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Preface

This thesis is submitted in partial fulfilment of the requirements of Sheffield
Hallam University for the degree of Doctor of Philosophy. It contains a
detailed account of research carried out between May 1993 to June 1996 in
the Materials Research Institute, Sheffield Hallam University under the
supervision of Dr J. Cawley, Dr | Wadsworth, Mr B Marshall and Prof. B.
Pickering. Except where acknowledgement and reference has been made,
this work is, to the best of my knowledge original and has been carried out
independently. No part of this thesis has been, or is currently being submitted

for any degree or diploma at Sheffield Hallam, or any other university.
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Abstract

This work is concerned with track spring components manufactured by Pandrol from
a SiMn alloy in the quenched and tempered condition. For many years low to
medium carbon based spring steel has been manufactured via an oil quench temper .
route producing components with suitable mechanical and microstructural properties.
The current problem facing the spring manufacturer with the traditional heat
treatment route involve a number of technical issues including a sensitivity to temper
embrittlement and susceptibility to stress corrosion cracking. In addition, economic
factors and component handling problems led Pandrol to seek solutions via the
manufacturing process and materials selection.

A programme of research was therefore proposed to identify a possible replacement
alloy system and production route which could exclude the costly tempering
operation and instil a degree of production control.

The initial program of work involved the examination of several alloy systems based
loosely around three separate microstructures, i.e. a fully pearlitic, bainitic and
martensitic microstructure. In turn, each alloy was examined and assessed with
respect to their suitability for the industrial application given their mechanical
properties.

From the initial research, a selected number of promising alloy systems were
examined further, namely a chromium molybdenum alloy, salt bath quenched to
produce a bainitic microstructure, a water quenched low carbon chromium and low
carbon boron martensitic type alloy. The low carbon boron alloy was considered the
most promising, with similar mechanical properties in both the plain bar and clip form
compared to the existing Pandrol alloy. However, concern was raised over the
amount of plastic deformation (permanent set) suffered by a clip component whilst
in service. In response to this, the use of cold work was examined to further
strengthen the microstructure with notable success. ,

On identifying several possible alternative alloy systems to replace the existing oil
quenched and tempered variant, the second stage of this research work
concentrated on understanding the degree and type of microstructural strengthening
involved on each particular alloy system. The effect of plastic deformation in each
alloy type was also thoroughly investigated via transmission electron microscopy /
true stress strain analysis and an attempt was made to relate microstructural
changes to obtained mechanical properties. In addition the work hardening
characteristics of the tempered microstructure were investigated, and compared to
the straight through hardened variants.

Qualitative Transmission Electron Microscopy studies confirmed that dislocation
density / mobility played a crucial role in determining the work hardening rate.

This project has studied the phenomena of work hardening in body centred cubic
materials in the through hardened and untempered condition. A series of novel alloys
have been developed with strengths equal to or above an oil quenched and
tempered counterpart. However, these new alloys do not require a temper treatment
thereby removing the risk of temper embrittlement. A clearer understanding of the
work hardening characteristics has been developed through an assessment of the
work hardening coefficient of these material variants.
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Chapter 1

Introduction to spring steel, research aims and objectives.

1.1 Spring steel definition and general property requirements

The ability of a material to absorb energy when deformed elastically and to
return it when unloaded is called resilience (Dieter'). Certain types of steel
that perform such a task are commonly referred to as spring steel, to which
this research work is based upon.

The basic mechanical properties required for spring steel include a high
tensile strength, coupled with a high proof to ultimate tensile strength ratio to
facilitate a high modulus of resilience (Dieter'). A good fatigue strength is
also essential, hence a certain amount of material toughness is also required.
Additionally if the component is to be placed in an aggressive atmosphere,
resistance to stress corrosion cfacking is important. To meet this criteria,
careful control of alloy chemistry and heat treatment regime is essential.
Traditionally medium carbon, silicon / manganese steels and more recently
chromium containing steels have been employed to manufacture a wide
range of springs from automotive leaf and coils to the railway track retaining
clips which are pertinent to this work. These materials are used in the oil
quenched and tempered condition ensuring adequate tensile, hardness and

fatigue properties.

Historically the alloy chemistry was specified to promote adequate
hardenability, but at low cost, hence the use of a basic silicon manganese
grade. It has long been known that silicon improves the relaxation resistance
of springs (Keysorz, Kenneford and EIIisS). The beneficial effects of other
alloying additions, such as manganese (for hardenability), chromium and
molybdenum (for better ductility and surface finish) have also been reported
since as early as 1946 (Keysor?) and 1950 (Kenneford and Ellis®).



The strengthening by precipitation of alloy carbides of chromium,
molybdenum, vanadium etc. often referred to as secondary hardening is also
well known (Kuo®, Honeycombe and Seal®, Pickering®).

In order to reduce production costs, today’s spring manufacturer seeks to
obtain the most competitively priced steel bar available. Often some of the
steel stock will have been produced via the electric arc method where the
charge consists of scrap metal. The Achilles heal in the use of a cheaper
alloy source is from the continual rise in residuals (namely Cu, Sn Sb),
thereby exasperating the temper embrittlement problem (Ritchie’, Low et.
al.?). ,

One additional industrial practice used to impart some degree of strength into
the spring was a process known as Scragging. This entailed incorporating a
small amount of plastic deformation into the spring to raise the yield strength
and proof to ultimate tensile strength ratio. Such a practice was believed to
have been carried out at many spring manufacturers, although was not

required at Pandrol, since the proof strength obtained was quite sufficient.

1.2 Specific spring manufacturing:- The Pandrol Clip.

The Pandrol clip was developed as a load bearing spring for the rail track
industry. The design of this clip has varied somewhat over the years (figure 1
and 2), however the types of alloy together with the heat treatment process
remained more or less the same. Figure 3 shows an “e” type clip within the
rail configuration. Rail clips are driven into a shoulder support (attached to
the sleeper) with insulating rubber pads placed underneath the clip toe for
added shock absorption. Typical demands placed on the clip material include
high strength enabling achievement of high load bearing capacities and low
permanent set values when placed into the sleeper assembly. Hence the clip
must be able to withstand a high degree of loading before the onset of
substantial plastic deformation, which is partly achieved by careful alloy

selection.
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To produce a component with ideal mechanical properties utilising one of the
given alloy systems, careful production control is essential. Figure 4 shows a
~ typical production cycle for the Pandrol “e” type clip. The clip is austenitised to
a critical temperature range where grain growth / hot working resistance is
optimised. After an oil quench and temper treatment the microstructure
consists of tempered martensite with ideal mechanical properties as noted in
table 2.

Table 2: Summary of current material properties used at Pandrol

0.2% Proof Ultimate tensile Elongation % Reduction in Charpy Impact
strength (MPa) | strength (MPa) ' area % J)
1250 1500 10-15 30-40 10-12

Figure 4:- The production route for Pandrol ‘e’ clip

Bar supplied ranging from 22 - 12.5
mm form is checked in terms of Bar austenitised at 1000°C in gas fired
chemistry, roundness etc. then or induction furnace

cropped to required length

and quenched into oil bath (maximum
oil temperature 80°C)

Clip is then tempered at Bar f into “e” cli .
450- 460°C for 40 minutes | ar formed into “e” clip configuration

A 4

Clip is air cooled
and manually separated




1.3 Spring steel manufacture problems

During the past few years there has been a significant rise in clip manufacture
from chromium containing steel. A major problem arises from the fact that
such steels can contain large amounts of deleterious elements i.e. Sb, P,
As, Sn from excessive recycling. This inexorable rise in residual alloy content
draws the alloy system into the temper embrittlement regime. Additionally the
silicon manganese grades are difficult to manufacture with respect to
cleanness with the inevitable loss of toughness and fatigue life.

One further consideration is that the actual heat treatment procedure to
produce the spring clip is expensive and not particularly environmentally
friendly with the necessity for an oil quench. It has also become apparent that
the temper operation means "loss of control" of the clip which has made the
possibility of robotics control unrealisable. Alternatively a simple water quench
or air cool route has the possibility of allowing full robotics control and hence

a significant step forward in manufacturing production methods.

1.4 Research aims and objectives

The aims and objectives of the research work can be summarised as follows

To develop microstructures which are resistant to temper embrittlement.

To establish novel cooling techniques to avoid the necessity for tempering.

To develop processes which can be implemented as industrial practice.

To avoid the environmental consequences of oil quenching.

To reduce overall processing costs and use of energy.

The primary objective of this work was therefore to investigate the possibility
of utilising novel alloy chemistry and cooling regimes to produce alternative
structures that enhance the base properties and eliminate or reduce the need

for tempering, thus solving the intangible problem of temper embrittlement.



The alloy systems investigated were based on a quenched lower carbon
martensitic microstructure, a medium carbon chromium molybdenum bainitic
microstructure, and a precipitation strengthened eutectoid pearlitic
microstructure. Additionally the role of work hardening was considered as a
means of increasing the overall strength of the material. This process has
been used in the spring industry for some time (scragging) even though it is
generally accepted that body centred cubic metals do not appreciably work
harden.

In order to fully utilise the application of cold work to increase alloy strength,
first it was necessary to gain an understanding of the microstructural changes
that took place during cold work as well as the influence of additional
strengthening mechanisms such as precipitates and grain boundarieé.
Changes in microstructure can then be related to deformation amounts,
chemistry and thermal treatments, which in turn are intimately related to
mechanical properties. Fundamental alloy aims and objectives are

summarised as follows.

To assess the influence of cold work on a range of microstructures.

e To assess the influence of additional strengthening mechanisms.

To identify and relate microstructure to mechanical properties.

Describe the stress strain behaviour in terms of documented models.

¢ Understand the correlation between industrial requirements and laboratory

results.
1.5 Program of work

The program of work involved the examination of three separate
microstructures, and to assess their suitability for the industrial application
given their mechanical properties in both the as received and clip form.
Promising alloy systems were then strengthened further by the application of
small amounts of cold work using a rolling hill and therefore assuming plain

strain conditions.



Mechanical property evaluation included hardness and stress strain
measurement, with comparisons of the plastic stress strain behaviour
between tested alloy systems and existing models detailed in the literature.
Microstructure was identified utilising optical and electron microscopy.

A summary of the program of work is given in figure 5. A detailed program of

research on each microstructure is given in the following sub-sections.

1.5.1 Eutectoid microstructure

The eutectoid alloy system chemistry was carefully controlled to generate
strengthening from fine grain size and precipftates. The cooling regime was
also controlled to facilitate the formation of fine pearlite lamella structure. The
microstructure together with mechanical properties were examined to assess

their suitability for the industrial application.

1.5.2 Bainitic microstructure

From an extensive literature review of continuous cooling transformation
diagrams it was possible to determine the chemistry required to produce a
bainitic microstructure over a relatively wide range of air cooling regimes.
Upper, lower or a mixed bainitic microstructure was formed depending on the
cooling rates employed, with microstructure identified by optical and electron
microscopy. The mechanical strength of the lower bainite structure was
found to come close to industrial requirements, with additional strengthening
observed after cold work. Hence a detailed investigation was carried out to
assess the effect of cold work on a lower bainite microstructure and to relate
this to obtained mechanical properties.

To ensure that a lower bainite microstructure was obtained for advanced
mechanical and microstructural study, an isothermal salt bath treatment was

adopted instead of the rather unpredictable accelerated air cool.



1.5.3 Martensitic microstructure

After a simple water quench from austenitisation at 950°C, and small amounts
of cold work the boron alloy systems possess a martensitic microstructure
with mechanical properties superior to the oil quenched and tempered
microstructure. The program of work therefore included the assessment of
work hardening as a means of further strengthening the martensite structure,
especially since there appears to be little reference to this in the literature for
b.c.c structures. Since the carbon content of this alloy system was quite low
hence martensite start temperature (Ms) quite high, it was expected that auto
tempered carbides would form. The effect of carbides on the overall strength
and work hardening characteristics was then investigated further by creating
a series of tempered alloy systems. The mechanical properties and
microstructure of auto tempered, and “manually” tempered alloys in the work
hardened and unworked condition were assessed. Additionally, because the
water quenched boron martensite alloy properties were comparable to
industrial requirements, a series of Pandrol “e” clips were made using the
production route of straight water quench. The cold work (scragging)
operation was also included as a means of increasing the strength of the
product further, the amount of work required was determined from a series of

clip tensile results.
1.5.4 Mixed martensite - bainite microstructure

The chemistry of the 0.5Cr / 0.75% Ni alloy systems were carefully designed
to facilitate the formation of martensite on water quenching. However, due to
segregation problems, this alloy system was found to contain significant
amounts of lower bainite with martensite even after a relatively severe water
quench. This microstructure provided an interesting median of the “pure”
boron alloy martensite and 1%Cr Mo bainite series and the mechanical
properties and microstructure of the mixed bainite-martensite microstructure

in the unworked and work hardened condition were assessed.



Figure 5:- Program of research
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1

Preliminary evaluation include microstructure, hardness, charpy impact

and tensile strength

v
Clips High carborrvariant salt Alloys retreated by
manufactured at bath quenched to quenching into salt at
Pandrol using control cooling rate and 550, 600 and 650°C to
water quenched maintain bainite start control cooling rate
boron alloy temperature
+
Clip evaluation
included charpy p
impact, tensile High carbon bainite Property
strength alloy cold deformed evaluation found
hardness, toe load in the salt bath material
and fatigue quenched condition unsuitable for Clip
application

I

0.3% carbon 0.3% carbon 0.25% C, 0.5% Cr
boron alloy cold boron alloy cold alloy cold
deformed in the deformed in the deformed to

untempered tempered improve

condition condition (250 and mechanical
400°C) strength

| d -

Material evaluation included microstructural assessment using optical and
electron microscopy, hardness and true stress strain analysis '
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Chapter 2

Eutectoid microstructure: Literature Review

2.1 Eutectoid Microstructure
2.1.1 Eutectoid transformation

Figure 6 shows the iron carbon equilibrium diagram, at high temperatures, for
example 900°C and at low carbon concentrations, the microstructure consists
of a single phase, known as austenite (y). This phase is a solid solution of
carbon in a face centred cubic iron lattice, and on moderate cooling the
austenite decomposes into ferrite and cementite phases, ferrite being the
body centred cubic allotropic form of iron which has very restricted solubility
for carbon. The resultant ambient temperature microstructure is dependant on

the carbon content of the steel and quench rate (Honeycombe®).

Figure 6:- The iron carbon equilibrium diagram
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Consider a hypoeutectoid steel (i.e. steels with less than the eutectoid
composition of 0.8 mass % carbon), cooling from 950°C under equilibrium
conditions, (i.e. slow cool). Ferrite will begin to form when the temperature

falls below the Ag temperature and because of the very low carbon content of

the ferrite, the austenite solid solution is enriched in carbon. As the

temperature approaches the A4 eutectoid temperature (723°C in Fe-C alloys),

the remaining enriched austenite will then decompose to give ferrite and
cementite aggregate known as pearlite. (the eutectoid reaction). Thus the
hypo-eutectoid steel would comprise of a two phase microstructure, pro-
eutectoid ferrite and lamellae ferrite and cementite (eutectoid pearlite).The
relative proportions of each phase depends upon the carbon content of the
alloy system, and is determined by applying the lever rule on the iron carbon
phase diagram. In contrast, a steel having a hyper-eutectoid composition
(carbon content above the eutectoid composition) would start to transform

during cooling when the temperature falls below the Agm, line. Decomposition

of austenite would start by the nucleation and growth of cementite, usually in
the form of a fine cementite network around austenite grain boundaries. As
cementite is formed, gradual depletion of carbon in the remaining austenite
ensues, hence as the eutectoid temperature is approached, the composition
of the carbon depleted austenite also approaches the eutectoid composition.
Finally at the eutectoid temperature, the eutectoid reaction occurs where the
remaining austenite will decompose into the lamellae eutectoid pearlite
structure comprising of ferrite and cementite. The final microstructure thus
consists of a network of pro-eutectoid cementite along the prior austenite
grain boundaries with a pearlite inset (Krauss"’). A steel having the eutectoid
composition would contain neither pro-eutectoid ferrite or pro-eutectoid
cementite under equilibrium conditions, but would show a fully pearlitic
microstructure. On cooling from the austenite phase field, the austenite solid
solution would remain unchanged, until at the eutectoid temperature, the
entire austenitic microstructure would decompose to give a lamellae eutectoid

of ferrite and cementite i.e. pearlite (Krauss'®, Gladman'?).

12



2.1.2 The effect of alloying additions on eutectoid transformation

Additions of alloying elements influence both the eutectoid reaction
temperature and the eutectoid composition with respect to carbon (Rayson'?).
Elements such as manganese and nickel lower the eutectoid temperature and
also décrease the carbon content of the eutectoid composition. In contrast, a
molybdenum content greater than 4 wt.% increases the eutectoid temperature
and the carbon content of the eutectoid compositfon (Bain and Paxton™),

In slowly cooled hypoeutectoid steels the proportions of ferrite and pearlite
will therefore be changed by the presence of alloying elements such as
manganese or chromium, both which would increase the proportion of
pearlite(Gladman).

The effects of alloys on these changes have been summarised by Bain and

Paxton’ and are illustrated in figures 7a and 7b.

Figure 7a:- The effect of alloying. elements on the eutectoid temperature
(Bain and Paxton'® 1961)
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Figure 7b:- The effect of alloying elements on the eutectoid composition
(Bain and Paxton'® 1961)
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2.1.3 Effect of alloying elements on eutectoid transformation rate

Nearly all common alloying elements, for example chromium, manganese and
nickel retard the isothermal transformation temperature i.e. transformation
requires longer times (Gladman”). In terms of microstructure, the addition of
small amounts of alloying elements produce a similar effect as increasing the
cooling rate. Figure 8 shows the isothermal transformation diagram for a
eutectoid steel. The addition of alloying elements pushes this curve (figure 8)
to the right, in addition to any effect they may have on the eutectoid

transformation temperature.
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Figure 8:- Isothermal transformation diagram for a eutectoid steel
(after Gladman'").
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When optimum alloy concentrations are achieved the transformation will be
sufficiently suppressed hence continuous cooling transformation will begin
with high nucleation rate but low growth rate. The end result is a eutectoid
microstructure with fine pearlite grains (colonies). The pearlite lamellae
themselves will be also reduced in thickness as a result of the lower
transformation temperature (Garbarz'* , Marder and Bramfitt'?).

Mehl'® proposed the following type of relationship between the interlamellae

spacing (s) and the transformation temperature:-

s=K exp Q 2.1

oRT
Where K and o are constants, Q is the activation energy and T is the

temperature in Kelvin.
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Alloy additions however, must be kept to an optimum level since increasing
the alloy content beyond this may cause the formation of alloy carbides, for
example Cr;C; or Cry,3Cg for high chromium additions. Also high alloy
additions may retard the austenite transformation to an extent where bainite
or martensite forms. For example the effect of excess manganese additions
was studied by Samuel and Hussein'” who reported that a 12% Mn addition
to a steel with 0.8% carbon transformed at 350°C, with a bainitic
microstructure.

Hence, the effects on the eutectoid microstructure of relatively small additions
of manganese, nickel or chromium would be to reduce the pearlite colony size
and interlamellae spacing of the pearlite. However such changes would only
be observed under conditions of continuous cooling. Under isothermal
transformation conditions, the use of alloy additions may in fact cause coarser
interlamellae spacing to be formed at given transformation temperature

(Pelissier et al.,'® Mclvor19).

2.1.4 Effect of prior austenite grain size on eutectoid microstructure

The effect of the austenite grain size in the transformation characteristics and
kinetics of eutectoid steels are well established . A coarser austenite grain
size retards the isothermal transformation and depresses the transformation
temperature during continuous cooling (pushes the nose of the time
temperature transformation diagram to the right) (Gladman'', Nadkarni et.
al.?®). The overall effect is to decrease the interlamellae spacing of the
pearlite, however the effect on pearlite colony size is not as straight forward.

At very slow cooling rates, a coarse austenite grain size may give a coarse
pearlite colony size. At faster cooling rates however, the depression of the
transformation temperature is increasingly influential, hence finer pearlite

colonies are obtained (Krauss'®, Ridley?' ).
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At even faster cooling rates, near to the critical cooling rate at which
martensite can form as opposed to pearlite, coarse grained austenite will
encourage the formation of low temperature transformatioh product, i.e.
bainite and martensite (Krauss'®).Grain refining additives such as aluminium,
titanium and vanadium which form nitrides and inhibit grain growth, produce
opposite effects because of the grain refinement which they introduce, hence
it is expected that from this fine austenitic grain size fine pearlite colony size
are obtained (DeMeo and Subramanian®, Garbarz'). However, it is
important to carefully control the amount of grain refinement additive, since
excess of that needed for refinement precipitation will incur hardenability

problems (Gladman'").

2.1.5 Strengthening mechanisms for eutectoid steels

To strengthen the eutectoid microstructure essentially means to provide
obstacles to the movement of dislocations. Examples of strengthening
mechanisms pertinent to the pearlitic microstructure may include grain /
pearlite colony boundaries, interlamellae spacing and precipitates

(Pickeringzs).

2.1.5.1 Grain size / pearlite colony size and morphology

A detailed study by Gladman et al.?2* of the relationships between the
microstructure and properties of medium to high carbon steels was carried
out and included an assessment of the separate effects of the ferrite grain
size, the pearlite fraction, the peatrlite colony size, the interlamellae spacing
and the cementite lamellae thickness, in addition to solid solution
strengthening effects and precipitation hardening. This work concluded that
low carbon steels containing a high degree of pro-eutectoid ferrite benefit
from strengthening mechanisms such as solid solution strengthening and a

fine ferrite grain size.
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However as the carbon content was increased up to the eutectoid
composition the strength of the alloy becomes markedly dependant on the

pearlite content and its morphological characteristics.

Early work on the effects of interlamellae spacing (Gensamer et al.zs), on the
yield strength of pearlite showed a negative linear relationship between
strength and the logarithm of the interlamellae spacing, but other workers
have since suggested an inverse relationship between strength and the
interlamellae spacing or the square root of that spacing (Pickering®). There is
no evidence that the pearlite colony size influences the strength of pearlite
directly (Gladman'') , however there is literature to suggest that the pearlite

Y. It was found

colony size effects toughness (Krauss®®, Hyak and Bernstein
that the pearlite colony size in eutectoid steels has a very similar effect on the
impact transition temperature to that of the ferrite grain size in low carbon
steels (Gladman'', Pickering®®). This is as expected since a growing crack is
probably deflected / impeded by a pearlite colony or ferrite grain boundary in
exactly the same manner.

To date it appears that the general view is that the strength of steel consisting
of a near or fully pearlitic microstructure is dominated by the interlamellae
spacing, whereby maximum strength is obtained with fine interlamellae
spacing (Gladman'!, Pickering® ). |

In contrast, the strength of a hypo-eutectoid steel would depend upon a
wider range of parameters such as the ferrite grain size and amount of solid
solution strengthening (Pickering®®, Honeycombe®, Pickering and Gladman?®).
The amount and morphology of the pearlite component would also require
consideration especially in steels approaching the eutectoid composition

(Pickering®).

2.1.5.2 Microalloy additions
One further strengthening mechanism pertinent to hypo-eutectoid steel and

eutectoid steel is the addition of certain elements which combine with carbon

or nitrogen to form small particles (Pickering23, Ashbyzg).
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This technique is commonly known as micro alloying, and can improve the
strength of the alloy quiet dramatically (Garbarz').

Nitride forming elements such as aluminium, vanadium and titanium can be
used in medium to high carbon steels (Gladman'"). Carbide forming micro
alloying elements such as niobium and vanadium are also used, however
niobium is restricted to low carbon steels because of its limited solubility in
austenite (Gladman'', Pickering®®). The micro alloying additions have other
functions in these steels, for example grain size control using titanium
produces very fine titanium nitride particles which are capable of inhibiting

austenite grain growth at temperatures up to about 1300°C (George and

Irani,30 Pickering31). Grain growth is important in that it effects not only the
ferrite grain size but also the pearlite colony size and hence the toughness of

the alloy (Gladman™).

2.1.6 Determination of optimum transformation temperature

To obtain optimum mechanical properties from a precipitation strengthened
eutectoid steel, (for example a vanadium bearing eutectoid) it is important that
the transformation from austenite to pearlite is carried out at a temperature
which facilitates fine interlamellae spacing together with a dispersion of fine
precipitates to pin dislocations (DeMeo and Subramanianzz). If the austenite
pearlite reaction was allowed to take place at high temperatures where
nucleation is limited but growth is rapid, then the resultant microstructure
would consist of coarse vanadium carbides / inter-lamellae spacing.

However if the pearlite reaction took place at a low temperature ( utilising a
faster cooling rate), although the interlamellae spacing would be much
reduced hence favourable, a loss in overall strength would be observed since
at lower temperatures no vanadium carbide precipitation would take place. In
this instance the strengthening mechanism would therefore be from the

morphology of the pearlite colony (Gladman'!).
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It can be concluded that to obtain optimum mechanical properties from a
precipitation strengthened pearlitic steel, it is necessary to apply a cooling
rate which allows transformation to take place at the optimum temperature.
The resultant microstructure would consist of a large dispersion of fine
vanadium carbides together with a pearlitic matrix whose inter-lamellae

spacing would be relatively fine.

2.1.6.1 Determination of interlamellae spacing and distributions

The determination of interlameliae spacing is important in evaluating
metallurgical changes, controlling overall product quality, and for prediction of
product properties (Brogran and Mclvor®?, Marder and Bramfitt', Kavishe and
Baker®®).

The most versatile and most widely used technique is probably that involving
the examination of shadowed carbon replicas taken from fully or partially
transformed specimens, in which measurements are made on electron
micrographs or on the fluorescent screen of the microscope (Ridley et al.*)
The distance measured is usually of the average minimum observed spacing
(A,), taken from several pearlite colonies, or the mean intercept spacing (1).
The former parameter is a perpendicular distance across two consecutive
lamellae i.e. ferrite and cementite, while the mean intercept spacing is an
average distance across two successive lamellae taken from random test
lines. The true spacing does not have a constant value, but its distribution of
spacing about a mean true value (1,), with the difference between minimum
and mean true spacing dependant on system type and transformation

temperature (Ridley™).
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Methods available for determining the minimum, true random and apparent

spacing are reviewed by Reti et.al®®

, Who suggests that the best method for
determining the mean true spacing is to first calculate the mean random
spacing.

This is because on calculating true interlamellae spacing value, variations in
the spacing within the pearlite colony and the sectioning plane effect must be
accounted for. Fowler®® has reviewed Reti / Vander Voorts technique and
found that problems encountered when determining the random spacing i.e.
difficulty in determining fine lamellae and tedious lamellae counting are
- elevated with automatic image analysis. This technique involves examining
metallographic specimens using a scanning electron microscope and
photomicrographs are made of pearlite colonies at a magnification of
10,000X. which are then scanned into the digital memory of an integrated
image analysis system.

To separate the lamellae into discrete countable fields, a mask image is
electronically superimposed over the image of the photomicrograph. This
mask is composed of a circular test pattern of fifteen windows through which
several random orientations of the lamellae are observable for counting. The
diameter of the circular window multiplied by the number of windows is the
total true line test length. Standard image analysis functions automatically
count the humbers of lamellae appearing in the windows. The count data is
used to calculate the mean random spacing and from this the mean true
interlamellae spacing is derived (i!lustrated in figure 9).

The distribution of true interlamellae spacing has also been studied by several
authors (Roosz et. al.¥*, Roosz and Gacsi®®, Vander Voort and Roosz*®) using
stereological methods based on electron metallographic procedures. By
generalising and extending this method a computational procedure is also

available providing an additional way to approach the solution (Reti*?).
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Figure 9:- System for calculating the lamellae thickness / spacing (Fowler®)
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Chapter 3

Bainitic Microstructure literature review

3.1 The bainite transformation

The bainite microstructure is formed on cooling from austenite between the
temperature ranges at which pearlite and martensite form. Bainite consists of
B.C.C laths and cementite, however the transformation mechanism produces
a microstructure significantly different with respect to pearlite. (Krauss'®)

Pearlite formation is controlled by diffusion mechanisms, where carbon
diffusion and transfer of iron atoms across the austenite-pearlite interface
define the colony of pearlite. Bainite however forms at lower temperatures,
where even short range iron atom transfer is suppressed. As a result bainitic

~ ferrite is nucleated by a co-operative iron atom shear mechanism (Christian

and Edmonds41 ), with the resultant microstructure consisting of lath or plate
like ferrite as opposed to the lamellar morphology of pearlite and pro-eutectoid
ferrite. The smaller carbon atom however is still able to diffuse somewhat,
therefore various temperature dependent cementite particles are formed
alongside the bainitic lath. In contrast to pearlite, the cementite particles are not

continuous, leading to a metallographic definition of bainite as a structure

consisting of a non lamellar array of ferrite and cementite (Aaronson42). The
aggregates of bainitic platelets are often referred to as sheaves (Aaronson and
Wells*) and the individual platelets are sometimes called sub-units. A cluster of
platelets which form a sheaf is also sometimes called a packet of bainite
because under light microscopy, fully transformed grains of austenite appear

to be divided into discrete regions (i.e. “packets”).
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3.1.1 Bainite start temperature

Figure 10 shows a TTT diagram for a steel with 0.79 mass% carbon and 0.76
mass% manganese content (Krauss"’) . Curves for the beginning and end of
the bainite (and pearlite) transformation are shown with the horizontal broken
line marking the transition between pearlite and bainite formation. There is a
temperature above which bainite does not form, called the B, (bainite start)

temperature, which has been demonstrated using hot stage light microscopy

(Bhadashia®®).

Figure 10: TTT diagram for a 0.79 mass.% C, 0.76 mass.% Mn steel

(Kraussw, “American Society for metals 1985)
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Some authors also characterise the difference between upper and lower
bainite based on whether the transformation is above or below approximately
350°C (Matas and Hehemann®®), although Pickering*® has shown that this
distinction is not universally applicable (see figure 10). Additionally, attempts
have been made to model the transition from upper to lower bainite based on
the hypothesis that bainitic ferrite grows with the supersaturation of carbon in
solid solution. The theory involves the comparison between the time required to
reject the excess carbon into the residual austenite versus the time required to
obtain a detectable degree of cementite precipitation in the bainitic ferrite.
(Takahashi and Bhadeshia™).

An important characteristic of bainitic microstructures, especially relevant to
their mechanical properties, is the nature and extent of carbide precipitation. In
the following two subsections, the carbide precipitation reaction is discussed in

relation to the transformation mechgnism of bainite.

3.2.1 Upper bainite

As a consequence of the transformation to bainite, austenite enveloped
between platelets of upper bainite becomes enriched in rejected carbon. The
carbide phase associated with upper bainite precipitates from carbon enriched
residual austenite and is nearly always cementite (Wever and Mathieu®',
Lyman and Troiano®, Hultgren®® , Austen and Schwartz**)

If the carbon concentration of the residual austenite exceeds the value given by
the extrapolated y / (y+ 0) phase bqundary shown in ﬂgure 11, then cementite
precipitation from the enriched austenite lying adjacent to the platelets of
bainitic ferrite becomes thermodynamically possible (Kriesement and Wever™).
It is also assumed that bainite growth stops when the carbon concentration of
the austenite exceeds the 7', phase boundary, and will only continue when

carbon concentration drops i.e. on precipitation.
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Hence the overall sequence is growth of bainitic ferrite, rejection of carbon to
form cementite, back to growth of bainitic ferrite. When the temperature is
below T, however, subject to kinetics, carbide precipitation and growth of
upper bainite is expected simultaneously.

The sequence of reactions are summarised as follows, a refers to the
secondary ferrite which forms as the carbide precipitates from residual

austenite (Bhadeshia**):-

Y — Y+ Op supersaturated

- Olp unsaturated T ¥ enriched

— O unsaturated + O+ 0

T’, = Temperature at which y and o of the same composition have the same

free energy also accounting for the stored energy of ferrite.

T, = Temperature below which cementite can in principle precipitate in

association with upper bainitic ferrite.

Figure 11:- Schematic illustration of the thermodynamic condition which has to be satisfied

before cementite may precipitate from the austenite (Bhadashia*)
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As noted previously the formation of cementite or other carbides leads to a
reduction of the carbon concentration in the residual austenite, thereby
permitting the growth of a further amount of ferrite (denoted o). The
mechanism of this secondary ferrite reaction is not well understood.

Sandvik®® has proposed that the decomposition of the residual austenite
involves the displacive formation of a triclinic carbide, and the subsequent
formation of a small amount of bainitic ferrite. Whilst Nakamura and Nagakura®’
have suggested that cementite nucleates directly on the ferrite / austenite grain
boundary. They also proposed that the secondary ferrite, which they denote as
bainite, grows martensitically from the carbide depleted austenite.

In planar sections, the cementite particles in upper bainite appear parallel to
the traces of habit planes of the bainitic ferrite platelets. Fisher’® described
these particles as irregular ribbons in three dimensions particularly in bainite
formed at elevated temperatures. Additionally the precipitation of cementite
from supersaturated austenite is probably initiated at austenite grain
boundaries, hence these carbides will be relatively coarse and detrimental to
the mechanical properties, especially toughness in high strength steels

(Pickering®®).-

3.2.2 Lower bainite

Lower bainite consists of a non lamellar aggregate of ferrite and two kinds of
carbides. (Bhadashia*). As with upper bainite there is some precipitation of
carbide from the enriched austenite between the bainite plates. However there
is also a fine dispersion of carbides (g- carbide or cementite) within the ferritic
plates (discussed in section 3.2.2.1).

Spanos et. al®® proposed a mechanism for the formation of lower bainite
sheaves based on TEM observations on specimens of Fe-C ~ 2% Mn alloys
which contain relatively low (30%) volume fractions of bainite. The mechanism,

summarised in figure 12, involves the following stages:-
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1) Precipitation of a nearly “carbide free ferrite spine”.

2) Sympathetic nucleation of “secondary ferrite” plates usually only one sid
and at an angle of approximately 55 to 60° to the initiating spine. :

3) Precipitation of carbides in the austenite at the a/y boundary forming gaps
between adjacent “secondary ferrite plates”

4) Annealing then fills gaps with further growth of ferrite and additional carbide
precipitation causing the sheaf to lose its original serrated appearance not far
behind its leading edges.

Annealing out ferrite : ferrite boundaries formed by lateral impingement of
adjacent “secondary plates” further contributes to the appearance of lower
bainite sheaves as monolithic ferrite plates containing embedded carbides. The
ferrite spine corresponds to the smooth side of lower bainite plates first
observed by Oblak and Hehemann® and subsequently reported by other

authors (Yada and Ooka®").

Figure 12:- Schematic representation of the mechanism of carbide precipitation

suggested by Ohmori et. al*®
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The alternative theory summarised by Christian and Edmonds*' suggests that
lower bainite forms first as supersaturated ferrite, and that precipitation within
this ferrite is then a subsequent stage of the reaction. The precipitation within

1°®) or in-situ

the ferrite laths is then a result of relief precipitation (Ko and Cottrel
precipitation once a sub unit of bainite has ceased to grow, where because of
increased driving force and low mobility of the carbon atom, diffusion to

austenite it limited.
3.2.2.1 Precipitation within the lower bainite ferrite plate

Carbides found within any given bainitic ferrite plate usually occur in a single
crystallographic orientation. Cementite carbides have the longest axes inclined
at 60° to the “growth direction” of the ferrite platelets (ASTM, Irvine and

1.57)). This angle

Pickering®*, Speich®, Shimizu and Nishyama®, Shimizu et a
quoted however varies as a function of the plane section, it has been shown
that for lower bainite ferrite the cementite precipitates on the (112), so that the
true angle between the o and the cementite habit plane normal is

approximately 57°(Bhadashia*).
Early experimental work using Curie point measurements and dilatometry gave
indirect indications that e¢-carbide as well as cementite was associated with
169 I70

. Antia et al’".). Austin and

lower bainite, (Wever and Lange®, Allen et. a
Swartz”' first identified the presence of e-carbide (Fe,,C) in lower bainite and
since then similar results have been reported by several investigators. (Matas
and Hehemann®®, Deliry72, Pomey®, Oblak and Hehemann®). |

Bhadashia* has considered the available data and has concluded that the
average carbon content of the alloy system needs to be greater than 0.55M%.
for e-carbide formation. Since the partitioning of carbon into the residual
austenite depletes the bainitic ferrite too rapidly to permit any appreciable
precipitation of this carbide. The exception to this rule are nickel containing
steels which are believed to enhance the precipitation of g-carbide (Miihkinen

and Edmonds”).
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Additionally n-carbide (Fe,C) has also been observed in lower bainitic ferrite
obtained by transforming the austenitic matrix of a high silicon cast iron

(Franetovic et al.”).
3.2.2.2 Precipitation between lower bainite ferrite platelets

The precipitation of carbides within the bainitic ferrite plate by the
decomposition of the carbon into a mixture of cementite and ferrite is identical
to the precipitation of carbides in the upper bainite microstructure. However,
because some of the carbon is already tied up in the form of carbides within
the ferrite lath, a reduced amount of interplate cementite is observed
(Hehemann*). An important consequence of this is that lower bainite often has
a higher toughness than upper bainite even though it is usually the stronger of
the two.

3.3 Transition temperature between upper and lower bainite

The division in the bainitic range into upper and lower bainite was first
suggested by Mehl*® based on microstructural differences, implying that in
most steels there should be a fairly sharp change in morphology. The transition
is usually found to occur at approximately 350°C and not to be very dependant
on composition (Christian and Edmonds*!), but Pickering®® found appreciably
higher transition temperatures in lower carbon steels (containing 0.5%
molybdenum) rising to a maximum of ~550°C at ~0.5 wt.% carbon and then
decreasing again as illustrated in figure 13.

As an example, consider a stee\l ,with carbon content of 0.8 mass%, if
isothermally transformed at 400°C the resultant microstructure would consist of
upper bainite, whereas a 0.4 mass % carbon steel transformed at the same
temperature would possess a lower bainite microstructure.

Ohmori and Honeycombe?®'®

investigated a steel of similar composition except
for molybdenum and found a constant transition temperature of 350°C down to

0.4% carbon with no lower bainite forming below this composition.

31



Figure 13: The temperature of the transition between upper and lower bainite

versus carbon content. (Pickering®9).
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Models for estimating the temperature at which upper bainite reaction gives
way to the formation of lower bainite have been developed by Takahashi and
Bhadeshia®® based on an idea from Matas and Hehemann®®. The model
involved a comparison between the times required to decarburise
supersaturated ferrite plates with the time required to precipitate cementite
within the plates. If the decarburisation process dominates, upper bainite is

formed, whereas relatively rapid carbide precipitation within the ferrite leads to

the formation of lower bainite.
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3.4 Crystallography of bainite

It is thought that the properties of the bainitic microstructure depend upon the
crystallographic texture that develops as a consequence of the transformation
from austenite (Bhadeshia®). Bainite growth is in the form of clusters of
platelets called sheaves, with minimum misorientation between the platelets
within any given sheaf. Where they impinge, adjacent platelets are separated
by low misorientation grain boundaries. Relative orientations of the bainitic
ferrite and its parent austenite are close to the classic Kurdjumov-Sachs”® and
Nishiyama-Wasserman77 relationships as shown in figure 14. It can be seen
that these two relationships differ only by a relative rotation of 5.25° about the
normal to the parallel close packed planes of the two structures. Accuracy is of
paramount importance, since the orientation relationship does not account for
all input parameters, for example the lattice invariant deformation. In the case
of bainite, (also of lath martensite) such predictions are also difficult to achieve
because of the experimental difficulties in retaining austenite. In spite of these
problems, experimental data always lie well within the “bain region” which
encompasses the Kurdjumov-Sachs76 and Nishiyama-Wasserman77

relationships.

Figure 14:- Stereographic representation of the Kurdjumov-Sachs’® and Nishiyama-

Wasserman’’ relationships.
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3.4.1 Bain region definition

The Bain strain is the pure part of the lattice deformation which for displacive
transformations in steels converts austenite into ferrite or martensite (Bain®),
see chapter 4 section 4.1.

During the Bain strain, no plane or direction is rotated by more than 11° so that
any pair of corresponding planes or directions may be made parallel by utilising
the lattice deformation with a rotation of no more than 11° (Crosky et al.”).

This then defines the Bain region, where it is expected that the experimentally
observed orientation relation will lie within this region, close to the Kurdjimov-
Sachs / Nishiyama-Wasserman relationship.

Bhadeshia and Edmonds® along with many other investigators found that all
the platelets / laths within a sheaf or packet have a common orientation.
However Sarikaya'et al.¥ has claimed that although some groups of adjacent
laths have a common orientation, others have different variants of the
orientation relationship, or in lower bainite are twin related. One suggested
reason for single orientation relationship is that the individual laths of a sheaf or
packet are not separate crystals but continuously connected proportions of the
growth front from one original nucleus. At relatively high temperatures during
bainite formation, dislocation generation from plastic deformation brought about
by the shape change prevents the forward growth of a lath after it has attained
a certain size. Initiation and growth of a new platelet or lath only resumes by
the breakaway of a part of the original interface in close proximity to the tip
(Bhadeshia*).

In bainite, growth would resume after the rejection of carbon from the ferrite
into the austenite and would be most likely where pinning by dislocation debris
is minimal. Alternatively it has been suggested that individual laths within the
packet are completely separated from each other by thin layers of retained
austenite, since some authors have claimed to observe retained austenite

between individual laths (Srinvasan and Wayman®?, Sandvik and Waymanas). '
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3.5 Crystallography of carbide precipitation in bainite

Details of the crystal structure of the carbides found in bainite or tempered
bainite are given in table 3 (Bhadeshia**). Each individual reference is noted,
alongside ratio of iron and other metal atoms to carbon designated Fe,M/C.
Because long range diffusion of substitutional atoms is not permitted during
typical heat treatment and cooling regimes when forming bainite, it is found that
only e-carbide, n-carbide or cementite precipitate within the bainitic ferrite. Also
only k-carbide or cementite precipitate from the carbon enriched austenite
between the ferrite platelets. The other carbides listed in table 3 require long
range diffusion, only obtainable during a tempering treatment or after

prolonged holding at the isothermal transformation temperature.

35



3

" (

2(

<2

0% 52,
0% 52,
0% 0!-52;
l.<2

12

E2F

<> 2)

%)

(

: *
#( . +(( 0!
35 D2
(v . <
,V=.9
(V4. < 4
,V=.<x<
(Vv < =, < 4.4
Vv 9 +V .==L
4.
(V= = V=.< 9 4
,V4.9<
(V=. 4 V .09 <
V. =<
(V=. 4 \% D<
,V 4. =4
(Mo V
Vo o=.=
(V. V
Vo=
(V=.9 V .=
, V9
(V . 4 4<D
(V .94
(V .<9 V.
,V=. P +V

P9O=.

%,

%,

(

6

@ (,{
?*

?(
(¢ (
- |
% (- |/



3.5.1 The orientation relationship of Cementite

As in the case of martensite, the most frequently observed orientation

relationship, called the tempering or Bagaryatski®' relationship is found to be:-
{0013, 1 {211},
<100>, Il <011>,

The second most frequent observed o/6 orientation relationship which is also

consistent with the tempering of martensite is:-
{001}, Il {215},

<100>, within 2.6° of <311>,
<010> within 2.6° of <131>,

For cementite that precipitates during the formation of upper bainite Shackleton
and Kelly92 have showed that a large number of observed orientation
relationships are all rationalised if it is assumed that the cementite precipitates

h21® v/0 relationship:-

from austenite with the Pitsc

{001}, I {225},

<100>, within 2.6° of <554>,
<010> within 2.6° of <110>,

The a/6 relationship can then be found by considering the y/6 relationship by

allowing the ferrite to be a variant of the Kurdjumov Sachs a/y orientation

relationship.
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The 6/ orientation relationship found by Isaichev® has also been reported for
the cementite within lower bainitic ferrite (Ohmori®*, Huang and Thomas®,

which is quite close to the Bagaryatski relationship:-

{103}y 1l {101},
<010> Il <1i‘T>Ot

3.5.2 The orientation relationship between epsilon (c) carbide

Epsilon carbide is found to occur in the form of plates which are approximately
6-20 nm thick and 70-400 nm long (Huang and Thomas®). The carbide ferrite

interface tends to be ragged and forms the orientation relationship:-

(101), 11 (1011),
211), I (1010),
(011), 1l (0001),
AT1), I (1211),

K* in tempered martensite

This relationship was first deduced by Jac
structures, Huang and Thomas® have since confirmed that the e-carbide found
in lower bainite obeys the same orientation relationship with bainitic ferrite as

found during the tempering of martensite.

3.5.3 Orientation relationship of eta () carbide

This transition carbide, is usually associated with the tempering of martensite,
(Hirotsu and Nagakura®) where the martensite / carbide orientation
relationship was found to be:-

(110), 1l {010}

[110], Il <010>a.
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Eta carbide has been recently found in a high silicon lower bainitic ferrite alloy

(Franetovic et al.”®), where electron diffraction confirms that:-

[011], 11 <100>, 11 <011>,

3.5.4 Orientation relationship of chi (y) carbide

Chi carbide is a transition carbide which is metastable with respect to
cementite. It was first found in the tempered martensite structure, where the
use of high magnification electron microscopy revealed interpenetrating layers
of cementite and y carbide. It was initially thought that this structure simply
consisted of faulted cementite, further investigations however, revealed that
these “faults” corresponded to regions of y carbide, each only a few interplaner
spacings thick. where the {200}, planes are found to be parallel to the {001},

planes of slightly different spacings (Bhadeshia“).

3.6 Structure property relationships in the bainitic microstructure

The quantification of the mechanical properties of an upper or lower bainitic
microstructure is by no means straightforward due to its complex nature
comprising of many possible structures and strengthening mechanisms

(Pickering®®) , for example :-

i) Packets490f lath like ferrite grains ofgslow misorientation between grains.
(Pickering , Honeycombe and Pickering ).

i) Variable dislocation density and dislocation arrays between ferrite laths.

iii) large carbides at ferrite lath, prior austenite boundaries, and carbides within
the ferrite laths in lower bainite.

iv) Alloy enriched ferrite islands or high carbon bainite, martensite or even
retained austenite between ferrite laths, i.e. the martensite-austenite (MA)
constituent.

v) Solid solutions of interstitial and substitutional solutes.
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It can be concluded that some difficulties will arise in attempting to describe the

individua! effects of all these features quantitatively on the mechanical

properties.
3.6.1 Hardness

For fully bainitic microstructures, the hardness is approximately linearly related
to the carbon concentration, by 190 Hv per wt% ( Irvine and Pickeringg7). This
contrasts with a change of about 950 Hv per wt.% of carbon for untempered
martensite, where most of the carbon is in solid solution. The austenitising
temperature does not influence the hardness unless it is not high enough to
dissolve all the carbides (Irvine and Pickering™). Also the hardness of bainite
was found to be independent of the prior austenite grain size, even though this
in turn influences the bainite sheaf thickness (Kamada et al.98). This is not
unexpected given that the bainite sub-uhit (packet size) is hardly influenced by
the prior austenite grain size and since the sub-units are much smaller they
exert an overriding influence on strength (Bhadeshia®®).

NB:- In most cases microstructures obtained are often mixed, in which case the

hardness will depend on the transformation temperature and composition.

3.6.2 Proof strength

Bainite steels do not possess a definite yield point, instead continuous yielding
is observed hence the yield strength usually refers to the 0.2% proof strength.
The major strengthening mechanisms are due to bainitic ferritic “grain size”
(packets) , dislocations, carbide dispersion and solid solution strengthening. It
is well known ( Irvine and Pickeringg7; Pickering49) that the tensile strength and
proof strength increases linearly with decreasing transformation temperature.
This is because the above mentioned strengthening mechanisms increases

with decreasing transformation temperature.
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One additional point to note however is that the transformation temperature is
related to the steel composition ( Steven and Haynes45), hence equation 1 can

be used to determine the approximates 0.2% proof strength value:

0.2% PS = 170 + 1300 (wt.% C) + 160 (wt.% Mn) + 160 (wt.%Cr) + 130(wt.%Mo) + 88(wt.% Ni)

+63 (Wt.% W) + 45 (Wt.% Cu ) + 270 (W% V). (3.2)

Pickering47 showed that the proof strength increased linearly with the reciprocal
of the square root of the mean linear intercept of the “bainitic ferrite” grain size
and also increased with the increasing density of carbide particles.

The contribution of “bainitic ferrite grain size” to proof strength was investigated

by several workers, (Bush and Kellygg, Gladman et alwo, Pickering49).
Conclusions drawn suggested that the bainitic ferrite grain size contributed
less than 50% of the proof strength.

Equation 3.3 was developed (Pickering®) to relate the proof strength to the
individual effects of the bainite ferrite grain size, d, and the number of carbide

particles per unit planer section of the structure, n.

Proof strength (8y ) = -191+17.2d "% +149n% (3.3)

From the negative constant in this equation it can be seen that a threshold
carbide distribution exists, below which carbides do not contribute to strength.
Thus in upper bainite the carbides at the bainitic ferrite lath boundaries do not
add to the strengthening, as their spacing is equal to or greater than the bainitic
ferrite lath size. In lower bainite however the carbides do contribute to the
strength as they occur within the ferrite laths. The results from equation 3.3 are
also illustrated in figure 15, and indicates that carbide strengthening only
becomes significant at the finer bainitic ferrite lath sizes, i.e. at the lower

transformation temperatures.
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Figure 15:- Contributions of the bainitic ferrite grain size and carbide dispersion strengthening to

the 0.2% proof stress of low carbon bainitic microstructures contain 0.05 - 0.15 wt. % carbon

(Pickering®).
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It has also been suggested ( Bush and Kellygg), that strengthening from
dislocations, which can be quite substantial due to the shear component of the

bainite transformation, should be taken into consideration.

5q =1.2x10-3 (¢) 7 (3.4)

Where ¢ is the dislocation density in lines cm -2

An assessment has also been made on the effect of the MA (martensite-
austenite) constituent which is usually found in bainite formed during

continuous cooling. The contribution to the proof strength from the MA phase

has been reported to be:-

Sya = 360 + 900 (f MA) (3.5)

Where f MA is the volume fraction of MA constituent.
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3.6.3 Proof strength / UTS ratio

Many bainitic steels, particularly those with high strengths, have Proof / UTS
(ri) values much lower than 0.8 even though the UTS maybe very large (Irvine
and Pickering™). It is believed that the internal stresses caused by the
displacive mode of transformation, and the existence of many mobile
dislocations, has the effect of lowering the proof stress.

This was confirmed by the fact that a low temperature (400°C / 1 hour)
tempering treatment, which has only a minor effect on the microstructure,
reduces the internal stresses and raises r, without any loss of strength.

Since relatively hard phases i.e. cementite exist in the microstructure, a gradual
yielding behaviour is observed due to these particles acting as stress
concentrators. In bainite there is also an irregular distribution of obstacles
(solute atoms boundaries etc.) to the motion of dislocations, obstacles whose
“strength” is variable. Also obstacle free areas will exist into which dislocations
can penetrate at low stresses, thus giving rise to a gradual deviation from
elastic behaviour (Kettunen and Kocks'®', Kettunen and Lepists'%?).

An additional problem can arise when a large volume fraction of a phase
harder or softer than bainite is included in the sample (Hehemann et al.1°3).
Much of the deformation is initially concentrated in the softer phase and this
has the effect of reducing the yield stress of the softer phase (Tomota et al.'®).
The hard phase commences to deform after the softer phase has strain

hardened and is able to transfer some of the load.
3.6.4 Ductility

Low carbon bainitic or martensitic steels always show superior tensile ductility
when compared to their high carbon, identical strength counterparts, (Irvine
and Pickeringg7). Subsequent research confirmed that the ductility can be
improved by reducing the carbon content of a fully bainitic microstructure while

maintaining its strength using substitutional solid solution strengthening.

43



The ductile fracture in good quality commercial steels which are free of metallic
inclusions, propagates via a nucleation, growth and coalescence of voids
mechanism, with fracture occurring on the coalescence of voids (Bhadeshia™).
Minimum deformation before fracture is obtained when the number density of
voids is large, hence mean separation is small.

Increasing the carbon concentration of the bainitic steel (increase in number of
carbide particle), facilitates an increase in the number of void nucleation sites,
hence ductility decreases with increasing carbon content even if the strength
remains constant (Pickering'®)

In steels which do not transform completely to bainite, voiding during
deformation has also been obseryed at the hard regions of untempered
martensite which form on the transformation of carbon enriched residual
austenite (McCutcheon et al.'%).

The linking of voids during ductile deformation begins with internal necking
between adjacent voids. Since this necking instability depends upon the ability
of the material to work harden, ductility should decrease if the work hardening
rate is small, however results to date do not show this. Deep and Williams'®’
have shown that tempered upper bainite strain hardens more rapidly than
tempered lower bainite. However, both microstructures were found to have
identical ductility even though the structures possessed identical values of
interparticle spacing and mean carbide size. Hence the effect of work
hardening and yield stress on the ductile failure of bainitic steels is not yet
understood. '

The ductility (measures by elongation) of a fully bainitic, low carbon steel is
found to be better than that of oil quenched and tempered martensitic steels of
equal strength (Irvine and Pickeringg7). This situation however, is reversed at
higher carbon concentrations. The ductility as measured by reduction of area
on the other hand, is always worse for bainitic steels, this phenomena is not

fully understood (Bhadeshia*).
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3.6.5 Toughness

Impact toughness is generally characterised by the Charpy test which
essentially involves machining a notch in a standard sized test specimen,
which is then fractured under certain conditions. The energy absorbed in the
fracture process is then taken as a measure of the microstructural toughness.
These tests can be carried out over a range of temperatures to determine the
ductile brittle transition temperature (DBTT), i.e. the temperature at which the
impact fracture surface of a material changes from ductile (high energy) to
brittle cleavage (low energy).

It is known that the transition temperature increases with increasing strength for

both upper and lower bainite, with upper bainite possessing a higher transition
temperature than lower bainite as shown in figure 16 (Pickering49). This latter
conclusion is due to the following:-

i) Unconstrained initiation of cleavage cracking in upper bainite due to the

fracture of large inter-lath carbides, plus low angle bainitic ferrite lath
boundaries are not effective in the prevention of cleavage crack propagation.

ii) Finer carbides within the laths in lower bainite arrest cleavage crack
propagation

Figure 16:- Relationship between the ductile brittle transition temperature for low carbon bainitic

microstructure containing 0.05-0.15 wt.% carbon (Pickering®)
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One additional barrier to the propagation of the cleavage crack is the high
angle "packet" or prior austenite grain boundaries. Results clearly show that

the ductile brittle transition temperature increases with prior austenite grain size
1
(Irvine and Pickering 08). This data can be interpreted to show linear

dependency of the transition temperature with D -72 where D is the mean linear
intercept of the austenite grain size Figure 17.
Other factors which increase the ductile brittle transition temperature include

the presence of coarse carbides, dislocation "forests" and MA constituent

109 110
(Pickering ; Morrison ). These factors influence the transition temperature
due to their embrittling effect. Low angle grain boundaries also increase the
transition temperature, since they have no effect on impeding cleavage crack

propagation.

Figure 17: The dependence of the ductile-brittle transition temperature on the

prior austenite grain size or the fracture facet size in (a) bainitic

microstructures, (b) martensitic microstructures (Irvine and Pickering'®).
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3.7 ldeal chemistry and cooling procedure for bainite

In commercially important bainitic steels, a typical continuous cooling diagram
features the ferrite nose pushed far to the right so that polygonal ferrite is
formed only under exceptionally slow cooling rates. This exposes a broad flat
bainite transformation region, hence bainite with an almost constant
transformation start temperature is produced over a wide range of cooling
regimes.

When developing a new alloy system, it is important to know the effect each
element will have on transformation kinetics and hence final microstructure.
Apart form the widely used alloy addiftions such as chromium and molybdenum,
elements such as boron, sulphur and the rare earths are also beneficial
(Bhadeshia“). Early commercial bainitic steels relied on the effect of boron on
the transformation characteristics of low carbon steels, with boron retarding the
nucleation of allotriomorphic ferrite permitting the formation of a fully bainitic
microstructure under continuous cooling.

Umemoto et al.'" found that quite small additions of sulphur (~0.005 wt.%) can
in some circumstances lead to an enhancement in the nucleation rate of
bainite. This was achieved by the nucleation of iron rich sulphides at austenite
grain boundaries thereby promoting the nucleation of bainite, however this was
found only when the austenitising temperature was sufficiently low. Umemoto
et al''! also found that steels austenitised at elevated temperatures, and
subsequently held at a lower temperature (still in the austenite phase field),
precipitate a very small volume fraction of cementite particles at the austenite
grain boundaries which also stimulate the nucleation of bainite.

The addition of rare earths (ceriumt neodymium, lanthanum and yttrium) are
also believed to suppress the fornﬁation of allotriomorphic ferrite to a greater
extent than for bainite formation. The mechanism is believed to be similar to
that of boron, involving segregation to the austenite grain boundary
(Bhadeshia*}).
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It is well known that 0.35 mass % carbon, 1.25 mass % chromium, 0.5 mass %
molybdenum steel possesses a bainitic microstructure over a wide range of
cooling regimes, and that this range can be extended further by increasing the
carbon content to 0.48 mass %, since carbon suppresses ferrite formation.
(Pickerin923). True transformation ranges during continuous cooling are then
established by dilatometry or Jominy end quench methods.

Although many continuous cooling diagrams illustrate that a bainite
microstructure is generated over a wide range of cooling regimes, the situation
is complicated because of the wide variations in microstructure which are
actually observed, from upper bainite to lower bainite as the cooling rate is
increased. Thus it is apparent that the transformation in the bainite shelf does
not produce a single constituent which can be uniquely termed bainite despite
the uniformity in the transformation temperature range (Bhadeshia*).

It is important to ascertain the transition from upper to lower bainite since the
mechanical properties of these two morphologies differ quite significantly
(Pickering®). Of equal importance is the determination of the martensite and
ferrite pearlite limit, that is the slowest cooling rate beyond which ferrite is
formed and similarly the fastest cooling rate beyond which martensite is
formed. .

Figure 18 illustrates the continuous cooling transformation curve for a 1%
chromium molybdenum steel with carbon content of 0.35 mass%. This figure
clearly illustrates the wide range of cooling rates possible to produce various

bainitic microstructure, hence the flat portion of the "bainite range."
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Figure 18: Continuous cooling transformation diagram for 1% chromium

molybdenum alloy. (Atkins"z).
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Figure 19:- Martensite transformation ( Krauss'?).
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4.1.1 Lattice deformation or “bain” strain

Firstly there is the lattice deformation necessary to accomplish the crystal
structure change from austenite to martensite.

In iron carbon alloys and steels the lattice deformation is referred to as the
"Bain" strain after Bain78, who first identified a set of atoms in f.c.c austenite
which would corresponds to a set of atoms with the body centred tetragonal
(b.c.t) arrangement of martensite.

Figure 20a illustrates the bain correspondence, with figure 20b illustrating how

the atoms must be displaced to produce a unit cell of martensite (Christian'"").
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Figure 20:- (a) ldentification of a body centred tetragonal (b.c.t) cell in austenite by <100>, axes.

(B) The b.c.t. cell before (left) and after (right) the lattice deformation or Bain strain (Christian'"").

001}y

- - {010}y

(b)

4.1.2 Lattice invariant deformation

The previously described lattice deformation however does not satisfy the

requirements of plane strain deformation (Greniger and Troiano118)

Therefore a component known as the lattice invariant deformation is required to
make martensite formation conform to plane strain conditions. Lattice invariant
deformation is accompanied by exiremely fine scale twinning or slip and leaves
a characteristic twin or fine dislocétion structure within martensite laths, as

illustrated in figure 21.
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Figure 21:- Schematic representations of the lattice invariant deformation by

a) slip and b) twinning (Bilby and Christian''®).
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4.1.3 Martensite start / finish temperature determination

The temperature at which the martensite transformation begins is known as the
Ms (martensite start) and is very specific for any given composition (Naylor and
Cook'"®). Beyond this temperature, because diffusion is limited the austenitic
structure rearranges itself via a diffusionless shear transformation to form
martensite.

This transformation occurs over a temperature range M, to M; (martensite start
to martensite finish) and proceeds as the temperature decreases. The range

covers approximately 200°C but the transformation is not linear with decreasing

temperature (Naylor and Cook'"9).
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The relationship between composition and martensite start / finish has been
thoroughly investigated (Grange and Stewart'?, Payson and Savage'?', Steven

123

and Haynes*, Hornbogen'?, Andrews'?®). Steven and Haynes* reported the

relationship:-

Mg (°C) =561 - 474(wt.%C) - 33(wt.%Mn) - 17(wt.%Ni) - 17(wt.%Cr) -21(wt.%Mo) 4.1)

Andrews'® used a very large population of steels and obtained the relationship

where 92% of the M; values were predicted within +/- 25°C.

Ms (°C) =530 - 423(wt.%C) - 30.4(wt.%Mn) - 17.7(wt.%Ni) - 12.1(wt.%Cr) -7.5(wt.%Mo) (4,2)

Diggs'?* investigated the effect of carbon on the M, temperature, for both plain
carbon and alloys steels (see figure 22). The curve for alloy steels shows a
higher M, temperature for a given carbon content than a plain carbon steel
because some of the carbon is present as alloy carbide and thus not disolved in
the austenite. Alloying elements dissolved in austenite also depress the Mg
temperature, but to a much lesser extent than carbon (Rayson’z).

In addition Petty'®® has shown that the M¢ temperature (martensite completion)

decreases more rapidly with increasing carbon content than the Ms and

decreases from 400 C to 0°C as the carbon content is increased from 0 wt. % to

0.65 wt. %, (figure 23).
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Figure 22:- M, temperature as a function of carbon content in Fe-C alloys and

steels (Diggs'?*).
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Figure 23 The effect of carbon content on the Mg

and the M temperatures for the iron carbon alloys (Petty'®®).
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4.1.4 Auto tempered martensite formation.

The as quenched martensite microstructure possesses a relatively high strength
but low toughness due to the highly stressed and hence brittle nature of the
microstructure. It is well known that reducing the strength of a martensitic steel
increases the toughness thereby making the alloy more suitable for engineering
applications. Traditionally medium and high carbon steel are quenched into oil
then tempered at various temperatures to allow the removal of internal strains
and coalescence of carbides. This procedure gives satisfactory results, but
requires complicated heat treatments. Also due to the rise in scrap recycling and
the concomitant rise of tramp elements, problems with temper embrittiement are
becoming more prevalent. The strength of the martensite structure arises mainly
from the carbon content due to the distortion effects on the b.c.t structure. By
reducing the carbon content to an optimum amount, and incorporating other
elements for hardenability adequate strength and reasonable toughness are
obtainable. -

It has been shown that the carbon content of the alloy system is directly related
to the martensite start temperature. This in turn affects the degree of auto
tempering, which is facilitated when the martensite start temperature is
sufficiently high. Therefore during the quench, as martensite forms, a significant
removal of internal stress occurs by the annihilation of dislocations and the

removal of some solid solution carbon in the form of carbides.
4.1.5 Retained austenite formation

Sections 2.3.1.1 detailed the effect of carbon / alloy content on the martensite
start and finish temperatures. At critical carbon / alloy additions, excessive
suppression of the My and M; temperatures ensue, promoting the retention of
unacceptable quantities of retained austenite on cooling to ambient temperature

(Rayson12).
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A similar effect is observed when raising the austenitising temperature, because
the austenite is enriched in carbon and other alloying elements enhanced by

carbide solution. Figure 24 illustrates this for a 1 wt.% carbon steel austenitised

above and below A, (Rayson'?).

Figure 24:- The effect of cooling below the M, temperature on the amount of martensite formed as a function of the
temperature during quenching for a hypereutectoid steel austenitised either below or above the A.,,. The broken line
indicated the cessation of martensite formation over a restricted temperature range which is brought about by the

stabilisation of the austenite caused by interrupting the cooling at temperature T in the 1 wt.% C steel (Rayson‘z).
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Retained austenite is undesirable in a martensitic structure because it will
transform to martensite if cold worked, tempered or aged even at room
temperature (Rayson”). Such a transformation is accompanied by dimensional
changes, brittleness and cracking. The only advantage of retained austenite is

that it may improve fracture toughness (Gerberich et al.126)
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4.2 Hardenability assessment
4.2.1 Definition and test methods

Hardenability can be described as the capacity of a steel to transform from
austenite to some given percentage of martensite under certain cooling
* conditions (Honeycombe®). The hardenability of an alloy system can be
assessed using several standard test procedures, with the most widely used
being the Jominy end quench method. This involves austenitising round bar
which is then end quenched by a jet of water. After cooling opposite sides along
the length of the specimen are ground and polished, then hardness
measurements are made at increasing distances from the quenched end. When
the cooling rate of a production component is known by experiment or
calculation, the hardness of it can be estimated from that of the corresponding
Jominy position. Various predictibns of the parameters derived from Jominy
curves have been made from the chemical composition of the steel, for
example, the initial hardness at the quenched end (IH) can be estimated from
the relationship between the maximum attainable martensitic hardness and the
carbon content. (Burns et al.'®’, Hodge and Orehoski'?®, Nehrenberg et al.'?,

Boyd and Field'®).
4.2.2 The ideal critical / critical diameter (D;/ D.)

Grossman et al.™" established the concept of a critical diameter (D) and an
ideal critical diameter (D;) to allow the estimation of the hardenability of a steel
given its chemical composition. The critical diameter (D.) is defined as the
diameter of a bar, the centre of which produces 50% martensite upon quenching
with a known quenching severity, represented by the H value.

The ideal critical diameter (D;), which is the diameter of the bar achieving a given
percentage of martensite at its centre when quenched with an infinitely severe
quench, can be calculated from the chemical composition utilising a procedure

developed by Grossman et al.!¥!

58



This method involves the multiplication of the different hardenability effects for

various alloying elements as discussed in section 4.2.3.

4.2.3 Assessment of ideal critical diameter

There is a great amount of literature ( Siebert, Doane and Breenm) on the effect
of alloy composition on hardenability, such data is usually provided in graph
format giving a multiplication factor for a corresponding element concentration.
For example, if the chemical composition is known, respective multiplication
factors are noted and D; is found corresponding to the maximum diameter where

100% martensitic structure is formed under an infinitely severe quench. Detailed

literature (Siebert, Doane and Breenm) also exists on the effects of
hardenability from the interaction of elements with one another together with
austenitising conditions ( for example the effect of grain sizes from over

heating). The effect of carbon content and grain size (figure 25) on the

multiplication factor is based on the data of Kramer et al133., who also presented

data for the effect of manganese (figure 26).

Also included in figure 26 are comparisons with data from Crafts and Lamont134

From this data it was evident that manganese contributes markedly to
hardenability, especially in amounts greater than 0.8 mass %.

It was also recognised that a certain degree of alloy interaction also existed
since addition of manganese increased hardenability to a greater or lesser
extent in multi-alloy steels than in plain carbon steel.

The hardenability factors for silicon, nickel and chromium are given in a number
of papers reviewed by Grossman'' Figures 27, 28 and 29 show typical
multiplication factors.

Grossman also pointed out that in the case of strong carbide forming elements,
two factors contribute to the variability in hardenability. One is the alloy

interaction effect; the other is the degree of carbon in solution.
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Figure 25 illustrating the effect of carbon content and grain size on mutiplication factors
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MULTIPLYING FACTOR
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Figure 27:- Multiplication factors for silicon to assess hardenability

(reviewed by Grosmann'')
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Figure 28:- Effect of nickel on hardenability multiplication factor
(reviewed by Grossman'®")
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Figure 29:- Multiplication factors for calculating the effect of chromium on hardenability

(Grossman'®')
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4.2.4 Boron and Hardenability

In the 1930's boron treated steels were recognised for their unusual
hardenability, with very small amounts required for powerful effects on
hardenability. The early work of Grange and Garvey135, defined the boron
hardenability effect in terms of amount added, indicating that an addition of
0.0025 mass % boron or less will provide the maximum effect. This was
confirmed by Crafts and Lamont - and many other authors. Kapadia et al'*.,
Lewellyn and Cook137 and Melloy et al.™®®, relating hardenability to an "effective"
boron content, (B), deduced from the interaction of titanium and zirconium which
was added with boron to control the nitrogen in steel. They found that the
hardenability effect reached a maximum at about 0.001 mass% f in a steel
containing 0.17 mass% carbon, 0.87 mass% manganese, 0.55 mass%
chromium, 0.88 mass% nickel and 0.5 mass% molybdenum. Lewellyn and
Cook137 also found a maximum hardenability effect when the soluble boron was

at or below 0.001 mass%.
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One further consideration is the influence of carbon on the effectiveness of
boron, since it is well known that boron is most effective in low carbon steels and

becomes less effective as the carbon content of the steel increases. Lewellyn

and Cook137 presented their data on the effect of boron in carbon steels
containing 0.8 mass% manganese in terms of the boron multiplication factor,
figure 30. They point out that the boron effect on hardenability reaches zero at

the eutectoid carbon content, and that this carbon content is affected by alloy

content. The data of Lewellyn and Cook137 as shown in figure 30 for 0.8 mass%

manganese steel can be expressed as the equation:-

Boron multiplication factor = 1 + 2.7 (0.85 - %C) (4.3)

A similar equation was developed by Breen and Walter139

Boron multiplication factor = 1 + 1.76 (0.74 - %C) (4.4)

Figure 30 :- Multiplication factors for calculating the effect of carbon on boron multiplication
factor in 0.8% Mn steels (Lewellyn and Cook™).
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4.3 Crystallography of martensite

Following the martensite transformation, certain crystallographic planes and
directions in the austenite are parallel to specific planes and directions in the

martensite. Two well known orientation relationships have been established in

steels ( Christianm). One determined by Kurdjumov and Sachs™, is :

{11341l {101}y, and 110y, || (1)

8

The other relationship determined by Greninger and Troiano'"® and also by

Nishiyama’’ is :-
{111}, || {011}y and (112)y || ©O11) ¢
4.4 Crystallography of carbides in martensite

The thermal history and chemistry of the martensitic alloy will obviously influence
the amount and type of carbide present. For example, during water quenching
of a low carbon “autotempered” martensite, the steel is not at a high temperature
IongAenough to permit the long range diffusion of substitutional atoms, so that
only e-carbide, m-carbide or cementite precipitate (Bhadeshia®). The other
carbides which do require long range diffusion, allowed during a tempering or
isothermal holding treatment are given in table 3, section 3.5 The orientation
relationships between cementite, epsilon, eta and chi carbide are also discussed
in section 3.5.1to0 3.5.4.
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4.5 Strengthening of martensite

The strengthening mechanisms which occur in the martensite structure are

broadly based on dislocation interactions with carbon in its various forms, for

example :-

e Carbon and nitrogen in solid solution.
¢ Fine lath or plate size:- boundaries

e Restriction of dislocation movement by twin boundaries in high carbon
lenticular martensite

e The precipitation of carbides, especially in tempered and auto tempered
structures and clustering of carbon atoms.

e The high dislocation density in low carbon lath martensite.

It is not valid to consider these strengthening mechanisms singularly, since
many of these features interact or are mutually influenced by each other
(Pickerin923). These various mechanisms may also not be simply additive
(Leslie”o) . The major strengthening mechanisms for martensite structure are
therefore due to solid solution carbon dislocations and packet / grain
boundaries.

It is thought that prior austenite grain size affects the proof strength (Grangem,

Porter and Dabrowski,142 Swarr and Kraussm) as this influences the martensite
packet size. However, Brownrigg'** 1973, has demonstrated that strength is
independent of austenite grain size in low carbon martensite. This therefore
indicated that either packet size was insensitive to prior austenite grain size or
that the packet boundary does not contribute to strength in low carbon
martensite.

The strong influence of packet size on yield strength has also been attributed to
carbon segregation at the packet boundaries but tempering reduces the
dependency of proof strength on the packet size due to the formation of

carbides ( Swarr and Krauss143).
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In section 4.6 reasons are given as to why it is necessary to keep the carbon
level to an optimum amount, since although carbon provides strength, problems
arise with for example, quench cracking, stress corrosion and retention of
austenite in the untempered condition. Additional strengthening mechanisms, for
example the restriction of dislocation movement are worthy of consideration for
alloy applications where carbon levels have to be kept to a minimum. The
restriction of dislocation movement can be achieved by cold working the alloy
which causes interaction of moving dislocations in a slip plane with other sessile
dislocations. The end result is an entanglement of dislocations which act as
barriers to subsequent dislocation movement, hence extra force is required to
continue deformation. Also if the carbon content in the alloy system is kept to a
level to facilitate adequate auto tempering, precipitates formed on slip planes will
also act as barriers to moving dislocations, hence dislocations will pile up at
precipitates and become immobile. On increasing the carbon content less auto
tempering takes place and strengthening mechanisms such as clustering of
carbon atoms, dislocation atmospheres, solid solution strengthening and twin

boundaries become important considerations.
4.6 Optimising mechanical properties
4.6.1 Strength and stress corrosion cracking

The strength of a martensite alloy is intimately related to the carbon content,
increasing the carbon level gives rise to a significant increase in the ultimate
tensile strength and hardness but decreases the toughness. The strength has a
dominant effect in determining the susceptibility of an alloy to stress corrosion
cracking, where the classical approach for reducing stress corrosion cracking
problems is to lower the strength level, by tempering for example. The
relationship between the yield strength and the stress intensity factor for fracture

(Kic) and stress corrosion cracking (Klssc) is shown in figure 31 (Naylor and

Cook''9).
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Figure 31 Yield strength versus stress intensity factor lllustrating that if the stress intensity factor
is greater than KIC and Kiscc hence failure will occur (Naylor and Cook'"9).
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4.6.2 Quench cracking

Hardenable alloy steels containing more that 0.25 mass% carbon may suffer

from quench cracking due to the martensite transformation. Kunitake and
Sugisawa145 proposed the following carbon equivalent (C,;) to estimate the

quench cracking of steels.

Ceq = (Wt.% C) + Wt.% Mn / 5) + (wt.% Mo / 5) + (wt.% Cr/ 10) + (wt.% Ni / 50) (4.5)

Hence for a 0.3 mass % carbon boron steel:-
Ceq = 0.30 + (1.02/5) + (0.24/ 10) =0.528 (4.6)

The higher the carbon equivalent value the more sensitive is the steel to quench
cracking as shown in figure 32. Steels comprising of coarse austenite grains

with low Mg temperatures are particularly susceptible to quench cracking. On

increasing the carbon content to 0.35 mass% the carbon equivalent would

increase to 0.578, figure 32 indicates that this steel would be extremely

susceptible to quench cracking.
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However since boron reduces the susceptibility of quench cracking it is possible

that the 0.35 mass % carbon steel would not quench crack.

Figure 32 : Quench cracking versus carbon equivalent (Ohanti?'%).
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4.7 Tempering of martensite

Tempering is a heat treatment in which steels are heated to a temperature
below the A4, to increase their ductility and toughness and to adjust the strength
to the desired level, by removing cérbon from solid solution in the form of
carbides, and reducing the dislocation density . Typical effects of tempering on a

low alloy steel are shown in figure 33 (Naylor and Cook'"®).
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Figure 33:- Effect of tempering on the mechanical properties of a martensitic Ni-
Cr-Mo steel (Naylor and Cook''9).
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4.7.1 Stages of tempering

The tempering of martensite has been summarised by Bhadeshia®*:-

1) Redistribution of carbon atoms at approximately 100°C (Speich65, Kusunoki

and Nagakura'®).

2) The precipitation of carbides at 100 t 300°C. In addition to e-carbide
(Hoffman'¥ , Ohmori®™ ) or m-carbide (Jack®, Glenin and Flinn'*®, Hirotsu and
Nakazawa'®, Williamson et. al.'®®) Cementite and cementite containin
interpenetrating layers of x-carbide are reported in high carbon steels (Jack®,

Hirotsu and Nakazawa”g).

3) The decomposition of retained austenite in medium carbon steels and high
carbon unalloyed steels at 200°C.

4) The growth and spheroidisation of cementite, accompanied by the recovery
and recrystallisation of the matrix and a decrease in strength above 300°C
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5) Secondary hardening at 500°C to 650°C, due to the precipitation of alloy
carbides causing an increase in strength which compensates for the strength
decrease which normally accompanies the tempering process.

" 4.7.2 Temper embrittlement

Two types of temper embrittlement have been defined by several authors
(Hollomon'®!, Woodfine'®?, Low'?, McMahon'®*). The first type is observed in
martensite tempered in the range 200°C - 400°C, and results in a loss of impact
strength, toughness and ductility. This is known as temper embrittlement,
tempered martensite embrittlement or 350°C embrittlement. The following

characteristics are pertinent to this type of embrittlement:-

e High phosphorus and sulphur steels are susceptible to this type of
embrittlement .

e Is associated with martensite but not bainite (Ohmori et al." suggesting that
carbide precipitation along grain boundaries in conjunction with the redistribution
of impurities may play a dominant role in the embrittlement.

e It occurs in both low alloy and plain carbon steels.
e The embrittlement is not reversible.

e The mode of fracture is intergranular along the prior austenite grain
boundaries.

The second type of embrittiement is observed when steels are heated in the
temperature range 400°C to 600°C or when slow cooled through this range. This
is generally known as temper embrittlement or reversible temper embrittiement,

exhibiting the following features:-
e Susceptibility is greatest in martensite and smallest in ferrite-pearlite
microstructures. '

e The fracture is often observed to be along the prior austenite grain boundary.
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¢ The reaction is reversible, i.e. the embrittlement can be removed if the steel is
heated above 600°C.

e Steels containing P,Sb,As and Sn are highly susceptible.

e The addition of major alloying elements such as Si,Mn, Ni and Cr accelerates
the embrittlement .
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Chapter 5
Dislocation theory, strengthening mechanisms

and stress strain modelling

5.1 Introduction: dislocations and strength

The fundamental strength of any metal is determined by the basic crystal
structure which in turn characterises the type of slip system, fixes the Burgers

1%8) Additionally in close

vector and determines the lattice friction stress (Dieter
packed structures, the stacking fault energy determines the extent of
dislocation dissociation, which iahﬂuences the ease of cross slip and the
subsequent strain hardening rate. The majority of commercial metal products
however, consist of complex microstructure with further strengthening from
grain size control, solid solution atom addition and fine dispersion of
precipitates (Dieter'®).

Nevertheless, whether the strengthening arises from inherent crystallographic
features or is incorporated during microstructural fabrication, the fundamental
objective is exactly the same, which is to impede dislocation movement.
Hence the strength of a microstructure is inversely related to dislocation
mobility which in turn is related to the number and nature of barriers to the

glissile dislocation (Cottrell'®®).
5.1.1 The dislocation

The existence of dislocations (essentially a line defect), was first suggested
because of the vast difference between theoretical and experimental values of
the applied shear stress required to plastically deform a single crystal.

161). There are two basic geometrical types

(Orowan'®, Polanyi'®® and Taylor
of dislocation, namely the edge and screw.
Figure 34 represents a simple descriptive model of the atomic arrangement

and bonding in a simple cubic structure.
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Figure 34:- a) model of a simple cubic lattice, b) positive edge dislocation

c) left hand screw dislocation, d) spiral of atoms adjacent to the line DC in (c)
162
)

(Hull and Bacon

5.1.2 Burgers Vector and Burgers circuit

A useful definition of a dislocation is given in terms of the Burgers circuit,
which is an atom to atom path taken in a crystal containing dislocation which

'82) "Such a path is illustrated in figure 35

form a closed loop (Hull and Bacon
(i.,e. MNOPQ). When the same atom to atom sequence is made in a
dislocation free crystal and the circuit does not close, then the first circuit must

1%2) The vector required to

enclose one or more dislocationé (Hull and Bacon
complete the circuit is called the Burgers vector, and for an edge dislocation is
normal to the line of the defect whilst in a screw dislocation runs parallel to the
line of the dislocation. Figure 36 illustrates a burgers vector around a screw
dislocation with the same circuit in a perfect crystal thus illustrating the

Burgers vector.
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Figure 35:- a) Burgers circuit around an edge dislocation and b) the same circuit in a perfect
crystal with the closure failure being the Burgers vector.
(Hull and Bacon'®?)
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Figure 36:- a) Burgers circuit around a screw dislocation b) same circuit in a perfect crystal

with the closure failure being the Burgers vector.

(Hull and Bacon'®?)
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5.2 Movement of dislocations via slip

The two basic types of dislocation movement are glide (conservative motion)
in which the dislocation moves to the surface which contains both its line and
Burgers vector, and climb (non conservative motion) in which the dislocation
moves out of the glide surface normal to the Burgers vector. (Hull and

%% Climb is associated with high temperature

Bacon'®, Groves and Kelly
. edge dislocation motion where the diffusion of atoms are allowed (Hull and
Bacon'®, Reed-Hill'®®). Glide, in contrast takes place at low temperatures
where diffusion is difficult and there is an absence of non equilibrium
concentration point defects.

Glide of many dislocations results in slip, which is the most common
phenomenon of plastic deformation in crystalline solids( Dieter'®’). Figure 37
illustrates slip as successive displacement of one plane of atoms over another
on a defined slip plane. Discrete blocks of crystal between two slip planes
remain undistorted and further deformation occurs either by more movement
on existing slip planes or by the formation of new slip planes (Hull and

Bacon'®).

Figure 37:- lllustration of the geometry of slip in crystalline materials

(Hull and Bacon'®?).
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Dislocations move on specific planes (section 5.2.1), figure 38 illustrates an
edge dislocation which has moved in the plane ABCD (the slip plane). This is
uniquely defined as the plane which contains both the line and the Burgers

'%%). The glide of an edge dislocation

vector of the dislocation (Hull and Bacon
is therefore limited to a specific plane. In contrast, the glide of a screw
dislocation (AA’ to BB’ figure 39) can be imagined to take place in the LMNO
slip plane with formation of a slip step. The line of the screw disloéation and
the Burgers vector, however, do not define a unique plane and the glide of the
dislocation is not restricted to a specific plane ( Hull and Bacon™®, Dieter').
The process in which screw dislocations move from one crystallographic plane
to another is known as cross slip and in f.c.c metals screw dislocations move
on the {111} planes. In contrast because of ill defined slip planes in b.c.c
metals, the screw dislocation tends to wander from one plane to another

producing wavy slip lines on prepolished surfaces (Hull and Bacon164).

Figure 38:- Formation of a pure edge dislocation (Hull and Bacon'64)

HBurgers vector

(a) (b)
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Figure 39:- Formation of a pure screw dislocation (Hull and Bacon'®%)

> Burgers vector

5.2.1 Slip planes and directions'in a b.c.c (and f.c.c) lattice

When polycrystalline sheets are subjected to tensile strains, deformation
proceeds due to the slip motion of dislocations in each crystal or grain (Abe ')
It is well established that in metal crystals slip or glide occurs preferentially on
the planes of high atomic density and that the slip direction is almost
exclusively the close packed direction (Hull and Bacon'®*, Dieter'®).

It should be noted that the tendency for slip to occur alohg the close packed
direction is much stronger than the tendency for slip to occur on the most

164). For practical purposes it can usually

close packed plane (Hull and Bacon
be assumed that slip occurs in a close packed direction, and this can be
explained on considering the motion of a dislocation through a crystal. First
the crystal is sheared by an amount equal to the Burgers vector of the
dislocation, then after the dislocation has passed the crystal must be
unchanged in the geometry of the atoms, that is the symmetry of the crystal
must be retained (Cottrell'®®). The minimum shear that can fulfil this criteria

equals the distance between the atoms in the close packed direction.
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The slip direction and slip plane in crystals are denoted by direction and miller
indices such as [111} and (101) respectively. The combination of a slip plane
and one of its close packed directions defines a possible slip mode or slip
system (Abe'®®, Hull and Bacon'®*). For example in figure 40, if the plane of
the paper is considered to define the slip plane, then there will be three slip
systems associated with the indicated close packed plane, one mode
corresponding to each of the three slip directions. The close packed directions
in the f.c.c lattice are the <111> directions and run diagonally across the faces
of the unit cell. There are also four octahedral planes of closest packing i.e.
(111), (111), (111) and (111) each one containing three close packed
directions, hence a total of 12 octahedral slip systems.

Figure 40:- The three slip directions in a plane of closest packing. ( Reed-HiII165)
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Hence the important slip systems in a face centred cubic structure are those
associated with slip on the octahedral plane, with the critical resolved shear
stress much lower than for other forms. Also since there are twelve slips
systems uniformly distributed in space, it is almost impossible to strain a f.c.c
lattice and not have at least one {111} plane in a favourable position for slip.
The b.c.c crystal is characterised by four close packed directions, [111], but
lacks a truly close packed plane such as the octahedral plane of the f.c.c
lattice or the basal plane of the hexagonal lattice. Figure 41 models the b.c.c
(110) configuration, (closest packed plane). The slip phenomena observed
within body centred cubic crystals corresponds to that expected in crystals
with close packed directions and no truly close packed planes (Reed-Hill'®).
The slip direction in the b.c.c crystal is the close packed direction <111>, the
slip plane however, is not well defined. Body centred cubic slip lines are wavy
and irregular, often making the identification of a slip plane difficult (Reed-
Hill'%).

Figure 41:- The (110) plane of the body centred cubic lattice (Reed-HiII165).
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The {110}, {112} and {123} planes have all been identified as slip planes in
b.c.c crystals, additionally work on iron single crystals has indicated that any
plane that contains a close packed <111> direction can act as a slip plane
(Reed-Hill"®®). This lack of true close packed plane explains why the critical

resolved shear stress for slip in b.c.c metals is particularly high.
5.2.2 Perfect dislocation in the fcc lattice

The shortest lattice vectors and therefore the most likely Burgers vectors for
dislocations in the face centred cubic structure are of the type %<110> and
<001>. The latter dislocation is much less favoured energetically and in fact

'), This is because the energy of a

has not been observed (Hull and Bacon
dislocation is proportional to the square of the magnitude of its Burgers vector
hence the energy of %2<110> dislocation is half that of <001> and therefore ’
more likely to occur. Also since %2<110> is a translation vector for the face
centred cubic lattice, glide of a dislocation with this Burgers vector leaves
behind a perfect crystal hence the dislocation is known as a perfect

dislocation.
5.2.3 Shockley partial dislocation in the fcc lattice

The motion of a dislocation whose Burgers vector is not equivalent to the
lattice vector will leave behind an imperfect crystal containing a stacking fault.
where the stacking fault ends inside a crystal, the boundary in the plane of the
fault separating the faulted region from the perfect region of the crystal is
known as a partial dislocation (Hull and Bacon', Reed-Hill'®). Two of the
important partial dislocations recoghised in face centred cubic crystals are the
Shockley partial, which is associated with slip and the frank partial (Cottrell'®).
The partial dislocations associated with slip are of the Shockley configuration
which readily forms during movement of layers of atoms on the {111} slip

plane via the energetically favoured “zig zag” motion as illustrated in figure 42.
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Figure 42:- Slip of {111} planes in face centred cubic crystals Cottrell'*®

(b)

Hence the perfect dislocation with Burgers vector b, splits up or dissociates
into two partials b, and b;. The dissociation of this total dislocation into a pair
of separated partials is known as an extended dislocation. (Cottrell'?).

Since b, and b, are the burgers vector of the Shockley partial dislocations, it
follows that if they separate there will be a discontinuity in the stacking
sequence, (stacking fault) between them. This region therefore has an
increased energy known as the stacking fault energy (SFE) which attempts to
bring the partial dislocations back together again. An equilibrium separation is
established when the repulsive and attractive forces balance, with the width of
this separation depending upon the stacking fault energy (Cottrell®®).. The
stacking fault energy, hence the separation between the two partial
dislocations is important when considering plastic deformation and work
hardening characteristics of f.c.c metals. This is because before croés slip of
a screw dislocation can take place the extended dislocation must first
constrict, and only then is the unit dislocation at the point of constriction, able
to move onto other planes as illustrated in figure 43 (Seeger').

A certain amount of energy is associated with the formation of the constriction
and it will form more readily in metals with high stacking fault energy (smaller

separation between partial dislocations).
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Figure 43:- Constriction in an extended dislocation. The drawing corresponds to a
168
).

screw dislocation in a f.c.c lattice (Seeger

(
b z3 [leh con‘{ndlmb *uz ] StGCkmg fault

(Tit}-plane

Hence metals with high stacking fault energy (aluminium for example) are
expected to work harden less rapidly -because partial dislocations readily
constrict thus allowing cross slip t.o take place. In contrast, slip in low stacking
fault metal is restricted to the {111} plane with no allowance for constriction
hence no cross slip resulting in significant differences in the deformation

behaviour ( Hull and Bacon'®’).
5.2.4 Dislocations in the b.c.c lattice

As discussed previously, slip occurs in the close packed <111> directions,
with the shortest lattice vector, i.e. the Burgers vector of the perfect slip
dislocation, is of the type % <111> (Hull and Bacon'®

slip planes are also given as {110}, {123} and {112}, thus if cross slip is easy,

). The crystallographic

it is possible for screw dislocations to move in a random way onto different
closest packed planes. It has also been found that the apparent slip plane
varies with composition, temperature and strain rate. For example when pure
iron is deformed at room temperature the slip plane appears to be close to the

maximum resolved shear stress irrespective of crystal orientation.
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"However, when iron is deformed at low temperatures or if it is alloyed with
silicon, slip appears to be restricted to a specific {110} plane (Hull and
Bacon'®). Stacking faults have not been observed in bcc metals, and since
cross slip is generally allowed with some degrée of ease, this must suggest

that faults are at best of exceptionally high energy (Hull and Bacon'®®).

5.3 Movement of dislocations via twinning

The second important mechanism by which metals deform is the process
known as twinning and is common in h.c.p metals where the possible slip
systems are severely limited to the unique basal system( Dieter'®,
Hertzberg'™). Deformation twinning is also observed in b.c.c metals under
conditions of rapid rate of loading (shock loading) or deceased temperatures
(Dieter™).

The major difference between twinning and slip arises from the scale at which
the lattice is sheared (Reed—HilI171

been noted that deformation occurs on individual lattice planes, also the shear

) and is illustrated in figure 44. In slip, it has

on a single slip plane may be many times larger than the lattice spacing and
depends upon the number of dislocations emitted by the dislocation source. In
contrast the shear associated with deformation twinning is uniformly
distributed over a volume rathef than focused on a discrete number of slip
planes. Additionally atoms move only a fraction of interatomic spacing relative
to each other (Reed-Hill'’") . The total shear deformation due to twinning is
also small, so that slip is a much more important primary mode of plastic
deformation.

The twinned part of the crystal is a mirror image of the parent crystal with the
plane of symmetry between the two portions known as the twinning plane.
Crystallography is identical in all of the body centred cubic transition metals
occurring on {112} <111> systems and is explained in terms of surface energy
associated with the interface between twins and the parent crystal (Reed-

Hill'™).
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Figure 44:- The difference between the shears
associated with (a) twinning and (b) slip (Reed Hillm)
F
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5.4 Nucleation of twins during deformation

Twins form as a result of the shear stress component of an applied stress
which is parallel to the twinning plane and lies in the twinning direction. While
twinning usually requires a higher shear stress to initiate than it does for slip,
these stresses are well below the theoretical strength suggesting that twins
nucleate heterogeneously as a result of dislocation interactions (Dieter'”’).
Literature suggests that the nucleation centres for twinning are positions of
highly localised strain in the lattice and this is confirmed by the fact that twins
appear to form in metals that have previously suffered deformation by slip
(Bell and Cahn'®). Additionally it is thought that the slip process becomes
impeded by barriers (grain boundaries, sessile dislocations, precipitates etc.)
preventing the motion of dislocations.

Hence as a dislocation tries to move under an applied stress, dislocation pile
up ensues and since a stress field exists around each dislocation, an

intensification of stress in the pile up region is formed (Reed-HiIIm).
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It has been proposed that the stress associated with local concentrations of
dislocations can lower the magnitude of the external stress needed to
nucleate the deformation twins. It is recognised that these localised stress
fields (of twin nucleation centres) can be formed in various ways, therefore it is
probable that there can be no universal critical resolved shear stress for
twinning as there is for slip and explains the observed wide range of shear
stresses required (Reed-HiIlm). The morphology of the twin suggests that the
boundary with the parent lattice is not strictly coherent, since they appear as
small lens shaped structures. Hence it is generally accepted that a dislocation
array is ne‘ce,ssary in order to adjust the mismatch between lattices of parent
and twin and represents a surface of considerably higher energy than a

corresponding coherent boundary (Reed-Hill'™).
5.5 Strain (work) hardening

One of the most important characteristics of the plastic deformation of metals
is the fact that the shear stress required to produce slip continuously

157). The increase in the stress

increases with increasing shear strain (Dieter
required to cause slip because Qf;previous plastic deformation is known as -
work or strain hardening. The stfain hardening of a metal occurs as a result of
dislocation interaction with a) specific microstructural barriers (e.g.
precipitates, solid solution atoms, grain boundaries) and b) other dislocations
(Dieter'™).

One of the first dislocation models to explain strain hardening was based on
the belief that dislocations pile up on slip planes at specific barriers producing
a back stress which opposes the applied stress on the slip plane.

This leads to a high concentration of stress on the leading dislocation in the
pile up which could initiate either yielding on the other side of the barrier or
under certain conditions initiate twinning. The number of dislocations which
can be supported by an obstacle depends upon the type of barrier, the
orientation relationship between the slip plane and the structural features of

the barrier, the material and the temperature. (Dieter'®).
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Breakdown of a barrier can occur by slip on a new plane, by climb of
dislocations around the barrier, or by generation of high enough tensile
stresses to produce a crack.

In the early stages of deformation dislocation movement tends to be confined
to a single set of parallel slip planes. However, as deformation proceeds, slip
occurs on other slip systems and dislocations moving on other systems
intersect and react. This process encourages formation of sessile dislocations,
dislocation forests and jogs which either lock glissile dislocations or in the
case of jog formation, encourage multiplication of further dislocations
(Dieter').

A comprehensive summary of microstructural barriers and dislocation

reactions is provided in the following subsections.
5.5.1 Interstitial / substitution atom - dislocation interaction

The addition of a solute atom to the crystal lattice usually raises the yield
stress and the level of the stress strain curve as a whole. This suggests that
solute atoms have more influence on the frictional resistance to dislocation

motion than on the static locking of dislocations (Dieter').

17) with respect to their

Solute atoms fall into two broad categories (Fleischer
relative strengthening effect. First, there are atoms which produce non
spherical distortions (i.e. most substitution atoms) having a relative
strengthening effect per unit concentration of about three times their shear
modulus. The second type (mainly substitution atoms) produce spherical
distortions and possess a relativé strengthening effect of about one tenth of
the shear modulus. The interaction of dislocations with solute atoms has been

summarised by Dieter'®® and is given as follows:-

Elastic interaction

Modulus interaction
Stacking fault interaction
Electrical interaction

Short range interaction
Long range order interaction
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Elastic interaction arises from the mutual interaction of elastic stress fields
which surround the misfitting solute atom and the core of edgé dislocations.
The amount of strengthening is thought to be proportional to the misfit of the
solute, with interstitial being more effective than substitution solutes since the
former has a dilation and shear component therefore impeding the motion of
both types of dislocation ( Dieter'®®, Reed-Hill'™).

A modulus interaction occurs if the solute atom locally alters the modulus of
the crystal, i.e. if the solute atom has a smaller shear modulus than the matrix,
then the strain field energy of the dislocation will be reduced and there will be
an attraction between solute and matrix. Edge and screw dislocations are
subject to this interaction because a change in the shear modulus will
effectively also alter the bulk modulus (Dieter').

Stacking fault interactions are due to the fact that solute atoms preferentially
segregate to stacking faults conjgined in extended dislocations. As the
concentration of the solute atom within the stacking fault increases, it
effectively lower the stacking fault energy and therefore makes constriction of

1% The end effect is to minimise

the partial dislocations more difficult (Dieter
the amount of cross slip, (since constriction of partial dislocations is required
prior to cross slip) and therefore the partial dislocations become restricted to
glide on one specific plane.

Electrical interactions occur in solute atoms with dissimilar valence to the
matrix atom, where residual charge remains localised around the solute atom
which can interact with dislocations that have electrical dipoles (Cottrell et.
al'™). Such an interaction only becomes significant where there is a large
valence difference between the solute and the matrix and the elastic misfit is
small.

Some solute atoms tend to arrange themselves so that they have more thah
the equilibrium number of dissimilar neighbours giving rise to short range
ordering. In contrast some solute atoms group together in regions of the lattice
(i.e. clustering). Strengthening arises from short range ordering or clustering
because the movement of a dislocation through this region reduces the

degree of local order (Dieter'™).
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This process of disordering will therefore cause an increase in the energy of
the alloy, hence to sustain dislocation motion, extra work must be provided.

The resistance to dislocation motion that constitutes solid solution
strengthening can come from one -or more or these factors depending upon
chemistry, crystal structure and method of fabrication. However, common to all
types 6f solid solution strengthening is the way in which dislocation motion is
impeded. An essential key to this theory was provided by Mott and Nabarro'’®
after noting that dislocation lines are generally not straight but quite flexible
therefore the entire line does not have to move simultaneously. The
dislocétion can therefore take up lower energy positions by bending around
regions of high interaction energy. However, the smallest radius of curvature
that a dislocation line can accommodate under a local stress is generally
much greater than the average spacing of the barrier solute atom, thus the
dislocation can only move in lengths much greater than the barrier spacing.

Labusch'’ has presented a statistical treatment of the interaction of

dislocations and solute atoms which lie at various distances from the

dislocation line.
5.5.2 Precipitate - dislocation interactions

Precipitation hardening is accomplished by solution treating and quenching an
alloy, in which the second phase is in solid solution at the elevated
temperature, but then precipitates upon quenching and ageing to lower
temperature (Martin178).

For certain alloy systems, an agei_ng treatment is also required to promote
precipitation, however low carbon martensitic steel for example, auto
tempering during the quench ensues allowing the formation of fine carbides
without the need for a temper (ageing) treatment (Naylor and Cook''®). For
precipitation hardening to occur, the second phase must be soluble at
elevated temperatures and exhibit decreasing solubility with decreasing

temperature.
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5.5.3 Grain boundary - dislocation interaction

There is much evidence to suggest an inverse relationship between grain size
and the yield stress of a material. A general relationship between these two

parameters was proposed by Hall'®® and refined by Petch®®.
_ %4
oo =0+ KD (5.1)

where o, = yield stress
o; = frictional stress
K = Locking parameter
D = grain diameter

This equation is useful because ifc‘has been found to be applicable to ferrite-
cementite boundaries, mechanic.:a‘l twins and martensite plates as well as
grain size (Dieter'®®).

The original dislocation model for the Hall-Petch equation was based on the
concept that grain boundaries act as barriers to dislocation motion, and that
pile up at grain boundaries eventually producing a back stress which must be
overcome to continue slip past this barrier. This in fact may be the case,
however there is a growing realisation that the grain boundary acting as a
source of dislocations is more important as discussed in section 5.5.6.3
(Dieter156).

A more general model (Li'®

) considered grain size and dislocation density
due to grain boundaries acting as dislocation sources, as opposed to the
influence of stresses at the grain boundary. The flow stress is given in terms

of dislocation density as:-
/]
o= 8 +aGbP ‘ (5.2)

Where « is a numerical constant (0.3 - 0.6)
p is dislocation density.
o; = frictional stress.
G = Line Energy
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The relationship to grain size is based on experimental observation that

dislocation density (p) is an inverse function of the grain size (D) and p = 1/ D,

therefore:-

co=0;+ 0o G b D™ (5.3)

5.5.4 Dislocation intersections and forests

In the advanced stages of plastic deformation dislocations from different
systems cut across one another with predicable changes in geometry. This
intersection of dislocations is often referred to as a forest of dislocations, and
as plastic deformation proceeds, slip takes place on other systems thereby
increasing the number of intersections and number of forest dislocations
(Dieter'®®).

When dislocations intersect, jogs form on one or both dislocations, with a
dimension equivalent to the Burgers vector. Hence the dislocation line is
extended with a respective increase in dislocation energy (Dieter'®).
Additionally, in the case of the intersection of two pure screw dislocations, the
jogged section is also restricted in movement and can only move non-
conservatively (Climb) to keep up with the moving dislocation (Hull and
Bacon'®, Dieter156). Since climb is energetically not favoured at lower
temperatures, the screw-screw dislocation jog is considered sessile and
therefore able to provide resistance to other glissile dislocations (Hull and
Bacon'®®). This is consistent with the experimental observation (Chen and
Pond) that screw dislocations move more slowly through a crystal than edge

dislocations.
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Because the (001) is not a close packed slip plane in the b.c.c lattice, the
dislocation is immobile. Perhaps more significant is the fact that the (001)

plane is the cleavage plane along which brittle fracture occurs (Dieter').

5.5.6 Dislocation multiplication

One of the original problems in the development of the dislocation theory was
the creation of a tangible mechanism by which sources already present in the

157). To date, several

metal could emit new dislocations by slip (Dieter
mechanisms for dislocation multiplication have been proposed and identified.
Examples include Frank-Reed, multiple cross glide and dislocation generation
by climb at elevated temperature via a mechanism similar to Frank-Reed
known as the Bardeen-Herring source (Hull and Bacon'®").

Microstructural sources of dislocation multiplication include grain boundaries
and phase interfaces, for example, it has also been suggested by several
authors that the ferrite cementite interface in pearlite acts as a source of

dislocations, (Gladman, Holmes and Mclvor'®)

5.5.6.1 Frank Read source

The Frank-Read source essentially involves generation of dislocations from
existing dislocations within the microstructure (Dieter'®, Hull and Bacon'?").

A schematic representation of the operation of a Frank-Read source is
illustrated in figure 47, where line DD’ is a dislocation of screw orientation and
the plane of the figure is the slip plane. If a shear stress is applied on this slip
plane and the dislocation is immobilised at point D and D’ the dislocation line
would bulge out and produce slip as shown in figure 47 (b). For a given stress
the dislocation line will assume a certain radius of curvature, with the
maximum value of shear stress required when the dislocation bulge becomes
a semicircle. Beyond this point, the dislocation loop continues to expand
under decreasing stress and when the loop reaches figure 47 (d), the

segments at m and n meet and annihilate each other (Hull and Bacon').
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Annihilation is possible at this point because the segments are in edge

orientation but of opposite sign, hence the end product is a large loop and

new dislocation as shown in figure 47 (e).

This process can be repeated over and over again at a single source, each
time producing a dislocation loop which produces slip of one Burgers vector

along the slip plane. However, once the source is initiated it does not continue

indefinitely. The back stress produced by the dislocations piling up along the

slip plane opposes the applied stress and when this equals a critical stress,

the source ceases to operate ( Dieter'®).

Figure 47:- Multiplication of disiocations'by frank reed source (Hull and Bacon191)

Figure 47 illustrates double ended Frank-Read sources which, although
observed, their occurrence is not particularly frequent (Dieter'™).

Where only part of the dislocation is mobile, for example the formation of a
superjog on a screw dislocation, an increase in the dislocation length occurs
from rotation around the immobilised segment resulting in a spiral slip step

(Hull and Bacon'®").
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5.5.6.2 Multiplication by multiple cross glide

The double ended Frank-Read mechanism cannot singularly account for
dislocation multiplication during plastic deformation. This is because this
mechanism is restricted to operating in single planes which does not tie in with
slip band width / strain rate relationships. In contrast the multiple cross slip
mechanism provides a ready explanation for the observation (Gilman and
Johnson'®) of increasing slip band width with increasing strain (Hull and
Bacon“").

A screw dislocation is able to glide from one atomic slip plane to another, such
a process is called cross slip as discussed in section 5.2. Multiple (double)
cross slip is illustrated in figure 48 (d) where a screw dislocation lying along
AB has cross glided onto a parallel (111) glide plane via the (111) plane (Hull

and Bacon'®).

Figure 48:- lllustration of cross slip and double cross slip
164
)

shown in (d) (Hull and Bacon
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This step on the dislocation line is known as a jog, and when this step or jog is
more than one atomic spacing high it is referred to as a super or long jog. If
the stress is greater on the primary slip planes, then these long jogs AC and
BD in figure 45 are relatively immobile. However the segments lying in the
primary slip plane will be free to expand and can operate as a Frank-Read
source (Hull and Bacon'?"). It is therefore possible for a single dislocation loop
to expand and multiply in a manner so that slip spreads from one plane to
another. Such a mechanism is more effective than simple the Frank-Reed

source as it results in more rapid multiplication ( Dieter157).

5.5.6.3 Grain boundary sources

Two types of grain boundary exist in a polycrystalline aggregate, the first are
high angle grain boundaries representing a region of random misfit between

the adjoining crystal lattices (Hu'®®

). Secondly a definite substructure exists
within the grains with very small orientation differences which are commonly
referred to as low angle grain boundaries. In both cases the grain boundary
structure contains grain boundary dislocations, which are sessile and
therefore their primary role is to group together within the boundary to form a

1) As the misorientation angle of the

step or grain boundary ledge ( Dieter
grain boundary increases, the density of the ledge increase, hence grain
boundary ledges are effective sources of dislocations.

When a polycrystalline specimen is subject to deformation, continuity must be
maintained, so that the boundaries between the deforming crystals remain

% to suggest a dislocation

intact. The necessity for continuity led Ashby
model for polycrystalline deformation where the polycrystal is deformed by
disassembling it into constituent grains and allowing each to slip generating
static dislocations as shown in figure 49 (b). This process also generates
overlaps and voids in the grains which are correctéd by the introduction of
appropriate geometrically necessary dislocations (figure 49 (c)) until the grains

again fit together.
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It is then probable that subsequent multiplication of dislocations within the

grains takes place via the multiple cross slip process as described in section

5.5.6.2.

Figure 49:- Ashby194 model of deformation of a polycrystal. (a) polycrystal deforms in

macroscopic uniform manner producing overlap and voids at boundary (b). These are

corrected by the introduction of dislocation at (c) and (d).

5.6 Strain hardening rate and exponent

If an alloy system has a high rate of strain hardening ( rapidly hardens after

minor deformation) this suggests mutual obstruction of dislocations gliding

196) as

through intersecting systems (McLean'®®, Meyers and Chawla
described in section 5.5. It is also interesting to note that for alloys
strengthened by solid solution additions, the rate of strain hardening may be

either increased or decreased compared to the behaviour of the pure metal.
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However, the final strength of the cold worked solid solution alloy is almost
always greater than that of the pure metal (Dieter'*®)

The rate of strain hardening can be gauged from the gradient of a stress strain
curve. However, It is important that a true stress strain curve is obtained since
the normal or engineering curve is no more than a load-elongation curve, and
is unsuitable for describing work hardening characteristics (Dieter'"’).
Additionally, the flow curve of many metals in the plastic region of uniform

plastic deformation can be expressed by the simple power curve relation:-
c=ke" (5.5)

where n is the strain hardening exponent and K is the strength coefficient. A
log log plot of true stress versus true strain up to maximum load will result in a
straight line if equation 5.5 is satisfied where the linear slope of this line is n
and K is the true stress at ¢ = 1.0. (Dieter'”).

There are many other techniques available for measuring the work hardening
exponent and have been extensively reviewed by Duncan'®. occasionally
data which does not plot according-to equation 5.5 will yield a straight line

according to the relationship:-
c=k(g+e)" (5.6)

Datsko'® has indicated that &, can be considered to be the amount of strain

hardening that a material received prior to the tensile test.

k%% equation given as:-

Another common variation of equation 5.5 is the Ludwi

o=op+Ke" (5.7)

where oy is the yield stress and K is the material constant.
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Equation 5.7 is perhaps superior compared to equation 5.5 since the latter
implies that at zero true strain the stress is zero.

It is important to note that the strain hardening exponent (n) is not the same
as the strain hardening rate (do/ de) which can be determined from the strain

hardening exponent utilising the following relationship:-
From Dieter'”’ c=keg" (5.5)
Hence Inoc=Ink+n.lIne (5.8)

ne d(no) ¢ do

and — (5.9)
d(lng) o de
hence d—o- =n g (5.10)
de £

For a given value of stress / strain the work hardening rate is therefore simply

the work hardening exponent multiplied by the stress strain ratio.

5.6.1 Determination of strain hardening rate from hardness

The simplest way to measure a metal's work hardening characteristics is to hit
a sample with a known force a number of times and to measure the hardness
between each blow (Peterson®’).

This procedure is continued until the hardness remains fairly constant.
Similarly, it is also possible to ascertain the strain hafdening rate of a cold
rolled metal on examining its hardness for a given percentage deformation.
Hence the gradient or slope of the curve corresponds to the strain hardening

rate at a particular amount of deformation.
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5.7 The deformed microstructure

Considerable detailed knowledge dn the structure of the cold worked state has
been obtained by thin foil electron microscopy (Dieter*®). In the early stages
of deformation slip is on primary glide planes and the dislocations form
coplanar arrays. As deformation continues cross slip takes place with the
possible formation of sessile jogs, dislocations tangle with other dislocations
and microstructural barriers and dislocation multiplication takes place (Hansen

204

et a12°3, Martin and Argon“). Hence the characteristic structure of the cold

worked state is a cellular substructure in which high density dislocations form

156). This cell structure can

the cell walls as illustrated in figure 50 (Dieter
develop at strains of about 10 percent and its unit size is found to be inversely
related to the amount of strain at low deformations. However at larger
deformations the unit size of the cell structure remains constant indicating that
as strain proceeds the dislocations sweep across the cells and join the tangle

in the cell wall (Dieter'®).

Figure 50:- Typical cellular substructure formed as a result of cold work (Dieter'®)

(0] - ()
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The formation of microbanded dislocation subgrains has also been observed

I205

(Barlow et. al*®, Yan and Men®®) after large amounts of strain. This has been

described as the rearrangement and annihilation of dislocations in cell walls

1y and is thought to be responsible for the reduction in the

(Sevillano et a
strain hardening rate. The precise morphology of the cold worked substructure
depends upon the material, the strain rate, strain amount and the temperature

156
)-

of deformation (Dieter Additionally the formation of distinct dislocation

substructures at every different deformation stage will result in different
mechanisms of strain hardening (Yan and Men?%).
The applied stress (o) is related to dislocation density (p) as given in equation

X (Taylor2°8).>
c=cy+aGhp” (5.11)

where o is the frictional stress opposing dislocation movement, G is the shear

modulus and b is the Burgers vector.

The relationship between dislocation cell size (d) and dislocation density

(Holt*®) is given by:-
d=Kp™* (5.12)

where K is a constant which depends upon the character of material.
Combining equations (5.11) and (5.12) results in equation (5.13) which is
analogous to the Hall -Petch equation for grain boundary strengthening (Yan

and Men®®).

c=oy+kGhbd" (5.13)
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5.7.1 Stored energy in the deformed microstructure

Most of the energy utilised to deform a metal by cold work is converted into
heat with only 10% of the expended energy stored in the lattice noted as an

1%) Typical values of stored energy range

increase in internal energy (Dieter
from about 0.04 to 4 KJ Kg'1 of metal (Bever et. alm), with the highest
amounts of lattice stored energy found in high melting point solid solution
hardened metals.

The major part of stored energy is due to the generation and interaction of
dislocations during cold work. Vacancies also account for part of the stored
energy for metals deformed at very low temperature. Other contributors
include stacking faults, twin faults, and a reduction in short range ordering for

solid solutions (Dieter'®).
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Chapter 6

Experimental Procedure

Project material was selected based on a knowledge of hardenability,
strengthening effects and phase transformations. Samples were then heat
treated and control cooled to produce an optimum microstructure, with the
addition of cold rolling for certain alloys to increase strengths further. Property
assessment included tensile, hardness and impact evaluation. Optical,
scanning and transmission electron microscopy were utilised to examine
microstructural and fracture surface features. Unless stated otherwise, project
alloy was supplied in 20 mm diameter round bar. Where necessary, material

was also hot rolled from 20 mm diameter round bar to 4 mm thick strip.

6.1 Alloy selection procedure
6.1.1 Precipitation strengthened eutectoid pearlite

By strengthening a eutectoid 0.8 mass % carbon steel by the introduction of.
vanadium in the presence of nitrogen it is possible to obtain a steel with tensile
properties similar to oil quenched and tempered steels (Pickering®).
Experimental casts were made (aluminium killed) and ultra grain refined by
titanium additions with vanadium and nitrogen for precipitation strengthening at
three carbon levels of 0.75, 0.80 and 0.85 mass %. The full actual cast analysis

is given in Table 4.

Table 4 cast analysis of three eutectoid alloys under investigation (mass%)

Alloy number C Mn | Si \Y Ti N
1 77 1.31 |0.38 0.2 0.018 0.017
2 .81 1.30 0.38 0.2 0.017 0.017
3 .86 1.29 0.38 0.2 0.017 0.015
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6.1.2 Air cooled bainitic microstructuré

An extensive literature review, examining continuous cooling transformation
and time temperature transformation curves was carried out to find a
commercially available steel which would provide a fully bainitic microstructure
on air cooling. The pre-requisite as before was favourable resultant mechanical
properties, however because of commercial implications the microstructure
must be attainable over a relatively wide range of cooling rates. A suitable alloy
was found which was also commercially available containing 1.25 mass %
chromium, 0.25 mass % molybdenum and 0.40 mass % carbon.

This alloy was deemed suitable since a bainitic microstructure with adequate
hardness was obtainable over a wide range of cooling regimes (see figure 18).
A second alloy was developed at British steel plc (Swinden technology
laboratories) based on the former composition, but with increased amounts of
carbon added to increase the critical "bainite shelf" thereby allowing bainite to
form over a wider range of cooling rates. The full cast analysis of both alloys

are given in Table 5.

Table 5 Chemical composition of two bainite alloys under investigation (Mass%)

Alloy c Si Mn P S Cr Ni Al Mo
identification ' '

Lower Carbon |0.40 [0.23 | 0.64 .10.006 |0.032 |1.39 | 0.25 |0.005 [0.51
bainite

Higher carbon | 0.48 (0.25 | 0.59 [0.005 | 0005 | 1.21 0.18 |0.005 |0.52
bainite
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6.1.3 Martensitic and martensite-bainite microstructure

A series of alloys were developed containing chromium, nickel or boron for
hardenability, with reduced carbon contents to facilitate auto tempering. The
amounts of alloying additions made were decided after careful consideration of

132

hardenability data and literature (Siebert, Doane and Breen*). The chemical

composition of the martensite alloys are given in Table 6.

Table 6 Chemical composition of martensite alloys under investigation (mass%)

Alloy type C Si Mn Cr Ni Mo Ti N B
Low carbon
boron 0.22 0.22 1.07 |[0.27 |0.06 0.01 - - 0.0023
High carbon :
boron 0.30 0.23 1.02 0.24 |0.021 |O0.011 0.02 - 0.0029
Low carbon
chromium 0.21 0.2 1.5 0.51 - - 0.02 0.011 -
High carbon .
chromium 0.25 0.2 1.5 05 - - 0.02 0.011 -
Low carbon
nickel 0.19 0.2 1.5 - 0.75 - 0.02 0.016 -
High carbon
nickel 0.24 02 1.5 - 0.75 - 0.02 0.013 -

6.2 Thermal treatment

All alloy types were austenitised at 950°C for approximately 15 minutes.

Cooling regime / isothermal treatment depended upon the alloy, i.e.:-

(i) Eutectoid :- (A) Austenitise at 950°C for 15 minutes followed
by air cool (normalised).

(B) Austenitise at 950°C followed by submersion
into a salt bath at 550, 600 and 650°C, samples
were held in the bath for 15 minutes to allow
complete pearlite transformation.
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(ii) Bainitic :- (A) Austenitise at 950°C, still air cool.

(B) Austenitise at 950°C, accelerated air cool at
various air flow rates in a controlled air tunnel.

(C) Austenitise at 950°C, quench into salt bath at
320°C. Hold for 10 minutes.

(ii) Martensitic:- (A) Heat to 950°C quench into water at various
temperatures to facilitate full martensite
transformation.

(iv) Mixed :- (A) Heat to 950°C quench into water with

martensite-bainite microstructure forming due to
inadequate hardenability.

6.2.1 Clip thermal treatment

Type 2009 clips were manufactured in the development laboratory using both
0.2 mass% and 0.3 mass% carbon boron alloy. Standard production methods
were used where bar was austentising at 950 - 1000°C, formed using a two
press operation then quenched into agitated water. The press operation took
approximately 8 seconds and is illustrated in Figure 51 . Batches of 10 clips
were then placed in a large water tank (15° 20°C) and quenched down to
ambient temperature.

- The quench time versus water temperature was investigated and the maximum
allowable water temperature was determined from microstructural and
hardness analysis. Table 7 summarises the type of -quenching routines

employed to determine maximum water temperatures allowed.
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Table 7:- Quench routines employed on Pandrol clips

Temperature range Comments Property evaluation
Clips allowed to cool to room Hardness, charpy impact, tensile
10-20°C emperature, time taken to cool to strength and microstructure
160°C noted.
Clips removed after 4 seconds. Hardness and microstructure
10 - 20°C "
Clips removed after 4 seconds. Hardness and microstructure
30-40°C
Clips removed after 4 seconds. Hardness and microstructure
50 - 70°C '
Clips allowed to cool to water Hardness and microstructure
100°C temperature, removed after 10
minutes

6.3 Mechanical treatments

Various types of mechanical treatments were carried out on a selection of alloy
systems from the original matrix. Initially a standard engineering tensile test
was used as a method of work hardening on the boron grade martensitic steel,
this was then extended to incorporate the Pandrol clip. Advanced mechanical
treatments included the cold rolling of martensitic, bainitic and mixed structures

of martensite and bainite.
6.3.1 Strain hardening under the tensile test

To investigate the work hardening characteristics of the water quenched
martensitic alloy standard tensile samples were plastically deformed to a
specified stress / strain level, deloaded to zero then retested alongside "virgin"
alloy for comparison. The specified initial stress levels to incorporate the
various amounts of work hardening corresponded to the 0.1, 0.2, 0.3, 0.4 and

0.5% proof strength value on the engineering stress / strain curve.
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