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A study of the microstructure and stress relaxation in spring steels

Summary

A detailed literature survey and critique of previous investigations
into stress relaxation and spring steels has been used to initiate
significant new work and to develop accurate microstructural and
mechanical testing techniques with special reference to patented steel
spring wire and its service replacement, 17- 7PH stainless steel wire.
Changes in the microstructure, both in phase and dislocation distribution,
and in solute segregation which take place during low temperature heat
treatment in these spring steelé,have been observed by means of high
resolution transmission electron microscopy, field-ion microscopy and
atom-probe techniques and have been correlated with concomitant changes
in mechanical properties, notably stress relaxation. This has enabled a
deeper understanding of the relaxation resistance in such complex

materials to be formulated.
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1. Introduction

1:1 Background to présent work

This work originated in service failures of patented wire steel
springs which suffered a loss in free length when subjected to compressive
loads. Such failure is caused by stress relaxation. It was found that
replacement of the patented wire by other materials of similar UTS brought
about a dramatic improvement in this property: in particular, a 17-7PH
stainless steel was selected as being the best available spring steel.

It was,however, not clear why the stainless steel showed superior
performance or, indeed, what the mechanisms of plastic deformation were
in the case of the patented wire. Service failures of this type are,

in fact, well known in the spring industry (e.g. engine valve springs),
where work to determine the suitability of component materials under wide
varieties of operating environments haé occupied considerable time and
effort. Little attempt has been made, however, to elucidate the failure
mechanisms and the significance of the data which has been collected.

The materials studied in this work have not been studied in detail
before in the context of this failure mode. However, patented wire has
been manufactured for many years and its qualities, such as the high
tensile strength, have been put to use in a'wide range of products,

e.g. high tensile cable, tyre cord, springs. The deformation behaviour is
not weli ﬁﬁaerstood and neither is the detailed microstructure nor the
strengthening mechanisms involved. A brief study of the material's
industrial development shows that these inadequaéies have held back, to
some degree, its recent improvement which has been obtained by expedient
means. The 17-7PH stainless steel, although having a shorter development
.period, has again suffered from similar maladies, in this case the steel
being superseded by other stainless steels of modified composition. Again
little has been discovered of the detailed ﬁicrostructure in such trans-

formable, precipitation hardened, materials.

1:2 Experimehtal approach

Microstructural studies were undertaken on both drawn patented steel
wire and drawn 17-7PH stainless steel wire in various heat treated
conditions. Optical techniques were shown to be inadequate in this
investigation and the main thrust of research was with transmission
electron microscopy (TEM), field-ion microscopy (FIM) and atom-probe

microscopy. TEM was used to study the microstructure of the as drawn and



heat treated wires which were used in the tensile testing programme (see
later). FIM and atom-probe microscopy enabled a microstructural study,

in particular thé dislocation substructure, of the patented wire on an
extremely fine scale. Wire of the same type used in the TEM sfudy was
examined but drawn to a higher degree (which resulted in a finer scale
microstructure more suited to these techniques). By means of atom-probe
microscopy, an ultra-high resolution study of the distribution of elements
across the microstructure was undertaken. In particular the segregation
of C to the dislocation substructure was found to be of importanée.
Mechanical tests on springs of patented wife were undertaken to simulate
service conditions and to extend the higher resolution work. The most
concentrated effort was given'to the development and use of an extremely
high resolution, tensile testing apparatus, to enable controlled relaxation
tests, along with a flexible data reduction system. These developments
allowed a confident comparison to be made with relaxation data obtained
on éimpler materials in previous work (see Ch.4) in addition to.the
application of theoretical models to the present materials.

It has been obsérved (see Ch.4: 2 ) in patented wire that a
significant improvement in the relaxation resistance could be obtained by
low temperature heat treatment (LTHT) of the wire or springs before use.
It was the;efore decided to investigate the microstructure and mechanical"
properties of as drawn patented wire and wire LTHT to various degrees. In
a similar manner the 17/7PH stainless steel was -examined in the as-drawn

and the precipitation hardened condition.

1:3 Plan of the documentation of the present work

An initial report on the present work (1) largely contains extensive
reviews on background informaﬁion not reproduced in this thesis. Springs
- and spring materials were reviewed in a broad manner. The types of sprinés
together with the importance of materials selection and quality control
were explained, along with production features and their éffects on the
properties of the final article. The subject of wire drawing was also
réviewed, giving not only theoretical aspects of the process but also
practical considerations (e.g. the concept of "cold" drawing) which are of
particular interest in the case of spring wires. Appendices were included
to cover an anaiysis of the elastic deformation of springs and also a
review of residual stresses and their relevance to spring materials and

stress relaxation phenomena.



A summary of the work included in-the present thesis is given
below.
(a) Chapter 2 is an extensive review of patented wire.and covers: the
structure and properties of the patented bar stock before drawing; the
deformation of the pearlite during drawing; strengthening mechanisms
and work hardening in the drawn structure; dislocation substructures
their properties and their particular relevance to patented wire; strain
ageing phenomena in carbon steels. |
(b) Chapter 3 presents the microstructural studies undertaken in the
present work and covers: TEM studies on longitudinal and transverse
sections of as drawn patented wire in seveial conditions; field-ion
- microscopy and atom-probe studies on comparable patented wire (along with
a brief review on the development and use of these techniques in similar
materials).
(c) Chapter 4 is an extensive review on the field of stress relaxation.
Topics discussed include: the types of relaxation (and their relation
to other deformation modes) and the type involved in the present failure;
the fields in which relaxation is important; previous studies of the
relaxation of spring wires; a concise review and critique of analytical
>stress relaxation work; an in-depth analysis of the theoretical basis for
stress relaxation testing; a similar analysis of the techniques of stress
relaxation testing; a summary of analytical stress relaxatioﬁ tests which
have been undertaken on a wide range of materials.
(d) Chapter 5 presents the results of the present work in mechanical
testing. Techniques employed include: high accuracy tensile testing of
materials; - a spring testing programme; a programme of high resolution,
tensile stress relaxation testing with comparative details between the
various conditions of the patented wire and the use of analytical techniques
described and evaluated in the proceeding chapter.
(e) Chapter>6 details the work performed to date with 17-7PH stainless
steel. Information includes: a review of controlled transformation and
precipitation hardenable stainless steels; the microstructure of 17-7PH
étainless steel; the mechanical properties of 17-7PH stainless steel in
both tensile failure and tensile stress relaxation failure.
(f) Chapter 7 gives comments and an overall summary of the work included
in this thesis. ’

(g) Chapter 8 includes suggestions where further.work will be most profitable.

-3 -



(h) Appendix I is a detailed account of the experimental techniques
‘developed and used in the present work. Topics covered are: the choice
of a suitable tensile testing machine and its development to give the
required resolution; the design and treatment of the grips and specimens
. for mechanical testing; the detailed procedure for the undertaking of
relaxation tests on the wire specimens to give optimum performance; the
technique for spring testing; the prdcedures involved in transmission
electron microscopy; the history, development and present use of field
ion microscopy and atom-probe analysis.

(1) Appendix II gives information on the data handling and reduction
techniques employed in the mechanical tesfing programme;

(j) Appendix IITis a list of symbols used in the present thesis (they
are identical to those employed in reference 1 except where stated).

(k) Appendix Ivis a list of the references given in the>present_thesis

(the reference numbers are not identical to those in reference 1).



2. Patented wire: its production, microstructure and strengthening mechanisms

2:1 Introduction

The term patented wire is applied to a high carbon steel wire of
particularly high tensile strength. 1In fact, except for filamentary
whiskers, high quality patented wire (often known as music wire) gives
the highest known tensile strength while retaining considerable ductility:
in the UK its manufacture is controlled under BS 5216:1975 (replacing
BS 1408:1964). Patented wire can be supplied to various standards
classified under normal or high duty and static or dynamic duty. It is
also graded in five strength catagories, 5 being the highest. The wire
is generally supplied bright, i.e. as cpld drawn,and has to pass torsion,
bend;, wrapping and dimensional tolerance tests. The tensile strength has
to fall within narrow limits corresponding to the wire diameter, the strength
increasing with decreasing wire diameter. There are in addition a number
of further requirements ( 2 ), including a maximum amount of surface
decarburization for the music wire érades. The specified chemical composition

is given below:

- Element Min. _Max.
(wt. %) (wt. %)
Carbon 0.55 0.85
Silicon - 0.35
Manganese 0.30 1.00
Sulphur - 0.030
Phosphorous - ' 0.030
Nitrogen - 0.008

The exceptional mechanical properties of this material have caused it
to come into general use in a wide variety of fields, from springs to tyre
cord and high tensile cables. The term "patented" refers to the process
by which an extremely fire pearlitic structure is produced before cumulative
cold drawing to high deformations is carried-out, the strength increasing
progressively with drawing.

2:2 The structure and properties prior to drawing

" 2:2.1 Introduction

In essence a patented wire is produced from a eutectoid or hypoeutectoid
steel which is austenitized and transformed to give a fine pearlitic structure
(sometimes with proeutectoid ferrite) thus:

Y*p
or Y >0 +p
Hypereutectoid compositions are generally avoided as the probabi;ity

of producing proeutectoid cementite films is increased, which significantly

-5 -



reduces drawability. Extensive work has been carried out on the morphology
and transformation kinetics of pearlite ( 3 to 10). During the
decomposition, the pearlitic nuélei develop in nodular fashion, either

from the prior austenite grain boundaries or from ferrite allotriomorphs.

2:2.2 Effects of process variables on morphology and properties

2:2.2.1 General Comments

Considerable research has been undertaken over many years into
relating the transformation conditions to the ferrite/pearlite morphology
and thus the mechanical properties of the material (usually in uniaxial
tensile conditions). Extensive surveys exist (e.g. McNeill (11),

Gladman et al ( 12)) the salient points being given below.
2:2.2.2 Interlamellar spacing '

Early work (Gensamer et al (13, 14)) suggested that the spacing was
a function of the transformation temperature for a given

composition (confirmed by Mellor (15) and Marder and Bramfitt (16)),
decreasing with undercooling. It was also shown that the tensile strength
of an isothermally transformed eutectoid steel increases linearly with
reduction in transformation tempefature and logarithmically with the reduction
in interlamellar spacing. As reiterated by Gladman et al ( 12 ) and
Pickering ( 17), the presence of proeutectoid ferrite complicates the
analysis due to other factors discussed below. McNeill ( 11)
has pointed out, there is conflicting evidence on the effect of spacing on
toughness. Clearly, increasing the pearlite content of the steel increases
the transition temperature ( 17 ) to some degree,but the transition range
is also increased ( 18). It appears, though ( 11, 12 ) that the fracture
stress of a eutectoid steel increases with decreasing transformation
temperature, other factors being constant (the reasons for this not being
clear).
2:2.2.3 Grain Size

A number of investigations have shown that the ductile/brittle
fransition temperature is lowered by a reduction in the pearlite colony
size, e.g. Gladman et al ( 12), but it is worthAnoting that the colony
size decreases with pearlite spacing (i.e. with the transformation temperature).
This relationship gives an indication of the problems involved in distinguishing
between interrelated mechanisms contributing to a macroscopic property.

2:2.2.4 Directionality of the structure

Miller et al ( 19 ) noted that cracking in a pearlite colony occurred in
shear bands at 45° to the tensile axis and was most prevalent for those
colonies with lamellae aligned along the axis. A number of successful

attempts to produce directional pearlites have been made, e.g. Mellor
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( 15, 20 , 21 ) and McNeill ( 11 ). Mellor suggested that such
cracking could be explained on a fibre loading model. Similar alignment
of the pearlite lamellae occurs during the cold crawing of patented wire
and it has been suggested ( 15) that such failure of the structure can
be elucidated by work with directionally transformed material. The
validity of this concept is not clear, particularly when considering

the variations of failure mode between fine (drawn wire) and coarser
(directionally transformed material) structures.

2:2.2.5 Effects of composition

It has been widely noted, e.g. Gladman et al ( 12 ), that as the carbon
content, i.e. the cementite content, is‘increased,the tensile strength
increases even after taking into account changes in the proeutectoid
ferrite grain size. 1In fact the proeutectoid ferrite was shown to make a
significant contribution up to 90% pearlite by volume. Above this figure
its effect fell rapidly, especially when the continuity of the ferrite on
the prior austenite boundaries was lost, fig. (2:1). Burné and Pickering (18)
showed that increasing the carbon content in hypoeutectoid steels increased
the ductile/brittle transition temperature, while noting that reducing the
ferrite grain size decreased it. Gladman et al (12 ), studied in detail
the effects of various additions to the mechanical properties of these
steels. Nitrogen was found to have little strengthening effect while
excess nitrogen was found to drastically reduce the toughness and should
be avoided by the addition of nitride-forming grain refiners. Manganese
provided solid solution hardening and also increased the strength by
reducing the ferrite grain size, pearlite colony size, interlamellar spacing
and by increasing the volume fraction of pearlite. It appeared, however,
to have little effect on toughness. Silicon was found to increase the
tensile strength but was detrimental to toughness.' Grain refiners,

e.g. aluminium, raised the strength by reducing the grain sizes while
niobium and titanium also gave some dispersion strengthening. Bramfitt and
Marder ( 22) have confirmed the effects of alloying elements in improving
the hardenability, the ferrite stabilizers (molybdenum and silicon) being .
far more effective than the austenite stabilizers (manganese, nickel and
cobalt) .

2:2.3 Nucleation and growth of pearlite

The nucleation and growth of pearlite has been studied for many years.
The nucleation problem appears to have been elucidated through crystallographic

work, summarized by Dippenaar and Honeycombe ( 23.), who made use of the



stability of austenite in a 13% Mn, 0.8% C steel. They showed that the

Bagaryatski relationship:

(100)Fe3c // (Oll)a

(010)Fe3C // (111)a

(001)Fe3C // (211)a

occurs in cases where nucleation does not take place on a clean austenite .
grain boundéry, in this case on cementite allotriomorphs. Thus the pearlitic
cementite is crystalloéraphically related to the adjacent(austenite grain.

In the case where the pearlite nodule nucleates on a clean austenite
grain boundary, it was shown that the pearlitic cementite and ferrite are
Pitsch related:

(100) . . 2.6° from (131)

3
o
(010)Fe3c 2.6 from (113)a
(001)Fe3c // (521)a

In addition it has been shown that the cementite habit plane (the
ferrite/Fe3C interface in this case) exhibits 2 distinct orientation relation-
ships with respect to each other:

(oo1)Fe3C // (Zif)a Pitsch ( 24 ),
“or (001) // (211)  Pitsch and Schrader ( 25).
Fe3C o

The significance of these 2 ?ossibilities is not,as yet,clear.

The mode and kinetics of growth of the pearlitic nodulii has also
been closely studied. This wérk has been extensively surveyed by Mellor ( 15)

who went on to generallizenpreviéus studies to give a growth .law of the form:

Yp(ae) p exp JQ | = const. 2:1
where: Vp is the grow%g velocity
de'is the mean pearlite spacing
np is an exponent corresponding to the diffusion mode of

carbon

2 for bulk diffusion

n

n 3 for interfacial diffusion
Q is the activation energy.
This combined the work on bulk diffusion of carbon in the austenite
which gives a rate law of the form: )
Vp o (Te--T)2 exp {:g} 2
RT

2

or with interface diffusion::

3
Vo a (T -T)” exp f-0 2
b e {ﬁ}

w
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where: Te is the eutectoid temperature (in Kelvin)

and the interlamellar spacing is given by:
@) a? 1 §
T -T
e

2:2.4 Commercial practice,and its effects on the transformation

The above laboratory work has involved the isothermal transformation of
eutectoid and hypoeutectoid steels near the nose of the TTT diagram, fig. (2:2),
or if a coarser pearlite is required for experimental reasons, above the nose.
The effect of continuous cooling during the transformation (which is closer
to the industrial situation) has also been investigated ( 26 . 27 ) and
industrial practice of producing a suitable pearlitic structure in the bar
stock by the patenting process is well documented ( 28,29 , 30 ). The
effect of industrial processing variables has been shown to be critical,
and it is clear that although the transformation can be reasonably well
controlled in the laboratory the indgstrial situation is far more complex.
Commercial practice is designed to austenitise the rod or wire and transform it
to as fine a pearlite as possible (some upper bainite may be present in addition)
thus giving good drawability and maximum increase in strength on drawing.

There are several types of commercial patenting, basically varying in the
environment in which the material is transformed. It is common to use air
patenting for the initial wire drawing reductions, while to obtain the

finest and most uniform microstructures for the final reductions, lead
patenting is used. Research into these techniques, which have been in

general use for over 100 years, has been sparse and incomplete (as noted

in the CPGS 1 ), but detailed work has increased in recent years. Cahill

and Jones (.26 ) have studied the effects of patenting variables on the structure
and properties of the transformed rod. They commented on the best possible
combination of austenitising and lead bath temperatures for use in commercial
situations. Payné and Smith ( 27 ) have considered the transformation kinetics
of the decomposition in industrial environments. There is interest at present
in attempting to improve the patenting process, both to give higher quality
material and also to reduce production costs by the reduction of energy and
process material requirements, e.g. Armstrong and Taylor (31).

2:3 The deformation of pearlite and the process of cold drawing

2:3.1 Introduction

The majority of studies concerning the deformation of pearlite have
considered that which occurs during uniaxial tension. The modes of deformation
and failure of various aggregates of ferrite/pearlite and pearlite (as well as
hypereutectoid steels) although extensively investigated are as yet not fully

understood; a summary of the work to date is given later. It is not clear
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how closely the tensile testing investigations can be applied to the
deformation which occurs during wire drawing. Clearly, the processes
involved in the tensile case are-extensively modified by the high hydrostatic
pressure which is set up within the die region (see CPGS 1 ). It has

been pointed out by many workers in this field, that although in a eutectoid
steel the cementite occupies only 14% by volume, the deformation and strength
of the structure is critically controlled by its presence. For example, the
work hardening of a drawn pearlitic steel increases exponentially with the
true strain, ( 28) fig. (2:3), and increases with decreasing lamellae
spacing. This is in contrast to iron wire which work hardens linearly

( 32, 33, 34). Thus at a true strain of 4, the pearlitic wire is 4 to

5 times stronger than ferritic wire ( 35). 1In adaition, the dislocation
substructure which is formed on this cold deformation is considerably
affected by the pearlitic structure.

Yamada ( 36 ) has réviewed the investigations which have been
undertaken to investigate the remarkable ductiiity that patented wire shows
on cold drawing (reductions of >99% are possible). It has always been
assumed that coarse grained materials gave better drawability and mechanical
properties to the finished wire than fine grain stock. However, the modern
use of Al-killed steels has shown these materials to be superior, at least
when considering drawability. Work has shown that this may be due either
to the presence of aluminium reducing the free nitrogen content or by its
effect on the austenite grain size. Yamada concluded that a reduction in
free nitrogen at constant austenite grain size improves the ductility of
as—paténted eutectoid steel; A similar improvement was obtained by reducing
the austenite grain size (by decreasing the austenitising temperature) at constant
free-nitrogen content. Both these effects were most marked for fine pearlitic
structures. He suggested that the effect of free nitrogen may be due to a
reduction in fracture strain although it might improve the tensile strength.

2:3.2 Wire Drawing

2:3.2.1 Introduction

The techniques of wire drawing have tended to develop through industrial
experience rather than through scientific practice. It is only in recent
years, with more stringent requirements being placed on the process, that an
analytical treatment has been required to give the necessary improvements.
Surveys of this field have been given by Wistreich ( 37 ), Maclellan (38)
and Sutton ( 39 ). A genéral account of the deformation involved along with
the practice and results of wire drawing have been given previously in the

CPGS ( 1), a summary of which is given below.
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2:3.2.2 General description

The principal function of wire drawing is to produce, from a given
bar stock, a wire of a specified size and strength. 1In the case of
patented wire the requirement usually specifies the latter, so stock of
sufficient diameter has to be available to allow for adequate reduction.
Drawing is normally achieved by successive reductions through hardened steel
or carbide dies on a draw bench. This is a continuous process, the wire
being wound a number of times about a rotating capstan between each die.

The reduction at each die is controlled by, amongst other factors, the
tensile strength of the work hardened material at each die exit. Two

basic drawing processes have evolved: the "wet" and the "dry" methods.

The former involves immersing theldies in a liquid lubricant bath, e.g.
mineral oil: it is usually employed for fine wires and non-ferrous materials.
"Dry" drawing is accomplished with solid or semi-solid lubricants, e.g.
greases or soaps, and is generally used for drawing ferrous materials.

2:3.2.3 sStock material requirements

As can be shown (detailed in the CPGS 1 ) the failure condition
during drawing is that of necking at the die exit when:

€nax n (f+1) 2:5

where emax is the maximum true strain at one pass

n is a drawing efficiency term
. n
n”is the strain hardening coefficient rom ¢ = ke ).
" This is to be compared with the theoretical value of E'max in a tensile

test, when:

e' = n” ) 2:6
max ,

Thus a high value of n”aids drawability. In addition, however, the
material must show stable ductility, i.e. failure by brittle fracture modes
must not occur (an example of a possible failure mode is shown by the
phenomenon of cupping or internal fracture). These parameters are a strong
function of the thermomechanical history of the material and consequently
many materials are annealed before drawing, e.g. pure metals such as high
conductivity copper. An exception is that of patented wire, the process
of patenting conferring great drawability along with work hardening capacity
on the material. It is common for intermediate anneals and air-patenting
to be undertaken to allow greater reduction. The stock bar has to be free
from piping,. segregation and surface cracks and shivers and it is essential
that size and shape control is of the highest order. Surface scale has to be
removed before drawing the patented bar as it has a high coefficient of
frlctlon. This may be done mechanically (e.g. by shot blasting) or chemically

(with dilute mineral acid and inhibitor) or by a combination of the two.



2:3.2.4 Process variables

Before drawing, the patented bar is usually given a borax or phosphate
coating to aid adherence of the lubricant, usually a soap. The design of
drawiﬁg machines varies considerably: in the case of patented wire a non-
slip machine with water-cooled capstans is used. It is also common, with modern
high~speed drawing machines, to cool the dies (see CPGS 1 ). Although
relatively little heat is removed, such cooling is necessary to reduce die
wear as this can cause scoring of the wire, making it unfit for many
purposes. Tﬁis heat production, due to redundant deformation and friction,
is a function of (amongst other variables) the draw rate and reduction.

2:3.2.5 The effects of heating during wire drawing

The effects of heat produced during drawing on the wire are not well
understood, but it is clear that severe impairment of the mechanical
properties occurs if the temperature of the wire reaching a capstan is greater
than 120°C (approximately) (see comments in CPGS 1 ). One of the problems
idifnvestigation,is the measuremept of the wire surface temperatuies
(being greater than those at the wire core). However, some recent work
indicates that instantaneous temperatures‘of 400°C are possible during normal
cold wire drawing (Bridon 40 ). Theoretical work has substantiated theseA
figures (see CPGS 1 ) buk has indicated that consideration of cooling need
necessarily only consider the mean wire temperature. -

The rapid, non-uniform increase in the wire temperature has a number of
consequences. Die lubrication can fail causing impairment of wire finish,
die wear and breakages. In addition such heat treatment can affect the
pearlitic microstructure, giving dislocation substructure refinement, strain
ageing and spheroidization. The last effect will be considered here while
the first two are discussed later. in this chapter.

The large ferrite/cementite interfacial area to volume of carbide ratio
makes it surprising that pearlite does not spheroidize more rapidly than is
ip practice observed. In fact complete spheroidization occurs extremely slowly
even at just below the eutectoid temperature, showing that the structure is
very stable. This has been explained in terms of a low interfacial energy,
indicated by the preferred orientation relationships (see CPGS 1 ). It
has been known for many years that deformation increases the rate of
spheroidization of pearlite. This was initially attributed to fracture
of the cementite (see CPGS 1 ), but it was later shown that the initial
waisting of the cementite plates during spheroidization initiated at kinks,
i.e. deformed regions. It has also been noted that concurrént deformation

accelerates spheroidization still further, suggesting strain induceé
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mobility of carbon, possibly by the formation of C/vacancy complexes.
Chojnowski and McG Tegart ( 41 ) performed various types of
deformation on eutectoid steels to gain an insight into the relative effective-
ness of promoting degredation of the structure. It was noted that 50%
cold work prior to a 700°C anneal increased the spheroidization by a factor
of 100 over that of a straight anneal. Lupton and Warrington (42)
performed annealing experiments with. cold deformed pearlite. They
noticed a high dislocation density in the cementite, which refined to‘a
cell structure on annealing for 1 minute at 580°c. 1In addition the
cementite plates were given a "rippled" appearance by this treatment.
They concluded that at high plastic strains the formation of dislocation
cell boundaries in both phases increased the rate of spheroidization by
enhanced carbon diffusion in addition to the dissolution of cementite in
areas of high dislocation density. Ho and Weatherly ( 43 ) have considered
the spheroidization to be controlled by the motion of tripleépoints in the
cementite dislocation structure leading to "pinching-off" of the
lamellae. This agrees with work by Paqueton and Pineau ( 44) who suggested
that spheroidization initiated at sites related to the dislocation structures
in both the cementite and ferrite. In addition to investigating the effects
of deforming after transformation they considered deforming the austenite
(producing grain refinement, and having no effect on the pearlite lamellae)
and deforming during transformation (which appeared to be equivalent to
deforming both the austenite and ferrite/pearlite).

2:3.3 Deformation mechanisms

2:3.3.1 Deformation and the strength of cementite

In order for pearlite to work harden at a rate greater than that of
ferrite, the cementite's role must be critical. Langford.( 35 ) has pointed
out .that for this.to occur the lamellae must deform plastically. He correlated
data on the plasticity of cementite, fig. (2:4), with reference to the
lamellar thickness, although he tended, as many other workers have, to assume
that similar ductile behaviour will occur under all deformation modes.-
Evidence for the presence of crystallographic defect studies in cementite,
indicating the possibility of plastic flow, has been summarized elsewhere
(see CPGS 1 , 35, 45 ). Dislocations in this material have been observed
in lightly deformed cementite particles in both spheroidized and pearliﬁic
steels. Pickering, ( 17 ), has observed cracking in the pearlitic carbide,
mainly in the thicker lamellae, while Maurer and Warrington ( 46 ),

Keh ( 47 ) and Inoue et al ( 48 ,49 1 (also see CPGS 1), have made
further investigations. Both (001) and (010) appear to be possible slip
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planes, while incipient cracks were found on (100) planes. To explain these
cracks it was suggested that dislocation locks of %<llb type occurred so
dislocations of the (100> type on (010) planes can cause cracking on
(100) planes,

e.g. [010] +[001) + %[111] +4[ 111] 2:7

It was suggested that [100] and [010] dislocations did not interact
in this manner and could therefore cause the majority of plastic deformation.
Keh ( 47) has observed stacking faults on (001) planes in the pearlitic
carbide and also noted that room temperature deformation did not appear to
increase the defect structure concentration in the cementite, in contrast
to that in the ferrite. Koréeda and Shimizu ( 50 ) observed tilt
boundaries in pearlitic cementite indicating dislocations of the type [0b0]
Little work appears to have been carried out considering the effect of
hydrostatic pressure, as exists in the wife drawing die (see CPGS 1)
on the deformation of cementite and thus the pearlite. Davidson and
Ansell ( 51 )rhowever, have shown the relationship to be complex, but
the . ductility of a pearlitic sample tends to increase with pressure indicating
a general improvement in ductility of the cementite. It has been concluded
( 11) from the above work that deformation of pearlitic cementite can be
accommodated, within limits, by processes of slip and cracking.

Langford has pointed out that if the flow stress of the cementite
is assumed to be controlled by the movement of dislocations in the lamellae
then the flow stress is considerably underestimated: it was therefore
suggested that the controlling factor is the generation of dislocations
as no evidence of substructure had been found in the cementite. His comment
in fact implies that when considering the deformation of pearlite, the
cementite can be regarded as a perfect crystal when considering its resistance
to plastic deformation. Thus the yielding of pearlite can be modelled on a
Hall-Petch approach éonsidering dislocation pile-ups in the adjacent ferrite.
This model (see later) is also sﬁpported by the work ofiKarashima and
Sakuma ( 52 ) and Takahashi and Nagumo ( 53 ) who have measured strain rate
sensitivities in pearlite and found them to be the same as in ferrite.
There is evidence, in fact, for the existence of dislocation substructures,
e.g. Paqueton and Pineau ( 44 ) and Lupton and Warrington ( 42 ) although
they have not been well documented. 1Inoue et al ( 48 ) have suggested that
these form only at deformation temperatures greater than 300%. .

McNeill ( 11 ) has detailed work which suggests, at least in the drawing
process, that kinking of cementite lamellae is common in addition to -concurrent

thinning due to homogeneous plastic flow. Cracking of pearlitic cementite,
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however, has been frequently observed particularly in tensile defiormation.
It appears to occur, even at low étrainé due to localised slip in

the ferrite on planes intersecting the cementite lamellae. At higher
strains cracking can, in addition, be explained on a fibre loading

theory ( 54 ). It appears, however, that under deformation with a high

_ hydrostatic pressure, e.g. Pepe'( 55 ), Embury and Fisher ( 28 ), that
these defects tend to "heal" and the possibility of void formation and
subsequent failure is reduced.

2:3.3.2 Plastic deformation of pearlite during drawing

Langford ( 35 ), has distinguished two types of deformation that
may occur in a pearlitic structure. The first he termed homogeneous,
which involves the operation of many slip systems in both the ferrite and
cementite and causes a macroscopic homogeneous reduction in the lamellae
widths: the second is inhomogeneous and is often called "deck of cards
slip", where one highly stressed slip system in the ferrite, which is more
or less parallel to the habit plane, is operative fig. (2:5). In addition
a twinning mechanism may operate at extremely high strain rates, e.g. shock
loading ( 56 ). There is recent evidence ( 57 ) to suggest that in fine
pearlite deformed in tension, the dominant mode is that of inhomogeneous
slip except for colonies accurately aligned with the tensile axis. The
effects of work hardening on the deformation mode has not been investigated
in detail for this system. It is in this field that orientated pearlitic
structures have been employed, e.g. Langford (35), McNeill (11),
in order to simplify the possible deformation behaviour. This appears to
be a justified simplification: for example the strain hafdening rate and the
maximum attainable strain is similar to that found in a patented wire of
otherwise identical specification ( 35).

Early work to investigate the deformation of fine pearlite was
undertaken on patented wire or patented rolled strip, details of which
have been previously given (see CPGS 1 ). Initial work to elucidate the
deformation structure includes that by Kardonskii et al ( 58 ) who reporteé
what they termed as a "block-structure" in the ferrite with a 10 to 15 nm
scale: the ferrite and cementite plates had thicknesses of the order
of 25 to 50 nm and 6 to 12 nm respectively. They suggested that the
inherent strength could be due to either the pearlitic structure or to the
"bilock-structure” in the ferrite (the latter related to a Petch type
equation). ‘

Embury and Fisher ( 28 ) greatly improved on previous work and also
investigated the dislocation cell structure in the ferrite which was elongated

in the drawing direction. They also noted that the interlamellar spacing was
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a constant fraction of the wire diameter, indicating homogeneous,
axisymmetric deformation. This last point has been disputed by

Dewey and Briers ( 59 ) and Langford ( 60 ) who attribute the "wavy"
transverse microstructure to plane strain elongation. However,
Langford's original assumption that the apparent failure of this plane
strain to effect the rate of lamellae refinement being due to the
cementite fragmentation, has been shown to be erroneous. He has
considered in detail ( 35 ) the apparent paradox between macroscopically
homogeneous deformation, indicated by the relationship:

D
o . 2:8
€

mQJ' l—' !
o

where: is the initialbmean interlamellar spacing

the mean interlamellar spacing at a true strain ¢

[w N eT] e}
'
0]

is the initial wire diameter
D is the wire diameter at strain g,

and local plane strain deformation caused by the <110> wire texfure (the
latter giving rise to the typical "wavy" microstructure). It appears that
this local mode is defeated by redundant deformation of various types
fesulting in a nett deformation giving the impression that the wire texture
had had no effect. The "wavy" appearance of the transverse section is
apparently due to subunits deforming from an equiaxed form to a lenticular
shape in wire drawing. Work by Hosford ( 61 ), Peck and Thomas ( 62 ) and
Meiran and Thomas ( 63 ) has helped to explain the deformation modes leading
to this structure and the <110> becc wire texture.

It is interesting to compare other deformation modes with wire drawing
(see CPGS 1 for details). Aernoudt and Gil Sevillano ( 63 ) have examined
torsion of patented wire where the sfrain hardening rapidly falls to zero
during testing. This was attributed to there being a constant dislocation
free path in the ferrite in this case. Langford ( 35) has compared wire
drawing to strip rolling and has shown that a similar strain hardening
equation to that given by Embury and Fisher ( 28 ) (for wire drawing)
can be applied, although the derivation is not the same.

2:3.3.3 Strengthening mechanisms and work hardening in drawn pearlite

As previously noted (Ch. 2:2.2.1) the tensile strength of as
transformed eutectoid steel increases logarithmically with the reduction of
interlamellar spacing. This is only the first reason for high quality
patenting to obtain a fine structure, the second being the enhanced
ductility so obtained. Embury and Fisher noted that the dislotation
cell size formed in the ferrite by cold drawing was proportional to the

wire diameter, the initial cell size being controlled by the interlamellar
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spacing. In fig. (2:6) is presented their plot of proof stress versus
reduction in area. They gave considerable thought to the possible dominant
mode of strengthening. A simple fibre strengthened composite model was
suggested, i.e.:

= + -
oc o_V_+0 (1-v

Vet f) 2:9

where : is the composite failure stress

is the fibre failure stress

Q Qa aQ

c
£
m is the matrix failure stress

<

£ is the fibre volume fraction

The failure of this model to predict the material's strengthening
charaqteristics has beensdiscussed elsewhere (see CPGS 1 ). Another
fibre model (see CPGS 1 ) postulating a work hardening matrix with a non-

plastic second phase, predicts a relationship of the form:
' Y
c.oa (e ) :
c o | 2:10

where ;. _ ep is the plastic strain.

Embury and Fisher, however, did not find this, instead they showed that
the flow stress could be related to the mean transverse ferrite cell size,
thus:

g

- r -5 .
A SR 2:11

where: 9o is the apparent friction stress in ferrite

K' is the Petch slope

ab is the mean transverse barrier
intercept, where the barrier could be either cementite lamellae or
dislocation cell walls. Their results of proof stress versus ab is
reproduced in fig. (2:7). Although they did express caution in accepting
too strong an analogy with the normal Petch plot, it wés assumed that the
cell structure was thé dominant strengthening mechanism.

The use of transverse intercept values in the above and later work,
as opposed to the dislocation slip distance in the ferrite may, at first
sight, be unacceptable. McNeill, however, has shown that the errorsAso
introduced are negligible.

Chandok et al ( 65) continued the investigation (see CPGS, 1 , for
details) and noted the effects 6f drawing at various temperatures on the wire
strength (fig. (2:8)) which is of relevance when considering industrial
drawing practice. Embury, Keh and Fisher, ( 66), made a study of substructural
strengthening in a number of materials including patented wire (fig. (2:9)).

They concluded that in general no simple relationship existed between the

substructure scale and the plastic strain (fig. (2:10)). It appeared,
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howeyer, that the relationship:
5,k
. 2:12
Opp @ (db)

held for each material (c.f. Petch). Langford ( 60 ) pointed out that
the Embury and Fisher relationship (equation 2:13 ) appeared to be more
accurately obeyed by drawing at low temperatures (fig. (2:11)). As noted
above, he stated that the deformation is locally plane strain (as opposed
to Embury and Fisher who concluded it was homogeneous) although for the
incorrect reason. It can be shown (see CPGS 1 ) that Embury and Fisher's

theory leads to the relationship:

= + N 2:1
Ufl o,t_k exp ep 3
Za1: B
o 4
whereas Langford predicted:
= + " . -
Oe1 o, k", exp Ep 2:14
(d ) 5
o 2
where: 1 <B <2 ao is the initial mean barrier intercept.

It appears from Langford's later comments ( 35 ) that he now
believes that the failure of equation 2:14 is the result of a complicated
interaction between deforming subunits in the microstructure.

From the above comments it is clear that there has been some inconsistency
in considering whether the slip distance in the ferrite lamellae is controlled
by the interlamellar spacing or by a dislocation substructural spacing (the
pearlite colony size not affecting the flow characteristics, (11). It is
not obvious why the Hall-Petch approach to yielding should necessarily apply
if the slip distance is limited by the lamellar width. Both Takahashi and
Naguro ( 53 ) and Chadwick ( 67) have expressed doubts that a stress field
éaused by a dislocation pile-up on one side of a cementite lamella should
act through it to activate a dislocation source in the adjacent ductile
(ferrite) lamella. Similarly it is not clear whether a Hall-Petch
type of relationship, typically of the form:

Teq = Tt k@ ¥ 2:15
where: ¢ = % in the Hall-Petch casesapplies to plastic deformation
within a dislocation substructure. This latter point is dealt with in
more detail later in this chapter.

An alternative approach in the situation where the lamellar spacing
coﬁtrols the slip distance, is to consider the nucleation of a dislocation
in the cementite (the existence of which has been shown by empirical studies)
at the tip of a dislocation pile-up in the ferrite. Langford ( 35)
has stated that dislocations probably do not interact with the ferrite/

cementite interface due to the phases elastic modulii being similar.
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This is oversimplifying the situation at the interface. As continuity
there is generally maintained and as, in the géneral case:
lzcm# E)a 2:16
where: b cm is a burgers vector in cementite

bd is a burgers vector in ferrite.

dislocations are required to be generated in Ehe interface if deformation is to
proceed into the cementite. Such extrinsic dislocations would be present
in the interface in addition to 3 sets of intrinsic dislocations. .The
latter are present to allow for mismatch at the energetically favourable
orientation relationships which exist in this structure. Thus considerable
work will need to be done to propagate plastic flow, and strain hardening
will occur by this mechanism in addition to others. Clearly for generalised
plastic flow, asfobserved in practice, extrinsic dislocations must find
sinks, such as points where dislocations can be forced into cementite and
ferrite again. A further complication to this concept is the observation
that dislocations can be emitted from grain and phase boundaries under low
strains without the necéssity of pile-ups (see later).

The consideration of the work-hardening behaviour of this material,
during a tensile test for example, has been considered by a number of
workers, although the comments made in the previous paragraph concerning
dislocation dynamics have not been taken into consideration. Empirical
investigations have produced conflicting results. Takahashi and Nagumo
( 53) derived an expression for (ao/adkrby considering dislocation
densities which could develop between lamellae: _

(%g) = 95393»[po(1+3'€t)+5—%t] % [poB'fglx_] 2:17-
tr o a o a
where: d., B' are constants
n ferrite shear modulus
Aa ferrite mean free path

P initial dislocation density

Clearly this is a complicated relationship and in fact their
results did not support it (showing a Aa% dependence). Karlsson and
Linden ( 68 ) suggested that(Bc/BQtrwas not a function of the inter-
lamellar spacing, while McNeill's results ( 11) indicate that the
function increases &ith decreasing interlamellar spacing. In addition
he noted a reduction of the depen&éﬁcy of Qo/ae%rwith increasing €

P
and suggested that the Ludwig relationship:

(a_£> = k,n'eén"l) ' 2:18
aetr

where: ktun'are a function of eP,is reasonably well obeyed.
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Reasons for the dependence of the strain hardeqing function on

ep were suggested in terms of back stresses making dislocation
sources inoperative at high eP-while its dependence on lamellar
spacing was assumed to be consistent with dislocation generation at

the ferrite/cementite interface (as observed by Pickering, (17).

2:3,4 Dislocation substructures and related topics

2:3.4.1 Introduction

Thefproduction, behaviour and properties of dislocation sub-
structures have been subject to considerable investigation in recent
years, mainly in response to industry's requirements for stronger,
tougher materials. Such substructures are commonly produced by
thermomechanical working, and the term substructure strengthening
has, as a result, come into general use. The most common method of -
such strengthening involves cold deformation, i.e. at <0.4Tm (c.f. cold
drawing), to introduce a high dislocation density, which may be
followed by a recovery heat treatment to allow solute pinning or to
rearrange the dislocations into a more stable configuration. The
strength of a metal whose grains contain subgrains or dislocation
cells (the latter be defined as formed at low homologous temperature)
produced by such a technique, is greater at both ambient and elevated
temperatures than one with recrystallised grains of the same size (69)
Such substructures can, in fact, be produced by cold work with
recovery, fatigue, creep or hot working, only the first being considered
here in detaii. It is worth noting, however, that in each type of
deformation a cellular dislocation substructure is formed which
apparently does not affect the well known dependence of the flow
stress on the square root of the dislocation density. It has also
been observed that the cells become lafger with fewer interior
dislocations and more regular boundaries as the deformation temperature
and/or time are increased or if the strain rate and/or amplitude are
decreased (69).

An extremely thorough review of this field has been given by
McElroy and Szkopiak ( 70 ) and further useful reviews are due to
McQueen ( 69) and in the CPGS ( 1 ). The work reviewed includes
many other types of deformation other than that present in cold drawing,
however the following comments are restricted to this problem. It has
become conventional to refer to the non-homogeneous dislocation structures

that can be produced by cold working as tangles or cells, to distinguish
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them from typically higher temperature deformation structures such as
subgrains which show cleaner, more regular substructure boundaries (71).

2:3.4.2 Substructures formed from cold working

Basic concepts

Considerable work has taken place ( 70 ) to investigate dislocation
substructures in crystalline materials and has revealed 2 basic types
of dislocation arrangement:
(a) 3 dimensional networks - Frank nets;
(b) planar dislocation arrays - low angle boundariés.
The first is a network of intersecting dislocations with the vector
sum at any node being zero: they often possess a high thermal stability.
Planar arrays are often divided into ‘tilt, twist or hybrid boundaries
and can arise in a number of ways, the basic factér being an excess
concentration of one sign of dislocation in a region of the lattice.
The general form for the relation governing the dislocation spacing, h ,
is:

Ibl/h = 0 , for 6 < 5° 2:19
where: G~is the twist or Eilt misorientation
b the burgers vector.

An important feat;re of such planar networks is that long-range
internal stresses due to the dislocations are approximately eliminated
by their mutual interaction, while their short-range stress fields remain
k 72). The effect of soluteon such dislocation configurations manifests
itself mainly through its effect on the stacking fault energy (SFE). It
is considered ( 70 ) that the most important effects are those due to the
interaction of extended dislocations at nodes and the reduction in
cross-slip, the latter reducing the likelihood of dislocation rearrangement
so promoting the formation of cell walls (which can be regarded as 3-
dimensional arrays of dislocations as opposed to planar arrays). Theoretical
work on the behaviour of dislocations in foiming planar arrays (nets) of
various types have been produced frequently noting the effects of the
thermo-mechanical regime and microstructure. Many analyses are due to
Li (e.g. 72 , 73) along with reviews by other workers e.g. Thompson (71),
McQueen ( 69). It is not clear how closely these analyses can be applied
to practical cases but they have been of use in postulating the fundamental

causes behind experimental observations.

2:3.4.3 Substructures in-deformed polycrystals

Dislocation substructures are basically a function of one material
variable, the SFE, and 3 experimental variables, the values of sp and

ép and the deformation temperature. Their main effects are similar in
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both fcc and bcc structures provided the material has a SFE value

greater than approximately 0.03 Jm’z. In such cases cross-slip is

relatively easy, ferrite being an example (see CPGS 1 and McElroy and

Szkopiak (K»list values of SFE). In the case of cold deformation

dynamic recovery is slight ( 74 ) and the dislocation density and flow

stress increase monotonically with ep ( 69 ): the flow stress is
proportional to /5— (p the dislocation density) with the dislocation
distribution varying from uniform to cellular. The main features of
the structure developing with ep (fig. 2:12) are:

(a) ep < 0.01 - little interaction between generated dislocations;

(b} ep < 0.1 - dislocation density increases and clusters are formed which
develop into tangles;

(c) ep = Q.l - the tangles link to form a fairly well defined cell
structure (the cell wall being, in effect, a Frank network);

(d) on further deformation there is little reduction in cell size
but a gradual increase in wall dislocation density;

(e) at high strains (as is found in wire drawing) elongation of the
cells, aleng with transverse cell size refinement, coupled with the
development of a texture is often noted (e.g.69 ) (this is
particularly obvious in bcc materials 66 ).

The initial cell size formed in a single phase material is dependent
not only on the material SFE and the test conditions but also on the

grain size. Conrad et al (95 ) obtained a relationship:

a o & -1/3 2:20
where; éé is the mean grain diameter.
Often, however, a relationship of the form:
a aa ! 2:21
g o
) = ==k
or d od 2:22

g

is found, e.g. ( 76 ). The strain necessary to produce a cellular
structure decreases with increasing deformation temperature, fig. (2:13),
while the limiting cell size increases with deformation temperature,
fig. (2:14). Alloying additions to bcc materials, particularly carbon
and nitrogen in the case of ferrite, have considerable effect on the
substructure. In general the tendency is to increase dislocation
generation and multiplication rates along with accelerating tangle and
cell formation. Also a finer limiting cell size has been noted ( 77).
At somewhat higher temperatures (180°C to 300°C in the case of ferrite)
it appears that alloying elements may hinder cell formation by dynamic
strain ageing effects (see later). (The effects of alloying additions
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on fcc materials are generally more severe, cell formation only

being found at much higher strains.] Schlaubitz et al ( 78)

have considered the changes in the relative mobilities of edge and

screw dislocations in a bcc structure with temperature. They

postulated the existence of a transition temperature (Tt) above

which the yield stress is approximately constant and below which it

increased with decreasing temperature. It was suggested that above

Tt a cell structure could be formed due to the enhanced mobility of

screw dislocations. The process was related to the development of

textures and it was proposed that cells only formed in grains with
non-stable orientations.

The effects of a dispersed'second phase, such as carbides in
steels, is in>many ways similar to those of solutes: by increasing
the rate of cross-slip,dislocation interactions are increased. It
abpears ( 66) that the initial cell size formed in a variety of
materials is often a function of the microstructural scale of the second
phase (clearly of relevance to drawn pearlite). In general the cell
structure formed with a dispersed second phase in a bcc matrix
reduces continuously in size during deformation ( 66 ), fig. (2:15).
Thus a fine initial dispersion, as is found in a patented eutectoid
steel, allows cold drawing to form an extremely fine cell structure
(29 ), fig. (2:16).

Theoretical work has been carried out on the formation and behaviour
of dislocation cells. Karashima et al ( 79 ) considered the stability
of uniform dislocation distributions by means of an energy analysis.
They assumgd that, either:

(a) dislocations arrange themselves to minimise the shear stresses at
constant strain rate, for tensile deformation; or,

(b) dislocations arrange themselves so the strain rate is maximised,
for creep deformation. They derived formulae for each case
defining a critical dislocation density (pcl.above which a cell
structure would form (see CPGS 1 ).

Holt, ( 80, 81 ) has considered alloys where the pfior
thermomechanical history is not significant in the building of a cell
.structure (not in pearlite or ferrite but, for example,>in the fatigue

of high SFE alloys). He looked for situations where the initially

uniform dislocation density was unstable to periodic fluctuations (é.f.

spinodal decompositiorn) due to a lowering of the elastic energy by

cluétering. He showed that fluctuations of certain wavelengths grew
most rapidly, this wavelength being identified with the cell size. The
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wavelength also corresponded to the scale of dislocation interactions,
implying the cell size was determined by the distance at which the
elastic stresses of the dislocation walls became too small to effect
the motion of free dislocations.

Bergstrém ( 82 , 83 ) has advanced a model describing the
dynamic equilibrium of dislocation generation and recovery in a
material of constant grain size.‘ He examined in the post-Liiders
stage of deformation by which point cells (which were assumed to be
stable) had been formed. It was suggested that strain hardening
occurred due to the increase in density of immobile dislocations. The
model is summarised in fig. (2:17).

2:3.4.4 Post-deformation phenomena—

General comments

The effects of annealing cold-worked materials, at progressively
higher temperatures, on the defect density and distribution, phase
dispersion and physical and mechanical properties, is of considerable
importance. Following McElroy and Szkopiak's definitions, the
commercial heat treatments that can be given to patented wire after
forming can be defined as low or intermediate recovery. It is generally
accepted ( 69 ) that during annealing the material's strength decreases
as a result of static recovery which takes place by processes of cross-
slip, climb and combination or annihilation of dislocations, e.g.
fig. (2:18). The activation energy for recovery is usually the same as
for volume diffusion and the processes show no incubation period,
proceeding with decreasing driving force and rate as the substructure
approaches lower energy states. i

During low temperature recovery ( 70 ) considerable elimination
of point defects occurs, by annihilation or clustering or by
segregation of other atomic species to such sites. At these temperatures
(<0.2Tm1 only slight_rearrangement of dislocations can occur, the major
cause of changes in mechanical properties being due to static strain
ageing effects (see later). At intermediate annealing temperatures
(0.2Tm toO.4Tm) dislocation interactions (such as those detailed later)
can occur, the result being some reduction in the cell interior
dislocation density along with a reduction in the thickness and
complexity of the cell walls ( 70 ): these substructural rearrangements
relieve residual, internal stresses. Given extensive annealing,

particularly at higher temperatures, the cells develop into subgrains
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with well defined dislocation nets as boundaries. It has been noted (69)
that the rate of recovery can be increased by imposing an external
stress (essentially a'form of creep). Recovery may also be promoted by
solid solution additions since the solute can pin the cell walls:
however, it may hinder recovery by reducing the SFE. A dispersion of a
second phase stabilizes a dislocation substructure by inhibiting cell
wall migration and growth.

Sandstr®m ( 84 , 85 ) has considered the mechanism and kinetics of
subgrain and cell growth and coalescence, and of dislocation recovery in
these structures. Expressions were derived for the retarding behaviour
of a dispersion of a second phase and mechanisms for subgrain recovery
were summarised as: .

(a) pair annihilation of dislocations in the walls;

(b) pair annihilation of dislocations in subgrain interiors;

(c) transfer of dislocations to the cell interiors by emission from the
walls; '

(d) transfer of dislocations from the cell interiors for absorption in

‘the walls;

Subgrain growth mechanisms were suggested to be:
(a) extraction of wall dislocations;

(b) emission of wall disiocations;

(c) migration of dislocations in the boundaries;
(d) migration of boundaries. '

McQueen has pointed out some of the advantages of annealing after
cold working. Annealing can be carried out so that there is no significant
dimensional change nor a change in the surface condition (both of which
are usually important where cold working processes are employed) . The
reduction in residual stresses can itself lead to an improvement in
dimensional stability and corrosion resistance. The main effect is
often an improvement in the mechanical properties by a reduction in the
mobile dislocation density. In many cases it is not clear how this
is brought about: strain-ageing (see later) and dislocation interaction
and annihilation are possible causes. (Work by Myshlayaev et al (86)
for example has shown an increase in the cell wall stability by the
formation of loops and stacking-fault tetrahedra on quenching.) In
the case of low temperature mechanical properties it is the effect of
post deformation annealing on the work-hardening rate and the tensile

strength which is most significant.

- 25 -



2:3.4.5 The effects of strain ageing with particular reference to

annealing of patented wire

Considerable work has been undertaken on the phenomena of interstitial
and substitutional strain ageing and there exist a number of extensive
reviews, the most relevant being those due to Baird ( 87 to 91, and 92)
In addition, Brindley and Worthington ( 93 ) have reviewed the effects of
substitutional solid solution on yield-points and dynamic strain ageing.
Baird ( 92 ) has considered the main features of this phenomenon with
particular reference to the effects of interstitials in steels. It
manifests itself mainly by an increase in the flow stress on ageing
after or during deformation: ageing after deformation being termed
static strain ageing, while that during deformation being dynamic strain
ageing. Other properties may also change, e.g. a return of a yield
drop (particularly in low carbon steels); a rise in the ductile/brittle
transition temperature; a rise in thé tensile strength; a reduction in
tensile ductility and a decrease in the internal friction peaks. It has
been explained by the segregation of sélute atoms to form a Cottrell
atmosphere around dislocations which have been produced during
deformation ( A92)) in the case of steels this being mainly due to
‘carbon and nitrogen. Strain ageing is commercially important in a number
of ways: it can give an undesirable decrease in the cold-formability,
reduce thé toughness or cause problems associated with yield point
phenomena (e.g. stretcher stfains). In addition, dynamic strain ageing
can cause ductility troughs at certain working temperatures. There can
be attendant advantages (Baird (92)) such as the significant improvement
in strength of cold-worked steels and the improvement of fatigue and
creep properties.

The static strain ageing of a ferritic steel can be divided into
several stages with ageing time: initially the yield stress rises but the
work hardening rate remains constant; later the work hardening exponent, nﬂ
incréases; finally the properties degrade. The main effect of increasing
the ageing temperature is to make this sequence.ﬁore rapid. It is now
thought that an interstitial atmosphere is initially formed around
dislocations and this produces an increase in K', the Petch. slope
(equation 2:15). Later an increase in To is apparent which is thought
to be due to pinning of dislocations by other dislocations or by fine
precipitates. Most investigations into thése effects have been made with
rapidly cooled and aged samples to ensure supersaturation of solute.

It is not clear how closely the above work can be applied to situations
more approaching equilibrium (further comments are made later). The
comparative effectiveness of carbon and nitrogen as strain ageing agents
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has been reviewed by Baird ( 92]1. For a given solute coﬁcentration
their effect appears to be similar, however their solubilities vary
differently with temperature ( 92 ). At low temperatures (less than
100°c say) the equilibrium solubility of carbon in ferrite is very low
and it has been suggested that as a result its strain ageing capabilities
are insignificant. At higher temperatures, however, it has been
suggested ( 92 ) that fine carbides can redissolve at a rate which can
supply sufficient solute to give the obgerved effects.. In contrast,
below 100°¢C the nitrogen in such steels, which has a higher solubility,
can cause strain ageing, although the situation is complicated by the
possibility of interaction between free nitrogen and precipitated
carbides. Further complications occur with the addition of other
alloying elements. Those in solid solution only have an effect on the
rate of strain ageing if they interact with carbon or nitrogen.
Carbide and nitride formers, for example aluminium, zircaonium,
titanium, vanadium, boron, chromium and niobium, slow~the>ageing by
reducing, their equilibrium concentration, while such elements as
manganese also retard strain ageing by means of a- complicated interaction.

Dynamic strain ageing normally occurs at typical process deformation .
rates in the 100°C to 300°%¢ temperature range, although the lower limit
may be decreased by an increase in the free interstitial concentration.
Typically as dynamic strain ageing becomes effective the tensile strength
and the work hardening rate increase and serrated flow (the Portevin-
Le Chatelier effect] may be noticed. These are accompanied by a reduction
in toughness. The causes behind these changes and the effects of other
alloying elements are similar to those of static strain ageing, although
it is thought that nitrogen is generally more important than carbon
pinning in the role of dislocation pinning in most steels (92).
It has been noticed that the dislocation density increases rapidly, being
nucleated to maintain the applied strain rate. The effects of strain
ageing during low temperature creep is of particular interest in the
present work. Baird f 92 ) has reported on the conflicting evidence
concerning the effects in ferritic steel. It appears, however, that .
solute pinning, e.g. by carbon and nitrogen, has little effect on the
creep rate whereas creep at higher temperatures (450°C to 650°C) in
steels with further alloying additionsfgppears to be somewhat retarded,
possibly by substitutional segregation or by the pinning by alloy
carbides (although the latter may be produced prior to creep).

In general strain ageing mechanisms which can be applied to the
case of patented wire have been developed from quench ageing studies,
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e.g. Phillips ( 94), Vyhnal and Radcliffe ( 95) and Kleemola and
Kuusisto ( 96). The way in which the supersaturated ferrite (with
interstitials and vacancies) decomposes has been shown to be a complicated
function of both the gquench rate and ageing temperature ( 95 ). Phillips
( 94 ) showed that the mode of decomposition (e.g. whether a

precipitate was formed and on what scale) was a function of the dislocation

density: the higher the density the less likely was precipitation to

occur, the carbon and nitrogen segregating to the dislocations as
interstitials. This last result was in contradiction to some earlier
work by Doremus ( 97 ). The crystallography of such precipitation was
studied, e.g. Phillips ( 94 ) and Leslie ( 98 ), and appears.to vary with
ageing temperature and alloying content. The effects of certain alloying

additions were described by Kleemola and Kuusisto (96 ) and Leslie (98),

chromium, manganese and nickel apparently affecting the solubility and

precipitation of carbides and nitrides. |
Strain ageing work on pearlitic steels has been considerably iesé
frequent: Peterson ( 99 ) has studied a range of hypoeutectoid steels

and noted that such a post-deformation heat treatment is of considerable

value in the case of medium and high carbon, cold drawn steel bars. He

concluded that atmosphere locking along with some precipitation could

explain the noted increase inAstrengths in such materials. Yamada (100)

has specifically considered the static strain ageing of eutectoid steel

wires and suggested that the processes can be considered in 3 stages with
increasing temperature (for constant-annealing time).

(a) Below 150°C: supersaturated carbon and nitrogen lock dislocations,
in patented pearlite he considered that the amount of supersaturated
carbon was insignificant as compared with nitrogen.

(b) In severely cold worked séecimens-annealed between 150°C and
250°C, further locking of dislocations occurred by interstitial
carbon from the dissolution of cementite.

(c) Above 250°% it éppeared that although the dislocations were pinnéd‘
by‘carbon, or possibly carbides, recovery and recrystallization
occurred, causing a degredation in mechanical properties.

Szombatfalvy's investigations ( 101) with patented wire considered the

effects of annealing on the mechanical and magnetic properties. He

considered that the effects below 100°C were due to a reduction in the
internal stress levels, while between 100°¢C and 250°C segregation
phenomena were important. He found that optimum mechanical properties

were obtained with a 200°C heat treatment.
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2:3.4.6 Comments on dislocation substructures produced by other deformation

modes

It has been pointed out, earlier in this chapter, that the term
cold deformation often disguises the fact that significant heating can
occur. Previous work on patented wire has not noted any effects of this
heating and it has been assumed that if adequate cooling is applied during
drawing, the structure and properties of the wire were not significantly
affected.

Hot working has been defined ( 69 ) as that at greater than O.STm
and at ép > 10i4s—1: the term has been subdivided to acknowledge the
various mechanical behaviour differences that have been noted. It is
Qenerally true to say that a subgrain structure is formed at an early
stageAand, due to a rapid rate of dynamic recovery, a steady state is
soon attained with little change in the subgrain size or shape or the
d?slocation density. (This is to be contrasted with the grains
containing these subgrains which elongate at high strains.). This
behaviour, which should be contrasted with that of cold deformation,
is depicted in fig. (2:19). Creep at temperatures greater than O.STm
and ép < 10_45—1 can produce similar subgrains. Details of both
situations are given by McQueen ( 69 ). He has also summarised
dislocation theories which have been suggested for the formation of
subgrain boundaries and their behaviour. Solute additions in general
appear to retard recovery (c.f. cold working) and it appears that a fine
second phase dispersion stabilizes the substructure and frequently
determines its dimensions. A review of flow stress and subgrain size
and stability at elevated temperatures has been carried out by Sherby
et al (102).

2:3.4.7 The effects of dislocation substructures on mechanical properties

2:3.4.7.1 Flow initiation in materials possessing dislocation substructures

A considerable amount of research has been undertaken on the effects
of dislocation substructures on material properties and in formulating
models for yielding and flow related to observed substructures. Li and
Chou ( 103) have considered in detail the role of dislocations in flow
stress/grain size relationships. They distinguished between several
types of model:

(a) dislocation pile-up models, both single layer and more complex
situations, along with the effects of second phases etc.;

(b) non-pile-up models, e.g. work hardening theories, grain boundary
source theories and dislocation dynamic theories.

They showed that the observed Hall-Petch observance with grain size can
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be accounted for by any of the models with varying degrees of success and’
plausibility. Since the Li and Chou review further work has been undertaken
to formulate more advanced flow models, e.g. Hirth ( 77,104 ), Ashby ( 105)
and Thompson et al ( 106): it is obvious that further clarification is
required. _

McElroy and Szkopiak ( 70 ) noted that several methods of producing
dislocation substructures have been employed to allow mechanical property
theories to be elucidated. They can adequately be subdivided thus:

(a) cold working,

(b) cold working and annealing,

(c) cold aﬁd warm working followed by annealing, -

(d) hot working'followed by a quench to suppress recrystallization,

(e) growth of single crystals from the melt.

Methods (b) and (c) have been the most versatile, the annealing "sharpening-
up" the substructures and producing a more uniform value of internal stress.
Wire drawing has been employed to great effect in these studies (see CPGS,1)
the degree of drawing being used to vary the cell size. '

Early work ( 70 ) suggested that the flow behaviour of such materials
cbuld be modelled by a Hall-Petch relationship, e.g.:

L

= 'a 2:2
Ogp = 05 *K d » 3

where: Ofl is the flow stress
oo is the friction stress
K' the Petch constant
d the mean subgrain/cell size
McElroy and Szkopiak ( 70) gave details of this work along with a summary
of values for oo and K' for various situations.
More recently the value of the exponent of the cell size (d) has come
into quesfion and a more general relationship has been suggested:
g =0, * K'a? ' 2:24
At high homologous test temperatures;experimental data indicates
¥ v~ 0.5 (McQueen and Hockett( 107), Miller and Sherby ( 108), Young et al
( 109)), the room temperature flow behaviour, however, does not in most cases
appear to follow this dependence. Yoﬁng and Sherby's work ( 110) with iron
alloys gives a value of ¥ = 0.79 and other workers (Abson and Jonas( 111),
Abson and Jonas (112 ), Annand and Gurland ( 113, 114)) have obtained
0.5 < ¥ < 1. A considerable amount of experimental data if plotted with
¥ = 0.5 gives a very small or negative value of oo: this appears to be

unrealistic (c.f. grain size dependence, Li and Chou ( 103)). Data obtained

by Langford and Cohen ( 32, 115) using iron wires drawn to high strains
(gp ~ 7) clearly shows a relationship with ¥ = 1, fig. (2:20). By using a
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model with dislocation loops bowing from a boundary net ( 115 ), they have
derived a relationship of the form: A
B = o ¥ &y, @ [§a|<a>“1 2:25
where: k2 is a bulk material constant (v2.5)
G the bulk modulus
?a the burgers vector in ferrite
More recent, extensive reviews of this field are due to Young and Sherby (110)
and Thompson ( 71). Young and Sherby used the generalized Hall-Petch
relationship (equation 2:24) and attempted to explain the variation of ¥
by postulating that below a given size, cells are a more effective strengthening
mechanism than the grains, for given test conditions, aé represented in
fig. (2:21). BAnnand and Gurland's work (113, 114) indicated a value of
¥ = 0.5. They suggested that other values of ¥ may be due to large numbers
of mobile dislocations in the interior of the cells, a high "redundant"
density in the walls, elongated cells and texture effects. Their cells were
found to be equiaxed with few interior dislocations with well defined cell A
walls.
Staker and Holt's work ( 116) showed that the flow stress, Tfl,
associated with a cell structure in a single phase material could be

represented by (fig. 2:22):

Tfl az Gl?l pw
where o is a material constant (v0.5)

pw is the dislocation density in the walls.
This is a well known relationship (e.g. see Li and Chou ( 103)) for uniform
dislocation arrays. In Holt's analysis ( 81 ), which applies to the cell

substructure case ( 71 ), the cell size should vary:

a =.E£: 2:27
vp
%
where k4}s a material constant, although it appears to vary
with strain, alloying content, strain rate and temperature ( 66 ). Combining

equations 2:27 and 2:26.

-1
e = Oy k4§|§| d 2:28

One advantage with Holt's energy analysis is that it is not concerned
with specific dislocation source or barrier models, although its wvalidity
is still not proved. Thompson ( 71 ) has suggested that equation 2:28
could be modified to:

—-¥
Te = Ty * K3 Gl?ld : 2:29

(c.f. Langford and Cohen ( 32,115 )) and has suggested that a value of

T ought to be obtained from single crystal work rather than by extrapolation
o
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-of polycrystalline data to infinite cell size. A plot of Tfl/G[§| versus
d due to Staker and Holt ( 116) for pure materials is given, fig. (2:23),
and for iron alloys, fig. (2:24), indicating a value of ¥ = 1. Care has
to be taken when attempting to-obtain a value oflw and the range
0.5 < ¥ <1 can often be shown to be acceptable for a given set of
data ( 77 , 71 ): one problem is, in many caseé, a restricted range of
d values. McElroy and Szkopiak ( 70 ) considered Y = 0.5 is generally
valid, although most of their data appears to be for recovered material.
Rack and Cohen's work ( 33 ) on drawn iron wires (qubted by Thompson ( 71))
apparently showed that ¥ decreased progressively from 1 to 0.5 as the
recovery treatment proceeded (see later). It appeared, however, that
for most materials with a predominantly cellular structure ¥ = 1. A
consideration of the variation in the values of oo and K' in equation
(2:24) was given by McQueen ( 69 ). There appeared to be a very wide
scatter in the values of 00 (unlike those of K') for any one alloy
including negative values. McQueen dispensed with this anomoly by the
use of an Abson and Jonas ( 111) relation of the form:

'
= n =-p5—% .
Og1 = 9% + K" 4 "d . 2:30

indicating that the boundary became stronger as the substructure scale
decreased. This argument appears now to be unnecessary due to later work
described here.

The theoretical reasons behind this dependence are not altogether
clear (see Thompson ( 71 ), Bassin and Kuhlmann - Wilsdorf (117),
Li ( 72, 73) for theoretical reviews). The main problem is the
consideration of how a dislocation source in a wall, e.g. a segment of
the network, behaves under both internal and applied stresses. Such models
appear to work quite well for cells, whether the movement of dislocation
segments are considered or (after high deformation) if the wéll is considered
as a tilt boundary ( 73 ), the latter concept being rather more dubious (71)
Another interesting possibility, also commented on by Thompson ( 71.), . is
the penetration of walls by mobile dislocations, which is more likely for.
cell walls than for subgrain boundaries. ‘

The flow behaviour of subgrains at room temperatures isigenerally
accepted to be more like that of grains with high angle boundaries, i.e.
¥ = 0.5. Such planar arrays of dislocations can be prcduced by either
dynamic recovery or by post-deformation heat treatment, as has been
discussed earlier in this chapter. It is clear, however,lthat even the
empirical behaviour of these structures is not well understood. In
addition, as previously noted, no universally accepted model for the

Hall-Petch effect is available. It is also clear, that the degree of
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refinement of the substructure boundary which predominates in a single
phase material, can control the value of VY.

There is also the problem, as raised by Young and Sherby (110)
of the dependence of ¥ on the value of d alone: the concept is shown in
fig. (2:21) and experimental data is given in fig. (2}25) for a tungsten
steel supports this, in this case implying that an intrinsic value of
¥ = 0.5 does not exist below d v lum. Thompson ( 71 ) has quoted work
on pure nickel supporting the idea that cell structures can be stronger
than comparably sized grains (or presumably subgrains), fig. (2:26),
although other work indicates the reverse may be true (111). The
bésig reasons why this appeared to be valid was not clear, but it is
_likely that the causes will only be found when yielding behaviour itself
is understood more fully.

In most practical situations it is likely that a mixed cell/subgrain
structure will be produced: It seems reasonable to postulate that the ¥
dependence will be characteristic of the stronger boundaries present. Thus
for a.small substructure size ¥ = 1 until a significant fraction of the
cells are recovered, otherwise 0.5<V¥ < 1. ‘

A considerable proportion of the experimental work in this field
has been unde;taken on iron and iron alloys. Effort has been given to
understanding the strain ageing effects (e.g. Embury et al ( 66),
Warrington ( 118), also see section (2:3.4.5)) which were thought to be due
to interstitial pinning. However, Rack and Cohen ( 33 ) have apparently
shown that this behaviour is not dependent on the presence of mobile
interstitials. Thompson ( 71) suggested, although with little
substantiating evidence, that this may be due to the possibility, in a
bcc structure as opposed to an fcc one, of "mopping-up" free dislocations
‘in the cell interiors. Dynamic recovery processes which remove mobile
dislocations also appear to be unlikely accoiding to Thompson ( 71)
who pointed out that similar amoupts occur in both pure iron and copper
while no strain ageing effects are noted in the latter. A further possibility
is the recovery of redundant dislocations which are included in the cell
structure during deformation, due to the presence of the {10> bcc wire
texture (Hosford ( 61 )).

The above review indicates the complexity and lack of understanding
in this field, even in the case of single phase materials. The problems
are more severe for the case of two phase structures such as patented wire,

e.g. see Embury et al ( 66 ), and isoformed steel, e.g. see Irani ( 119).
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Some workers, e.g. Thompson ( 71 ) apparentiy feel that the above
analyses probably do not apply. It is possible, however, that it is
the interpretation of such models when applied to two phase structures
which is the key step in understanding their meclanical behaviour.

2:3.4.7.2 oOther mechanical properties

Dislocation structures, whether cells as initially formed or subgrains
when recovered, also have effects on other properties: some examples are
improvements in toughness, maintaining the strength levels, of isoformed
steel; or the improved properties, notably in the relaxation resistance,
imported by stabilized dislocation structures in drawn aluminium wire,
Chia and Starke (120 ). Also McQueen ( 69 ) noted the improvement in

creep resistance of many alloys imported by such structures, although

the behaviour is'complex.

- 34 -



[;C)() ::——_-————‘—‘_———‘———""————ﬂf’_/,,,,,,,,,,,,,,,f

MPa pearlite

ZOO_ ferrite grain size

Mn + Peierls stress \

Si+ N

%

Pearlite 100%

Fig. (2:1) Components of yield strength (12)

- 5% '95% 5

100}

| l2 o | 1 .5 16
1 10 0%ime () 10> 10

Fig. (22 TIT diagram for a eutectoid plain carbon steel (292)




4000

Fine Pearlite

3000
MPa
2000
Coarse Pearlite
1000}
| 2 3 7
expEeis)

Fig.{2:3) Increase in proof stress with wire drawing strain (28)

Thickness of cementite lamellae, pm

0-0001 0-001 0.01 01 1.0
I 1 1 | L
BRITTLE I W——in wire drawing e
0 MOSTLY | - -
= BRITTLE
CPARTIALLY | w_w
O  PLASTIC
2
©  MOSTLY | _ w
PLASTIC W W W W W
&  FuLLY|[_ w__ W W
B PLASTIC
£
‘6 ] ] J ] ]
g 0-001 0.-01 01 1.0 10.0
Interlamellar spacing, Mm

Fig. (2:4) Evidence of a size effect of the plastic deformability of
pearlitic cementite (35).



Original Expected Actual Type of
colony result result deformation

I I i E I i HH homogeneous

i

homogeneous

Fig. (2:5) Modes of deformation in pearlite (35)

4000

MPa

. 3000

stress

2000

Proof

1000

]
10 20 30 40 50 60 70 80 90
% Reduction in area

Fig. (2:6) Increase in proof stress of drawn pearlite with drawing
reduction (28).



44T

MPa

l0<.-‘J(crﬂ)

689 :
10 100
k)g(agb pm

Fig. (2:7) Relationship between flow stress and substructure spacing
in drawn pearlite

3447

MPa

2759

strength

2069

Tensile

1380

0O 10 20 30 40 50 60 70 80 90 100
Reduction in diameter %

| | ! 1 I 1 1 | |

Fig. (2:8) Effects of wire drawing temperature on tensile strength (65)



900

500
10

100+ pearlite

0 1 2 3 4 5

Fig. (2:10) Observed cell diameter with true drawing strain in the
absence of dynamic recovery (66).

drawn p.
OLI
rolled p.

3000 E_e-OJC—O.SMo |

DPQ0 o0

2000

MPa

_ 1000
b

0 2 4 6 8 10
-1
d 2 Fm'%
Fig. (2:9) Flow stress of drawn materials with cell diameter (66)




3000

2000

strength MPa

Tensile

T
&
(@)
N
A\

1000

0 1 2 3 4 5

. _ p
Fig. (2:11) Effect of wire drawing

\\

2 o
o 5
O - . *
s -— (@) m\I (@ 1)) ™~ —
T o 3 = @
¢ O o D v
£ ke o v O (8] .m. v
L) | ~ 3 - 4 )]
:m O - — nmw w
$ = - ¥ v & T g 3
£ 8 ¢ O £ x
-] E — E € O
2 5 O S n S
= S o . T *
° 3, @ &

Fig. (2:12) Development of a dislocation cell structure under cold work
with true strain.



50
&)
° OF Cellular
O
hei
o
g _5ok Tangles
£
L
[
| -% Networks

E. -100
S
[
o

150 | | | |

0 005 010 015 0.20
£

Fig. (2:13) The.true strain necessary to produce a cellular substructure

5

pm

0

-100

Fig. (2:14)

P

in o (70)

0.25

500

100 200 300 400

Deformation temperature ©°C

0

temperature in o« (70).

600

The dependence of 1imiting cell size on deformation



415

S
E 125 =
=

g
B =
¢ 2
S 075
o - h
.05 o

2 N

- .025
.1 -

20 40 60 80
% reduction in thickness

Fig. (2:15) Cell size as a function of rolling deformation for (a) edge
section (b) face section (Fe), (c) pearlite (66)

20
<
o
(o)
Py
15F
10 | L |
0-04 0.05 0.06
1 o—1
(dy 2 A 2

Fig.(2:16) Cell diameter as a function of true strain in patented wire
(28).



IMMOBILE

(S s
TN
=
o
@
=
Z
z S
2 =
< =
L
oz —
O z
<

Fig. (2:17) Bergstrom's dislocation model (82, 83).



Tk g |7 B
3 ) WW u,/% e x”\ N ﬁ e /ﬁf “\\\ ////2//;
et %wm ?/%\%i “/, 2 s\\ 0 f;;, »
A w = \\ \.\\\\Q\\ 4,
L%, %ﬂ o
M \\i&\\@ s //
P N\
v .- 0 m
3 = O S 3 C
@ ? © L O
£ c 3 T E A o)
o o n = P> v
< = O n o
3 T = < -
5.% 2 & S
n £ nVW C o) o >
< NN g O — m o
£ —

Fig. (2:18) Behaviour of cell structure during recovery (69)

Undeformed:
individual dislbcations
sub-boundaries

Deformed to 05:
subgrains
Deformed to 20
steady state

Deformed to | 01:

Fig. (2:19) Development of dislocation w:am1m~= structure on hot work
with true strain (69)



1000

MPa

500

O | | 1 1
0 2 4 6 8 10
g um’!

Fig. (2:20) Change in flow stress with cell diameter for iron
wire: y=1 (32, 115).

grain boundary

strengthening
important

’g, ‘ grains
I 4~
b <Y
o)
2 I
subgrain
boundary '
strengthening
important

log d

Fig. (2:2 1) Schematic representation of the trends predicted by grain

and subgrain strengthening for a given material and test
conditions (110).



§

4L
o2

afc
2 —
///
P 7
/, | ! 1 1
()0 2 A 6 8 10
p“%_‘ mm! <107

Fig. (2:22)

Variation of f10w~stréss with wall dislocation
density (116),1/G|b| standardized to room

100 temperature
data in scatter band from: pure Cu
pure Al
pure Fe
T
S
3
10
o
lo
1 I
01 1 10
d pm

Fig. (2:23)

Variation of t.y/6|p| with @ (116) for selected pure metals



10

| | I O ] ] |

- d um

Fig. (2:24) Variation of ff]/GIQl_with d for selected iron alloys (116).

a) t/G|b| is at the test temperature
b) t/G|h| is standardized to its value at room temperature by dividing

by the CotbrelL-Stokes Foctor.




1000-

100.0 -

o
ﬂ_ fas
=
b°.
" -
b
100 ' \
01 1.0 10-0
d um
Fig. (2:25) Variation of parameter y with d for a tungsten steel (110).
/
/ data for
/  subgrains
. 600 /
g /
=
400
b~ —_—
200 data for grains
| 1 |

Fig. (2:26) The reiativé strength of grains and subgrains in pure

nickel (71)

N
d 2

-

3



3. Microstructural studies of patented wire

3:1 Introduction .

The microstructural studies undertaken in the present work were
directed towards an improved understanding of the mechanical properties
of patented wire, particularly the nature of stress relaxation. As
relaxation could not be investigated in situ in any available microscope,
the research philosophy, as detailed previously, made use of the industrial
practice of annealing the wire before use, thus obtaining significaht
improvements in yield strength and relaxation resistence. Examination of
the wire in the following conditions was undertaken:

(a) As received (i.e. as drawn), A/R;

(b) A/R + LTHT "A" (30 mins at 200°C);
() A/R + LTHT "B" (300 mins at 200°C);
(@ A/R + LTHT "C" (30 mins at 300°C).

Industrially, material (b) is found to exhibit the optimum combination
of yield strength and relaxation resistance; material (c) was examined in
an attempt to exaggerate the microstructural changes which improve the
mechanical properties while material (d) is known to have fufther improved
relaxation resistance, although the yield properties deteriorate (see
chapters 2 and 4 for further details). A high resolution transmission
electron microscopy (TEM) study was undertaken (for practical details see
A.I:2.1) to extend previous work on the as drawn wire and to attempt to
characterise the microstructural changes: this study was essential as
optical work was shown to lack the necessary resolution fig.(3:1).
Scanning electron microscopy was briefly employed to record the fracture
of the wire, fig.(5:1). Extensive field-ion microscopy (FIM) and atom
probe work was used to give extremely high resolution structural data and
to study segregation phenomena in the first 3 materials listed (details in
A.I1:2.2). _

As discussed in detail in chapters 2 and 4, the mechanical behaviour
of the ferrite is the critical influence on the yield and relaxation
properties of patented wire. This proved fortunate, as work on the cementite
phase would have been far more difficult to accomplish with any of the
available techniques.

3:2 Transmission electron microscopy studies

3:2.1 Introduction

TEM was employed to study the dislocation substructure present in the
wires: the same initial as drawn wire was used as in the mechanical
testing programme (Ch.5) i.e. 4.25 mm or 4.0 mm diameter music wire:

details of the problems encountered and the practical solutions evolved
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are given in A:I. The essential difficulties in thinning and observing
this type of material are due to both the very fine microstructure and
the rapidly varying internal stress levels due to the cold work involved
in drawing. It was found difficult to thin the two phases at the same
rate, which left the cementite lamellae proud of the surface, examples
are noted later, and also to produce what is normally regarded as a
reasonable amount of thin area. The latter problem was, in fact, often
not important owing to the fine scale of the microstructure. Despite
these problems a knowledge of the material superior to that of previous
work has been obtained.

3:2.2. A/R microstructure

As described in the.experimental details, each material was examined
in both transverse (T/S) and longitudinal section (L/S) and where possible
examinations were made at various distances from the wire "surface. The
appearance in the 2 sections was essentially similar, except that in the
latter the alignment of the lamellae along the wire axis was more evident.
A typical appearance of the T/S is shown in fig. (3:2): it can be seen
that the cementite lamellae in this region, although having undergone
severe plastic deformation, show little sign of fragmentation, however
they are strongly aligned with the wire axis. The rapid variation in
contrast conditions in the ferrite is indicative of variations on a similar
scale of its orientation: in some cases this change in contrast is abrupt
while in others it is more gradual. In this area. the typical ferrite
lamellae width (which is not subject to the normal magnitude of sectioning
errors because of its alignment) is of the order of 16 nm to 80 nm while
that of the cementite varies from 7 nm to 15 nm. Fig.(3:2b) shows an
area where the lamellae are more aligned in the section, although not
necessarily along the wire axis as shown by the cementite lamellae in the
centre. In this case the field of view contains 2 colonies and shows an
interesting zone of higher deformation (indicated by contiguous kinks in
the cementite lamellae, rather than by their fracturé). The inhomogeneous
effects of plastic deformation on the pearlitic cementite is well shown in
fig. (3:2¢) where the cementite lamellae thickness varies from approximgtely
25 nm to less than 1nm. Shear zones which pass through sucﬁessive lamellae
can also be seen and in some cases the cementite, where kinked in such
regions, has extensively plastically thinned. It was generally observed
that in rggions of high plastic deformation, cementite coarsening was

frequent, again such areas are visible on this micrograph. Another example
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of this last point is shown in fig.(3:2d) in a region of severe

bending. The axis of rotation has been such that in some areas

bending and rotation of the lamellae has occurred while in others
fracture of the cementite followed by coarsening is evident. Further
examples which indicate the severe plastic deformation which can occur

in certain regions during wire drawing are given in fig. (3:3a,b): in
certain favourable regions dislocation substructure in the ferrite
lamellae can be identified. The majority of areas examined retained

the basic lame¢l lar structure, but some regions, however, showed ratﬁer
greater fragmentation of the cementite. This is shown in fig. (3:3c),
which also gives examples of the rotation of the cementite enabling
internal structure to be made visible. Occasionally extensive
spheroidization of the cementite was observed fig. (3:3d): this type

of effect could not be correlated to the position in the wire. Further
examples of contrast observed in the ferrite are given in fig. (3:4).
Sharp boundaries were often noted across ferrite lamellae-along with
linear features: in a bright—-field examination, however, it was not, in
general, possible to estimate the extent of the dislocation cells present
or to examine the cell wall structure. An exceptional specimen is shown
in fig. (3:4d) where the cementite thinned at a similar rate to the ferrite:
this allows contrast to be seen in the former indicating the presence of a
dislocation substructure in this phase in addition to that present in the
ferrite. _

This last observation was confirmed by using a centred cementite
reflection to-obtain a dark-field image. The typical result is that shown
in fig.(3:5), the particular reflection chosen illuminating certain cells
in the substructure. This substructure is-clearly on a very fine scale,
much finer than that in the adjacent ferrite, and was of the order of 1 nm
to 10 nm in transverse size. Ferrite centred dark—field micrographs, a
typical example being shown in fig.(3:6), allowed an accurate estimation
of the ferrite cell size to be obtained. As can be observed the cell
(i.e. ferrite of similar orientation) extends over several. lamellae and
is bounded by ei;her a cementite lamellae or a distinct cell wall. Linear
features, due to dislocation nets, can be seen in the cell walls and the
variation in contrast in the cells is due to poorly resolved dislocations
present: particularly strong vafiations were frequently noted near the
ferrite/cementite interface indicating a higher dislocation density in

these regions. The most favourable situation fof the observation of the
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cell wall structure is in situations where it is at a shallow angle
to the foil surface: a good example is shown in-fig.(3:6c) from a
transverse section. The arrangement of the dislocations visible in
the cell wall can be seen to be complex and is not easily resolved:
the typical feature spacing is of the order of 1 nm and it is likely
that many dislocations present are not visible.

The SADP's given in fig. (3:6) are exceptional in that they are
from areas with few sub units, i.e. little orientation change. A more
typical example is that given in fig. (3:7) with the corresponding
bright-field image. Characteristic arcing of the reflections can be
seen indicating a gradual change in ferrite orientation, (the smallest
selected area aperture available, 10 um, was always used) although the
individual reflections show that the orientation variation takes place
in discrete steps, i.e. at cell walls, not continuously.

It was found that the normal techniques for magnetic and objective
astigmatism correction were not adequate for this material due to its
fine 2 phase structure and high dislocation content. A technique was
evolved where after the normal magnetic correction techniques had been
applied in dark-field a further correction could be made at high
magnification by ensuring the single cell under investigation, whether
it was ferrite or cementite, showed no image movement on going through
focus. This having been achieved, a more accurate objective astigmatism
adjustment could be attempted although this was always made difficult by
cementite and ferrite requiring different corrections.

Longitudinal sections of the A/R wire were examined in an analogous
manner. Similar features to those seen in the transverse section were
observed in both the ferrite and‘cementite lamellae although, as might be
expected by the deformation mode, the lamellae were strongly aligned along
the wire axis. Examples of the general microstructure are given in
fig.(3:8), the incremental change in the ferrité orientation being again
shown in the given SADP and in areas of favourable contrast the evidenée
of dislocation networks can be observed in the ferrite. Micrographs of
a centred dark—field ferrite reflection (again using the smallest
objective aperture available to restrict the observation to a single cell)
are given in fig.(3:10). Contrast variations due to dislocations within
the cell are clearly apparent and,where the cell walls are inclined to
the foil surface dislocation,nets can be seen, fig. (3:}Oc). Attempts Were

made to improve the resolution of dislocations by means of weak-beam
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techniques: this proved difficult although in some cases single
dislocations in cell interiors were resolved fig.(3:11 ). It was
considered that although dislocations in cell walls are effectively
pinned during thinning of the TEM specimen, dislocations within a
ferrite cell (whose dimensions were often greater than the foil
thickness) could be lost as they are securely pinned only at their
ends at cell walls or at ferrite/cementité interfaces.

Estimates were made of the transverse and longitudinal dimensions
" of the ferrite cells from a large number of TEM specimens: no
significant variations in cell size were found with position in the
wire. The distributions are given in fig.(3:12).

3:2.3 A/R + LTHT "A" microstructure

It is in this condition that the patented wire shows the optimum
combination of strength and relaxation resistance. The TEM was there-
fore used in an attempt to characterise any changes which may have
occurred in both the T/S and L/S. An extensive survey‘of the material,
however, failed to show unambiguous trends brought about by the annealing
process. No spheroidisation of the cementite was obvious and the size
distfibution of the ferrite cells was not significantly changed. A
general impression was gained of a slight reduction in the dislocation
density which was indicated both in the lowering of contrast variations
in the ferrite, and by improving resolution at cell walls. Fig.(3:13)
shows a number of areas in T/S:. with similar features to those described
in the previous section. In some areas the cementite lamellae can be seen
at a shallow angle to the specimen: in such areas substructure in this
phase can be seen although resolution is poor due to its thickness. 1In
fig.(3:13e) is shown an area of cementite coarsening at a colony boundary:
_it is thought that this occurred prior to the LTHT as it was also observed
in the A/R material.

A weak-beam image of dislocations withih a ferrite cell in L/S is
" given in fig.(3:13f): typical spacings are of the order of 0.5 to 3 nm.
Attempts were made to use the g. b = 0 criterion to characterise the
dislocations present. As the strain fields qf the dislocations present
would usually interact (due to their close spacing) it was known that the
invisibility criterion with any given g reflection would not necessarily
be valid. This proved to be the situation in the few cases where other
observational problems, e.g. variat;ons in orientation within a cell,

allowed an attempt at such a determination. . An example is given in
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fig.(3:14) from a L/S where the cell walls were inclined to the
specimen. Image quality using_most g reflections were poor, the best
being shown in fig.(3:14b). However, as the linear features retained
the same direction with varying g reflection,it was clear these were
dislocation images rather than moire fringes. The dislocation structure
in another cell wall (also from a L/S) is shown in fig. (3:14d) the
typical spacing being of the order of 2 nm. The cell structure in the
cementite could also be revealed where the iamellae were sufficiently
thin. As noted previously, the cementite cells retained a similar
orientation over a relatively wide area, which is to be contrasted, in
most cases, with the variation of orientation of the ferrite cells in
the same area. .

3:2.4 A/R+ LTHT "B" microstructure

The prolongation of the LTHT at 200°C produced little observable
change in the microstructure an example of the T/S being given in
fig. (3:15). The effects of a slower polishiﬁg rate on the inclined
cementite lamellae is clearly shown in fig. (3:16a,b): high shear regions
can easily be identified. Occasionally the proximity of ferrite and
cementite reflections allowed a simultaneous dark-field micrograph to be
obtained fig.(3:17): the complex nature of the diffraction pattern does
not allow a full interpretation. Details of this micrograph, fig.(3:17c,d)
show contrast features similar to those observed elsewhere. In certain
instances the dislocation networks in the ferrite were particularly well
shown fig. (3:17,e, f,glAreas of localised shear were also observed,
flg (3:17 h,i)indicated by apparent twisting of the cementlte lamellae.
3:2.5 A/R + LTHT "C" microstructure

This material was examined in a similar manner to those above: again,
no significant microstructural changes could be found.

3.3. Field—ion microscopy (FIM) and atom-probe studies

3:3.1 Introduction

The development of the field ion microscope began over 30 years ago
when Miiller recognized that the resolution of a field-emission microscope
could be improved by using an ionized gas as the imaging medium ( 121).

. Considerable improvements were made following this initial work and wide
ranging reviews have been published (122 , 123,124 ,125). It is generally
trug that the resolution and magnifications obtained on the majority of
materials is less than the theoretical maximum, however it has still proved

itself to be an extremely powerful structural technique. 1In addition to the
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resolution and magnification obtainable, FIM when used under the
cprrect conditions can determine crystallogrpahic data and also
"micro-dissect" the observed area of the specimen by removing material
atomic plane by atomic plane.

In its simplest form the field—ion microscope consists of a vacuum
chamber in which the material to be examined, in the form of a needle
shaped specimen, is spot welded to a fine nickel tube connected to an
EHT supply. The specimen tip faces an earthed phosphor screen and is
cryogenically cooled. The chamber is evacuated to a high vacuum
(e.qg. 10_'9 torr) and a suitable pressure of imaging gas is introduced
into the system (10_4 torr). The imaging gas atoms are polarized by the
high electric field at the tip and are attracted towards it. If the
field is high enough selective ionization will occur radially from the
tip and these ions are allowed to strike the phosphor screen. It is
found that the protruding atoms on low index planes form concentrxic rings
and give rise to a characteristic ring structure on the FIM graph.

The background pressure in the microscope is kept low to avoid
specimen contamination and image degradation while the image gas pressure
must be high enough to give adequate image brightness but not so high as
to impair resolution. The relationship between tip radius rtip' the

applied voltage VE and the specimen ionization field Ec was given by

HT
Drechsler & Wolf (126):
Verr = Xrm Frip %o 3.1
where kFIM is a material constant between 5 and 10. Generally voltages

below 3 kV do not give useful image quality while above 30 kV insulation
breakdown usually occurs. The image magnification is the ratio of the
tip radius to the tip-screen distance. Typically tip radii are between
200 nm and 50 nm and the tip-screen distance is of the order of 100 mm.
Field evaporation of the material at the tip can occur if VEHT
is increased sufficiently. This process can be used to "clean" the tip
after insertion into the microscope and to remove, in a controlled manner,
material from the tip to investigate the 3 dimensional structure present.
The process can be observed by the low index planes shrinking in the image.
Details of this process are summarized by Dury (125 ). In principle, it
is possible to produce FIM images of a metal if its evaporation field is
~greater than the imaging field of the image gas used. In practice,
however, the situation is complicated by a number of factors, notablﬁ

the ability of the tip to withstand the high stresses produced by the
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electric field. (This problem is increased if field-etching at grain
boundaries, for example, producing stress concentrations has taken
place, or if the material is multiphase.)

Initial drawbacks in operating these microscopes on other than
refractory metals were mainly due to poor image intensity. This problem
stemmed from both the high field strengths required and also low phosphor
efficiencies of imaging gases other than hydrogen and helium. The
problem has been successfully overcome, largely by the use of channel
plates (127 ). .Improvements in specimen cooling have also enhanced
image quality. By'reducing the pressure over the liquid nitrogen in the
cryostat, temperatures of 65K,.can be obtained. For some studies the
use of liquid helium (down .to 4K) has been used,but.is expensive. A
more common method, is to transfer cold helium gas from a Dewar and
temperatures of 10K to 20K are coﬁmonly achieved.

The choice of imaging gas is controlled by the requirement that for
the tip material under investigation the gas ionization potential must be
significantly less than the field evaporation potential. These potentials
" are dependent on the specimen temperature and the structure at the tip.
Thus with multiphase materials, e.g. patented wire, it is often possible
to image only one phase adequately. Early work on imaging iron alloys
tended to use hydrogen (125 ). The image quality was, however, poor and
considerable etching occurs. In addition, in stainless steel microscopes
hydrogen is strohgly adsorbed, necessitating frequent baking out. The
best imaging has been obtained with neon at low. temperatures. However,
high field strengths are required tending to cause frequent specimen
failures. Details of imaging techniques and the imaging characteristics
of iron and iron alloys have been given by Youle (128 ) and Dury (125 ).
In general it can be said that {110} poles are well defined but {111}
poles are field-etched and are not well developed. As the alloy content
or the.dislocation density of the iron is increased, the resolution rapidly
- deteriorates. Precipitation studies were undertaken in several steels with
particular reference being made to precipitate coarsening kineﬁics in its
early stages.

The applications of FIM to metallurgical studies have become
widespread, and Ralph (124 ) has listed the following categories:

(a) The study of atomic scale defects, e.g. dislocations and vacancies;

(b) - Crystallographic defects e.g. stacking faults and slip steps;
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(c) The structure and crystallography of grain boundary and interfaces;
(d) Atomic scale ordering;
(e) Surface films; -
(£) Precipitation phenomena in the size range 1-100 nm;
(g} Compositions on the atomic scale.
Youle (128) has.given further details of each.

It is in the last category that the use of FIM and atom-probe microscopy
has recently shown the most significant developments. The atom-probe allows
quantitative compositional determination on an extremely fine scale. Other
quantitative techniques, e.g. those based on X-ray flﬁorescence, cannot
match the atom-probe's resolution and also they often cannot determine
distributions of low atomic weight species, e.g. C, N. The atom-probés
used in this work and their mode of operation are described in detail in
A:I.2.2. Details of imaging characteristics and interpretation of FIM
graphs have been collated by Dury (125), with particular reference to the
study of pearlitic steels. .

Considerable use is now being made of computer techniques in the analysis
of FIM and atom-probe data: Youle (128 ) & Dury (125 ) have given information
on these. Such techniques allow the relatively easy generation of 3-D
information from experimental data, e.g. particle size and shape distributions.
In addition they allow the reduction of data from the time-of-flight atom-probe
to give spectra of numbers of ions with given mass/charge ratios: it is this
last application which has been used in the present work.

3:3.2. Previous FIM and atom-probe work on pearlitic steels

The first systematic work using these techniques was that due to
Morgan & Ralph (129 ) who imaged pearlite in hypereutectoid and eutectoid
steels and were able to determine a a/Fe3C orientation relationship.
Dury (125 ,130 ) extended this work on plain carbon hypereutectoid steels
along with commercial grade patented wire. In addition he studied the
deformation of pearlite and the pearlite reaction in the Fe-N system.

Dury summarized the FIM work as follows:

(a) The orientation relationship between o and Fe3C in pearlite were
found to be within 10° of either the Piﬁ?h or Bagaryatsky relationships;
(b) The habit planes for the Pitsch relationship were found to be within
20° of (001) -
a larger scatter but tended to be grouped about the (010)Fe3C zone;

The habit planes for the Bagaryatsky relationship showed

(c) For steels near the eutectoid composition, the proportion of colonies
exhibiting the Pitsch relationship increased with the Mn content or the

total alloy content of the steel. (Two possible mechanisms for this were
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suggested: the first considered the effect of Mn on the lattice parameter
of Fe3C and the second concerned the effect of alloying elements on the
interfacial energies of the 3 phases involved).

Dury's work showed that deformation of pearlite causes deformation of
the FeBC plates perpendicular to the wire axis and lattice rotation, with
respect to the ferrite, may occur. Slip steps and dislocation pile u€$.
in the Fe3C were noted although the observation of individual dislocations X
was inconclusive. Dury also noted the presence of dislocation sub-boundaries
in the ferrite with misorientations in the 1° to 5° range and it appeared
that the majority of the boundaries were roughly parallel to the wire axis.

Recent work using a time of flight atom-probe has been undertaken by
Miller & Smith (131 ), Smith et al (132) Miller et al (133). These workers
haye used a commercial patented wire to investigate the partitioning of
substitutional solute atoms between the phases present. The machine employed
was similar to that used in the present work. The probe hole was initially
aligned and re-aligned during use by the regular admission of an imaging
- gas and the specimens were nitrogen cooled. It was noted that in the steel
studied the silicon. content of .the ferrite matrix was twice that of the
cementite whilé Mn enrichment was found near the interface, Cr, Ni and Cu
was also found to segregate to the interfaces. It is interesting to note
that they did not detect any sign of dislocation cell walls in the ferrite
matrix, although this might be due to poor image quality. They were also
unable to image the cementite laths adequately which they observed in their
specimens, due to the choice of Ne as the imaging gas. The cementite laths
in their micrographs had the appearance of deeply field-etched ,non-imaging
areas and this is discussed later.

3:3.3. Present Studies on .patented wire

3:3.3.1. “Introduction

In the present study, it was necessary to characterise the dislocation
substructure and segregation of substitutional and intérstitial solutes
in the ferrite matrix,particularly with varying LTHT in order to elucidate
the behaviour of patented wire in simple tensile testing and tensile
relaxation. A plausible explanation of the dramatic improvement of mechanical
properties is a strain ageing effect (see section (2:3.4.5)) on LTHT of
interstitial solutes C & N. The atom-probes with their unique characteristics
have proved ideally suited to this problem. Experimental details of this work
are summarised in section (A.1:2.2). The material investigated was BS 1408,

0.6 mm diameter wire with batch composition (in wt$) :
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C Si ‘ S P Mn
0.82% 0.23% 0.025% 0.015% 0.68%
which is similar to the 1408M wire used in the mechanical testing programme.

The wire was.studied in 3 conditions:

(a) A/R
(b) A/R + LTHT "A" (30 mins @ 200°C)
(¢) A/R + LTHT "B" (300 mins @ 200°C)

LTHT "A" is typical of that used by the wire industry in the production of
wire or manufactured articles (e.g. springs) from the wire. It is regarded
as being the optimum treatment for the improvement of relaxation resistance
and tensile strength. LTHT "B" was used in an attempt to accentuate any
segregation processes which may occur.

3:3.3.2. As received Patented Wire (A/R)

Basic characterisation of the ferrite structure was carried out using
the atom-probes merely as field-ion microscopes with the specimen usually |
held at &7OK. The use of a patented wire drawn to a large reduction ensured
a fine microstructure which was an advantage considering the restricted field
of view of these machines. An example of the microstructure is given in
fig.(3:18). With neon gas the ferrite images quite well showing some
well developed poles: the two cementite lamellae do not image well,as has
been noted above. In the central ferrite lamella can be seen in two cell
walls, the misorientation across one can be seen in its effect where it
crosses a prominent pole. 1In this case it is estimated that the thickness
of the ferrite lamella is of the order of 50 nm while that of the cementite
is approximately 10 nm. A more common appearance of a specimen is that
shown in fig. (3.19) where the field of view was completely composed of one.
ferrite lamella. This'behaviour was apparently due to selective chemical
polishing during specimen preparation. In fig.(3.19a) can be seen a number
of cell walls imaging as dark lines in the micrograph. This poor imaging
in such areas is. due to field-etching causing local changes in the specimen
radius of cﬁrvature. These variations cause focussing of ions when the
imaging atom-probe is used to produce an Fe2+ description image fig.(3:19Db).
It was generally found that such a desorption image was the most sensitive
test of the presence of cell walls. A further example of the substructure
in a ferrite lamella is given in fig. (3:20). The misorientation across a
cell wall can best be seen when it intersects prominent poles. The 3
nicrographs included in this example are part of an evaporation sequence
with approximately 5 atom planes removed between each. Use of this

technique enabled a measure of the typical 3 dimensional nature of the
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substructure to be obtained. This specimen showed well,the random
nature of the substructure in the as received material. There was a wide
variation in the dislocation cell size : a histogiam of transverse cell
sizes in this material is given in fig.(3:2 1.) which was constructed from
the examination of 18 specimens by a linear intercept method. As can be
seen the most common transverse cell size range was 25 to 30 nm. It was
not possible to complete a comparative study in the longitudinal direction,
although in the few examples where a specimen remained stable through a
long evaporation sequence the longitudinal size of individual cells was
_ greater than their transverse size.

A measure of the misorientation across the dislocation cell walls
present can be obtained if both cells show sufficiently well developed
poles to allow indexing. Not only must the micrograph quality be good but
also each cell must covér sufficient of the specimen tip to show the poles.
The latter problem has limited the applicability of this technique: an
example of its application is given in fig.(3:22). All the misorientations
observed were in the range 5% to 10°, the sample size being too smali to
comment further. A montage of a particular specimen is given in fig. (3:23):
such exercises allowed a more representative view of the microstructure to
be made, although its accuracy was limited by reason of the necessary
projection of an approximately spherical cap onto a flat plane montage.
This example shows the presence of a large number of randomly orientated
boundaries which have been field-etched. Also present are a number of small
non imaging areas which may have been carbides: it proved impossible
however to check if this was correct as the tip disintegrated after transfer
between atom-probes. A further example of the differing imaging characteristics
of ferrite and cementite are given in fig.(3:24): in this case the upper part
of the field of view is poorly imaging cementite while the lower ferrite shows
well developed poles. To the left in the ferrite is shown a bqundary which
moved to the right during the evaporation sequence indicating that the wall
was not accurately aligned with the wire axis. Fig.(3:25) shows another
example of a specimen with ferrite and cementite at the tip.

The imaging atom-probe was employed to identify cell walls and to give
a spatial indication of chosen ionic species. 1In all cases when a suitable
specimen was produced, an iron Um§+) desorption image was obtained in order
to identify cell walls and also to give an indication of the focussing

behaviour of the field-etching effect at such high energy sites. Clearly
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similar behayviour will also occur with all other ionic species limiting
the resolution of the technique. The easily obtained Fe2+ peak also
enabled the gating pulse to the channel plate to be accurately calibrated.
An example of the images so obtained from the A/R wire are shown in
fig.(3: 26). The field-ion micrograph is at a higher magnification than
those referred to above and shows a single cell wall in ferrite (a): this
can also be seen on the Fe2+ desorption image (b). The segregation of
interstitials were of particular interest in this study and the C+ and C2+
images (c,d) are given indicating that there is strong segregation of C to
certain areas of the boundary and most of the C is evaporated as C2+. An
image for mass to charge ratio 14 is given (e): this includes both N+ and
Si2+Aions which cannot be distinguished. There is, however, no significant
segregétion of these species to the cell wall: a similar conclusion can be
drawn from the S+ and P+ image (f). From the observation of a number of

such specimens it was shown that the segregation of C and not N was common,
and in addition the C segregation was not uniform along the observed cell
walls.

To obtain quantitative information suitable specimens were transferred
to the time-of-flight atom-probe,and spectra were obtained from the ferrite
matrix and from various points along selected boundaries. This procedure
did not prove entirely satisfactory, however, (complicated machine improve-
ments would have been necessary to alleviate the problem) as specimens
transferred in this manner proved considerably more liable to disintegrate
when in the second atom-probe. Also it was not possible to predict with
complete success the high C areas along a cell wall network. For each
analysis an ion count of greater than 1000 was used, the Ne imaging gas was
maintained to ensure constant alignment of the probe hole over. a particular
area. Examples of spectra, after processing, from a cell interior fig.(3:27a)

and from a cell wall, which showed a high C segregation fig. (3:27b), are

%

included: the former showed a C concentration of less than 0.1 atomic
while the latter showed a mean concentration of approximately 12 at%. By
repeating these analyses on further specimens it was shown that these -values
are typical of the as received material.

Observations of the A/R patented wire were hindered by its fragility:
the high internal stress levels along with the stress concentrators at
the surface were a severe enough problem to cause many specimens to fragment

on increasing the EHT. This proved to be less of a problem with the heat

treated samples.
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3:3.3.3 As received with LTHT "A"

An analysis of the ferritic microstructure of patented wire given
a LTHT of 30 mins at ZQOOC_(the'typical'industrial heat treatment to
optimise the wire's mechanical properties) was undertaken to ascertain
whether significant changes could be detected which could explain the
observed changes in the mechanical properties (Ch.2). This was carried
out as above except that the occasional availability of liquid helium
allowed specimen cooling to lower temperatures, thus improving resolution.

An observed ferritic microstructure is given in fig.(3:28),

which shows cell walls and non-imaging areas which were possibly carbides.
A common appearance, however, is that shown in fig. (3:29), where the
boundaries have become aligned in the ferrite over a relatively wide area
and were approximately parallel to the adjacent lamellae. The spacing
between cell walls in this particular example was approximately 12 nm.
With this type of microstructure, few prominent poles were visible in each
cell: thus it was found difficult in many specimens to obtain values for
the misorientation. In those cases where a determination was possible the
values were again between 5o and 10°. Determination of the transverse cell
size in specimens not generally showing this strong alignment showed a
most likely value in the 25 nm to 30 nm range, fig.(3:30). The spacing
between boundaries in aligned specimens varied between 3nm and 30 nm
in the examples studied, the transverse length often being greater than
the field of view. A montage of an annealed specimen is given in fig. (3:31).
As can be seen there are areas which show aligned boundaries (in the upper
part of the plate the spacing is of the order of 6 nm, while in the lower
part it is approximately 20 nm), other areas show a more random arrangement
and, again, there were dark imaging areas. As in the case of the A/R
material the ima;ing atom-probe was highly successful in giving a 'spatial
distribution of segregating species in the ferrite. Fig. (3:32a) depicts
an area of ferrite containing several non-aligned boundaries clearly
marked by field etching: this effect is clearly shown in the Fe2+ desorption
image. From the C2+ image it can be seen that C has segregated only to
cerxtain sections of the boundaries, a behaviour also noted in the A/R
material. The last image indicates, as before, no significant segregation
of N+ or Si2+ to the substructure. Fig.(3:33) shows a specimen where a single
cell wall is evident: again no segregation of N+ Si2+ occurred and also
C2+ ions were only detected at the edge of the field of view. A typical

specimen with aligned cell walls, at higher magnification than fig. (3:29),
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is shown in fig.(3:34). The spacing in this example is approximately

5 nm gnd the walls which pass through the prominent pole which is visible

appear to haye a misorientation of approximately 15°;  the adjacent walls

appear, however, to have a lower misorientation. An adjacent area of the

same specimen is shown in fig.(3:35): it is again clear that not all of

the cell walls, as seen in the field-ion micrograph and the Fe2+ image,

are decorated by C to a significant extent. The aligned walls shown in

fig. (3:36) are particularly regular and closely spaced (approximately 2nm

to 3nm): as can be seen by the effects on the poles visible, the

misorientation across each wall varies but is generally of the order of 5°

to 10°. The improvement in image quality and resolution which is obtained

by cooling with cold He gas is clear by comparing fig.(3:36) with £ig. (3:37)

which is approximately of the same area. Field evaporating the specimen at

lower temperatures showed a noticeable reduction in the field-etching at
boundaries as can be seen from the field-ion micrograph (particularly

shown by the wall passing through the pole): however, the effect persists

as shown in the Fe2+ desorption image. The C2+ image is, as seen in other

specimens, localized to certain areas of the cell wall network. An example

of aligned cell walls from another area is given in fig.(3:38). The field

ion micrograph fig.(3:38a) was obtained with what is normally taken to be

the optimum imaging potential: because of the variation in curvature the

optimum potential for areas at the cell walls is approximately 5% higher as

shown in fig.(3:38b). This ensures imaging up to the cell wall with extremely

high:resolution: however, it causes defocussing between them. Of particular

interest in this example is the step shown in the central wall which is most

clearly seen in the Fe2+ image. It is interesting to note that this step

corresponds to an area of C segregation unlike the réﬁainder of this partiéular

cell wall in the field of view.

Specimens of this material were examined in the time-of-flight atom
probe, as described in the previous section, to obtain quantitative data.
Exéhples of spectra from a cell interior and from a cell wall with.high C
concentration are shown in figs.(3:39a,b). The former areas showed a mean
concentration of again less tha 0.1 atomic %, while the latter had a mean
of approximately 14 atomic %. A further analytical technique was applied
to such specimens using the data from the time-of—flight atom-probe. The
IBM 370 was again used to record the sequence of ion species (in the form
of mass /charge ratio) and to plot running means of atomic % of chosen
atomic species: in this case Fe and C. Typical traces from initially a

high C region of a cell wall are given, fig.(3:40). This trace gives a
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profile of the composition as the specimen is field evaporated, allowing

for a scaling factor due to the number of atoms covered by the probe

hole (which was estimated to be 100 * 10 atoms). The composition profile
varies between approximately 5 atomic %C and 25 atomic %C (to be compared
with that of cementite of 25 at2C). The frequencey of variation between
these two limits was irregular, the profile including one period of low

(5 to 10 at%).C concentration, but the variations themselves were significant

considering the high resolution of the technique.

3:3.3.4. As receiyed + LTHT "B" (300 mins at 200°C).

This second heat treatment was chbsen in an attempt to exaggerate any
segregation obtained during LTHT "A". Similar cell walls and dark imaging
areas as seen %n the previous two materials were found , fig.(3:41) gives
a low magnifiéétioﬂ example. A higher maghification series of images of
a cell wall is given in fig.(3:42). A more thorough examination of a dark
imaging area was found to be possible in this material: a low magnification
image being given in fig. (3:43a) showing such an area along with cell walls.
Fig. (3:43b) is a higher magnification micrograph of the central portion of
(3:43a), and there follows the relevant Fe2+ and C2+ desorption images. It
is clear that the dark imaging area has a much higher C concentration than
the visible ferrite.' A subsequent quantitative analysis gave a composition
of 25 atomic %C for this dark region.

3:4. Comments and summary

The present work has shown that present microstructural techniques can
be used to obtain further information on patented wire. Due to the reasons
already describéd, the present investigations were limited by resolution and
manipulation problems: a deeper study of the deformation during drawing and
the dislocation, microstructural changes on LTHT could possibly be made with
available techniques if a systematic survey using a higher pearlite trans-
formation temperature were employed. The segregation investigation showed
considerable success indicating the power of FIM and atom-probe microscopy
in this type of complex material. Conclusions of this study can be
sumnarised as follows: '

(al No significant microstructural changes were observed through
the section of the wire: surface decarburization was limited to 5um in
depth.

(b). The TEM study of the A/R 4.25 mm wire showed no general fragmentation
of the cementite lamellae, indeed there were many signs of considerable

ductility under this deformation mode e.g. at shear bands, kinking and necking:
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no voids at sites of fragmentation were observed. An extensive dislocation
substructure was observed in the cementite with a scale of the order of
1 nm to 10 nm.

(c) A clear cell structure was présent in the ferrite: in the 4.25 mm
patented wire it typically extended over several adjacent ferrite lamellae
"and was found to be slightly larger in the longitudinal rather than transverse
direction. These cells consisted of interiors of relatively low dislocation
density bounded by well defined walls of dislocation nets with typical spacing
of 2 nm: these dislocations could not be fully characteristed. The structure
in these walls was often obscured by dislocation contrast from overlying. cell
interiors.

(d) No major changes in microstructure were observed on LTHT except
that it was observed, that dislocation contrast from within cells showed a
significant decrease.

(e) The patented wire used in the FIM/atom-probe studies (drawn to
a higher reduction) showed a typical ferrite cell size considerably less
than the ferrite lamellar width. With this cell configuration a.noticeable
transverse alignment of the cell walls was noted on LTHT "A": no change was
observed on further LTHT. A typical cell wall misorientation of 5° to 10°
was noted on specimens examined.

(£) Segregation studies using atom-probes have shown the segregation
of C to the cell walls: this segregation was not uniform along each
boundary and the same feature was shown in concentration profiles down a
particﬁlar boundary at a chosen point. The concentration at such a boundary
varied between 1 at% and 25 at%. Segregation of N (or Si) and other impurities
to these features was not significant. There was no significant change in the

segpegation‘profiles during any of the LTHTs used.
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Fig.(3:2b) TEM of T/S of A/R patented wire

TEM of T/S of A/R patented wire
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Fig.(3:3a) TEM of T/S of A/R patented wire Fig.(3:3b) TEM of T/S of A/R patented wire
(BF) X185, 000 (BF) X185, 000

1. (3:3¢) TEM of T/S of A/R patented wire Fig. (3:3d) TEM of T/S of A/R patented wire

X48,000 (BF') X22,000




Fig. (3:4a) TEM of T/S of A/R patented wire Fig. (3:4b) TEM of T/S of A/R patented wire
(BF) X185,000 (BF) X260, 000

lc) TEM of T/S of A/R patented wire Fig.(3:4d) TEM of T/S of A/R patented wire

X150,000 (BF) 2 X270,000




Fig.(3:5b) TEM of 7/S of A/R patented wire

Fig. (3:5a) TEM of T/S of A/R patented wire
(Fe,C CDF) X150,000 (Fe,C CDF) X70,000

5¢) TEM of T/S of A/R

Pig. (3

patented wire (SADP)




Fig.(3:6a) TEM of T/S of A/R patented wire Fig. (3:6b) TEM of T/S of A/R patented wire

(o CDF) X25,000 (sapp for (3:6a))

Fig. (3:6¢c) TEM of T/S of A/R patented wire Fig. (3:6d) TEM of T/S of A/R patented wire

(. CDF) X600, 000 (SABPfor—3-6er) (% COF)




Fig. (3:7a) TEM of T/S of A/R patented

wire. (SADP for (3:7b))

Fig. (3:7b) TEM of T/S of A/R patented

wire. (BF) X135,000




Fig. (3:8a) TEM of L/S of A/R patented wire Fig. (3:8b) TEM of L/S of A/R patented wire

(BF) X48,000 (BF) X86,000

TEM of L/S of A/R patented wire

3.93) TEM of L/S of A/R patented wire Fig. (3:9b)

X38,000 (sapP for (3:9a))




Fig. (3:10a) TEM of L/S of A/R patented wire Fig.(3:10b) TEM of L/S of A/R patented wire
(SADP for (3:10b)) (e CDF) X110,000

Fig. (3:10c) TEM of L/S of A/R patented wire Fig.(3:10d) TEM of L/S of A/R patented wire
(SADP for (3:104)) (0. CDF) X110,000

Fig. (3:11) TEM of L/S of A/R patented

wire (v WB) X48,000




40

20

10

50 100 150 200 250 300 350 400 450 500
nm

Fig. (3:12a) Distribution of T/S ferrite cell size (A/R patented steel
' wire, reduction = 70%).
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Fig. (3:12b) Distribution of L/S ferrite cell size (A/R patented steel
' wire, reduction = 79%).



Fig. (3:13a) TEM of T/S of A/R + LTHT "A" Fig.(3:13b) TEM of T/S of A/R + LTHT "A"

patented wire patented wire

(BF) X60,000 (BF) X60,000

ki -_—
Fig.(3:13c) TEM of A/R + LTHT "A" Fig.(3:13d) TEM of T/S of A/R + LTHT "A"

patented wire patented wire

(BF) X50,000 (BF) X50,000

Fig.(3:13e) TEM of T/S of A/R + LTHT "A" Fig. (3:13f) TEM of T/S of A/R + LTHT "A"
patented wire patented wire

(BF) X60,000 (BF) X350, 000



Fig.(3:14a) TEM of L/S of A/R + LTHT "A"

Fig. (3:14b) TEM of L/S of A/R + LTHT "a"
patented wire patented wire
(SADP for (3:14b,c))

(e CDF) X110,000

Fig.(3:14c) TEM of L/S of A/R + LTHT "A"

Fig. (3:14d) TEM of L/S of A/R + LTHT "aA"
patented wire

patented wire

(a CDF) X110, 000 (o CDF) X330,000

Fig. (3:14e) TEM of L/S of A/R + LTHT



Fig. (3:15) TEM of T/S of A/R + LTHT "B"

patented wire

(BF) X48,000




Fig. (3:16a) TEM of T/S of A/R + LTHT "B"
patented wire

(BF) X63,000

Fig.(3:16b) TEM of T/S of A/R + LTHT "B"
patented wire

(BF) X110, 000



Fig. (3.17a) TEM of T/S of A/R + LTHT "B" Fig.(3:17b) TEM of T/S of A/R + LTHT "B"
patented wire patented wire

(e and Fe3C CDF) X60,000 (SADP for 3:17)
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Fig. (3:17c) TEM ©f P/S' of A/R + LIHI BT Fig. (3:17d) TEM of T/S of A/R + LTHT R
wire patented wire
:17a) X300, 000 (detail of (3:17b)) X300,000




Fig. (3:17e) TEM of T/S of A/R + LTHT "B"
patented wire

(o« CDF) X200,000

Fig. (3:17g)
patented wire

(o« CDF)
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:17h) TEM of T/S of A/R + LTHT "B"

Fig. (8
patented wire

(BF) X920,000

Fig. (3:17f) TEM of T/S of A/R + LTHT "B"
patented wire

(a CDF) X360,000

TEM of T/S of A/R + LTHT "B"

X360,000

Fig.(3:17i) TEM of T/S of A/R + LTHT "B"
patented wire

(o CDF" of (33:17h)) X90,000
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g. (3:20a) FIM of A/R patented wire (Ne) Fig. (3:20b) as for (3:20a) after field evapor-

ation

Fig. (3:20c) as for (3:20b) after furthex
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Fig. (3:21) Distribution of T/S ferrite ceH sizes (A/R patented steei
' wire reduction = 98%). _ ‘

Fig. (3:12), ~ Fig. (3:21) snd Fg.(2:30)
Note: 'all cell sizes were measured by intercept method



Fig. (3:22a)

FIM of A/R patented wire (Ne)

Mis orientation;
A—B
A—C



Fig. (3:23) FIM montage of A/R patented wire (Ne)
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Fig.(3:26a) TEM of A/R patented wire (Ne) Fig.(3:26b) corresponding Fe2+ desorption

image

+ S 2+ .
Fig. (3:26c) corresponding C desorption image Fig. (3:26d) corresponding C desorption

image

,‘+ N
6e) corresponding N + Si Fig.(3:26f) corresponding S + P

desorption image
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Fig. (3:27a) Spectra from ferrite cell interior (A/R patented steel
wire, reduction = 98%).
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Fig. (3:27b) Spectra from cell wall (A/R patented steel wire, reduction
= 98%).



Fig. (3:28) FIM of A/R + LTHT "A"

patented wire (Ne)

Fig.(3:29) FIM of A/R + LTHT "A"

patented wire (Ne)
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Fig. (3:30) Distribution of T/S ferrite cell sizes (A/R + LTHT "A"
patented steel wire, reduction = 98%).



Fig. (3:31) FIM montage of A/R + LTHT "A"

patented wire (Ne)



Fig. (3:32a) FIM of A/R + LTHT "A" Fig. (3:32b) corresponding Fe2+ desorption image

patented wire (Ne)

; 2+ ; ; 1 g + .2+ -
Fig. (3:32c) corresponding C desorption Fig. (3:32d) corresponding N + Si desorption

image image




2+
Fig. (3:33a) FIM of A/R + LTHT "A" Fig. (3:33b) corresponding Fe desorption

patented wire (Ne) image

2ok \ : ; + L2+ §
Fig. (3:33¢c) corresponding C desorption Fig. (3:33d) corresponding N + Si desorption

image




Fig.(3:34) FIM of A/R + LTHT "A"
patented wire

(Ne) (adjacent area to (3:35))

Fig. (3:35a) FIM of A/R + LTHT "A" Fig. (3:35b) corresvonding Fe desorption

patented wire (Ne) image

2+

2+ ] . 4 o a3
Fig. (3:35¢c) corresponding C desorption Fig. (3:35d) corresponding N + Si

1 ma ¢ desorption image




Fig.(3:36) FIM of A/R + LTHT "A"
patented wire

(Ne) (similar area to (3:37))

Fig.(3:37a) [FIM of A/R + LTHT "A" Fig. (3:37b) corresponding Fe2+ desorption
patented wire image

(Ne) (helium cooling)
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Fig. (3:3%9a) Spectra from ferrite cell interior (A/R + LTHT "A"
patented steel wire, reduction = 98%).
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Fig. (3:39b) Spectra from cell wall (A/R + LTHT "A" patented steel wire,
reduction = 98%).
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Fig. (3:42a) FIM of A/R + LTHT "B"
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Fig. (3:42b) corresponding F desorption Fig. (3:42c) corresponding C desorption
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Fig. (3:43a) FIM of A/R + LTHT "B" Fig. (3:43b) FIM of A/R + LTHT "B"
patented wire (Ne) patented wire

(Ne) (central portion of (3:43a))

2+ : ’ 2+ (T
rresponding Fe desorption Fig. (3:43d) corresponding ( desorption

lLmaqge




4, Stress Relaxation

4:1. Introduction

The phenomena of stress relaxation has been observed over a wide
range of practical situations for many years. 1In its simplest concept it

is recognised by a component which is at constant strain under a system of

forces, normally belqy¢i;§~y;§lgwgg;pt, showing a timezggggq§§§2~plastic

deforgiEEEE‘giziggra stress drop with time, the rate of change of stress

decreasing with time. Schematically this can be represented as in

fig. (4:1) where t=o represents the initial loading time. When described
in this simple manher theﬂéﬂenomenon can be seen to be similar to that of
a viscoelastic solid. It can also be seen that, in many ways, it can be
closely -allied with the process of creep and it is therefore reasonable

to expect that similar microstructural changes may occur in the two
processes in the same material. For this reason selected comments on the
low temperature creep behaviour of steels will be made later.

Stress relaxation along with related behaviour such as creep recovery,
internal damping and the Ba@ghinger effect are often called "after-effects"
of an épplication of an external load to a sample on its stress-strain
characteristics (134). The basic causes of "after-effects" have been
assumed to be the removal of variations in such parameters as the internal
stress or temperature distributions in the sample by the application of
external forces. Goldhoff (134 ) has given a review of this field, with
special reference to creep recovery and he noted the classification of

deformation types, table (4:1), and examined certain differences between

the concepts of “anelasticity and creep recovery.

Table (4:1)

Type of Time . Stress Recoverability
deformation dependence proportionately 4
Elastic independent proportional. recoverable
Anelastic dependent proportional recoverable in time
Creep recovery
Plastic dependent not not

proportional recoverable in time

Stress relaxation can be described, in essence, as a process of

converting initial elastic deformation into non-recoverable strain by means
T

of inelastic deformation proceeding under decreasing stress. This is not

precisely the same as creep under decreasing stress because of the differing

behaviour of the recoverable anelastic component in each case (134 ). Thus,



stress relaxation consists of the specimen being held at constant total
strain, after initial loading, and the stress drop shown being due to

both plastic and anelastic strain. As a consequence, for this reason

alon;, a rigorous analytical treatment of relaxation requires a detailed
knowledge of the recovery characteristics of the material, which are

rarely known. 1In a recent series of papers, Lloyd & McElroy(135, 136, 137 )
have attempted to relate these "after-effects". By drawing on their own,

in addition to previous work they suggested that high temperature(>0.3Tm)
stress relaxation and creep recovery were predominantly anelastic processes.
In addition, they postulated that internal friction studies (the classic
anelastic research technique) can be used to study the above 2 time
dependent phenomena. Thus, the more usual strain equation of a stress

relaxation test::

e +e_= cbnst. 4:1
e p

should be replaced by:
€ + € + € = const. . 4:2
a e P

where: €, is the true elastiq strain
€ is the true plastic strain
€, is ﬁhe t¥ue anelastic strain
They concluded that, in general, the stress relaxation that had

previously been obsgfved by a large number of other workers was not, in
fact, caused by plastic creep processes but by anelastic recoverable
processes (e.g. the bowiﬁg of dislocations between pinning points) as
in Zener (138 ) relaxation. Guiu & Pratt (139) have distinguished between
these two hasic types of relaxation ("plastic" or "anelastic"): the former
being recognised as showing a logrithmic change in stress with time, the
latter an exponential change. This view appears to be at variance with all
other workers who assumed for their tests (whatever the material or test
conditions):

e, = o _ : i 4:3
and this disagreement casts doubt on the validity of assuming that the
applied stress can be considered as <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>