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Abstract

This thesis concerns a special class of novel bainitic steels, which t@ans-
form to bainite at around 200 C. The microstructure has been labelled "super{
bainite', a mixture of ne bainite plates (20-40 nm thickness) in a matix of
austenite which is highly enriched in carbon. These high strength stis have
found application as armour plate, and there has been further march to
utilise them for aerospace applications.

The introductory chapter of the thesis contains a literature surgy, start-
ing from general background describing the solid{state transforations, and
then developing with particular reference to earlier work on bainitezarbide{
free bainitic steels, and on this new class of low{temperature bainitgteels.

Bainite transforms by a displacive mechanism, and chapter 2 chatadses
the surface relief due to transformation using a high{resolution siace tech-
nigue. The measured shear component is larger than expectednirgpast
experience. This large shear component is consistent with the slenéspect
of the ferrite plates. It may be that the small size of the featuremakes it
much more di cult to measure the shear component as compared tivans-
formation at higher temperatures.

Since the strengthening mechanism is a result of transformationhdse
steels o er a unique opportunity to achieve high strengths in largeestion
sizes. In chapter 3 results of transformation of large samples aeported
and experimental results are compared against calculated contous cooling
curves. It is demonstrated that uniform transformation of bulk ections is
possible, and methods are presented that can be used to estimbneiting
section sizes from the calculated time{temperature{transfornteon curves.
It was found that in the alloy studied, the isothermal transformaton kinetics
were faster than calculated. It is proposed that this may be due tthe
formation of pro{eutectoid cementite.

The microstructure due to transformation at 150 and 20@ was char-
acterised by X{ray diraction, hardness testing, and thin{foil electron mi-
croscopy as presented in chapter 4. The bainite plates size wasaigtined to
be 39 1 nm after transformation at 200C but unexpectedly increased upon
transformation at 150 C. As previously reported, signi cant carbon super-
saturation occurred in the austenite by transformation at 20@ as limited
by free{energy change to super{saturated bainite, however nenrichment
could be measured in the austenite transformed at 13D. This indicates
that there is a optimum temperature for achieving both ne plate sie, and
stabilisation of retained austenite. The microstructure as a resubf trans-
formation at 200 C was characterised by atom probe tomography (chapter

\



5). These direct measurements of carbon content are in agreemwith the
X{ray di raction data reported in chapter 4. It can also be con rmed that
substitutional element partitioning does not occur from the bainiticferrite
during transformation. The results are fully consistent with the diplacive
nature of the transformation.

The nal two chapters of results deal with tempering of low{tempeature
bainite. The loss of hardness is consistent with the major strengthing
mechanism being due to the plate size. X{ray measurements showath
carbon in ferrite slowly reduces with increasing temperature, alongith the
recovery of heterogeneous strains. In contrast, hardnessods more rapidly
after some critical temperature is reached. Carbides were idergd by both
X{ray diraction of extracted residues, and using atom probe tonagraphy,
to be cementite. Tempering for 30 min at 400 and 500 resulted in a ne
carbide size around 10 nm, which can also contribute to strengtheg, as
well as being ideally positioned to prevent coarsening of the ferritAustenite
decomposition takes some time, and a small amount can be retainegme at
500 C for 15 minutes, or at 450C for 1 h.

The nal chapter deals with general conclusions and proposes tué di-
rections of research based on the results. Further work is nedd® fully
characterise the tempering behaviour of these steels, particulaat lower
tempering temperatures which may be relevant in some applications.

Vi
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Literature Survey

1.1 Introduction

Novel high{carbon high{silicon steels have been developed by Cabatiest
al. [3]. The alloying of these steels allows a bainitic microstructure to forat
unconventionally low temperatures. The resultant ne bainitic ferite plates
contribute signi cantly to the hardness and strength [[3[4].

Re nement of microstructure by transformation is an extremely #rac-
tive strengthening mechanism, introducing obstacles to dislocatiomove-
ment, but unlike other strengthening mechanisms, not necessarigading to
a reduction in toughness[]5]. Using transformation rather than dermation
to introduce defects means that even large sections can be hareld.

These steels are a development of silicon{containing carbide{freaihitic
steels. Silicon additions are known to prevent the formation of emitting
carbides during the bainite transformation(|8, [7]. This results in a miostruc-
ture of plates of bainitic ferrite in a matrix of carbon enriched retaied austen-
itef]. One advantage is the suppression of coarse carbides which can litmé
toughness. The retention of austenite can also have a profounéce on the

1The bainitic ferrite makes up the majority of the volume, but owing to the transfor-
mation mechanism the austenite is continuous. This may be signi cantfor di usion of
carbon or for mechanical properties.
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mechanical properties.

Alloying with silicon is also known to decrease the rate at which marten-
sitic steels temper(|B,9]. Bainitic steels are more resistant to tempag than
martensitic steels, because their strength is not predominantly duo super-
saturation of carbon [[10/ 11]. Previous work on the high{carbonidh{silicon
steels shows that the microstructure can retain much of its high haness
upon tempering [3].

1.2 Elementary transformations in steels

1.2.1 Equilibrium Structures

The susceptibility of iron to solid{state transformations between lie two
crystal structures which are stable at atmospheric pressure avles a huge
variety of microstructures and mechanical properties to be geraged in iron{
based alloys by thermal treatments. These two structures arade{centred
cubic (FCC) austenite and body{centred cubic (BCC) ferrite as illusated
in gure L1l

In pure iron the transition from ferrite to austenite and back to ferite
upon cooling and heating, is signi cantly in uenced by magnetism. Then-
ergy di erence between the two states is very small, and so alloyingements
can have a large e ect on the transition. Due to the industrial signicance
and scienti c interest, many thermodynamic assessments have dre made
of iron{based systems so it is possible to model these e ects by qmuma-
tion [12,[13].

Austenite is the stable form between 910 and 139D in pure iron at
atmospheric pressure. The face{centred cubic structure of stenite o ers
an optimum stacking in space for spheres, as rst observed by Kep [14]
and recently proven by Hales [15]. Transformation from austenit® body{
centred cubic ferrite is therefore inevitably accompanied by an inease in
volume. Alloying elements can either substitute for an atom in the cstal
lattice, or when the solute atoms are small enough they may occuplye
interstitial sites between the larger solvent atoms. Carbon and nitgen are
relatively small and occupy interstitial sites in austenite and ferrite Despite
the greater packing e ciency the interstices in austenite are largeresulting
in higher solubilities. The volume increase when austenite transfornte
ferrite is typically between 1 and 3% dependent on temperature, ¢he are also
signi cant di erences in the solubility (table I.T) and mobility of interstitial
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(@ ;CC (b) écc

Figure 1.1: (a) Face{centred structure of austenite and (b) bodcentred
cubic structure of ferrite.

Temperature / C  Solubility /wt%  Solubility /at.%
Cin {iron 1150 2.04 8.8
723 0.80 3.6
Cin {iron 723 0.02 0.095
20 < 0.00005 < 0.00012
N in {iron 650 2.8 10.3
590 2.35 8.75
N in {iron 590 0.10 0.40
20 < 0.0001 < 0.0004

Table 1.1: Solubilities of carbon and nitrogen in austenite and ferritdjlon-
eycombe and Bhadeshia [16]

elements in austenite and ferrite. The di usion coe cient at 910C being
1.5 10 7 cn?s tin austenite and 1.8 10 6 cn¥s-1 in ferrite [16].

Iron and carbon also form an intermediate iron{carbide compoundamed
cementite at equilibrium which has the stoichiometric formula F£. The iron
/ iron{carbide equilibrium phase diagram, gure[1.2, represents thelomains
of stable phases as a function of temperature and composition @ssng that
graphite is suppressed.

1.2.2 Non{equilibrium structures

All the solid state transformations from austenite to ferrite takeplace by
nucleation and growth, with the parent and product phases coefilsg sepa-
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Figure 1.2: Equilibrium phase diagram for the iron/carbon system adtr An-
derson and Leaver [17]

rated by an interface. The formation of equilibrium phases is oftenrgceded
by that of a metastable phase which is quicker to form, due to a smalile
activation energy for nucleation.

Bhadeshia [[18| 19] proposed a classi cation considering all the tdar-
mations that occur in steels, which is consistent with all available expenen-
tal data, as summarised by the ow chart, gure[I.B. The dierent forms
of ferrite are classi ed into those which grow by a displacive and theshat
grow by reconstructive mechanisms, as proposed by Guy[[20]. Téestenite
decomposition reactions lead to Widmanstatten ferrite (,,), lower bainite
( 1), upper bainite ( ), acicular ferrite ( ;) and martensite ( 9 occur by
a displacive mechanism, characterised by an invariant{plane strairsulting
in surface relief and a plate or lath shaped transformation product Re-
constructive transformations include allotriomorphic ferrite (), idiomorphic
ferrite ( i), and pearlite (P). Since all the elements must di use during re-
constructive transformation in order to achieve the structurakthange, these
reconstructive transformations are not associated with sheatrains. In the
eutectoid decomposition reaction which leads to a pearlitic microstecture,
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ferrite and carbide phases grow "cooperatively' with a common traforma-
tion front with the austenite.

RECONSTRUCTIVE DISPLACIVE
Diffusion of all atoms during Invariant-plane strain shape
nucleation and growth. deformation with a large she
Sluggish below about 850 K. component. Noironor
substitutional solute diffusion
Thin plate shape.
s 2 o
( .
ALLOTRIOMORPHIC WIDMANSTATTEN
L ) FERRITE
| Carbon diffusion during

( N paraequilibrium nucleatior
IDIOMORPHIC FERRITE & growth.

L J : .

r 2 BAINITE & ACICULAR
MASSIVE FERRITE FERRITE .

No change in bulk | Carbon diffusion during
composition. paraequilibrium nucleatior

N J Diffusionless growth.

s a ( B
PEARLITE MARTENSITE
Cooperative growth of —1 Diffusionless
ferrite & cementite nucleation & growth

. J L J

Figure 1.3: Characteristics of transformations in steels.

Table [1.2 lists the key characteristics of phase transformations itegls
after Bhadeshia[[18| 21]. Consistency of a characteristic with theansfor-
mation concerned is indicated by , inconsistency by , cases where the
characteristic is sometimes consistent with the transformation arindicated
by . Many of the characteristics presented in the table are discusseudthe
next section in the context of the bainite transformation.

The ability of the elements to re{arrange themselves into the a nevrac-
ture plays an important role in both the nucleation and growth of theproduct
phase. As can be seen in table1.2, many of the transformation prmts ne-
cessitate di usion and hence the critical role of temperature in detmining
structure.

1.3 Bainite

The bainitic microstructure was rst identied as a result of systematic
isothermal transformation experiments by Davenport and Bain ], who
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Characteristic n nlbn W A A n ni P
Nucleation and growth reaction R
Plate Shaped PP P PP

IPS shape change with large shear PPPPP

Di usionless nucleation P

Only carbon diuses during nucle- PP PP

ation

Reconstructive di usion during nu- PP P
cleation

Often nucleates intragranularly on P P P
defects

Di usionless growth PP PP

Reconstructive  diusion during PP P
growth

Atomic  correspondence  during

growth;

- shared by all atoms PP PP

- for atoms in substitutional sites PPPRPPE

During growth;

- bulk redistribution of substitu-

tional atoms

- local equilibrium at interface

- local paraequilibrium at interface P

Di usion of carbon during transfor- PP PP
mation

Carbon di usion-controlled growth P
Co-operative growth of with cemen- P
tite

High dislocation density PP PP

Incomplete reaction phenomenon PP D

Necessarily has a glissile interface PP PPP

Orientation relationship within Bain PP PPRP

region

Grows across austenite grain bound- PP P
aries

High interface velocity at low tem- PPPPP

peratures

Displacive transformation mecha- PP PPRP

nism

Reconstructive transformation PPP
mechanism

Table 1.2: Characteristics of solid{state transformations for deenposition
of austenite in steels[[18].
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reported the discovery of an “acicular, dark etching aggregat@rined after
isothermal holding between the temperatures for pearlite and m&nsite for-
mation. The microstructures (reproduced in gure_L}¥) were unlikenarten-
site or pearlite observed in the same steel, and were found to be negented
by their own "C{curve' on the time{temperature{transformation (TTT) di-
agrams which they introduced as a convenient way to representehtime
dependence of transformation at di erent temperatures. Theysuggested
that the new microstructure ‘forms much in the manner of marteri® but is
subsequently more and less tempered and succeeds in precipitatiagbon'.
Figure[1.5 shows an example TTT diagram reported by Davenport ari8iain
for a high carbon alloy.

Le—]
10 um

Figure 1.4: Microstructures in a eutectoid steel. (a) Pearlite fornteat 720 C
(b) bainite formed at 290 C (c) bainite formed at 180C (d) martensite [23].
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Figure 1.5: Time temperature transformation diagram obtained usmoptical

microscopy and dilatometry by Davenport and Bain. Studying a rang of
alloys the lowest temperature at which bainite was obtained was deased by
addition of carbon. In alloy with composition Fe-1.13C-0.30Mn-0.178it%

bainite was obtained at a temperature of 15@ [27].

Describing the bainitic structure Hultgren also proposed that "nedsb
of troostite' (later named bainite) rst formed as martensite nedles which
were then self{tempered([24] being able to reject carbon and fercarbides
due to the higher temperature of transformation than that assmated with
martensite.

An acicular or plate shape is often the result of a displacive transfoa-
tion, as will be discussed later in this chapter. An explanation was thefore
sought to explain the sluggish transformation of bainite in comparisoto
martensite. The martensite transformation is usually so rapid thait can
often be regarded as only being dependent on temperature. Atethtime
many wrongly supposed that martensite springs fully formed fromhe ma-
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trix rather than by a nucleation and growth mechanism(]25]. It was rgued
that the slower growth meant that bainite must not be a martensitictrans-
formation. Robertson made a study of the transformation rate fathe mi-
crostructures formed upon quenching from austenite and proped that the
slow growth of the ferritic constituent of bainite is best explained byrans-
formation being controlled by carbon di usion [26]. Other work emphsised
the similarity to martensite, and it was understood that bainite formed with
a supersaturation of carbon([27, 28, 29, 30]. Vilella’]|31] and Bain [32bp
posed that transformation involved the formation of at plates whch form
abruptly, before decarburising at a rate depending on the tempaiure. The
process to reject carbon from the "quasi{martensite’ was proped to take
millionths of a second.

It was recognised that the form of bainite was di erent in di erent tem-
perature ranges as can be seen in gufe1.4. Mehl introduced thea main
classi cations of upper bainite and lower bainite([33], with lower bainite
transforming at lower temperatures than upper bainite. Upper haite has
also been referred to as feathery bainite [25]. Intermediate formgere also
recognised to exist as a result of continuous cooling transformaim Fig-
ures[1.4(b) and (c) show upper and lower bainite respectively. In¢hoptical
microscope lower bainite can be described as being similar in appearmnc
to tempered high carbon martensites, while upper bainite more cldgee-
sembles low carbon martensite [34]. Observation by transmission &len
microscopy later clearly demonstrated that the di erent types a@ due to the
nature of carbide precipitation, and can be in uenced by changingacbon
content and temperature. In upper bainite, carbides precipitatdiom austen-
ite between the plates which have become enriched in carbon, withetipper
bainitic ferrite remaining free from carbides. In lower bainite there islso
a ner dispersion of plate{like carbides inside the ferrite plates. Caides
have been observed to precipitate in a single crystallographic vartamithin
a given ferrite plate, whereas in martensite tempering generally lesatb pre-
cipitation of many variants [21].

In steels where transformation to pearlite could be delayed, it coulzk ob-
served that the maximum degree of transformation to bainite deeased with
increasing temperature(]35, 36] and there was a critical tempeuaé above
which bainite would no longer form. The transformation to bainite bely
this temperature would often stop, to be followed by pearlite [36]. ixto-
metric experiments on a range or steels of di erent carbon contesy showed
that the total expansion increased with greater under{cooling. idher car-
bon contents allowed transformation at lower temperatures, raking in a
greater expansion upon transformatiori [37]. In each case the bi&éntrans-
formation would cease before all of the austenite was consumeekrethough
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the steels were able to continue to transform to pearlite when hest to a
higher temperature.

X{ray di raction indicated that the austenite remaining in steels exhbit-
ing this incomplete reaction phenomenomvas higher in carbon. Klier and
Lyman took this to imply that the austenite decomposed before thbainite
transformation, into carbon depleted and carbon enriched zon{&g6]. A sim-
ilar suggestion had also been made by Kurdjumov regarding transfieation
to Widmanstatten ferrite [38]. The idea was taken up later by Entin[B9] but
Aaronsonet al. showed that austenite could not perform this spontaneous
spinodal decomposition, although this does not rule out random wgations
of composition which may play a role in nucleatiori |40, 41].

Zener introduced a thermodynamic description of the phase trafiesma-
tions in steels [[42| 113]. For bainite he assumed that bainite growth is di-
sionless, with any subsequent supersaturation of carbon in ther&e parti-
tioning into the residual austenite after growth. In comparison tanartensite
the bainite would grow without introducing a strain into the microstruc-
ture and therefore not requiring extra energy as a driving forceBainite
would therefore grow below the temperature where austenite aridrrite of
the same composition have the same free energh,(see gure[1.6). This
explained the critical temperature for bainite formation, but Zeneexplained
the incomplete transformation as due to carbide precipitation aheéaof the
bainite growth front. Later Wever and Lange extrapolated the feite/ fer-
rite + austenite phase boundary to lower temperatures which explaed the
‘incomplete reaction'[[43]. During isothermal transformation the atenite is
enriched with carbon, and can no longer continue when the locus dfetT,
curve is reached.

In the absence of carbide precipitation then the volume fraction dinite
\,, is given by:
X X

1 W%

wherex is the average carbon content of the alloy is the carbon content
of the austenite, andx is the nal carbon content of the ferrite, which can
often be assumed to be negligibly small.

A plate (or subf{unit) of bainite forms with supersaturation of carlon
which is then rejected into the residual austenite. The next platefdainite
then has to grow from the carbon enriched austenite. This proesnust
cease when the austenite carbon concentration reaches thecurve, since
nucleation of the next ferrite plate is thermodynamically unfavourble. If
the reaction occurred with di usion, the ferrite should continue togrow until
the carbon para{equilibrium carbon concentration and the transirmation

X =X+

(1.1)
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would then go on until the carbon concentration of austenite rehed the
Aes curve.

Free Energy

Temperature

s

Carbon Concentration

Figure 1.6: Ty construction on the Fe-C phase diagram.

The consequences of th&, curve are that greater volume fractions of
bainite can be achieved by transformation at lower temperaturegnd that
equilibrium carbon concentration of austenite given by theé\es curve can-
not be reached, as is observed experimentally. The remaining auste is
available for further transformations, or can be retained afterite sample is
cooled to room temperature. The austenite can also be presenttibvan the
form of large volumes were little bainite has formed "blocky austenitehd as
thin Ims between the bainitic ferrite plates. The nal form of the retained
austenite is important for the mechanical properties of the steeboth the
morphology and the composition, which e ects the susceptibility andhe
consequences of further transformation to martensite duringe€ormation.

Le Houillier et al. studied steels in which cementite precipitation was
prevented, they suggested that a strain energy term should becioded in
the critical Gibbs energy for the bainite transformation([44]. Bhadghia and
Edmonds estimated the e ect of strain and interfacial energy as7® J mol *
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and denoted the calculated linér? [45,[46]. Later Bhadeshia took data from
Steven and Haynes [47] and calculated the Gibbs energy for theriter and
austenite at the Bs temperature, and found that the value for the strain
energy should be 400 J mot [48].

The di usion rate of carbon in steel is many orders of magnitude gater
than that for substitutional elements, meaning true equilibrium is ufikely
to be reached at a transformation interface, especially as the tperature is
reduced. The concept of paraequilibrium calculation was introducede ned
as a constrained equilibrium with carbon being able to di use freely but
without change of any of the solute elements [49]. This is reasonalsianany
cases, because the diusivity of carbon can be many orders of mégde
faster than solute di usion or self{di usion of iron. The bulk substitutional
element content of bainitic ferrite has been shown to be identical tthe
parent austenite in atom probe experiments by Bhadeshia and Waud50,
51], Stark et al. [52, 53] and Josefsson and Andren_|54] consistent with a
displacive transformation mechanism.

Irvine and Pickering [56], and Shackleton and Kelly [57] observed béan
crystallography using electron diraction, the crystallographic réationship
between the ferrite and carbide components of bainite strengtied the con-
cept that carbides in upper bainite precipitates from carbon enrigd austen-
ite, whereas carbides in lower bainite precipitate form from supetsaated
ferrite plates (gure [L.7). Pickering [58] showed that both uppeand lower
bainite can occur during isothermal transformation at the transibn temper-
ature.

Matas and Hehemann[]59] proposed that the transition from uppéeo
lower bainite was decided by the time taken for carbon to partition acopared
to the time taken to precipitate carbides within the ferrite. Upper ainite
forms at higher temperatures where carbon can partition to theustenite be-
fore it can precipitate in the ferrite. Takahashi and Bhadeshia [§%roduced
a quantitative model for the transformation comparing the time rquired to
decarburise a super{saturated plate against cementite precipitan kinetics.

As we would expect lower bainite is more likely to form in high carbon al-
loys, and upper bainite more likely in lower carbon alloys. Not only is ther
more carbon to precipitate, but higher carbon contents mean tharans-
formation is delayed to lower temperatures in continuously cooled rsples.
Srinvasan and Wayman||60] found that lower bainite formed at the lnaite
start temperature (Bs) in a Fe-1.1C-7.9Cr wt% alloy and Ohmori and Hon-
eycombe [[61] showed that in high purity Fe{C alloys lower bainite is not
obtained when carbon concentration is less than around 0.4 wt%.
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Figure 1.7: Growth and development of upper or lower bainite, aftefaka-
hashi and Bhadeshia [55].

1.3.1 Mechanism

Ko and Cottrell [62] studied the bainite transformationin situ using hot
stage microscopy and reported surface relief similar to martensit&rowing
plates also stopped when they reached austenite grain boundayiesich is
not necessary for reconstructive transformations. Surfacelief is consistent
with a displacive transformation mechanism, while the observed slowogvth
rates support the idea that transformation is controlled by di usion.

Oblak and Hehemann(]34] rationalised the seemingly contradictorpser-
vations after studying the microstructures formed using electromicroscopy,
and observing that the microstructural unit was smaller than premusly ac-
cepted. The apparent slow growth rates at the macroscopic scaeuld now
be attributed to the growth of bainite by the repeated nucleation b sub{
units', each of which grows rapidly to a limited size. The features which
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were thought to be plates were actually "sheave$™ [63] or “packetsygre-
gate structures made up of these smaller sub{units or platelets.igure [1.8
is the schematic representation of structures observed. The ‘onascopic'
growth rate of the sheaf is therefore slower than the martensiteansforma-
tion because it is largely controlled by the nucleation rate of these Isfunits,
although they transform by a martensitic mechanism, each one fang an
acicular parallel plates around 0.2-6 m in width and 1-10 m in length.

(@) (b) ()

Figure 1.8: Schematic illustration of structures produced by (a) dusion
controlled growth, (b) and (c) repeated nucleation of sub{units Wwich rapidly
attain a limiting size, after Oblak and Hehemann([34]

1.3.2 Crystallography

Greninger and Troiano measured the crystallographic orientatiorf austenite
and showed that the habit planes of bainite and martensite are botira-

tional, and that the habit plane of bainite is di erent from that of martensite
in the same steel [64]. The habit planes varied with carbon content @trans-
formation temperature. Observing that the habit plane of bainite pproached
that of Widmanstatten ferrite at high temperatures and that of proeutectoid
cementite at low, Greninger and Troiano proposed that bainite grewom the
beginning as an aggregate of ferrite and cementite, with competitidoetween
the two controlling the habit plane.

Smith and Mehl [25] later showed that the orientation relationship e-
tween bainitic ferrite and austenite does not vary greatly with varing car-
bon content or transformation temperature, and that it is similar b that
for martensite and Widmanstatten ferrite, but dissimilar to pearlitic fer-
rite/austenite. Using pole gure analysis they determined that baiite had
a Nishiyama{Wasserman([|65, 66] relationship at 450 and 3%D but bainite
transformed at 250C and martensite had a Kurdjumov-Sachs [67] orienta-
tion relationship. Pickering showed that adjacent platelets in a clust have
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almost identical crystallographic orientation [[58], and are often foud to be
touching, separated by low{angle boundaries. Observing that thisould
lower the stored energy in the microstructure, and help to stabilisthe struc-
ture against tempering. Davenport also reported the relationshipould be
loosely described as the Kurdjumov-Sachs typge [68]. Crosédyal. [69] showed
the orientation relation between the BCC and FCC phases after tresforma-
tion are always found to be close to but never exactly the KurdjumgSachs
or Nishiyama{Wasserman orientation.

Kurdjumov{Sachs orientation relationship

f111g jjf 011g
hLOLi jjh111i

Nishiyama{Wasserman orientation relationship

f111g jjf 0119
h101i 5:25 from hl11li towards hllii

Greninger{Troiano orientation relationship
f11lg 0:2 from f0l1llg
h1OLi 2.7 from hl1li towards hllli

The relative orientations of the bainitic ferrite to the parent austaite have
since frequently been found to be consistent with it being the Kurdmow{
Sachs or Nishiyama{Wasserman relationships, although neither isezvex-
actly matched. The two relationships dier by a rotation of about 5.5
about the normal to the parallel close{packed planes of the two rsictures.
In martensite the relative orientation is found to be intermediate ad irra-
tional as predicted by crystallographic theory[]19].

A high accuracy is required to compare theory with experiment, in ba
nite and martensite the required accuracy is di cult to achieve becase of
the experimental di culties of retaining austenite and also the high aslo-
cation densities. However experimental data always lie within the "Baire-
gion' which encompasses the Kurdjumov{Sachs and Nishiyama{Wseman
relationships [19]. The Bain region is de ned as a result of the lattice tbe-
mation, which can be factorised into two components; the Bain stiawhich
is the pure part of the lattice deformation, and a rotation of not mee than
11 [19]. During the Bain strain no plane or direction is rotated by more tha
11 since the two possible rational relations di er by a relative rotation 6
5.25 about the normal to the parallel close{packed planes. This need toe
the case for reconstructive transformations. For example alleaemorphic fer-
rite is known to grow into austenite grains with which it has an orientabn
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which is random, or outside the Bain region, while during austenite gira
boundary nucleation grows in orientation that is close to Kurdjumof{Sachs
or the Nishiyama{Wasserman relationship[19].

The face{centred cubic structure of austenite can also be dedad by
a body{centred tetragonal unit cell, which can be converted to t body{
centred tetragonal structure of martensite or to a body{cemed cubic struc-
ture by contraction and expansion of the cell parameters. Theseformations
were rst proposed by Bain and are known as the Bain strain [70]. Fige[1.9
shows the equivalence between the body{centred tetragonal@8) and face{
centred cubic structures.
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Figure 1.9: Equivalence of face{centred cubic and body{centre@tragonal
cell. The Bain strain is the deformation of the axes which converts ¢hBCT
austenite cell to BCT martensite.

Although the Bain strain would produce the necessary change in &y
tal structure the macroscopic shape change would not be the saras the
observed shape change, there is a further condition for a displaeiransfor-
mation, that is the movement of a glissile interface through the pant phase.
Wechshleret al. [71] and Bowles and Mackenzie |72, 73] developed a crys-
tallographic theory to explain the transformation based on the ma@ament of
a glissile interface between the parent and product phases, and asistent
with the observed shape change.

A pure deformation can be combined with a rigid body rotation to give
a net lattice deformation which leaves a single{line undistorted, gue[1.10.
However it is not possible to make a rotation that leaves two non{patlel
lines undistorted so it is not possible to have an invariant{plane strainThis
means it is impossible to have an interface between austenite andriter
which is fully coherent and stress free, or transform between tiphases with
a strain that is an invariant{plane strain. To compensate for this disrepancy
it is necessary to introduce a lattice{invariant deformation such asvinning
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of slipping as shown in gure[1.11l. Such a substructure of twins or sfip
steps is observed experimentally in martensite.

Figure 1.10: Producing an invariant line by straining and rotating. An in
variant line is a requirement for transformation by the movement o glissile
interface.

Displacive or martensitic transformations (e.g. transformation tanarten-
site and bainite) conform to the phenomenological theory of mantsite crys-
tallography [72,[73]. Each of the requirements follows as a conseage of
an invariant{plane strain deformation or the absence of substitubnal atom
di usion.

1. Precipitates formed by a martensitic mechanism must have a plate
lath morphology and are found to exhibit an invariant{plane strain
relief.

2. The parent and product phases are related by an atomic corpss-
dence.

3. The parent{product habit plane is irrational.

4. The orientation relationship between the parent phase and thegduct
phase is irrational.

5. Internal heterogeneities are required to produce a lattice{iaviant de-
formation.

6. There is no composition di erence between the precipitate and ¢h
matrix for substitutional atoms.

Points 3, 4, 5 do not apply to face{centred cubid hexagonal close{
packed transformations.
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Observed
P] Shape |P2 Martensite
Austenite Wrong (Wrong
Structure Shape)
Lattice—
Invariant
Deformation
Twinned Martensite Slipped Martensite

Correct macroscopic shape and correct structure

Figure 1.11: Essential features of phenomenological theory of niesmsite
crystallography, the observed shape deformation in an invariant{ane strain
P, gives the wrong crystal structure, a second homogeneous shBa will
correct the structure but produces the wrong shape. This canebcanceled
macroscopically by an inhomogeneous lattice{invariant deformatigrsuch as
slip or twinning.

1.3.3 Surface relief

The similarity between the bainitic and martensitic transformations idong
established [[22] and received added emphasis when is was shown bHwdh
transformations exhibit surface relief[[62].

Hull [74] and later Bilby and Christian [/5] proposed that martensitic
transformations can be distinguished experimentally by means ofdlthange
in shape of the transformed regions. Christian also commented thsurface
relief does not necessarily result from non{di usional transfornmteon [76],
and can also result in cases were the solute atoms can di use ordefsnag-
nitude faster than the solvent. Therefore surface relief cannégll us if a dis-
placive transformation takes place with or without carbon di usion,however



1.3. BAINITE 19

it is a necessary feature of martensitic transformation becausétbe lattice
correspondence between the parent and product phases. Mansite, bai-
nite, and Widmanstatten ferrite all exhibit a surface relief, with matensite
transformation taking place with no carbon di usion and the Widmansatten

transformation being controlled by carbon di usion.

Surface relief when characterised as an invariant{plane strain witlarge
shear component can be taken to signify that the transformatiomechanism
involves the cooperative transfer of atoms from the parent to thproduct
phase in a manner characteristic of shear transformations. Tharface relief
should be invariant{plane strain as in martensite, and has been claterised
as having a shear strain component of 0.22 and a volume strain of 0®3
transformation [77].

During transformation, one crystal grows at the expense of atier by the
migration of the interface. Christian [/6] has said that a shape chga in the
transforming region can be expected for an appropriately cohetdooundary
between the parent and product phases of the martensitic typprovided the
correspondence is not destroyed by di usion. Assuming the cryds on each
side of the boundary remain in contact, and remain coherent as theundary
moves, then any macroscopic shape change must be an invariatéfpe strain
on the plane at the boundary, or must di er from it only by strains that can
be accommodated elastically in the vicinity of the boundary.

The strain energy for bainite when the shape change is elastically aot
modated has been calculated to be about 400 J mél[21], although there is
the possibility that some of the strain can be relaxed by plastic deforation.
One consequence of plastic deformation during or after transfoation is the
plastic yielding of austenite at the surface. Figuré_1.12 shows thepigal
e ects of the invariant{plane strain. The strain is followed or accorpanied
by a plastic relaxation in the austenite, resulting in a distinctive shape

The transformation strain is a combination of the Bain strain and a rigl
body rotation; it is an invariant{line strain. A further inhomogeneous lattice{
invariant deformation, by shear or twinning, makes the transformtion strain
macroscopically an invariant{plane strain. The invariant{plane is als&nown
as the habit plane. Figure[1.13 shows the nature of the invariant{pie
strain, while experimental results are summarised in table—1.3 for dirent
microstructures.

Swallow and Bhadeshia measured the surface topography usingmio
force microscopy[[77] and concluded that the relief of each sulpfticon-
formed with the general features of an invariant{plane strain. Wareas the
nature of the shape deformation of Widmanstatten ferrite and rartensite can
be observed in the optical microscope, the bainite sub{units canhbecause
they are on a much ner scale. Atomic force microscopy is capablerelsolv-
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Transformation s Morphology Reference

Widmanstatten ferrite 0.36 0.03 Thin Plates Watson and McDougall [d]
Bainite 0.22 0.03 Thin Plates Sandvik [81]

Bainite 0.26 Thin Plates Swallow and Bhadeshia [77
Martensite 0.24 0.03 Thin Plates Dunne and Wayman [82]

f

Table 1.3: Observed values for invariant{plane strain in di erent transfor-
mations.

ing the bainite sub{units, the value of the shear component measd using
light microscopy is around 0.13]60, 78]. Theoretical predictions di¢ shear
lie in the range 0.22-0.28177]. Measurement of the displacement of twin
boundaries following transformation observed in the transmissiorieetron
microscope gives a value of 0.227[79].

(a) (b)

1

Slippedd

Figure 1.12: Surface relief resulting from bainite transformationaj a perfect
invariant{plane strain surface relief e ect. (b) invariant{plane strain where
plastic relaxation of the shape occurs in the adjacent matrix.

1.3.4 Strength

In general the strength of steels can be increased by lowering tteanpera-
ture of the austenite to ferrite transformation [58], as shown ingure[1.14
lowering the transformation temperature usually increases the iansity of all
the strengthening mechanisms. It is generally true that lower tengrature
results in ner grain size of the transformation product, greatedislocation
density, ner dispersion of precipitated phases, and greater mttion of so-
lute in supersaturated solution. The results of Pickering [58] show laear
relationship between the transformation temperature and the stngth over
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Habit Plane

Figure 1.13: Schematic representation of the di erent componentof the
invariant{plane strain.

a wide range of bainite transformation temperatures, Davenpodnd Bain
reported similar results for hardness after isothermal transforation [22]. It
is also observed that upon continuous cooling fully martensitic steedan gen-
erate higher strengths than bainitic steels, usually tempering is germed
on these martensitic steels to reduce the strength so as to progiddequate
toughness prior to use.

Early bainitic steels were found to not be generally better in terms ohe-
chanical properties than quenched and tempered martensitic ste due to the
large size of the carbides, and the extra di culty in implementing isotermal
transformation. Irvine and Pickering introduced low carbon steelslloyed
with boron and molybdenum [[83] which delayed the pearlite transforation
but maintained su ciently fast bainite transformation kinetics, to allow pro-
duction of fully bainitic steels by continuous cooling heat treatmentLater,
higher cooling rates were introduced by using a laminar water jet dgsn [84],
and leaner alloys could be produced with higher strengths, leading ttee de-
velopment of High{Strength{Low{Alloy steels [85]. Relative to martasitic
steels, the bainite microstructure is more stable upon further hedreat-
ments, and bainitic steels have also been developed as creep resisdteels,
for example composition Fe-0.1C-2.25Cr-1Mo wt% which exhibits eXeat
creep strength and microstructural stability [86]. Although the dails of the
microstructure may not have been known at the time it is now knowna be
a carbide{free upper bainite[[19].

It is also known that addition of silicon or aluminium can prevent cemen-
tite precipitation during the bainite transformation. This is due to the high
penalty of having silicon present in the cementite structure. In higlsilicon
steels large carbides, which can lower the toughness of steel arevented
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Figure 1.14: Strength variation with temperature of maximum tranfrma-
tion rate in steels with 0.1 wt% carbon after Pickering[|58].

and the bainite plates are separated by thin Ims of retained austéte as
have been studied by Bhadeshia and Edmonds [45].

Important classes of steels have been developed to take advaeataof
retained austenite to provide extra sources of plasticity. Transfmation in-
duced plasticity (TRIP) and TRIP{assisted steels [|87| 88, 89], multiphase
steels (so called dual{phase steels), and more recently still, twinnimduced
plasticity (TWIP) aided steels [90,[91]. TRIP was rst observed in heuily
alloyed austenitic stainless steels, during deformation above theiramen-
site start temperature. Matsumura reported the potential of RIP{aided
carbide{free steels, where carbon enrichment in the austenitestdting from
transformation was used to stabilise the austenite. This greatly deiced
the price of the stabilisation, and the e ect could then be used to érance
the ductility of cold{formed high strength steels for automotive aplications.
In dual phase steels, inter{critical annealing replaces full aust&isation, in
this case transformation to bainite takes place from a mixture of fiete and
austenite. For the same composition this may result in a greater amnat of
retained austenite, present in more re ned regions.

The bainite transformation has been utilised to achieve areas of aesite
of su cient enrichment of carbon that they are stable enough to ke retained
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in the microstructure, but are available for transformation upon éformation.
In these TRIP{assisted steels the presence of retained austengllows the
strain{hardening rate to be decreased, or maintained to higher elgation.
The ability of bainitic steels to produce retained austenite in the nalmi-
crostructure has allowed a greater manipulation of the resultant ethanical
properties.

1.4 Low temperature bainite

This thesis describes the characterisation of a remarkable new hémsteel,
which exhibits very high strength and hardness in bulk samples. Theaimitic
structure which forms at low temperature in these high{silicon highdarbon
steels o ers unique combination of mechapical properties, with €ngth of up
to 2.5 GPa and a toughness up to 28 MPam, depending on transformation
temperature, reported by Garcia-Matecet al. [2].

~

)
NN
L %

0.2 pm

Figure 1.15: Transmission electron micrograph of novel bainitic sletans-
formed at 200C for 5 days [92] 2]

These mechanical properties are a result of a highly re ned bainitic im
crostructure as shown in gure_L.I5, due to transformation fronaustenite at
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Figure 1.16: Optical microstructure of novel bainitic steel transirmed at
200 C [93]

temperatures of around 200C. Embrittling carbides are negated by the sili-
con additions. The microstructure then consists simply of plates dfinitic
ferrite separated by thin Ims of austenite, the scale of both beingnusually
ne. Ferrite plates are reported to have widths of 20 nm comparetb the
usual width of 0.2 to Q5 m. Large regions of "blocky' retained austenite
which would otherwise limit the toughness could be avoided by maximising
the volume fraction of ferrite, by transformation at the reducedemperature.

On a coarser scale the microstructure resembles wedge shapeshgbs of
bainite (clusters of ne bainite plates separated by thin Ims of austnite
when viewed at higher resolution) and small blocks of residual ausite, as
shown in gure[1.16.

Transformation at low temperature not only results in high volume fac-
tion of ferrite, but also leads to high strength by introducing a high amber
of defects into the microstructure. The defects take the formfalislocations
and grain boundaries. The high dislocation density in the bainitic ferré
results in a huge supersaturation of carbon in the ferrite after &ansforma-
tion. It therefore seems remarkable that the hardness is also eipged to be
resistant to harsh heat treatments.

Caballeroet al. [3] were the rst to report transformation of high{carbon
high{silicon steels at low{temperatures could result in nanoscale mmstruc-
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Figure 1.17: Elongation and ultimate tensile strength of low{tempetare
bainite compared against sheet steels, after Shefif [96] and Speeal. [97].

ture and result in extremely high strength steels. The discovery salted
from the investigation into the design of mixed microstructures of dinite
and martensite to be produced from continuous cooling in medium dan
steels (e.g. Fe-0.3C-1.51Si-1.42Cr-0.25Mo0-3.53Ni, Fe-0.32C-1.45&iMn-
1.26Cr-0.26M0-0.1V) [[94/°95]. Those steels have predominantly a b
microstructure consisting of ne plates of upper bainitic ferrite sgarated by
thin Ims of stable retained austenite. Thermodynamics were utilisedo de-
sign alloys so as to maximise the volume fraction transforming to thene
bainite structure, to avoid the large areas of retained austeniteettimental
to toughness, by shifting theT, curve to higher carbon contents, and by
minimising the average carbon contept [94].

Toughness values of nearly 130 MPam were obtained along with strength
in the range 1600-1700 MPa; these values match the critical praopes of
marageing steels which are at least 30 times more expensive to magtire
due to high alloy content of cobalt and nickel[]95]. The properties aralso
superior to quenched and tempered martensitic steels, dual pkasteels and
TRIP-assisted steels as shown in gure_1.l7. The microstructure iigsistant
to tempering up to the transformation temperature, however t@pering at
higher temperatures lead to the decomposition of the austenite mfferrite
and carbides, lowering both strength and toughness.

Microprobe analysis was used to determine the composition of the-re
tained austenite and to investigate the properties of the austemita steel
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was produced with the same composition: Fe-0.80C-1.60Si-1.99MA9LCr-
0.25Mo0-0.1V [[98] (alloy A in this thesis). Although present as retained
austenite within the bainitic microstructure, the composition was fand not
to produce a stable fully austenitic structure when in the bulk form]398],
with transformation to martensite taking place at around 120C. Subsequent
experiments revealed that the steel could be transformed isotheally to bai-
nite at temperatures as low as 12%.

Isothermal transformation experiments were conducted at 12%50, 190,
250 and 300C, using hardness and optical microscopy to follow the progress
of transformation and also using X{ray diraction to quantify the volume
fractions transformed. Bainitic microstructures with hardness @und 600
HV could be produced by transforming at temperatures of 190 ar2b0 C.
These microstructures consist of around 60-70% of bainitic ferit with a
plate size of around 50 nm separated by Ims of retained austenitehweh
were even thinner[|3]. The bainite transformation had a separate{Curve
on the TTT diagram with a well de ned bainite start temperature as $iown
in gure [.18.
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Figure 1.18: Transformation kinetics of alloy A, after Caballerd[3].

Transformation to predominantly bainitic microstructures at similartem-
peratures has previously been reported by Davenport and Bain asrly as
1930 [22], to temperatures as low as 140 as we saw gure[ 1b. Although
not reported it is probable that these microstructures containedarge ce-
mentite particles due to the lower silicon content compared to the séls of
Caballeroet al.. However it may be noteworthy that Davenport and Bain did
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observe that austenite could be retained in the microstructuredtar trans-
formation at low temperatures (140C) in some steels when the microstruc-
ture was bainite (referred to as martensite{trootsite in their pagr) but only
trace amounts were observed after transformation to martems. Transfor-
mation at 180 C resulted in a hardness of 62 Rockwell C (745 HV@) and
64 Rockwell C ( 800 HV) at 140 C along with 20-25 % retained austenite
in Fe-1.13C-0.30Mn-0.17Si wt% alloy. An Fe-0.78C-0.36Mn-0.16Si witoy
achieved a hardness of 56.5 Rockwell C (625 HV) at a transformatitem-
perature of 180C, this steel was the only one in the study which retained
austenite after transformation at 180C.

All of the alloys studied by Davenport and Bain also had relatively fast
transformation kinetics for di usional products at higher tempeatures, many
of the transformation curves touching the axis at higher tempetares. De-
spite the fast cooling rates achievable by quenching into tin. It is pewble
that their hypereutectic steels would form cementite along the gia bound-
aries, which could have a devastating e ect on toughness and thimegation
in tensile tests. It is not known if Davenport and Bain pursued any fiher
transformation experiments at low temperatures, since their maiaim in
this work seemed to be the classi cation of microstructures, andeir work
turned up many fruitful avenues of research.

Sandvik has previously studied the isothermal transformation in hig
carbon high{silicon steels to bainite at 38QC [100]. The steels of compo-
sition Fe-0.99C-2.21Si-0.78Cr-0.48Mn-0.017P-0.016S-0.035AI aredOR1C-
2Si-0.42Cr-0.59Mn-0.017P-0.031S-0.032Al wt% reporting that tlsteels ex-
hibited a two stage transformation. Initially transformation rateswere fast,
followed by slow decomposition by formation of triclinic carbide and dem-
position of the remaining austenite to ferrite. Sandvik attributed he delayed
reaction of the second transformation as to it being governed by walsion of
carbon. The triclinic carbide is related closely to cementite, and due tthe
crystallographic relationships, crossings between carbide platesid faulting
on the (010} planes it is thought the carbide forms by a shear mechanism.

Garcia-Mateo et al. transformed steel of composition Fe-0.98C-1.89Mn-
0.26Mo0-1.26Cr-0.09¥ 0.002P (alloy B) at a range of temperatures and used
X{ray di raction to measure the carbon content of austenite anderrite from
the lattice parameter as shown in guré_1.19. The values indicated #t there
is high supersaturation of carbon in the ferrite and the level of cbon in the
austenite determined in this way is higher than expected from calcuian of
To'. One exception to the expected trend is that the level of enrichme of
carbon in austenite is no higher than when transformed at 200 tha2b0 C.

2Conversion between hardness scales using function developed bya@nstrom [99]
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Figure 1.19: Carbon contents of ferrite and austenite after trafiormation of
alloy B, as reported by Garcia-Matecet al. [101], compared to calculatedy,
TS, and paraequilibrium A, levels.

Garcia-Mateoet al. [102] then performed a series of thermodynamic calcu-
lations to see the e ect of varying composition upon transformatio kinetics,
for the design of further alloys. A series of alloys were also proddce
investigate the e ect of various alloying elements. Comparison of ¢htrans-
formation kinetics against those calculated considering thermodgmics, as
shown in gure[1.18 is very useful for design of further alloys. GaezMateo
calculated the e ect of the di erent alloying elements, tablé_ T4 usinghermo-
dynamic calculation after Bhadeshial[48] and proposed further all®ywith
ferrite stabilising elements cobalt and aluminium to supply extra driving
force for the transformation to bainite [1083]. The characteristicsf these al-
loys of composition Fe-0.83C-1.57Si-1.98Mn-0.24Mo-1.02Cr-1.54@lnf C)
and Fe-0.78C-1.49Si-1.95Mn-0.24M0-0.97Cr-1.6C0-0.99Al (alloy Dgres re-
ported in a series of papers [103, 104, 105, 106]. Figlre 11.20 shtives
di erence in the driving force for transformation between the twaalloys and
alloy A.

The new alloys achieved faster transformation into the low{tempature
bainite microstructure, and similar hardness values were realiseéd B10The
time to complete transformation at 200C was reduced from 310 h in alloy A
to 160 h with addition of cobalt in alloy C, and 80 h with addition of both
cobalt and aluminium in alloy D. Further acceleration could be achieved
by lowering the austenitisation temperature to achieve grain re naent of
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Element Range in alloys E ect on
produced To Bs Ms

C 0.79{0.98 | # +
Si 1.29{1.67 # | |
Mn 1.5{3.79 # + #
Mo 0.21{0.25 # # #
Cr 0.92{1.33 # + #
Co 0{1.5 " " |
Cu 0{0.2 | |
Al 0{0.2 " " |
w 0{1.0 # + |
\Y 0{0.1 | | |
Ni 0{0.005 # # #

Table 1.4: E ect of varying alloying elements from base composition dtey
parameters [[102].
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Figure 1.20: Comparison of the chemical driving force for di usionlsdrans-
formation ( Gto) between three dierent low{temperature bainitic steels
(Alloys A, C, D).
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the austenite, using equilibrium thermodynamic calculations to trarferm at
temperatures were a small amount of carbides were present aethusteniti-
sation temperature.

Garcia-Mateo et al. [107] also investigated the applicability of the nu-
cleation functions as previously applied by Bhadeshia |48, 108] and Ahd
Bhadeshia [[109] to describe transformation to bainite and Widmaradgten
ferrite. The bainite start temperature in the novel low{temperatre bainitic
steels could be explained by the parameters which had been previguse-
rived at higher temperatures. Bainite forms below the calculate@,' temper-
aturewhen; G' < Gggand G, < Gy. Gy being a universal nucle-
ation function, describing the nucleation rate of bainite or Widmanatten
ferrite as a function of temperature.

The plate size of the bainitic ferrite and the hardness were measdras a
function of transformation temperature in alloys C and D[[103]. Figwe[1.21
shows the trend of hardness as related to plate size. A higher adation
was observed after calculating the area of interface per unit volenSy,
by accounting for the plate size and the volume fraction of bainite fming.
There is some indication that the plate size does not depend upon fjuke
transformation temperature. The alloys were transformed aftéwo di erent
austenitisation temperatures, and the measured plate size wasadter follow-
ing the austenitisation at the lower temperature, some con dencim these
values can be taken in that the samples with smaller plate size have alngg
hardness. Austenitisation at the lower temperature will mean thatarbides
are present during austenitisation, e ectively decreasing the coantration of
carbon in the bulk.
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Figure 1.21: Hardness of low{temperature bainitic steels as a fummt of the
ferrite plate size.

Mechanical properties and structure resulting from isothermalransfor-
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mation are summarised in table§ 115{118 [3, 98] 4, 105] for the alloys kwit
compositions as shown in table_1.9. The tensile strength of the alloysa@d
D were measured after isothermal transformation at 200, 250 @300 C [4],
the stress{strain curves for alloy C are shown in guré_1.22. In allog,
transformation at 200 C gave a tensile strength of 2.15 GPa, with a yield
strengtib of 1.4 GPa an elongation of 5% and a fracture toughneds {) of
32 MPa m. Transformation at higher temperatures produces lower strgth
and greater ductility and toughness. In the same alloy transforndeat 300 C
the ultimate tensilg strength was 1.8 GPa, yield strength 1.3 GPa fraoe
toughness 45 MPa m and elongation hugely improved to 29%. The same
trend was observed in alloy D, as shown in table~1.8.

The carbon content in the bainitic ferrite was measured using X{ray
di raction, as was the dislocation density which was estimated fromhe
peak broadening. It was noted that there was a correlation, anchat the
carbon enrichment increased with higher dislocation densities.

In alloy A it was observed that the carbon supersaturation in the asten-
ite is no higher after transformation at 200 than at 250C. A similar anomaly
in the levels of enrichment was also observed in alloys C and D. Rathéan
the expected trend of increasing austenite carbon content withver transfor-
mation temperature, the opposite trend was observed as the trsformation
temperature was reduced from 300 to 250 and 2@ This was accompanied
by lower elongation of the alloys transformed at lower temperatuse which
could be related to the lower elongation by decreasing the stability diie
austenite.

Garcia-Mateo [110] reported the strain hardening behaviour in theteels
transformed at the di erent temperatures and calculated the astenite con-
tent as a function of plastic strain and composition after Sheri¢t al. [111].
Bhadeshia observed that the results show the amount of austemiat failure
is usually around 10%, and related this to the percolation threshold At
around 10% of austenite it is no longer possible to have a continuousmix
and percolation of dislocations is no longer possible resulting in failureLP].
A similar value of the nal austenite content for low{temperature kainitic
steel has also been observed in the same steels by Sherif [96].

Hase et al. [113] transformed using a two{stage process, stepping the
temperature during transformation, this was able to achieve a high amount
of retained austenite but avoid large blocks, and achieve a ductilityf @0%,
toughness of 63 MPam and UTS of 1.5 GPa. Transforming at 250 and
350 resulted in similar strength level as transformation at 30C but better
elongation.

Due to the high hardness the low{temperature bainitic steels haveelkn
investigated for use as armour steels, to replace more expensiven@urs.
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Alloy A Temperature

190C 200C 250C 300C
UTS / GPa 2.00 1.93
YS / GPa 1.68 1.53
TE 3.1 8.8
Kic /MPap m
Charpy VN / J 4 6
Hardness / HV20 650 650 575, 590 440
Bainitic Ferrite C wt% 0.32 0.07 0.32 0.07 0.20 0.07
Bainitic Ferrite fraction 0.87 0.01 0.84 0.01 0.65 0.01
Plate thickness / nm
Austenite C wt% 1.72 0.1 1.76 0.1 169 0.1

Table 1.5: Mechanical properties and characteristics of microstture after
isothermal transformation of alloy A [3,98].

Alloy B Temperature

200C 250C 300C Ref.
Hardness / HV20 619 550 420 [103]
Bainitic Ferrite C wt% 0.3 0.27 0.16 [103]
Bainitic Ferrite fraction 0.87 0.01 0.84 0.01 0.55 [103]
Plate thickness / nm 35 1.3 55 2 124 4 [103]
Austenite C wt% 1.5 1.6 1.44 [103]

Table 1.6: Mechanical properties and characteristics of microstrure after
isothermal transformation of alloy B.
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Alloy C Temperature

200C 250C 300C Ref.
UTS / GPa 2.15 1.95 1.8 [4]
YS / GPa 1.4 15 1.3 [4]
TE/ % 5 20 29 14]
K / MPa" m 32 38 45 4]
Hardness / HV20 (ne) 660 589 500 [103]
Hardness / HV20 690 640 490 [103]
Bainitic Ferrite C wt%  0.35 0.33 0.26 [4]
Bainitic Ferrite fraction 0.83 0.79 0.63 [4]
Plate thickness / nm 25 42 57 [4]
Austenite C wt% 1.1 1.4 1.49 [105]

Table 1.7: Mechanical properties and characteristics of microstture after

isothermal transformation of alloy C.

Alloy D Temperature

200C 250C 300C Ref.
UTS / GPa 2.2 1.9 1.7 [4]
YS / GPa 1.4 1.35 1.3 [4]
TE/ % 8 9 29 [4]
Kic /MPaP m 32 35 50 4]
Hardness / HV20 (ne) 650 565 500 [103]
Hardness / HV20 650 640 490 [103]
Bainitic Ferrite C wt%  0.35 0.34 0.29 [4]
Bainitic Ferrite fraction 0.87 0.79 0.74 [4]
Plate thickness / nm 45 42 53 [4]
Austenite C wt% 1.47 1.7 1.9 [105]

Table 1.8: Mechanical properties and characteristics of microstture after

isothermal transformation of alloy D.

Alloy C Si Mn Ni Cr Mo V Al Co P S

A [3] 0.79 1.59 1.94 0.02 1.33 0.3 0.11 | | |

B [101,92] 0.98 1.46 1.89 | 1.26 0.26 0.09| | <0.002<0.002
C [4] 0.80 159 201 | 1.0 0.24 | 1.51 0.002 0.002

D [4] 0.78 1.49 195| 0.97 0.24 | 0.99 1.60 0.002 0.002

Table 1.9: Chemical compositions of alloys discussed in this thesis / wt%
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Figure 1.22: Stress strain curves for alloy C transformed at di ent temper-
atures [106/ 4].

Hammond investigated the shock and ballistic properties to provideada for
design of armour systems [114]. The strength of the material wésund to
be better when transformed at the lower temperatures, and cde as high as
10 GPa when the strain rate was 10s ! [115]. The armour systems developed
from the material were found to be able to defeat the same projéde with a
lower mass of armour, when compared against titanium and aluminaraour
systems[[93].

Brown and Baxter criticised the commercial practicality of heat trat-
ments lasting longer than 1 week, and also the cost of adding cobaitaccel-
erate transformation in these alloys, and claimed to solve these ptems by
altering the composition although they did not publish the full compason
of the alloy they produced[[98]. Transformation at 25@ for 8 h, produced
a microstructure with yield stress of 1673 MPa, UTS 2098 MPa and elga-
tion of 8%. They also noted that all of the low{temperature bainitic teels
have exhibited low values of Charpy impact toughness when testetiraom
temperature.

The cost of transforming steel for long periods of time at tempetares
around 200C should not be expected to be costly in itself. The heat loss from
a furnace increases with the operating temperature. For trar@imation of
small samples in the laboratory small ovens are su cient. For massrpduc-
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tion, dedicated facilities are required, since it would always be un{ecomical
to utilise a high temperature furnace which is needed for other appditons.
Temperature control within a few degrees may be necessary dwesensitiv-
ity of the plate size, transformation kinetics and volume transforing, and
resulting mechanical properties to temperature.

To achieve very high strengths without introducing additional stragth-
ening mechanisms, it may be unavoidable that long transformation ties are
needed, if the strengthening is mostly due to the plate size and thdafe
size is intimately related to the transformation kinetics. As transfomation
occurs by the repeated nucleation of sub{units, the transforntian kinetics
are determined by the time between nucleation events, and the vohe of the
sub{units transforming as a result.

Some models of bainite kinetics assume a constant volume for the sub
unit, however attempts have also been made to account for the imence of
transformation temperature. There is little data on the volume ofle plates,
most attempts have relied on using the plate width data of Chang [5].
Chester and Bhadeshia modelled transformation kinetics of bainiteans-
formation kinetics, and showed that a better match could be achied by
considering the size of the sub{unit. They used a linear relatiorl)yy =
0:00107T 0:2681, for the plate width, and length of 10 m, with a mini-
mum plate width of 0:05 m [117]. Parker modelled the plate thickness using
the equation 02 (T 528F150 m. Matsuda and Bhadeshia used this re-
lation, with all the plate dimensions varying in the same way, so the voine

of the sub{unit varied as;Vy =2 10 Y 122 * 3 [118]. Matsuda and
Bhadeshia assumed that in the initial stages of transformation theolume
of bainite is controlled purely by nucleation events at the austenitergin

surfaces, neglecting auto{catalysis, the volume of bainitic ferrites related
to the grain boundary nucleation ratel 4, the volume of the sub{unitVy, Sy

the austenite grain boundary surface area per unit volume, and tirt since
the start of transformation. After an initial stage they then corsidered the
lengthening rate of the sheaves of bainite; to be dominated by the time

interval ts between nucleation events after Ali and Bhadeshia 119, 120].

|
Ve = —  lyls (1.2)

Both of the nucleation rates for the sheavés and grain boundaryl 4 are
described by equations of the same form;

K G
ls= K, exp R—T2 1+ K:

(1.3)
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Ks ., Gn
RT Ks

lg= K2 exp (1.4)
whereK , are constants previously derived [121, 122] or derived by Mat-
suda and Bhadeshia.

These equations treat the size of the sub{unit and the nucleatiorate
independently, but without a physical model to explain the limit to theplate
size this cannot be con rmed. However it is clear to see that indepéently
altering the plate size will proportionally decrease the transformain rate.
In the equations presented, during the growth of the sheaves lodinite the
growth rate depends only on the length of the bainite sheaf. Thdmge long
slender plates will be capable of growing quickly but still introducing a tge
area of interface per unit volume. As can also be seen, the nucleati@te
can be increased via the driving force G, which includes temperature and
chemical e ects.

If the e ect is mainly due to the transformation temperature, it may be
possible to achieve the same very ne plate size using more quicklyrisform-
ing alloys, but of course there is a requirement to suppress the rensite
start temperature su ciently.

It would be bene cial to have a lower carbon variant, since high cadn
steels are more di cult to weld. Bhadeshia demonstrated with calcukgons
the di culty of transforming at 200 C in low carbon steels[[123], this is
because carbon is the most e ective element at widening the gap meen the
martensite and bainite start temperatures s and Bs). Alloying with nickel
to suppressMs in a 0.1 wt% carbon 2 wt% manganese alloy depresses the
Bs temperature until it is lower than Mg after around 5 wt% of nickel. Yang
and Bhadeshia have made an experimental investigation of the pitsity of
low{carbon super{bainite, in a series of 0.1 wt% carbon steels, usingkel
to suppress the martensite start temperature [124]. They fourttiat the the
bainite and martensite start temperatures are suppressed aspexted, this
might be useful for design of steels to be produced by continuousoting,
however they also reported that coalescence of the bainite platescurred
since there was an excess of free energy available at Bxetemperature.
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1.4.1 Strength of novel bainite

The magnitude of the di erent strengthening mechanism in low tempature
bainite can be calculated based on the characterisation of the mistaucture.
Steel of composition Fe-0.8C-1.6Si-2Mn-0.3M0-1.33Cr-0.1V transhed at
200 C results in carbide free microstructure with a bainite plate size bewen
50 and 100 nm. X{ray di raction experiments described later in the hesis
reveal a large supersaturation of carbon in the ferrite.

If a stress is applied to a polycrystal, dislocations will rst move in a @in
having a large critical resolved shear stress. However, as dislocas cannot
in general cross a grain boundary, they will pile up at the boundaryntil the
stress there is su cient to generate slip in an adjacent grain. At ts point,
general plastic ow can occur, and the material is said to have yielde

For equiaxed grains the yield stress, is related to the grain sized by
equation[1.%, the Hal{Petch equation([125, 126, 127],

y = i + kyd 1= (15)

where ; and k, are constants, ; is sometimes called the friction stress.

Rhines [128] suggested that the physically signi cant parameter iheé
inverse grain boundary areaSy rather than the grain size, equation1]6.
Naylor [129] and then Daigneet al. [130] demonstrated the inverse linear
relationship for laths and plates as occur in martensite and bainitic sels,
equation[1.7.

y = i + kySV (16)

y= i+ klt (1.7)

The strength of mixed microstructures of bainite and martensite as in-
vestigated by Young and Bhadeshia[131], they explained that a gestrength
can be achieved in mixed microstructures by varying the combinatioof
martensite and bainite. They described the strength with the equion L.8
due to Bhadeshial]|132]. The model was able to reproduce the trerasd
absolute values of experimental data of Tomita and Okabayashi [3,3134].
The strength of martensite and bainite was factorised into a numipef in-
trinsic components. Mixed microstructures of bainite and marternte can
be stronger than either of the individual phases, Tomita and Okalyashi
suggest this is by e ectively re ning the austenite grain size by the &inite
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sheaves[135]. The peak strength of mixed microstructures candelained
by the model to be due to increased carbon in martensite formingoin en-
riched austenite. The contribution from bainite at small volume frattons was
larger than expected, this was attributed to a plastic constraint ect which

enhances the strength of the bainite. It was found that an additizal term
was needed to explain the strengthening at low volume fractions odibite,
equation[1.9.

X 1
= FetT ssit ct+ Ki(Ls) “+ Kp

WIS

+Kp 1! (1.8)

whereK_, Kp and Kp are constants, . is the strength of pure annealed
iron, s IS the solid solution strengthening due to substitutional solute,

c Is the solid solution strengthening due to carbon., ; is a measure of the
ferrite plate size, and p is the dislocation density, is the distance between
carbide particles, and the strength of constrained bainite may bepresented
by the equation,

B o[0:65exp( 3:3Vp) +0:998] (1.9)

where g and § represent the strength of constrained and unconstrained
bainite respectively, y is the strength of martensite, andV, is the volume
fraction of bainite. For a mixture containing 0.5 volume fraction of banite
this will increase the strength of the bainite component by 12%, andith
0.8 volume fraction will give an increase of 4.5%.

Garcia-Mateo and Caballero]4] reported the results of mechani¢asting
and allocated the strengthening to contributions from the plate seand the
dislocation density. Dislocation density was measured from the peékoad-
ening in X{ray di raction experiments and plate thickness measuredising
transmission electron microscopy. The reported contributions arshown in
gure [.Z3 and compared against the 0.2% yield strength and the ultiae
tensile strength.

The strengthening contributions can also be calculated from equan [1.8
neglecting the e ect of constraint, which for large volume fractios should
account for around 4% increase according to equatibnil.9. Usingiation[1.8
allows calculation of the strength of the bainitic ferrite as a functiorof tem-
perature, the result of which is shown in gurd_1.24. It should be ned that
from the previous results carbon supersaturation in the ferriteheuld be ex-
pected to make a large strengthening contribution, but has beemitted by
Garcia-Mateo and Caballero.

The dislocation density values reported by Garcia-Mateet al. are in gen-
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Figure 1.23: Strengthening contributions in low{temperature baing re-
ported by Garcia-Mateo and Caballero_ [4].

eral agreement with the relationship proposed by Takahashi andhBdeshia,
as shown in gure[1.Zb. Takahashi and Bhadeshia showed the treod in-
creasing dislocation density with decreasing transformation temgpaure for
both martensite and bainite, with a maximum dislocation density at arand
350 C [55]. Noting that the tendency for accumulation of dislocations by
plastic deformation, and removal by recovery e ects are both gendent
largely on the transformation temperature they proposed the goirical equa-
tion [L.10. Dislocation density and therefore strength contributioms reasoned
to be constant at lower temperature following Young and Bhadeshig31].
For a given composition of bainitic steel the substitutional solute cwen-
tration in the ferrite is xed, without precipitation of carbides the e ect of
transformation temperature will be via the grain size, dislocation desity,
and the carbon in the ferrite.

688073 1780360
T2

log,, o = 9:2840 + (1.10)
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where p is the dislocation density, the length per meter cubed, and is the
absolute temperature in Kelvin.
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Figure 1.24: Calculation of strength of bainitic ferrite as a function fatrans-
formation temperature, based upon carbon content and plate siz reported
by Garcia-Mateoet al. [103].

The bainitic ferrite makes up only part of the microstructure, and his
proportion increases with decreasing temperature, as volume dten of fer-
rite increases as the temperature is decreased. This can be caladaby
using thermodynamic calculation of the limitingT, curve or can be empiri-
cally tted to the volume fraction data reported by Garcia-Mateoet al..
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Figure 1.25: Dislocation density as a function of transformation teperature.
For comparison typical dislocation densities are $dm 2 in annealed metals,
and 10° m 2 in heavily cold worked materials[[136].

Garcia-Mateo et al. [92] reported values of carbon content measured by
X{ray along with plate thickness in alloy B in the temperature range 20{
320 C. The plate size as a function of temperature can be calculated as a
function of temperature using an arbitrarily chosen function t tothe plate
width data provided by Garcia-Mateo. This was found to be a linear re
lationship on a log{log plot of plate size against temperature. Fittingad a
larger data set of all the values reported in the literature was notivial, not
only are their problems performing regression due to bias by outlietsut it
also seems that there is disagreement between the results of themnt au-
thors [100, 137/ 116, 103], as shown in gure 1126. While the valuestdad
to converge as the temperature is decreased, at higher temperas there
are very di erent values for the di erent steels studied by the vaious inves-
tigators. It is probable that there are also composition e ects whit would
need to be accounted for in a physical model. Composition e ects dhe
plate size have been previously investigated by Singh and BhadesHi&]],
who created a neural network model to account for the e ectsu# to the
strength of austenite and the chemical driving force available fordansfor-
mation. The model shows that increasing the strength of the aiestite by
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Factor Strength Contribution Ref.
Fe [140]
C 0.25Wwt% C 3700 MPa/wt% [141]
C (0.25wWt% CY=2 17225 [142]
C (0.25wt% CY=8  1171.3 [143]
Si 1.6 Wt% Si 85 MPa/wt% [141]
Mn 2 Wt% Mn 32 MPa/wt% [141]
Mo 0.3 wt% Mo 30 MPa/wt% [141]
Cr 1.33 Wt% Cr  -30 MPa/wt% [141]
Y, 0.1wt% V 9 MPa/wt% [140]
Dislocations F¥34 106 P Do, 734 10°6
6:3 101
Plate Size 115 exp 3:66943(logTX)) 259467 [129,
130]

Cementite  Not applicable
spacing

Table 1.10: Calculation of strengthening mechanisms for bainitic corop
nent in low{temperature bainite (alloy B). E ect of di erent streng thening

mechanisms from Pickering and Gladman [141], Speich and Warlimont P14
Winchell and Cohen [[143], Lacy and Gensamer [140]. Carbon e ect aalc
lated from [141] and[[142] are extrapolations from low carbon data.

100 MPa can lead to a decrease of20 m, this is thought to be consistent
with plate size being limited by plastic deformation induced during trans
formation. For purely elastic deformation of the plates, the oppdae trend
should be expected, increase of plate size with the increased driviiogce
available at lower temperatures [139].

Using a rule of mixtures with a linear weighting of the volume fraction,te
yield strength of low{temperature bainitic steels can be calculateds shown
in table [L.10 and gure[1.2Y were the calculation is for alloy B. To make ¢
calculation, tting to experimental data has been used, although iprinciple
the calculation can be made more physical, it may be misleading to base
calculation on thermodynamics unless the levels of carbon supersation in
austenite and ferrite and the volume fractions match the experimeal values,
which is not yet the case. Instead a series of empirical approximat® were
made to the reported values of plate size, volume fraction, and cpwositions
of the phases.

An arbitrary linear t was used to include the relationship between tle
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Figure 1.26: Bainite plate size reported by various authors [100, 24,3116/ 103]
and arbitrary t made on data for high{carbon high{silicon alloys. Garcia-
Mateo data includes measurements on alloys B, C and D.

volume fraction of bainitic ferrite and temperature. As shown in gue[1.28
this better matches the experimental measurements than the Icalation
based on thermodynamicl,. Values reported between 200 and 300 are
approximately linear, and lower than thermodynamic calculation of sae.
The strength of the retained austenite was estimated to be 640 MPcalcu-
lated using empirical equation after Irvineet al. for the enriched composition
but ignoring any grain size e ects[[144]. Extrapolation of yield stresdata
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from higher temperature tests[[145] using a function for the stngth as a
function of temperature |[138] gives an estimated yield strengthf @around
500 MPa at room temperature for the composition before enrichmie and
agreed with the calculated value using the function of Irvinet al..

As shown in the gure, accounting for the volume fraction of bainitider-
rite makes the calculated yield strength much more sensitive to theansfor-
mation temperature than before. Not only is the bainitic ferrite hader, but
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Figure 1.27: Calculation of strength of bainitic steel as a function dfans-
formation temperature, weighting contributions by volume fractio of ferrite,
and with a contribution from the austenite.
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Figure 1.28: Volume fraction of bainitic ferrite in alloy B, compared to &

bitrary linear tting, and volume fraction calculated from thermodynamic

criteria (Lever rule calculated usingTy, and assuming no carbon in ferrite),
results for alloys C and D are shown for comparison [103].

the larger volume fraction makes a larger contribution to the nal gength.
It is also apparent that the strength of the austenite can only maka minor
contribution to the strength unless it can have comparable stretly as the
bainitic ferrite.

The calculated yield strength is much higher than the strength reaksl
in the low{temperature bainitic steels. This may be due to incorrectalcu-
lation of the strength of the bainitic ferrite, it may be more appropiate to
omit the e ect of carbon as Caballero and Garcia-Mateo, and only ogider
strengthening by dislocations and plate size, this would be the casetlie
carbon trapping in the bainite is of a di erent character to the tragping in
martensite. It may also be that the details of the calculation are ovesti-
mating each of the strengthening e ects due to extrapolation fro the range
of previous results.

This calculation considers only strengthening in the bainitic ferrite,here
may also be strength contributions from austenite thin Ims which willbe
hard due to high carbon content. However it probably is not apprafate
to treat the thin Ims and ferrite plates completely separately. Beause the
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bainitic ferrite and austenite thin Ims form an intimate mixture, it may have
been more appropriate in the calculation to treat this as a volume ctaining
ferrite and austenite strengthened by the grain boundaries betégn them.
Garcia-Mateoet al. noted that in practice the mean lineal intercept should
depend upon the volume fraction of bainite a§, = Vz=t. The strengthen-
ing value used is for martensite existing without considering if thin Imsof
austenite are present.

It is also possible that the calculation for the strength of the bainitic
component is correct, and that yield strength and ultimate tensileteength
of the mixture are determined to a larger extent by the mechanicg@roperties
of the austenite. In this case it may be that calculation by the rule ahixtures
used here is too naive. In this case it may be that better calculatioroald
be made by considering load partitioning in a composite of bainitic feret
and austenite. This would be more reasonable since we expect thastanite
has a lower strength than the bainite.

Nevertheless the calculation demonstrates the huge contributisrio the
strength that are possible by re ning the microstructure to sucha large
extent.

1.4.2 Bulk nanostructured bainite

It is not possible to strengthen by perfection in bulk materials, the ieal prop-
erties are only available on a very ne scale. Strengthening is theoeé carried
out by introducing large numbers of imperfections into the microstrcture.
There are practical limits to deformation that can be achieved meamy it
is not possible to heavily deform large cross{sections. Therefoes pointed
out by Bhadeshial[123] displacive transformations have the greatgotential
for grain re nement of bulk materials. Since the transformation cases the
re nement in microstructure it is possible to transform in bulk to this heavily
deformed microstructure.

The highest strength achieved in iron or steel would be for a suchfdet{
free structure. The shear stress to plastically deform such a stture would
be the stress to move one plane of atoms past another, this sgesas rst
calculated in 1926 by Frenkel[[146] assuming there is a periodic shegr
force required to move the top row of atoms past the bottom rowiven by a
sinusoidal relation:

Gb . 2x
= EsmT (2.11)

where is the applied shear stressG is the shear modulus,a and b are
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the spacings between atoms between rows of atoms and in the di@t of
the shear stress, and is the shear translation away from the low{energy
equilibrium position. The maximum value of , is the theoretical critical
shear stress;

0= o (1.12)
which can be approximated by ,, = 0:11G since atomic theory shows that
inter{atomic forces peak at a strain of about 0.2. If the shear madus of
body{centred iron is taken asG = 59 GPa, then the ideal shear strength
will be 6.5 GPa. This means that the theoretical highest tensile strgih
achievable in iron is 21 GPal[147], for a perfect ferrite crystal, undemi{
axial tension in thehl11 direction.

Clatterbuck et al. [148] have madeab-initio calculations of the ideal
strength of iron in tension and shear. IND01 tension the ideal strength
of 12.6 GPa was determined by the elastic instability of the ferromagtic
phase along the "Bain' strain path from body{centred cubic to fageentred
cubic. The shear strength in thehl1lif 1129 and hl11if 110y shear systems
was 7.2 GPa and 7.8 GPa largely determined by the body centred tegranal
structure with the two shears having slightly di erent paths from body{
centred cubic to body{centred tetragonal.

It is possible to get close to perfection in bres of relatively small dinre
sions. Brenner[[149, 150] performed tensile tests on defect@frehiskers of
iron and reported a tensile strength of up to 13.23 GPa, and it is pab&e
that this tensile strength was limited by dislocation nucleation from tle free
surfaces rather than by elastic instability.

The highest strength available in commercially available steel is 5.5 GPa
in “Scifer', which takes the approach of using severe deformationitdroduce
large numbers of defects into the material by mechanical defortian. Unlike
perfect crystals, the strength of Scifer is not dependent on sjzgowever the
material is only available in the form of ne wires because of the praical
limits of introducing the necessary deformation.

Figure [1.29 compares the strength of the perfect whiskers mee=ii by
Brenner, the commercial Scifer wire[[151] and the mechanical pesfies
achieved to date with the novel bainitic steels which are examined in ith
thesis.

A unique feature of grain{size strengthening is that it also increase
the toughness. In metals and alloys which undergo a ductile to brittle
transition the transition temperature is reduced [[152]. The impactran-
sition temperature of ferrite can be described by an equation of ¢hform
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Figure 1.29: Comparison of the strengths of perfect whiskers, awdy de-
formed bres, and bulk nanostructured steels.

T g=1In INnC Ind ¥ where andC are constants, andlp, g is the
ductile-brittle transition temperature, and d is the grain diameter. Therefore
smaller grain sizes are highly sought after in industrial steel prodticn.

Industrially thermomechanical processing of plain carbon steelsrcaro-
duce ferrite grain sizes between 5 and 10m, whilst laboratory tests have
achieved grain sizes approaching Im [153]. Yokotaet al. [154] investigated
the limits of the grain size re nement by considering the heat releadeluring
phase transformation. Since the latent heat released during treformation
is known to cause recalescence, which is likely to limit the minimum size of
the allotriomorphic ferrite grains. The size of which may depend upothe
magnitude of the free energy change and the amount of energyrstd as
surface energy in the grain boundaries equatién1113T154].

L min = = .2 N (1.13)
16y I+

During adiabatic transformation the temperature will increase aarding
to:
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Phase in Fe-0.2C-1.5Mn wt% at 300 K Stored Energy /
Jmol !

Ferrite, graphite & cementite 0

Ferrite & cementite 70

Paraequilibrium ferrite & paraequilibrium 385

cementite

Bainite and paraequilibrium cementite 785

Martensite 1214

Mechanically alloyed ODS metal 55

Table 1.11: Stored energy as a function of microstructure relativie the
equilibrium state.[156]

H
T=— 1.14
c. (1.14)

where T is temperature change in Kelvin, H is the enthalpy changeC,
is the speci ¢ heat capacity, values of the nest achievable grain awvhere
then calculated assuming that all the enthalpy change is used in haag the
sample, and found to agree with experimental values.

One strategy to avoid recalescence due to the heat of transfation is
to slow the transformation and decrease the di erence in energiégtween
phases. Table1.11 shows the stored energy for di erent microsttures
of steel, martensite has the highest amount of energy stored,|léwed by
bainite. The strain energy due to the displacive transformation deeases
the energy di erence between the two phases, lowering the amawf heat
generated during transformation, allowing a greater re nementfayrain size.
The temperature raise during transformation will also depend upothe rate
of transformation and the rate of heat removal from the area émsforming.
This will depend upon thermal conductivity and rate of heat removafrom
the surface, so a second strategy could be to transform at a stwwate.

In the novel bainitic steels the transformation is carried out at a low
temperature and the rate of transformation is slow. Since the ratof trans-
formation is reduced the energy produced by the transformatiohas time
to dissipate rather then increase the temperature of the matetjahelping to
avoid coalescence of ne grained microstructure.

Coalescence is also known to take place during the bainite transfam
tion, this is usually a feature of weld microstructures, and is thougho be
associated with a reduced toughneds [155].
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1.5 Tempering

Tempering heat treatments take place at temperatures were aesite decom-
poses and the metastable microstructure of steel approachée tequilibrium
structure. The changes during tempering of martensite have beelassi ed
in stages, as shown in table_1.12. When martensite and bainite traosha-
tion occurs at higher temperatures it may be accompanied by many the
stage 1 reactions. In martensite this is calledutotempering in bainite it is
often unavoidable due to the higher temperature of transformain.

Stage 1

Segregation of excess carbon to defects or clusters
Precipitation as cementite, or transition carbides
in high{carbon steels

Stage 2

Most of carbon precipitates
Carbides convert to cementite
Austenite decomposes

Stage 3

Spheroidisation/coarsening of carbides
Recovery of dislocation structure

Alloy carbide precipitation
Recrystallisation of ferrite

Table 1.12: Stages of tempering, typical of martensite tempering.

In martensitic steels the hardness and strength drop rapidly durghtem-
pering, as carbon leaves solid{solution. In contrast bainitic steelssually
soften more slowly on tempering |[21]. Usually the carbon supersadtion
is much lower in bainitic steels, also the stored energy in the microstu
ture is lower than in martensite, decreasing the driving force availé for
coarsening. In quenched steels containing carbon above 0.4 wt%boa, and
in silicon containing bainitic steels austenite can be retained in apprebia
guantities, the decomposition upon tempering has been shown tocac by a
reconstructive mechanism_[157].

Irvine and Pickering introduced a tempering parameteil (20 + logt), to
allow estimation of the e ect of time and temperature, using thekinetic
strength concept introduced by Hollomon and Ja e[[158]. Although di cult
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to justify from a mechanistic point of view it was demonstrated to beiseful
in representing the hardness of bainite as a result of tempering.

In high{carbon steels it is usual to form transition carbides rst ontem-
pering of martensite, which transform to cementite up on furthetemper-
ing. Transition carbides are also possible during isothermal transfoation
of high{silicon bainites in cases when the steel is not held for su cienime
to allow long range di usion of substitutional atomsf3.

Kalish showed that a dislocation densities of 2 102 cm 2 could trap
su cient carbon to prevent {carbide in martensite.

Silicon additions are also known to add to the resistance to temperinig
martensitic steels[[8/ 9, 159]. In silicon{containing bainitic steels caahing
retained austenite, the decomposition of the austenite into a haged mixture
of ferrite and carbides will compensate for some of the loss in stgth of the
ferrite.

Caballeroet al. [3] observed that the low{temperature bainitic steel was
remarkably resistant to tempering, maintaining the hardness aftesevere heat
treatments as shown in gure1.30.
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Figure 1.30: Hardness changes upon tempering reported for alloy3.

3A large number of transition carbides have been identi ed in bainitic steels, see ap-
pendix [Al
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1.6 Summary

Transformation of high{carbon high{silicon steels results in a carbel free
microstructure of bainitic ferrite and austenite. The novel micrasucture
resulting from transformation at low{temperatures results in highstrength-
ening attributed to the very ne scale of the bainite plates and the lgh dis-
location density. The hardness of the microstructure has also beebserved
to be resistant to tempering, compared to similar strength martesitic steels
which rely predominantly on carbon in solution to provide strengtheng.

Uniquely, the very high strengths achieved do not necessitate atgrge
deformations, or rely on perfection which is only available at very sra
scales, it therefore possible to transform large sections of mastrto this
microstructure.

However the subject is not completely understood, or without pldems.
Industrially it may be viewed as a problem to take many days or week® t
perform a heat treatment, which may restrict the steels to only sgrial appli-
cations. It is not known if the small scale is fundamental to transfonation
at low temperature. There is no explanation of the very ne scale ahe
microstructure, and how this di ers from the formation of martersite.

It is therefore interesting both from a scienti ¢ viewpoint and indusrially
to examine the transformation and subsequent tempering behauio



Only scratching the surface...

Idiom

Characterisation of Surface Relief

2.1 Introduction

Study of the surface relief was performed to quantify the magnitle of
the shear component during the martensitic transformation of haite. For
martensite and Widmanstatten ferrite values can be obtained fio optical
microscopy, but in the case of bainite the plate size necessitateslriques
capable of higher resolution.

Atomic force microscopy measures the topography of a sample laster-
ing a sharp tip, typically with radius less than 10 nm in diameter, acrosthe
surface. The tip is placed at the end of a cantilever and the displacent of
the tip as it scans the surface can be measured by an array of pbxatetectors
which measure the de ection of a laser beam re ected from the baof the
cantilever.

2.2 Experimental Procedures

Samples were prepared from alloy A (Fe-0.79C-1.59Si-1.94Mn-1.38C3Mo-
0.11V wt%) by metallographic polishing, particular care was taken torpvent
contamination of the surface with oil, after polishing to 1 m the samples

53
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where cleaned with high purity ethanol. Samples were then sealed inripally
evacuated quartz tubes ushed with argon, for austenitisationrad transfor-
mation. Samples were either square cross section rod samples 4 mdmm
30 mm with each face polished, or disc samples 3 mm in diameter 1-2 mm

in depth. To combat oxidation of the surface titanium powder was atked

to the tubes separated by cotton wool to "get' any oxygen remany in the
tube during furnace heat treatment. Specimens were austenitiséor 15 min

at 1200 C before isothermal transformation allowing su cient time so that
the microstructure can be expected to be a mixture of bainite anduatenite
based on previous results.

A Seiko SPA-300 AFM was operated in contact mode with a 20m scan-
ner table and a force reference of 1.95 nN. Images were acquireith w12
512 pixel resolution the maximum scan speed used for imaging was lafz
this was reduced to prevent artifacts due to excessive “jumpingf the tip
caused by scanning over the surface. The voltage sensitivity fdret vertical
dimension (nm/mV) was calculated automatically based on the dimensis
and resonant frequency of the cantilever which had been supplieg the
manufacturer who measured the dimensions of each tip. The qudtaccu-
racy of the frequency is 10%, resulting in 10% error in the measurent of
the vertical dimension. Horizontal dimensions were not calibratedyowever
it is reasonable to believe that the errors from surface artifactand vertical
calibration will be much larger than the error in measuring the horizaal di-
mensions. Piezoelectric sensors are not thought to signi cantly geade dur-
ing their lifetime. Placement of cross-section for pro le measuremeshould
only contribute a small error to the calculated width, this can be plaad per-
pendicular to the axis of the plate with reasonable accuracy by ey&ome
experiments were also performed with a digital instruments nancst AFM
operated in non-contact mode.

Samples were also transformed and then examined in a focusedf@am
microscope (FIB). In this experiment a platinum layer was rst depsited on
the surface, and the cross-section can be examined by milling a tcarin the
surface of the material using a focused beam of ions.
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2.3 Results and Discussion

2.3.1 Observation of alloy A transformed at 200 C

Figure [21 shows the surface relief formed due to the bainite transina-
tion, at 200 C for 7 days. The sheaves of bainite can be observed using
optical microscopy, but the sub-units cannot be resolved. Sincéd grain
boundaries are also visible due to thermal etching it can be observitht
the sheaves grow until they impinge on each other, or reach a grdound-
ary. The sheaves do not grow across the grain boundaries thatstxduring
their growth, consistent with previous observations, and as a na@s of the
displacive transformation mechanism. Small blotches on the surtaare pre-
sumably the result of oxidation.

Figure 2.1: Surface relief observed with optical microscope using riarski
di erential interference contrast mode.

Figure [Z.2 shows the surface relief caused by the displacive tramsfa-
tion. Both images are representations of the same 1@n? area, in the rst
the colour represents the height, the second image is a 3D reprgagon of
the surface. Ridge-shaped upheavals with a large aspect ratio dam seen,
having lengths between 2 and 6m while being a fraction of a micrometre
in width. The shape and distribution is similar to the bainite plates when
observed at high magni cation in an electron microscope. As will be se
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in the other images the total width of the transformation upheavhof each
sub-unit is around 200 nm wide. Other than the surface relief due tihe
sub-units, bright round patches can be seen. These are conicaltle three
dimensional images. This is thought to be due to oxidation or some @&h
contamination of the surface. The samples tended to degrade wiime, be-
coming more oxidised or contaminated, until the sub-units could no hger
be seen.

() 10 m 10 m area

Figure 2.2: Transformation at 200C, Seiko SPA-300 direct contact AFM.

The apparent shear componen$, was determined by measuring the gra-
dient of slopes from the foot to the tip of the slope{ = height=width). A
decision was made which side was the shear due to bainite transfotioa
and which was due to plastic deformation by looking at the shape of ¢h
plate, and by comparing adjacent plates when possible. The anglestfear
of adjacent plates should be similar because they should have similays:
tallographic orientation within a bainite sheaf. Otherwise a decision cabe
made assuming the shear is well de ned in comparison to the plasticcam-
modation in the austenite. Figures 2J3 and 2.4 show the 3D represatibns
of the areas scanned, and gurds2/5{2.7 shows the correspomgdime scans.
The measurements are summarised in gufe2.8.

Looking at just the 3D representations and the line scans produtédy
the machines software can give an exaggerated view of the magdauof
the features, as demonstrated by comparing gurds 2.4 (a) andb); If the
shear component is around 0.25{0.28 the features expected doeshearing
should be 3.5-4 times wider than they are high, it may be more usefu t
interpretation of the data to plot the data with a 1:1 ratio between he scales
of height and horizontal displacement, as demonstrated in gufe.@ and[Z2.7T.
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The result of measuring the apparent shear is shown in gufe 2.8 a2dg,
the sub{ gure captions in gure indicates were each reading wasade.
The average of the observations is 0.31, and the maximum 0.46, batimbers
are higher than the expected maximum of 0.28 based on the valuetaéated
from the phenomenological theory of martensite crystallographfZ7], and
larger than the previous experimental observation of 0.26 [77]. Theaximum
value should be expected when the plate major axis is perpendicular the
surface. It is possible that the ne scale of the microstructure sailting from
transformation at 200 C means that the error in observation from surface
roughness is larger, in this case we should expect a larger deviatignund
the average value. It is possible that roughness may also result inangpling
error due to the lower prominence of plates with lowe$, .

Plotting the observed values against the plate width is a useful exase to
classify the results, as can be seen from gure 2.9. Larger featsr which are
more likely due to agglomeration of plates in sheaves, have lower appa
shear. The value is consistent with the previous observation of stves of
bainite made by optical microscopy (0.13) [160, 78].

Complete elastic accommodation of the shear due to transformatishould
result in a surface step where as plastic accommodation in the auste can
occur, leading to relaxation of the surface. In contrast in Widmarstten
ferrite the shape change is partially accommodated by twinning, r@ising in
a tent-like surface relief. As can be seen in the cross{sections rga[2.5{2.7,
in many cases the transformation at 20@ did not result in a symmetrical
surface relief features. Measurements of the 'Apparent sheaf both slopes
of the surface relief features are summarised in gufe2]10.

The angle of the plate to the free surface will also have an e ect omhe
measurement.Ifh and w are the measured values of height and width of a
plate the apparent shear is simply given by,

Sa = h=w 2.1)

Considering the orientation of a bainite plate intersecting with the e
surface with angle , if we re{orientate the plate onto the surface then the
true plate width a and the heightb would be given by,

a= wcos (2.2)

b= h=cos (2.3)
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h SA
S = wcog2  cog (2.4)
For grains intersecting at all angles between 0-90ith equal probabil-
ity, the e ect should be that the averageS, is half the value ofS, and the
maximum value measured should be equal ®. This may explain the large
di erence between the previous workers values measured for abes of bai-
nite and those measured on individual plates. However, the sheadebainite
will also include areas of untransformed austenite. It should also lzensid-
ered that in measuring individual plates it is unlikely that we will distinguish
plates orientated at very low angles to the surface, and perhapsone impor-
tantly it is possible that the sheaves have a preferential orientatioat high
angles to the surface, since this may allow a volume of material to treform
in such a way as to and minimise the strain energy. The cost of creagiex-
tra surface area presumably is much lower. Therefore the grestgreference
would be for a technique which allowed the measurement of both therface
relief at the necessary scale, and also the orientation of the platelbw the
surface.
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(@28 m 28 marea

(b) 222 m 22 marea

(c)1:4 m 1.4 marea

Figure 2.3: Transformation at 200C, Seiko SPA-300 direct contact AFM.
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(& 12 m 12 marea

(b) 550 nm 550 nm area

Figure 2.4: Transformation at 200C, Seiko SPA-300 direct contact AFM.
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Figure 2.5: Digitised line scans through the surface relief featuresd| dimen-
sions in nm.
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(b) Line Scan as previously shown

Figure 2.6: Comparison of line scans using various scales, transfation at
200C, ,and designate which parts of the upheavals were attributed to

bainitic ferrite and to austenite.
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Figure 2.7: Line scans on the same 1:1 scale, transformation at 200
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Figure 2.9: Summary of measured values of apparent she@x, plotted
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Figure 2.10: "Apparent shear' from both sides of each upheaval.
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2.3.2 Observation of sub{surface structure

Observations of the microstructure were made using the focuseéam ion
microscope as shown in guré&2Z.11. Phase contrast on the at sade could
be achieved using the contrast in ion-beam imaging. It was not poslglio
resolve the microstructure using electron microscopy. With the selution
achieved it is not possible to measure the surface relief, but it dodws that
the plates and sheaves are orientated at high angles to the sudadf plates
are always close to perpendicular to the surface, this would help tepdain the
consistently high apparent shear values, although not the magnite being
higher than 0.28.

Figure 2.11: Alloy A transformed at 150C, after focused ion beam milling,
using ion beam imaging mode.
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2.4 Conclusions

Theory predicts the shear on the surface should be in the range 2{@.28
[161,137[162]. The observation on the steel transformed at 2G0suggests
the shear component may be larger as a result of transformationtae lower
temperature. This would be consistent with the observed long sleedshape
of the bainite plates if the elastic accommodation of the shape changs
important during growth.

The small scale of the bainite plates complicates the measurementttoé
surface relief, the results would be much more robust if it was poskhto
unambiguously identify the ferrite and austenite. Focused ion beamilling
appears to be the best way to achieve this, but needs to be comtuneith
high resolution electron microscopy.
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The massive bulk of the earth does indeed
shrink to insigni cance in comparison with

the size of the heavens.

Nicolaus Copernicus

Nano{structure in Bulk

3.1 Introduction

In the review of previous literature (Chapteil), it was observedhat the dis-
placive transformation to bainite is uniquely capable of transformindpulk
samples into a nano{structured material, so that high strengths an be
achieved by the re nement of the microstructure. In this chaptewe will ex-
amine the practicality of achieving transformation to bainite at low{temperature
in more detalil.

3.2 Transformation upon cooling

In gure L. 18 the bainite transformation kinetics are summarised faalloy A,
and compared against the calculated kinetics. This diagram showsetistart
time for transformation at each temperature, assuming the steean be in-
stantaneously cooled to the transformation temperature. In p@ctice this
is not achievable, there is the possibility of transformation occurrghduring
cooling. This needs to be accounted for in the design of bulk nanofsttured
steels, since the thermal transients during cooling will limit the dimemsns
of components that may be produced of homogeneous microsture.
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Given a cooling curve it is possible to calculate the approximate time
for the onset of transformation from the time{temperature{transformation
diagram using Scheil's transformation additivity hypothesis.

The cooling curve is divided into a series of small steps, transforna
is considered to be initiated when;

(3.1)

where (T) is the incubation time at the temperatureT given by the TTT
curve [163].

It is useful to compare the results for dierent cooling rates on ta
continuous-cooling transformation diagram (CCT), for the relevat starting
temperature and using appropriate cooling curves as shown in giB.1. This
can be produced combining the result of the time{temperature{insformation
kinetics (for example the result fromMABSTEELMUCG3@Gnd a modi ed ver-
sion of MABSTEELTTTTQCCT
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Figure 3.1: Continuous cooling curve for alloy A, austenitised at 1000,
surface temperature recorded as described in experimental pedures.

The CCT diagram gives us a critical cooling rate which we must achieve
to avoid the formation of pearlite. Assuming a linear cooling rate, th€CT
diagram was calculated, showing that cooling has to be faster thar08 K/s
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to avoid pearlite in alloy Al

3.2.1 Experimental Procedure

To test the applicability of the calculations and to investigate the deth
which can be transformed a "chunk' of steel was taken of dimensi®@ mm

78 mm 78 mm. The samples was austenitised at 10@and transformed
at 200 C by transferring between two mu e furnaces. Cooling was carried
out in air at room temperature, monitoring the outer surface with aprobe
thermocouple to ensure that it remained above 20G. After transformation
1 cm squared rods were cut from the block by electrical dischargeaahining,
one through the centre of the block from the top to the bottom, ad one
along the base of the block. Hardness traverses were made aldmese rods,
with several indents taken at each distance, summarised by theemage and
the error taken as twice the standard deviation.

To produce experimental TTT and CCT diagrams, samples were praped
from alloy A in the as{received pearlitic condition. Cylindrical samples fo
length 12 mm and diameter 8 mm were cut by electric discharge machigin
Homogenisation was performed by sealing the samples in partially evated
quartz tubes back- lled with argon before a heat treatment of 120 C for 2
days followed by furnace cooling. These samples were austenitisadl min
and then transformed in the thermecmaster, either at di erent ooling rates,
or at di erent isothermal temperatures to study the pearlite transformation.
The thermecmaster is a type of dilatometer which heats the sample Iin-
duction in vacuum and it is possible to cool at selected cooling ratesapd
guenching is possible using inert gas. The temperature is controllegldfeed-
back loop with a R{type (Platinum/Platinum-13%Rhodium) thermocouple
welded to the sample. The dimension changes of the sample are mamitb
using a laser dilatometer positioned at the sample mid-length.

A number of as{cast samples were sealed in quartz tubes and austised
and cooled in furnaces with cooling rates between 360{Bh *. For the slow-
est cooling rate the sample was cooled to around 6@before removing the
sample from the furnace, since transformation was expected te bomplete.

Samples were bisected and examined after the experiments by stard
metallographic techniques. Hardness measurements were maderaflia-
mond polishing, using a Vickers hardness testing machine with a diantbn
pyramid indenter.

INote that often a cooling rate refers to the average cooling rate lrough the critical
temperature range for transformation, temperature transierts only vary linearly with time
under controlled conditions.
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Thermodynamic calculations were made usingitdata with the tcfe
database.

3.3 Results and Discussion

3.3.1 Calculation of the hardenability depth

A computer program cool2t3 was developed to perform the calculation of
Scheil's additivity rule, equation[3.1. This allowed calculation of CCT dia-
gram for any cooling curve by implementing the equation for the tengrature
as a function of time within the program. The design allows the progma to
be extended in future to read an arbitrary temperature pro le fom a le.

For calculation of the CCT, the TTT diagram was calculated from a
modi ed MABSTEELMUCG7@rogram, edited to provide the transformation
time with temperature resolution of 1C. This necessitated further changes
to the program, so that the calculation of the critical temperatues were
consistent with changing step size of the calculation. In the new \&on the
critical temperatures for bainite and martensite transformatiorare calculated
using interpolation to nd the intersection of the free energy cures rather
than using extrapolation based on linear regression. With other chges this
resulted in the updatedMAPSTEELMUCGS83

The linear cooling curve calculation was repeated usirmgol2t3 with the
results from MABSTEELMUCG83The depth of material which can be hard-
ened by bainitic transformation at 200C was calculated using an analytical
model of heat- ow. The error{function solution for 1{dimension& heat ow
in a semi{in nite surface was implemented incool2t3 . The temperature
at each point and time can then be calculated assuming the surfacancbe
instantly cooled and held constant at 20QC, and the thermal di usivity was
taken as 1.172 10 ° m?s ! for a steel Fe-1C wt%[[164]. Figurg 3.2(p) and
show the results, the continuous cooling curve shown is simikar g-
ure[31. The calculation of the depth below the surface indicates thaery
large sections of material can be cooled and transformed to theituge. It is
relatively easy to avoid the di usional products. The CCT diagrams idicate
that there is a possibility of transforming to bainite at temperatures above
200 C during cooling. If true it may be necessary in large sections to sup-
press the bainite start temperature if isothermal transformatio of bainite is
desired.
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Figure 3.2: Calculated transformation kinetics for alloy A austenitist at
1000C.

3.3.2 Transformation to bainite in bulk

As can be seen from gureB3l3 a uniform hardness was achievedtighout
the “chunk’. Microstructural investigation showed transformatia to bainite



74 CHAPTER 3. NANO{STRUCTURE IN BULK

occurred throughout from the edge to the core. The microstriwre in the
slowest cooling positions of the chunk can be seen in gure gurés G@X
[3.4(c), since the material had not been homogenised prior to ausisation
there is a di erence in etching between low{alloy and high{alloy areasus
with both areas having similar microstructures.

The bainitic microstructure was achieved throughout the chunk, eimon-
strating the possibility of low{temperature isothermal transforrmation to bai-
nite in large components without the need of any special arrangemeo
achieve for rapid cooling. To more quantitatively investigate the trasfor-
mation kinetics of the pearlite reaction, a series of continuous codajirand
isothermal transformation experiments were performed using afld\.
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3.3.3 Isothermal transformation to pearlite

Isothermal transformation experiments were also conducted wmpare di-
rectly with the calculated time{temperature{transformation diagram. From
these experiments it is possible to observe the start of the pearliteansfor-
mation by the expansion caused.

Figure[3.5 compares the measured isothermal pearlite transfortiven ki-
netics against the calculated transformation kinetics. The pearlitenitiates
sooner than expected, and at higher temperature than expedteBoth may
be due to over{extrapolation of the thermodynamic model used witn the
mucgprogram, or an assumption that the transformation will always beg
after cooling below the + / phase boundary without considering the eu-
tectoid temperature caused by the + FesC/ boundary although this has
not been investigated.

At temperatures from 675{700C the dilatation curve rst contracts a
little and then expands with typical S-shape Arrhenius type trangfrmation,
as shown in gure[3.6. At 500C the steel showed expansion but not the clas-
sic S-curve, instead expansion occurred for around 3 h and thesntraction
until the test was ended after 10 h as shown in guré_3.7, resulting imi-
crostructure shown in gure[3.7(b). More detailed investigation Lsg optical
microscopy to characterise multiple samples would be the best wayrsolve
the kinetics at these temperatures. This was not done becausetimajor con-
cern was the cooling past this region and that information is contaidein
the continuous cooling experiments, and would also be more a ectég the
position of the "nose' of the curve in the time{temperature{tranformation
diagrams. Figureé_3.8 shows the microstructure after transforrtian at 650 C
in this case the extent of pearlite transformation is greater and it isot pos-
sible to clearly distinguish any cementite on the grain boundaries.

It was also observed that a contraction was clearly evident befotbe
onset of expansion during isothermal holding at many temperatuse The
contraction initiated almost instantaneously upon cooling to the isdtermal
transformation temperature, perhaps even occurring during ghcooling stage,
such that the onset was not possible to distinguish. As shown in gaef3.9 this
dilation is associated with the formation of cementite on the grain bawlaries
prior to the transformation to pearlite. This may be leading to faste than
predicted initiation of pearlite.

The equilibrium diagram for alloy A is shown in gure[3.10. The calcula-
tion con rms that the steel composition is pro-eutectoid, with cerantite an
equilibrium phase at temperatures up to 83, and ferrite an equilibrium
phase at temperature up to 76QC. At austenitisation up to 980 C vanadium
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Figure 3.5: Comparison of alloy A experimental results against calctéal
start of isothermal transformation. Circles represent start opearlite trans-
formation and triangles start of bainite transformation as deternmed from
the dilatation curve.

carbide will be present, vanadium was purposely added to achievaste ect
in an e ort to limit grain growth during austenitisation.

3.3.4 Furnace cooling

Samples were austenitised and furnace cooled at rates betweed66-K s * all

transformed to fully pearlite microstructure with only the scale of he pearlite
interlammelar spacing altering. The appearance of 5-10% of lightetcleing

areas in the microstructure also appears to be pearlite since lamelke also
visible in these regions in some cases. The microstructures can bensm

gure B.17), and results are summarised in table-3.1. The steel trdnsmed to
pearlite when cooled at 0.1Cs ! which is faster than the calculated critical
cooling rate which was 0.00& s ? for linear cooling.

3.3.5 Continuous cooling in dilatometer

Further experiments were performed in the themecmaster dilatceter, and
the continuous-cooling transformation diagram was produced, wge [3:12.
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Figure 3.6: Alloy A transformed isothermally at various temperaturs.

The onset and cessation of transformation were determined byeefrom the

change in slope of the dilation-time curve. Figure 3.13(a) shows thei-m
crostructure of unhomogenised alloy A cooled at 0.16s *, and gure

homogenised alloy cooled at 0.Cs !, at both these cooling rates the mi-
crostructure is largely pearlite. In these cases the lighter etchirayeas can
be identi ed as martensite.

Cooling at 0.2 and 0.3Cs ! was fast enough to avoid pearlite as mea-
sured by the dilatation curve. As can be seen in gure_3.14 there is go
agreement between the critical cooling rate to avoid pearlite as nsaed
by cooling experiments, and the position calculated from the TTT mea
surements using the equation given by Scheil. The agreement bedwethe
two sets of thermecmaster experiments can be expected since iteason-
able that the detectability is similar during isothermal transformation and
continuous cooling. Observation of the microstructure at fastezooling rates
revealed that quantities of pearlite did form in these samples (0.3{0Cs 1),
gure B.15, the minimum amount of transformation detectable by ofical mi-
croscopy is smaller than that in the dilation curve.
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Figure 3.7: Alloy A transformed isothermally at 500C for 10 h, transforma-
tion has occurred by formation of cementite, followed by facetedegrlite.
This faceted form of pearlite has previously been identied as “bainitic
pearlite’ or “pearlitic bainite’, it is known to transform without surface relief
and with partitioning of chromium [165,166].



3.3. RESULTS AND DISCUSSION 81

Figure 3.8: Microstructure of alloy A after isothermal transforméon at
650 C.

Figure 3.9: Microstructure of alloy A after isothermal transforméon at
725 C. Cementite can clearly be observed to precipitate on grain bountes
prior to pearlite.
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alloy A.

3.3.6 Formation of martensite in high carbon steels

As can be seen in guré=3.16, the formation of martensite in this highadoon
steel leads to the formation of micro-cracks. Although water guehing to
martensite gives a harder steel than isothermal transformatioat 200 C it
can be expected to be much more brittle due to the existence of samy
cracks in the microstructure.
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Figure 3.11: Pearlite structures, increasing furnace cooling ratlesad to ner
scale of lamellae spacing.

Rate Target Rate Microstructure
Ch'! Cs'!t
6 0.0016 Fully Pearlite
36 0.01 Fully Pearlite (5-10% light etching areas)
72 0.02 Fully Pearlite (5-10% light etching areas)
360 0.1 Fully Pearlite

Table 3.1: Cooling rates and microstructures resulting from furnaccooling
of alloy A, Non-homogenised material.
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Figure 3.13: Microstructure of Alloy A.
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Figure 3.16: Martensite microstructure resulting from water queshing a
small sample of alloy A. Note the transverse cracking occurs perioally
along the length of the martensite plates, also cracking seems to jeesent
at the prior-austenite grain boundaries.
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3.4 Conclusions

It has been demonstrated that transformation to bainite at low{emperatures
can be achieved even in large chunks of material.

Methods have been implemented to allow calculation of the start time
from cooling curves and the time{temperature{transformation éagram based
on the Scheil additivity hypothesis. For linear cooling experiments agement
was found between the critical cooling rate determined using this thed
and that determined from the TTT data. These methods can allow dggn of
steels with the appropriate transformation rate based upon theighensions
of components required.

The time{temperature{transformation calculation was found notto match
the experimental results for pearlite. The pearlite in this steel beg ac-
celerated by the precipitation of cementite, which precipitates rsdue to
the pro-eutectoid composition. The formation of pro-eutectoidementite on
austenite grain boundaries occurs quickly. It is a possibility that thece-
mentite exists at the grain boundaries of the low{temperature baitic steels
developed to date, which can be expected to have a negative e egion the
toughness.



The universe is transformation; our life is

what our thoughts make it.

Marcus Aurelius

Characterisation of Microstructure

After Isothermal Transformation

4.1 Introduction

This chapter is concerned with the characterisation of the bainitic marostruc-
ture formed by transformation at low temperatures, principally byX{ray

di raction, optical and electron microscopy. After cooling to the tansfor-
mation temperatures of 200 and 15C, the bainitic microstructure evolves
during prolonged holding, taking many days or even months to reagtom-
pletion [3]. Figure[4.1 shows the typical heat treatment pro le afterinitial

casting and forging.

4.2 Experimental procedure

Alloys were received after casting in 25 kg or 50 kg ingots and forginghese
were typically reduced by around 50% by hot forging. Prior to bainitéor-
mation it is important that any heat treatments include slow cooling thhough
the range 700-55(C to ensure that pearlite forms because transformation to

89
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Figure 4.1: Typical heat treatment prole used for producing low{
temperature bainite.

martensite would introduce microcracks.

Rods of 3 mm diameter were produced by electrical-discharge machm
from alloy A, sealed in quartz tubes back{ lled with argon, and homognised
for 2 days at 1200C. Samples were removed and re{sealed in fresh quartz
tubes for austenitisation at 1000C for 15 min. To aid fast cooling the tubes
were shattered before transfer of the rod into a second furreevhere the
material was transformed at 200C held in an alumina boat.

Hardness tests were performed on 3{4 mm lengths of the rod, nmbed
in Bakelite, using three hardness indents of 30 kg load with Vickers dend
pyramidal indenter.

After transformation the rods were sliced to around 250m discs using a
silicon carbide cutting wheel, and ground to 40{100m using 1200 grit silicon
carbide papers. These were thinned to produce samples for tramssion
electron microscopy using a twin jet polishing machine using a solutiorf o
80% ethanol, 15% glycerol, and 5% perchloric acid. Polishing voltagesre
varied between 20 and 40 V.

Before electropolishing the samples were analysed using X{ray dicgon
to measure the ferrite and austenite volume fractions and latticearameters.
Disc samples were attached using vacuum grease in a33square onto a
silicon wafer, and placed in Philips PW1730 X-ray di ractometer. Un ltered
Cu K radiation was generated from an X{ray tube using 45 kV and 45 mA
accelerating voltage and current.
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Peak positions and intensities were tted using Philips Pro t softwae, to
nd lattice parameters and the volume fraction of austenite. Latice param-
eters were calculated using Cohen's method [167, 168] modi ed tocaant
for the predominant errors in counter di ractometers due to spemen dis-
placement and specimen atness both of which have a dependencepeak
position of the form cos cot [169,170]. The phase fractions were calculated
using the method proposed by Dickson [171, 172]. This method calde&
the phase fraction)f— by weighting the contribution of each peak measured
by the inverse of the expected intensity of the peak () and | (.

lwy _ Ry X

4.1
I 'y R gy X 4.1)

where R for each peak is calculated from the volume of the unit cell,
structure factor F, multiplicity factor p, temperature factor e ®™ and Lp the
Lorentz-polarisation factor.

1h_ i
R= = JFi*(P)(Le) €™ (4.2)

These calculations were performed using a modi ed version of theopr
gram MARCRYSTAKRDCAL[T73], version 1.2[]174].

Rietveld analysis[[175] 176], tting the whole di raction pattern at once,
was also applied to the data using Philips Highscore{plus software. 1Eh
second technique also allows extraction of phase{fractions andtlaé pa-
rameters.

Once lattice parameter values were obtained, carbon content drfite
and austenite were then calculated using relations proposed by DBysand
Holmes 177 178];

a = 3:5780+ 0033V +0:0009%Wyn  0:0002VNy;
+0:0008N¢, + 0:0056N, + 0:003MW), + 0:0018N,  (4.3)

wherea is the lattice parameter of austenite inAngstroms, andW,; is the
concentration of element in weight percent.

27Xc)*(ap +2:4 3
ao+(a° 0:27%c) (;;)02 96c) @ 0:03g,

+0:06xyn + 0:07xy; + 0:31Xpyo +0:05¢c, +0:096¢y  (4.4)




92 CHAPTER 4. TRANSFORMATION MICROSTRUCTURE

wherea is the lattice parameter of ferrite in Angstoms, andx; is the con-
centration of elementi in mole fraction.

A martensitic sample was produced by shattering the quartz tubeuwding
guenching into water from the austenitisation temperature of 1@C (after
15 min holding as before). Data for the martensite were analysed test
the method, since austenite and ferrite can both be expected toherit the
bulk composition. Correct analysis of martensite lattice parametsris only
possible when the extra peaks due to tetragonality of the marteites lattice
can be resolved. The equation for carbon content was applied bykiag the
cubefroot of the volume of the unit cell. The carbon contents caldated
in this way had good agreement with the carbon contents expectad the
martensite.

Transmission electron microscopy utilised JEOL 200 CX (TEM), high e
olution scanning electron microscopy was conducted on JEOL 6340fich
has cold{tip eld emission gun (FEGSEM). Lower resolution scanninglec-
tron microscopy such as examination of fracture surfaces utilis@&OL 5800
with energy{dispersive X{ray spectrometer (SEM).

To determine the bainite plate size, measurements were made onrtsa
mission and scanning electron micrographs. The mean linear intertep
the direction normal to the plate length, L+ is related to the average true
thicknesst by Lt = t= 2.

For alloy A transformed at 200C a total of 481 plates, 60% of the mea-
surements were made on transmission electron TEM micrographseaftrans-
formation for 7 days. The remaining measurements were made afi® days
of transformation, using both FEGSEM and TEM micrographs. Thes was
little di erence between the 3 data sets so they were combined andgsented
as a single distribution.

Tensile samples of alloy A were also transformed at 2@ for 12 days
and 150C for 2 months, after austenitisation at 1000C for 15 min sealed
in quartz silica tubes, using same procedure as before for tramsiietween
furnaces.

Tensile samples of Alloy C were transformed at 150 for 1 year. Fol-
lowing mechanical testing, thin sheets of material were sectioneding a
silicon carbide cutting wheel from the head of the tensile sample andn@n
discs were punched and then prepared for TEM using the methodsegiously
described.
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Alloy & Condition Transformed Tempered
hardness hardness
HV30 2 HV30 2

Alloy A;

- Water Quenched 72118 606 20
- 10 days at 200C 643 11 626 9
- 10 days at 200C (2) 646 12 621 14
- 11 days at 200C 636 10 624 16
- 12 days at 200C 643 14 617 22
- 2 months at 150C 617 19 555 20
Alloy C

- 1 year at 150C 635 6 602 10

Table 4.1: Hardness resulting from various heat treatments and ehe ect of
tempering for 1 h at 400C.

4.3 Results and Discussion

The hardness was found to be 643 11 HV30 in the material transformed
for 10 days at 200C, decreasing to 626 9 after 1 h tempering at 400C. As
can be seen in tablé4l1 the hardness is similar after 10, 11 and 12 dayse
hardness of martensite formed on water quenching is higher, bugduces to
a greater extent upon tempering for the same time.

Figure [4.2 shows the optical microstructure after transformatio for 12
days at 200C. On this scale it is only possible to see the coarse structure of
the bainite sheaves. Higher magni cation microscopy is necessaoy fesolv-
ing the individual plates and thin{ Im austenite as shown in the scannig
and transmission electron images, gurds4[3{4.7. The indexing ofeétX{ray
di raction pattern, gure 4.8(a),|con rms the presence of residial austen-
ite, as expected from the previous work discussed in Chapter 1. drés
of peak prole tting and Rietveld re nement to determine phase fractions
and lattice parameters are summarised in table"4.2. The lattice paraters
for austenite and ferrite were converted to carbon contents ggesting that
both phases are supersaturated with carbon. Figure 4.9 show®tmeasured
carbon contents and compares austenite content to the thermgnamic limit
given by To. The carbon content in the austenite is at the level predicted by
this thermodynamic limit. The gure uses the results of the Rietveld nalysis
which gave more robust results than the peak tting, although theresults
were generally in agreement using the two techniques.
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The results determined by analysis of X-ray di raction patterns ae very
similar for transformation after 10 and 12 days, as were the hardas val-
ues. This is because transformation asymptotically approachesnggletion
and is essentially complete after 10 days, with little change expectedth
prolonged holding. It should be noted that the values determined rfgphase
fraction and carbon contents account for 0.7 wt% carbon, whexe the bulk
carbon content is 0.79 wt%. The carbon contents were further iastigated
using atom{probe tomography the results of which are presentad a later
chapter. To identify any carbides in the steel after transformabn for 200 C
for 10 days, the matrix was dissolved using 5% nital solution for seaédays,
followed by lItration using 0:2 m polycarbonate Im. The residual mate-
rial was then analysed by X-ray di ractometer, the pattern in gure[4.8(b),
matches a face-centred cubic (FCC) unit cell with lattice parametearound
4.1 A, corresponding to vanadium carbide, but could also match aluminium
used in the sample holder which can be illuminated by the X-rays at low
angles. The peak positions match either phase, but the relative imtsities of
the rst two peaks best match aluminium, so that vanadium carbide isot
positively identi ed from this scan. It is possible that there is also anmount
of epsilon-carbide present which would explain the small peaks presat 41
and 57 2 with other expected peaks overlapping with the FCC phase. Small
cementite particles (approximately 20 nm wide 175 nm in length) werergx
viously observed in this steel by Caballeret al. [3] after transformation for
2 weeks at 190C as mentioned in Chapter 1.

The carbon contents determined from the lattice parameters didrpvide
a good agreement with the expected carbon content in the sampleter
guenched to form martensite. The tting of the X{ray di raction p attern
for the martensite necessitated allowing for tetragonality, which as only
possible in this case using the full pattern tting of the Rietveld analgis.
Carbon content was determined to be 0.74 wt% in austenite and 0.79%v
in the martensite. The error bars determined using Rietveld re neent were
calculated from the deviation of the relevant parameter which is detmined
during the tting (in this case lattice parameter) and seem to undegstimate
the error especially compared to the values determined from theade tting
where the error was estimated from the variance of the lattice pameters
determined using each indexed peak.

The retention of high carbon austenite is thought to be desirable rfane-
chanical properties, since it can lead to increased toughness bgrisformation{
induced plasticity. However, large areas of retained austenite "bkst must
be avoided since they are likely to cause crack initiation by formatiorf orit-
tle martensite. As can be seen in guré4l3(a,b) the large fraction dérrite
achieved leads to micron-scale austenite blocks.
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The results of plate size measurements on alloy A are shown in table]4.3
after stereological correction, showing that the average platéitkness is
between 34 and 41 nm. Taking the whole of the data the average mat
thickness was taken to be 391 nm, this was the same value if taking all of
the data from TEM and, FEGSEM measurement after transformaon for 12
days, or the data as a whole (also table4.3). The error of the meaalwe was
estimated by considering the standard error, this value would be ¢hsame as
the standard deviation if the plate size measurements were unifoyimowever
a large distribution in apparent plate sizes was recorded. One reador this
is the bisection of the plates at various angles to their thickness, bit also
possible that there is a real distribution in the plate thicknesses. Ashown
in gure a large distribution is seen in the plate size measurements
The TEM micrographs in gures[4.6 and 4.1/, show areas of parallel pks of
similar thicknesses. These can be expected to have been bisectatieasame
angle. In some cases it is di cult to resolve the plate size, which may ldao
a broader distribution in the measurements and there is also the sisility
that adjacent plates may merge (recoalescense). As shown in rgud.5 in
some areas smaller platelets are di cult to distinguish from larger plags.
Due to nucleation of plates along side existing plates, these featsirean be
seen as parallel striations at a constant angle along the length of &afe, or
as individual plates (platelets or sub-units) inside a larger sheaf. Mothey
are regarded will depend upon the resolution of the technique usexdhd the
particular arrangement observed.

Figure[4.10(b) compares the observed distribution of plate widthggainst
that expected if semi{in nite plates are bisected at random angleslifie A
- cos ), as can be seen that would result in a much sharper distribution.
Therefore there should be other contributions to the observedidths, such
as variation in the thickness of the plates, or e ect of thin{foil speimen.
Line B compares the distribution against coscos .

Some evidence of carbide precipitation was observed, for examplegn
ure [4.4(b) shows nanometre scale round particles, presumably lmdes, on
the ferrite{austenite interfaces.

Further reducing the transformation temperature from 200 to 80 C did
not lead to any measurable carbon enrichment in the austenite. Nbér of
alloys transformed at 150C exhibited any measurable carbon enrichment
in the austenite above the bulk carbon content. Compared to theesult
of transforming at 200C a slightly larger fraction of ferrite is measured in
the samples transformed at the lower temperatures, and the d¢an super-
saturation in the ferrite is also greater. This measurement is supged by
the greater reduction in hardness upon tempering for 1 h at 400 when
compared to the bainite formed at 20QC. Despite the di erent compositions
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and holding times the results are similar for both the samples transfoed
at 150 C. Increased trapping of carbon at dislocations as temperature is
lowered is one possibility, but dislocation density resulting from martesitic
transformations is expected to be constant below 30D [21]. Undetected
carbide precipitates are a possibility due to the missing balance of ban
when considering ferrite and austenite lattice parameters. Inhargeneity of
carbon content in the austenite could be a possible explanation. Fexample

if carbon is trapped in the thin Ims austenite which produces very bvad
peaks, the lattice parameter determination could still be dominatechore by
position of the remaining bulk austenite peak@.

TEM micrographs of alloys A and C transformed at 150C can be seen in
gures 4.11{4.16. In comparison to the width of plates after tranf®@rmation
at 200 C the plate size was larger again at the lower temperature, accom-
panied by a larger spread of plate size measurements, as seen inléinger
standard deviation shown in table[ 444 around 50 nm compared to 30 nm
at the higher temperature. TEM micrographs Alloy A exhibits both vey
thin plates as seen in gurg 4.12(h), and very wide plates as shown img-
ure[4.14(b) were the feature of around:8 m seems to be made of smaller
sub-units of width 02 m. Large and thin plates can be seen in the same
areas, for example in gure 4.11(a). Of course some of the di erem may be
due to sectioning e ects as discussed earlier.

In alloy C large plates of tempered martensite were observed in thehs-
mission electron micrographs along with the bainitic microstructureThese
could easily be identied by the di erent morphology and excluded frm
the plate size measurements. It seems most likely that a small amawof
martensite formed before the bainite transformation and subseegntly tem-
pered during the prolonged holding time at 15@, despite the temperature
of isothermal transformation being above that for martensite sirt measured
using dilatometer of 120C [103].

The lack of signi cant carbon enrichment leaves the possibility of a sall
amount of martensite forming upon cooling to room temperature &g isother-
mal transformation at 150 C. Despite this, large areas of retained austenite
were observed in alloy A in the TEM micrographs. Transformation timdor
alloy A was estimated based on previous experimental results foretlsame
alloy [3] to give a microstructure with majority of bainite. Alloy C trans-
formation time was increased to 1 year to ensure the maximum amduof
transformation. Despite this, some features could be identi ed lilkg to be
martensite due to the presence of a mid{ridge and the angle betweadjacent

LEvidence for di erent peak positions for bulk and thin Im austenite is presented by
Stoneet al. [?]
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plates. However, in alloy C the volume of martensite formed during obng
should be very small.

Stress{strain curves for tensile testing after transformation ta200 and
150 C are shown in gure[41Y. Transformation of alloy A resulted in an
average tensile strength of 1.2 GPa, the total elongation is very lpwelow
1%, so that 0.2% yield strength could not be determined. Previous vio
tested this alloy in compression and determined the yield strength ds96
GPa. So it seems that the alloy is too hard, that there are too manydbriers
to dislocation movement, so that any imperfections cannot be tolated and
cause premature' failure.

When transformed at 150C the tensile strength dropped to around 600
MPa UTS, 450 MPa yield strength, still with total elongation around 26.
Alloy C transformed at 150 C resulted in ultimate strength of 1.4 GPa, yield
strength of 970 MPa and elongation around 2%. This compares witlm alti-
mate tensile strength of 2.15 GPa UTS and yield of 1.4 GPa and elongatio
of 5% in the same alloy transformed at 20C (table [1.7).

Fractographs of typical samples of A transformed at 200 and 15D can
be seen in gured 4.18 (a) and (b). The initiation point of each failure is
around 100 m below the outer surface of the tensile piece, having a faceted
appearance, but the fracture surface shows more ductility awdyom the
initiation point. It was not possible to locate any defect responsibleof
fracture initiation using energy dispersive spectroscopy, backadtered and
secondary electron imaging in the SEM. Cross{section analysis tlugh the
initiation point, gure 4£.19] shows that fracture initially propagated by crack
growth along the prior austenite grain boundaries, leading to the ¢ated
appearance.

The lower yield strength of alloy A and C after transformation at 150C is
consistent with the lower carbon content, possibly due to the lowestrength
of the austenite. Lower UTS and elongation can also result if ausiés can
too easily transform to brittle martensite, or martensite can trasform at too
high a rate reducing the bene cial e ect of that the TRIP e ect could have
on the elongation.
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Alloy, condition

Austenite
Volume /% Lattice Param. /A

Carbon /wt%

P (354 0.08 3.6185 0.003 111 02
A 200C10days. o1, 5 4 3.6235 0.002 1.27 0.1
P|21.3 007 3.6209 0.01 119 0.3
A, 200C12days o |0 3 3.6239 0.002 1.28 0.1
P [21.6 005 3.6071 0.004 077 0.1
C 150C1lyear  olo04 04 3.6083 0.0003 |0.80 0.1
P|18.9 0.09 3.6016 0.003 0.60 0.1
A;150C2months o 1921 011 3.6067 0.0004 |0.76 0.01
A auenched P [275 0.02 3.6106 0.005 0.87 0.15
' @ R|142 04 3.6063 0.0002 |0.74 0.01
Alloy, condition Ferrite
Volume /% Lattice Param. /A | Carbon /wt%
P (646 008 2.8759 0.002 0.27 0.06
A, 200C10days. o5 15 238772 0.001 0.31 0.03
P |786 007 28738 0.005 0.20 0.17
A 200C12days |95 3 2.8759 0.001 0.27 0.03
P (784 0.05 2.8758 0.002 0.26 0.06
C. 150C1lyear  ol796 04 28774 00003 |0.32 0.01
P|81.8 0.1 2.8704 0.0005 |0.08 0.02
A 150C2months ol a9 17 2.8818 0.0003 | 047 0.01
P [725 0.02 2.93080.04 217 1.4
A, quenched R|858 04 2.8679 0.0002 079 001

2.9380 0.0003

Table 4.2: Results of X{ray di raction analysis by individual peak ttin g (P)
and full pattern Rietveld re nement (R).

Condition 7 days TEM 12 days TEM 12 days FEGSEM
Mean width 41 2 nm 34 2 nm 39 3 nm
Standard deviation 29 nm 23 nm 26 nm

Median width 34 nm 27 nm 31 nm

Number of measure- 283 102 94

ments

Table 4.3: Comparison of plate size measurements after transfa@tion at

200 C. Error estimate on the mean widt is the standard error based on

n the number of measurementsw 0:65= n).
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Alloy & A 200 C A150C cC150C
Condition 7 & 12 days 2 months 1 year
Mean width 39 1nm 63 4nm 51 4 nm
Standard deviation 27 nm 49 nm 58 nm
Median width 31 nm 53 nm 51
Number of measure- 479 127 78
ments

Table 4.4. Comparison of plate size measurements after transfa@ton at
200 and 150C from TEM micrographs. Error estimate on the mean widthw
is the standard error based om the number of measurementsy 0:65= n).
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(b)

Figure 4.2: Optical microstructure after transformation for 12 dys at 200C.
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'‘Blocky'
retained
_ austenite
@ islands

Figure 4.3: Microstructure of alloy A transformed for 12 days at ZDC,
showing micrometre scale of the retained austenite islands.
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(&) SEM showing plates of bainite and thin Ims of austenite

0.2 um

(b) TEM showing possible carbide particles visible at high magni cation

Figure 4.4: Alloy A transformed for 12 days at 20CC.
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Ferrite plates
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Austenite

Ferrite plate
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Figure 4.5: Alloy A transformed for 12 days at 20@C.
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(b)

Figure 4.6: Alloy A transformed at 200C for 7 days.
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0.5 pm

(b)
Figure 4.7: Alloy A transformed at 200C for 7 days.
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Figure 4.8: Diraction patten alloy A after transformation for 10 days at
200C.
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(a) Alloy A at 200 and 150 C isothermal transformation, and martensite formed by water
quenching to room temperature, previous result for this alloy adde from Caballero et al. [3].
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(b) Alloy C transformed at 150 C, previous results added from Garcia{Mateoet al. [4],[105].

Figure 4.9: Carbon contents in ferrite and austenite compared ttnvérmody-
namic calculated limit for austenite carbon contenfl,, T, and paraequilib-
rium AS.
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(b) Comparison against possible stereological distributions.

Figure 4.10: Distribution of plate width measurements in micrographafter
transformation at 200 C for 7 days and 12 days, measured using transmission
and scanning electron microscopy. Data are apparent widths pesged with

no stereological correction being made.
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(b)

Figure 4.11: Alloy A transformed at 150C.
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(b)

Figure 4.12: Alloy A transformed at 150C.
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(@)

(b)

Figure 4.13: Alloy A transformed at 150C.
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(@)

(b)

Figure 4.14: Alloy A transformed at 150C.
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(a) Showing large tempered martensite plate (TM), bainite, retained
austenite and secondary martensite (M).

(b)

Figure 4.15: Alloy C transformed at 150C.
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(@)

(b)

Figure 4.16: Alloy C transformed at 150C, M indicates martensite plate
identi ed by its mid{ridge.
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Figure 4.17: Stress{strain curve for alloys A and C transformed tbainitic
condition.
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(a) Transformed at 200 C

(b) Transformed at 150 C

Figure 4.18: Fracture surfaces of isothermally transformed baimgtsamples
tensile samples alloy A.
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Figure 4.19: Cross{section of fracture initiation site in alloy A, that te initial
stages of fracture propagation occur via cracking along prior{atenite grain
boundaries.
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4.4 Conclusions

Alloy A has been transformed into fully bainitic condition at 200C and this
material is used to research di erent tempering heat treatmentsas presented
in a later chapter. The bainite forms with high carbon supersaturan in
ferrite and austenite, with carbon in austenite at the level predied by T,.

The ne bainite plate size being the most dominant strengthening mae-
nism in these steels, many measurements were made for alloy A tfamshed
at 200 C, determining the plate width to be 39 1 nm. This size is at the
upper end of the range observed in previous studies of 20-40 nm.

Contrary to the trend expected from extrapolation of higher temera-
ture results, the plate width is found to become larger again whendecing
the temperature to 150C in both Alloys A and C. This suggests that there
may be an optimum temperature for achieving the smallest plate siz&he
increase was accompanied by an increase in the spread of plate sigesea-
sured by the standard deviation suggesting coalescence of plateay be
an explanation. The possibility of some martensite transformatiorgnd the
guestion of distinguishing carbide free bainite from isothermally trasforming
martensite could cause some di culty to interpreting the results.

Transformation at 150 C was also interesting in that no carbon enrich-
ment was measured in the austenite either in alloy A which can be exped
to be near the end of bainitic transformation, or in alloy C which had me
than ample time to transform.

Transformation at low{temperatures can result in a very hard miapstruc-
ture, in the tensile samples tested failure occurred abruptly fronrgin bound-
aries and at lower strains than have been previously reported in @hsimilar
steels. High strength steels can be expected to be less toleranatly defects,
especially when the yield strength is high.



Atoms ja, atoms!

Erwin W. Muller, 11th October 1955

Atom Probe Study of Transformed

Material

5.1 Introduction

In this chapter the structure achieved by isothermal transformtion at 200 C
is characterised using atom probe microscopy. As described in Cteapl, low
temperature transformation of bainite is achieved by the use of adh aver-
age carbon concentration and to some extent, substitutional Istes such as
manganese. The silicon concentration is such that a precipitation cérbides
from austenite is prevented during the bainite reaction. The micrasicture
following isothermal transformation is quite simple, a mixture of bainit fer-
rite and carbon{enriched retained austenite. The austenite occaieither as
Ims between the ferrite plates or as ne blocks bounded by bainiticleaves.
X{ray diraction analysis of the retained austenite has shown thatit is
enriched in carbon to a concentration close to th&, boundary, as expected
from the incomplete reaction phenomenon. Th&, boundary on a tempera-
ture versus carbon concentration plot is the locus of points at whidhe Gibbs
free energies of austenite and ferrite of identical composition aequal. The
X{ray analysis also revealed a considerable supersaturation of lban in the

119
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bainitic ferrite. Similar supersaturation has been measured previsly using
atom probe analysis [50, 51, 52] and convergent beam electron drction
analysis [179] in low{carbon steels. This supersaturation was attrked to
the trapping of carbon at the dislocations in the bainitic ferrite [21].

The previous compositional studies of the new high{carbon bainitef o
interest have been performed using X{ray lattice parameter meaments.
They represent coarse measurements whereas the scale of theture is very
ne. It was therefore decided to use atom probe tomography taotain more
detailed information, particularly of the ne scale distribution of cabon.
The tomographic atom probe used has the ability to collect large quaties
of atomic data, which can then be compared against theory.

5.1.1 Atom Probe Techniques

Atom probe techniques were originally developed by E. W. Maller, asma
extension of the eld emission microscope which he introduced in 193%80].
The high eld strength required for electron emission from a solid byugntum
tunnelling [181, 182] was achieved by shaping the specimen into a $hap.
Maller found that by reversing the bias of the emitter and introdudng a
small amount of a pure gas, cations could be used to form a magni edage
of the specimen [183]; this technique is used in the " eld ion microscgpe
gure 5.1(a). On October 11th 1955 Kenwar Bahadur and Prof. Evin. W.
Maller rst succeeded in using the eld ion microscope to image individal
tungsten atoms, using liquid nitrogen to cool the specimen and heliuas an
imaging gas. Prof. Maller proclaimed Atoms, ja, atoms!'[184].

It was discovered that raising the potential above that needed famaging
with gas caused atoms to evaporate from the surface. This allowpdepa-
ration of clean samples, and was an important factor allowing Bahudand
Maller to image individual atoms. ‘Field evaporation' later led to tomo-
graphic and mass resolution techniques.

Maller further extended the design of the eld ion microscopes to itor-
porate mass resolution [185], by using a pulsed voltage which allowed ¢im
of ight mass spectrometry of atoms evaporated from the samplégp. The
rst such microscope was developed by Maller, Panitz and McLane ih967
[185]. Further improvements where made by Panitz in the 1970's withhe
‘imaging atom probe' [186]; using a time-gating mode the distribution &t
single element on the sample surface could be mapped.

Inspired by Panitz's work, Miller developed the concept of the thredi-
mensional (tomographic) atom probe, gure 5.1(b), implementinghe rst
prototype in 1986 [187]. The light signal generated by an ion hitting als-
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phor screen is split into two channels, one using a charge{coupledvite
(CCD) to detect the position, and the other signal going to an arraof photo{
diodes to determine the time of ight. The rst fully operational unit for
three dimensional imaging was the position{sensitive atom probe (B&P)
developed by Cerezet al. [188] in 1988. A variety of designs have been de-
veloped including detectors based on CCD or video cameras and mudiijpde
arrays.

Kelly et al. [189] developed a local electrode atom probe (LEAP) which
allows greater concentration of the eld strength around the tip ¥ bringing it
into close proximity to a counter electrode as rst suggested by Nigkawa and
Kimoto [190]. This allows greater mass resolution and increased eldaéw,
data acquisition time has also been increased by improved instrumation.

4 Polarised gas

/ ® atom

T O e Detectol

Detectol

lonised gas
atom repelled
from surface

Py High Voltage, DC + pulse

(a) Field ion microscope. (b) Tomographic atom probe.

Figure 5.1: Image formation in atom probe microscopy, after Miller [13.

5.2 Experimental

The composition of the steel is given in table 5.1. Samples were preggfrom

a billet of 25 kg. After casting the ingot was cooled to ambient tempature,
then hot rolled into plate 40 mm thick and 75 mm wide. Sections of appxe
imately 40 mm 40 mm 75 mm were machined, and then homogenised
for 48 h at 1200C. Care was taken to avoid martensite formation by slowly
cooling the sample after each heat treatment. Rods 3 mm in diameteere
then made by electrical spark erosion and sealed in quartz tubes lwiain
argon atmosphere at 0.9 bar. They were then austenitised by plagifm an
oven preheated to 50@C followed by continuous heating to 100@ where
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AlloyC Si Mn Ni Cr MoV Al P S Units
E 0.751.631.950.0 1.480.280.1 0.01 0.003 0.003 wt%
E 3.343.101.900.0 1.520.160.1 0.02 0.005 0.005 at.%

Table 5.1: Chemical compositions of alloy discussed in this chapter.

they were held at that temperature for 15 min. After austenitisabn, the
rods were removed from the quartz tubes and allowed to cool toghsother-
mal transformation temperature of 200C and were held at that temperature
for 12 days. The heat treatment is based on the measured TTT dieagn and
results from a similar composition alloy (alloy A) [3]. Atom probe tomog-
raphy characterisations were performed in the ORNL energy{cqmensated
optical position{sensitive atom probe (ECOP0SAP). The experimda were
performed at a specimen temperature of 60 K, a pulse repetitionteaof
1.5 kHz, and a pulse fraction of 0.2 of the standing voltage.

Using the position{sensitive atom probe it is possible to analyse a vol@am
which has an area of around 10{20 nm squared with a depth up to 25,
such an area contains around 1 million atoms.

5.2.1 Sample Preparation

The standard method of preparing metal samples for atom probenalysis
uses two or three stages of electro{polishing. In the rst stagehe sample
is suspended in a thin layer of electrolyte, which oats above a dentsyer
of inert liquid, as shown in gure 5.2(a). In this way the middle section
of the sample can be selectively etched and thinned. Through all ges of
etching it is necessary to observe the sample using a binocular micase
to allow control the etching process. The sample is raised and lowers®
prevent preferential etching at the air{electrolyte interface, ad enable selec-
tive polishing to improve the taper angle of the tips. The electro{polising
conditions are chosen to allow material to be eroded rapidly and reambly
uniformly. Stage one electro{polishing is stopped just before seption of
the two halves. Further thinning is more controlled to allow more unifion
polishing, a less aggressive electrolyte is substituted, and since gample
is already tapered from stage one, it is no longer necessary to useirert
layer. The sample is lowered into the electrolyte, the thinning is monited
with a microscope, stopping the current when the sample separat@to two
halves.

Observation with a good optical microscope is used to access thetips
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e Specimen |
Specimen \
_— Electrolyte i
— |~ N
Counter Electrode
Inert Liquid
\_ Electrolyte
(a) Stage one (b) Stage three, "drop{polishing'

Figure 5.2: Stages of electro{polishing, after Miller [184].

produced, a good sample having a sharp taper angle near the tip aad
even polish. Further etching to sharpen the tip using the “dip' or ‘mic{
polishing" method shown in gure 5.2(b) is usually necessary for theottom
half of the sample which falls into the electrolyte. In the “drop{polishig'
method a drop of electrolyte suspended in a wire loop. The sample issed
and lowered with the tip moving through the lower surface of the dm The
current is pulsed, switching o just before the end of the tip movesto the
drop. As material is removed from the tip it may be necessary to chge the
electrolyte, if the tip is close to being sharp enough then care muse ltaken
not to lower the tip through the top surface as the surface tensiois enough
to bend the tip.

Stage one electro{polishing of the bainitic steel was carried out ugiran
electrolyte solution of 25% perchloric acid and 75% acetic acid (ethain acid)
with electrical potential of 20 volts. The electrolyte was oated on'Galden'
per uoropolyether. In stages one and two a platinum counter eleode was
used in the form of a wire which looped around the sample. Stage two
electropolishing and the nal dip polishing used 2% perchloric acid andB%
butycellosolve with the potential decreased by 2 volts, the same fillum
counter electrode was used as for stage one.

Before polishing, between stages, and afterwards methanol wased to
clean the sample and equipment, to prevent contamination of the rsgle
which can cause di culty in achieving the necessary vacuum. Aftertehing
the sharpened sample was placed in a copper stub, loaded into a nickab,
and immediately placed under vacuum in the holding chamber of the ato
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probe. The stub components and sample tips are handled only withéezers
and tongs.

5.2.2 Conducting an Atom Probe Experiment

Field ion microscopy is almost always the start of any atom probe exp@ent
to collect tomographic data. Some eld evaporation of the tip is nessary
to form an atomically sharp and clean tip and at the same time the tip is
examined and some microstructural characterisation can take gk before
positioning the area from which tomographic data will be collected.

The sample is transferred from the holding chamber to the analysisam-
ber, and cooled to 20{60 K depending on the specimen material arftetimag-
ing gas. Once the temperature has stabilised and a vacuum of 20 1° mbar
has been achieved in the analysis chamber a small quantity of imagingsg
is admitted to a pressure of 1{5 10 °> mbar.

The standing voltage is increased until the eld ion image is visible on
the phosphor screen. The required potential depends on the tipdius of
curvature and the imaging gas. Contamination and artifacts fromanple
preparation can be removed by carefully increasing the voltage uind clean
and fully developed apex region is formed. Minimising the potential lone
the stress and elastic dilation in the apex region, which is of the ordef
1{2% and has even been observed to cause phase transformatifi®1]. As
shown in gure 5.3 the analysis volume is only a portion of the tip.

(@) Area of analysis im- (b) Location of the volume of analysis
posed on eld ionisation
microscope image

Figure 5.3: The volume analysed in tomographic atom probe (PoSAPjter
Miller [184].
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For each ion detected in the tomographic atom probe the time of igh
to the detector and thex and y coordinates of its impact position on the
two dimensional position{sensitive detector are recorded. Eachnias later
identi ed using its mass to charge ratio and the position in the analysis
volume is determined using a reconstruction algorithmy; and y; are used
to estimate the atom coordinates in the specimerX andY, X = x;= and
Y = vyi=.

The z position is determined from the order in which the ions strike the
single atom detector, the position of the ion in the z direction is increemted
by an amount z; for each ion impacting the detector squareZ; = ! = A4
where ! ; is the atomic volume of theith ion in the phase under analysis,
Ag4 Is the e ective area and is the detection e ciency of the single atom
detector.

This basic method is used to reconstruct the atom positions in the pibion
sensitive atom probe. In the local electrode atom probe extra eections
need to be made due to the large eld of view so the end shape of the
specimen has to be taken into account.

Since not all atoms are collected or unambiguously identi ed, the tap
graphic data set is actually a sample of the atoms in a volume. The erro
in theqrr@urement can be calculated assuming a normal distributiam the
error ng=N whereng is the number of atoms of speciesand N is the total
number of atoms in the volume [184].

5.3 Results and Discussion

Figure 5.4 shows a typical atom probe result showing high carbon ataiv
carbon regions, and the composition pro le from a selected volumerass
the interface. Figure 5.5 shows projections of the sample volumeoshing
the position of the various elements.

A much larger volume was obtained in one experiment as shown in g-
ure 5.6(a). The atom map shows a projection of the carbon atom gitons
in three dimensions obtained from a large data set. The correspang con-
centration pro les from slices of equal depth along the length of thsample
volume of 16 nm 16 nm 340 nm are shown in gure 5.7 and 5.8. Atoms
are recorded from a cone{shaped volume, so the cross{sectiocrgases along
the length, in this case around 5 nm 5 nm at the tip. The error bars for
each concentration point are calculated based on the procedugggen above,
based on the number of atoms and the total atoms in each slice. Tireasure-
ments show alternating carbon{enriched and carbon{depletedgens. There
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Figure 5.4: (a) Prole of elements across interface and (b) projeen of
tomographic map showing iron (green) and carbon (red), samplelume is
approximately 40 nm 20 nm 20 nm.

are variations in the degree of enrichment. It is important to notehat the
carbon uctuations in the austenite and ferrite do not correlate wh sub-
stitutional solute concentrations. The measured uctuations othromium,
silicon and manganese when represented as concentrations arehiwitthe
measurement uncertaintiest and consistent with the substitutional lattice
being con gurationally frozen during transformation [1]. These mults are
also shown in gure 5.7 and 5.8, but using ratio of number of atoms ofils-

INote, because not every atom is recorded each analysis datum is thexact, but is a
sample from the true distribution. However this variation should not be confused with the
uctuation due to composition variations expected in a thermodynamically homogeneous
solution, which should have a binomial distribution for any given samplesize. To test
if these data also have statistically signi cant uctuations, histogr ams were made of the
number of atoms of each type in groups of 100 recorded in the ordehey were detected.
The distribution of carbon, silicon, chromium and manganese could nbbe accepted as
binomial distribution according to 2 test, as shown in gure 5.14 and table 5.2 and so
real uctuations beyond random uctuations in an ideal solution ar e present in the data.
Carbon and manganese are both very far from the binomial distribtion, chromium and
silicon are closer to it.
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(a) Carbon (b) Chromium (c) Silicon

(d) Manganese (e) Molybdenum

Figure 5.5: Projection of volume sampled, showing distribution of verus
elements, sample volume is approximately 40 nm 20 nm 20 nm.

stitutional elements against number of solvent iron atoms, since ighratio
remains constant for displacive transformation. In contrast adtonal car-
bon will proportionally reduce the percentage of each element, addn of
10 at.% carbon to a region will reduce atomic fraction of each elemely
10%. As can be seen in composition pro les, the ratio of substitutiah el-
ements to iron is not correlated with changing carbon contents, iraét it
uctuates about the mean value.

As the atom probe analyses generally do not give crystallographic anf
mation, carbon enrichment beyond the average value of 3.3 at.% isased
to represent a region of austenite. This indicates the presence afstenite
phases at the marked distances. Figure 5.6(b){5.6(d) shows isacentration
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surfaces for 1, 2 and 3 at.%, the 3 at.% isoconcentration surfacancalso
be used to distinguish the austenite and ferrite regions. The morplogy of
these ferrite and austenite regions can be compared to electrofcroscope
images as shown in gures 4.4{4.7. The scale of the concentratiorrigions
matches that of the bainitic ferrite plates and austenite Ims.

The enrichment of austenite ¢ 8 at.%) with carbon is expected when
some of the excess carbon partitions from the bainitic ferrite follomg trans-
formation [21]. The maximum enrichment of carbon in austenite at 73m
distance was found to increase to a maximum of 12 at.% on making the-s
lected volume perpendicular to the austenite{ferrite interface. i&ilar level
of carbon supersaturation has previously been achieved by gas@se carburi-
sation at 470C in 316 austenitic stainless steel and termemblossal supersat-
uration. The data from the ferrite regions also show carbon enrichmentdh
is in agreement with previous X{ray studies [3, 92, 101, 103]. Thegsence of
excess carbon in the ferrite is a consequence of the displacive mofians-
formation, and the retention within the ferrite is thought to be assciated
with the stability of carbon within defects in the ferrite [21]. These dkects
trap the carbon atoms as originally proposed by Kalish and Cohen [2
The trapping prevents the carbon from partitioning into austeniteand from
precipitating within the ferrite. There are detailed variations in the arbon
within the ferrite, for example at 100 to 150 nm ( gure 5.7 and 5.8). These
are not further explained by taking the cross{section along the Igth of the
sampled volume, or by taking cross{sections perpendicular to theajor axis
of the plates as shown in gures 5.9(a){5.9(e). Taking cross{saohs through
the plates con rmed similar levels of carbon for the austenite at 70nd 220
nm along the sample length (labelled A and D), but revealed extra detat
around 185 nm showing two austenite thin Ims both with around 4 at.%of
carbon.

Field ion micrographs were acquired at the end of the experiment ftire
large data set ( gure 5.6(a)), as shown in gures 5.10 and 5.11. Sic¢he
material does not share a single crystal structure, is not easy taterpret or
extract crystallographic information. The surface structure is gite complex
and appears quite disorderly. The tomographic data are from a reg near
the center of the tip as shown in gure 5.1(a). It is possible that thdorighter
" nger{like' features in the left of the gures traverse an region o parallel
ferrite plates and austenite thin Ims, the curved appearance beghcaused by
the tip geometry. Brighter regions may be caused by di erences imemistry
and surface topography of the tip as a result of eld evaporation.

Another example from a smaller data set sampling austenite and fee
is shown in gure 5.12(a) and 5.12(b). As in gure 5.6(a), this atom mp
is the projected image of the three{dimensional position of carboatoms.
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Figure 5.12(a) shows the concentration pro le across the austieém and fer-
rite phases, with a sampling volume (indicated in the atom image in g-
ure 5.12(b)) approximately perpendicular to the austenite{ferri¢ interface.
These data show that the average carbon concentration variaticacross the
interface is not sharp. Similar to the results in gure 5.7 and 5.8, theris no
correlation between austenite and ferrite carbon concentratisrto any sub-
stitutional solute concentration. There is no partitioning of substutional
elements during the bainite transformation.

The measured data are compared with paraequilibrium phase diagram
calculated for the steel (table 5.1). The calculated and measureerfite and
austenite compositions are compared in gure 5.13(a). The calcuét parae-
quilibrium concentration in ferrite is so low that it overlaps with the ordnate
for the scales as illustrated. The calculations show that there is eegs carbon
in the ferrite, well beyond the 0.05 at.% expected from paraequilibn at
austenite at 200C. The average austenite carbon concentration is also some-
what higher than that of the expectedT, limit. To evaluate the sensitivity
of thermodynamic information and T, point at 200 C, further calculations
were performed using ThermoCalc software [193] with the Thermi@ch iron
database [194]. These calculations also show [see gure 5.13(b)]tttiee
austenite carbon concentration is higher than the predicted, concentra-
tion. To provide a further perspective of these comparisons, hagrams of
measured carbon concentrations from gures 5.6(a) and 5.12(&)e shown in
gure 5.13(c). To allow comparison between the two regions the dathave
been normalised, the area of gure 5.6(a) contains 2.9 million and 5.13(
contains 600 000 atoms. The data show that the measured austercarbon
concentrations vary over a wide range. Earlier X{ray di raction stidies of
the austenite composition showed good agreement witly at 200 C [21, 51].
These are average results whereas, the atom probe results hasugh higher
spatial resolution. Nevertheless, the lower limit of austenite caripoconcen-
tration measured in atom probe is closer to thély curve, which may be
considered as agreement with theoretical models for bainite trdnsmation.
The reasons why the concentration may be somewhat in excessTgfhave
been discussed previously [21, 51]. Carbon can continue to partitiamo
isolated regions of austenite although transformation to bainite caot occur
once the concentration reaches that given by th&, curve.
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(a) Projection of tomographic element map for carbon

(b) 1 at.% carbon isoconcentration surface

(c) 2 at.% carbon isoconcentration surface

(d) 3 at.% carbon isoconcentration surface

Figure 5.6: Various projections of distribution of carbon in a sampleolume,
sample volume is approximately 340 nm 20 nm 20 nm.

Element 2 Degrees of 0.01% of 2 Result
freedom

C 33300 8 20.090 Reject

Si 294 10 23.209 Reject

Mn 362 7 18.475 Reject

Cr 278 6 16.812 Reject

Mo 151 3 11.345 Reject

Table 5.2: Test of each elements distribution against binomial distriliion.
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Figure 5.7: Pro le of elements along sample volume, 0{180 nm, everycdn-
secutive data points were merged so that each point represent8.4 nm step
to allow each datum to be resolved, and reduce error bars. Dashledri-
zontal line represents bulk carbon concentration, used to distinggh carbon
enriched austenite from carbon depleted ferrite, sample volume ippoxi-
mately 340 nm 20 nm 20 nm.
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Figure 5.8: Pro le of elements along sample volume, 180{360 nm, eyet
consecutive data points were merged so that each point repretsea 0.4 nm
step to allow each datum to be resolved, and reduce error bars. $h&d hor-
izontal line represents bulk carbon concentration, used to distingsh carbon
enriched austenite from carbon depleted ferrite, sample volume ippoxi-
mately 340 nm 20 nm 20 nm.
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Figure 5.9: Selected area pro les traversing high carbon regionsrpendic-
ular to major axis, sample volume is approximately 340 nm 20 nm
20 nm.
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(@) (b)

(€ (d)

Figure 5.10: Field ion microscope images taken at various voltages fiqr
after collection of tomographic data.
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Figure 5.11: Field ion microscope images taken at various voltages foqr
after collection of tomographic data.
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Figure 5.12: Pro le of elements and tomographic data for selectedea of
third sample, sample volume is approximately 35 nm 20 nm 20 nm.
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Figure 5.13: Upper portion compares the measured atom probe dab the
paraequilibrium phase diagram for alloy A, middle portion shows the cale
lated variation of molar Gibbs free energy for austenite and ferritéor the
same steel at 20@C emphasising that the measured austenite carbon concen-
tration is slightly higher than that of the expected T, limit. Bottom portion
shows the histogram of measured carbon concentrations frometkata sets
showing that the ferrite and austenite carbon concentrations ygto a greater
extent.
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Figure 5.14. Comparison of observed frequency distribution agatinthat
expected for binomial distribution for the large data set. Atom graps were
100 atoms, in the order received at the detector.
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5.4 Conclusions

An energy compensated optical position sensitive atom probe wased to
analyse the nanoscale distribution of carbon and other substitutial so-
lutes in a low temperature bainitic microstructure consisting of a mixire
of bainitic ferrite plates in a retained austenite matrix. Atom probe nicro-
analysis showed a wide distribution of carbon concentrations in boferrite
and austenite. The measured average carbon concentration iretlausten-
ite was 8.0 1.6 at.% and the maximum concentration was 12.01.3 at.%.
The measured average carbon concentration in bainitic ferrite wdsl 0.7
at.%. In ferrite regions close to the austenite, the maximum ferriteoncen-
tration was 1.8 0.4 at.%. The ferrite carbon concentrations are higher than
expected paraequilibrium solubility levels. The results are consistemith
previous atom{probe data on low carbon steels and con rm the sepsat-
uration observed by X{ray analysis, as presented in detail in the pvious
chapter, which indicated that excess carbon persists in bainitic f&e.

The results are fully consistent with the displacive nature of the baite
transformation, strong evidence is observed in the uniformity ofubstitu-
tional elements in the ferrite and austenite.



140 CHAPTER 5. ATOM PROBE STUDY



Temper is a funny thing; it spoils children,

ruins adults, and strengthens steel

Anonymous

Tempering

6.1 Introduction

The tempering behaviour of alloys A and B after transformation at@0 C has
been investigated using hardness testing, X{ray di raction and @nsmission
electron microscopy. Results for alloy B are presented in greateetdil in a
previous publication with Garcia{Mateo et al. [2], where TEM micrographs
of that alloy in a tempered state can also be seen.

As discussed in Chapter 1, transformation at low{temperatures ithese
steels leads to strengthening by very thin bainite plates (20{40 nniickness).
Formation of relatively large embrittling carbides during transforméon is
avoided by the judicious use of silicon as an alloying element.

The hardness of low temperature bainite can be as high as 700 HV8&;
ceeding that of the vast majority of as{quenched martensitic miastructures.
It has been suggested that the hardness of martensite beconmedependent
of carbon above 800 HV30, as the resistance to dislocation movement be-
comes overwhelming [6, 7, 131].

The strength of as{quenched martensite relies mostly on the carb being
in solid solution [195]. Due to the negligible solubility of carbon in body{
centred cubic iron which is in equilibrium with cementite or austenite at
ambient temperatures, carbon rapidly precipitates when marteiie is tem-

141
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pered, leading to a reduction in hardness. Bainite in general temgemuch
more gently because it autotempers during the course of transfmation [21].
Since its starting hardness is lower than as{quenched martensite ig not
surprising that any change in hardness during tempering is smaller @
compared to martensite. However, the starting hardness of lo@mperature
bainite is very high, so it is of interest to compare its tempering behawr.

6.2 Experimental methods

Many of the experimental procedures are as detailed in Chapter 4The
3 mm rods previously transformed at 20@ of alloys A and B (Fe-0.98C
1.46Si-1.89Mn-1.26Cr-0.26Mo0-0.09V wt%) were heat treated at tperatures
between 400 and 73@. These were analysed by X{ray di raction and TEM
using methods described in Chapter 4. Hardness was measured gi§iinden-
tations of 30 kg each using Vickers diamond pyramid indenter afteraunting
samples in Bakelite and polishing using standard metallographic techoies.

In addition to X{ray analysis described in Chapter 4, data were also
analysed for non-uniform strains by analysis of peak breadth. Diaction
peaks are broadened by the presence of non{uniform strains tishift atoms
from their ideal positions and by the nite size of the coherently di racting
domain. The two e ects have a di erent dependence on the Braggngle,
and can be separated by plotting nq co$ g against 4 sifd g with the
slope giving the strain [196]. Where is a measurement of the peak width,
the ful{width at half-maximum (FWHM).

6.3 Results and discussion

The low{temperature bainitic steels are resistant to tempering, ademon-
strated by tempering for 1 h at increasing temperatures, gure .&, only
above 450C does the hardness after 1 h start to measurably decrease.

As can be seen from X{ray di raction pattern gure 6.2, and correspond-
ing phase fractions in table 6.1, the decomposition of austenite upoem-
pering can be monitored using X{ray di raction. Austenite is still present in
alloy A after tempering for 1 h at 400 and 45@C, and some still remains after
15 min at 500C, but after tempering at 600 C none remains. As tempering
progresses austenite peaks reduce, ferrite peaks becomepsraand shift to
higher angles (asi{spacing and lattice parameter decrease).
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T/ C t V=% alA alA XCwt% X ©/wt%

200 O 21.3  3.6209 2.8738 1.19 0.20
0.1 0.01 0.005 0.3 0.17

400 30min 20.5 3.6239 2.8748 1.28 0.23
0.1 0.006 0.004 0.2 0.14

400 1h 16.1 3.6235 2.8745 1.27 0.22
0.1 0.006 0.004 0.2 0.14

450 30 min 11.8 3.6115 2.8739 0.90 0.20
0.1 0.006 0.004 0.2 0.14

450 1h 8.9 3.6136 2.8744 0.97 0.22
0.2 0.008 0.004 0.3 0.14

500 15 min 3.5 3.6218 2.8732 1.21 0.18
0.1 0.005 0.004 0.1 0.10

500 30 min { { 2.8729 { 0.17
0.003 0.10

500 1h { { 2.8731 { 0.17
0.004 0.14

550 30 min { { 2.8729 { 0.17
0.003 0.10

550 1h { { 2.8722 { 0.14
0.004 0.14

600 30 min { { 2.8713 { 0.11
0.004 0.14

600 1h { { 2.8710 { 0.10
0.003 0.10

600 1lday { { 2.8689 { 0.031
0.003 0.1

Table 6.1: Summary of X{ray di raction results following tempering het
treatments, alloy A, using peak tting technique. Denotes transformation
temperature rather than tempering temperature, provided focomparison.
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Figure 6.1: Tempering 1h in alloy A.

Carbides were extracted from alloy A after tempering at 60C for 24 h
and identi ed as cementite by comparing against standard di raction pat-
terns. In gure 6.3 the diraction pattern is compared to that for FesC
cementite [197], with the larger peaks otherwise unindexed being dwefer-
rite. Extractions were also made from alloy B after tempering at vaous
temperatures, also observing cementite after tempering at 550600 C,
but good residues could not be extracted at lower temperaturgsresumably
because of the lower volume fraction and smaller size of the carbid2p

Calculations with mtdata using tcfe database [198] predicts equilibrium
phases of VC, MC; and cementite at the tempering temperatures. These
equilibrium calculations are most applicable to the constituents aftepro-
longed tempering, gure 6.4(b) shows that alloy carbides are exged in
much lower fractions than cementite in alloy B. Tempering at a higherem-
perature may promote these alloy carbides to form during tempexgnsince
substitutional atoms are then more mobile. These phases are pietdd in
greater fraction and to higher temperatures in alloy B than A due tdts higher
carbon content. It should therefore be more di cult to detect the phases in
the carbide extractions from alloy A using X{ray di raction. Although M-,C3
is stable at equilibrium, even in greater amounts than cementite in allogk
at 400 C, it may take prolonged tempering to form at lower temperatures
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Figure 6.2: E ect of tempering on alloy A at 400C for 1 h, and at 600C
for 24 h.

since it requires greater partitioning of substitutional elements.

The tempering response of alloy B is shown in gure 6.5. Figure 6.6 shteow
a plot of the normalised hardness of a variety of steels versus a f@ening pa-
rameter, de ned asT (20+logt), whereT is temperature in Kelvin andt is the
time in hours. The normalised hardness is given bY( Hnin)=(Hmax Hmin)
whereH, Hax and H,i, represent the hardness, untempered hardness and
fully softened hardness as shown in table 6.2. The reason for présey the
data in this way is to allow comparison of the tempering resistance olfi¢
bainitic steel against that of a high silicon, quenched and temperedamen-
sitic steel Fe-0.5C-1.3Si wt% [23] and a high silicon, secondary hanihg steel
Fe-0.34C-5.08Cr-1.43M0-0.92V-0.4Mn-1.07Si wt% [199]. It is appatrérom
gure 6.6 that the bainitic steel has a very high resistance to tempmg,
much higher than the martensitic alloy, and comparable to the secdary
hardening steel. The reason is that the precipitation of carbides gvents
coarsening of the microstructure as reported for alloy B by Garcislateo et
al. [2]. Therefore tempering below 550 C leads to small changes in the
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Figure 6.3: Carbides extracted after tempering at 60C compared with
relative peak intensities for FgC [197].

thickness of the bainite plates. In alloy B the bainite plates are 35 nm
before tempering. Changing to 454 and 49 4 nm following tempering at
450 and 550C for 30 min [2].

A||Oy Hmax Hmin
Bainitic steel 619 206
Martensitic steel 820 245
Secondary hardening 510 248
steel

Table 6.2: Maximum and minimum hardness values used for calculation of
normalised hardness in gure 6.6.
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The carbon in the ferrite decreases with tempering temperaturand time
as shown in gures 6.7 and 6.8. Comparing gures 6.5 and 6.1, it is clear
that the hardness cannot be explained by changes in the carbonathis in
solid solution alone, the hardness actually increases when alloy B is tsened
for 1 h or 30 min at 450C while carbon is reducing.
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Figure 6.7: X{ray determined carbon concentration in bainitic ferrie as a
function of tempering temperature in alloy B transformed at 20CC [2].

It has been suggested that the excess carbon observed in thenti
ferrite is located at defects within the ferrite lattice [101, 50, 51]Plotting
the carbon concentration as a function of the measured non{uoiim strain
(gure 6.9) shows a strong correlation, con rming that the carba is likely
to be located at defects. This might also explain why it does not predipte
easily until the non{uniform strains are relieved by annealing [2].

It has long been known that carbon which is segregated to dislocat®
Is stabilised against precipitation, because the segregation itself disato a
reduction in free energy [192].

Tempering for 30 min and 1 h at 400C does not introduce any perceptible
change compared to the original microstructure of alloy A, when sbrved
using transmission electron microscope, see gures 6.10 and 6.11hisTis
consistent with the small change in hardness and X{ray analysis ofoth
alloys A and B.

Tempering at 450C for 1 h results in the precipitation of carbides which
can be observed in transmission electron microscopy, gures 6.62(3. Al-
though large austenite regions still seem to be present, carbidespipitation
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Figure 6.8: X{ray determined carbon concentration in bainitic ferrie as a
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Figure 6.9: Carbon concentration as a function of non{uniform sain during
tempering of alloy B transformed at 200C [2].

has occurred mainly along the available interfaces between bainiticrriee
plates. Similar observation for the start of carbide precipitation wa made
on alloy B tempered at 450C [2]. There was little di erence observed using
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optical microscopy after tempering, even after 1 h at 60Q, in that bainite
sheaves were still visible, gure 6.14. The main di erence being the dter
etching in the tempered condition.

As the steel is tempered at progressively higher temperaturesettbai-
nite and austenite microstructure decomposes to one of ferrit@c carbides
(Figures 6.15{6.17). X{ray diraction of material tempered at 600C and
carbide extract from the same ( gures 6.2 and 6.3), showed thahése car-
bides were predominantly cementite. Thermodynamic calculation indites
that in alloy B cementite is the predominant carbide at equilibrium, with
a small increase in amount of MC; at lower temperatures. MCsz becomes
stable below around 57%C in alloy B, and 675C in alloy A. At 400 C in
alloy A, M;C; is expected in a greater amount than cementite, indicating
further changes may take place after prolonged holding at tempure.
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As shown in gure 6.18, the hardness seems to decrease towandssymp-
totic value during isothermal tempering. As it would be reasonable texpect,
at higher temperatures the hardness decrease is greater; aftéh at 600 C it
falls to around 480 HV, whereas at 70C the hardness decreases to 350 HV,
similar to that of the pearlite in the same steel.

There is some deviation from general behaviour described abovéget
hardness after 30 min of tempering often being the same or slightlygher
than after 15 min when tempering alloy A. In alloy B which is similar in
composition but with higher carbon content the hardness was evemserved
to substantially increase with particular heat treatments, as a rest of pre-
cipitating carbides, which are initially ne and well{distributed and therefore
contribute strength with greater magnitude than the dissolved adon lost
from the ferrite and austenite.

The general change in hardness can be modelled on the basis of Avfa
type kinetic equations (equation 6.1 and 6.2). Hardness values o0a83V and
250 HV were used foH ax and Hnin, the initial hardness being used for the
maximum, and making an estimate of the minimum hardness encompags
all the results.

Hnax H
=m0 6.1
Hmax Hmin ( )
=1 expf kt"g (6.2)

wherek is a rate constant andn is the Avrami exponent.

Figure 6.19 shows the linear relationships between In(n(1 )) and
In(t). Linear regression was used to t the data, listed in table 6.3. As
can be seen from the regression coe cient the linear t is better ahigher
temperatures. The temptation to infer the mechanisms of trangfmation
was resisted as these may be misleading, but it may be important to teo
that the gradient of In( In(1  )) and In(t) is di erent for each tempering
temperature, indicating that the results may not be explained by aisgle
transformation. A simple model was produced based on Avrami{typequa-
tion allowing for linear change ok and n, as shown in table 6.4.

The changes modelled during tempering are the precipitation and gvth
of cementite particles by partitioning of carbon from the ferrite. A higher
temperatures the size of the cementite probably ceases to haveajor in u-
ence on the strength, because the mean{distance between tlatcles is the
important parameter for strength. The major strengthening mehanism is
by the pinning of the nanostructure due to the bainite plate size. @eentite
coarsening may have a large in uence upon the ability of the ferritelgte
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T=C Intercept C Gradientm/(InS) * r.m.s. of residuals

500 -4.27 0.40 0.260 0.045 0.20
600 -2.29 0.16 0.1950.018 0.08
700 -1.39 0.21 0.207 0.008 0.03

Table 6.3: Results of linear regression of In(In(1  )) and In(t).

Parameter Intercept Gradient/ (InS) * K * r.m.s. of residuals
Cr -0.00026 0.00026 0.3780.14 0.031
m+ 0.0144 0.0031 -11.31.9 0.44

Table 6.4: Results of linear regression betwedh and m from linear ts of
In( In(1 )) and In(t), and temperature.

size to coarsen. It is unlikely that the various strengthening mech&sms
have a linear relationship to particle growth, however it is possible tose
an Avrami{type equation as demonstrated by the tting, as shownin g-
ure 6.18 and comparison of the predictions against actual hardseglues in
gure 6.20.

The change in hardness during tempering is more likely to be related to
ultimate tensile strength rather then the yield strength. Neither elation is
straight{forward so it is better to directly observe changes in edanechanical
property. Figure 6.21 shows changes in tensile properties resultifigm
tempering alloy A. Prior to tempering the ultimate tensile strength wa 1.4
GPa with elongation below 1%.

The mechanical properties in these samples were not greatly chadgun-
til tempering at 600 C, whence it was possible to achieve an elongation of 7%,
presumably as a result of the decrease in the strain hardening whigbcurred
after 1.2 GPa. Samples tempered at 500 also showed increased elongation
compared to the base condition and those tempered at 4@ Although the
failure stress is high, usually above 1.2 GPa, this is does not match the
strength achieved in alloy C and D despite the similar microstructure ral
hardness levels [4, 96]. In those alloys the best combinations of neethal
properties were achieved at transformation temperatures arod 250{300C,
where greater toughness and elongation is displayed. Unfortuedt in trying
to achieve higher strength by lower transformation temperaturéhe suscep-
tibility to any defects or inclusions is increased due to the smaller critid
aw size (both yield strength increases and toughness decreasssseen in
Chapter 1).
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(b)
Figure 6.10: Alloy A tempered at 400C for 30 min.
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Figure 6.11: Alloy A tempered at 400 for 1 h.
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Figure 6.12: Alloy A tempered at 450C for 1 h.
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Figure 6.13: Alloy A tempered at 450C for 1 h.
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Figure 6.14: Alloy A tempered at 600C for 1 h.
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Figure 6.15: Alloy A tempered at 550C for 1 h.
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Figure 6.16: Alloy A tempered at 600C for 30 min.
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(b)
Figure 6.17: Alloy A tempered at 600C for 24 h.
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6.4 Conclusions

Consistent with previous results discussed in Chapter 1 [3, 101], ithaeen
demonstrated that much of the strength of the virgin microstruture comes
from the ne size of the bainite plates in low{temperature bainitic stels.
It has been observed that the microstructure is resistant to tepering, and
that this is due to the precipitation of carbides as austenite deconoges.
It is then di cult for the ferrite plates to coarsen, since the carbides are
ideally situated to prevent the movement of ferrite grain boundarg and to
contribute to the strength.

In alloy B there is an increase in strength in the early stages of tenmirag.
The strengthening by the precipitation of ne and distributed carbdes means
that the decomposition of austenite does not lead to any overall fsening.

Hardness does not reduce greatly until grain growth starts to oar and
is not chiey dependent upon carbon in solid solution. The carbon cen
centration in the ferrite slowly decreases as the tempering tempgure is
increased, concurrent with the recovery of heterogeneousastrs. This may
help to explain the large supersaturation of carbon in the bainitic feite,
as being correlated to the high strains in the microstructure caugeby the
displacive transformation.

Extracted carbides were identi ed predominantly to be cementitewhich
is consistent with the rod{like shapes observed using transmissiole@ron
microscopy. Calculations using thermodynamic software indicate d@h M,C;
and vanadium carbides are also to be expected under equilibrium carzhs.

The results indicate that bulk austenite may become enriched with daon
after tempering at 400C for 30 min and 1 h, but reduced in carbon after
tempering at 450C.



Mind your temper

Idiom

Probing Tempered Material

7.1 Introduction

In chapter 5, the microstructure formed by the bainite transfamation at
200 C was characterised using an atom probe. In this chapter, the sam
technique is used to examine the changes at nanometre scale dutieqper-
ing at 400 and 500C.

7.2 Tempering of supersaturated ferrite

Bainite transformation at low temperature to a material free of cebides re-
sults in a novel structure, the tempering behaviour of which has hdoeen
characterised extensively. In similarity to virgin martensite there isa su-
persaturation of carbon in ferrite (1.1 0.7 at.%, 0.25 wt%). However, in
carbide{free bainite, the austenite is retained in greater amountand with
enrichment in carbon up to theT, limit (8 1.6 at.%, 2 wt% as measured
by atom probe in Chapter 5).

Tempering is commonly applied to martensitic steels, to reduce the tth
ness so as to achieve desirable combinations of strength and touggs. As
the metastable microstructure is heated at temperatures wheraustenite

167
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cannot form, several stages of tempering are identi ed;
First stage: 50{250 C

Retained austenite remains.
Martensite ! {carbide + low carbon martensite.

{ Volume decreases markedly. Slight decrease in magnetisation. In-
crease in hardness. A sharp decrease in electrical resistivity when
tempering above 10QC.

Second stage: 200{300 C
Retained austenite!  {carbide + ferrite.
Third stage: 200{350 C
{carbide ! cementite.
Low carbon martensite! cementite + ferrite.
Fourth stage: above 350 C
Cementite coarsens and spheroidises, ferrite recrystallises.

The addition of alloying elements in martensitic steels is generally made
to enhance hardenability. Alloying also can accelerate or retard d¢ade pre-
cipitation, and change the temperature ranges of the three stag. Silicon
appears to stabilise -carbide and retard cementite precipitation, even after
tempering at 400C [200].

Partitioning during cementite precipitation from supersaturated narten-
site has been studied using an atom probe by Thompson and Miller [204]
Fe-(0.15,0.4)C-2.25Cr-1Mo wt% steels. Chromium, manganese orlyhale-
num did not partition after 40 h at 350 C, consistent with a paraequilibrium,
displacive transformation to cementite. After 187 h at 45 all three solutes
were enriched in the cementite, with greater enrichment in the outeegions
of cementite, which were in contact with the ferrite interfaces. Qiomium
was observed to partition more quickly than manganese or molybden. Sil-
icon had partitioned from cementite into the matrix. It was concludd that
the di usion of solutes in the matrix was the rate limiting step in the ealy
stages of enrichment.

Redistribution of carbon in the early stages of tempering has beetudied
by Miller et al. [202, 203, 204] for iron{carbon and iron{nickel{carbon alloys.
It was observed that carbon segregates to lattice defects suahcoherent twin
boundaries, lath boundaries and high{angle grain boundaries.
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The tempering resistance e ect due to silicon in martensitic steels wa
rst reported by Owen [8]. Its role in improving resistance to tempeng
of steels has been studied using an atom probe by Barnast al. [205] and
Chang and Smith [206]. These atom probe studies showed the rémt of
silicon from the growing cementite plates. The low solubility of silicon in
cementite means that the growth of the plates was inhibited. Thefere later
stage kinetics were reported to be controlled by di usion of silicon ther
than carbon. The main in uence of silicon was therefore on the thirdtage
tempering rather than on the rst. However the major e ect of slicon may
well be on nucleation of new cementite plates; Ghosh and Olson [204rd
and Bhadeshia [208] and Kozcoshiniki and Bhadeshia [209] have shakat
nucleation is dramatically reduced or prevented since the potentiaementite
particle would be forced to accept silicon at the paraequilibrium level.

7.3 Experimental Procedures

Atom probe studies were performed using both the energy-conmzated op-
tical position-sensitive atom probe (ECO{PoSAP) and the local el&mde
atom probe (LEAP) method. Tip specimens for atom probe were ppared
from 3 mm rods of alloy A, previously transformed into the bainitic codition
at 200 C and tempered for 30 min at 400 and 50C.

PoSAP and LEAP experiments were performed with a specimen tem-
perature of 60 K, and pulse fraction of 0.2 of the standing voltagePulse
repetition rate was 1.5 kHz in POSAP and 200 kHz in LEAP. The average
evaporation rate in LEAP was 2%.

Sample preparation and details of POSAP have been described in Chap
ter 5; in this chapter, a local electrode atom probe was also used igly
the benet of a wider eld of view, and faster acquisition of data. Tlke com-
bined e ect is that some 18 atoms can be acquired, improving the statistical
signi cance of the results.

In the conventional atom probe a 5{10 mm diameter aperture is plad
4{10 mm in front of the specimen tip. In the local electrode atom pilwe a
20{50 m diameter aperture is typically positioned 20{50 m from the spec-
imen. Nishikawa and Kimoto originally proposed such a design for theusty
of naturally occurring protrusions or “micro{tips' which have a radig of cur-
vature much larger than conventional specimens, as a means dfiaging the
necessary eld strength without having to prepare the tradition& needle{
shaped specimen [190]. However, when the local electrode is usedh \&it
needle shaped specimen it allows the necessary eld strengths fetd evap-
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oration to be achieved at much lower voltages. This allows usage oltage
pulsers which operate at higher repetition rates, up to 2 MHz, reking in
faster acquisition of data.

The small distance between the local electrode and the specimen moyes
the mass resolution, meaning that energy compensating lenses ao¢ nec-
essary. This increases the eld of view of the specimen that can beadysed.
During data reconstruction extra corrections need to be made duto the
large eld of view, to account for the curvature of the tip.

7.4 Results and Discussion

Alloy A transformed at 200 C was tempered at 400C for 30 min; two com-
position pro les through the same volume are shown in gures 7.1 and.2.

The appearance is similar to that previously observed in the as{traformed
material. The carbon variation can be attributed to carbon{rich astenite

(around 6.5 at.%) and relatively carbon poor ferrite (around 1 at.%)similar

to the structure before tempering but with lower carbon conterst. Carbon
was seen to vary between 0.5{1.5 at.% with an average of 1.0103 at.%
(0.25 wt%). Substitutional solutes did not partition between the phses as
can be deduced from the pro les. In the small volume observed ugiRPoSAP

there was no indication of any carbides except decrease of carlmmmtents

in both the austenite and ferrite. The ferrite and austenite carbm contents

are consistent with the X{ray di raction results.

Caballeroet al. [210] have compared the carbon contents of as{transformed
low{temperature bainite to that in the tempered condition, in alloy B, to in-
vestigate the possibility of the further partitioning of carbon fromthe ferrite
to austenite as exploited in the "quenching and partitioning' proced97].
Caballeroet al. concluded that there was no further partitioning of carbon
to the austenite during tempering at 400C; the carbon content being more
strongly a ected by the austenite Im thickness. However, it is notclear why
the carbon would remain in the thin{Ims, and their results could be iner-
preted as evidence of partitioning of carbon from thin{ Ims to the emaining
blocky austenite, since after tempering the thinner austenite havreduced
carbon content and thicker austenite Ims have higher carbon coent com-
pared to Ims of similar thickness just after transformation.

The austenite observed in this work after tempering at 40C may indi-
cate that carbon decreases in austenite during tempering. Thiswudd either
be a general decrease in all the austenite, or only applicable to thinm
austenite; many more measurements would be needed to make thenpling



7.4. RESULTS AND DISCUSSION 171

Temperature Phase mole% Fe C Mn Si Cr Mo V/at.%
Ferrite 87.6 96 0.0 00 3.0 00 0.0 0.0
Cementite 5.3 61 25 10 0.0 40 0.0 0.0

400C M-, Cs 6.7 33 30 19 00 17 2.0 0.0
VC 0.4 0.0 499 0.0 0.0 0.0 18 32
Ferrite 92.4 97 0.0 0.0 3.0 0.0 0.0 0.0

400C MC(FCC) 4.2 19 48 20 00 30 00 1.0
MC(FCC) 3.4 10 45 41 00 80 40 20
Ferrite 87.2 96 0.0 0.0 3.0 0.0 0.0 0.0

500 C Cementite 7.7 50 25 10 0.0 6.0 0.0 0.0
M- Cs 4.7 34 30 16 0.0 18 2.0 0.0
VC 0.3 0.0 499 00 0.0 0.0 17 33

Table 7.1: Equilibrium calculations at 400 and 50@ using mtdata and tcfe
database.

statistically signi cant due to the large variation in carbon contentsin the
austenite previously observed in the as transformed steel. Diregteasure-
ment of carbon content by atom probe may be particularly usefulot charac-
terise the carbon distribution since conventional X{ray di ractionis not able
to distinguish the lattice parameters of thin Im and blocky austeniteafter
transformation [?].

Calculation with mtdata for this alloy suggests that cementite and MCz
carbides are stable at equilibrium at tempering temperatures, tablé.1. In
this case the carbon content of ferrite is near zero, and austemiis not
present. It can also be useful to consider equilibrium between BCérfite and
FCC austenite. In this condition the austenite volume fraction is exgcted
to decrease and be replaced by ferrite and face{centred{cubiarbides. It
was not possible usingntdata to calculate the ferrite{austenite equilibrium,
since even when omitting the stronger carbide forming elements \atum
and molybdenum, calculation would predict ferrite and FCC carbidesParae-
quilibrium calculations, summarised in tables 7.2 and 7.3, suggest thate
carbon in austenite is still below the level expected from paraequiliobm be-
tween austenite and ferrite during tempering at 40@. This indicates that it
would be possible for further carbon to partition to the austenite iad even for
the amount of austenite to increase if paraequilibrium conditions pvailed.
However the paraequilibria between austenite and cementite, orrfige and
cementite, may be more relevant to cementite precipitation; unftunately
this is di cult to calculate because of the lack of experimental data daling
with activity of silicon in cementite.
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T/ C Phase mole% Fe C Mn Si Cr V Mo /at.%
200 83 93.60 0.02 185 296 1.34 0.10 0.13
17 72.22 20.60 2.08 3.33 151 0.12 0.15
300 80 9355 0.05 185 297 1.34 0.10 0.13
20 7550 1751 2.02 3.24 147 0.11 0.14
400 75.6 93,50 0.09 1.86 297 134 0.10 0.13
24.4 79.02 14.13 199 3.18 1.44 0.11 0.14
500 67.2 9348 0.11 1.85 297 134 0.10 0.13
32.8 82.77 1048 196 3.14 142 0.11 0.14
600 48.5 9348 0.11 1.85 297 134 0.10 0.13
51.5 86.66 6.72 192 3.08 1.39 0.11 0.14

Table 7.2: Paraequilibrium calculations for {ferrite and {austenite using
mtdata and sgte database.

Temperature / C Austenite  Carbon in
/ mole% austenite /at.%

200 17.0 20.6

300 20.0 17.5

400 24.4 14.1

500 32.8 10.5

600 51.5 6.7

Table 7.3: Paraequilibrium calculations for ferrite and austenite usingitdata
and sgte database.
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A second sample tempered at 40Q was analysed using LEAP. The car-
bon distribution is shown in gures 7.3(a) and (b). In this volume, a cebide
particle was observed with a carbon content around 22 at.% with maxi-
mum at 28 3 at.%. Figure 7.4(a) shows the carbon atom map for the bainitic
steel after tempering at 400C for 30 min, with a volume corresponding to
50 nm 48 nm 15.5 nm, containing 935 thousand ions. Figure 7.4(b)
shows the composition prole. The volume intersects one carbide miale
at the edge of the volume, identi ed by the high carbon concentrain. The
high carbon content was accompanied by increased nickel and mangse
and lower silicon content. The core area of this carbide has almostgtgi-
ble silicon content and the highest carbon content. An interface @round
2 nm width exists where each element concentration returns appimately
linearly to the matrix content. 25 at.% C is equivalent to an M/C ratio 3.Q
making this particle most likely to be F@C cementite. The ferrite composi-
tion in this second volume averages 0.8®.1 at.% similar to that observed
using POSAP.

Figure 7.5 shows projections of the tomographic element distributis.
All elements except silicon appear to segregate to the carbide pales. Sim-
ilar results can be seen in gure 7.6 after tempering of 500 for 30 min.

Figure 7.7 contains carbon atom maps for a sample tempered at 50Gor
30 min, showing the location of the concentration pro les shown in gres 7.8
and 7.9. The volume studied is 54 nm 56 nm 53 nm and contains 3.57
million ions. Features with higher carbon have been labelled from A{E in
the order they appear in the pro les, and marked on gure 7.7. Twaarbide
particles have been identi ed at C and E, both most likely to be cemeite.
C has a cylinder shape consistent with cementite formed during terapng,
E appears to be more spherical but has been truncated by the edgf the
sampling volume. Other features cannot be unambiguously identi ed

At A there is depletion of silicon and increased chromium and mangarmgs
trends also observed at C, however carbon is in range 3{4 at.%. Abipt B
carbon and chromium are raised, but other elements are similar toehbulk
matrix composition. It is that possible these regions are clusters cédirbon, or
carbide particles too small to be resolved using the sample volumeheue.
Previously presented X{ray di raction results indicate that austenite is not
present in this condition.

At D the measured carbon enrichment is up to 10 at.% and the M/C rab
is around 9. At E the carbon is around 20 at.% and the M/C ratio is 4, bu
the carbon reaches as high as 25 at.% in the centre. In contrasttte carbide
at C there is only a slight or no decrease in silicon at D and E. Along with
higher carbon, chromium, manganese and nickel as seen at otheyalions,
at D molybdenum is also higher than the surrounding matrix. The main
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feature transected at D has a rod like shape, around 5 nm acrosgla20 nm
in length, and it possibly has a lower carbon ‘tail' examining the carbon
atom map. The shape is similar to features identi ed as carbon trappg at
dislocations in alloy B (Fe-0.98C-1.46Si-1.89Mn-1.33Cr-0.26M0-0.09%4y
after transformation at 200 C by Caballeroet al. [211].

At C the silicon content drops to zero only in the core prole, where
the carbon and other elements are highest; apart from this low{sibn core
the composition pro le is similar to that at D. In previous studies Babuet
al. [212] and Thompson and Miller [213] have both observed by atom pmb
that cementite formed without any initial partitioning of silicon during pre-
cipitation from supersaturated martensite in Fe-0.15C-2Si-3Mn Wbt and Fe-
(0.15,0.4)C-2.2Cr-1M0-0.3Si-0.5Mn wt%, with silicon only being rejecteaf-
ter prolonged annealing. Bhadeshia and Edmonds [214] after Kalisinda
Cohen [192] also showed thafcarbide is not always a precursor to precipi-
tation of cementite in bainitic steels. It therefore seems the wholeapticle is
cementite and that silicon rejection occurs from the centre outwss.

The average carbon content of the ferrite in this region was measd as
1.36 0.1 at.%, with maximum around 2.5 at.% across pro le 1 of gure 7.7,
and 1.20 0.1 at.% with maximum around 3 at.% across pro le 2. The ferrite
carbon content was therefore anomalously high compared to thalwe of
0.85 0.1 at.% observed after tempering at 40C.
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(a) Projection of sample volume showing carbon atoms. Lines indica the
extent of the sample volume.
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Figure 7.1: Composition prole and atom map after tempering alloy A at
400 C for 30 min, sample volume is approximately 90 nm 20 nm 20 nm.



176 CHAPTER 7. PROBING TEMPERED MATERIAL
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Figure 7.2: Selected area pro le of elements and atom map after tpering
alloy A at 400 C for 30 min, sample volume is approximately 90 nm 20 nm
20 nm.
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(a) Carbon at.%

(b)

Figure 7.3: Carbon in distribution after tempering for 30 min at 400QC,
volume is 50 nm 48 nm  15.5 nm.
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Figure 7.4: Carbon element maps and composition pro le of microstrture
after tempering for 30 min at 400C, volume is 50 nm 48 nm 15.5 nm.
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(a) Carbon (b) Chromium (c) Manganese
(d) Molybdenum (e) Nickel (f) Silicon
(9) Nitrogen (h) Phosphorus (i) Vanadium

Figure 7.5: Element maps of structure after tempering for 30 min at00 C,
sample volume is 50 nm 48 nm 15.5 nm.
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(a) Carbon (b) Chromium
(c) Manganese (d) Molybdenum
(e) Nickel (f) Silicon

Figure 7.6: Element maps of structure after tempering for 30 min &00 C,
the sample volume is 54 nm 56 nm 53 nm.
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Figure 7.7: Location of composition pro les, sample tempered for 36in at
500 C, the sample volume is 54 nm 56 nm 53 nm.
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7.5 Conclusions

Low temperature bainite formed by transformation at 200C of alloy A and
subsequently tempered for 30 min at 400 and 50D, has been studied using
atom probe tomography.

Carbon in ferrite decreased to 1 and then 0.8 at.% respectively afte
tempering for 30 min at 400C and 500C. Thin Im austenite was observed
after tempering at 400C. The austenite had lower carbon content (6 at.%)
than that observed before tempering (8 at.%), but many more observations
would be needed to assess the signi cance. The presence of autden this
condition is con rmed by the earlier X{ray di raction but the carbon content
cannot be reliably measured by X{ray due to the small volume fractio It is
expected that carbon will decrease in the austenite as cementiteepipitates,
but there is also the possibility for partitioning of carbon from thin{ Im to
blocky austenite.

Carbide particles were identi ed after both tempering temperatues, with
a core of low{silicon. The composition of this low{silicon core matchehat
for cementite, based on the rejection of silicon and on the metal/dzon
ratio. The surrounding carbide is not enriched in silicon as observed the
composition pro les. It seems likely that the growth of the particless limited
by the rate at which silicon can be rejected from the core. The memhism
being similar to that proposed by Owen [8] with the rejection of silicorrdm
cementite into the surrounding matrix limiting the rate of growth.

During tempering the carbides observed are enriched in chromiumam
ganese and nickel, and reject silicon. They are most likely K cementite.
The tendency for partitioning of solute elements is the same at bottem-
peratures, but the magnitude of composition change is larger até¢hhigher
temperature.

The extremely small size of the carbide particles observed aftenmpering
at 400 and 500C for 30 min may help to explain the resistance to temper-
ing, as measured by the change in hardness. Until coarsening asca ne
dispersion of carbides will add an additional strengthening mechamnis



Science is a very human form of knowledge,
every judgement in science stands on the

edge of error and is personal.

Jacob Bronowski

...but it has to be defended.

H.K.D.H. Bhadeshia.

General conclusions and proposed

further research

By transformation at unconventionally low temperatures high{calbon high{
silicon steels can produce a microstructure composed of highly reahbainitic
ferrite plates in a matrix of retained austenite. The small scale of éhplates
provides the major strengthening mechanism, and so during tenmugy the
strength is maintained until these plates begin to coarsen.

Calculation of the strength of the microstructure due to its constuent
parts showed that the plate size, carbon supersaturation and thsation
density all contribute to the high strength. However, the calculad yield
strength based on this model is higher than that observed. It malye that
the strength values from martensite theory extrapolate poorlyd the bainitic
microstructure, in particular regression analysis of the e ect ofarbon and
dislocation density is non{trivial because of the strong correlatiobetween
the two. Further work should investigate these relations, by del@ping the
theoretical understanding where possible, and also by further garimental
work with mechanical testing and structural characterisation. Tis could be
aided by the compilation of a database of mechanical properties foarbide{
free bainitic steels, and the design of critical experiments.

Displacive transformation causes surface relief, due to the smatbhte of
the low{temperature bainite plates, high resolution techniques areequired

185
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for its characterisation. Observations of the apparent shear egponent were
almost all higher than the expected range of 0.22{0.28, with a meah @31,
and a maximum of 0.46. A large shear component is consistent with theore
slender aspect ratio of the bainite plates. A comparison should be d&a
against crystallographic theory to establish if such a high value is rean-
able from shear alone. Contributions from dilational component or tace{
invariant deformation do not contribute to the shear, but there Bould also
be some consideration of how these can also contribute to the s relief
by distorting the free surface. Further experimental evidencehsuld be col-
lected to con rm the measurements. It would be advantageous iffiormation
from below the surface can also be collected to give details of whagénthe
bainite plate makes with the surface, and to unambiguously identify fch
features are bainite and which are austenite.

Since the re nement of the microstructure is achieved by transfmation,
it is unique in providing a path to achieve nano{scale structure in bulkec-
imens. This has been demonstrated by transformation of a 70 mm blo
of steel without the use of any special cooling equipment. Proceds exist
for the design of such steels, using thermodynamic calculations ohrensite
start temperature, and time{temperature{transformation kinetics of pearlite
and bainite. The Scheil additivity hypothesis has been applied for thealcu-
lation of continuous{cooling{transformation. It is proposed thatthis can be
used to design suitable combinations of heat treatments with optinesd trans-
formation kinetics. The pearlite reaction in the alloy studied was mucfaster
than calculated in the model utilised for transformation kinetics. Ths was
explained by the observation of pro{eutectoid cementite along pri@ustenite
grain boundaries in the pearlitic samples. This may also have consences
for the mechanical properties in the bainitic condition, since it couldrgatly
reduce the toughness. The pro{eutectoid cementite may be retat to the
faceted appearance of the fracture surface at the initiation pdifor failure.
There is a need for further experimental evidence to establish tlexistence
and role of pro{eutectoid cementite in these steels. Improved meld of
pearlite and pro{eutectoid cementite transformation kinetics areritical for
the design of bainitic alloys, since they need to be avoided to form fully
bainitic structures, and alloying to prevent pearlite formation may &o delay
the bainite transformation leading to longer transformation times.

Isothermal transformation to bainite at 200C resulted in a structure
of bainitic ferrite platelets and retained austenite in the form of thin Ims
and blocks. The true plate width of the bainitic ferrite was observedo be
39 1 nm. However, the distribution of plate sizes was not fully explainedyb
the stereological correction applied to measure the true plate wiit It may
be that further corrections are needed to account for the thickess of the thin
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foil, or that there may be a wide distribution in the width of bainite plates.
This also warrants further research, due to the critical relation foplate size
and strength.

Analysis of X{ray di raction patterns revealed a large supersatuation of
carbon in both ferrite (0.3 wt%) and austenite (1.2 wt%) after traisformation
at 200 C. This was conrmed by direct measurements using atom probe
tomography, with carbon content up to 2 wt% measured in thin Ims 6
austenite. The inhomogeneity in the distribution of carbon has stimated
interest because of the role of transformation{induced{plastictf and also
the deleterious in uence of insu ciently stabilised blocky austenite.

Transformation at 150 C produced very interesting results, replicated in
two di erent alloys. Firstly, although the volume transformed was snilar to
that at 200 C there was no evidence of carbon partitioning into the austenite.
Secondly, the plate width resulting from transformation at 150C was wider
than at the higher temperature, increasing from 391 to 63 4 in alloy A and
being 51 4 in alloy C. This was accompanied by an increase in the deviation
of the plate sizes, but it is not clear if this is due to increased driving ffoe
leading to some coalescence of plates, or due to the formation ofaanount
of martensite in the microstructure. This is the rst suggestion tlat there
may be an optimum temperature at which the smallest bainite plate size
can be achieved. Further work should aim at understanding how thae
plate size can best be achieved. Experimental evidence should biected
by identifying compositions which can transform around 20C, especially
if driving force for transformation and strength of austenite carbe varied
independently. In the alloys studied so far it may be useful to trafigrm
and examine plate sizes at di erent temperatures (e.g. 250, 225,5.C), and
to compare histograms of the measurements and the average platidths.
Better understanding of the application of stereological correicins to these
thin plates in the volume observed in the thin foils would be useful, as ¢h
correction used applies strictly to features intersecting an opaguree surface.

As previously observed, the low{temperature bainitic steels are sis-
tant to tempering. Unlike martensitic steels the strengthening mé@nism is
mainly by the re ned plate size. Fine carbides, which were identi ed tde
cementite, precipitate during tempering and are then ideally situatéto pre-
vent movement of the grain boundaries. After tempering at 400 a@an500 C
for 30 min the particles were measured to be around 10 nm in diameter
The ne dispersion contributes to the hardness. Carbon in the fate was
observed to reduce slowly upon tempering, and the loss was asseciavith
recovery of strains as measured by the broadness of the X{rayrdction
peaks. The main focus of this research into tempering was to explaiow
so much of the hardness was retained by the microstructure afteemper-
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ing at high temperatures. Further work should be carried out to t& how
resistant the microstructure is to tempering at lower temperatugs, and if
the carbide precipitation sequence remains the same. It would be eénést-
ing to test whether precipitation occurs when the tempering tempature is
the same as the transformation temperature, or whether thersicture after
transformation is stable to further reactions at the same tempature.



Carbide Precipitation

The most common carbide forming in bainitic steels is cementite{carbide),
and in steels containing large concentrations of silicon, transition dades
such as orthorhombic carbides and{, {, ¢{ and {carbides are formed as
they are easier to nucleate. Eventually these carbides transfotmcementite
if tempering continues.

During typical isothermal heat treatments of the type used to geerate
bainite, the steel is not held at temperature for periods long enobgo permit
the long range di usion of substitutional atoms. This means that- and -
carbide or cementite can precipitate within bainitic ferrite, and -carbide can
precipitate from the carbon enriched austenite between the fae platelets.
Other carbides require long range di usion and can form during termgsing
or during prolonged holding at the isothermal transformation temerature.
Crystal structures of carbides in bainite or tempered bainite arenewn below
in table A.1 [19, 215].

189



190 APPENDIX A. CARBIDE PRECIPITATION

Carbide Crystal System M/C
Hexagonal 1.37
a=6.9, c=4.8 A
Hexagonal 2.4-3
a=2.735, c=4.339A
Monoclinic 2.20r25
a=11.563, b=3.573, ¢=5.058 A,

=97.44

C Triclinic

a=6.38, b=5.05, c=4.59A, =90.0,
=70.1, =84.7

Orthorhombic 2
a=4.704, b=4.318, c=2.830A

FesC Orthorhombic 3.0
a=4.525, b=5.087, c=6.743A

M-, Cs Orthorhombic 7/3
a=4.526, b=7.010, c=12.142A

(Fe,SiC Orthorhombic
a=8.8, b=9.0, c=14.4 A

(Fe,SiC Orthorhombic
a=6.5, b=7.7, c=10.4 A

(Fe,Si,Mn)C,  Orthorhombic
a=14.8, b=11.4, c=8.5A

M»3Cs Cubic F 23/6
a=10.624A

MgC Cubic F 6
a=11.082A

Table A.1: Stable and metastable carbides found in bainitic steels [19.5).
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