), in wire
drawn iron by Langford and Cohen (1969), in copper deformed under plane
strain conditions by Slakhorst and Tien'Boﬁwhuijs (1877) .

Not much quantitative data is available relating the scale of the
dislocation substructure with the scale of slip plane traces. In Section

2.2 of this chapter, the length of slip plane traces at large strains was
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given to be of the order of 100 um. In contrast from recent T.E.M.

obsgrvationé of dislocation, substructure, it is known that cell sizes

are of the order of 1 -2 um. In one of the early observations based

on microbeam x-ray measurements, the cell size in rolled Al; Cu, Fé,

etc. was found to approximate to the spacing between slip plane traces.
The aspects of dislocation substructure which have been examined

in detail at large strains are the influence.of:

{1) the level of - strain,

{2) the mode of defoimation, and,

(3) initial‘orientation of the crystal on the spread in the scale and
misorientation of the substructure.

Attention has also been paid to the detgils of structural features which

are characteristic of inhomogeneity in deformation.

2.3.3 Variables Affecting the Scale of Dislocation Substructure

2.3.3.1 Variation of Cell Size With Strain

The effects of strain on the scale of the substructure developed
in aluminum during various modes of deformation - tension, rolling and
wire drawing are shown in Fig. 2.3. The cell size decreases rapidly in
the beginning of deformation and at a much lower rate at larger strains.
Thus, cell wall creation predominates in the initial stagé of deforma-
tion, whereas annihilation and creation of diélocation walls must occur

simultaneously at 1argér strains (Sevillano et al., 1979). Langford and

Cohen (1969) .demonstrate this aspect by plotting the effect of deforma-
tion on the remaining fraction ofcells which had formed originﬁlly.
The variation of cell sizes shown in Fig. 2.3 apparently seems to

have reached a saturation value when produced by rolling and not in .wire

NV

5
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Fig. 2.3 Variation of cell size in aluminum during deformation.
Deformation Method of
Mode Purity Reference Measurement
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A T y -E.M.
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polycrystals Kellar {1952 x-ray
i H
D er? 99 .998% ?ésen T.E.M.
Drawing nolycrystals (1969)
Strain is % Elongation in A :
% Thickness reduction in B and C

.% Area reduction in D
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drawing. This apparent difference could be due to the poorer resolution
of the microbeam #—ray work used in the work of Hirsch and Kellar (1952)
and because measurements of thé cell size were conducted only in the
rolling plane as in Swann's data. The importancé of defermining'the cell
size in different sections of the deformed material is evident from the
data of Schuh and Von Heimendahl (1274) for rolled Al, ﬁhich is repro-
duced in Fig. 2.4. The cell si;es'measured in the rollinq plane and the
free plane, perpendicular to the rolling direction appear to varf by
almost a factor of two and continue to decfea;e with increasing strains

of up to a true strain of 1.6 whereas the mean cell size appeared to

saturate around a true strain of 2.0.

2,3.3.2 variation of Misorigntatioq with Sfrain
The average lattice misorientation across cell walls increases
with strain. Schuh and Von Heimendahl (1974} report a linear variation
up fo about 90% thickness reduction in alﬁminum rolled at room tempera-
ture. The average misorientation is about 1.5° * 1° at 25% thickness
reduction strain and increases to v 2.2° t 1;5° at 90% strain. Along

with the mean misorientation, the spread of misorientation during de-
e ‘

formation, is of great importance. [ In seW¥erely deformed materials,

-

large misorientations similar to high’ angl boundaries appear to develop.
This has been cbserved in compressed polycrystalline aluminum by Faivre
and Doherty (1979), in copper by Schnell and Grewe (1978) and in low

I
carhon steel by Langford and Cohen (1975). Faivre and Doherty (1979)

- and Langford and Cohen (1975) also reported increases in the spread in

misorientation and average misorientation with increasing deformation.

In Fig. 2.5 the results of Langford and Cohen (1975) is reproduced. A
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Fig. 2.5 1Illustration of the distribution of miscrien;ation as a
function of strain in wire drawing. .
Ref. Langford and Cohen (1975)
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‘ !
large number of cells associated with low misorientation are still

present, indicating that creation of cell walls could still be occurring.

At high sfrains, it was reported that the original grain boundaries

could be recognized. So it is difficult to conclude whether these high

. Yo
angle boundaries were created during deformation or are related to cells
in the vicinity of original grain boundaries.

In Faivre a;d Doherty's York on aluminum, a comparison between
optical microscope and'f.E.M. obsgrbationsshowsthat subgraihs bounded
by high angle boundaries could occur in thé integior of the oriéinal
grains. It was reported that regions containinq cells of‘similar orien- .
tations were separated by a high angle boundary occurring between two
indiyidual celis. These high angle‘boundaries were observed in the
as-deformed condition.

‘As will be digcussed later in section 2.4, the presence of cell
walls with the characper of high angle boundaries in the deformed struc-
ture is importantAbeqause of its influence on the subsequen£ recovery
and -recrystallization behaviour. - This brings up the importance of the
upper tail in the dist}ibutiop of misorientation. According to Figure
2.5 the fraction ;f cells belonging to the tail is expremely smali.
Similar study in compressed aluminum by Faivre and Doherty also showed
that less than 1% of the cells ip the dislocation substructure have
large misorientations of about 20°. Also, the high angle cell walls '
appear as isolated évents in thé substructure. Thus it is germane to

ask how these highly misoriented cells develop and how they relate to

nucleation event in any subsequent recrystallization process.
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2.3.3.3 Effect of Deformation Mode
Reanalysis of the data in Fig. 2.3 shows that at the same eguivalent strain,

large differences in sizes are observed in cells produced by different

deformation modes. This could be due either to the differences in strain

rates characteristic of the deformation modes or the effgct'bf strain
path on the evolution of the substructure. (There being no appreciable
differences in the‘purity, the effect of.purity on cell size can be’
neglected.j

Re-examination of the data of McQueen and Hockett (1970) of dislo-
;ation substructure developed in commercial aluminum at various tempera-
tures and strain rates shows that strain rates varying over three orders
of magnitude have negligible effect on cell size below a teﬁperature of
0.5 T Unfortunately, though, the dislocation substructure was not
cbserved immédiately after deformation.

In contrast, the data of Korbel and Swiatkowski (1972) in aluminum
deformed to 8% in tension shows the dependence of cell size on strain
ratg,rvarying from nearly 5.9 um at a strain rate of 6.4 x lO‘f/sec;
to about 3.3 um at a strain rate- of 6.88 x 10/sec.

Se#illano et al. (1979) also report that the influence of the mode
of deformétion on cell size is negligible, especially at large strains.
Data for different materials is reported to fall within a narrow band.

It is difficult to rationaiize the data at large strains though,
because of the influence ofMtexture development on the nature of opera-
tive slip systems, of the effect of dynamic recovery the extent of which
is influenced by the purity of the material, its stacking fault energy

and temperature of deformation.
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2.3.3.4 Influence of Orientation

It has long been observed that crystal orientation influences
its work hardening behaviour (Lucke and Lange, 1952)}. Of particular
interest are the investigations of Kocks (1960) and Hosford et al. (1960)

who report that [100] oriented crystals of high purity aluminum deformed

~at room temperature exhibits a rapid decrease in work hardening rate.

This is in contrast to [111] oriénﬁed crystals which continued to work
harden. The difference in behaviour was explained based on differences
in the nature of active slip systems as discussed in Section 2.2 (Kocks,
1960; Hesford et al., 1960; Saeki and Miura, 1977). No detailed inves-
tigation of the nature of the dislocation substructure has been under-
taken.

;n copper single crystals oriented for multiple slip, the nature
of the dislocation substructure has been stuaied in T.E.M. by Gottler
(1973) and Ambrosi et al. (1974). It was reported that the average cell
size is similar in both [100] and [11l1} pfiented crystals though the
dislocation density was higher in [100] crystals. No details are avail-
able about the spread in cell size and misorientation. The work harden-
ing behaviour of {1001 and [11l1l] oriented copper crystals at room tem—
perature is not as drastically different as the aluminum crystalé,
reported earlier.

Dillamor¥e et al. (1972) reported that both average cell size and
misorientation as well'as spread in cell size and misorientation are
dependent on the initial orientation of individual grains in cold-rolled .
polycrystalline iron. The average cell size aﬁpears to be least and

misorientation is highest in the orientation with highest M, the Taylor
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factor. Acé¢ording to Eq.l (2.8) the total shear strain, Ed\{i produced
in the cfystal is inversely proportional to M. The effect of M on Ein
on thé nature_of dislocation substructure reflects possible influence
of the nunber of active slip systems, density of dislocations and the .
area swept by dislocations. The difference of the scale and nature of
dislocation substruéture can also be related to tﬁe difference in the
amounts of energy stored in crystals of different orientations deformed

to the same strain level (Smith & Dillamore, 1970; Haessner et al., 1979).

2.3.4 Structural Features Associated.with
Inhomogeneous Plastic Flow

The macroscopic treatment of deformation discussed in Section 2.1
is based on thg assumption that deformation is uniform and homogeneous.
Inhomogeneities may arise in deformation due to preferential selection
of slip systems in different regions of the specimen, localization of
flow, strain gradients introduced by thé nature of deformation and
external frictional conditions. These aspects have been discussed by
Mecking (1978). The presence of structural features like kink bands,
‘bands of secondéry slip, deformation bands, microbands, shear bands,
twins, etc., are indicative of the inhomogeneity of deformation. The
origin, occurrepce and substructural details of some of the above fea-
tures are summarized in Table 2.6. An important aspect of these struc-
tural features is their role in the subsequent recrystallization behav-

iour.
!

T.E.M. observations of kink bands in single crystals of aluminum
have shown that the orientation difference between the matrix and kink

bands is éccommodated by rectangular subgrains about 1-2 Um wide and
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_elongated élong the length of the kink band (Karduck et al., 1978).

An’briéntation difference of about 30° was accommodated within a dis-
tance of 30 -45.um, each subgrain contributiﬁg 0.5~3° to the total
misorientation.

The difference in orientation between deformation bands (defined
in Eable 2.6) is also accommedated by narrow transitionlbands. T.E.M.
observations in rolled iron-silicon alloys reveal that these transition
bands are made up of elongated subgrains with their long axis parallel
to the deformation band® (Walter ;nd Koch, 1963; Hu, 1963). 1Instead,
Kreisler and Dohert;, 1978) conclude tﬁét the transition bands present
in aluminum aeformed in torsion are made up of equiaxed cells when ob-
served in a section parallel to the torsion axis. .The misorientation
across the transition band is cumulative, about 30° being accommodated
within 3 um containing about five subgrains (Walter and Koch, 1963).

Microbands are another type of microstructural feature character-

istic of inhomogeneous deformation. They are elongated bands, about

. 0.2-0.3 Ym thick, 20 - 30 Ym wide and up to 40 um long and occur within

equiaxed cells (Grewen et al., 1978). The degree of misorientation
across the microband boundary appears to depend on the amount of deform-
ation.

The origin of the shear bands is summarized in Table 2.6. They
are composed of elongated subgrains with significant misorientations
{Dillamore and Bush, 1978).

. .
2.3.5 Arrangement of Dislocations in Boundaries

A subgrain wall canbe considered in an idealized sense as a general

‘boundary made -up of a network of dislocations. In general it will be
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made of several kinds of di;locations and will have a mixed character
consisting of both tilt and twist components. ﬂccording té Read (1953),
a genefal boundary is characterized by five degrees of freédom - ﬁhe
degree of misorientation, the orientation of the boundafy given by a
unit vector n perpendicular to the plane of the boundary and the rotation ]
axis which has three degrees of freedom.

The arrangement of dislocations within a boundary of misorientation
8 given by a unit vector U along the rotation axis can be determined
according to Frank (1950), as:

d = (vxU) 2sin%
where v is an arbitrary straight line lying within the plane of the
boundary and d is the gum of the Burgers vectors of the dislocations
intersecting v.

Frank's treatment has been extended to determine the various kinds

of networks that can bé built up by different combinations of glide dis-

Jlocations. {(Amelinckx and Dekeyser, 1958, " Ball and Hirsch, 1955}.

Frank's formulism is based on energy criterion and is applicable to net-
works with no long range stress field.

HOWeQer, it must be remembefed that cell walls are built up during
deformation at low homologous temperature due to accumulation of dislo-

cations, which reflect the overall kinetics of the flow process and its

"geometrical constraints. The constituent dislocations may ke geometri-

cally necessary in order to accommodate lattice compatibility and are
stored statistically in relation to the flux of dislocations required
for the flow process. Therefore, the resultant assembly of{ﬁislobations

may not meet the geometrical criterion of the Frank network.
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2.3.6 5Stability of Cell Walls

[

e

In this section, the stability of cell walls with respect to con-
tinuéd deformation along the o;iginal strain path and along a different
path will be considered.

The experimental evidence discussed earlier concerning the evoly-
tion of the structure indicates.the stability of cell walls with respect
to continued deformation; during deformation both the scale and thickness
of the cell walls gradually decrease together with associated\increases
in misorientation. Also £he scale and character of cell walls is affected.
g} the extent of dynamic recovery.

The stability of cell walls when the operative slip system is changed
due to a change in the path of deformation can be inferred by cbservations of
changes in macroscopic farameters,_e.g., nature of slip plane traces, flow
stress, rate of work hardening, and strain rate sensitivity. For crystals
deformed in Stages IX and III, a lowering of the work hardening rate and
increases‘in flow stress were observed associated with formation of coarse
bands of slip (Kocks and Brown, 1966; Jackson and éasinski, 1967). Drops
. in stress-strain curves were observed during tensile deformation of [100)
oriented aluminum single crystals at room temperature, whenever fhere was
a change in the operative slip systems (Saeki and Miura, 1977). Similar
softening processes were also observed by periodic decreases in stored
energy associated with changes iﬁ operative slip systems during the ex-
tension of single crystals of brass (Masima and Sachs, 1929).

Changes occurring in the prede;eloped dislocation substructure,
dug\to Ehange in deformation path have been cbserved in copper single

)
crystals by Sharp and Makin (1966). It was observed that during the

»

i R
L
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initial stages of deformation on the new system, fine slip occurs within

the predeveloped cell structure which penetrated through.the existing -

h ey ——

structure. As deformation on the new system is continued, localdzed

slip oécurs, locally breaking down predeveloped cell structure, leadiné

to the creation of softened regions which spread across the crystal, akin
to occurrence of coarse slip bands. Washburn and Murty (1966) propose a
theoretical explanation for the low rate of work hardening and the associ-
ated clustering of slip in anrse'slip bands following a change in the
operati@e slip system.

Much of the above discussion is based on crystals deformed to rela-
~ ' tively low stréins; i.e., the early part of Stage III. it would be of
great interest to examine whether similar breakdown occurs where the sub-
structure is developed'at true strains of 0.5 and above and in crystals
deforming under polyclip mode. Particular questions which then arise
are: Does activity on new slip systems destroy the predeveloped substruc-
ture or does the interaction between the new type of dislocations and pre-
existing cell walls result in regions of ‘increasing misorientatian? Such
increased misorientations were ébserved at intersecting slip bands in MgO
crystals (Afgon and Orowan, 1961},

2.3.7 Relation Between Cell Size and Flow Stress

The contribution of the dislocation substructure to strengthening
of metals has been treated by Embury (1?71). McElroy an& Szkopia£ {1972)
and Thompson (1977). An empirical relationship has been established
between the cell size, 4 and the flow stress O_ as:

£

G = 0 +ouwdl (2.17)
f o

o —r A ————
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Data available in the literature_yields a value of 1 or 1/2 for n. Where

" the spacing between the dislocations in the cell walls causes strength-

3

ening, the dislocations in the ceil walls acting like forest dislocations,
n takes thé value of 1. When'stfengthening is due to an effect similér
to the Hall-Petch effect, the value of n = 1/2.

In the above formalisms of the dependence of flow stress on cell

-

size, the treatment is such that the main parameter of the dislocation

" substructure which contributes to strengthening is the cell size. It has

been shown earlier in this section that the misorientation also changes
as the cell size changes and this may have an important contribution to

v

the flow stress. The above treatment completely neglects another impor-

-
-

tant contribution to the flow stress - the effect of the strain path on
the evolution of the dislocation substructure. Turner (1979) has shown
that dislocation substructures produced under different conditions and
having similar average cell size exhibit major differences in terms of
their subsequent mechanical behaviour.

Thus it is clear that what is of importance is not the valﬁe of
n in Eq. (2.17), but the understanding of how a given dislocation sub-
structure actually evolves and what are the effécts of the nature of
evolution of the dislocatién substructure on subsequent mechanical and

thermal behaviour of the material.
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2.4 Recovery and Recfystallization Behaviour of the Deformed Material

As discussed earlier it is important to consider the structural .

changes which accompany both thermal and‘dynamié recovery nrocesses. It
. rl
must be pointed out that dynamic recovery is difficult to’investigate

because it occurs concomittantly with strain hardening. Thus, in this

.

- section, some of the structural changes which occur in the deformed

SLructure on_ghbséquent thermal annéaling will be reviewed. Following
this, a brief comparison will be made qf the structural-chéhges which
cccur during thermal and dynamic recovery processes.

In addition, the phenomencn of récrystallization will be consid-
éred, but with emphasib on the relation between the nature of specific
sites developed in the deformed structure and nucleation event in recxry-
stallization. ‘The analysis of the kinetics of recovery and %ecrystalliz—
ation processes and the determination of the associated activatiqn enex-—

gies will not be considered. They have been treate@ in detail elsewhere,

" particularly in "Recovery, Recrystallization and Grain Growth" by Byrne

(1965), "Recovery, Recrystallization and Textures" - ASM Seminar (1966) ,
"Recovery and Recrystallizétion",Ed: Himmel (1963} and "Recrystallization
in Metallic Materials®, Ed: Haessner (1978), and "Recrystallization

and Grain Growth in Meéals" by Cotterill and Mould (1976).

2.4.1 Processes of Thermal ‘and Dynamic Recovefy
Thermal recovery in general is described as annealing the deformed
material in the temperature regime in which no movement of high angle

boundariei.EEFurs and the overall orientation of the material remains

"unaltered.

ihe effect of thermal recovery on the mechanical response of the



deformed material is reflected in reductions of up td 20% in flow stress
and an increase in the rate of work hardening cbserved immediatelf upon .

subsgquent’deformation. The recovery processes are divided into two

-

regimes based.on whether or nét fhe*flow stress (Cherian;et al., 1949) and
the work hardening rate (Hasegawa and Kocis, 19?9) of ﬁhe recovered

- material is restored to the'levei of the unrecovered materi;1 by subse~
quent strain.

Thermal recovery processes are also often characterized by release
of a significant parﬁ of the eﬁergy stored during deformation. The
exact fraction of the total stored energy released during recovery,
depends upon the nature of the matgrial, the lgvel and mode of deforma- '
ticn. Energ; release at various annealing temperatures océurred under
sharp peaks for nickgl, silver (Bever et él-, 1973), copper; whereas in
Al no sharp peak‘was observed prior to recrystallization (Gottste;n,
1974).

Tpe experimental evidence indicates that during recovery a variety
of local rearrangements of the deformed structure can occur, including
the removal of free dislocation; from the interior of the cells, annihi-
lation qﬁ dipoles, refining of cell walls wifh respect to éheir thickness
and arrangement of dislocations they contain. No'significant chanée
occurs in the éverage cell size and misorientation in the early part of
the recovery proceés; coarsening of the subcrains takes place only after
continued recovery (Bailey and Hirsch, 1955; Boyd 'et al., 1976; \
Hasegawa and Kocks, 1979) .

The changes affected by thermal recovery also depend on the crystal '

structure of the material, .the initial orientation of the crystal, the

. i
. * !
&- : ; ;
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temperature, level and mode of deformation, because these factors. deter—

mine the detailed dislocatlon substructure in the as~deformed materlal.

It uas been.observed that stress-strain behaviour of zinc single crystals

could be reetored to the level of the undeformed material by thermal re-

Yovery, by controlling the deformation such that slip occurred only on _ G
the basal system. When the deformatlon was not homogeneous and some bende
ing in the sample was introduced. simidar restoratlon of the initial
flow stress was no longer possible (Li et al., 1;53). It was observed by
von Drunen-undsaimoto (1971) that crystals deformed such that slip‘
pccurred on many slip systems with no severe lattice curvature did
not recrystallize easilyr They deformed [100} oriented copper single
crystiés into Stages II and III and annealed the crystals at temperatures
up to 1000°C without observing any recrystallization.

Thg re;overy process discussed so far occurs in the unloaded

condition and can be considered as “static" in nature beceuse it

ocgurs without deformation. The degrée of recovery

. .

depends on the time and temperature for which the sample is annealed.
In contrast to this, "dyuamic" recovery occurs during deformation; the
resuf:ing softeniug_events result in a progressive reduction in the

uork hardening rate in crystals deformed'beiond Stage II. The initia-
tion of dynamic recovery is best identified by departures from linearity
in the plots of T8 (the rate of dislpocation storage, 8 beiug the rate

of work hardening)\?s. T {the flow stress in shear) (ﬁﬁcke and Mecking, . /;;"
'1973). -

To incorporate the softening effects of dynamic recovery with the

usual work hardening behaviour one has to consider the net density of
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dislocations stored at a given instance, apnet = Prored ~ dbrec;vered'

~ the arrangement of these dislocations and be able to sepafate out the

inflyence of strain, strain rate, temperature, strain path, etc., on the

evolution of the dislocation substructure. During a given strain incre-
. o ,

ment work hardening occurs by the immobilization and accumulation of

some of the mobile dislocations. During the same increment of strain

dynamic recovery events are also triggered; every site in the deformed

structure where a moving dislocation (which contributes a finite amount
N |

to the strain increment) meets the stored dislocations can be considered’

as a potential site for a recovery event.

The parameters which are usually used to describe the effect oéggzg

the recovery processes afg\teg flow stress and the rate of work hard-
ening. In addition  consideration of the strain rate sensitivity, and
the magnitude of the Bauschinger effect, measured'iﬁmediately after the

recovery event and comparéd with the value of the unrecovered material,

are also of importance.

The variaéigzé in flow stress and work hardening rate resultiné
from thermal and dynamic récovery are illustrated iﬁ Fig: 2.6. Thermal
recovery results in a reduction in the flqw stress and increasé in the
rate of work hardeqing, immediately upon restraining. In contrast, the
effects of dynamic recovery are manifest in reduced rate of work harden-
ing compared to the unrecovered material.

Effect of-thermal-recovery on the Bauschinger effeét has been ‘in-
vestigated in copper by Kishi (%969). Copper prestrained to 50% wgs

annealed for 30 minutes at various temperatures, up to 0.6 Tp. It was

observed that Tp, the flow stress in the forward direction, decreased
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Fig. 2.6 Schematic illustration of the effects ¢f static and
dynamic recovery on mechanical properties.

A withoqt thermal recovery

B after subjecting to
thermal recovery

Flow stress immediately
after recovery has decreased;
do/de has increased compared
to prerecovery values.

without dynamic recovery

due to combined effefts
of work hardening and
dynamic recovery

Flow stress increases and
dg/de decreases continuously
during dynamic recovery
superposed with work
hardening.

v



55

.

sIowly after annealing in the recovery range, and at a rapid rate when
i

: . / , X -
annealed in the chrystalllzatlon'range. In contrast, |TRI, the absolute

magnitude of the.Qield stress in reverse flow increased dﬁe to thermél
recovery and dec;eased up to the level of Tp after annéaling in the
recrystalliz;tién range. This indicates‘that-if the stored dislocation
is "polarized" then thermal recovery is effective in removing the dislo-
cations which otherwise would have given rise to strain during reverse
deformation. Hasegawa etval. (1976) report thﬁt the Bauschinger effect

in polycrystaliine aluminum decreases with increasing deformation temperx-

ature. In these tests the effects of both aynamic and thermal recovery

are superimposed.

The influence of dynamic recovery on the Bauschinger parameter in

" aluminum is not. clearly known. Buckley and Entwistle {1956} studied the

effect of prestrain on the Bauschinger effect in single crysti;s of alu-

‘minum, but the investigations were confined to within Sfage II. One of

the problems of studying the effect of dynamic recovery on Bauschinger
effect is the possible amount of prestréin, which is limited by thg
nature of the tests.

Similarity between the effect of dynamic and.thermal recovery is
indicated in»their effect on the release of the energy stored. With
increasing }evel of prestrain, the fraction of the total stored energy
released during thgrmal recoﬁéry decreases from about 10.8% at a pre-
strain of 0.1 to about 3% at 0.33 (Cordon, 1955).

This can be explained on the basis that the extent of dynamic

recovery is greater in the material deformed to large strains and there-~

fore the amount of energy that can be released, without major changes

.i
h

N

R
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such as . recrystallization, is reduced.

R S e R

Dynamic and thermal recovery processes have similar influence on

recrystallization behaviour.. Thermal recovery in aluminum deformed to

low strains retards the recrystallization behaviour, but the same kind

of thermal recovery, conducted on aluminum deformed to large strains

where_extensive dynamic recovery has occurred, has littlg effect of
subsequent recrystallization behaviour (Kaspar and Pluhar, 1975).l

Hasegawa and Kocks - (1979) show subs:ructur;l evidence in aluminum
single crystals compressed along [111] axis té indicate éhat similag
structural changes occur during the tﬁerﬁal recovery of a sample deformed
to low strains and identical samples deformed to larger strains but with-
out thermal recovery.

The cellular.arrangements of the dislocation substructure, present
in the as-deformed condition at approximately 4% strain, was found to
undergo conversion into subgrains in the.early stages of thexrmal recovery
at 453°K. abnly after prolonged annealing up to 30 hours at 453°K did
subgrain coé;éening occur,. Increasing the strain results in decreasing
the annealing time regquired to start the coarsening p;ocess. Subgrains
in a sample deformed to 20% strain st;rt coarsening after-only 30 minutes
at 453°K.

In much of, the experimental work relating to effects of thermal
recovery, emphasis has been to understand the kinetics of the pro;ess and
to observe the changes in the overall features of the deformed structure.

Though the range of thermal recovery is divided into different regimes

based on stored energy release measurements, depending on the type of

. defects - point defects, dislocations - that are removed, not much is

o T AT S S g
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known yet about what-kind of dislocations apart f;om_dipoles are
removed. It is also not known whether:simiiar'structural.rearrange:
ments occur during both ehermal and dynamic recovery. 5etermination of ' ; .
ehe strdin rate sensxt1v1ty parameter and examination of the Cottrell—

Stokes Law may yield somé™additional evidence in iegard to this problem.

Increase in strain rate sensitivity can be associated with a

breakdown of Cottrell-Stokes Law. '

Increase in the strain rate sensitivity (defined as - ) has been

.81ne
observed in Stage III hardening of aluminum single crystals (Kocks et

al., 1966) indicating that the nature of the ‘obstacles chanbes when éx;

tensive ﬁynamic recovery occurs. Kocks et al. (op 'cit) conclude that

[
v

the strain rate sensitivity of the asymptotic flow stress (Kocks,'igss)‘

is more sensitive to dynamic recovery. In contrast, Roberts‘(1976) I

-reported no variation in the strain rate sensitivity in pure’ polycrys-—

talline aluminum deformed at room temperature. This shows that extreme

care must be exercised in interpreting the variation of strain rate

sensitivity during different stages of deformation. The change in the.
strain rate sensitivity is, at the most 20%, apd the corresponding -

change in flow stress may go undetected. In evaluating the strain rate -

b

sensitivity parameter based on the asymptoéic floﬁ.st:esé change, the

strain rate depeqdence of the rate of work hardening- 'itself must Be con-

sidered.

4

No clear data is available about the effect of thermal recovery'

on strain rate sensitivity. BaSlnSkl (1959) reported that there was ngo

difference in the magnitude of strain rate sen51t1v1ty of aluminum,

measured at 78°K before and after thermal recovery for 15 minutes at

/‘\
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,stress:

_from sxngle phase, 51ngle crystals shows that recrystalllzatlon pccurs

L}
1QO°C. No difference in the strain rate sens;tlvrty measured at room

N -

temperature was observed by Chandra (1979) in polycrystalllne aluminum,

‘before and after thermal recovery at 180°C for 3 hours. These latter .
straln rate cycling experiments were conducted well past the transient

stage observed during restra:.n:mg after therrnal recovery. "To determine

the effect of thermal recovery on straln rate sensxtlvity, the' strain

Fa
'

rate cycllng experiments must: be conducted w1th1n the tran51ent Other-

w1se, the Jata- obtalned may not be- representatlve of the change brought

about by thermal recovery. This is obvious from the small change in. the

flow stress caused'by thermal recovery compared to*the_QrErecoGery flow

2.4.2 The Deformed Structure as Nuclei for Recry'st'all-ization

X .L

Recrystallization is characterized by the removal of the deformed

structure‘due to mlgratlonrof high angle boundaries. Thpugh the energy

‘

- stored during deformatlon is the dr1v1ng force for the process to occur,

local varlatlons in the deformed structure are the essent1a1 features

-

whlch 1nfluence the actual nucleatlon event in recrystalllzatlon. “The

~ . -

probability of detectlng a subgrain which is a potentlal 51te for re-

crystalllzatlon is of the order of 1 in 109, equal to the, ratio of the

LI
N v

volume of a typlcal subgraln of dlameter l'pm to the volume of a typlcal

recrystalllzed graln of 100 Hm (Doherty, 1974). Experlmental evidence

r
Pl

3 -
‘

shear bands', deformatlon thns etc.- These features. descrlbed in

L] -

Sectlon 2.3, represent reglons of,higher mlsorientaﬁion-iﬂ the-deformed'
* . B . . " . ' .

structure. R L ) ¢ g

‘at structural features such as klnk bands, transition bands, microbands,_ .
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Lérge misorientation is a prerequisite for é subgrain to act as
nucleus forlrecrystallization, because the mobility of the subgrain
boundaries is a function of misorientation (Viswanathan and éauer, 1973} .
It has been observed that boundaries need to be misoriented by 15 - 20°
prior to the initiation of recfystallization {(Inckuti and Doherxty, 1978;
Humphreys, 1979).

Experiméhtal evidence suggesﬁg that the nucleus for ;ectystalliza-
tion is prgformed during deformation and is not created during the sub-
seqﬁe;t annealing process. This has been concluded based on a §onsider—
ation of the orientation relationship begwéén_the recrystallized and
deformed mat?rial. ‘ Faivre and pcherty (1979),
Bellier '‘and Doherty (1977) observed that the orientation of tﬂe recry-

\
stallized material is contained within the orientation spread of the

[}

deformed material. The question is how the high angle boundaries which

'"‘réprésent the potential nucleus are created during deformation.

Vafiou$ models which have been proposed have been reviewed by
Cahn (1966, 1970), Doherty and Cahn (1972). Experimental support is

available for the foliowing mechanisms:
(iL The- strain induced boundary movement proposed and cbserved at pre-
. o . .
é;isting grain boundaries, in polycrystals by Beck and Sperry (1950)

- inhaluminumhand Bailey.and ﬁirsch (1960) ,in copper, aluminum,

\ -

.silver ‘and gold hé; aiso'been obserﬁednin aluminum by Bellier and
erty (1977).

_(2)! Subgrain ébélescence and rotation prpposed'by Hu, {1963), Li (1962,

Y

1966) and Sandstrom lefi).has been observed'within the transition

bands in metals deformed to moderate strains by
. et .. LI ' . .
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Dillamore (1972) and Sandstrom (1978).

{3) Subgrain growth suggested by Beck (1949) -and Cahn (1950) has also

4

been observed, in the éransition bands of Fe-5i alloys rolled to

>

large strains (Walter and Koch, 1966).

L)

Subgrain coalescence is observed 5q\ggst ofsthe metals deformed

to low and moderate strains, prior to the start of recrystallization.

- This occurs as a means of building up the necessary lattice misorienta-

tion. As a'consequence, the subgrain size tendé to increase and it has
often beep reported in the literature that a larger than average sub-
grain size is also a Prerequisite characteristic of a poteﬁtial“nucleus.
It was concluded, based on classic;i nucleation theories that a 5ubgrain
of average size bounded by high angle boundaries, would shrink because
of the higher energy associated with the boundaries. (Bellier, 1971;
Doherty and Cahn, 1972). Such a conclusion is difficult to accept as

the boundaries accommodating large misorientations are created during

deformation, due to storing of dislocations; and is not a process of
fluctuations typical of the classical nucleation process. At low and
moderate s;rains the subgrain coarsening and growth processes are a
means of accumulating the necessary misorientation.

At large strains where the‘local lattice deformation is severe
enough, recrystallization is known to occur without being preceded by
any coalescence process. At these strain levels, the preference for
ﬁucleation at pre-existing grain boundaries inlpolycrystals is lost and
recrystallizaﬁion can ocecur at sites of large misorientation in the in-
terior of the grain. This suggests that at large stfains high angle

boundaries must have developed during deformation. Experimental obser-
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vations of such high angle boundaries have been discussed in Section
2.3. The actuwal mechanism 6f the formation of these high angle boun-

daries is not yet clear. Dynamic recrystallization is one of the possi-

-

bilities. It has béen reported at strains beyond 1.0 during room tem-
peréture deformation in polycrystalline copper (Cairns et al., 1971),

copper—aluminum alloys (Ratsuzek and Karp, 1976} and in bicrystals of

4

aluminﬁﬁ\(Serpoul and Driver, 1979). Observations of the deformed

structure in T.E.M., indicated that the interior of the recrystallized

. grains contained very little dislocation content (Cairns et al., op cit) .

It is therefore difficul£ to unequivocally conclu&g whether the nature
of recrystallization wés dynamic or static. The dislocation substruc-
ture observed by Faivre and Doherty (1979) does not differ in the highly
misoriented regions from the rest of the substructure. )

If the high angle boundaries are created by any stich process it

would mean that the distribution of misorientations in the deformed

x

structure resembles a schematic illustration of Fig. 2.6. Instead, the

experimental evidence of Langford and Cohen (1??9) and Féivre and

Doherty (1979), discussed in Séction 2.3, apprpximate to a diétributioﬁ

of Fig. 2.7. The question is how a distribution similar to A gets

evdlved into a B-type distribution. Some possibilities are:

(1) 1local differences in operative slip systems, leading to large local
ﬁisorientations, a phenomenop similar to formation sf deformation
bands, but occurring on a micro scale;

(2) ﬁccuﬁulation of dislocations to accommodate flow around non—deformj
able regions (Humphrey, 1979); and,

(3) interaction between—grcups of dislocations as at intersecting slip

bands (Argon and Orowan, 19%1).
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Fig. 2.7 Frequency distribytion of misorientation in
the substructure



CHAPTER 3 T

EXPERIMENTAL TECHNIQUES

In this section, a review is éiven of the megpod uséﬁ to grow
the single crystals,‘a;d their structural and COT;OSitional charhcter-_'
ization. .In addition, fhe procedure used to deform the crystals in the
channel die and the vatrious experimental fechnﬁ)ggs used to stud§ the
nature of the dislocation suhstrﬁcture-developed as a result of deforma-
tion, are described.

N

L3

3.1 Material anleurity : .
" Singke_g}y;tals prepared from two different bapcheé of aluminum
P
were used in this inwastigation. fThe nominal purdty of the material
for both the batches was 99.99%.

The crystal of orientation (111) [112] was 6btained in the form
of a grown and oriented crystal, ééuréesy of Dr. U.F. Xocks of Argonne
National Laboratory. The aluminum‘used to grow the original .crystal
was;of"99.99+ purity. ‘

The crystal of orientation (111) 1123) was‘grown duringithe
course of this study. Aluminum.for this crystal was supplied by Alcan,
Kingston, Ontario. 1In Table 2?1, the compositional analysis of the
crystal in‘the as-growﬁ condition is given.

In the following section, the techhigue used to grow Ghe (111)

[123) crystal is described.

63
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Table 3.1

Composition of (111) [123] crystal in the as-grown condition.

Chief Impurities Fe ' Si

Level of Impurity . 0.001 0.004
in wt.%

»

ek

Va

0.002

Mg

hg‘
< 0.001

64
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3.2 Growth of the Single Crystal

$ingle crystals were grown from the melt,based on the Bridgmann

(1525) Yechnique. Split cylindrical graphite molds wérg used to house

>

" the“crystal., To minimise contamination, high purity Argon gas atmos~

phere was used. Attempts were also made to use the soft mold technique

~

of Noggle (1953) using aluminum oxide powder as molding material. How-
ever, the Bridgmann technique produtced crystals with superior: surface

" finish and was therefore preferred.

3.2.1 Description of Crystal Growth Technique

Figure 3.1 shows the apparatus §$Ed for growing the single
3

crystals. An electrical resistance furnace was counterbalanced and

- L

moved along a vertigal axis with the aid of a motor: A speed reduc-
tion gear béx conﬁrolled‘the speed of movement of the furnace. Thé
furpace was coaxial with an Inconel tube: and open at both énds. an
inlet for theﬂArgon gas and a Chromel~Alumel thermocouple were fixed
at the bottomﬁgnd of the Inconel tube. The outlet for Argon gas was
provided at the top. The bottom fitting also served as the base on
which tﬁe graphite mold rested. Cold water was ﬁassed‘throuéh a copper

..coil wound around &é bottom end of the Inconel tube. The lower -por;-
. 4

tion of the graphite mold was thus cooled. . «

% Figure 3.2 illustrates the split_cylindrical graphite molds,
. Lol - ’ . !
with rectangular inner cross section, which was used to grow the single
4 . . '

P i "’. R N
crystal. One end of the inside of the mold was tapered to a point so
 that .solidification of the molten aluminum could start at this point.

'The inner surface of the mold was polished using 600 grade emery and

-, '
*. 1 : ! -. ’ »

..
" . in . ‘ ) -




66

Apparatus for growing single crystals.

-1

3

_Fig
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: soft kleenex tissue so that the surface of the mold was smooth - and free
of crevices. The mold stood upright in the tube, with the tapered end
near the ‘lower end of the Inconel tube. The two split ends of the mold -
were closed by retaining :inge at both ends. Asbestos paper was wrapped

around the entire mold to'prevent the leakage of the molten metal. The

[

top of the Chromel-Alumel thermocouple lnserted through the bottom rlng

of the mold was adjusted to be close to the tapered end of the mold. The
: .. ‘ :
temperature recorded was close to that of.the metal in that region. -

+

3.2.2 Procedure for Growing Single Crystals

o
oy -
, -

After inserting an aluminum block of rectangular cross section )
inside the mold, the two halves of the mold were-secured‘firmly-together .
and the mold was introduced into the Inconel tube. Both ends of the :

- ) ' :

Inconel tube were closed and Argbn gas was pumped in.thtough'the lower . ?
inleto At this stage, the furnace wes near the bottom endiof the Inco-
nel tube. - After flushlng the 1nsxde of the tube for approxlmately two. 7 :
hours with Argon gas, the power to the furnace was sw1tdhed on. When
the thermdoouple which was inside the mold neasured n750°C, the motor
connected to the furnace was sw1tched on. The furnace was driven up at
the rate of mO.B“/hr. A temperature gradient of m13°C/cm was malntalned
by water cooling the bottom end of the Inconel tube. The'furnaoe took
about 20 houts to travel the entire,length of.the graphite mold. Dutiné . ;
this tlme, the inflow of Argon gas was malntained at a steady rate When |
the furnace had travelled well beyond the length of the mold the flow ; :
of Argon gas @s stopped, the power to the furnacd was switched off and

o

the mold was removed. The preparation of samples for deformation from .

-« . . . v [

Rt g et o
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the as-grown crystal, is deseribed in Sectigﬁ 3.4.

’

3.3 Characterization of the Single Crystals . E '

- .

Thgfcharaéterizatibh of ghe crystals idvolvédimacrogéching_the .
crfstal fSTtﬁedk'fdf the ﬁécﬁérenée of possiblé.stray surfgée grains
' anq grownriqAs;bstrgétﬁges,.aé‘weii gs'ﬁefermihatién‘;f thq.orientation- KN
of the crystal by back.réflebtion #aue x-ray ﬁebhhique..

¥

3.3.1 Procedure for Macroetching L .

The .crystal was mécrogtcheﬁ'after it was -taken out of the mold.
The etchant used for pure aiuminum'sqmplés waé,as recommended in the | 3

4 .

‘A.S.M. Metals Handbodk, vql. 8,'Ed..8.,,The composition is' given in

. Table 3.2. The etchant was freshly prepared prior to use, and was
cooled in running water. The c¢rystal was dipped in the etchaﬁiﬁgor a

few seconds, and washed in distilled water. Care was taken to ensure

that the spééimen‘did.not get heated during etching.

- 3.3.2 Back Reflection Laue X-Ray Technique

Thé initial orientations of the single crystal specimens were
detérmined using the back.reflection Lave x-ray technigue. The orien-
tation of thé three orthogonal faces was determined using white x-rays
from a tungsten tube operating at 50 éﬁ and 12 MA. The exposure time ) E
was “v1/2 hour. Using the Laue pho{ograph and a proper Wulff ngt, the '(3/ ;
orientation of each face could be fixed to an accuracy of “1°. 1In
Figure 3.3, typical Laue photographs for "stable" and "unstable" c#y—
stals are shown. The orientation of the compression face of the

.

"unstable” crystal, is about 1° away from exact [l11ll] orientation.




i

Back reflection Laue x-ray photographs

Fig. 3.3
of the comor3551on face of:

(a) . "stable" and, . . 4
{b) "unstable“ orystals

taken prior to deformation.

70

)

ik e PR

Lo e s

Y

e ke e o



b

71

—

. 3.3.3 Nomenclature of the Crystals Studled

In the present 1nvestigat10n, the nature of the—substructure
éeveloped at large strains in differently orientated crystals ig de-
scribed. The orientations of the crystals studied are:

1) {100) [112) - "stable”

2) Iy [I23] -  “unstable".

For each_crystal, the Miller indices within the first brackets
" denote the plane an which compression was -carried out. The Miller in-

dices within the second brackets denote the directioh of f;ee flow,
i.e., the channel axis, aé shown in Figure 3.5. The orientations given
refer to the initial orientations. The (110) [112] crystal will be
referred to as-"stable" crystal throughout because the orientation of
this crystal dld not change during deformation. |

Similarly, the (111} [123] crystal will be referred to as the
"ynstable" ‘crystal because its orientation did change during the course
of defo tion.

The present investigation was aimed at comparing the disloca~ -
tion substructure which devalops at similar plastfc strains in the'
ngtable"” and “"unstable" crystals, and at correlating the nature of the

* substructure with the'macroscapic observations of the slip systems

active during deformation and the measured shape change.

3.4 Details of Deformation Procedure

Plastic deformation was imparted by compressing the crystal to

large plastic strains in a channel die as shown in Figure 3.4. To de-
=

tarmine the mechanical response of the crystal after a given amount of

-

.oy
N .
R . T L T L Sy T -G Iy S |

7. A



deformation in. the channel dié; subsequént'hniaxial cdmpression tests - . ol 4f

were performed. s ) ' - '

. . -

e

3.4.1 Preparation of the Samples T \ - e
Four rectangular samples.of qpprokimaté initial dimensions.. ol i
2 R - P

[

i x-1}12,x 1 em (length x width x thiekneés)'were spark machined:from .,
each crystal. Figure 3.4 illustrates the wvirgin crystals'gna éhe axis
_reléfive to the growth direction, along which the sampleslwere cut..
Ap;!opriate Miller indices are shoum, defining the initial orientation
of each of the faces. Their positioning in the die has been shown in
Figﬁre 3.4. . ‘ - . '

After spark machining, the samples were prepared by pblishing

the surfaces on 600 gPade emery paper. They were then ?nnealed for
24 hours at 475°C in a box furnace and furnace cooled. Prior t§ de-
formation, the samples were electropolished in a splutioﬁ of methyl-
.alcohol and 20% nitrié acid. Electropolishing results in a surface on ' i
which friction is_reduced aﬁd from which the tracés of slip planes

formed during deformation can be recorded?"’Thé linear dimensions of

the crystal were measured to an accuracy of 0.005 mm using a tool maker's

microscope.

3.4.2 Deformation in the Channel Die

-

Il

3.4.2.1 Description of the Channel Die

Figure 3.5 is a schematic illustration of the channel die and"
the plunger. The design is similar to the one used by.Chin et al (1966).
Both the die and the plunger were ﬁade of tool steel. The plunger was

attached to the crosshead of a Tinius Olsen machine., The tolerance
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Fig. 3.4
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Illustration of the as-grown crystals
with direction of arowth along the
long axis. X, y and z are defined
“in Pig. 3.5. .,
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COMPRESSION AXIS

A X
~—IDIE DIRECTION .. Y

DIE FACE

CHANNEL DIRECTION

Fig. 3.5 Schematic jllustration of the channel die

i . and the plunger. e

x: compression axis

y: direction normal to die walls referred
to as die direction

z: channel direction
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between the plunger and the die was *0.0025 mm, to provide a good slid- -

ing fit. : . .

3.4.2.2 Lubrication in the Channel Die

To minimise frictional forces.developed bhetween the faces of

the crystal and the surfaces of the channel and plungef. teflon tapes

of thickness "0.06 mm and polythene sheets of thickness Nb.ls mm were

used. This comb%nation of lubricants was chosen based on a preliminary
study of the deformation of polfcrystalline pure Aluminum §amples of
identical initial dimensions.

The teflon lubricating sheété become thin after deformation.
Hencé, the tests were stopéed at about.every 3—5% thickness reduction.

The lubricants were renewed before continuing the deformation.

3.4.2.3 Details of Compression in the Channel Die
The deformation was carried out at room temperature with a
crosshead speed of 0.05"/min.

Samples prepared as described in Section 3.4.1 were compressed

to true strains of approximately 0.1, 0.2, 0.5 and 1.0. Deformation

was carried out in.steps of %3-5% thickness reduction. After each

deformation step, the shape of the crystal was characterized by measur-

ing the linear dimensions of each edge, along with the dngle subtended

between the edges on each of the faces of the crystal. i

Using a tool maker's microscope, the linear dimensions were
r . [N '
measured to an accuracy of *0.005 mm and the angle was measured to

within 6 minutes of arc. This enabled evaluation of thHe normal

.

strains, to an*-accuracy of 0.5% and of shear strains to an accuracy of

0.08%. .

T Py S Py

T
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‘ment of asterism due to deformation, as shown in Figure 4.2.

- .

Laue back réfleqtion x-ray technique, described in Section 3.3.2,

was used to determine the orientation of the faces of the “établef cry-
stal afterIQEformation. The orientation of the faces of the "unstable"
crystal was determined using the selected area diffraction technique in
the transmission electron microscope. This is because of the develop-
After the measurements were‘made, thé sample was poliéhed,on
600 grade emery paper.and electropolished before furtheredeformatibn.
Aftera given strain increment the slip plane traces were recorded from

the faces of the deformed crystal. The details of the technique used

-

‘to record and. analyse the slip plane traces are given in Section 3.6.1.

After deforming the crystal to predetefmined total strain lévels
in the channel die, samples were spark éut from these for uniaxial com-
pression tests and for transmission electron microscope studies. For
the transmission eleétron microscope work, slices were spark_cut para- ’

llel to the three orthogonal faces - the compression. die and free faces.

and thin foils were prepared from these.

3.4.3 Uniaxial Coﬁpression Deformation'

Uniaxial compression tests were‘perfdrmed in an Instron mabhing
at room temperature, using a crosshead speed of 0.002"/min. The axis
of compression was maintained to be the same as in thg channel die. The
yvield stress of each sample was determined af 0.2% offset strain. This
was taken to.be the flow stress of éhe sample corresponding to the

amount of deformation carried out previously in the channel die.
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3.5 Techniques Used to Study the Dislocation Substructure

The main 9xperimenta1 £echniques utilised in theé present inves-
tigation were optical microscopf to study the slip plane traces formed”
on the surface of the cryséal,'and transmiisioﬁ electron micrﬁscopy to
s£u§y the nature of the disloéation substructure. The transmission
elactron microscope was'preferred as the experimental tool to stuﬁy

.

the dislocation substructure as it enables direct examination of areas

in the submicron rangé, and because of the availability of diffraction

technique to study the orientation relationships.

3.5.1 Optical Microscopy ~ Study of Traces of
Slip Planes Formed on the Surface

The deformation was carried out in small strain intervals,

according to the procedure described in Section 3.4.4. The traces

recorded at the end of a given strain increment correspond to the slip
systems actually active during that strain’ increment. This technique

enables one to check whether the same set of slip systems are active

throughout the entire deformation. The use of teflon tapes as lubri-

cating agents enables recording of the traces of slip planes from all

the surfaces of the crystal.

When the traces form on ali three faces, the slip planes
which cause the traces can be determined unambiguously (Barrett and
t
Massalski, 1966). The scale of the slip plane traces was measured
. ™

-

with respect to their length and spacing. The §pacing was measured

to an accuracy of ~0.5 mm at 600 X. This corresponds‘to a true spacing

of 1 pm, which is nearly the-available resolution of the ‘technique.

~
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3.5.2 Electron Optical Work - Transmission Electron Micrescopy

T.E.M. observatlons were made using a Phillips E.M. 30Q trans-

. mission electrOn microscope. The nature of’ﬁhe dislocation substrucﬁure

developed during deformation, the scale of the substructure, the orien-
tation difference across the cell walls were‘studied in samples deformed
to true strains of, approx1mately 0 1, 0.2, 0.5 and 1.0. Where the dis-
locations making up the cell walls could be reeolved, their'Berger

vectors were identified. T

f..B .5.2.1 Preparation of Samples

Slices mo 25 - 0.5 mm in thlckness were spark cut parallel to
the. three orthogonal faces using molybdenum w;re of q.qo3 mm diameter.
Approximately 1 mm thick slices parallel to the.external surface were
removed from each face. All the transmission studies were done on
slices cut from beyond'this region. This helped in the eliminaéion
of possible extraneous-structure developed at the surface.

" To eliminate the damaée introduced due to spark cutting, the
slices were initially polished on 600 grade emeef-

/Discs 3 mm in diameter were prepered from these slices, and
wefe elect:oéolished in a Teeupol (an automated jet'glectropolishing
unit). Ethanocl - 20.1% perchloric acid solu_tion was used as the electrolyte.

The'electrolyteiin the Tenupol'ﬁas cooleq to between -20°C and
-25°C by circulating liquid nitrogen. A‘volfage of 15-20 volts was
, oo - . N
applied. A-current of 20-40 MA passed across. the disc sample.i where
a sﬁall-perfoéation occurred in the disc, the saeple ?as ﬁh%n epoeghl
for study .in -the transmission glectron m;croscope.

After removal. from tl& Jet pol:.sh:.ng um.t, the discs were washed
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@islocations in the boundary was low. As the denéity of dislocations in

"the boundary increases, the separaticn between dislocations decreases.

In a simple tile boundary made up of dislocations of one oartlcular

‘b Burger's vector b,d, the spacing between individual dislocations-is re-

lated to the © misorientation across the wall (Read, 1953 ) according to

the relation

In Table 3.3 the separation between dislbéations'in walls of
different misorientations is given.

The practical resolution in the Phillips E.M.300 beih§ v 50 A,
it is difficult‘to resolve dislocations in boundaries across which the
misorienfation is much more than 1°. Resolution of the images of in-
dividual dislocations is essential to determine their Burgers vectérs.
The Burgers vectors were assigned when the iﬁages of the same disloc-
ations vanished for at least two different g reflections, according
to the g*b = 0 criterion (Hirsch et al., 1965).

e e pianes in which the cell walls lie were determined by.iden—
tifykng the direcpion of intersection of the cell walls in the various
“

faces. The direction of the cell walls in a given foil was identified

by comparing the micreograph with its corresponding selected area dif-

- fraction pattern. The rotation which occurs between the image and the

selected area diffraction pattern (Hirsch et al., 1965) was calibrated.

3.5.2.3 Consistency in Transferring Data
From the Crystal to T.E.M. °*

To correlate the data of the dislocation substructure as in-

vestigated by the T.E.M. with the slip plane traces studied by optical
‘.
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in absolute.alcdhol and cleaned by dipping for ten minutes in a special
solution of chromic oxide and phosphofic acid. The samples

were washed in distilled water and fihally in ethyl alcohol. Thid en-
ableqd fhe storage of the samples in;air for loné periods without any

problem’ of oxidation.

3.5.2.2 Dpetails of Investigation Carried Out in T.E.M.

Low magnification micrographs taken in Phillips E.M.300 trans-
mission electron microscope were used to de£er§ine the scale of the dis-
location substructure. The scale of the substructure was measured in
terms of the width and length of the cells. The cell size was not uni-

form.

Selected area diffraction pﬁbtographs were taken from different
regions of a given fqil. Diffraction patterns were taken when the
goniometer stage was adjusted at 0° tilt. The orientatighs of the com-
pgession, free and die faces of the crystél were'arranged to be anti-
parallel to the beam direction of ;hese diffraction patterns.

lThe general orientation of the foil under study was taken to be
as given by the spot pattern taken of a large number of cells from dif-
ferent foils for a given face. Miso;ientations across a given cell
boundary were measured from comparing the Kikuchi Line patterns from
adjacent cells. The accuracy of these methods is discusseq in Section
3.6!

Burgers vectors of the individual dislocations constituting
the cell ﬁalls were identified by imaging the cell walls at‘iarge mag-
nifications, and under two beam conditions. The resolution of indivi-

dval dislocations were possible only at low strains when the density of



Table 3.2

Composition of the macroetchant used for puré aluminum.

_ Amount in
Contents Concentration ml
HC1 37.1\ 50
HNO3 A0.1% 15
HF 48.0% 3
supersaturated solution
FeCLy in HCL 3

Table 3.3
K :
The spacing, d(A), between individual dislocations in. a
simple tilt boundary as a function of O, the angle of,
misorientation across the tilt boundary. bp; = 2.86 A

8 (deqg) 1 5 10

a
da(a) 163 32 0.5




82

microscopy, it is essential to view both the data in the same sense of C .
direction. When the sample was inserted into the electron microscope,

care was taken to ensére that the foil normal coincided with the outward

normal of the cryétal face from which the foil was prepared. Also, the

elec£ron micrographs were prinﬁed with the emulsion side up. The 3 mm

disc samples were prepared so that the edges of the crystal coul
easily identified. This enabled the orienting of a given micrograph

with respect to the external axes of deformation.

3.6 Accuracy of Measurements

3.6.1 Measurements of Orientation - Avyailable
Techniques and Possible Accuracy

L~ray methods are the most widely used in the determination of’
orientation. Johnson (1969) used Laue‘back reflection method -~ an
accuracy of +0.25° was reported. The regular Laue technique degcribed
in Section73.3.2 suf fers from two major disadvantages:

1} the size of the collimator beam, which decides the size of

the x-ray‘spot and thus makes the study a very local event,
and 2) the effect of deformation on thg sharpness of laue spots,
even when the area studied is sméli.

As a result of deformation, asterism develops and often the
original Laue spots are completely lost. Instead, arcs of Debye-Scherrer
rings may develop. At levels of deformation where this occurs, the Lauve back
reflection x-ray method is quite inappropriate in determining the orien-

tation of the crystal.

The orientation can also be determined using pole figures plotted
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using a texture goniometetr tBar;ett, 1952} . Unlike the Laue technique,
this informﬁtion is averaged ovér the entire surface of the érystal,

but the effect of deformation results in spreading the intensiFy at each
pole; particularly in crystals of unstable or¥entation. Precise loca-
fion of the cgntre of these spreads is difficult because the spread is
not symmetrical. The accuracy possible is, at best, a few degrees. In
both thése methods, considerable care is necessary in the alignment of
the crystal with the x—fay source.

Basinski and Basinski (1969) also used an x-ray method for
orientation determination. They used a single crystal x-ray difffacto-
meter. Cu KB radiation was Ehosen to aveid confusion beﬁween Cu Ka
and Cu Km2 radiations. The alignment of the crystal surface with re-
spect to the x-ray source was checked optically by fitting glass mirrors
on the surface of the crystal. Three different réflections were used,
and the angles measured with these were used to determine the-orienta—'
tion of a given face. Basinski and Basinski report the following aecu-
racy in their measurements: the angle measured by the diffractometer
was reproducible to within #0.02° for the virgin crystal with *0.05°
error dué to surface irregularity. In the deformed crystal, an accuracy
of *0.05° was reported. When the surface of the deformed crystal was
not smooth, the error of measurement was estimated to be between *0.1
to #0.15°. The significance of these measurements is that Basinski and
Basinski find that 90% of the shape change is caused by primgry slip
alone, contrary to Johnson's results (1969).

Yet another technique of determining orientation is to use

electrons diffraction method. The selected area diffraction technique
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available in a transmissioh-electfon microscope‘is such a-metﬁod_iHirsch
et alt,‘1965). Thg diffraction pattern1can be éf two typas: spot pattern
or line ééﬁfern, or boﬁh, depending on the thiékness of the sample being
"studied. The accuracy of determininq the orientation from spot pattern
is, at best, within * 59, Thé shift in the position of the Xikuchi

lines can be analyzed to an accuracy of * 0.5 mm, based on which an
accuracy of * 0.05° is possible in the orientation determination.

A serious disaévantage of this method is the volume of the
material from which the information is obtained. The acé:}acy possible
from the Kikuchi line pattern cannot be well utilized. Distinct pattérns
can be obtained only from regions of 1 pym in diamtef. The sensitivity
of the position of the ﬁikuchi Lines to orien;ation itself is the chief
advantage of using Kikuchi patterns for the determination of orientation
from larger areas of a deformed sample. The misorientation across the
dislocatidn substructure which is the characteristic of the deformed .
condition gives rise to a smeared out Kikuchi Qattern. Errors af; also
introduced due to elastic bending of the sample.

When taken from a large area, the sharpness of the spots in the

spot pattern is also affected by the degree of misorientation in that

area.
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CHAPTER 4-

ANALYSIS OF SHAPE CHANGE AND PREDICTION oF
ACTIVE SLIP SYSTEMS - RESULTS OF PRESENT WORK -

\

"In this chapter, the deformation of the crystals of “"stable" and
"unstable” orientations between strain levels of 0.1 and 1.0 in a
channel die is considered. The shape change undergone by each crystal

at different strain levels and the observed patﬁern of slip plane

traces are reported. The results are compared with predictions of

active slip systems based on the formalism of Bishop-Hill and the yield

subsurface analysis.

4.1 Details of Deformation Conditiohs in the Channel Die

4.1.1 Possible Shape Change

The approximation of the mode of deformation in the channel die
of Figure 3.5 to plane strain conditioné is not striétiy accurate
(Chin et al., 1966). More general shape changes with finite shear
strains which are possible are schematically shown in Figure 4.1. The
solid lines represent the initial shape of the crystal and the dotted
lines indicate a possible shape change. Definiﬁions of the strain com~
ponents are also given in ‘Figure 4.1. In the channel die, the actual
shape change undergone by the crystal depends on its initial orientation
and the clearance between the crystal and the die at the time of assembly.’
The plunger and the platform of the die illustrated in Figure 3.5,

prohibit the possibility of producing £_,, the plastic shear strain on

Xy

the free face. The magnitude of the plastic strain component of de
85 '

Yy
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Fig. 4.1 General shape changes possible in the channel die.
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depends‘on hdw well the crystal fits into the die at the beginning of

~

deformation. “The maqnitud? of the other components dEyy,/d€z;, dEy, and

:’fomponents Acting Dﬁiing Deformation

There are two types of stresses acting on the crystal being de-
’ L
forméd in a channel die. (The effect of friction is neglected here.)

¥

These are termed primary and reaction stxesses. The compressiggﬂqtresé

Oxx @pplied on the cryétél is the primar§ stress. 'At zero strain, the '

crystal does not feel the presence of the die walls. When the applied z)

stress Oyxy rises to the level required to satisfy the yield'criterionQ

r

. of Eq. (2.8), a particular set of slip systems will be ‘activated. 1In B

general, these contribute to the strain components deyy and dexy. 'Thg
.die geometry will restrict these strain components and reaction'strésses.
ny and ny are buil? up within the crystal. This results in either
suppressing activity on some of the slip systems or adjusting the acti-
Gitonn each of the operative slip systems,zso that the shape change con-
forms to that allowed by the geometry of the die configuration. Thus,
the only stress cgﬁponenté tgat act on a crystal being deformed, ih a
channel die, in the absence’ of friction, are the primary stress Oyy and
reaction stresses UYY and oxy' ' The magnitude of reaction stresses

developed depend on the orientation of the crystal being deformed and
on the level of deformation, as has been shown by the measurements of

the stress components by Chin et al. (1971). In the:present investiga-

tions, the. magnitudes of the reaction stresses were not measured.
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4.2 Expefimental Results

In this section, the results of the shape change, orientation
and nature of slip plane traces observed on the surfaces at compressive
strain levels of 0.1, 0.2, 0.5 and 1.0 for the "stable" and "unstable"

cry%tals are given. The shape change is measured according to the

I
3

strain components defined in Figure 4.1.1JThe orientation of the faces

‘was determined either by‘back reflection Laue X-ray ﬁethod or by the

use ‘of selected area diffrac;ion (SAD) technique in a transmission

"electron microscope, ‘as described in Chapter 3. The method suggested

by Barrett (1951) was followed in idéntifying,the active slip planes
ba;gd:on_the observed slip plane traces. |

The exéerimental results for the "stable" and “unstable® crystals
are sﬁmmarized in Tables 4,i(a).and 4.1{b), respectively. 1In Figures
4.2(a~d), the back rgflection Laue x-ray patterns for the
compression faces of the "“stable" and "unstable” crystals taken after
deformation, are given. The orientations of the stable crystal.can be
determined based on this technique up to_gtrain of = 0.5 even though
asterism develops. The orientations at a st?ain of 1.0 for thé "stable"
s
érystal, and at all strain levels between 0.1 and 1.0 for the "unstdble"
crystal can only be determined by the SAD technique as described in
Chapter 3. Particularly. for the "unstable" crystal, asterism leads to
development of pronounced arcs earlv in the deformation and back reflec-
tionLaue X-ray method becomes quite unsuitable. Accduracy of thé deté -
mination of the orientation by these techniques has been discussg in

Chapter 3.
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Fig. 4.2(a-4)

(a) o . (b)

(c) s Ad)

Back reflection Laue x-ray phetographs ‘of the
compression face of the "stable crystal (a-b)
and "unstable" crystal (c-d) at strains
(a) 0.1; (b) 0.5; (c) 0.1; (d) 0.2

91
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4.2.1 Nature of'SIip Plane Traces

The slip plane traces observed on the surfaces of the deformed

-crystals after incremental sfraining at true strains 0.1 and 0.5 are

ohown along with schematic illustrations of the distribution of {111}'
<110> slip systems, in Figures 4.3 and 4.4, respectively, for the
"stable" and "unstable" crystals. The traces on the "stable" crystal
are caused by slip on (111) and (111) vlanes, the distribution heing
homogeneous over the entire surface of the crystal. The traces are |
lohg,' straight and fine. 'fhe sl_i}_:: plane traces observed at true strains of
0.2, 0.5 and 1.0 on the “stable“;crystal are shown in Figure 4.5. It is

seen that throughout the deforTgtlon slip occurs on the (111} .and (111)
Sllp planeo, although the nature of the slip plane traces becomes coarse
at large strains. Analysis of the slip plane traces shows that natqre
of active slip systems changes during deformation in the "unstable"
crystals. Traces cbserved after incremental straining at strain 0.1 to
0.5 are shown in Figure 4.6. The distribution of slip is not homogeneous
over.the entire surface of the crystal, as can he observed from the
clustering of slip lines on the die faoe at a strain of 0.1 and on the
free face.ofter 0.2% strain as shown in Figure 4.6. Distribution of
slip is inhohogeneous both sequentially with respect to strain (Figures
4.4 and 4.6(a)i and spotially at a given level of stroin'(Figure 4.7 .
The slip plane traces observed at strain of 1.0 for the "unstable"

crystal, shown in Figure 4.8, appears to be very inhomogeneous. Very

coarse slip is observed on the compression face, bands in which the

" nature and distribution of traces vary are seen on the die face, whereas

no such feature is observed on the free face. At this strain level it
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Slip plane traces obssrved at strain of 0.1 on

{1) the compression face (2) free

4.3(c)

Fig.

face ggd,
(111) planes.

(3) die faces showing traces of (111)
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Fig. 4.5 Slip plane traces observed on the (1) compression face,
(2) free face and (3) die faces of the "stable" crystal
after incremental straining at strain of (a) 0.2; (b) 0.5;
(c} 1.0. Traces are identificd in Table 4.1 (h).
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Fig. 4.6 51ip plane traces observed on (1) compression, (2) frece
and (31 die faces of the "unstable” crystal atter incre-
mental straining at strain (a) 0.1; (b) 0.2; (c) 0.S.



Fig.

4.7

Inhomogeneity in the spatial distribution of slip
plane traces observed on the die face at strain 0.04.
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is difficult to_Pnequivocallycorrelate the nature of the slip plane
traces to the orientation of the faces as determined by the
selected area/diffraetion technique. |

The differences in the nature and homogeneity of the distribution
of sl}p plane traces in the “"stable" and “"unstable" crystal are of,
importance in eonsidering the applicability of the methods of predicting
active slip systems, and this will be discussed later in this éection.
The consideration of inhomogeneity is also important based on the effect
it. has on the nature of the dislocation substructure, developed wi;hin
the crystal.

The variation of the scale of the slip plane trgces during deform-
ation observed on the free face of the "unstable" and "stable" crystals
are given in Figures 4.9{a-d), respectively. The data is given in
ter@s of the range of the length and spacing of the slip plane traces
at each level of strain.

4.3 Application of the Bishop-ﬁill Theory

In this section the results of Bishop-Hill analysis used to
predict the slip systems active during the deformation of "stable™ and
"unstable" crystals are presented based on the method described in
Chapter 2. The shape change undergone by the crystals given in Tables
4.1{(a) and 4.1(b), refer tc the components of dsij in the crystal axés
coordinate system, which are in turn transforméd to components in the
cubic coordinagfe system. The values of the externai work done at the
56 polyslip co s are calculated based on Eq. (2.15). The polyslip
corner which maximises the external work contains the possible combin-
ation qf active slio systems. The results of the application of the

Bishop".ll analysis at strain levels between 0.1 to 1.0 for the
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Variation in the length and spacing of the slip plane
traces observed on the free face of the "unstable"
crystal (a-b) and "stable" crystal (c-d} during deform-
ation. The data indicates the range measured at each
level of strain. The different symbols in (b) repre-

sent two types of traces.

given in (b).

Cnly average values are
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"stable" and “unstable“ crystals are given in Tables 4.2(;) and 4.2(b),

103
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réspectively. The tables contain information of the polyslip corner

R

selected, and the combination of slip systems at that qbrner; Predicted

T

for the exact shape change measured. The Taylor factor, M, calculated

based on Eg. (2.9) (neglecting the width st;ain) and dw, the amount of
work done by the external stresses in achieving the given shape change,
are also included. The work is given in terms of arbitrary units of
/6T where T is the resolved shear stress. The work done at different
levels of strain for the "unstable" crystal is calculated based on the
initial orientation of the crystal. This is meaningful for the low
strain (0.1) deformation but not accurate for the larger stréins.

4.4 Prediction of Active Slip Systems Based on Yield Subsurface Approach

To construct the three-dimensional vield subsurface in stress space
along Oy, Oyy and Oxy axes based on Eq. (2.13), the corresponding m
values must be known. The complete M matrices derived based on Ea. (2.4)
for the twelve {111} <110> type slip systems 'in fcc lattice are given for
the "stable" and "unstable" crystals in Tables 4.3(a) and 4.4(a), respec-
tively. 1In Tables 4.3(b) and 4.4(b), the respective m components rele-
vant to %eformation in the channel die are given.

e

As discussed in Chapter 2, only slip systems with the largest
values for Moo wil} be activated by the primary compressive stress Oxx-
The strain components that are possible due to activity on these slip
systems, depend on the sign of”xhe other m components. The yield sub-
surfaces constructed based on the methoé described in Chapter 2, for
the "stable" and "unstable" crystals are given in Figures 4.10(a) and

4.10(b), respectively. To complete the view of the vield subsurface,

other slip systems which are not activated by the primary stress are
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Fig. 4.10 Yield subsurface for (a) the "stable" crystal
and (b} the "unstable" crystal.
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included. The results of the "yield subsurface" analysis for the
"stable" and "unstable" crystals are givén in Table 4.5.

4.5 BApplicability of the Bishop-Hill Method and the Yield L
Subsurface Analysis for Deformation in the Channel Die .

The applicability of each method is discussed primarily for low
strain deformation by comparing the'predictiong of the set of active
sli? systems, the expected nature .of slip plane.traces with the measured
shape change, and observed siip plane traces. Extehéion to large .strain
deformations will be discussed. —

The data of slip plane traces and the shape change observed for
the "stable" ;nd "unstable" crystals.(Tables 4.1(a) and 4.1(b)) correlate
well with the predi;tibns based on yield subsurface (Table 4.5) but not
of Bishop-Hill (Tables 4.2(a) and 4.2(b)).

- The predictions of possible slip systems in the yield subsurface
analysis is based on the primary compression stress, based on an approach
similar to the Schmid approach. But the analysis extends further than
being a simple generalized Schmid law, because a selection.of these
slip systems ;hich are actually active, is made based on the deformation
conditions imposed by the geometry of the channel die. Tﬂis is apparent
by considering the set of slip systems predicted for the "stable™ crystal.
According to the Schmid law all the four slip systems a, b, j and k

should be active. . Equal activity

on slip systems 5 and b will cause considerable width strain deyy' which

is not allowed by the die walls in the channel die. Activity on the

slip systems b and 5 is possible only till the crystal expands up to the
die walls. Any further expansion along the die wall normal, will give

rise to the reaction stress Uyy' compressive in nature. This will result
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Table 4.5

Results of yield subsurface Analysis for

"stable" and "unstable"

crystals.

Possible active

Possible slip

Crystal slip systems plane traces

"Stable" a*b j k* . (L1, (1)

“Unstable" b cd e j 1 (111), (11l1), (111
* Major slip systems - the amount of activity on.

these is far greater than the other two.
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. and adjusting the ratios on each so that the shape change undergone by

in suppression of activity on the slip systems b and J
of'myy in Table 4.3(b) must be considered faor a compregsiye Uyy Stress).
As the myy values for a and k are zero,rga:Sign stress

affect activity on a and k. According to Table 4.3(a), th '6the£ slip ‘ f

systems which have non-zero Myy values are c, 4, e and 1. Bﬁt‘these will

.
-

not be activated unless the magnitude of stress Oyy exceeds that of ¢

XX’ b
: ~ _ : o™ :
an unlikely situation in the present investigations. Thus, major activity '

must occur on the slip systems a and E, with a small amount. of activity

on b and j. The yield subsurface shown in Figure4.10(a) also leads to

4

similar conclusions. ' . v

Examination of the yield subsurface of Figure 4.10{b} for the

~

"unstable"” crystal indicates that equal activity on the slip ‘systems

b, ¢, 4, e, j and 1 (pEidicted according to Schmid approach) will, lead

-~

to considerable deyy strain (actually dgyy = dEzz = =1/2 dexx,

dE€y, = dEyz = dexy = 0} and does not correspond to the shape change
‘imposed in the channel die. The buildup of the reaction stress Oyy

will result in activatihg only subsets of the above six slip systems, .

the crystal conforms to the imposed shape qhange.

Examining the predictions based_on the Bishop-Hill analysis, the
curious features to be noted according'to Tables 4.2{a) and 4.2(b) are
the following:

(1) For the "stable" crystal different polyglip corners ére selegted
' (based on the priﬁdiple of magimum work and for initial crystal
orientation) and at different strain levels, whereas for the

"unstable" crystal, éhe same polyslip corner is seleéted throughout

“+

_the deformation.
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i : {a) The set of possiﬁly-active slip systems predicted for both orien-

L, ) tations cﬁntains slipl'ystems on which the resolved shear stress

{: - values dué to thé primary compressive stress should be‘;ero.
These asEects wili be examined in detail for the.déformation of
‘ the "stable".crystal.' fﬁe polyslip corner in the Bishop-Hill method
. is selected based on the principle of maximum work. The sensitivity of
the magnitude of the work done to shape change, will be examined for
two assumed shape changes:
(1) ideél plane strain deformation (a shape change often assumed for
_ deformation in éhe chaﬁnel die), and,
“ ,

(2). deformation inwhich a finite €yz shear is allowed.

Shape change (2) is calculated based on the predictions of the
yield suﬁsurface analysis - assﬁming equal activity on only slip
systems E'and K. Magnitude of dExy is assumed to be-zero. Amouﬁts of
activity on a and E gre calculated.u?ing the equation dEij = énijdrs
(Eq. 2.8 1}, the_corresponding m matrix (Table 4.3(b?). With dExy =0
and dexy = - 0.094 (corresponding to the low strgin deformation). Using
these values of shears on a and ﬁ,-the other components of strain,
d€y .. deyz' dEyy and.dezz_&re calculated, according to Eq. (2.6). The

derived shape change (equal activity on a and k will result in only

dsyz and de,, being finite) is fed into the Bishop-Hill analysis and

the polyslip corners predicted accordingly are given in Table 4.6. The

data for ideal plane strain deformation “is also include$g3
iy

According to the data in Table 4.6, for the case of ideal plane

strain, the work dg much larger than when a finite amount of ¢

vz

shear is allowed. indicAtes that it is more difficult to achieve

plane strain deformgtion for the orientation‘of the "stable" crystal.
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This explains the surprising observation that slip svstems 6 and h on

which the magnitude of resolved shear stress ls zero, arc predicted to

be active for the ideal plane strain shape chance. When a finite Eyz
is allowed, only slip systems a and k are predicted. For deformation

to be ideal piane st;ain in nature, this sghear mgst be suppressed. Thus,
a stress component Oyz has to be somehow actifated, which could cause
activity on slip systems g and h. The mvz values for these ﬁwo slip
systems are positive according to Tabie 4.2(a). Activity on g and h
will result in positive Ey: component and will counterbalance the nega-
tive Eyz component due to activity on slip systems a and kK, thus causing
ideal plane strain deformation. In fact, Chin et al. (1966) observed
traces belonging to (lillslip plane (slip plane of g and h) in a similar
experiment in a channel die where the Eyz shear was intentionally
suppressed.

These two shape changes (ideal plane strain, and with finite Eyz)
were discussed in détail, in order to highlight the fact that the Bishop-
Hill analysis is extremely sensitive to shape change. This explains the
selection of different corners at different strain levels for the
"stable" crystal (Table 4.2(a)). Theoretically, in the channel die,
only.three strain components - the imposed thickness strain dEyy # .0
and deyy ==dexy== 0 - are prescribed. The other three are free to occur
and thus slip could be accommodated by activity on only three slip
systems. In the Bishop-Hill analysis fewer than six or eight slip -
systems will be predicted only if fhe same amount of (maximum) work is
done at more thaﬁ one polyslip corner. As the analysis is extremely

sensitive to shape change, consideration of corners at which the magni-

tude of work done approximates to the maximum work may yield a better

.
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predictién of possible slip systems.

Based on this assumption, the predictions of the Bishoo-Hill
analysis for the actual'shape change measured at strain N'O.l are
re-examined. Thg data given in Table 4.7 considers all the polyslip

corners at which the magnitude of work done differs by 2%,

It is seen
that four diffcrent polyslip corners are seiected and the slip systems
common to these are a and k.

a and k are the primary slip systems predicted according to the
vYield subsurface analysis. According to the corresponding m matrix
(Table 4.3(b)) for the "stable" crystal activity on only a and k does

not cause any width strain, dc To account for dcyy, activity on

yy*

b and.ﬁ is necessarv. Thus, the prediction according to Table 4.7 for
the actual shape change measured at strain 0.1 is still an approxima-
tion, but a better one £han the prediction according to Table 4.2(a}.

The predictions at larger strains will be examined based on the
data in Table 4.8 in which the polyslipcorners,at which the magnitude
of the work done is maximum along with the corners where the magnitude
of work done is closest to the magnitude of maximum work done at the
given strain for the ;stable" crystals, are given.

Permitting a difference of 2% in the amount of work done, the
common slip systems at corners A*3 and C*3 for the “"stable" crystal
deformed to strain 0.2 are a, b, j and k. At larger strain, the differ-
ence between the magnitudes of maximum work done and the nearest one is
larger. The set of slip systems common to these corners, contain slip
systéms, h, d and g, the ﬁraces of which were not observed on the surface.

Also, the slip system k which is a major slip system, is not contained

within the set of cuwwnon slip systems. It is true that the Bishop-Hill
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anal}sis only predicts 5 pogsible set of slip systems. Nop all the
predicted sgstems need be active. : : |

These results indicate that the predxctions of a pos;ible set of
slip systems based on the Bishop-Hlll analys;s are sen51t1ve to accuracy.

~

of the measurement of shape change. ‘Even an error gf 0.3°.in the anglé
measured for shear strain calcﬁlations leadsato a diffg;encerof v 2% in
the magnitude of the maxi@um worﬂ done. ' |
'The.éidblem becomes more critical at large
strains where fric;ion effects influence the uniformity of shape change.
In principle, even a difference of.2% in the magnitude of work done is
laige. For the ideal plane strain deformat}on given in Table 4.7, the
difference is about 0.03%.
Comparison of the results for the “unstabler crystal indicates

major differences between the predictions of the yield subsurface analysis

and the Bishop-Hill method. In Table 4.9 data for "unstable" crystal

‘derived on similar basis like in Table 4.8 for the “stable" crystal,; are

given. The analysis is considered for the shape change imposed for the
crystél‘of initial orientation. The results given in Tables 4.2(b) and
4.9 could be affected by the orientation change undergone by the crystal.
Orientation changes were observed bj SAD technigue even at the end of a
strain of 0.1. As discussed earlier, inaccuracy of * 5° is possible for
orientation determination by SAD technique. This itself could lead to
possible errors in the selection of polyslip corner. In order to inves-
tigate this aspect, the following procedure is adopted. RBecause the
change in orientation was observed at a strain of 0.1, the shape change
at strain of 0.2 was arbitrarily considered to have been accomplished

in two steps. The first step is based on the initial orientation of the
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crystal and considersKa #hépe change measqfed at ét{éin @ O.l. The:
nexghsﬁep is based on.thé orientation (lil)“fil2] (tﬁe orientations
given at sfraiﬁ 0.1 in Table 4.1(b)) ;nd the corresponding pquslip
corner selected for the shape phange at strain of 0.1 is derived. The
results given in Table 4.10 }ndiéate no major differences in the corners
sélected whether the deformatian is"consigereq to occur in oné step b;sgg
on the inftiai‘orientation or is divided into two steps. It muét'ﬁe
remembered here that such a subdivision of strain is wvery arbitrary. The
results are also inaccurate because it is not known at what stage the
oriéntation changes occur and because of the inaccuracy inherent in tﬂe
SAD techngiue used for determination of the orientétion.

Assumptions inheren; to the yield surface.analysis are uniformit§
of flow, uniform exp&nsiqn of thé yield surface and that the same strain
ﬁath is maintained throughout-'thé deformation. The analy§is also
neglects t@e influence of internal stress, whicg could give rise to .con-

siderable secondary slip. "The role of secondary slip has been discussed

in Chapter 2.

. &
o

The complications présent'iﬁ the éxperimen£a1 studies of de;ermin—
ation of yield surfaces and ;the éhanges introduced by deformation on fhe
size and‘shape sf subseéuent‘yield surfaces havé been discussed by
Martin {1975). Detailed treatment of the validity of the assumption

’ -
about uniform expansion of the yield 'surface is not within the~écope of
this work. Perhaps the most questionéble assumption is about the con-

tinuity of the same strain path during deformation, because this path

in fact is determined by the nature of operative slip systems and rela-

' tive. activity on each. If either of these features change during deform-

?hfaFion, then the initial strain path will no longer be maintained. This

b
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-aspect of maintafning the séme strain path throughout defotmation is

crucial for the case of the "unstable" crystal. To understand the
deformation of the "unstable" crystal and to predict the operative slip

systems, shape measurements and orientation determination at much

smaller intervals of strain than attempted in the présent study, are

- +
essential. Theoretically, Q,Sémplete analysis is possible for the

"unstable"” crystal, by evaluvafion of the corresponding m matrices at

-

different stages.of strain.

Even with all the inherent assumptions discussed earlier, it has
been shown here that the yield subsurface analysis adequately explains
the deformation behaviour of the crystal of "stable" orientation if the

Present investigation.
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CHAPTER 5

NATURE OF DISLOCATION SUBSTRUCTURE

In this chapter, the results of the detailed investigations con-

ducted by transmission electron microscopy to study the nature of the

dislocatien substructure ‘developed at strain levels of 0.1, 0.2, 0.5 and

1.0 in-the "stable" and "unstable" crystals will be discussed. The data,

-

obtained from three sections of the crystal - the compression face, free

. face and the die face will be presented. The similarities and differ-

ences betweeg the dislocation substructures developed in the "stable"
and “unstaﬁle" crystals at various strain levels will be described.

._In considering the evolution of the dislocation substructure it
is necessary to ascertain its geometric arrangement with respect to the
operative slip systems. In the pre;ent study, the correlation beiween
the directions'of cell walls and the-traces of the operative slip systems
was examined. In studying the evolution of the dislocation substructure
as a function of imposed strain, attention was given to the arrangement
of dislocations, i.e., whether they are arranged in tangles or in cell
walls which extend into three dimensions and also to the conversion of
these cell walls into subgrains. The variation in the scale and misori-
entatign of the substructure with imposed strain was examined. A des-
cription of the dislocations consituting the cell walls was obtained
from the determination of their Burgers vectors.

The nomenclature adopted to distinguish crystals of."stable“ and

| 4
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"unstable" orientations, deformed to various strain levels are given

in Table 5.1 along with the primary planes causing traces on the surface
of the deformed c¥ystals. The term "primary slip plane" is used to des-
cribe those slip planes which cause pProminent traces on the surfaces of

the crystals,

5.1 Nature of the Dislocation Substructure
Observed in the "Stable" Crystal

Dislocation- substructure viewed from all the fhree.faces was
analyzed but emphasis will be given to the data from the compression
face, as it adequately describes all the features of the diélocation
substructure deﬁeloped in the "stable" crgstal.

In Figs. 5.1 (a-c) the substructure viewed in the three sections

A
of the FCl crystal is shown. An important feature of the substructure

as viewed in the compression face is the equiaxgd cell sﬁructure.
Analysis of stereo gairs of the substructure indicated that most of the
substrﬁcture is in the form of tangles buﬁ in places the beginning of
three-dimensional arrangements can be recognized. One feature to be
noted is the presence of well-developed wall; of projected width of

1 ym (indicated at A) aligned along the tracelof the primary slip
plances. (These wal}s will be referred to as major walls to distinguish
them from the rest of the substructure, which will be referred to as
minor cells and minor cell walls, indicated at B.)

It is worth recalling (Fig. 4.3 } that both the ﬁrimary slip
planes (111) and (111) intersect along a common direction in the com—.
pression face of the "stable" crystal. The average separation between
these maﬁor walls . approximately , corresponds to the minimum

spacing between the slip plane traces observed on the surface. The projected
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' b . Table 5.1
? o Nomenclature a_dopted‘ to describe’ "stable" and
. . "unstable™ crystals deformed to various strain levels.
t . - . Approximate ‘ "Stable" _ ;'Upstable"
: ,True Strain Level ‘Crystal Crystal -
"0.1 - Fa . HC
0.2 - FCz = | HC2
C , 0.5 . Fc4 ) HC4
‘ 1.0 " FC6 HC6
I : Primary slip === o = =
. : S : 111, 111 111, 111, 111
: plane traces .
g
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Fig. 5.1{a} Dislocation substructure as viewed in the compression face
of the "stable" crystal at strain 0.1. Major cell walls
are shown at A and minor cell walls are shown at B. Micron
marker is along the channel direction. Traces of primary
slip planes are shown.



Fig.

5.1{b-c}

5.1(c)

Dislocation substructure as -viewed in (b) free face
and (c) die face of the "stable” crystal at strain
0.1. Micron marker is along the compression direc-
tion. Traces of primary slip planes are shown.
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width of these walls. indicates that the constituent dislocAtions lie

§n the primary slip planes. However, the majority of the mindr,cell
walls do not follow the slip.plane trace direction. fThere are some pro-
minent walls (indicated.at B) which appear to be threading between the‘
slip planes; A high density of dislocation loops and dipoles is also
observed.

The arrangement of Aislocations in the‘frge face and die face
also indicates the tangléd nature of the cell walls, which appear to be
aligned mostly along' the traces of primary slip planes.

The’small variation in contrast across the minor cgll walls indi-
cates that 1iﬁt1e misorientation is built up at this strain level. Fig.
5.2 shows repfésentative diffraction micrographs indicating the nature
of Kikuchi line patterns taken from within a number of minor cells and
jcross major walls. The range of misorientation and the scale of the
substructure will be considered later. )

The Burgers vectors of the diélocations making up the cell walls
were determined using foils cut parallel to the compression face. The
values of the diffraction vectors which were used and the magnitudes

of g+b for all the six <110> type Burgers vectors are given in Table

5.2. In Fig. 5.3(a), a schematic illustration of the location of the

- primary slip systems in the compression plane is given. The disloca-

tions observed under various g refledtions are shown in Fig. 5.3{b).
Dislocations with Burgers vectors [0l1], ([101), [101] and [110] are
identified. The first four are the Burgers vectors of primary disloca-
tions belonging to the slip systems predicted to be active according
to the yield subsurface analysis, described in Chapter 4. Dislocations

with Burgers vector [lio}may have formed due to reaction between coplanar



Diffraction natterns taken from within minor colln
and across major cell walls (g-1).

129
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Table 5.2

values of g - b for {110} type Burgers vectors

* b 170 “olo 101 101 011 110
g

001 ‘ 0 0 1 ). 1t 1 0
111 2 1 | o - 2 0 2
111 -2 -1 2 0 2 | -2
110 2 1| - 1 -1 2
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Fig. 5.3(a)

Location of primary slip systems with respect to the
compression plane (110) and the possible boundaries

of coplanar dislocations in the (111) and {111) pPrimary
slip planes. -
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Fig. 5.3(b) Analysis of the nature of dislocations making up a minor
N cell wall viewed in the compression face of the FCl
crystal. Primary dislocations with Burgers vector [O11]
are seen at A, [101] at B, [Oli] and [101] at ¢ and
reaction dislocation with Burgers vector [110} at D.

/ -

[



. - ‘ \\ : 133

dislocations. -

LT TERN,

e,

The nature of the dislocation substrfctures as viewed in the com-

. pressioﬁ, free and die faces of the FC2 crystals are shown in Fig. 5.4
(a=c). The first important feature in the micreographs belongiqg to the
Fczicrystal is the absence of the arrangement of diéiocations in equi-~

_‘axed celiﬁ. Instead, the dislocafiéns are arranged in major walls. In
all three faées,.alignhent oflthé dislocation walls along the traces of
primary slip planes is-observed. VA consideréble‘number of dislocation
loops and dipoles can still be recognized. The commencement or rear-

rangement of the dislocations into simpler confiqurations can be detected

‘¢

at A in all three faces (Fig. 5.4(a-c)). The increase in contrast across

the dislocation walls indicates increase in misorientation compared to . -

that in the FCl crystal.
In the substructures developed at larger strains (2 0.5), the cell

interiors become progressively cleaner. Most of the dislocations are

v

arranged in major walls; the walls are no longer diffuse, similar to

.those at lower strains. Instead they are thin and can be termed subgrain

" walls. The general direction of these walls does not follow the traces

o' ‘ )
, of primary slip planes, but the alignment with the externally imposqb
; ;

éattgrn of flow increases with increasing ‘strain. The scale of the dis-

»

location substructire gets progressively refined ‘and “the misorientation
. .
acrass the boundaries increases with increasing strain. These features
‘_can be 'seen in Figs. 5.5(a-c) and 5.6(a-c) which represent the nature

of the dislocation substructure in the three faces of the FC4 and FC6

. crystals.

et e

R TRt



Fig.

5.4{a)

1

u

Dislocation substructure as viewed in the compression
face of the "stable" crystal at strain 0:2. Simple
configurations shown at A, Micron marker is along
channel direction. Traces of primary slip planes

are shown.

34
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Fig. 5.4(b) Dislocation substructure as viewed in the free face of
T the "stable" crystal at strain 0.2. Simple configura-
tions shown at A. Micron marker is along the compres-

sion axis. Traces of primary slip planes are shown.

r—
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«Fig. 5.4(c) Dislocation substructure as viewed in the die face of

. ) the "stable" crystal at strain 0.2. Simple configura-
tions shown at A. Micron marker is along the compres-
sion axis. Traces of primary slip planes are shown.



Fig.

5.5(ail

Dislacating sul structure as viewed in the compression
face of the"stable" crvstal at strain ™~V 0.5,
marker along the free dirvection.
slip planes are shown.

Micron
Traces of primarv

137
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Dislocation substructurc as viewed in the frec face of
the "stable" crystal at strain v 0.5. HMicron marker
alénq the compression axis. Traces of primary slip
planes are shown.
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Fig. 5.5{c) Dislocation substructurc as viewed in the die face of
the "stable" crystal at strain v ¢.5. Micron marker

along the compression axis. Traces of primary slip
planes are shown.
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Fig. 5.6(a) Dislocation substructure as viewed in the compression

face of the "stable” crystal at strain ~ 1.0. Micron
marker along the channel direction. Traces of primary
slip planes are shown.
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Fig. 5.6(b~c) Dislocation substructure as viewed in (b} free and
(c) die faces of the "stable" crystal at strain
v 1.0. Micron marker along the comoression axis.
Traces of primary =lip planes are shown.
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5.1.1 Variation of the Average Scale of the Dislocation Substruc-
ture and Misorientation with Strain in ‘the "Stable"” Crystal

The variatioh in the scale of the major walls and the smaller cells
durinq deformation is éiven.in Figs. 5.7 and 5.8, reséectively. Data is
given for compression and die faces. The scale is characterized by the
1ength of the walls and the separation between them. The actual length
of the major walls coul;.not be determined because it exteﬁded beyond
the observable thin areas of the thin fbils."Therefore. only thé_separ—
ation between the walls is given in Figf 5.7. The scale of the smaller
cells present in between these major walls is giv;n in terms of both
their length and separation. The range of'spacingé measured at
" each level of strain is given. -

The separation betweeﬁ major walls appears to reach a coﬁstant
level £eyond strain of 0.5 but the scale of the smaller cells continues
to decrease over the strain range measured. Comparison with the scale
of slip plane traces given in Chapter 4 indicates that the length of
the slip bands is much larger thén the size éf tﬁe small cells, but at
strain of 1.0, the separation between the slib bands is approximately
equal to the separation between the cell walls.

The plot of misorientation across the mgsor walls given as a
function of strain in Fig. 5.9 shows that the degree of misorientation
built up in the "stable" ckystal is not lafge. The misorientation
varies between 0.1 -0.5° at a strain_of 0.1 and between 0.5-2° at a

strain of 1.0.

5.2 Nature of the Dislocation Substructure in.the "Unstable" Crystal

The dislocation substructure developed in the HCl crystals as

viewed from the compression, free and die faces is shown in Figs. .10
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4+ : 5.7(a)
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SPACING BETWEEN CELL WALLS ——
N
4

5.8

2-.-II I i

| : 1 1
0 02 04 06 08 IO
TRUE THICKNESS STRAIN —

Figs., 5.7 Variation of the spacing between cell walls with strain.
and 5.8 Fig. 5.7(a) refers to major walls on the comnression face
: and Fig. 5.7(b) refers to major walls on die face. In Fig.
5.8, the spacing between smaller cell walls in the die faqe

is given. Data at each level of strain refers to the range
of spacing measured.
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Fig. 5.9 Range of misorientations measured at different strain
levels in the "stable" crvstal.
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(a—c}. respectively; It consists of a number of dislpcation-ioops and
dislocations arranged into cell walls. However, the -appearance of the
substructure ﬁepends on the direction of observation. The distribution
in the compression face is irregular, wheregs in the die face the sub~
structure appears to be composed of neatly arranged walls. The most
striking feature of the dislocation substructure obser;ed in the die

face shown in a magnified view in Fig; 5.11, ig concerned witﬁ twoiaif—
ferent kinds of walls - viz.- thin walls (shown at A) in which the indi-
vidual dislocations cannot be distinguished, across.which éhere are

-

marksd changes in contrast and diffuse walls (shown ‘at B) wﬁich occur |
within the area bounded by these thin @alls. In the diffuse walls, the
dislocations are arraﬁged in a tangled forﬁ, individual dislocations can
be recognized, and the contrast does not vary very much across the walls.
The thin walls will be referred to as subgrain boundaries and the diffuse
walls as éell walls. The subgrain walls follow two major directions, the
traces of slip plgﬁes. Most of the cell walls are parallel to the sub-
grain walls and are also aligned along the slip plane tréces: The mis-
orientation across the subgrain and cell wallé ig determined, by studying-
the variation in the Kikuchi line patterns.
The
range of misorientation present and the scale of the sub;tructure will
be considered later.
When the dislocation substructure is viewed in the compression
;ace, some cell walls can be recognized to be aligned aleong the slip
plane traces, but in general there is no definite correlation between
e

the cell walls and the slip plane traces.

With increasing deformation it is observed that tangles of dislo-
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Fig. 1l0(a-b) Dislocation substructure viewed in the (a) compression
and (b) free faces of the "unstable" crystal at strain
0.1. Micron marker is along the free direction in (a)
and compression axis in (b). Traces of primary slip
planes are shown.

N\
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Fig.

10{c)

=y

Dislocation substructure viewed in .the {c)
ef the Munstable" crystal at strain 0.1.
is alony the compression axis. Traces of
planes are shown.
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die face
Micron marker
primary slip



Nature of dislocation sublstructure

Thin walls at A are subgrain walls
are cell walls. Magnified view of

148

developed at strain 0.1.
and diffuse walls at B
the substructure viewed

in the die face of the "unstable” crystal.

.
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cations get converted into subgrains which constitute the major bortion
of the substrucﬁure; This can be seen in the mlcrographs from the com-

~ pression, dle and free faces of the ch and HCq crystals (Figs. 5.12 (a—c)

.
fe

and 5.13 (a—c), resggctively). In the compression face, thé'arrangements
of the sﬁbqrain walls seem to be irregular, with no,défiﬁite correlation
with the slip plane traces. The subgrain interior is rehaikably clear.
In the compreséion;fdcé there is a wide variation in the subérain size,
almo tlby a factor of ten. The formation of subgrains is-more cbvious
-from éhé die and free face sections. Arrangement of dislocations in
simpler éonfiguratioﬁs can be recognized és at A. In the frge face the
wallszin geqeral follow the slip pla;e traceé. The var;gtion in misori-
-eﬁtayion developed and the scale of “the subStructuré.with strain will be
considered later. . é

Simple net&érks lying on élip Planes chacterize the nature of the
disloéation substru%}ure. A‘magnified view of one §uch network is shown
in Fig. 5.14. The network lies along the trace of primary slip plane.
The misoriéntation‘égggss the network is less tﬂah 1°. ‘With increasing
misorientation, tﬁe nature 6f subgfain walls becomeslmore complicated.
To study the éonfiguration of.dislocations in such walis, weak beéam imag-

» o

ing technique was attempted,. . . Fiqg. QJB represents a
subgr;in wall developed at strain 0.5 and iﬁaged under weak be;m condi-
tions. Fig. 5.16 shows the same boundary iméged under dark field con-
ditions. 1In general it was difficult to obtain good wedk beam images.
Proper-diffract;on conditions‘could not be -obtained duehto variation in
orientation across the ;ails and the scale.over which this misof&entation

occurs. This also made it dIE?EEﬁlt to determine the Burgers vectors

present.

*



Fig. 5.12 (a:b)
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Dislocation substructure viewed in the (a) compression
and (b) free faces of the "unstable" crystal at strain
0.2. Micron marker is along the free direction in (a)
and thecompression axis in (b). Traces of primary slip
planes are shown.
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- Fig. 5.12(c) Dislocation supstructure viewed in the die face of the
"unstable" crystal at strain 0.2. Traces of primary
slip planes are shown. Micron marker is along the
‘compression axis.



Fig.

i

5.13{a-b)

Dislocation substructure viewed in the (a) compression
and (b) die faces of the "unstable" crystal at strain
0.5, showing well-defined subgrain walls. A wide
range of cell sizes is observed in the compression
face. Micron marker is along the free direction in
(a) and along the compression axis in (b).
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Fig. 5.13(c¢) Dislocation substructure consiting of subgrains viewed
in the free face of the “"unstable" crystal at strain
" 0.5. Micron marker is along the compression axis.
Traces of primary slip planes are shown.
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A
Fig. 5.14 Detailed view of the substructure developed at strain

0.2 illustrating formation of simple networks of dis-
locations.

.
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5.15

‘Figs. 5.15 .
and 5.16

5.16
Subgrain walls developed at strain 0.5 imaged under weak

beam conditions. The same wall imaged in dark field is
shown in Fig. 5.16.
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The nature of the dislocation substructure developed at a strain
of 1.0 in the "ﬁnstable" crystai“is similar to the suﬁstruc;ure developed.
at an equivalent strain level in the “stabie" crystél, with respect to
the scale and alignment of subgfain’walls following the externally
imposed pattern of flow. The micrographs taken from the compression,
free and die faces of the HC6 égyséal, shown in Fig. 5.17 (a-c) illustrate
this aspect. The substructure is made up 6f long, subgrain wails with

>

smallér cells éresent within theq§a§grains.

The width of the subgrains undergoes major reductions and begbmea
comparable to that of_the smaller célls. This indicates that the cell;
are becoming progressivély elongéted parallel to the subgrain walls and
that the majority of the dislocations are b?coming incorporated into sub-
grain walls.

5.2.1 Variation of the Scale of the Dislocation
Substructure With Strain in the "Unstable" Crystal

Thé scale of the dislocation substructure is measured based.on the
length and yidth of the cells. These parameters are measured separately
for subgrains and the smaller cells making up the subgrain interior.

The length is measured along the long direction of the subgrain walls
(corresponding to directions of slip pléne traces up to strain of 0.5)

rerpendicular direction. The

observed range in the  lenggh™ and width for the subgrains and cells

are shown for the die an free faces in Fig. 5.18 (a-b). The length
of the major walls (subgrains) appears tobe almost constant at all

strain levels. The data given for the length of subgrain walls is an

approximation because of the reasons discussed earlier in section 5.1.
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5.17(a}

5.17(b)

5.17{a-b) Dislocation substructure showing elongated subgrains
developed in the (a) comoression and (b) free faces
. of the "unstable” crystal at strain " 1.0. Micron
marker is along the free direction in (a) and along.

) the compression axis in {b).

' Fig.



158

Fig. 5.17(c) Dislocation substructure developed in the die face at

strain of v 1.0. Micron marker is along the free
direction.
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5.18(b)

Fig. 5.18(a) Variation of the length of the subgrains and
cells with strain in the "unstable" crystal.

{b)N Variation in the width of the subgrains {(— A —)
and cells {— 0O —) with strain in the "unstable”
crystal.
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The width of the subgrains decreases with increasing strain, ‘and at
strain of 1.0 it correlates with the spacing betweﬁn the_obse}ved slip
plane traces. The quantitative data concerning the scale of the sub-
structure was obtained ffom the die fdce and free faces théh gave

mutually consistent.data.;

-

| o r )
5.2.2 Varijation of Misorientation with Strain - Development of High
Angle Boundaries at Large Strains in the "Unstable® Crystal

The average misorientation increases with increasing strain across

both the 59bgrai£ walls and cell walls. Data for the free faee is
shown in‘Fig. 5.19 (a-b). Mis;rientafioﬁ in general oscillates as one
traverses across the cell walls up to strain of 0.5 indiéating no I&EEE
accumfilation.of misorien;atiohs. Such oscillations in misorientation

with distance traversed are shown in Fig. 5.20 at strain of 0.5.

~
.

4

But striking differences were obserged during detailed %nvestiga—
tions of the dislocation substructure developed at strain 1.0 in the
compression face. High angle boundaries accommodating misorientations
of approximately 30° are observed. These wére apparent only after
detailed investigations of the orientations of individual subgrains, as
there is no major diffe;ence in the scale of the substructure. between
those regions bounged by high angle boundaries and those bounded by
subgrain boundaries of misorientation 0.5 to 2.0. .

s The high angle boundaries_ are numerous when-viewed in the compres-
sion face. A detailed composite of the corresponding dislocation sub-
structure with the associated diffraction patterné are shown ih Fig.
5.21. Only two orientations are recognized, these being (111) and

[011). The (111) orientation which was the initial orientation of the

crystal was observed to be retained by the compression face throughout
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Fig. 5.20
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Schematic 1llustrat10n to lndlcate thage the level of
misorientation oscillates. '

misorientdtion and in (b), the p051t10n of the corres—
ponding subgrains are shown.

In (a) the degree of

@

d .
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Fig. 5.21(a-b) Detailed view of the substructure as viewed in the
compression face of the "unstable" crystal at strain
v 1.0, indiciating presence of regions of (011)
orlentatlons amidst regions of {111} orlentatlon
Reglons of 011 orientation are chserved only at the
current 1evel ‘of strain., Diffraction patterns taken
from within the regions indicated, are shown i
Fig. 5.21(b) on the facing page.
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tﬁe‘deformation of the "uqstéﬁle“ crystal. The régions with 0ll orien-~

tations were observgd only at this strain level. "These are séparatea

. from the regions of (111) orientation by high aﬁgle‘boundaries. These
highly misoriented regions den9£ed by A are aﬁoﬁt 1l - 2 uym wide, approx-
imately 10 um long and are spaced nearly 5 - 10 um apart. Two speciai

features connected with these large misorientations are:

(1) The nature of misorientation is similar across all the observed

high angle boundaries.
2) The change in orientation occurs abruptly acro®s a single boundary

instead of being accommodated over a number of subgrains as within

transition bands. N

»

The firsf aspeot is apparent from the diffraction patterns shown in
.Figs, 5.21 and 5.22. Fig. 5.22 illus.trates diffraction patterns taken
at the high angle bgundary and from within a subgrain close to

the boundary. The diffraction pattern faken across the boundary con~

tains both the 111 and Oll orientations and the reflections 022 are

- .

common tb both. This shows that the rotation axis has aJ[Oll} cémponent

— in the cémpress;gp face. Diffraction patterns taken from within sub-
grains on either side of the boundary correspond to either 111 or 011
type.

Detailed analysis of the misorientations developed in the substruc-
1 -
ture observed in the channel face'(perpendicular to the channel direction)
. - ‘ . .
# is shown in Fig. 5.23 along with a map indicating the distribution of

*

orientations. Mainly two orientations, {112} and {110} types, are observed.

The change in orientation occurs acigys single subgrain boundaries, e.g.,

subgrains L and M are of (112} type orientation whereas the subgrain B

-

located in between L and M is 110 type; similarly subgrains K and O are
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o

Fig. 5.22 Micrographs illustrating abrupt change in oriertation
across a subgrain boundary indicating presence of high
angle boundaries in the substructure developed at
strain 1.0 in the "unstable" crystal. Aperature size
used for taking the diffraction patterns is shown.



Fig. 5.23

Micrographs illustrating the presence of high angle
boundaries in the dis;ocation substructure viewed in the
channel face of the "unstable" crystal at strain 1.0.
Boundaries between subgrain L-B, B-M, K-E and E-O are
high angle boundaries.  Orientations of these subgrains
are discussed in the text.

166
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of the 112 type whereas E has 110 type orienfation. Thus, thé écgie
and distribhtion‘éf éhe regions boﬁnded by high angie‘boundaries are
different when observed in different sections of the crystal.

- While the transmission electron microscope enables a detailed
investiéation of the nature of the misorientations associateé with aréas
in the submicron range, the total amount of area available for observation
is ext;emely small. Thus, it is difficult to'inveStigate'tﬁe spatial dis-
tributiﬁn of the highly misotxiented regions in the deformed crystal.

Obsexrvations in the optical microscoﬁe of sﬁrﬁaces suitably prepared
to indicate the differences in orientation are more appropriate to study
such distributions. Results of these investigations along with a b;ief
summary of the thermal stability of "the diélqcatiou.substructurg during
subsequent recovery and recrystalllieation of the deformed crystals will

be discussed in the next chapter.

(
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. CHAPTER 6
THERMAL STABILITY OF THE DISLOCATION SUBSTRUCTURE - RESULTS
OF ELECTRON AND OPTICAL MICROSCOPY OBSERVATIONS

k]

/] In this chapter, the infiuenée of subséqueht recovery and recry;
_stéllization treatmentg‘;n the form of the dislocation substructure of
the deformed crystal will be considered. No kinetic studies were méde:
but a compa;ison was made of the substructural changes caused by both
thermal and dynamic'récovery;

The spatial distributidn of the high anéle boundaries (discussed

in.ChapFer!S) wag‘investigaged.by examining the.anodized surface of the
crystal using polariééd light in an optical microscope. éesults of‘

these investigations and obsefvations of the role playeﬁ by thege high

anglé boundaries during subsegquent recrystalliiation will be presented.
Iy .

_ Recryétal}izatiqn was followed by both optical microscope'ihvéétigations
of bulk énnéaleq samples and attempts at in-situ observations in the
trénsmission'electron‘microscope. The‘nameﬁclature adopted in Chapter 5
to distinéuish tﬁe crystals ‘will be used in this section.

6.1 Results of'kecovery and Recrystallization Experimeénts
" as. Observeéd in T.E.M.

The effect of thermal annealing on the nature of the dislocation
substructure was studied in the transmission electron microscope after
bulk annealing slices about 1 mm thick, spark cut from the deformed

samples. The recovery annealing treatment was usually carried out at
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100°C for one hour and the obSErvatiqﬁs were limited to tﬁe éompression
plane uniéss otherwise specified. - .

The nature of the dislocation substructure in the "stable"
crystals - FCl, FC2 and FC4 in both the deformed étate gnd after thermal
recqvery are sﬁown in Fig. 6.1 (a-f). it can be seen thét in crystals
deformed up to strain of 0.2, the tangled nature of dislécations in the
cell walls which is characteristic of the deformed condition become
rearranged into simpler configurations.. The high density of dislocation
loops appeafs to have decreased and the interior of the cells becomes
clear. ‘At large strains'the configurations of dislocations in the sub-

. - : _
structure is not greatly influenced by thermal recovery as. seen from a
comparisen of Figs. 6.1 (c¢) and 6.1 (f).

Annealing at 100°C for one hour appears to exert little iﬁfluence
on the nature of the disiocation substructure developed during deférma—
tions up to strain 0.5 of the "unstable" crystal. Representative micro-
graphs of the thermally recovered substructure along with that in as-
deformed condition for the HC2 crystal are shown™ in Figs. 6.2 {a) and
{b). The nature of the substructures according to Figs. 6.1 {(a-f) and
6.2 (a-b) indicate that similar changes in’the dislocation arrangements
are caused by both thermal and dynamic recovery. The influence of
thermal recovery is most marked at low straing, where ﬁhe dislgcétion

: : 4 . .
arfangement in the as-deformed condition resembles tangles. At larger
strains, where the extent of dynamicigécovéry appears to'h;ve been -
greéter, as indicated by cleaner subsﬁ;uctures with dislocations ,
arranged in cell walls a;d subgrain walls,lthe influence of subsequent

thermal recovery is much less. Though such short~term recovery treat-

ments did not produce any majok‘changes in the average cell size or

o



Fig. 6.1

-Strain: (1) 0.1 (2) 0.2 (3) 0.5

: 170

(1)

{2)

{(3)

Effect of thermal recovery on the nature of the substructure

as viewed in the compression face of the "stable" crystal.
Micrographs at left refer to the substructure in the as-deformed
dondition; tHose at right to the recovered structure.
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Fig. 6.2 Substructure developed in the "unstable" crystal at strain 0.2
in the as-deformed condition (at left) and after thermal

recovery f{at right), illustratipng that no major changes occur
due to thermal recovery.
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misorientation, striking changes were obéerved in fhe dislocation sub- -
structure when ghe "unstable" crystaf deformed to strain 0.5, was

sto;ed fof long periods (of néarly one year) at rbom temperature.
The carresppndiﬁg substructure shown in Fig. 6.3 reveals development of
regi;ns of new orientatipn. Regions characteristic of the (111) orienta-
tign (the only compoﬁent‘obServed immediately after deformation) are
oBsefved along with .regions having.(Oil) orientation. The orientations
that are present are identical in nature to the large misorientations
observed in the HC6 crysial, which was described in Chapter 6. The main
difference between the substructures seen in Fig. 5.22 of the HC6 crystall
and Fig. 6.3 of the HC4 crystal is the difference in the avérage siz;

of the misoriented regions. The scale of the regions with [0I1] orienta-
tion in the HC4 crystal is larger by a factor of ten than the region of
(111} orientation, while the two regions had the same averag;ascale in
the HC6 crystal, ThiSfindicatgs that the [011} regions in the HC4

crystal have grown in scale accomplished by localized migration of the

high angle boun@aries. ’

6.1.1 Reéults of Recrystallization Experiments

In order t; study the influence of these high angle boundaries
on the recrystallization behaviour, HC4 and HC6 samples bf the "unstable”
crystal were subjected to. bulk annealing at higher temperatufes- It was
observed that complete reérystallization had occurred after annealing
the HC6 crystal for 5 minutes at 250°C and the HC4 crystal for 5 minqtes
at 350°C. Many new grains with [01;] orientations were recogpized in

the thin foils of these annealed samples when observed in T.E.M. No
[

- A

dislocation substructure characteristic of the deformed condition could

be observed.



Fig. 6.3
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Changes observed in the substructure of the "unstable" crystal
due to storage for long period at room temperature. Diffraction
pattern taken with wide $.A.D. aperatures in indicated areas. -
Face: compression; Strain: 0.5
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6.1.2 Results of In-Situ Annéaling Expefiments
1 - v

The bulk annealing 'ékpefi$an£§ déﬁéribed in the preﬁioué;éeptién
shows that the orientation of the recrystalli:ed grain w#%robservgd in  R
the as-deformed crystal.. In order td q#amine whethei recrybtallizgtion
started within the‘joill oriented regions_observed in the as—deformed -.
condition, in-sitﬁ éxpe;iments were carried out on thin.foils.of the HC4

crystal on the hot stage of T.E.M. " The temperature of the‘fofl*was Slowly

raised to 100°C and was maintained constant for periods of 1/2 - 1 hour

at 100°C and subsequently higher tempefatures up to 500°C. Some subgrain

coarsening was cbserved, but no recrystallization was observed even when
N i . .

.the foil was heated to neaily 500°C. .Because the rate of heating is one

of the factors influencing:the recrystallization behaviour of thin foils

* f

{Sehgal et al., 1975), th& temperature of the thin foil was raised to-

. .

1 -
500°C within 10 minutes. ! Recrystallization was observed to set in, in
f

the [011) oriented regioﬁs; The process was complete within a span of

r

ten seconds and could nq% be photographed.

6.2 Anodizing Experiments JV

Anodizing experiments were conducted in order to obtain the folIOwi

ing information:
(1) to observe the distribution of the high angle boundaries in the

HC4 and HC6 crystals over the entire surface of the crystal}_
L
L]

(2) to be able to relate the distribution;to the scale éﬁd pattern of
the slip plane traces observe® on the surface, anq;
"{3) to investigate the role of these boundaries dufing subseguent

artgealing procés'ses . . B

»
. . . R . [
. - . "
" The regions with large misorientations can be rgcognized‘%k the gqlour
- .. . Lo . * . Ll . 3 . ' r" .:
~¢ontrast in the apodized £ilm When. observed under polarized light. The.
. ) _ . .. I - R - b

@
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technique of anodizing and the possible origins of the colour contrast’ .
are described.in Appendix 2. ..Observations were done in the Zeiss ultra-
phot 6ptica1 microscope and ﬁe:e limited to the compression plane of the

deformed sample unless otherwise specified.

6.2.2 Results of Observations . -* el

The microstructure observed in the HC6 crystal in the as-deformed
condition is shown in Fig. 6.4. Numerous small regions.about 10 um Jong
and a spacing oﬁ ld um apart, aligned cloée to.the free direction are
observed. The Iérger regions may have deve;oped due to the co#lesence
of the smallér regions as can be seen from the composite micrograph of
Fiqg. 6.5.. Only two colours are observed over the entire area indicating
that the structure in the crystal consists of mainly two orientations,

in accordance with‘the observatidﬁé“ﬁgée‘by T.E.M. As a check,similar
observations were conducted on’an identical section 6f the virgin
"unstable" cxystal and "stable"” crystal deformed to strain 1.0 and no
sucﬁ highly misoriented regions were detected. -

. The influence of thermal annééling was studied by successively
annealing.the HC4 drystal at 180°C, 200°C and 250°C. ‘The microstructures

of the sample before and after annealing are shown in Fig. €.6. The

corresponding periods of annealing are indicated.

-Marked differencés can be observed due to annealing at highper
temperatures. These may be summarized_as follows. Small grains appear
amidst ihe defarmed structure after annealing for 2 minutes<;t 180°C.
The highly misoriented regions obqg%yed‘in fig. 6.6 (a) appear to groﬁ

in size by coalescence of the smaller regions during the annealing
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. 6.4 (a)

6.4(b)

Fig. 6.4 (a-b) 6.4(a) - optical micrographs of the anodized surfaces
of the "unstable"” crystal indicating presence of
regions of different orientations in the compression
face at strain 1.0. No such regions are observed in
the compression face of the "stable" crystal at strain
1.0 in 6.4{(b). Magnification 30Ox..
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Fig. 6.5 Composite optical micrograph of the anodized surface of
the "unstable"ccrystal indicating regions of different
orientations. Arrow is along the channel direction.
Face: compression; Strain: 1.0
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6.6(a)

Fig. 6.6 (a-d) Micrographs of the anodized surface of the
' "unstable" crystal illustrating effects of
annealing. Face: tompression; Strain: 0.5
(a} after annealing for 2 mins. at 180°C
(b) and (c) show coalescence after 2 mins.
at 200°C () new grains appear due to recry-
stallization (1 min. at 250°C). Mag. 30%.

[
-

Y



6.6(c)
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6.6(ad)
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process, as seen in micrographs g.ﬁ {c) and 6.6 (d). Finally, :the
’ éntire samplé appears to have recrystaiiized after annealing for 1
minute at 250°C. - No regions characteristic of the deformed structﬁre
;ould be detected af this stage, One artifact which may ‘obscure rec?f—
stallization studies is the nucleation of new arains at the surface.
Beck and Hu (1966) bbserved this phenomenon when the surface of an aluminum
sample rolled to B0% reductiog was abraded with eﬁergy‘paperfbefore
annealing. 1In the present experiments care was #aken to try and avoidk

such surface nucleation by minimizing the ﬁechanical damage of the

crystal prior to annealing. The damaged area caused by spark cutting

-

was removed by electro-polishing.

The results discussed.so far indicaté ghat the high angle boun-
daries ‘are produced at large strains, only in the “unstable crystal;
The scale of the fégions bounded hy the high angle boundaries and the
characteristics of the dislocatiw substructure within these regions
indicate that the high angle boundaries must have been produced durin;)
deformation. These regions bound by the high angle boundaries act as
nuclei for subsequent recrystallization. The:origin of these high angle

'
bglindaries will be discussed in Chapter 7.
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CHAPTER 7

DISCUSSION OF THE RESULTS OF THE
g,f OBSERVATIONS OF DISLOCATION SUBSTRUCTURE

In this chapter, the observations presented in Chapters § &nd 6
' regarding the nature of the dislocation substructure developed during
large strain deforﬁations, will be discussed. fThe'salient feaﬁuyes of
the re;ults are summarized at the beginning of the chapter. VArious

aspects of these observations will bé\examined in orde; to clariff the

\ .
following points: *

-

{1) the evolution of the nature and geometry of the substructure,
(2) the influence of initial crys;él orientations on the similarities
and differences in the resultant sybstructure,

(3) the comparison of the scale of the substructure with the scale of

-
slip, . ) q\

A
{4) the substructural changes eogcurring due to thermal and dynamic

recovery, and,
(5) the origin of the.hiéh angle b&undgries in the crystal of
"unstable" orientaﬂ:ion.

{ Any comp§rison between the results of in?estigations which use
transmission electron microscopy with the observations of the surface
assumes that both types of observations reflect the behaviocur of the
bulk of the material. Detailed investigations of the nature of thé

substructure in the submicron range is possible only in the transmission
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Summary of the salient features of the dislocation
substructure observed in "“stable" and "unstable" crystals.

"Stable" Crystal

"Unstable” Crystal

1.

_\\»J/*Btra'n

2.

Nature of dislocation
subtitructure at
strain = 0.1

strain = 0.2
= 0.5
strain = 1.0

Alignment with
primary slip traces

Variation of the
scale of the sub-

structure with strain.
. ,

Variation of misorien-
tation with strain.

Effect of thermal
recovery for 1 hour
at lo0°C.

. Special characteris-

tics at large strains.

Equiaxed arrangement of
dislocations into cells
bounded Ly walls resem-

bling tangles; beginning

of three-dimensional
walls can be recognized
at major cell walls; high
density of dislocation
loops and dipoles.

Cells with cell walls in

which dislocations are
arranded in simple
configurations

diffuse cell walls +
subgrains; clean
subgrain interiors

Subgrains with clean
interiors.

At low strains, cell
walls are arranged
along primary slip
plane traces. Tangles
are not. With increas-
ing strain (2 0.5) dir-
ection of substructure
deviates from the
traces of active slip
planes. *

Thin subgrain walls +
diffuse tangles; high
density of dislocation

.loops and dipoles.

Subgrain walls + cell
walls; clean subgraén
interiors.

Subgrains with clean
interiors.

Subgrains with clean
interiors.

Nature of aligmnment is
dependent on section

observed. Good correla-
tion observed up to
strain 0.5.

At larger
strains-jgystructure
follows direction of

exterhally imposed
pattern of flow.

In both the crystals, the scale of the substrugture
is refined during defoxrmation; the scale decreases
more rapidly at the initial stages than at later

stages of deformation.

L, . .
The average misorientation increases during

deformation.

Marked influence up to
st:ainpgé}; not much
influence at strains

> 0.2.

Dislocation substructure

follows externally im-
posed pattern of flow.

No large misorientations.

No marked'influence of
thermal recovery.

Dislocation substructure
aligned along externally
imposed pattern of flow;
high angle boundaries with
misorientation of 33° are
observed at strain 1.0 in
as-deformed condition.
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electron microécope and\whére possible thése obé@fvapions have geen
supplemepted by invesﬁiéations using the optical microscope. The
results obtainéd in the present work are explainé@ based on some simple
models aﬁd whe;a possible, are cor}elated with the evidence available
in the literature. b

The deformation behaviour aﬁ large strains is complex aﬁd complete
understanding of the nature of tﬁe substructure developed is still not
possible. The results of the current investigations iqdicate specific
problems assoclated with large strain deformations. Suggestions for

further studies are made at the end of the chapter. EX

7.1 The Evalution of the Substructure

As the observations of the dislocation substructure were carried

»
'

out in the T.E.M., on thin foils prepared from deformed crystals, it

is important to consider whether the nature of the substructure observed
reflects a relaxation of the dislocation arrangement present in the
deformed crystal and whether it is influenced by rearrangement during

the thinning process.

1

Malin and Heatherly (1979) recgntly concluded that the cell
structure in rolled copper must havé developed dde to relaxation. This
was based on the cbservation that the scale and shape of the cell struc-
ture observed in edge sections did not varv between strains of 0.05 and
3.5. However, in their study it was observed that flow was restricted
to regions within microbands, the nature of which changed during deform-
ation. 1In the present work it was observed that the scale of the dis-
location substructure decreases with increasing strain as shéwn in
Figures 5.7 and 5.20. Alsq,:tangles and cells are observed to coexist

r

at low levels of strain and these become converted to subgrains at large



. 185

strains. These features indiéate that gross rearrangement does not
- occur during the thinnihg process. Support for tbis view is alsc Cp
available from the work of Swann (1963), McQueen and Hockett (1570) who
observed that in aluminum deformed to a given level of strain, the

scale of the dislocation substructure was a function of the deformation
ﬁemperature; Loss of dislocations is possible during thinning and can

be inferred by considering the nature of the substructure near the edge
of the foil. TEE)differences\Ehat are qually observed are that the
substructures near the edge of the foii have cleaner cell interiors and
thinner cell walls. In thé present investigations, this was particularly
apparent in the "stable" crystal deformed to strain of 0.1. Therefore,
where poésihle, inﬁestigations of the substru?ture were carried out in
areas away from the edge of the thin foil. Free dislocations were
selaom observed. They must either be”lostlto the surface during thin
foil preparation or incorporated into the cell walls. Evidence from
literature {Young and Sherill, 1967; Mughrabi, 1968, 1971; Ambrosi et
al., 1978) indicates that no major differences are observed in thin

foils prepared from deformed crystals which were neutron irraéiaked
before unloading the sampié, so as to pin the existing arrangements of
dislocations. This leads to.the conclusion that cellular arrangement

of dislocations occur in the as—deforméd condition. The evolution of

the cellular arrangement due to the elastic ipteraction between dislo-

cations stored during deformation has been discussed in Chapter 2.

+7.1.1 The Geometric Arrangement of the Dislocation Substructure

The tangels observed in the'compression face of the "stable"
crystal at strain 0.1,'deviate from the common trace of the primary slip

planes (Figure 5.1). They appear to be threading between the primary
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slip planes, corresponding to the geometric model of building up cell
structure proposed by Steeds (1966).

There is some similarity in the “sﬁable“ and "uhstablé“ crystals
with respect to the correlation between the sﬁbstructure and the slip
plane traceé. Up ﬁé strain of 0.5, ﬁhe cell walls and/or subgrain walls
constitutiégﬁkhe subsfrucﬁure are aligned‘along the traces of active
slip planeB; At larger strains they deviate from ﬁhese traces and tend
towards alignment with the direction of externally imposed péttern of
flow. 1In the "stable" crystal clear deviation from the slip plane trace
is observed wheﬁ the substructure is viewed inlthe compression face.

The alignment of the general direction qf the subgrain walls with the
imposed direction of.external flow is more markgd in the "unstable"
crystal. _These observations suggest that cell walls are devéloped on
the slip pianes during the éarly stages of deformation; at later stages
they rotate conforming to the imposed shape change. At large strains
cell walls and subgrain walls alignment with the external directio; of
flow has also been observed during wire drawing, rolling etc., (Langford

-

and Cohen, 1969; Slakhorst and Tien Bonwhuijs, 1977).
‘ Micrographs in Figures 5.6 and 5.17 show that at large strains, ‘
the cells.and subgrains get elongated along the free direction.and that
the number of cell_walls ru;ning perpendicular to the major subgrain
walls is reduced. This could occur as a coﬁsequence of extensive
dynamic recovery. Following Langford and Cohen (1969kkf,_the fraction
of the initial number of.;ells observed at strain 0.1, reggining at
later stages was calculated. The fraction, £, increases at strain 0.2

indicating creation of more cell walls and decreases slightly at larger

strains indicating some loss of cell walls. These calculations were
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restricted to the number of cells cbserved in the free face of the
"unstable” crystal, as well-defined cell walls could be observed even
~at strain of 0.1 {Figure 5.10).

7.1.2 Uniformity of the Substructufe

The distributions in the sizes of the cells and subgrains present
in the substructure developed at various strains in the "stable" and
Munstable" crystals are shown in Figures 5.7 and 5.18. At low strains,

there is a wide variation in the cell size, varying between 2 to 8 um

at a strain of 0.1 in the "stable" crystal. Nonunifa:mity in the scale’

. >
raises two important questions:

(1) the validity in using the averaée parameter of cell size to
correlate with the flow stress, and,
(2) the assoéiated distribution in misorientations.
The iatter factor has important implications in the recrystalliza-
tion behaviour of materials deformed to large strains and will be con-
sidered later.

The various empirical relationships that are in use to describe

the current level of flow stress in terms of the average cell size were

)

discussed in Chapter 2. The effectiveness of the cell walls as barriers.

to mobile dislocations will be considered b} correlating the scale of
the substructure relative to the length of the slip plane traces. -

7.1.3 Correlation Between the Scales of
the Substructure and Slip Plane traces

Comparison of the data in Figure 4.9{a-b) with data in Figures

5.7 and 5.18 indicates that the length of thé slip plane traces obsefred

is much larger than the scale of the substructure in the "stable"

crystal at low strains. When the slip plane traces are nearly 200 pm
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long, the diameter of the cells is of the order of 5 um. At large

strains, when the spacing between the cell walls is about 1/2‘to 1 um,

the slip line length varies between 10 -50 pm. Similarily, in the

"unstable" crystal, the length of slip plane traces is much larger than

the spacing of the cell; walls, the difference being larger at low strains.

/

Long slip plane tra¢?§lwere observed on the surface of “sﬁable“ crystals
) .J / l" .
rolled to 90%- thibk&ess reduction (Hu et al., 1966). Slip plane traces

' 4

longer than average cell size has also been cbserved by Thompson et al.

(1974). 'These results irdicate that cell walls are not effective barriers

to mobile g}slocations in the same way as high angle grain boundaries.
L]

The spaéing‘of the ce}l'and subgrain walls correlates better with
the minimum spacing of the sl%p plane traces. This is true especially
at large strains, for both orientations. At lower strai;s, the spacing
between cell walls is.smaller cowpared to the average spacing of slip
plane traces. It is po;sible.that not ail the slip plane traces are

v

observed in the present investigations, which are based on optical micro-

scopy. Using the replica teﬁhnique, Malin and Hatherly (1979) were able

"to measure slip plane traces of spacing 0.03 um which correlated with the

scale of the dislocation free regions within the cells.
In correlating the scales of the slip plane traces and of the dis-
location substructure, the changing nature of the alignment of the cell

walls during deformation must be considered. At low strains, the cell

walls being parallel to the slip plane traéeslmust have developed as

Y

debris left behind by mobile dislocations on the slip planes. Long slip

)

plane traces could develop easily at this stage. Only at large strains

when the subgrain walls are rotated away from the active slip planes

the mobile dislocations will move essentially between the subgrain walls.

%
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At this stage the spacing between the slip plane traces correlates
[

with the separation between the‘subgrain walls. The cell walls present
in between the subgrain walls are characterized by low misorientation
and may not be éffective bagriers tq;dislocation'motion.

At large strains extremely coarse and wavy slip plane téaces Qére
observed on the surfaces of the "stable" crystal, the widtﬁ of individual
traées corresponding to the average cell size.

7.1.4 Vvariation of Misorientation During Deformation

" Investigation of the accumulation of misorientation with strain
across the cell walls énd subgrains is important both with réspect to
the effectiveness of the subgrain walls as barriers to dislocaticn
motion and with respect to their role during any subsequent recrystalli-

.

zation process. Data presented in Chapter -5 indicates that in general
- \ ~

the average misorientation across the dislocation walls increases with

increasing strain, indicating accumulations of excess dislocations at

pretexisting cell walls. It must be noted that at all strain levels

the substructure consists of walls across which the degree of misorien-

- tation is small (= 0.5°). This could be caused bv the'production of

new walls continuously during deformation. It is also possible that’

some areas of the substructure become inactive during further deforma-
tion, in the sense that no new slip is generated near these walls and
hence tﬁere is no accumulation of dislocations. At large strains, mis-
orientations of the order of 30° develop in the as-deformed "unstable"
crystal. .The nature and origin of sﬁch large misorientations-will be

discussed in Section 7.3.
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7.2 similarities in DynaLic and Thermal Recovery

The detailed investlgation of the substructures presented in
Chaﬁters 5 and 6 indicate that with increasing sﬁrain, the extent of
dynamic recovery increaseg in both the crystals. The observationQ that
should be emphasized are the following:

{1} éubgrains develop at a 1dwer strain in the "unstable" crystal com—
pared tp "stabie" crystal, and,

(2) both thermal and dynamic recovery treatments lead to similar struc-

rystal being composed of subgrains and cells.

The stress—sgrain behaviour of the two orientations also indiéate
simil?r tendencies,

‘The stress-strain behaviour was determined by measuring the flow
stress at 0.2% offset in uniggzgi\uompressive deformation, from Erystals
which were predeformed in the channel die (the details of the uni;xial
deformation mode are given in Chapter 3). In Figure 7.1(a) the flow
stress at 0.2% offéet fo; both "stable" and "unstable" crystals is
pPlotted as a function of the strain at the end of predeformation in the
channel die. 1In Figure 7.1(b), the data is represented in terms of
shear stressrand shear. strain, calculated according to the relations
0 = MT and Mde = EdY. M was calculated based on the initial orientation

of the crystal. The variation in M due to variation in lattice orienta-

tion has been neglected here. The stress~strain curve for the "stable"

. . 7
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crystal indicates that high work hardening rate {though much less

than BII - the rate of work hardening in Stage II), is maintained till

ébout a strain of 0.5, whereas a decrease in work hardeﬁing'rate com-
pared to the initial rgte indicating extensive dynamic rec;very can be
observed at low levels of strain in the "unstable" crystal. ‘ -

Hosford {1966) xeported that the stress-strain behaviour of single
crystals of aluminum_dgformed under plane strain.condiﬁibns did not .
ghow large variations in the stress level, all the curves falling within
a band. But the variation in the rate of work hardeniﬁg is of more sig-
nificance than the variations in the level af stress at a given strain.
The data availabie for copper single crystals (Wonsiewicz and Chin,

1970) and aluminum single crystals {Serpoul and Driver, 1979) both
deformed in channel die show significant variations in the rates of work
hardening in crystals of differeAt orientati;ns {the data of coéﬁ?r—is
«complicated becaqge of its abilit% to develop deformation twins). The ~
data indicates that crystalslwhose orientations are stable during deform-
ation and/or wQAQh deform on fewer number of slip systems, continue tos
work harden. For crystals of "unstable" orientations_and with large
number of possible set of active_slip systems, the rate of work hardening
decreases more rapidly during deformation.

As discussed in Chapter 2, orientation dependence of stress-strain
behaviour in single crystals of aluminum deforming under polyslip condi-
tions have been reported (Xocks, 1960; Hosford et al., 1960; Sakei and
Miura, 1977). Striking differences were observed in <111> and <}00>
oriented crystal) during ¥oom temperature deformation. Extensive cross
slip was observed at low strains‘in the <100> crystals. This raises

important questions:
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A

(1) wWhat is more sensitive to crystal orientation - is it the rate

of work hardening or is it the rate of dynamic recovery?
(2) What is the mechanism of dynamic recévery?
It is well established thﬁt the orientationdependence of work hardening .
rate in Stage II, where no dynamic_reco;ery occurs is small (Hirsch,
1975); whereas the stress-strain characteristics ip Stage III are Qrien—
tation dependent (Kocks and Brown,‘1966).

For extensive dynamic recovery to occur during deformation, the
dislocations which are being held up at tangles and cell walls must be
able to overcome these obstacles. Cross slip is one of the possible
mechanisms of escape for dislocations. jﬁ\\

érgnching out of slip plane traces at the end of slip plane traces
are cobserved injgtage III indicating again that cross slip processes are
an important ﬁ?chanism of dynamic recovery. As the activation energy
for cross slip decreases with increasing flow stress, dynamic recovef;
events are easier at higher stresses and thyg occur easily in Stage III
and not in Stége IT. A model of dynamic're}::;;y based on cross slip
events being dependent on T, the etfernal flow stress, has been derived
by Lucke and/Mecking (1973). For cross slip to occur the magnitude
of the resolved shear stress on the crosé slip system is of importance.
The low work hardening rate in <100> crystals compared to <111> crystals
have been explained on the basis of the nature of the available cross
slip systems aﬁong the primary slip systems (Kocks and Brown, 1966).

'The slip systems primarily operative in the "stable" and "unstable”
crystals, as derived based on the yield subsurface analvsis in Chapter 4,

are summarized along with their cross slip systems in Table 7.1. &as

shown in this table, the cross slip planes available in the "stable"
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Pripary slip sységms with correspondifg cross slip

systems for the s e d "uns le" crystals.
I . -
"Stable" "Unstable®
— AR
Primary slip systems a b j k b cd e 3 1 )
i - - - - |

CoFrespondlng cross g & 4 h e 1 5 b & &
slip systems

Resclved shear stres
on the cross slip

'systéﬁ in terms of O 0 0o 0 -1-1 1-1 1 L1 (S\;}f”
.unit stress on

\S:; primary slip system
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crystal are (111) and (I11) type, on which the resolved shear stress

is zeTo; In contrast, the primary slip systems themselves can act as
mutual crosé’slip systemé iﬁ the “upstable" crystal. Consequently, the
extent of dynamic recovery at low strains may be larger in the “"unstable"

crystals. The ﬁagnitudes of the resolved shear stresses given in Table

- 7.2 are in terms of the primary compressive stress. In the channel die,

due to the developmgnt of reaction stresses, the actual magnitudes of
these resolved shear stresses may be different. As the magnitudes of
the reaction stress components were not measured in the present study,
the actual magnitude of resolved shear stresses on the cross slip

Y

systems is not known.
Apart from the fact that the primary slip systems of the "unstable"

crystal can act as cross slip systems, another egqually important factor

— *

which may contribute to dynamic recovexy even 3;’strain-of'0.liinrthe

"unstable” crystal, is the fact that the nature of operative slip system

changes during the deformatioﬁ of the "unstable" crystal. This is indi-
cated by the.changing nature of the slip plane traces shown in Figures
4.4 to 4.6: On the contrary, the same slip plane traces are obsq‘ved
during the entire deformation of the "stable" crystal (Figure 4.3).

' ™
Based on latent hardening experiments, Kocks and Brown (1966} concluded
that changing the operative slip system may fg;; to rearrangement of
dislocations. This factor has important consequences on the nature of

the substructure developed at large strains. Thus, models of dynamic

recovery have to be extended to incorporate the influence of orientation

in order to relate the kinetics of the detailed mechanisms of dynamic
recovery. The available models of dynamic recovery (Licke and Mecking,

1973; Kocks and Mecking, 1979) are based on establishing the distribution
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of recovery events as a function of T, the external stress.
Experimental observations discussed s rfa show-tﬁft the extent

of dynamic recovery is not only a function of ess T, but is also

dependent on orientation; or more specifically,-on the number and type
of slip.svstems that are active. Experiments in crfstals of polyslip

{Kocks, 1960; Wonsiewicz and Chin, 1970) and present investigations

show that even though equivalent shear stress levels are reached in

crystals oé different orientations, the overall rates of work hardening
are dependent on orientation. Other impo;tant observations made.in,the
present investiéations concerning the effects of récovery are:

(1} short-term thermal recovery is similar to dynamic recovery, both
resulﬁing in cleaner cell interiors and simpler configurations of
cell walls.

(2) long-term thermal recovery, unlike dynamic recovery, leads to
coarsening of substructure.

Thermal recovery'is observed to exert marked influence only in
the regime where the extent of dynamic ;ecovery is small. This is
clearly seen in the changes occurring in the nature of the substructure
of the "stable" crystal, as shown in Figure 6.1.

Detailed investigations of the nature of the dislocations consti-

-

tuéing the walls, in crystals subjected to thermal recovery were not

undertaken. But it is observed that the confiquration of the walls

becomes simpler and that density of local debris - diﬁfles and disloca-
t;én loops - is reduced. There is no major difference in the degree of
misorientation in keeping with this observation. Similar observations

have been reported in nicbium by Boyd et al. (1976), as discussed in

Chapter 2. Investigations of the fraction of stored energy which is
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released during thermal recovery (Gordon, 1955) and influence of the
theréﬁl recovery on subsequent recrystallization behaviour (Kaspar and
Pluhar, 1975) in samples p}estrained to various extents indicate simi-
larities in thermal and dynamic recovery processes.

-Similaritiés between theer} and dynamic recovery emphasized here,
concern only the changes pccurring in the nature of the substructure in
the as-dgformed condition. Differences in the two processes particularly \
with respect to subsequent mechanical béhavicur has been discu;sed in
Chapter 2. Differences are also manifest in coarsening of the substruc-
ture seen in micrographs in Figure 6.3 shown in Chapter 6. which show
the development of regions of large misorientation due to sgorage at -

room temperature in the "unstable" crvstal deformed to strain of 0.5.

The nature of thése misorientations was discussed in detail in Chapter

~

6. It was emphasizéﬁ that the regidns of [011} orientation which are
observed are much larger in size compared to the reqions of (111) orien-
tation. That such regions of [011] orientations were not observed in
the T.E.M. in the as-deformed conditigns must only indicate that these
regions were m smaller and so were not detected in T.E.M. investiga-
tions. Thermal recovery treatments carried out for llhour at loo°c did
not reveal any change in the nature of the substructure as observed in
samples prepared from the free face. 1In contrast, storing the crystal
at room temperature for 10;9 periods changed the nature of the substruc-
ture, enabling growth of the regions of the new orientation. {Consistent
orientation changes were observed in the compression and free faces but
only the data for the compression face is reported in Chapter 6.)

Hasegawa and Kocks (1979) have also reported subgrain coarsening observed

during thermal recovery. In order to examine whether the subgrain boundary
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migration is the operative mechanisms leading to such coarsening, the
time, t required for the subgrhin size to increase by a factor of two-
by boundary migration was estimated following Kreisler and Doherty

(1978) according to the relationship:

A 2
¢ - 2BL

m K ' (7.1

8 is a geometrical parameter which depends on subgrain shapes and sizes.
and is assumed to be 2 (Kreisler and Doherty, 1978). X', a parameter
which dépends on the boundary energy and mobility was deduced by the

values known at various temceratures for copper. It is assumed here

-

that at equivalent homologous temperature (samelfractions of the melting
point), boundaries in copper and aluminum have similér mobilities.

Then at room temperature K' = 2 x 10"7/295 mz/sec (Viswanathan and
Bauver, 1973}, and tm the time for migration of the boundary of misorien-

tation v 30° (orientation difference between 011 an? 11 regions) of
subgrain of size 1 um is épproximateiy 340 days. Whereas this time :i.s.F
calculated for an increase in size by a factor of two, nearly tenfold
increase in size occurs in the present investigations,-in equivalent
R%gngth of time. This could be due to the influence of the nature of
the boundary on mobility. Models of subgrain boundary migration and

bouhﬂary rotation (Li, 1962) have been used to examine whether the

regions of the new orientation were created during the thermal recovery

[

=

evéqt, the 011 oriented?ﬁhén developing due to accumulated misorienta -
tion during the process. The time reaquired for subgrain coarsening of
boundaries of average misorientation 1-2°, calculated according to

Eq. (7.1) is several orders of magnitude larger than the cobserved time.
Even the time required for development of increased misorientations by

boundary rotation according to Li (1962) is orders of magnitude larger.
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This implies that the regions of large misorientation must have developed
durin§ deformation.

7.3 Investigatibn of High Angle Boundaries

The most striking difference in the “"stable" and "unstable" crystals
deformed to large strains is the development of high angle boundaries in
the "ﬁnstable" crystal. The nature of these high angle boundaries was
discussed in Chapter 5. Micrographs in Figure 5.21 reveal that there is
essentially no difference in either average scale or misorientation in
the subgrains present in regions bounded by these high angle boundéries
coﬁﬁhred to the rest of the substructure. Therefore, thése high angle
boundaries must have been created during deformation. Detailed investi-
gation of the spatial distribution of the regions béunded by high angle
boundaries examined by optical micrgttepy”techni&ue hasvbeen described
in Chapter 6. These investigations confirmed the T.E.M. observations
that only two orientations are present. The regions bounded by the high
angle boundaries are about 10 -15 um long, 2 -3 pm wide and are distribu-
ted periodically, aligned close to the cﬁannel direction. During the
early stages of recovery, these regions coalesce. Coalescence is
observed to occur in a particular direction as shown in Figure 6.5.

The direction of coalescence is close to [011), the directian along
which the high angle boundaries are aligned in Figure 5.21.

7.3.1 oOrigin of the High Angle Boundaries

The development of such large misorientations as observed in the
present investigations, will be discussed by comparing the abserved
features with the characteristics of some established mechanisms associ-
ated with the production of large miscorientations. As summarized in

Table 2.6 (Chapter 2), large misorientations observed in as-deformed
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. materials have been usually éss&ciated with kink bands, deformation
bands, microbands or shear bands and with oecurrende of dynamic recry-
stallization. ‘

Kink bands and bands of seconéary'slip are special types of de-
formation bands. In genefal,_deformation bands repfesent régicns in
which the comBination of operative slip systems is different compared
to the rest of the material. Structural observations reveal that kink
bands and deformation bands are usually asséciated wifh transition
bands which agcommodéte the observed orientation difference. Kink bands
in particular are characterized by a [112] type roller axis and are nét
observed in crystals oriented for.multiple slip. Other structural
details are summarized in Table 2.6 of Chapter 2.

The regions of large misorientation observed in the present inves-
tigations do not conform to the usual eharactgriétics ofldeformation
bands. The orientation difference iﬁ the present case occurs abruptiy
across a single boundary, and are observed only at iarge strains, unlike
the deformation bands which develop gradually throughout the deformation.
The scale of the 011 regions being 2 -4 um wide and 10 - 15 uﬁ long, thus
it would be necesgary for d;fferent sets of slip systems to be operative
over distances which are equivalent to the spacing between two-three
slip plane traces and further the combination of slip systems must vary
so as to always produce the same kind of ﬁisorientation, which seems an
improbable situation.

Presence of deformation bands may not be the reason for the forma-
tion of high angle boundaries. Continued observations of the sﬁrface

slip plane traces discussed in Chapter 4 show that deformation bands

.
-

were observed only on the die face of the "unstable" crystal and only
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- at strain of 1.0. No such deformation bands were observed at lower

strains, though it was discussed earlier that similarly misoriented

regions develop iﬁ the crystal def;rmed to strain of 0.5. . -

Microbands’ are another type of featﬁre charéﬁteristjbs of rolled
énd drawn crystals. As summariied in Table 2.6,finvestigations.of micro-
bands indicate they devglop‘early in deformation, are elongated even at
low strain, and occuf petwéen equiaxea cells. It is not known whether
unique misorientation exists across the microbands at a é}ven st}ain./
The regions of large misorientations observed in the_pregent investiga—
tions do not conform to any of thes; characteri#tics. They do hot
appear within equiaxed structure; instead there is no difference between
.these regions and the rest of the substructure with respect to either'
the misorientation or the scale of the substructure present within
the regions £ounded by high angle boundaries.

Shear bands are other regions across which large misorienpations
could develop, but the characteristic sﬁrface features associated with
the shear bands were not observed here.

Yet another possibility of development of new orientations is due
to occurrence of.dynamic recrystallization during deformation. Experi-.
mental evidence of dynamically recrystallized material available.in the
literature {Cairns et al., 1971) indicate presence of regions clear of
substructure. As discussed eaflier, no such differences were observed

.in the present work. It is, of course possible that the regions were
dynamically recrystallized and‘the substructure observed within developed

due to further deformation. But the observations that: ,

(1} the scale and nature of the substructure is not different from that

of the rest of the material, and, that
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{2) uniqhe misorientation develops
indicate that the origin of these regions may not lie in dypamic recry-
stal}izatipn. Also, the general shape of the recrystallized region
(Figure 6.6), is much different from what was observed here.

| In further understanding the origin of the high angle boundaries,
the follox;ing fac;tor must be recalled: that large misorientations are

developed only in the "unstable" crystal and not in the "stable" crystal.

T

The essehtial difference exhibitea by the'"stable" crystal during éeform—_
ation is with respect to the opera%ion o? same slip sys;ems throughout
the deformation. _ - -

As discussed earlier iﬂ Section 7.2, the changing nature of opera-
tive slip systems in the "unstable" crystal legds to §ynamic'recovery
early on in the deformation process and to the development of well-
defined subgrains.

‘ According to Figure 5.19, the general direction of the substructure
at large strains is along the direction of free flow. The coarse slip
plane traces observed at large strains have developed at an angle to
this direction. The length of the region bounded by high angle béund—
aries is approximately the same as the spacing between these coarse slip
bands. This indicates that tﬁe high angle boundaries may ﬁave developed
due to the intersection of the slip bands with previously developed sub-
structure, similar to the development of local kinking proposed by
Argon.and Orowan (1961).

7.4 Homogeneity of Slip

»

That highly misoriented reqgions were created only in the "“unstable"
crystal and not in the "stable" crystal gives rise to the question whether

it is possible to create;high éngle boundaries during the deformatioq\of
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"stable" crystals. The variation in the nature of operative slip
systems during the deformation of the "unstablé“ crystal is equivalent
to subjecting the crystal to changes in the'path of deformation. As
discussed in Chapter 2, the stress-strain behaviour of crystals deformed
in a different direction after prestraining in a given direction, is
associated with changes in the level of flow stress and rate of work
hardening. Slig is observed to occur in coarse bands (Kocks and Brown,
1966; Jackson and Bqékiﬁski,lQG?). Substructural invg;tigations carried
out by Sharp and Makin-(iQGG) indicated that coarse slip bands renetrate
through the cell walls of the substructure dévéloped during predeforma-
tion. Predeformation in the investigations of Sharp and Makin (1967)
was carried out into Stage III and the strain in the second deformation
varied between 4 - 18%. No experiment#l evidence is available where the
crystal wés subjected to freguent changes in the path of deformation at
low intervals of strain and where the crystal was predeformed to large
strains before being deformed in a different direction. Predeformation
to large strains will result in well-developed dislocation substructure
and subsequent deformation in a different direction leads to information
about the mechanical stability of these subgrain walls - whether the
walls will be locally destroyed or whether large misorientations are .
created at the intersections of the new slip and existing subgrains.

It is kﬁown that the rate of work hardening is reduced drastically
in a éube—shaped polycrystalline material compressed alternately in
different difections_compared to the sample compressed in a given-direc—
tion (Hecker, 1973). No substructural observations are available under

such deformation conditions.

In order td investigate the possibility of creating large mis-
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orientation§ in the "stable" crystal, a sample‘of the crystal deformed .
to strain 0.5 by compression along 110 direction in the channel die was |
subsequently compressed along lilrdirection in the uniaxial mode.

| During the subsequent_compression, the deforﬁation became local-

ized. The band of localized deformation observed only on the side faces,

T~
does not\fgllow the expected qiyection of slip plane traces, but instead

‘makes an andle of v 55° to the new compression axis {or 35° to the trace

of the compression plane) similar to the shear bands reported in the
literature (Mglin and Heatherly, 1979; Dillamore and Bush, 1978). After
10% strain in the second deformation, the width of the band is about -
85 um and detailed investigations of the surface indiéate that these
must be clusters of shear bands. The surface characteristics of the

shear bands as observed on the (110) plane (compression plane in pre-

. deformation) shown in Figure 7.2, indicates severe bending of slip

pPlane-traces on either side of the band. The traces correspond to the
(lllJ—ana (111} slip planes. The density of the slip plane traces
decreases away from the shear bands.

Electroi microscope iﬁvestiga%ions of the changes resulting in
the nature of the substructure due to the subsequent deformation, were
difficult due to the, problem of producing a thin foil from the region
of the shear bands.e\?he substructure developed in a region away from
the shear bands, is shown in Figure 7.3. The micrograph in Figure 7.3(a)
indicates coarse bands penetrating through cell walls developed during
predeformation; B magnified view of these bands in Figure_&.B(b) shows ,
that-these bands a;;'composed of tangels of dislocations. No major

9
changes in misorientation were observed across these bands of disloca-

tions.
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7.2(a)

7.2(b)

Fig. 7.2(a-b) Surface features indicating formation of shear
bands. A magnified view is given in (b);
magnification 600x.
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7.3(a-b)
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7.3(a}

7.3(b)

(a) Micrographs illustrating bands developed
during second deformation running across the

cell walls and subgrains developed during the
pre—deformation. (b) shows the bands to be
tangles of dislocations.
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Possible developmént'of large misorientation across the shear

bands compared to the rest of the crystal is seen in Figure 7.4 which

shows thé anodized surface of the crystal taken in polarized light.
These results indicate that large misorientations may develop in
the "stable" crystal due to changing the operative slip systems as a
consequence of changing the path of deformation.' The ?xact nature of
and degree of misorientation and the resultiﬁg changes in the nature of
the dislocation substructure are not known. x
7.5 Conclusions | <f

The observations made in the present study lead to the following

conclusions:

(1) Both the spatiél homogeneity of slip and the sequence of active
slip[systems are dependent on the orientatioﬁ of ;he cryétal.
These factors have important impliéations on the na;ure.of the
sugstructure developed during deformation, and the extent of
dyn;mic recovery, particularly at low strains and the creation of
high angle boundaries at large strains.

(2) The dislocation substructure develops according to the followinq'
stages.during deformation. 1In the early stages, tangles are
created as debris in the active slip planes;'these get converted
into cells and subgrains at 1éter stages. At large strains the
cell walls and subgrain walls are not'confineé to the active slip
planes, but iﬁstead, move toward the overall flow direction.

(3) Thermal and éynamiclrecovery processes are similar to the extent
that they lead to similar structural changes.

(4) Extent of dynamic recovery is dependent on orientation. It is

well established that the case of c¢cross slip influences
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Fig. 7.4 Optical metallograph of the anodized surface illustrating
change in contrast and thus possible change in orientation
at the band. Magnification 30x.
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the extent of dynamiiﬁﬁécovery. A significant contribution to
‘ fe .

dynamic recovery must arise from changes in the operative slip

systems. This can be concldﬁed by comparing the nature of the

dislocation substructuye and of slip in the "stable" and "unstable"

.

crystals. .
(5) The origfn‘of the high angle boundaries is not clear, though it
w .
is undoubtedly related to the inhomogeneity of slip.

(6) The nuclei for recrystallization are created during deformation.

7.6 Suggestions for Future Work

Future work in the area of large strain deformation must be
directed towards the following investigations. These can be broadly
classified into four sections:

(1) orientation dependence of dynamic recovery. .
{2) importance of similarity between thérmal and dynamic recoveky.

(3) importanée of homogeneity of slip, and,

(4) creation of nuclei for recrystallization, during degorﬁation.

It has long been established by investigations of the stress-strain
behaviour of Stage III hardening in fcc single crystals that the extent
of dynamic recovery is dependent on orientation. The present investiga-
tions confirm the importancelof changes in the nature of operative slip
systems in cauding extensive dynamic recovery. Bu; the actual changes
in the dislocation configurations yhich result due to such changes in
operative slip systems are not yet known. Extensive maéroscopic obser-
vations of the nature of slip are available for [100] and [111] oriented

aluminum single crystals (Sakei and Miura, 1977). It is known that

marked dynamic recovery is observed in [100] crystals (Kocks, 1960) .

' Electron microscopic investigations of the [100] crystals concerning
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nature of the dislocation configurations and the chanégs that occur
due to dynamic recdvery. may provide more insight as to why the extent
of‘dyn$mic facovery is dependent on orientation.

The similarities observed inlthe structural changes caused by
thermal and dynamic recovery processes have important implicafions in
the processing of materials. Tt is Xnown that the influence of dfnamic
and thermal recovery processes on the mechanical properties differ
and that a drop in flow stress and increased rate of‘work hardening are
cbserved immediately after thermal recovery. The similarities and
differencés in the-dynamic and thermal recovery processes can be used
té increase the reéime of useful strain in materials by subjecting
them to short recovery annealing treatments, intermittently. It is
also possible that such treatments enable the metal to be worked at
lower stresses.

The homogeneity of slip has important implications on the extent
of dynamic recovery as discussed earlier and on the creation of large
misorientations during deformation. That the extent of homogeneity of
slip is orientation dependent has important implications in the recry-
stallization behaviour and processing behaviour of polycrystalline
materials. It is possible to create a material of mixed strength-
ductility characteristics by recrystalli?ing a heav%}y deformed poly-
c:;stalline material, because the recrystallization gehaviour will
vary from grain to grain.

That large misorientations are obser&ed only in crystals which
exhibit inhomogeneity of slip highlights the necessity of detailed

investigations in which the path of deformation is changed. Operative

slip systems can be changed by varying the path of deformation. The



. 212

nature of infiuence of such changes, whether it leads to extensive
dynamic recovery, §r creates major changes in the previous;y developéd
substructure which are dependarit on the-detailed nature of the strain
path.

‘Detailed investigations of the nature of substructure produced by
subjecting crystals of "sfable“ orientation to changes in the path of
deformation may lead to elucidation of the origin of the large misorien-

tations observed in the present investigations.
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APPENDIX 1
THE CONCEPT OF A YIELD SURFACE

A yield surface is a schematic representation of yield criterion,

~

which is a function of the applied stresses reéponsible for yielding.
To represent the influence of a general applied.stress, O34 the yield
surface hﬁst'be considered in a six-dimensional space. 1In the present
study, we are concerned with yield surface of single crystals. The
shape of'the yield surface of a virgin single crystal depends on the
symmetry of the crystal structure and the nature of expected slip
systemﬁ, which defiqqs the number of slip systems intersecting at a
given point. ]

A two-dimensional, schematic representation of a section of a
yield gurface for a single crystal is shown in Figure A.l, to
illustrate the concepts of an "edge" anﬁ “"corner". The diagram also
serves to illustrate the equivalence between the Taylor and Bishap-Hill
analyses following Kocks (1970).

In Figure A.l, DA, AB and BC rep;esent edges of the yield surface
DABC. A and B are the corners. The strain vector normality rule is
assumed to be obeyed at the yield surfaces. A stress acting along the
vector g, will activate only the slip system sy and in so doing cause
a positive strain along SEl' Siﬁilarly, the stress vector O, will

activate only the slip system sy and cause a strain along dcp . Stress

g to the corner B will activate both the slip systems sj and Sa.
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Fig. A.l Schematic illustration of a section of a general
two—dimensional yield surface.
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At a corner the strain vectors are contained within a cone of
normals. This gives rise to uncertainty in the relative activity on

’

the slip systems, meeting at the corner.

To predict which combination of slip systeﬁs will be active under
given deformation conditionF, Taylor (;938) proposed tg;t the suﬁ of
shears of the sét of active slip systems is less than the sum.of shears
on all other possible sets. That such a set of slip systems aiso.
satisfies a yield criterion can be shown in Figure A.l following
Kocks (1970}.

In Figure A.l a prescribed strain de (as at corner B) can be
achieved by,é stress vector O which satisfies the yield condition and
activates the slip systems s) and s,;. The sum of the shears is
9551 + §£?2. Here thg length of the vectors dr is considered to repre-
sent the amount of shear on the particular i}ip system. From Figure A.l
it is also seen that if the same prescribed strain de can be achieved
as at corner B' by a suitable stress vecgtor, it will résulﬁ in the
following:

(1) The total amount of shear caused on slip systems sy and sj is
25?1 + §£§2 which is larger than gsél + gséz:

{2) Such a stress vector which causes larger shear will violate the
yield criterion becausg the §t;ess to corner B' must in fact
activate the slip system S5, to satisfy the yield criterion.

The Bishop-Hill criterion of selecting the set of active slip
systems is based on the principle of m;ximum external work. A stress
vector g which produces the strain de at corner B does the maximum

amount of work and satisfies the strain normality rule. The strain

vector 4t is contained within the cone of normals only at corner B,
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Ahy other stress'éi to torner A cannot produce de.

Taylor and Bishop-Hill analysis.

The above treatment alsc illustrates the equivalence between ;;:\\\\“\\\

216
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APPENDIX 2

ANODIZING TECHNIQUE

L

;

In order to examine the spatial distribution of the regions

bounded by high angle boundaries, an anodizing technique was adopted.

The techniqué has been widely adopted and regions differing in orien-

tations can be identified due to the colour contrast developed in the

anodized film when examined in polarized 1ight'with crossed nicols,

‘The details of anodizing technique are summarized in Table A.1.

The structure of the film depends on the type of the solution

used.

Discussion of the Observed Contrast ™

With crossed nicols eolour contrast is observed where phase
differences are created in the incident plane. polarized light such
that it can be converted into élliptically polarized light during
reflection from éhe surface'of the sample.. The reasons for develop-

ment of colour contrast in the oxide film have been discussed'in

- detail in books dealing with metallography and optics (Phillips, 1971;

Conn and Bradshaw, 195é). Clearly it is possible that the nature and
structure of the oxide ‘film depends on the orientation of the area on

which it develops. In order to ginderstand whether such a structure

-is present in the oxide £film developed in the present work, the film

was examined in a scanning electron microscope. The structure of the

film observed at a magnification of 9900x shown in Figure A.2 indicates
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Table A.l
4
Anodizing orocedure.

218

. Cathode

Specimen preparation:

Anodizing procedure:

Solution

Voltage

Time

Examination

Mechanically polish the surface
on 600 grade emery paper, Elec-
tropolish in ethanol - 20% per—
chloric acid solution. Wash
thoroughly in distilled water.

2% fluoboric acid in distilled -
water. : . ’

Stainless steel strip.
Approximately 20 volts.

1 minute

Wash thoroughly in distilled

water and ethanol. Dry in air.

In polarized light with
crossed nicols.
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Scanning electron micrograph indicating

ridges and valleys in the oxide film

Fig. A.2

Mag. 9960x.

developed during anodization.

Micrograph illustrating that Lha structure

of the oxide film varies from graln to

grain.

Fig. A.3

Ref. Conn and Bradsha
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regular presenee of ridges and valleys'in the oxide film. The separa-
tion bet@een the ridges varies Hetween~0.l-0.2 um. The region indica-
V.ting colour contrast is about 2 -6 um wide. It is believed that
the topoér;phy of the oxidg film converts the plane polarized light
into elliptically polarized light. That the nature of the. topography
varies depénding on the orientation.of the region was éhown by the
examination of the oxide film in phase contrast microscope (Conn and
Bradshaw, 1952{ reproduced in Figure A.3. Colour contrast was observed
even when a.lafer of optiéally\isotropic silver was deposited on the
oxide film which eliminates the possibility that the colour contrast n
was due tg the optical anisotropy of oxide film (Perryman and Lack, 1951).
Becauselghg topography of the oxide film gives rise to the colour
contrast necessary to identify regions of different orientations, extreme
care must be taken to ensure that the surface before anodizing is flat
and free of scratcﬁes. Although it is known that regions bounded by‘high

angle boundaries can be identified, it is not yet clear as to what the

lower limit of misorientation is, that can be identified.
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APPE X 3

STORED ENERGY AND WQ HARlDENINGA BEHAVIOUR
Both ﬁhé current values of flow stress and stored energy of a

metal are influenced B} the density and distribution of the gccumulatad

~dislocations. No experimental study of stored energy was undsrtaken in
the present in&estigation. Instead, fwhat is presented is a survey of
some of the data available in the literature. Bever et al (1973) have
presented a comprehensive review of stored energy studies related to
plastic deformation. No attempt is made here to review the data in
detail. Instead, the data is analysed in two ways: 1) the fraction
of energy storeé-per increment of strain to examine the nature of
deformétion at large strains, and 2) variation of Es, the enerqy
stored vs 02 (where ¢ is the flow stress) to examine the constancy
at large strains°o£ the parameters a and B which relate the flow
stress and storéd energy respectively'to the density of stored dis-

"locations.

Energy Stored During Deformation

According to the first law of thermodynamics:

Au = AD + Aw (1)

where Au = change in internal energy,

AQ = amount of heat absorbed or given out,
-~

Aw = amount of work done.
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The change in interﬁal enerqgy during déformation is the energy
stored and is considered to contribute to the major portion of the free
energy change of a cold worked material. - The change in internal e;ergy
is due to the‘elastic strain energy of the incrgased number of disloca-
tions that are stored during deformation (Cottrell, 1953).

. Experimenﬁal investigations indicate that a major/paortion of the
stored energy is released when the deformed metal undergoes recryétal—
lization (Bever et al, 1973).

Ew’ the energy supplied to the material during plastic deforma-
tion, is the amount of méchaniéal work done per unit volume of the.
material angd is computed as the area under the stress-strain curve.

In Fig-A.4, é;ta representing Ew' the amount of energy supplied, and
Es’ the amount of energy stored ddfing deformation of aluminum, is
given. ‘ | \

Relation Between Work Hardening Rate, Stored Energy and the Density of

Stored Dislocations

' Neglecting the contribution of friction stress o_, the floJ’;EIZEE‘*\

0 is related to p, the average dislocation density as

o = aubvp (2)
when . the density of stored gdislocations increases by dp, the amount of
energy stored increases by dES, whepe

dE_ = BubZdp i . (3)
;he value of the coefficient a in Equation (2), defined as the
strength parameter, is estimated to vary between 0.05 - 1.0, based on
a variety of work hardenihg models (Naﬁarro et al; 1964).

The parameter B in Equation (3) is the arrangement factor and is
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Fig. A.4 Variation of Ew' energy supplied and ES, energy
stored with strain (lr%o ) during deformation of
polycrystalline aluminum.

(Note difference in scales for E_ and Es)/.,_f

From Williams, R.0., 1962, Trans. A.I.M.L&..,
224, T719. '
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related to the energy of the dislocation configuriéion.
Following Nabarro, the energy stored during Stage IT
hardening of fce single crystals can be estimated as follows: the work

hardening rate g% in Stage II is given by

9. =& {(4)

where p is the shear modulus of the material and K = 100-300, depending
on the orientation of the crystal. The work done/unit volume of the
material is given by | |

dEw = cdé : | : (S)

Considering that dEs = %ﬂbzdp; Nabarro estimated that in Stage II,

4E
S 1 :

dE = Ka< (6)
W

With a = 0.25, a maximum of about 5% of the energy supplied is stored
in the crystal in Stage II.
Parametér o

| In Stage II, hardening where no dynamic recovery occursg, the value
of a is known to be quite inéensitive_to the actual distribution of
dislocations and mechanisms of wo?k hardenikg (Nabarro et al, 1964);
Hirsch, 1975). Thus, a is usually considered to be insensitive to strain.
At large strains such an'as?umption may not be valid.
Parameter B

In Stage II, B is also considered to be independent of strain.

Nabarro's treatment of Stage II hardening assigqns a constant value of
N

5 to B. The changes occurring in the configquration of dislocations at

large strains have been discussed in detail in Chapters 2, 5 and 7. It
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it possible that the magnitude of B, the arrangement factor, changas at
large strains and is dependent on strain.

Bever‘at al (1975) treat B (referred to as o, in their afticle) as
the interacyion parameter.  The self energy per unit length of_diﬁloca—

tions is defined as

w2 R '
ank in x + Co?e enargy

where K = 1 for screw dislocations,
and . K= i;v for edge disleocations
R = radius of the area in which the stress field of the dislo-
cation is felt,

r°= core radius of the dislocation.
M~

Bever et al (1973) treat B as follows, to give an idea about the

arrangement of dislocations:

When 1n R/ro

B > e the interaction is positive. The
stress fialds of dislocations re-
inforce one another. This is typical
of tangled structure and dislocation
pileups.

1n R/ro .

B = —F K represents zero interaction. This
is true only for a truly random
distribution of equal number of
positive and negative dislocations.

8 < in R/r':: represents negative interaction.

4TK

This is when the dislocations are
arranged so that stress fields _
cancel one another. This is true
of dislocations arranged in low energy

configurations as in subcell walls.
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Based on Equations (8.2) and (8.3), B is given by

Es
B = uuz(;f (7)

Bever et al, op cit, estimated 8 to have a value betwean 2 and 14

In R/ro
4nwK

0-8 when R = 1 ym and r_ = 2 &, the large value of B means that a positive

in di}ferent metals. When compared with the value of which is
interaction occurs between dislocations stored in cdld worked, nominaliy
Pure, polycrgstalline materials. ‘This is possible in metals deformad
such that Ehe extent of dynamié recovery is small. The excess stress
field repéesented by the large positive vﬁlua 6f 8 is relieved when the
metal is subjected to thermal recovery subsequent to deformation.

Method of Analysis to Examine the Constancy of o and B

Based on Equation (7), it is possible to examine the variation of
a and B during deformation (Gottstein, 1974). If both a and B are con-
stants, the plot of Es vs g2 will be linear with a constant Slope =

ng throughout deformation.

In Fig. A.5, the effect of varying a and B on the slope of ES vs
a? is Ehoun schematically. Plot 1 represents the case where both a and
8 are independent of strain. Plot 2 ;epresgnts the case where only B8
is a decreasing function of strain. If both a and 8 decrease with

strain, but a decreases more rapidly than B, the variation of Es with

al

follows Plot 3.,  The magnitude of deviation from the linear plot in-
dicates the level. of variagion of @ and 8.

Equations Relating Stored Energy Data and Work Hardening Behaviour

. . dc .
Based on Equation (2), the work hardening rate 3 'S given by

do (aub)? dp
dc 2 ae . (8a)
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Fig. A.5 Schematic illustration of the
effect of the variation of
parameters a and B during
deformation on the slope of
ES vs o2l.

227



T 228

--4“ . a
do | faub)? g
. Yae 2 de (92)

og% can be evaluated from stress-strain plots and is considered to

represent the rate of dislocation storage during deformation.

Equation (6) can be rewritten for a general work hardening rate

- ig as

de

dE ' : »
28, do . .
ST e (102)

W . , .

and
dE .
—2 = ub*p de ' {1la)
dEw 4] de .

Equations (%a) -and (lla) relate the rate of work hardening to

the fraction of energy stored during deformation. Variations of %%

dE . do deg; | ‘s
and aﬁz with ¢ and of Sy and o—= with should follow similar
trends.

Incorporating that a and B are also functions of strain, Equations
{8) to (11) should be modified respectively as:

do uuzb2 a dp da

h ac~ o ‘23 *Pa’ (8b)
cgg-= ap?b? (%-g% + p%%) . (95)l
:%j - P%z_ (8%2' o | - (10b)
.0;—‘2-‘5: = b2 (B%g‘““ p%) (11b)

Unless the functional dependence of a and B with strain is known, the
correlation of the rate of work hardening with the fraction of energy

stored is difficult.
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Parameters Used to_Definé Stored Erergy Data

The two parameters most often used to describe the stored energy *

- <
‘

data are:

‘1) the level of enexgy stored, Es'

dE
2) the fraction of energy stored to energy supplied, —=

= -
) . W
Measurement of the energy stored during deformation is extremely
difficult. The available techniques and the level of accuracy that is
possible have been discussed in detail (Bever et al, 1973). The precise
measurement of Ew, the energy supﬁlied, is also difficult, because it
%, '
includes contributions due to work done against friction and that due

to elastic energy stored in the specimen and the testing machine. The

pProblem is more acute at large strains.

—

Some of the data in the review of the article of Bever et al(1973)

show that gg% reaches a steady value as dEw' the enerqgy supplied in-
v
creases. It would be interesting to examine whether this is because
there is an qptimuﬁ level of energy that can be stored in the maﬁerial
or is due to the difficulty in measuring the parameters involved.
Alternatively, the strain undergoﬁe by the material can be
determined more accurately by measuring its shape change. The para-
meter %;? » othe change it energy stored per inc;emeng of str;in, may
give a better undgrstanding of the question of whether there is an

optimum level -of energy that can be stored during deformation.

In Fig A.6 1is shown the variation of dER/dY with vy, the

shear strain, from the data of Hessner and Hemminger (197%9).- dER

is the fraction of thiﬁpﬂg}gy released during recrystaliization (and

2
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Fig. A.6 Illustration - of the sensitivity of variation of

; . R, . .
the fraction of the -energy stored (—d-;-) with strain
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"thus is related to dES) and @& is the shear strain in torsion. The data

. : dE

shows that a sensitive variation is followed by 15? . In the

initial stages of deformation, the energy stored per increment of strain
. _ j aE _

is constant. The rapid decrease of 7;?? at later stages may reflect

major changes in dislocation configuration.

Salient Aspects of Stored Energy at Large Strains - Analysis of the Data
Available in Literature

The work hardening behaviour and the accompanyiné changes in dis-
location substructure are well documented for single crystals, as dis-
cussed in Chapter 2. In most of the experimental studies of single
crystals where stored energy and work hardening behaviour were measured,
the deformation was carried out only up to moderate strains possible in
uniaxialdtension mode. Therefore, the data available for polycrystals
must be conside;ed to understand the behaviour at large strain. Impor-
tance of dynamic recovery in single crystals deformed beyond the linear

"hardening stage has been discussed earlier in detail. Dynaﬁic recovery
occurs at early stages of deformation in polycrystals (Luake and Mecking,
1973). Therefore, some relevant data of stored e;ergy measured at large
strains in polycrystals will be analysed with a view to'invesfigate
whether the stored energy data reflects the changes occurring duging
deformation at large strains.

-Data of stored energy and work hardening behaviour are taken from
the works of Williams (1962, 1965); and Hessner and Hemﬁinger (1979).

ds dg dEBg dEg

3’ ¢—, —=— and

These are analysed and plotted in terms of 3e’ dEw T

as
functions ofstress. InFigs. A.7 toA.9, 0is considered here because it is\ a
structure sensitive parameter. Plots of ES vs 62 obtained from the

above data are plotted in Fig. A.1lO0(a-b).
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Although, as discussed earlier, exact analysis of the parameters

dg do QEg X ; ‘ ’
e ’ UEE ., and 3E are difficult because the functional dependence of

w
@ and B on strain is not known, the data can be analysed qualitatively.

In Fig. A.7, the data for polycrystalline aluminum deformed at

42°C by impact compression is given (Williams, 1962). The work harden-

dE .
ing rate g% is seen to decrease more rapidly than 3§§" Variations
w
of p, the dlslocation density and & with straln are built up in g%
dEg N do
whereas & reflect the variation of p and R with straln. That 3

w

-~ decreases morg’raﬁidly in the initial stages may mean that a is changing

more rapidly than R, The decrease in B which must occur due to rearrange-

ments of dislocation substructure at large strains, is shown by the more
dE 1

rapid decrease in EE_ at large strains. This interpréy tion is consis-

" tent with the data shqwn in Fig, A.7(b). The rate of increment of énergy

stored per increment of strain decreases more rapidly at large defor-
mations, reflecting the variation of B at these strains.
The results indicate that changes in @ are more important in fhe

early stages of deformation, while the changes in B are important at

later stages.

The data presented here must be approached with caution, because

of the strain rates and the temperatures involved. - At the specified

“deformation temperature 42°C, simultaneously thermal recovery during

deformation will occur in aluminuﬁ and the data may not indicate the
real effects of dynamic recovery. The extremely high strain rates

involved, the changes occurring in the dislocation configuration may

be completely differant from that characterist%F of low strain rates.
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In order to examine the effect of strain rate (v10“/min. in the impact

ast), data for two different strain rates are compared in Figure 5

for polycrystalline copper (Williams, 1965). Surprisingly, no major
changes due to the effects of strain rate can be detected. Comparing

the level of'aﬁE at the two strain rates shoys a-lower fraction of

o

supplied is stored at the higher strain rate. The expari-
prdings of Titchener and of other workers reported by
er ‘et al (1973) which indicate that the level ;f anergy stored in-
crease with'increasing deformation rate may not be true whén the
rate of deformation is of the order of 10%/min. This is faster by.
an order of magnitude than the maximum rate reported ﬁy Bever et al
{1973). | |

The results in Fig. A.B are contradictory when the variation of
the work hardening rate with stress is considered for the two diffar-
ent strain rates. At a given stress, the work hardening rate is
higher for the impact coﬁpression tast than for tensile test, but
lower fraction of energy is stored during the impact cdmpresgion tast.
This ¢could be due to the inaccuracy of measurements of Es and Ew and
the effects of friction in the compression tasts.

Figs. A.9(a-b) show some of the data generated bf Hessner and
Henninger (1979) from torsion tests on polycrystalline copper. — The
work hardening rate attain; a constant level but the.fractioﬂ of
energy stored decreases continuously. Even in the range where tyg
'r;te of dislocation storage does not change appreciably, %;f- decreases

drastically as shown in Fig. A.9(b). Both these plots reflect the rela-

tive variations of a and B with strain and the regime of deformation
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where these chaﬁges are important.

In Figu#es A.10(a-b), the data for polycrystal aluminum and copper
(Willi;ms, 1962, 1965) are replotth in terms of Es vs o2, Upon compar-
ing with F;g; A 5, it is seen that the deviation of the experimental
data indicates that the parameter « is decreasing with increasing strain.
That B also decreases with straih is not aﬁparent from these plots, be-
cause the change in a has more;effect on the slope of Es vs 02, accord--
ing to the section dealing with the method of analysis to examine the
constancy of a and B. ib separate the effect of variation in a And B,

plots shown in F%gs. A.7-A.9 seem to be more appropriate.

Possible Reasons for Variation of & and 8 With Strain

Equation (2) relates the flow stfess to the average dislocation
density and is valid for a random arrangement of dislocations. Neglect-
ing the dépeqdence of a on straiﬁ,;an increment of dp in the stored dis—
location density should increase the level of flow stress dg according
to the relation

do = — dp

(aub) 2
T dp (12)

i\l

wha£ Equations (2) and (12) do not consider is how the flow stress is
influencedhby recovery events which are influenced at large strains by
an increment dp in the stored dislocation density. At large strains,
the nature of influence of the substructure on the flow stress is com-
plicated and Equation (2) may noéppe an adequate description gf the

A
flow stress. 3

Similarly, Equation (3) for the energy stored, implies that every
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dislocation added to the structure increases the stored enexgy according
to the relation Es = Bubap .Actually, due to an increase in dp-

in the dislocation density, on the increase in energy stored depends on

how the additional dislocath get. incorporated in the existing dislo-

cation substructure. Considering a simplified picture, where the exis-

ting dislocation substructure is made up of simple tilt walls, the

energy increase due to an increase due to an increase in dislocation

density depénds on how the dislocations increase the angle of misorien-
tation aéisss the ;il£ walls. The energy of a simple tilt_wall of
misorientatiﬁn 8 is given by Read (1953):

E=.Eo 6(a - 1n 8) | . {13)
where EO = EET%QGT and A is a constant. 8 is related‘to p. the
density of dislocations in the tilt wall, according to éhe felation

6 = bp (14)

Incorporating Equation (2) in Equation {}3) results in

1 ,
E = Blublp - %r b2 pln'(bp) (16)
whgre 31 _ A
4n(l-v) °

The first term in the expression (16) is similar to Equation (3), but
there is an additional logarithmic term in Equation (16), the details
of which.depend on the nature of the substructure. This term influences
the level of energy stored.

+ Thus, at large strains, the details of the substructure in terms

of the characteristics of the dislocation components making up the

'subgrains, the scale and the misorientation of the substructure, are

-

important in considering the flow stress and the level of stored energy.
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In fact, Equatiéns (2) and (3) may not confgin ali>th§ appropriate
,  barameters neceséary to deépribe the storgd energy Es and the flow
stress a. . . R
Conclusions
" Based on the limited data of stored energy consideréd here, the -
.folldwing‘conciusions can be drawn: |
(1) the parameter 'EEE— ines a clearer view compared to thg .

de
aE , i
parameter EEg' of the fraction of energy stored at large

w
Strains;

' (2) the rate of energy storage per increment. of straiﬁ decreases
rapidly at large strains, indicating possible, majof changes
in the dislocation configurations; ‘

.(3) the‘par;maters a and 8 vary during deformation at

1;:99 strains.
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