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ABSTRA CT

The purposeof this work was to model carbide precipitation in steelsof a quaternary
systemwhich includestwo substitutional elements. The work focuseson secondaryhardening
steelswhich are used for high-strength components, where hydrogen embrittlement is one
of the major factors responsible for failure. It is believed that carbide particles can act as
hydrogen trapping sites, thus reducing the risk of embrittlement. The thesis begins with
a review of the physical metallurgy of secondaryhardening steelsand the phenomenaof
hydrogenembrittlement and hydrogen trapping.

The basic theory for the precipitation processes,including the nucleation and
di�usion-controlled growth of particles, is reviewed in Chapter 2. Signi�cant progresshas
recently beenmadein modelling the overall kinetics of transformationswhich occur simulta-
neously. The new theory, also reviewed, adopts classicalnucleation and di�usion-controlled
growth conceptsand takesinto account the capillarity e�ect.

In the present work, a modi�ed model has been developed for the precipitation of
needle-shaped carbides,and a new model for plate-shaped carbides. The models are then
veri�ed experimentally, using �v e steelsdesignedspeci�cally for this purpose. Using the
chemical compositions of the steels and thermodynamic data, the carbide precipitation,
dissolution and coarseningkinetics at 600 � C were estimated. It is found that reasonable
agreement can be obtained between experiment and theory for ternary steels,when mul-
ticomponent di�usion and capillarity e�ects are taken into account. This applies to both
needleand plate-shaped particles. The sameapproach was then usedsuccessfullyfor qua-
ternary steels.

For the speci�c steelsstudied, M2C- and M4C3-type carbidesare expected to be hy-
drogentrapping sites which improve the hydrogen embrittlement properties. Experimental
resultson the hydrogentrapping capacity of the steelscon�rm this expectation and the rela-
tionshipsbetweenthe hydrogentrapping capacity and the featuresof M4C3 carbideparticles
are discussed.

Finally, conclusionsare drawn and suggestionsare madefor future work.
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Chapter 1

In tro duction

1.1 Overview

Steelsare the most important and useful of all materials becauseof their low price
and the wide range of desirableproperties which can be controlled easily by changing the
chemical composition and processing. The mechanical properties depend to someextent
on the microstructure, which is in
uenced by precipitation reactions. Theseare therefore
important in the designof microstructures for speci�c applications.

Alloy carbideshaveplayedan important role in the development of structural steels,for
examplein the strengtheningand tougheningof microalloyedsteelsand in the exploitation of
secondary-hardenedsteelsfor serviceat elevated temperatures. A lesswell-known application
is the introduction of carbides,such asMo2C and V4C3, into the steelashydrogentrapping
sites to enhancethe resistanceto static fracture of components such as springs, bolts and
power plant items [1, 2, 3]; it is in this context that the present work was initiated. The
mechanicaland hydrogentrapping propertiesdependon many parameters,but the two most
signi�cant of theseare the carbide sizeand number density. Theseparametershave in the
past beenmanipulated on the basisof experienceand experimental work. The aim in this
research was to develop a model for estimating the kinetics of alloy-carbide microstructures
during the tempering of steels, in the hope of accelerating the design processfor novel,
hydrogen-resistant steels.

As will be discussedin section 3.2, a theory which generalizesthe extendedvolume
concept to simultaneous precipitation reactions has been established[4, 5]. Using this,
Fujita and Bhadeshiamodelled the precipitation of Mo2C, accounting approximately for the
capillarity e�ect in a ternary system[6]. The carbideparticleswereassumedto bein the form
of thin cylinders with hemisphericalends,as in the Zener treatment [7]. A disadvantage of
this method is that the needleaspect ratio had to be chosenarbitrarily . The purposesof the
present work werethreefold. Firstly, it wasintendedto improve on that model, with a better
representation of the shape of the precipitate, for the simulation of the tempering of a Fe-
Mo-C ternary martensitic steel. Secondly, the work wasextendedto the modelling of M4C3,
which is a plate-shapedparticle in Fe-C-V ternary and Fe-C-Mo-V quaternary systems.The
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1.2 High-strength steel parts in automobiles

`M' standsfor metal atoms. Account is taken of local equilibrium, the capillarity e�ect, and
simultaneouscementite enrichment and dissolution in a multicomponent system.

The third aspect of the work was to clarify the relationship between the hydrogen
trapping capacity of steelswhich contain Mo2C or M4C3 particles and the propertiesof these
carbides,such as averagesize,number density, chemical composition and volume fraction.

1.2 High-strength steel parts in automobiles

An automobileconsistsof outer panelsanda platform, which contains the drivesystem,
enginesystemand exhaustingsystem. High-strength steelsareusedfor theseparts to ensure
safety. The weight of the platform is around 70 % of the total weight of an automobile. It is
thereforenecessaryto reducethe weight of theseparts by strengtheningif fuel consumption
is to be reduced.

I Bolts and fasteners

In general,bolts are manufactured from hot-rolled medium-carbon alloy steels.These
steelsare annealedto spheroidizethe carbides,then cold-forgedto shape the bolt. A typical
commercial heat treatment after forging involves austenisation followed by quenching to
martensite and subsequent tempering. The typical austenisationtreatment is 0.5{1.0 h at
850{920 � C, and the tempering condition is 0.5{1.0 h at 350{600 � C. The tensile strength
of bolts for automobilesis between800 and 1200MPa; this is determinedby the chemical
composition of the steel and the tempering temperature. The properties required are high
tensilestrength and yield ratio (> 0.9). The typical chemicalcomposition for bolts is shown
in Table 1.1.

C Si Mn Cr Mo Al N
0.35 0.20 0.35 1.20 0.30 0.01 0.008

Table 1.1: Chemical composition of a bolt steel in wt. %.

I I Bearings

Bearingsare manufactured from hot-rolled high-carbon alloy steels. Thesesteelsare
annealedto spheroidizecarbides,then cold-forgedto produce the bearing shape. A typical
commercial heat treatment after forging involves austenisation followed by quenching to
martensite and subsequent tempering. The typical austenisationtreatment is 0.5{1.0 h at
820{920� C, and the tempering treatment is 1.0{2.0 h at 170{200� C. The hardnessis about
800HV. The most important property for bearingsis good rolling contact fatigue resistance.
The typical chemical composition is shown in Table 1.2.
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1.2 High-strength steel parts in automobiles

C Si Mn Cr Al N
0.96 0.20 0.35 1.34 0.035 0.008

Table 1.2: Chemical composition of a bearing steel in wt. %.

I I I Springs

Springsaremanufactured from drawn, quenchedand temperedhigh carbon steelwires.
The wires are coiled to form the spring shape. A typical commercial heat treatment in-
volves austenisationfollowed by quenching to martensite followed by tempering. The typ-
ical austenisationheat-treatment is 0.5{1.0 h at 900{950 � C, with tempering for 1.0{2.0 h
at 180{250 � C. The �nal hardnessis about 500{700HV. The most important characteristic
required of springs is good fatigue resistance. Typical chemical compositions are shown in
Table 1.3.

C Si Mn Cr V Cu
0.68 0.22 0.76 - - 0.02
0.53 0.23 0.80 0.96 0.20 0.06

Table 1.3: Chemicalcompositions of spring steelsin wt. %.

Thesehigh strength parts useastheir basistemperedmartensite,becauseof its good balance
of hardnessand toughnessand easeof heat treatment. In recent years,weight reduction of
automobilesfor fuel economy improvement, and cost reduction by elimination of someparts
or processsteps,have called for steelsof yet higher strength. However, high-strength steels
tend to su�er from hydrogen embrittlement. Hydrogen embrittlement is thus one of the
largest factors obstructing the strengtheningof steels.
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1.3 Ph ysical metallurgy of temp ered martensitic steels

1.3 Physical metallurgy of temp ered martensitic steels

1.3.1 Temp ering of martensite

The tempering of martensite is usually carried out in the range150{600� C. Extensive
studieshave beencarried out on the tempering behaviour of martensitic steels.For a carbon
steel, this is divided into three stages:

1. Precipitation of � carbide at 70{150 � C. This has a hexagonalcrystal structure (a =
2.755 �A, c = 4.349 �A [8]) and a composition Fe2:4C [9], and forms as narrow plates
with a well-de�ned orientation relationship.

2. Decomposition of retained austeniteat 150{280 � C, possibly to bainite and cementite.

3. Precipitation of cementite above 200 � C. As the cementite grows, � carbidedissolves.

However, the tempering of alloy steel is divided into four stages. The �rst three of
theseare the sameasthoseof carbon steels,but the temperature at which each stageoccurs
dependson the alloy composition. For example,Si and Cr stabilize � carbide so that the
third stageoccursat a higher temperature (above 300 � C). Si and Cr alsoretard the growth
of cementite, and steelscontaining theseelements resist softening up to 500 � C [10]. The
addition of carbide-formingelements such as Mo, V, and Nb, even in small amounts, gives
a pronouncedsofteningresistance.Theseelements retard the climb of dislocationsand keep
the dislocation density high even if the steel is tempered above 500 � C [11]. This resulting
high dislocation density aids the precipitation of alloy carbides in the subsequent fourth
stage.

The fourth stage of tempering of alloy steel martensite is the processduring which
complexalloy carbidesprecipitate with the complementary dissolution of cementite. These
alloy carbidesmay themselvesdissolve at later times of this stageas di�erent, more stable
carbidesstart to precipitate. The nucleation mechanism of alloy carbidesis classi�ed into
two categories:(1) in-situ transformation and (2) separatenucleation. In the former case,
carbidesnucleate at the sameplace as the existing cementite, and the hardening e�ect is
reducedbecausethe distribution of the nucleatingcarbidesis dominatedby that of the exist-
ing cementite. In the alternative scenario,carbidesnucleateindependently of the cementite,
and may produce a considerablehardening e�ect if the precipitates are coherent with the
matrix. The initial metastable precipitates are those for which nucleation is easiest. At
longer times, other more stable phasesmay form. Although the nucleation of thesephases
is more di�cult, their formation leadsto a reduction in the freeenergyof the systemand is,
therefore, thermodynamically favourable. The formation of the more stable precipitates is
accompaniedby the dissolution of the existing metastableprecipitates. However, it is also
possiblefor thermodynamically stable phaseto precipitate in the early stageof the temper-
ing sequence(e.g. Nb(C,N)) [12]. Such phasesdo not dissolve during subsequent tempering.
In the following paragraphs, the characteristics of somecarbide phaseswhich precipitate
during tempering in alloy steelswill be summarized.
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1.3 Ph ysical metallurgy of temp ered martensitic steels

1.3.2 Carbides in allo y steels

In the following, `M' stands for metallic elements and `X' represents the interstitial
elements C or N.

I M 3C

Carbon is an interstitial solute in iron and hencehas a much higher mobilit y than
substitutional solutes or iron. It is natural, therefore, that iron carbidesare the �rst to
form when virgin martensite is tempered. In low and medium carbon steels containing
dislocated martensite, cementite precipitates �rst in the tempering process. This cemen-
tite grows by a paraequilibrium mechanism; paraequilibrium is a state in which carbon
achieves a uniform chemical potential acrossthe interface, subject to the constraint that
the substitutional-solute to iron atom ratio is maintained constant everywhere [13]. The
formation of paraequilibrium cementite during the tempering of martensite is consideredto
occur by a displacive mechanism [14, 15, 16, 17].

The steps following the rapid precipitation of paraequilibrium cementite are compli-
cated becausethe chemical composition of the cementite changesas it absorbsor rejects
solutes in order to achieve its equilibrium composition. Mn and Cr can dissolve into ce-
mentite in large quantities [18]. W, V, and Mo have limited solubility in cementite. The
rate of enrichment will be fastest when the cementite particles are small and the ferrite is
highly supersaturatedin carbide-formingsolute atoms [19]. Cementite, although kinetically
favoured, is lessstable than many alloy carbides;consequently , while the cementite composi-
tion changes,alloy carbide precipitation commencesand eventually leadsto the dissolution
of the cementite. These processesmust all be consideredto occur simultaneously in any
model.

I I M 2X

In many cases,M2X is the next phaseto precipitate after cementite. It hasa hexagonal
structure and commonly precipitates as �ne needlesparallel to < 100> � . The orientation
relationship is that of Pitsch and Schrader [20]:

f 0001gM 2X // f 011g� and < 11�20> M 2X // < 100> �

M2X is generallyconsideredto nucleateon matrix dislocations and martensite lath bound-
aries. Studiesof an Fe-C-Moalloy haveshown that Mo2C canalsonucleateon ferrite/cementite
boundaries[21]. The composition can vary widely with Mo, Cr and V soluble in signi�cant
quantities. In steelscontaining Mo, with no nitrogen and a low Cr content, M2X is often
closeto the ideal Mo2C composition [22].

I I I MX

MX is a V- or W-rich carbide. It has an fcc (face-centred cubic) structure and com-
monly precipitates as �ne diskson (100)� . The orientation relationship is that of Baker and
Nutting [23]:
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1.3 Ph ysical metallurgy of temp ered martensitic steels

f 100gMX // f 100g� and < 001> MX // < 011> �

MX particles form in a �ne dispersionwithin the martensite laths, and it is thereforebelieved
that they contribute signi�cantly to hardening.

IV M 7C3

M7C3 is a Cr-rich carbidewith a trigonal crystal structure. Typical lattice parameters
are a = 14:0 �A and c = 4:5 �A. Fe and Mn are also soluble in this phase. It usually occurs
after M2C formation [22],or after cementite formation if there hasnot beenany intermediate
M2X precipitation [24]. It is consideredthat M7C3 will only precipitate if the Cr content
is su�cien tly high comparedto other alloying elements [25]. If Mo is present, it is possible
that M23C6, rather than M7C3, will form after M2C. Nucleation can occur either on fresh
sitesor in-situ at the ferrite/cementite interface.

V M 23C6

M23C6 is also a Cr-rich carbide which may, in addition, contain W, Mo, V and Ni
[25]. It has a fcc crystal structure of which the typical lattice parameter is a = 10:7 �A [26].
It forms after either M7C3 or M2C and is often the equilibrium carbide in high-Cr (9{12
wt. %) steel. Nucleation occurspredominantly on prior austenitegrain boundariesand lath
boundaries[27].

VI M 6C

In steelscontaining Mo and relatively low levelsof Cr, M6C is the equilibrium carbide.
It has an fcc crystal structure with a lattice parametera = 11:0 �A and is Mo-rich but may
alsocontain Cr and V [26]. M6C precipitateson the grain boundaries;therefore,it is thought
that it nucleatesseparatelyfrom M2X, which precipitates in the laths [28]. However, it is
also reported that M6C nucleation can occur on M2X or M23C6 interphaseboundaries[29].
In addition, nucleation is possibleon prior austenite grain and lath boundaries.

1.3.3 Precipitation behaviour in Mo- and V-con taining steels
I Carbide precipitation in Fe-C-Mo steels

A great deal of e�ort has beenmadeto clarify the carbide precipitation behaviour in
Mo steels[10, 21, 28, 30, 31, 32, 33, 34]. In alloys containing a large amount (more than
3 wt. %) of Mo, precipitation of �ne Mo2C is observed just after the onset of secondary
hardening [21]. On the other hand, in normal high-strength low-alloy (HSLA) steels, in
which the Mo content does not exceed1 wt. %, it was generally di�cult to observe the
precipitation of alloy carbidesbeforeor at the peak hardeningstage. When the steelswere
overaged,needle-shaped Mo2C is observed [33]. However, using �eld ion microscopy (FIM),
the existenceof Mo2C particles,which havea near-stoichiometric composition, wascon�rmed
in a 0.15C-1.0Mo(wt. %) steel in an early stageof tempering [34]. Figure 1.1 shows the
structure of Mo2C [35, 36].
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1.3 Ph ysical metallurgy of temp ered martensitic steels

There is a well-de�ned orientation relationship betweenMo2C and the matrix [21, 31,
33]. The preferred growth direction of Mo2C is parallel to < 11�20> Mo2C // < 100> � . The
spacingbetweenthe Mo atoms in Mo2C and Fe atoms in the � phasealong this direction is
very similar with only a 4.5 % mismatch, as shown in Fig. 1.2.

Mo at om

C at om

a = 3.00 
�

c = 4.72 
�

Figure 1.1: Schematic diagram of the structure of Mo2C [35, 36].
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Figure 1.2: Con�guration of FeandMo atomson (110)� which
is parallel to (0001)Mo2C [12].

It is reported that the phaseswhich precipitate after Mo2C are M23C6 and/or MaCb.
In ternary steels,M23C6 has a composition Fe21Mo2C6 and precipitates in ferrite or prior
austenitegrain boundaries[28]. MaCb is orthorhombic with composition Fe2MoC [37]. The
equilibrium carbide is thought to be M6C, which has a composition betweenFe3Mo3C and
Fe4Mo2C. It precipitates on the grain boundaries.
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1.3 Ph ysical metallurgy of temp ered martensitic steels

I I Carbide precipitation in Fe-C-V steels

Only a small amount of V (0.2 wt. %) is necessaryto give remarkable secondary
hardening, introduced by the precipitation of V carbide in which the metal atoms adopt
an fcc structure and the interstitial atoms occupy octahedral sites. Figure 1.3 shows the
structure of V4C3. Although the stoichiometric composition is VC, the carbide is usually
depleted in C and is denoted V4C3. An orientation relationship between V4C3 and the
ferrite matrix has beenreported [23, 38]. V4C3 forms as platelets lying on f 100g� planes.
Figure 1.4 shows the con�guration of V and Fe atoms in a (100) plane, indicating excellent
coherencybetweenboth lattices in this plane (about 2.1 % mismatch) [12]. On the other
hand, the lattice mis�t is about 47 % in planes perpendicular to this plane. This is the
primary reasonwhy V4C3 grows in the form of thin plates. Above 500 � C, V4C3 precipitates
as very �ne particles, of length lessthan 20{30 �A. In this stage,becauseof the coherency
strains, the phaseof the particles cannot easily be identi�ed in thin foil samples.However,
their existencecanbecon�rmed usingX-ray di�raction and dark-�eld imaging. It is thought
that the nucleation sitesfor V4C3 are generallydislocations. V4C3 is the stable phasein the
Fe-C-V system.

4.2 �

V at om

C at om

Figure 1.3: Schematic diagram of the structure of V4C3.
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Figure 1.4: Con�guration of Fe and V atomson (100)� which
is parallel to (100)V 4C3 [12].

I I I Carbide precipitation in quaternary Fe-C-Mo-V steels

It is reported that the sequenceof carbide precipitation in Fe-C-Mo-V steel is [39]:

Fe3C ! Fe3C + V4C3 ! V4C3 + M6C ! M6C

Table 1.4 contains somedetails of typical alloy carbidesin secondaryhardeningsteels.

System Precipitate Structure Lattice parameter / �A
Fe-C-Mo Fe3C Orthorhom bic a = 4.5241, b = 5.0883, c = 6.7416

Mo 2C Hexagonal a = 3.002, b = 4.724
Fe21Mo 2C6 (M 23C6) Cubic-F a = 10.7

Fe2MoC (M aCb) Orthorhom bic a = 16.3, b = 10.0, c = 11.3
Fe4Mo 2C - Fe3Mo 3C Cubic-F a = 11.04

Fe-C-V Fe3C Orthorhom bic a = 4.5241, b = 5.0883, c = 6.7416
V 4C3 Cubic-F a = 4.2

Fe-C-Mo-V Fe3C Orthorhom bic a = 4.5241, b = 5.0883, c = 6.7416
V 4C3 Cubic-F a = 4.2
M 6C Cubic-F a =11.0

Table 1.4: Data for alloy carbidesconsideredin present work [37, 40]
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1.4 Hydrogen embrittlemen t

1.4 Hydrogen embrittlemen t

1.4.1 In tro duction

Hydrogen introduced into steelsby, for example, corrosion or electroplating, causes
unpredictable fracture and a deterioration in mechanical properties. The time to fracture
dependson the hydrogenconcentration in the steel,the tensilestrength of the steeland the
applied stress. It is noticeablethat the hydrogenembrittlement susceptibility of steelsrises
signi�cantly as the tensile strength increases,as shown in Fig. 1.5 [41].
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Figure 1.5: Relationshipbetweentensilestrength and delayed frac-
ture strength in water for quenched and temperedsteels[41].

1.4.2 Examples of hydrogen embrittlemen t phenomena
I Flak e (�sh eye)

The 
ak e is sometimescalleda hair-line-crack or �sh-eye. Benneket al. [42]advocated
that 
aking, which was a seriousproblem in high strength steel for gunnery, was causedby
the pressureof gaseoushydrogen,and this problem cameto be recognisedasa hydrogenem-
brittlement phenomenon.As will be shown later, the solubility of hydrogenin the austenite
phaseis larger than that in ferrite. Supersaturatedhydrogenin � dueto the 
 ! � transfor-
mation thereforesegregatesas gaseoushydrogenat nonmetallic inclusion/matrix interfaces
and causescracks. The gaspressurecan be estimatedby Sieverts' law [43, 44]:

10



1.4 Hydrogen embrittlemen t

CH = CH
0

p
PH exp(� � H=RT) (1.1)

whereCH is the hydrogensolubility in the metal, CH
0 is a constant, PH is the hydrogengas

pressure(atm), � H is the enthalpy of solution of hydrogen in the metal, T is the absolute
temperature and R is the gasconstant (J K � 1mol� 1). In the casewhereCH =0.1 ppm, PH

will be 1400MPa, which is greater than the yield stressof many commercialsteels.

I I Sul�de stress corrosion cracking (SSCC)

Therewerecasesin which joints of pipesusedin oil wells ruptured only a fewdays after
the commencement of operation [45, 46]. Theseaccidents were causedby so-calledsul�de
stress corrosion cracking (SSCC) which was consideredto be a kind of stress corrosion
cracking; however, it was later clari�ed that SSCC was causedby hydrogen, which was
absorbed into the steel from the H2S-containing environment.

I I I Cold cracking in the heat a�ected zone of weldmen ts

When a steelis welded,the heat a�ected zone(HAZ) of the parent steelis hardenedand
becomessusceptibleto hydrogen embrittlement cracking. There are two typesof hydrogen
cracking in a HAZ or the weld metal: (a) that occurringduring weldingand (b) that occurring
during service.The latter is called `stresscorrosioncracking of the hydrogenembrittlement
type', and is causedby hydrogen entering into a weldment from moist hydrogen sul�de
gasor other hydrogenousenvironments in service. Namesfor the former type include `cold
cracking', `delayed cracking' and `HAZ hydrogencracking' [47].

IV Hydrogen induced cracking (HIC)

HIC, which is causedby the pressureof gaseoushydrogensegregatingat the interfaces
betweennonmetallic inclusionsand the matrix, is a seriousproblem for line pipes. It occurs
in environments in which H2S exists in high concentrations, and is known as blister. It is
noticeable that HIC occurs even when steelsare not stressed. HIC is a typical hydrogen
embrittlement phenomenonfor low tensile strength steels.

V Dela yed fracture

Delayed fracture is a phenomenonin which bolts or pre-stressedconcrete(PC) steel
bars with tensile strengths of over 1000 MPa suddenly fail sometime after loading. It is
causedby hydrogen introduced into the steel by, for example, corrosion or electroplating.
The fracture is dominatedby intergranular cracking. The critical hydrogenconcentration for
delayed fracture strongly dependson the tensile strength of the steeland the applied stress;
for example, it is below 0.1 wt. ppm for a 1500 MPa martensitic steel [3], and therefore
can be provided even by atmospheric corrosion. Delayed fracture is a typical hydrogen
embrittlement phenomenonin high tensile strength steel.
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1.4 Hydrogen embrittlemen t

1.4.3 Fracture modes

The fracture modesof hydrogenembrittlement include microvoid coalescence(MV C),
quasi-cleavagefracture (QC) and intergranular fracture (IG) [48].

The QC mode is particularly characteristic of hydrogen embrittlement. The crystal-
lographic orientation of a hydrogen-embrittlement fracture is on the f 110g plane, the same
as in ordinary cleavage fracture or brittle fracture. Gerberich et al: suggested,from SEM
observations which clari�ed that there were striations on the hydrogen embrittlement frac-
ture surface,that hydrogenembrittlement cracks progressedby f 100g discontinuouscleavage
[49].

The IG mode is predominant in higher-carbon martensitic steels. It was considered
that IG-modefracture wasexplainedby the decohesionmodel [50]. However, Lynch observed
that even on the IG mode fracture surface,there were tracesof plastic deformation such as
small dimples [51]. Robertson et al: have shown, using environmental cell transmission
electronmicroscopy, that the fracture occursin the vicinit y of, but not at, grain boundaries
in stainlessalloys [52].

Beachemhasshown the interrelationship betweenthe stressintensity factor, the hydro-
genconcentration and the hydrogen-assistedfracture mode at crack tips, using pre-cracked
samples[48]. The MVC mode is predominant when the stressintensity factor (K ) is high,
and the QC mode at intermediate K . IG predominateswhen K is low (Fig. 1.6).
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Figure 1.6: E�ects on fracture modesof hydrogen concentration at crack tip
and stressintensity factor [48]. HAC denoteshydrogen-assistedcracking and
IG, QC and MVC denote intergranular, quasi-cleavageand microvoid coales-
cencefracture modes,respectively. K C is the critical stressintensity factor at
which cracks propagatewithout hydrogen.
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1.4.4 Hydrogen trapping in steels

According to Sieverts' law, the solubility of hydrogen in ferrite should be very low at
room temperature, e.g. 7� 10� 4 wt. ppm at 1 atm H2 gas. However, practical steelscan
absorb 0.1 wt. ppm hydrogen in an atmospheric environment becauseof the existenceof
many kinds of trapping sites for hydrogen. The hydrogen trapping energydependson the
type of trapping site. Somekinds of sitesshow a high trapping energy[53]; in other words,
hydrogenis �xed at thesesitesand shouldbeharmless.The hydrogentrapping phenomenon
is, therefore, consideredto be practical method of improving the hydrogen embrittlement
resistanceof steels. There has beenmuch research on hydrogen trapping; the following are
consideredto be hydrogen trapping sites:

1. dislocations [54, 55, 56, 57, 58];

2. prior austenite grain boundaries[55, 57, 58];

3. microvoids [55];

4. MnS/ � interfaces[56];

5. cementite/ � interfaces[55, 59, 60];

6. boron [61];

7. TiC [53];

8. V4C3 [2, 3, 62, 63];

9. Mo2C [3].

Amongst these,V4C3 and Mo2C have beenusedin somesteelsfor bolts and springs[2, 3, 63].
The hydrogentrapping behaviour of carbideswasstudied using tritium autoradiography. It
was observed that hydrogenwas trapped at incoherent interfacesbetweencarbidesand the
matrix [64]. However, the relationship betweenthe volumefraction or surfaceareaof carbide
and the amount of trapped hydrogenhasnot yet beenstudied systematically. It is therefore
di�cult to designan optimal microstructure for the purposeof hydrogen trapping with an
appropriate chemical composition and heat treatment condition.

1.5 Summary

Alloy carbidesare of great importance in obtaining reliable mechanical properties and
hydrogenembrittlement resistancein a variety of steels.Especially in temperedmartensitic
steelsfor automobileparts, they play a very important role in controlling the microstructure
and obtaining the required strength. Although a great deal of experimental work has been
carried out to characterisethe precipitation process,this is still not fully understood. There
is thereforea demandfor the physical modelling of carbideprecipitation kinetics.
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Chapter 2

Theories for isothermal precipitation
kinetics

2.1 Classical nucleation theory

Heterophase
uctuations, which are small, local 
uctuations of phasestructure and
concentration in systemsof two or more components, causethe nucleation of phasetrans-
formations. The free energychangeassociated with the nucleation processis dominated by
volume free energy, surfacefree energy and mis�t strain energy terms. When a spherical
embryo with a radius r I is createdby heterophase
uctuation, the total free energychange
can be represented by summingall of thesecontributions:

� G =
4
3

� (r I )3� GV + 4� (r I )2� +
4
3

� (r I )3� G� (2.1)

where� GV is the chemical freeenergychangeper unit volume and hasa negative value. �
is the interfacial energyper unit areaand � G� is the mis�t strain energyper unit volume.

2.1.1 Mis�t strain energy

Nabarro gave the elastic strain energy for an ellipsoidal nucleus of � phasehaving
semi-axesa;a;c in an isotropic � matrix as:

� G� =
2
3

� � 2� � f (c=a) (2.2)

where� is the volume mis�t and � is the shearmodulus of the matrix [65]. � is de�ned as:

� � � � �

� �
(2.3)

where � � and � � are the speci�c volumesof atoms in the � matrix and the � precipitate
phase,respectively. Thus the elasticstrain energyis proportional to the squareof the volume
mis�t, � 2. The function f (c=a) is a factor that takes into account the shape e�ect and is
shown in Fig. 2.1.
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Figure 2.1: An illustration of the variation of the function
f (c=a) of an incoherent nucleuswith its shape [65].

2.1.2 In terfacial energy

Boundariesbetweendi�erent solid phasescanbeclassi�ed into coherent, semi-coherent
and incoherent interfaces.For nucleationin crystalline solids,� canvary widely from very low
valuesfor a coherent interfaceto high valuesfor an incoherent interface. A coherent interface
ariseswhen all the lattice planesof the two phasesare continuous acrossthe interface. The
strain associated with a coherent interface raisesthe total energy of the system, and for
su�cien tly large atomic mis�t, it would be energetically more favourable to replace the
coherent interfacewith a semi-coherent interface in which the mis�t is periodically taken up
by mis�t dislocations. When the interfacial plane has a very di�erent atomic con�guration
in the two adjoining phases,or even if it is similar but the inter-atomic distancesof the two
phasesdi�er by more then 25 %, there will not be good matching acrossthe interface and
the interface will be incoherent [66].

If de and dm are the unstressedinter-atomic spacingsof the embryo and the matrix
respectively, the mis�t betweenthe two lattices, � , is de�ned by:

� =
�
�
�
�
de � dm

de

�
�
�
� (2.4)

If the lattice of the embryo is distorted at the interfacewith the matrix lattice such that the
inter-atomic spacingof the embryo becomesd, the strain can be expressedas follows:

� =
�
�
�
�
de � d

de

�
�
�
� (2.5)
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2.1 Classical nucleation theory

Thus, � = 0 for an incoherent interface and � = � for a coherent interface.

For a semi-coherent interface on which the magnitude of the Burgers vector of the
dislocation at the interface is b, for small valuesof � , (� � � )=b is the approximate number
density of edgedislocationswhich are introducedin the interfaceto accommodate the mis�t
betweentwo phases.

The interfacial energy can be consideredapproximately to be the sum of two parts:
(a) a chemicalcontribution, for a fully coherent interface,and (b) a structural term which is
the extra energycausedby the mis�t dislocations. The interfacial energy, accordingly, can
in generalbe expressedas follows:

� = � 0 + C1(� � � ) (2.6)

where � 0 is the surface energy of a coherent interface and C1 is a coe�cien t related to
dislocation energy. Therefore, � will vary from low values for coherent interfacesto high
values for incoherent interfaces. In general, � 0 may be up to 200 mJ m� 2 and � ranges
between200and 500mJ m� 2 for a semi-coherent interfaceand may beup to 1000mJ m� 2 for
an incoherent interface. Therefore,nuclei with coherent interfacesprecipitate preferentially
[66].

2.1.3 Activ ation energy for nucleation

Figure 2.2 shows the relationship between � G and r I which is derived from equa-
tion 2.1. The maximum free energyoccursat a critical radius, r � , when the net free energy
changehasa value G� , known as the activation energyfor nucleation. r � is represented as:

r � =
� 2�

(� GV + � G� )
(2.7)

The activation energyis:

G� =
16�
3

� 3

(� GV + � G� )2 (2.8)

2.1.4 Nucleation rate

The number density of critical-sized embryos Nn is represented as follows [67]:

Nn = NV exp
� � G�

kT

�

(2.9)

whereNn is the number of critical-sizedembryoscontaining n atoms per unit volume of the
system, NV is the number of nucleation sites per unit volume of the system and k is the
Boltzmann constant. Each critical-sized embryo can be made supercritical and becomea
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2.1 Classical nucleation theory
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Figure 2.2: The free energychangeassociated with the for-
mation of a nucleusas a function of radius r I .

nucleusby transferring an atom in contact with the embryo into it. The formulation of this
is complicated,but to a good approximation, the nucleation rate is given by:

I = NV
kT
h

exp

(
� (G� + Q� )

kT

)

(2.10)

where Q� is the free energy of activation for the transfer of atoms acrossthe interface
(approximately equal to the activation energy for di�usion when the nucleus is coherent)
and h is the Planck constant [68].

2.1.5 Chemical driving force

In order to evaluateequation2.10,it is necessaryto determineG� , i.e. � GV . Figure 2.3
shows schematically the free energycurvesof the matrix � and the precipitate � in a Fe-C
binary system. Equilibrium precipitation causesthe free energyof the system to decrease
by � G0 as shown in Fig. 2.3 (a). The corresponding free energychangeper unit mole of
equilibrium precipitate is, to a good approximation, given by:

� Gn = � G0
(c� � � c�� )
(�c � c�� )

(2.11)
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2.1 Classical nucleation theory

wherec� � is the concentration of the solutein � in equilibrium with � , c�� is the concentration
of the solute in � in equilibrium with � and �c is the concentration of the solute in the alloy.

However, equation2.11doesnot describethe freeenergychangefor nucleation,because
the volume fraction of nuclei is so small comparedwith that of the equilibrium precipitate
that the matrix composition hardly changesduring nucleation. In such a case,the alternative
nucleuscomposition which is determinedby the energygap betweentwo parallel tangents,
one of which is a tangent to the free energy curve for � at the point for �c, leads to the
maximum energychange� Gm (Fig. 2.3 (b)) [19].
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Figure 2.3: An illustration of the construction for �nding the
driving force for nucleation.
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2.2 Di�usion-con trolled gro wth theory (binary system)

2.2 Di�usion-con trolled growth theory (binary system)

At the interfacebetweenthe matrix anda precipitate phase,the structure, composition,
or both, changediscontinuously. Thesediscontinuities are maintained during the motion of
this interface,which constitutes growth of the precipitate phase.

Somekinds of transformations, such as martensitic transformation, occur without a
composition change. However, in many transformations, the product hasa di�erent compo-
sition from the parent phase.The velocity of interfacial motion then dependson the mobilit y
of the atoms in the matrix and the rate of atomic transfer acrossthe interface.

Considerthe precipitation of a � particle which grows in a matrix of � in a multicom-
ponent system. Mass-balancemust be satis�ed for each element at the � / � interface. Zener
presented the classicalsolution for a binary systemusing the following assumptions[69]:

a. growth is isothermal;

b. it is controlled by di�usion of solute in the matrix, � ;

c. interface compositions are given by local equilibrium;

d. the di�usion coe�cien t in � is independent of composition;

e. the growth is shape-preserving;

f. the growth occursin a semi-in�nite medium.

At �rst, for simplicity, one-dimensionalgrowth will be considered.

2.2.1 One-dimensional growth

Figure 2.4 shows the solute concentration pro�le adjacent to the moving interface in
a two-component system. � � � is the solute concentration in the precipitate � which is in
equilibrium with � , � �� is the solute concentration in the matrix which is in equilibrium
with � , and �� is the mean solute concentration in the alloy. From Fick's �rst law, the 
ux
at the interface is given by

Jx= x I = � D
� d�

dx

�

x= x I
(2.12)

wherex is the coordinate normal to the interface,D is the di�usion coe�cien t of the solute
and xI is the position of the interface. In order to maintain the concentrations � � � and � ��

at the interface, this 
ux must be equal to the rate at which the solute is partitioned:

v(� � � � � �� ) = Jx= x I (2.13)

wherev is the interface velocity. Using Zener'sapproximation which is shown in Fig. 2.5,

� d�
dx

�

x= x I
=

(� �� � �� )
L

(2.14)
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Figure 2.4: Schematic illustration of the solute mole fraction pro�le at the
interfacebetweenmatrix � and growing precipitate � . L is a nominal di�usion
distanceand xI is the position of the interface.
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Figure 2.5: The constant molefraction gradient approximation pro�le of solute
atoms [7].
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2.2 Di�usion-con trolled gro wth theory (binary system)

whereL is the di�usion distance. From conservation of mass,L can be calculatedas:

L = 2xI (� � � � �� )
( �� � � �� )

(2.15)

Hence,from equations2.12-2.15,the interface velocity can be written as:

v =
D

2xI

( �� � � �� )2

(� � � � � �� )( � � � � �� )
(2.16)

For the caseof alloy carbideprecipitation, in which the soluteelements are typically Cr, Mo,
or V, � � � is much larger than � �� and �� . Therefore,it may be assumedthat (� � � � � �� ) is
nearly equal to (� � � � �� ). Equation 2.16 is then approximated as follows:

2xI v = D
 2 (2.17)

where
 is the supersaturation of the solute which can be represented as:


 =
( �� � � �� )

(� � � � � �� )
(2.18)

Consideringthat v =
dxI

dt
, equation 2.18can be integrated to give the pro�le dimensionas:

xI = 

p

Dt (2.19)

This is the parabolic growth law. The precipitate dimensionis found to be proportional to
p

Dt and growth is parabolic with a velocity varying as
q

D=t. In fact, parabolic growth is
expectedin all circumstanceswherethe di�usion distanceincreasesas the particle grows.

2.2.2 Gro wth of spherical particles

Parabolic growth is expectedduring the di�usion-controlled growth of spheres:

r I = � 3

p
Dt (2.20)

wherer I is the radius of the particle and � 3 is a proportionalit y constant analogousto 
 in
equation 2.19. In general,the growth velocity can be described as:

v =
dr I

dt
=

D
(c� � � c�� )

� @c
@r

�

r = r I
(2.21)

wherer is the radial coordinate. To determine � 3 in equation 2.20, it is necessaryto solve
Fick's secondlaw:
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2.2 Di�usion-con trolled gro wth theory (binary system)

@c
@t

=
D
r 2

@
@r

�

r 2 @c
@r

�

(2.22)

The boundary conditions for the solution of this equation are c(r; 0) = �c and c(r I ; t) = c�� .
Zenershowed that if c�� is constant, the distribution of solute is given by:

c(r; t) = �c + (c�� � �c)
� (r =

p
Dt)

� (r I =
p

Dt)
(2.23)

where

� (x) =
Z 1

x
� � 2exp(

� � 2

4
)d� (2.24)

The term r I =
p

Dt is a dimensionlessfunction of the concentration and determinesthe growth
velocity. This term is � 3 in equation 2.20and for three-dimensionalgrowth, this will be:

� 3 = C2

p
2

vu
u
t (�c � c�� )

(c� � � �c)
(2.25)

whereC2 varies from 1 to
p

3 as �c changesfrom c�� to c� � . This parabolic growth law can
be applied for the growth of sphericalparticles in which the particle radius is large enough
so that the capillarity e�ect on the equilibrium concentration is small.

2.2.3 Gro wth of particles with the capillarit y e�ect

Capillarit y e�ect in a binary system
When interfacesare curved, there are additional energyterms which cannot be neglected.

Consider an assembly in a binary system consisting of elements A and B in which a �
precipitate of surfacearea O and surfacefree energyper unit area � is in equilibrium with
the � matrix. Equilibrium at a planar interface is expressedby:

� �
A (c�� ) = � �

A (c� � )
� �

B(c�� ) = � �
B (c� � )

(2.26)

where � �
A is the chemical potential per atom of A in the � phase,and c�� and c� � are the

equilibrium compositions of the matrix and the precipitate, respectively, for in�nite planar
interfaces. Brackets are used to denote that the chemical potential is a function of the
composition. Curved interfacescontribute an additional thermodynamic potential so that
both the solubility limit c�� and the equilibrium composition c� � vary with the particle size.
Thesequantities are then denotedas c��

r and c� �
r [70].

When a curved interface movesduring particle growth, in which dn atoms are trans-
ferred from the � matrix to the � phase,there is an additional energyterm � dO due to the
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2.2 Di�usion-con trolled gro wth theory (binary system)

increasein surfacearea of the � particle. As shown in Fig. 2.6, this term is �
dO
dn

repre-

sented asa displacement of G� to G�
r and the newequilibrium compositionsare givenby the

points of contact of the commontangent on the curvesof G� and G�
r . The new equilibrium

conditions are therefore:

� �
A (c��

r ) = � �
A (c� �

r ) = � Ar

� �
B (c��

r ) = � �
B (c� �

r ) = � Br

(2.27)

From the geometry of Fig. 2.6, the following equation can be obtained to a good approxi-
mation:

� Br � � B =
(1 � c�� )

(c� � � c�� )
�

dO
dn

(2.28)
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Figure 2.6: Schematic illustration of free energy and interface concen-
tration changesdue to the capillarity e�ect in an A-B binary system
[70].

On the other hand, in terms of activit y coe�cien ts, the following relation is obtained:

� Br � � B = kTln
� 
 �

Br c��
r


 �
B c��

�

(2.29)
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where
 �
B is the activit y coe�cien t of B atoms in the � phase.For dilute solutions or those

which obey Henry's law, 
 �
B is a constant. Equations 2.28and 2.29 then give [70]:

ln
� c��

r

c��

�

'
(c��

r � c�� )
c��

=
�

kT
dO
dn

(1 � c�� )
(c� � � c�� )

(2.30)

For sphericalparticles or the tips of needles,

dO
dn

=
2� �

r I C (2.31)

For edgesof plate-shaped particles,

dO
dn

=
� �

r I C (2.32)

where � � is the volume per atom in the � phase,and r I C is the radius of curvature at the
interface.

Therefore,c��
r for a sphericalparticle and the hemisphericaltip of a needleis given by:

c��
r = (1 +

2�
r I C

)c�� (2.33)

and c��
r for a plate edgeis given by:

c��
r = (1 +

�
r I C

)c�� (2.34)

where� is the capillarity coe�cien t, given by:

� =
� � �

kT
(1 � c�� )

(c� � � c�� )
(2.35)

Zener mo del
For the caseof lengthening of plates or needles,the growth is greatly a�ected by the

capillarity e�ect becauseof the small radius of curvature at the interface. Zener assumed
that the tip of a needlewas hemisphericaland that the edgeof a plate was hemicylindrical
so that the composition of the � phaseat the interface, c��

r , was constant over the curved
surface[7]. Figure 2.7 shows the mole fraction pro�le acrossthe curved interface, in which
the equilibrium mole fraction in the matrix at the tip or edge,c��

r , is increasedrelative to
that for a planar interface,c�� , due to the Gibbs-Thomsone�ect. The molefraction gradient
of the solute element is (�c � c��

r )=L, whereL is a characteristic di�usion distancewhich can
be expressedas L = C3r I C , where C3 is a constant. Therefore, di�usion occurs rapidly.
Assuming that the curvature of the interface is constant during growth then, by analogy
with equation 2.16, the lengtheningrate is given by:
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v =
D

C3r I C

(�c � c��
r )

(c� �
r � c��

r )
(2.36)

The supersaturation due to the capillarity e�ect is given by:


 r =
(�c � c��

r )

(c� �
r � c��

r )
(2.37)
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Figure 2.7: Schematic illustration of the solute mole fraction pro�le at the
interface between the matrix � and the growing needle-shaped precipitate �
which hasa curved interface. r I C is the radius of curvature at the needletip,
L is the nominal di�usion distanceand xI is the position of the interface.

Assumingthat the value of (c� �
r � c��

r ) is nearly equal to that of (c� � � c�� ), equation 2.37
can be simpli�ed as follows:


 r =
�

1 �
r c

r I C

�


 (2.38)

wherer c is the critical tip radius at which 
 r is reducedto zero and growth ceases,and is
given as follows, by combining equation 2.33,2.34and 2.37:
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r c =
2c�� �

(�c � c�� )
(for a needle)

r c =
c�� �

(�c � c�� )
(for a plate)

(2.39)

Therefore,the growth rate v is given by:

v =
D 


C3r I C

�

1 �
r c

r I C

�

(2.40)

It is not possibleto give a reliable estimate of C3, but if it is assumedthat Zener's ap-
proximation represented in Fig. 2.4 remains valid, C3 ' 1. According to equation 2.40, in
the absenceof soft-impingement, the lengthening rate should be constant for a given plate
thicknessor a radius of curvature (linear growth).

Equation 2.40expressesthe relationship betweenthe growth rate and the tip radiusbut
doesnot predict either uniquely. To calculatethe growth rate, it is necessaryto evaluate the
value of r I C . Zenerassumedthat the growth rate would be the maximum possiblevelocity
given by equation 2.40, and in this case,r I C = 2rc. Therefore, from equation 2.40, the
growth rate is given by:

v =
D 

2r I C

(2.41)

In the theory of di�usion, it is convenient to introducea dimensionlessvelocity param-
eter known as the P�eclet number �p which is de�ned as:

�p =
vr I C

2D
(2.42)

The Zenertheory thus gives:


 r = 
(1 �
r c

r I C
) = 2C3 �p (2.43)

Zener-Hillert mo del
Hillert attempted to give a more rigorous treatment of the di�usion problem for plate

growth, by consideringthe mole fraction at the interface in terms of two co-ordinates: the
direction of growth and the normal to the plane of the plate [71]. The steady-stategrowth
rate is given by:

v =
D 

2

(c� � � c��
r )

(c� � � �c)
1
m

�

1 �
mc

m

�

(2.44)

where m and mc are arbitrary constants, approximately equal to r I C and r c, respectively.
This corresponds to Zener'sequation 2.40with [72]:
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C3 = 2
(c� � � �c)

(c� � � c��
r )

(2.45)

and 
 r can be represented as:


 r =
4�p

1 + 4�p
(2.46)

Iv antsov mo del
An exact solution of the di�usion problem for a particle growing with constant velocity in

onedirection was obtained by Horvay and Cahn [73] basedon the analysisdue to Ivantsov
[74]. This shows that, for the casein which the particle shape is a elliptical paraboloid of
revolution, the Ivantsov theory gives:


 = �p exp(�p)
Z 1

�p

1
�

exp(� � )d� � �p exp( �p) E1( �p) (2.47)

whereE1( �p) represents the exponential integral [75]. For the casein which the particle shape
is a paraboloid plate of revolution, the Ivantsov theory gives:


 =
p

� �p exp(�p) erfc
p

�p (2.48)

Figure 2.8 shows the shapesusedto represent needle-and plate-shaped precipitates.

(a) (b)

r IC

r IC/ 2

(c)

Figure 2.8: (a) paraboloid of revolution; (b) parabolic cylinder; (c) radius of
the paraboloid tip.

27



2.2 Di�usion-con trolled gro wth theory (binary system)

In contrast to equation 2.40,Horvay and Cahn expressedthe generalresults for ellip-
tical paraboloids in the form:

vr I C / 
 Z (2.49)

whereZ is a slowly varying function of 
. The Zenertheory givesZ = 1, whilst the Ivantsov
theory givesZ = 1:1 to 1:4, for a needle-shaped particle. For a parabolic plate, the Ivantsov
theory givesZ = 2.

Triv edi mo del
The mostcomprehensive theory is dueto Trivedi [76], basedon the analysisdueto Ivantsov

[74]. In this, a needle is assumedto be in the form of a shape-preservingparaboloid of
revolution and a plate is assumedto be in the form of a shape-preservingparabolic cylinder
of revolution, as shown in Fig. 2.8. The capillarity e�ect and interface kinetics e�ect are
accounted for.

According to Trivedi, the supersaturation for a parabolic needlecanbe represented as:


 = �p exp( �p)E1( �p)
�

1 +
v
vc


 R1( �p) +
r c

r I C

 R2( �p)

�

(2.50)

wherevc is the velocity of a 
at interfacewhich is completelygovernedby interfaceprocesses.
R1( �p) and R2( �p) are:

R1( �p) =
1
2�p

N1( �p) � 1

R2( �p) =
1
4�p

N2( �p) � 1

(2.51)

The valuesof N1( �p) and N2( �p) are [76]:

N1( �p) = 2�p3=2exp(�p)
1X

n=0

�( n + 0:5)
�( n + 1)

I 2n erfc(
p

�p)
 (n + 1; 2; �p)
 (n + 1; 1; �p)

L 0
n( �p) (2.52)

N2( �p) = 2�p3=2exp( �p)
1X

n=0

2
p

�p I 2n+1 erfc(
p

�p) + N1( �p) (2.53)

where I nerfc(x), �( x), L 0
n(x) and  (x) are the normalized integral error function, gamma

function, Laguerre polynomial and con
uent hypergeometricfunction of the secondtype,
respectively. The values of the functions N1( �p) and N2( �p) were obtained numerically by
Trivedi; they become1.4050and 3.8410 respectively for small values of supersaturation
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(
 � 1) [76]. Equation 2.50givesthe generalsolution for the growth of precipitate needles.
The right-hand sideis a sumof threetermsof which the �rst is the result obtainedby Ivantsov
[74] for the caseof an iso-concentration boundary. The secondand the third terms are
correctionsto that solution due to the interface kinetics and capillarity e�ects respectively.

For a parabolic plate, the supersaturation can be represented by:


 =
p

� �p exp(�p) erfc
p

�p
�

1 +
v
vc


 S1( �p) +
r c

r I C

 S2( �p)

�

(2.54)

whereS1( �p), S2( �p) are:

S1( �p) =
1
2�p

M 1( �p) � 1

S2( �p) =
1
4�p

M 2( �p) � 1

(2.55)

The valuesof M 1( �p) and M 2( �p) are [77]:

M 1( �p) =
2�p
�

1X

m=0

�( m +
1
2

)
I 2m� 1erfc(

p
�p)

I 2merfc(
p

�p)
 (m +

1
2

; 1; �p) (2.56)

M 2( �p) =
4�p2

�

1X

m=0

�( m +
3
2

)
I 2m� 1erfc(

p
�p)

I 2merfc(
p

�p)
 (m +

3
2

; 2; �p) (2.57)

where I merfc(x) and �( x) are the normalized integral error function [75] and the gamma
function [14], respectively. The values of the functions M 1( �p) and M 2( �p) were obtained
numerically by Trivedi and become2=� and 4=� respectively for small valuesof supersatu-
ration (
 � 1) [77]. Equation 2.54 gives the generalsolution for the growth of precipitate
plates. The right-hand side is a sum of three terms of which the �rst is the result obtained
by Ivantsov [74] for the caseof an iso-concentration boundary. The secondand the third
terms are corrections to that solution due to the interface kinetics and capillarity e�ects
respectively.

However, equations2.50and 2.54give only the valueof �p for the given valuesof 
 and
the valuesof r c=rI C and v=vc. It hasbeensuggestedby Zenerthat this solution corresponds
to the radius of curvature which givesrise to the maximum growth rate [7].

For a needle(paraboloid of revolution), this maximum growth rate can be obtained by

di�erentiating equation 2.50with respect to r I C and setting
@v

@r I C
= 0, which gives[78]:

0 = (g( �p))2 r c

r I C

�

2
�p
q

R0
1( �p) �

1
�p
R2( �p) + R0

2( �p)
�

+
g( �p)

�p
+ g( �p) � 1 (2.58)

whereg( �p) = �p exp( �p)E1( �p) and q, a parameter which indicates the relative magnitudesof
the interface kinetics and di�usion e�ects, is given by q = vc=(2D=rc).
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2.3 Di�usion-con trolled gro wth theory (ternary systems)

For a plate (parabolic cylinder), the maximum growth rate can be obtained by di�er-

entiating equation 2.54with respect to r I C and setting
@v

@r I C
= 0, which gives:

0 = (g� ( �p))2 r c

r I C

� �p
q�

S0
1( �p) �

1
�p
S2( �p) + S0

2( �p)
�

+
g� ( �p)

2�p
+ g� ( �p) � 1 (2.59)

whereg� ( �p) = (� �p)2exp( �p)erfc( �p) and q� = vc=(D=rc).

The solution of equations2.58and 2.59has beenobtained for large valuesof 
 (
 �
0:2) [77] and for small valuesof 
 (
 � 1:0) [78].

2.3 Di�usion-con trolled growth theory (ternary sys-
tems)

2.3.1 Gro wth of spherical particles

For a ternary system,it is necessaryto deal with two independent 
o w equations,one
for each di�usible component, with four interdi�usion coe�cien ts:

J1 = � D11r � 1 � D12r � 2

J2 = � D21r � 1 � D22r � 2

(2.60)

where � 1 and � 2 represent the concentrations of solutes 1 and 2, respectively, and r is
a Laplacian. Coates suggestedthat, if it is assumedthat the cross terms D12 and D21

can be neglected,i.e., compositional atoms di�use independently , growth behaviour in a
ternary system obeying Zener's model (described in section 2.2.2) can be deducedby a
straightforward extension from binary to ternary systems[79]. Coatesalso inspected the
e�ect of this simpli�cation and demonstrated that, while there are observable changesin
behaviour, the overall behaviour is not a�ected qualitativ ely. With this assumption, the

o w equationscan be written:

@� 1

@t
' D11r 2� 1 =

D
r 2

@
@r

�

r 2@� 1

@r

�

@� 2

@t
' D22r 2� 2 =

D
r 2

@
@r

�

r 2@� 2

@r

�
(2.61)

Each equation involves only one kind of composition variable and is identical in form to
equation 2.22for binary systems.Therefore,in the sameway, equations2.23to 2.25,which
are identical to the result obtained for a binary system,can be derived for solutes1 and 2.

In a ternary system,the position of the moving interfacemust be identical for compo-
sitions 1 and 2. Accordingly, equation 2.20becomes:
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2.3 Di�usion-con trolled gro wth theory (ternary systems)

r I = � 31

p
D1t

r I = � 32

p
D2t

(2.62)

where � 31 and � 32 are the parabolic rate constants for solutes1 and 2 respectively. Since
D1 6= D2, � 31 cannot in generalbe equalto � 32 . � 31 and � 32 are functions of their respective
supersaturations,so:

� 32 (
 2) =

s
D1

D2
� 31 (
 1) (2.63)

Figure 2.9 is a schematic diagram of a two-phase�eld in a ternary system. The tie-lines,
e.g. M P, connectcompositions of the two phaseswhich are in equilibrium. An alloy whose
nominal composition A lies in the two-phase�eld consistsof two phaseswhoseequilibrium
compositions are M 0 and P0 given by the endsof the tie-line passingthrough the point A.
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Figure 2.9: Schematic diagram of a two-phase�eld in a ternary system. An
alloy A may grow with interfacecompositionsM and P, and exhibit di�erent
supersaturations
 1 and 
 2 for each component.

During the growth of the precipitate into the matrix for alloy A, the systemchooses
tie-lines giving a combination of supersaturations for components 1 and 2 that will satisfy
equation2.63,to ensurethat the 
uxes of both components areappropriate to give the same
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2.3 Di�usion-con trolled gro wth theory (ternary systems)

interface velocity
dr I

dt
for both components. Accordingly, the tie-line that represents the

compositions at the M =P interface neednot passthrough the point A.

In Fig. 2.9, the supersaturation is zero at the point M and unity at the point P, and
therefore the sidesM N and M Q may be taken to be coordinate axeswhich represent the
supersaturations
 1 and 
 2. Here,by de�nition:


 1 =
( �c1 � cM

1 )
(cP

1 � cM
1 )


 2 =
( �c2 � cM

2 )
(cP

2 � cM
2 )

(2.64)

Thus, an alloy composition A, ( �c1; �c2) anywhere inside rectangleM N PQ may be associated
with the tie-line M P permitting corresponding combinations of the (
 1; 
 2) pair.

For a given value of the ratio D1=D2, equation 2.63 represents a relation betweenthe
supersaturationsof composition 1 and 2. Figure 2.10 is a plot of the resulting relations for
a range of valuesof the ratio D1=D2. A curve for a given value of D1=D2 gives the alloy
compositions which will selectthe sametie-line in order to satisfy equation 2.63during the
growth stage. Application of this calculation for each tie-line in the two-phaseregion yields
an envelope of curves which covers this �eld, and accordingly permits any nominal alloy
composition to associate with the interfacecompositionsM and P satisfying equation 2.63.
Thesecurvesare called interface composition contours or, brie
y , IC contours.
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Figure 2.10: Relation betweenthe interface-composition (IC) contour and the

ratio of di�usion coe�cien ts D1=D2. 
 1 =
( �c1 � cM

1 )
(cP

1 � cM
1 )

, 
 2 =
( �c2 � cM

2 )
(cP

2 � cM
2 )

where1 and 2 represent elements.
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2.3 Di�usion-con trolled gro wth theory (ternary systems)

WhenD1=D2 = 1, the IC contour coincideswith the tie-line M P. If D1=D2 � 1, the IC
contour lies adjacent to the sidesof rectanglefor each tie-line in Fig. 2.10. Figure 2.11shows
IC contours for the latter case,which is characterizedby the condition D1=D2 � DC=DX � 1
for a Fe-C-X ternary system. This pattern dividesthe M + P two-phase�eld into two regions,
labelledI and I I in Fig. 2.11. RegionI is the low supersaturation region in which IC contour
segments lie adjacent to the lines of constant cC . RegionI I at high supersaturationshas IC
contour segments at nearly constant cX .

cX

M

P

cC

Q

A

BII

I

Figure 2.11: Interface-composition (IC) contour M-Q-P for a
Fe-C-X alloy system.

An alloy composition A in region I would choosethe interface composition M P and
establishthe concentration pro�le shown in Fig. 2.12(a) with a small carbon concentration
gradient satisfying local equilibrium. An alloy B in region I I would also chooseM P for its
interfacecomposition and yield the pro�le shown in Fig. 2.12(b) with a concentration spike
of alloy element X. In region I, growth is accompaniedby the partitioning of X. In contrast,
in regionI I, the systemsolvesthe problem causedby the condition DC=DX � 1 by choosing
a precipitate composition cX which is not signi�cantly di�erent from the grosscomposition
of B, �cX ; thus, the growth will proceedwithout partitioning.

Coateslater extendedhis analysisto take into account the in
uence of the ternary dif-
fusional interaction [80]. The result of this wasconsistent with the thermodynamic concepts
proposedby Hillert [81].
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Figure 2.12: Schematic composition pro�les for alloy compositions A (in region I)
and B (in region I I) in Fig. 2.11 according to Coates' equilibrium model, (a) and
(b). (c) represents composition pro�les for the caseof paraequilibrium. The vertical
axesrepresent solute concentration and the horizontal axesrepresent distance.
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2.4 Di�usion-con trolled gro wth theory (higher order systems)

2.3.2 Gro wth of particles with the capillarit y e�ect

Fujita and Bhadeshia[5, 6] modelled the precipitation of carbidesin multicomponent
systems,taking account of the capillarity e�ect. This model wasbasedon Coates'local equi-
librium theory for a ternary system. The capillarity e�ect wasevaluated usingequation2.33
which is for a binary system. This model plays an important role in the present work and
will thereforebe discussedin detail in section3.2.

2.4 Di�usion-con trolled growth theory (higher order
systems)

If all the crossterms of the di�usion coe�cien t are assumedto be negligible, then the
(n � 1) 
ux equationssystemcan be derived independently in an n-component system, in
the samemanner as in equation 2.61.

Figure 2.13describesthe relation betweenthe tie-line M P and IC contour M-Q-P in a
Fe-C-X-Y quaternary system[82]. The resulting IC contour is a spacecurve constructedso
that its projection on each ij plane matchesthe appropriate mapping of the contour curve
for components i and j in Fig. 2.10.

X C
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�
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�
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Q

Figure 2.13: Mapping of Coates'construction on tie-line M P
and IC contour M-Q-P in quaternary system.
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2.5 Ost wald rip ening

2.5 Ostwald rip ening

Coarseningoccurs becausethe total energy of the system is reducedby eliminating
interfaces;in practice, large particles grow more rapidly than small particles during precip-
itation, and large particles grow at the expenseof smaller onesduring classicalcoarsening.
The averageparticle size therefore increaseswith time. Classicalcoarseningoccurs slowly
becauseof the small energiesassociated with the interfacescomparedwith the free energy
changeaccompanying precipitation. Ostwald ripeningcan thereforebe assumedto occur af-
ter the `completion'of the precipitation. Coarseningtheory for spheresleadsto the following
relationship [83, 84]:

�r 3 � r 3
0 =

� 8� � � Dc��

9kT

�

t (2.65)

where�r is the averageparticle radius, r0 is the initial averageparticle radius, � � is the atomic
volume of the � phase,D is the solute di�usion coe�cien t, � is the interfacial energy, c�� is
the equilibrium solute concentration in the matrix at the in�nite plane, k is the Boltzmann
constant and t is time. This equation is valid when the equilibrium volume fraction of �
phaseis small.

2.6 Summary

As shown in this chapter, di�usion-controlled growth theoriesfor binary systemswhich
take account of the capillarity e�ect have beenwell developed. Becauseof the di�culties in
the evaluation of the capillarity e�ect and the massbalanceof elements at the interfacesin
multicomponent systems,theoriesor modelstaking account of capillarity have not yet been
developed to such an extent in thesesystems. However, for needle-shaped or plate-shaped
precipitates, the capillarity e�ect must be taken into account, since they have a small tip
radius at the moving front of the interface. In the following chapter, existing models for
carbideprecipitation in multicomponent systemswill be summarised.
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Chapter 3

Mo delling of carbide precipitation
during temp ering

3.1 Mo dels for precipitation of a single phase

Many attempts have beenmade to predict precipitation kinetics. Liu and Jonasan-
alyzed data on Ti(CN) precipitation in austenite, as determined by stressrelaxation using
the classicaltheory of nucleation, and predicted the start time for the strain-induced pre-
cipitation of Ti(CN) in austenite [85].

Akamatsu et al: predicted the kinetics of Nb(C,N) precipitation in austenite by in-
troducing local equilibrium at the austenite/Nb(C,N) interface into the classicalnucleation
and spherical-growth theory [86]. This model properly accounted for the di�usion of both
Nb and C. The carbidewas modelled asNb(Cx ; N1� x ), and the results showed that the rate
of MC-type carbide precipitation was in
uenced by the concentration ratio �cNb =�cC. Aka-
matsu et al: adoptedthe methods usedby Liu and Jonas[85], but the chemicaldriving force
for nucleation was evaluated not for the equilibrium composition, which was de�ned by the
tie-line passingthrough the alloy composition, but for the calculated initial nucleuscompo-
sition. It wasassumedthat nucleation took placeon dislocations. However, Akamatsuet al:
did not take into account the capillarity e�ect in their calculations, and did not allow for
the destruction of nucleation sitesas precipitation proceeded.

Okaguchi et al: developed a model for predicting carbonitride precipitation during the
hot working of Nb-Ti HSLA steels[87]. The solubility and composition of the precipitates,
and the chemical driving force for the precipitation from supersaturated austenite, were
estimatedusing a regular solution model composedof four binary compounds. The carbide
was modelled as (Nbx ; Ti 1� x )(Cy ; N1� y). The e�ect of the elastic energy of a dislocation
(the nucleation site) on the free energychangewas taken into account and the changein
the density of dislocationswhich actedasnucleation sitesduring hot working wascalculated
using plasticity theory. The time dependenceof the volume fraction and the particle radii
werealsocalculatedon the basisof classicalnucleationtheory. Accordingto the experiments,
the Nb/(Nb+Ti) concentration ratio in the carbide variesfrom 0.1 to 0.3. The calculations
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3.2 Mo dels for precipitation of several phases in multicomp onent systems

showed much better agreement with this observation than the independent precipitation
(NbC+TiC+TiN) model of Keown and Wilson [88].

The precipitation of NbC during deformation at high temperatureshasalsobeensim-
ulated by Bon et al: and Saito et al: [89, 90].

All of thesemodelsdeal with only oneprecipitation reaction occurring at any instant.
In practice, there are caseswheremany reactionsmay occur simultaneously.

3.2 Mo dels for precipitation of several phases in mul-
ticomp onent systems

Robsonand Bhadeshiadeveloped a simultaneousprecipitation model by extendingthe
classicalKolmogorov-Johnson-Mehl-Avramiconceptof extendedspace[91, 92, 93] to many
phases[4, 94, 95]. Fujita and Bhadeshiaimproved that model to deal with carbide sizeand
to account for the capillarity e�ect [5].

3.2.1 Robson and Bhadeshia model
I Simple simultaneous reaction

When precipitates � and � form at the sametime, the increasein real volumesof �
and � , dV� and dV� respectively, are given in terms of their extendedvolumes,dVe

� and dVe
� ,

as follows:

dV� =
�

1 �
V� + V�

V

�

dVe
� (3.1)

dV� =
�

1 �
V� + V�

V

�

dVe
� (3.2)

whereV is the total volume of the systemand V� and V� are the real volumesof � and �
respectively. In general,V� is a complicated function of V� and it is not possibleto ana-
lytically integrate theseequationsto �nd the relationship betweenthe actual and extended
volumes. However, in certain simple cases,it is possibleto relate V� to V� by multiplication
with a suitable constant W:

V�

V�
= W (3.3)

Equations 3.1 and 3.2 can then be written as:

dV� =

(

1 �
(1 + W)V�

V

)

dVe
� (3.4)

dV� =

(

1 �
(1 + W)V�

WV

)

dVe
� (3.5)
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3.2 Mo dels for precipitation of several phases in multicomp onent systems

Accordingly, the volume fractions � � and � � are given by:

� � =
1

1 + W

"

1 � exp

(

�
(1 + W)

3
� v3

� I � t4

)#

(3.6)

� � =
1

1 + W

"

1 � exp

(

�
(1 + W)

3W
� v3

� I � t4

)#

(3.7)

wherev� , v� and I � , I � are the growth ratesand the nucleation ratesof � and � , respectively,
and t is time.

I I Complex simultaneous reactions

In practice, the multiple reactions found in most industrial steelsare not as simple
asdescribed above. Precipitation reactionsmay a�ect each other by removing solute atoms
from the matrix. Any changein the matrix composition must alter the growth andnucleation
rates. To illustrate the methodology, a calculation for secondaryhardening steels,due to
Robsonand Bhadeshia,is described below [4].

The precipitates which are dealt with in the model are M3C, M2C, M23C6, M6C and
Lavesphase;the relevant parametersare listed in Table 3.1.

Precipitate Nucleation and growth condition
M3C No nucleation but paraequilibrium growth of a number of particles followed

by changein chemical composition
M2C Finite nucleation rate and di�usion-con trolled linear growth of needles.

M23C6 Finite nucleation rate and di�usion-con trolled parabolic growth of spheroids.
M6C Finite nucleation rate and di�usion-con trolled parabolic growth of spheroids.

Lavesphase Finite nucleation rate and di�usion-con trolled parabolic growth of spheroids.

Table 3.1: The calculation parametersof isothermal precipitation in a secondaryhardening
steel [4].

All phasesexcept M3C form with the equilibrium composition. The shape of M2C is
assumedto be that of needles,so the growth should follow the Zener equation described
in section 2.2.3. For M23C6 and Laves phase,the shapes are assumedto be spherical, so
the growth should follow the parabolic law described in section2.2.2. M3C can precipitate
rapidly sinceit forms with paraequilibrium composition, i.e. only carbon atoms di�use.

Mo del for M 3C enric hmen t
The M3C which is formed in paraequilibrium will, during heat treatment, change its

composition toward equilibrium. The principal changein this processinvolves enrichment
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in substitutional solutesand a complementary rejection of iron into the ferrite. The rate of
enrichment is given approximately by [96]:

cX = �cX + 4
q

DX t
(�cX � c��

X )
dt

p
�

(3.8)

where cX represents the concentration of the di�using speciesX , t is the time since M3C
formation, dt is the thicknessof the cementite plate, DX is the di�usion coe�cien t for the
solute X in the matrix (it is assumedthat the corresponding di�usivit y in the cementite is
identical to that in the ferrite), c��

X is the concentration of the substitutional solute X in
the ferrite which is in equilibrium with the cementite, and �cX is the mean concentration of
the substitutional solute X in the alloy. This equation is valid only in the absenceof soft
impingement.

The typical size of M3C investigated experimentally for 10CrMoV and 2.25Cr1Mo
steelsis 30 nm [95, 97]. Using this value of the thicknessin equation 3.8, the relationship
betweentime and concentration of substitutional solute in M3C can be obtained.

The number of nucleation sites for M3C has been characterisedby Takahashi and
Bhadeshia[98]. The M3C volume fraction can be calculated using the lever rule and the
approximation that any carbon dissolved in the ferrite canbeneglected.The volumefraction
� � of M3C is then given by:

� � =
�cC

c� �
C

with c� �
C ' 0:25 (3.9)

where �cC is the atomic fraction of C in the alloy. Venugopalanand Kirk aldy suggestedthat
the averagesizeof the cementite beforeany Ostwald ripening is indicated empirically by the
following equation [99]:

�r 3 = (2:26� 6:4 � 10� 3T + 4:6 � 10� 6T2)� � � 10� 3 (3.10)

where �r is the averagesizein � m and T is the tempering temperature in � C. Therefore,the
number of M3C particles per unit volume is given by:

N � =
� �

4
3

� �r 3
(3.11)

Mo del for M 2C, M 23C6, and Laves phase
M2C is a needle-shapedcarbide; therefore,M2C particles weremodelledascylindersgrow-

ing at a constant rate with a constant aspect ratio. The volume of a needlewhich nucleated
at a time � , at a later time t is thereforegiven by:

V� =
� v3(t � � )3

� 2
(3.12)
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where v is the linear growth rate represented by equation 2.40 and � is the needleaspect
ratio; measurement showed this value to be � 15.

M23C6 and Lavesphaseare represented asspheres,the radius of each of which is given
by:

r I
� = � 3

q
D(t � � ) (3.13)

where � 3 is the three-dimensionalparabolic rate constant given by equation 2.25. The
volume of an individual particle at a time t � � is given by:

V� =
� 4

3

�

� � 3
3(D (t � � ))

3
2 (3.14)

From classicaltheory, the nucleation rate per unit volume is given by:

I = NV
kT
h

exp

(
� (G� + Q� )

kT

)

(3.15)

G� =
16� � 3

3� G2
V

(3.16)

whereh is the Planck constant, NV is the number of nucleation sitesper unit volume, Q� is
the energyrequired to transfer atomsacrossthe ferrite/carbide interface(assumedto be the
activation energyfor volumedi�usion [68]). � is the surfaceenergyper unit areaand � GV is
the chemical driving force for nucleation per unit volume of nucleus. Here, the mis�t strain
energy� G� is neglected. � GV for each precipitate was calculated using the Metallurgical
and Thermochemical Databank (MTD ATA) [100]. NV and � are unknown and di�cult to
predict and thereforethe valuesof NV and � werefound by �tting the model to experimental
data.

Solute partitioning e�ects (soft impingemen t)
Alloy carbide formation is controlled by the di�usion of substitutional solute atoms. The

changeof the matrix composition during precipitation can a�ect the subsequent nucleation
and growth process. In the mean �eld approximation, such changesare averagedover the
remaining matrix phaseas a method for dealing with soft impingement. The maximum
fraction of each phasedesignatedas � M ax is given by a lever rule:

� M ax
� =

(�c � c�� )
(c� � � c�� )

(3.17)

The e�ect of soft impingement in the mean �eld approximation may be expressedin terms
of an extent-of-reaction parameter,de�ned as:
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� =
�

� M ax (3.18)

where � is the phasefraction. Therefore, � changesfrom 0 to 1 during precipitation and
can be de�ned for each phase. For simultaneous precipitation, � can be generalisedto
account for concentration changescausedby each new phase.If there are n phasesforming
simultaneously, � for the i th phaseis given by:

� i =
P n

i=0 � i (ci� � c�i )
(�c � c�i )

(3.19)

where� i is the fraction at any instancefor the i th phase.

Physically, � represents the fraction of excesssolute remaining in the matrix with respect to
the phasein question. Therefore,it is possibleto make the approximation that the chemical
driving force � G for the formation of each phaseshould be related linearly to (1 � � i ) as
indicated in following equation:

� Gi f � i g = (1 � � i )� Gi f � i = 0g (3.20)

where the bracesare used to identify functional dependence. For M3C, it is necessaryto
calculatethe value of � M 3C di�erently . This is becauseM3C nucleateswith the paraequilib-
rium composition. Therefore, the value should include the composition changeof di�using
solute element:

� M 3C =
�c � �c0

cM 3C� � �c0 (3.21)

wherecM 3C� is the mole fraction of the solute in M3C in equilibrium with � . �c0 is the mean
mole fraction in the matrix at any time, which is:

�c0 =
�c �

P n
i=1 � i ci�

1 �
P n

i=1 � i
(3.22)

Schematic composition pro�les are shown in Fig. 3.1 (a) at a certain time when both � and

 are precipitating in matrix � and Fig. 3.1 (b) when the solute concentration in matrix
reaches equilibrium with � and precipitation of � is complete. As 
 precipitates further,
removing solute, � will start to dissolve.

Dissolution of metastable phase
Figure 3.2 shows a schematic drawing of the concentration pro�le for a casewhere� and


 are precipitating in matrix � . When the solute concentration in the matrix, �c0, falls below
c�� due to the e�ect of soft impingement, the metastable phase � will start to dissolve.
Considering the mass-balancebetween � and the matrix, the following equation can be
obtained:
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Figure 3.1: Distribution of solutewhen(a) both � and 
 areprecipitating, and
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in the matrix at any time.

dr I

dt
(c� � � c�� ) = � D

� @c
@r

�

r = r I
(3.23)

whereD is the di�usion coe�cien t of the solute element in the matrix. If the mole fraction
gradient is assumedto be constant (the Zenerlinearizedgradient approximation), it may be
assumedthat:

� @c
@r

�

r = r I
=

(c�� � c�
 )
�d

(3.24)

where �d is the meandi�usion distancebetween� and 
 precipitates, given by:

�d = (N � + N 
 ) � 1
3 (3.25)

whereN � + N 
 are the number densitiesof � and 
 precipitation, which are assumedto be
constant during dissolution. It is assumedthat the whole processcan be represented by a
meanradius �r for a sphericalparticle and �l for a needle.With this assumption,the change
of volume for the dissolving phaseV� with time can be described as follows for spherical
particles and needles,respectively:

dV�

dt
= 4� �r 2D

(c�� � c�
 )
�d(c� � � c�� )

(3.26)
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dV�

dt
= 3� �l3D

(c�� � c�
 )
� �d(c� � � c�� )

(3.27)

In the caseof M3C in paraequilibrium, the composition changeswith time from paraequi-
librium to equilibrium. When the valueof � M 3C is equalto 1, dissolution starts, and then it
is dealt with in the sameway as for other metastablephases.

I I I Some example calculations

The model described above is for isothermal heat treatment. The parametersfor the
calculation have beenlisted in Table 3.1. There have beensomeexperimental investigations
for 2.25Cr1Mo steel so the sequenceof precipitation is known [22]. The predicted time -
temperature precipitation diagram (TTP) for 2.25Cr-1Mo steel is shown in Fig. 3.3 (a),
with Baker and Nutting's experimental data [4]. For a high-chromium heat-resistant steel,
which has excellent creepresistance,similar data are shown in Fig. 3.3 (b) together with
the predictions due to [4]. There is remarkable agreement betweenexperimental data and
the theory. Using the same model, Robson and Bhadeshia predicted correctly that the
precipitation processfor 3Cr1.5Mo steel would be quite di�erent from that of 2.25Cr1Mo
steel,and more similar to that of 10CrMoV steel.
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3.2.2 Fujita and Bhadeshia model

The Robson and Bhadeshiamodel can be used to estimate the volume fraction of
carbidesbut it would be useful also to treat particle sizesand coarsening. This has been
achieved by Fujita and Bhadeshia,who attempted to take better account of multicompo-
nent di�usion and capillarity [5]. Given the small equilibrium volume fractions of carbides,
they alsorelaxedthe extendedvolume conceptto permit particle sizesto be approximately
calculated.

I Mo di�cations to Robson and Bhadeshia mo del by Fujita and Bhadeshia

Cemen tite precipitation
M3C particles were assumedby Robson and Bhadeshia to be uniform in size for the

calculation. However, the measuredthicknessof M3C on ferrite lath boundaries(50 nm)
was about twice that of thosewithin the laths (20 nm). Thesevalueshardly changein the
early stagesof tempering. Consideringthat the total volume fraction must be a function of
the carbon concentration, and the thicknessis approximately constant beforethe dissolution
of M3C, the initial number density of M3C particles N �

0 (m� 3) must be a function of the
carbon concentration. From measurements, N �

0 was expressedas:

N �
0 = 2:23� 1022wc � 1:0 � 1021 (3.28)

wherewc is the carbon concentration of alloys in wt. %. This equation was obtained empir-
ically and is valid for steelswith wc from 0.1 to 0.15wt. %.

Avrami theory
In the application of Avrami theory, the conversion of extended spaceinto real space,

which is necessaryto account for impingement, prevents the calculation of anything but the
volume fraction. Given that the total fraction of precipitation is small, the e�ect of hard
impingement can be neglected,in which caseit becomespossibleto follow the evolution of
each particle.

Di�usion-con trolled growth in a multicomp onent system
The original model of Robsonand Bhadeshiatreated the growth of all precipitates other

than M3C in terms of the di�usion of Cr alone. For a binary system, the compositions at
the interfaceare given by a tie-line on the equilibrium phasediagram. There is a unique tie-
line, the onewhich passesthrough the averagecomposition. The mole fraction pro�le which
developsduring the precipitation of the solute-rich phase� from the matrix � is illustrated
in Fig. 2.4. The analysisinvolvesonemass-balanceat the interface which is moving with a
velocity v:

v(c� �
Cr � c��

Cr ) = � DCr

� @cCr

@x

�

x= x I
(3.29)
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Practical steels,however, contain many solute elements. In a multicomponent system,
mass-balanceequationsmust be satis�ed simultaneouslyfor each element if equilibrium is to
be maintained at the moving interface. Therefore, for an alloy carbide in a Fe-C-X system,
at least two massconservation equations,onefor the substitutional element X and the other
for the interstitial carbon C, must be satis�ed simultaneously:

v(c� �
X � c��

X ) = � DX

� @cX

@x

�

x= x I

v(c� �
C � c��

C ) = � DC

� @cC

@x

�

x= x I

(3.30)

This causesdi�culties sincethe interstitial and substitutional elements have vastly di�erent
di�usion coe�cien ts.

Fujita applied Coates' theory, described in section 2.3, to the precipitation of alloy
carbides(M 2C, M7C3 and M23C6) at low supersaturation after the completion of paraequi-
librium M3C precipitation. In Fig. 3.4, the point a designatesthe alloy composition and
the point b represents the matrix composition after the completion of paraequilibrium M3C
precipitation. Becauseof the low supersaturation, � precipitation commenceswith the gov-
erning tie-line c� f . Then, due to the depletion of soluteX, the matrix composition changes
along the direction b ! e. The controlling tie-line thus shifts towards that passingthrough
the bulk composition b, and accordingly, the ferrite and carbide compositions shift along
c ! e and f ! d, respectively.

Capillarit y e�ect
The state of equilibrium betweentwo phaseschangeswith the curvature of the interface

separatingthem. This capillarity e�ect scaleswith the interface energybecauseadditional
work has to be doneto createnew interfacial areaasa curved interfacemoves. The equilib-
rium composition of the ferrite changesas follows [70].

For a sphericalparticle and hemisphericaltip of a needle,

c��
r =

�

1 +
2�
r I C

�

c�� (3.31)

For a plate edgeand a cylinder,

c��
r =

�

1 +
�

r I C

�

c�� (3.32)

wherer I C is the radius of curvature at the tip and � is a capillarity coe�cien t given by:

� =
� � �

kT
(1 � c�� )

(c� � � c�� )
(3.33)

where� � is the atomic volume of the � phase.
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ferrite after the precipitation of paraequilibrium cementite is represented by
the point b.

The tip radius of a needle-shaped carbide should be identical for each element. How-
ever, according to the method used by Robson and Bhadeshia[4], the tip radii for M2C
have di�erent valuesdepending on the element M. Therefore, the critical radius was �xed
at a constant value which was chosento give the best agreement between the predicted
and measuredgrowth rate. Fujita introducedthe capillarity correctedconcentration of each
solute, which gives the sametip radius when inserted into equation 3.31, into the model.
Figure 3.5 shows the calculation for the � / � +M 2C phaseboundary at each given tip ra-
dius in the isothermal sectionat 700 � C for a Fe-C-Mo systemwhen the interfacial energy
� = 0.20J m� 2.

Coarsening
Coarseningmay occur during or after precipitation. According to the classicaltheory of

Ostwald ripening, the following equation can be obtained [83, 84]:
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Figure 3.5: Calculation results of � / � +M 2C phaseboundary at each given
tip radius in the isothermal sectionat 700 � C for a Fe-C-Mo systemwhen the
interfacial energy� = 0.20J m� 2.

�r 3 � r 3
0 =

� 8� � � Dc��

9kT

�

t (3.34)

where �r is the averageparticle radius, r0 is the initial particle radius, � is the interfacial
energy, � � is the volume of an atom of the � phase,D is the solute di�usion coe�cien t, c��

is the equilibrium soluteconcentration in the matrix � at which r ! 1 , k is the Boltzmann
constant, T is absolutetemperatureand t is time. This equationis valid whenthe equilibrium
volume fraction is small.

The theoriesapplied for the enrichment of cementite, soft impingement and dissolution
of metastablephasesare the sameas those used in the Robsonand Bhadeshiamodel [4].
The parametersfor each precipitate is the sameas thoseusedin the Robsonand Bhadeshia
model. M7C3 (spheroid) is consideredand Laves phaseis removed since Laves phasewas
not observed experimentally. Table 3.2 shows a comparisonof the assumptionsin the two
models.
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Robson and Bhadeshia mo del Fujita and Bhadeshia mo del
Basedon Avrami theory Nucleation and growth but no treatment of impingement

Nucleation site consumption
Using mean particle size Particle sizedistribution due to di�eren t nucleation times

and growth rates
Cr di�usion-con trolled growth Di�usion-con trolled growth in a multicomponent system

Mass-balancesof Cr and C are considered.
No treatment of capillarit y e�ect Capillarit y e�ect in a multicomponent system

Table 3.2: Comparisonof assumptionsin the two models.

I I Some example calculations and exp erimen ts

The model described above is for isothermal heat treatment and is suitable for power
plant steels. Calculations are illustrated in Fig. 3.6 together with experimental data. The
Fujita and Bhadeshiamodel correctly predicts the carbide precipitation sequence.
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3.3 Summary

3.3 Summary

As shown in this chapter, there have beenseveral attempts to model the precipitation
of carbidesin multicomponent systems.In Fujita and Bhadeshia'smodel, the precipitation
of Mo2C was modelled taking account of the capillarity e�ect in a ternary system[6]. The
carbide particles were assumedto be in the form of thin cylinders with hemisphericalends,
as in the Zener treatment [7]. A disadvantage of their method is that the needle-aspect
ratio had to be chosenarbitrarily . In addition, there is a problem in the evaluation of the
capillarity e�ect in multicomponent systems,sincethis model mistakenly treats the di�erent
solutesas independent. As shown in Chapter 7, the simplest exact method to evaluate the
in
uence of capillarity on the interface composition is to modify the Gibbs energy value
of the carbide phasein the databaseusedby thermodynamic calculation software such as
MTD ATA.
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Chapter 4

Thermo dynamic calculations

4.1 In tro duction

Modelling precipitation in secondaryhardeningsteelsrequiresknowledgeof both ther-
modynamic and the kinetic parametersfor a variety of possiblephases. To obtain these
parameters,experimental data are required. The prerequisitethermodynamical information
for modelling consistsof:

1. the stable phasescorresponding to the temperature;

2. the phasefractions corresponding to the temperature;

3. the relative phasestabilit y;

4. the equilibrium chemical compositions of possiblephases;

5. the iso-activity curvesin the carbide-ferrite two-phase�eld.

The useof the computerpackageMetallurgical and Thermodynamic Data Bank (MTD ATA)
[100] makesthesethermodynamic calculationspossible.

4.2 Application of MTD ATA

4.2.1 General description of MTD ATA

Recently, the advent of thermochemicaldata bankshasmadethe calculation of phase
equilibria relatively straightforward. In the present work, the National PhysicalLaboratory's
MTD ATA has beenused. This packageis capableof calculating phaseequilibria for multi-
component systemsin which many phasesmay coexist. It worksby combining experimentally
determined data to estimate the Gibbs free energy of each phase. In MTD ATA, the free
energyof phasessuch as ferrite, austenite, cementite and other carbidessuch as M7C3 are
calculated using a sublattice model which involves terms called unaries. Commonly, the
temperature and pressuredependenciesof unariesare described using the G-HSER format:

52



4.2 Application of MTD ATA

GT;P � H SE R = a + bT + cTlnT + eT2 + f T3 + i=T +
Z P

0
� P;T NA dP (4.1)

whereGT;P is the molar Gibbs energyat (T; P), � P;T is the atomic volume at (T; P), NA is
Avogadro'snumber and H SE R is the enthalpy of the element or substancein the reference
state at 298.15K. However, Mo2C, V4C3 and other carbidesare calculated using a pure
substancemodel which has �xed chemical compositions.

For any system,the reliabilit y of the predictions will depend on the available data for
all the components and their interactions. For any given system,MTD ATA calculatesthe
compositionsand massfractions of the phasesat which the Gibbs energyof the systemis a
minimum. It is possibleto calculatethe phaseequilibria of a systemwhich includesarbitrary
phasesas long asdata exists, and it is thereforepossibleto deducethe relative stabilities of
the phasesand to determine precipitation sequences.Although it cannot predict the time
dependenceof the microstructure, which requireskinetic modelling, MTD ATA is useful tool
in the designof alloys.

4.2.2 Exp erimen tal steels

Steelswith the chemical compositions listed in Table 4.1 were manufactured. The
purposeof the research was to model the carbide precipitation behaviour in ternary and
quaternary systems,and Fe-C-Mo, Fe-C-V and Fe-C-Mo-V systemswere therefore chosen.
However, the alloys also contain manganeseto ensurehardenability, and small quantities
of aluminium and nitrogen to simulate practical steels. Commercial steelscontain about
50 ppm of nitrogen and in many cases,aluminium to �x nitrogen as AlN.

Steel C Si Mn Mo V Al N
Steel A 0.10 < 0.005 1.99 1.60 0.00 0.03 0.0049
Steel B 0.10 < 0.005 1.95 0.00 0.57 0.03 0.0043
Steel C 0.10 < 0.005 2.00 1.59 0.57 0.03 0.0044
Steel D 0.10 < 0.005 2.00 0.40 0.57 0.03 0.0044
Steel E 0.10 < 0.005 2.00 0.40 0.30 0.03 0.0044

Table 4.1: Chemical compositions of experimental steelsin wt. %.

4.2.3 Possible phases in the exp erimen tal allo ys

Calculations using MTD ATA begin with a choice of possiblephases. The steels in
Table4.1 contain carbon, aluminium and nitrogen ascommonelements, thereforecementite
and AlN can, in principle, form.

In SteelsA and C, containing molybdenum, it is expected that the stable phasewill
be M6C, in which `M' standsfor metallic elements. M2C and M23C6 are included sincethese
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are likely transient precipitates. In a Fe-C-Mo ternary system,M2C-type carbide is actually
Mo2C, in which molybdenum atoms form a hexagonalclosed-packed lattice (hcp) [12]. In
higher-ordersystems,other alloying elements can dissolve into Mo2C.

In SteelsB to E, containing vanadium, it is consideredthat M4C3-type carbideexists
asthe stablephase.In a Fe-C-V ternary system,the M4C3-type carbide is actually V4C3, in
which vanadium atoms form a face-centred cubic lattice (fcc) [12]. In higher-ordersystems,
other alloying elements can dissolve into V4C3. Therefore,M2C and M4C3 wererepresented
ashcp and fcc phase,respectively.

The phasesallowed in the calculations are listed in Table 4.2. The calculations were
performedfor the temperature rangeof 400 { 1200 � C. It is thereforenecessaryto consider
the existenceof the austenite (fcc) phase. To allow both austenite and M4C3 to exist as
separatephases,a miscibility gap was introducedfor the fcc phase.

Steel Phase
Steel A bcc (� ), fcc (
 ), cementite, hcp (M 2C), fcc (M 4C3), M6C, M7C3, M23C6, AlN
Steel B bcc (� ), fcc (
 ), cementite, hcp (M 2C), fcc (M 4C3), M6C, M7C3, M23C6, AlN
Steel C bcc (� ), fcc (
 ), cementite, hcp (M 2C), fcc (M 4C3), M6C, M7C3, M23C6, AlN
Steel D bcc (� ), fcc (
 ), cementite, hcp (M 2C), fcc (M 4C3), M6C, M7C3, M23C6, AlN
Steel E bcc (� ), fcc (
 ), cementite, hcp (M 2C), fcc (M 4C3), M6C, M7C3, M23C6, AlN

Table 4.2: Prospective phasesfor equilibrium calculationsusing MTD ATA for steelsfor the
present research. � and 
 represent ferrite and austenite, respectively.

4.3 Relativ e phase stabilities

4.3.1 Steel A

The relative stabilit y of a phasecan be deducedby removing existing phasesone by
onein the equilibrium calculation. Figure 4.1 shows the relationship betweenphasefraction
(wt. fraction) and temperature in SteelA: (a) is the result of all phasesin Table 4.2, (b) is
obtained by removing hcp from (a). From theseresults, it can be deducedthat the stable
carbidesat 600 � C are M2C and M6C, and the secondmost stable carbide is M7C3.

4.3.2 Steel B

Figure 4.2 shows the relationship betweenphasefraction (wt. fraction) and tempera-
ture in SteelB: (a) is the result of all phasesin Table 4.2, and (b) is obtained by removing
M4C3 from (a). From this results, the stable carbide at 600 � C is M4C3, and the second
most stable carbide is cementite.
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in Steel A obtained by MTD ATA. (a) is the result containing all phasesin
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4.3.3 Steel C

Figure 4.3 shows the relationship betweenphasefraction (wt. fraction) and temper-
ature in Steel C: (a) is the result of all phasesin Table 4.2, (b) is obtained by removing
M6C from (a). From theseresults, the stable carbidesat 600 � C are M4C3 and M6C, and
the secondmost stable carbide is M2C.

4.3.4 Steel D

Figure 4.4showsthe relationshipbetweenphasefraction (wt. fraction) andtemperature
in SteelD : (a) is the result of all phasesin Table4.2, and (b) is obtained by removing M4C3

from (a). From theseresults, the stable carbide at 600 � C is M4C3, and the secondmost
stable carbide is M2C.

4.3.5 Steel E

Figure 4.5showsthe relationshipbetweenphasefraction (wt. fraction) andtemperature
in SteelE: (a) is the result of all phasesin Table 4.2, and (b) is obtained by removing M4C3

from (a). From theseresults, the stable carbide at 600 � C is M4C3, and the secondmost
stable carbidesare M2C and cementite.

4.3.6 Prosp ectiv e precipitation sequence

According to the resultsabove, the stablephasesand fractions of thosephasesdepend
on temperature. In many cases,secondaryhardening occurs at around 600 � C [12], and
therefore, the tempering treatment which follows quenching is in practice carried out at
around 600 � C. Accordingly, the present research focuseson this temperature.

The precipitation sequenceof carbides is complicated to predict. In general, M2C-
and M4C3-type carbidesprecipitate in the early stagesof tempering after the completion
of paraequilibrium cementite precipitation. The complex carbidessuch as M23C6 and M6C
start to precipitate after this. It is therefore consideredthat if M2C is more stable than
M6C, M6C will not exist even as a transient phase. Accordingly, the possiblesequenceof
precipitation at 600 � C is summarizedin Table 4.3.

Steel Stable phase Second most stable phase Precipitation sequence
Steel A hcp (M 2C) M6C cementite ! M2C
Steel B fcc (M 4C3) cementite cementite ! M4C3

Steel C fcc (M 4C3), M6C hcp (M 2C) cementite ! M2C + M4C3 ! M4C3 + M6C
Steel D fcc (M 4C3) hcp (M 2C) cementite ! M4C3

Steel E fcc (M 4C3) hcp (M 2C), cementite cementite ! M4C3

Table 4.3: Most stable and secondmost stable phasesand possiblecarbide precipitation
sequencesfor each steelat 600 � C.
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Figure 4.3: Relationship betweenwt. fraction of each phaseand temperature
in Steel C obtained by MTD ATA. (a) is the result containing all phasesin
Table 4.2, (b) is obtained by removing M6C from (a).
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4.4 Equilibrium chemical comp osition of the stable phases
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Figure 4.5: Relationship betweenwt. fraction of each phaseand temperature
in Steel E obtained by MTD ATA. (a) is the result containing all phasesin
Table 4.2, (b) is obtained by removing M4C3 from (a).

4.4 Equilibrium chemical comp osition of the stable phases

The chemical composition of a precipitate shifts toward the equilibrium composition
during growth in which local equilibrium is maintained at the interface. Growth ceaseswhen
the composition of the precipitates reachesequilibrium. Ostwald ripening may then occur
at a slower rate.

The chemical compositions of the equilibrium carbidesas a function of temperature
are shown in Fig. 4.6 - 4.10. In SteelA, the equilibrium carbide at 600 � C is M2C. Mn can
dissolve into M2C up to 10 at. %. In Steel B, the equilibrium carbide at 600 � C is M4C3.
Nitrogen can dissolve into this carbide in large quantities at higher temperatures,and thus
the chemicalcomposition canbe represented asV4(C,N)3. Mn is virtually insolublein M4C3.
In SteelC, the equilibrium carbidesfor 600 � C are M6C and M4C3. Mn is insoluble in both
of thesephases.M4C3 is a V-rich carbideand Mo can dissolve into it up to 11 at. %. M6C is
a Mo-rich carbideand V candissolve into it up to 7 at. %. Nitrogen alsohasa high solubility
at high temperaturesin M4C3, which can be represented as (V,Mo) 4(C,N)3. In SteelD and
E, the equilibrium carbide for 600 � C is M4C3. SteelsC - E were designedto give di�erent
Mo:V ratios in M4C3.
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4.4 Equilibrium chemical comp osition of the stable phases
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4.4 Equilibrium chemical comp osition of the stable phases
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4.5 Paraequilibrium and equilibrium cementite comp osition
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stable carbidesand temperature in Steel E: (a) is for fcc (M 4C3), and (b) is
for M2C.

4.5 Paraequilibrium and equilibrium cementite com-
position

Cementite is not the equilibrium phase in SteelsA - E. However, paraequilibrium
cementite precipitates in the early stagesof tempering and then is enriched toward equilib-
rium during tempering, until it starts to dissolve. It is thereforenecessaryto calculate the
paraequilibrium and equilibrium compositionsof cementite to model the enrichment process.
Table 4.4 shows the compositions of cementite for 600 � C. Mn has a solubility in cementite
of up to 15 { 20 at. %. In MTD ATA, there are no data for the solubility of Al and N in
cementite.

4.6 E�ect of Mn on carbide precipitation

The steelsfor the present research contain about 2 wt. % Mn. Mn is known to besoluble
in cementite, M7C3 and M23C6. In 2.25Cr-1Mo steel, Mn acceleratesM7C3 precipitation
[101]. The e�ects of Mn on the equilibrium phasesthereforehaveto becon�rmed. Figure 4.11
showsthe weight fractions of the equilibrium phasesasa function of temperature for SteelsA
{ E without Mn.

61



4.7 Summary

Steel Fe C Mn Mo V Al N
Steel A paraequilibrium 0.728 0.250 0.015 0.007 - - -

equilibrium 0.506 0.250 0.201 0.043 - - -
Steel B paraequilibrium 0.730 0.250 0.015 - 0.005 - -

equilibrium 0.498 0.250 0.147 - 0.105 - -
Steel C paraequilibrium 0.723 0.250 0.015 0.007 0.005 - -

equilibrium 0.478 0.250 0.143 0.030 0.099 - -
Steel D paraequilibrium 0.728 0.250 0.015 0.002 0.005 - -

equilibrium 0.492 0.250 0.147 0.007 0.104 - -
Steel E paraequilibrium 0.730 0.250 0.015 0.002 0.002 - -

equilibrium 0.508 0.250 0.169 0.009 0.064 - -

Table 4.4: Chemical compositions of the paraequilibrium and equilibrium cementite for
600 � C (in atomic fraction).

Comparedwith Fig. 4.1 { 4.5, the equilibrium phasesare not a�ected signi�cantly by
the presenceof Mn. However, accordingto Table4.4, the equilibrium chemicalcomposition of
cementite contains a signi�cant amount of Mn, and thereforethe enrichment or precipitation
behaviour of cementite could be in
uenced by Mn.

4.7 Summary

The thermodynamic calculations necessaryfor the experimental work and modelling
of carbide precipitation were performed. In Steel A, the equilibrium carbide for 600 � C is
M2C, which is virtually pure Mo2C. In SteelB, the equilibrium carbide for 600 � C is M4C3,
which is virtually pure V4C3. In Steel C, the equilibrium carbides for 600 � C are M4C3

and M6C, both of which contain signi�cant amounts of Mo and V. In Steel D and E, the
equilibrium carbide for 600 � C is M4C3, which contains signi�cant amounts of Mo and V.
Mn does not seemto a�ect the equilibrium phaseand does not dissolve into M2C, M4C3

or M6C to any signi�cant extent. M2C in Steel A thereforecan be modelled as Mo2C in a
Fe-C-Mo ternary system. M4C3 in Steel B can be modelled as V4C3 in a Fe-C-V ternary
systemas well. On the other hand, M4C3 in Steel C { E must be modelled as (V,Mo) 4C3

in a Fe-C-Mo-V quaternary system.
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Figure 4.11: Weight fractions of equilibrium phasesasa function of tem-
perature in each steelwithout Mn. (a), (b), (c), (d), (e) are for SteelA,
B, C, D , E respectively.
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Chapter 5

Exp erimen tal pro cedures

5.1 In tro duction

As mentioned in the previous chapter, progresshas been made in the modelling of
precipitation for multicomponent and multiphase systems.However, there are somefactors
in the model which must be determined experimentally. For example, the number density
of nucleation sites and the interfacial energiesare deducedby �tting. By transmission
electron microscope (TEM) observation, it is possibleto measurethe number of sites with
great accuracy. Precipitation reactions are at any moment controlled by di�usion of the
substitutional solutes in which a mass-balanceis maintained. From the calculations for
quaternary systemsin the previous chapter, it is predicted that the carbide compositions
will changeas precipitation progressesto maintain mass-balance.To verify the model for a
quaternarysystem,it is necessaryto makequantitativ emeasurements. The energydispersive
X-ray (EDX) analysis is useful in determining the solute concentrations in precipitates.
Figure 5.1 shows a 
o w chart of research to verify and improve the model.

There are two main purposesfor the experiments: �rstly , veri�cation of the theory
for simultaneousprecipitation reactions in a quaternary system,and obtaining data on the
particle sizes,matrix/carbide interface areas,carbide volume fractions and carbide compo-
sitions. Secondly, it is necessaryto obtain data on hydrogentrapping by alloy carbides,and
from these data, to deducethe relationship between the hydrogen trapping capacity and
carbideproperties such as the volume fraction, the interfacial areaand the particle size.

5.2 Materials and pro cessing conditions

Table 5.1 shows the chemical compositions of the materials designedfor the present
work. SteelsA - C each contain 0.1 wt. % carbon. SteelsA and B contain stoichiometric
quantities of Mo for Mo2C and V for V4C3, respectively. SteelsC, D and E contain both
molybdenum and vanadium.

SteelsA - E, described in Table 5.1 were vacuum-meltedas 10 kg ingots, heated at
1250 � C for 30 min in an argon atmosphere,hot-rolled to 12 mm thicknessplate and air-
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5.3 Optical microscop y
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Figure 5.1: Experimental procedure.

cooled. From theseplates, the specimensfor heat treatment were machined to 3 mm and
8 mm diameter. The specimensweresealedin silica tubesunder a partial pressureof argon
(about 150mm Hg), beforenormalizing. Using MTD ATA, the equilibrium phasesfor each
steel at a variety of temperatureswere calculated as shown in Fig. 4.1 - 4.5. According to
theseresults,all the steelsbecomefully austenitic at temperaturesabove 1000� C. Therefore,
the homogenizationtemperature was chosento be 1250 � C, at which the sampleswere held
for 50 h.

After the homogenizationtreatment, the specimenswere quenched into water as the
silica tubeswerebroken. Then, the specimensweresealedagainand temperedat 600 � C for
0.5 h, 10 h, 20 h, 30 h, 100 h, 560 h and 1150h. After tempering, all the specimenswere
again quenched into water simultaneously breaking the tubes.

5.3 Optical microscop y

Specimensfor optical microscopy observation were hot-mounted in Bakelite moulding
powder, ground with silicon carbide paper down to 1200grit and then polishedwith 6 and
1 � m diamond pastes. The specimenswere then etched with 4 vol. % nital (nitric acid in
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5.4 Hardness measuremen ts

Steel C Si Mn Mo V Al N
Steel A 0.10 < 0.005 1.99 1.60 0.00 0.03 0.0049
Steel B 0.10 < 0.005 1.95 0.00 0.57 0.03 0.0043
Steel C 0.10 < 0.005 2.00 1.59 0.57 0.03 0.0044
Steel D 0.10 < 0.005 2.00 0.40 0.57 0.03 0.0044
Steel E 0.10 < 0.005 2.00 0.40 0.30 0.03 0.0044

Table 5.1: Chemical compositions of experimental steelsin wt. %.

methanol). The optical microstructures were observed using an Olympus microscope.

5.4 Hardness measuremen ts

The Vickers hardnessof the specimenswas measuredwith a load of 10 kg applied for
10 seconds.Five measurements were taken in each case.

5.5 Transmission electron microscop y (TEM)

TEM wasperformedusingJeol 2000FXtransmissionelectronmicroscopesoperatedat
200kV.

5.5.1 Sample preparation

Two typesof specimenswere examinedusing TEM; thin foils and carbon extraction
replicas.

Thin foils were sliced from bulk specimensas 3 mm diameter discs approximately
250 � m in thicknessusing a silicon carbide blade and cooling lubricant. Great care was
taken not to bend the specimens. After slicing, the specimenswere ground with silicon
carbide paper to around 50 � m thickness. Electropolishing was conducted using a twin
jet electropolisher [102]. The solutions for electropolishing were 5 vol. % perchloric acid,
20 vol. % glycerol and 75 vol. % methanol. The electropolishing was performed with the
solution at 15 � C, the electrical potential being set at 50 V. Thin foil observation is crucial
to de�ne the orientation relationship betweenthe precipitates and the matrix.

Carbon replica specimenswerealsopreparedfrom each samplefor TEM examination.
Replicashave a number of advantagesover thin foil samples.By eliminating e�ects due to
the steel matrix, the size and the chemical composition of the carbidesmay be measured
more accurately. Working with a magneticspecimenin the electron beam,which can cause
problems, is also avoided. Furthermore, the area of each samplewhich may be studied is
greater than that of a thin foil, wherethe electron transmitting region may be rather small.
Single stage extraction replicas were prepared. The samplewas polished mechanically by
the samemethod asfor optical microscopy, and chemically etchedwith 4 vol. % nital for few
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5.5 Transmission electron microscop y (TEM)

seconds.A carbon coating of 20 � 30 nm (brown gold colour) was deposited in a vacuum
of 105 torr onto the etched surface. This �lm was then scoredwith a sharp blade to divide
it into several smaller squares(about 1 mm2). Electrolytic etching in a solution of 5 %
hydrochloric acid in methanol at 7.5 V was usedto remove the carbon �lm, which was then
washedin methanol and 
oated o� in distilled water. Each sampleyielded approximately
ten smallersquaresof �lm which weremounted on copper grids and dried beforeexamination
in the TEM. Figure 5.2 shows a schematic drawing of the samplepreparation procedures.

Carbon deposit ionPrecipit at e Et ching

Mat rix

Figure 5.2: Schematic drawing of carbon replica samplepreparation.

5.5.2 Selected area di�raction

Selectedarea electron di�raction using replica specimensis one of the most reliable
methods to identify unknown precipitates. The precipitates of interest are chosenusing a
selectedareaaperture and a corresponding di�raction pattern is obtained. Figure 5.3 shows
a schematicdrawing of the geometryof di�raction. The relationship amongstthe parameters
can be described as follows [103]:

Rhk ldhk l = L cam � (5.1)

whereRhk l is the distancebetweenthe transmissionspot and the di�raction spot from hkl
plane, dhk l is the spacingof hkl planes,L cam is the cameralength, and � is the wavelength
given by [104]:

� =
h

[2meeVac(1 +
eVac

2meCl
)]0:5

(5.2)

where Vac is the acceleratingvoltage, Cl is the speed of light in vacuum, h is the Planck
constant, e is the charge of an electron and me is the electron mass. The camera length
was calibrated using a gold �lm. Figure 5.3 shows a schematic diagram of the geometryof
di�raction.
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5.5 Transmission electron microscop y (TEM)
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Figure 5.3: Schematic diagram of the geometryof di�raction in transmission
electron microscopy. L cam , Rhk l and � B are the camera length, distance be-
tweenthe transmitted spot and the di�racted spot in the di�raction pattern
and Bragg angle,respectively.

5.5.3 Measuremen t of particle size

M2C hasan hcp structure with a speci�c orientation relationship with the ferrite matrix
[12]:

f 0001gM 2C // f 110g�

< 11�20> M 2C // < 001> �

In the < 001> � direction, which is parallel to the < 11�20> M 2C, the matching of both phasesis
very good, and thus M2C particles grow in the < 001> � direction. Therefore,the observation
of M2C particles was performedfrom < 001> � direction to measurethe particle length and
diameter.

M4C3 (V 4C3) hasan fcc structure. The orientation relationship betweenV4C3 and the
ferrite matrix is reported as [38]:

f 100gV 4 C3 // f 100g�

< 100> V 4C3 // < 110> �
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5.5 Transmission electron microscop y (TEM)

V and Fe atoms have excellent coherencybetween the lattices along f 001g� plane (about
2.1 % mismatch) [12], and thus M4C3 particles grow in plate shape on a f 001g� plane.
The observation of M4C3 particles was therefore performed from the < 001> � direction to
measurethe particle diameter and thickness.

5.5.4 Measuremen t of the thic kness of a thin foil sample

Consider the casein which the grain boundary or the interface is declined to the
incident beam, as shown in Fig. 5.4. It is assumedthat one of the lattice planes of one
grain (grain A in Fig. 5.4) satis�es the Bragg condition, and no lattice plane satis�es the
Bragg condition in another grain (grain B in Fig. 5.4). The incident beamin grain A is then
di�racted and the transmitted beam is strong at the depth of n � � from the foil surface,
wheren is an integer and � is the extinction distance,which is represented as:

� =
� Vcell cos� B

�F
(5.3)

where Vcell is the volume of a unit cell of the material, � B is the Bragg angle, � is the
wavelength and F is the structure factor for the Bragg angle � B , which can be represented
asF = 2f for the bcc structure wheref is atomic scattering amplitude.
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Figure 5.4: (a) Schematic diagram of the geometry of transmitted and
di�racted beamsat the grain boundary. The transmitted beamfrom the
grain A is strong at the points b and d. (b) Beamcontrast on the screen
(thicknessfringes).
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5.6 Hydrogen trapping capacit y measuremen ts

Thesetransmitted beamsare not a�ected by grain B; they thereforecreatea type of
contrast called thicknessfringes on the screen.The foil thicknesscan thereforebe obtained
using the number of thicknessfringesand the value of the extinction distancefor di�raction
in grain B. The extinction distancesfor several f hklg di�raction areknown. Table5.2shows
examplesof extinction distanceof iron for the two-beam condition at 100kV.

hkl 110 200 220 400
Extinction distance / nm 28.6 41.2 65.8 116.2

Table 5.2: Examplesof extinction distancesof iron for two-beamcondition at 100kV [105].

5.5.5 X-ra y energy-disp ersed spectroscop y (XEDS) measuremen t

When an electron beam ionizesan atom, the characteristic X-ray energy emitted is
unique to the ionized atom. XEDS producesspectra which are plots of X-ray counts versus
X-ray energy, which can be used to identify the atom. To perform XEDS analysis in the
TEM, the specimenwas tilted to 45 � ; the live time was 100 s. The dead time was kept
below 20 %.

XEDS analysis is particularly useful on carbon replicas, where the precipitates are
separatedfrom the matrix. In thin foils, the size of most of the particles is so small that
XEDS patterns often contain a largecontribution from the matrix. Most of the phases,once
characterisedby di�raction and composition, can be directly identi�ed from their XEDS
pattern.

Resultsof TEM observations will be presented in chapters on modelling.

5.6 Hydrogen trapping capacit y measuremen ts

Specimensof dimensions8 mm � � 70 mm L were chosenfor the hydrogen trapping
measurements. The trapped hydrogen concentration was analyzed through programmed
temperature analysisusing a gaschromatograph (Yanako GC 1300)[106]. Figure 5.5 shows
the schematic diagram of this apparatus. The evolution rate curve of di�usible hydrogen
which causesembrittlement of steelsshows a peak at 100 � C using this apparatus with a
heating rate of 100 � C hour� 1. It was investigated that di�usible hydrogen would be fully
evaporatedusing75h atmosphericagingwith the samplesizeand hardnessfor present work,
asshown in Fig. 5.6.

Cathodic hydrogen charging was carried out for 48 hours with a current density of
0.2mA cm� 2 in onelitre of 3 wt. % NaCl aqueoussolution with 3 g of NH4SCN (ammonium
rhodanate)addedasa catalyst. The specimenswerethen kept at 20 � C atmospherefor 100h
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5.6 Hydrogen trapping capacit y measuremen ts

to evaporate di�usible hydrogen;thereforeonly trappedhydrogenremainedin the specimen.
The test specimenswereheatedfrom room temperatureto 800� C at a constant programming
rate (100 � C hour� 1) in Ar carrier gasusinggaschromatographapparatus,and the curvesof
the hydrogenevolution rate against temperature were obtained. A hydrogenevolution rate
curve shows a peaktemperature corresponding to the trapping energyof hydrogen[53]. The
area-integrated value of this peak was then taken as the trapped hydrogenconcentration.

Gas chro-

mat ograph

apparat us

Recorder

Ar gas

Gauge pipe

Valve

Int o 

Air

Ar + H

Ar + H

Heat er

� � � �
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2
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Figure 5.5: Schematic diagram of hydrogenmeasuringapparatus.
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5.6 Hydrogen trapping capacit y measuremen ts
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Figure 5.6: Relationshipbetweenthe hydrogenevolution rate and temperature
of sampleswhich werechargedwith hydrogenand kept for 0.25h and 75 h at
20 � C atmosphereafter hydrogen charging. The chemical composition of the
sampleswas 0.2C-0.2Si-0.5Mn-0.2Crin wt. % and the Vickers hardnesswas
350.
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Chapter 6

Exp erimen tal results

6.1 Optical microstructure

Figures 6.1 and 6.2 show the optical microstructure of (a) Steel A, (b) Steel B, (c)
SteelC, (d) SteelD and (e) SteelE after quenching. Each microstructure was found to be
fully martensitic.

6.2 Hardness

Figure 6.3 shows the relationship between the hardnessof the steelstested and the
tempering time. In the �gure, As Q denotesas-quenched.

6.3 TEM observation

Results of TEM observations and EDX measurements will be shown in chapters 7, 8
and 9, as they are relevant to modelling.

6.4 Hydrogen trapping capacit y measuremen t

Figure 6.4 shows the relationships betweenhydrogen evolution rate and temperature
(left), and between amount of hydrogen evolved and temperature (right) for (a) Steel A,
(b) Steel B, (c) Steel C, (d) SteesD and (e) Steel E for various tempering times. The
evolved hydrogen amount was obtained by area-integration of the hydrogen evolution rate
curve. It is consideredthat thesehydrogenconcentrations represent the hydrogen trapping
capacitiesfor each tempering condition. The peak temperature in an evolution rate curve
corresponds to the hydrogen trapping energy [107, 108]; the trapping energy of hydrogen
with 180-200� C peak temperature is about 30 kJ mol� 1 [2, 63]. It was found that steels
whosehydrogen trapping capacity was more than 3 wt. ppm showed excellent hydrogen
embrittlement resistance[2, 63].

Figure 6.5shows the relationship betweenthe hydrogentrapping capacity and temper-
ing time for each steel. The hydrogen trapping capacity increasesand reachesa maximum,
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6.4 Hydrogen trapping capacit y measuremen t

Figure 6.1: Optical microstructure of (a) SteelA (b) SteelB and (c) SteelC after
quenching.
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6.4 Hydrogen trapping capacit y measuremen t

Figure 6.2: Optical microstructure of (d) Steel D and (e) Steel E after
quenching.
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Figure 6.3: Relationship between Vickers hardnessof the steelstested
and the tempering time. As Q denotesas-quenched.

then decreases,with increasingtempering time. This meansthat the hydrogen trapping
capacity doesnot merely correspond to the carbide volume and surfacearea.
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Figure 6.4: The graphson the left represent the relationship betweenhydrogen
evolution rate and temperature for various tempering times. The right-hand
graphsrepresent the relationship betweenthe evolvedhydrogenamount, which
is obtained by area-integration of the left graphs, and temperature. (a), (b),
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Chapter 7

Mo delling Mo 2C in a Fe-C-Mo
ternary system

7.1 Exp erimen tal work

Experiments were conductedto provide data for model veri�cation. As shown later,
the model can predict the averagecarbide length, volume fraction and number density. It is
therefore necessaryto obtain thesedata experimentally to verify the model. Transmission
electron microscopy was usedto obtain the necessarydata.

7.1.1 Material

Table 7.1 shows the chemical composition of the material designedfor the present
work. The steel contains 0.1 wt. % carbon and a stoichiometric quantit y of Mo for Mo2C.
As will beshown later, experimental data and thermodynamic calculationsshow that in this
steel the carbide is virtually pure Mo2C with negligible quantities of iron or manganesein
the metal sites. Therefore, its precipitation can be modelled as if it occurred in a ternary
Fe-Mo-C system.

C Si Mn Mo Al N
Steel A 0.10 < 0.005 1.99 1.60 0.03 0.0049

Table 7.1: Chemical composition of experimental steel in wt. %.

7.1.2 Transmission electron microscop y
I Molyb denum carbide

Figures7.1 - 7.6 show thin-foil TEM imagesof SteelA temperedfor a variety of times.
Thesepictures were taken from the [100] orientation of the matrix. Figure 7.7 shows the
imagesof a carbon replica from the specimenwhich wastemperedfor 560h at 600 � C. From
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7.1 Exp erimen tal work

the di�raction patterns in Fig. 7.7, the needle-shaped precipitates have a hexagonalclose-
packed (hcp) structure and are consideredto be M2C, where `M' stands for metal atoms
(Mo, Mn, Fe); the molybdenum-rich carbide is henceforth referred to as M2C. It is known
that M2C grows along the three equivalent < 001> directions of ferrite, and, for example
in Fig. 7.4, precipitates growing in three < 001> directions are observed. In Fig. 7.1 - 7.6,
the point-lik e precipitates are the cross-sectionalimagesof precipitates growing in the [100]
direction, which is parallel to the observation direction.
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(a)

(b)

(c)

1 0 0  nm

1 0 0  nm

0 1 1

0 0 2

Figure 7.1: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 0.5 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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1 0 0  nm

1 0 0  nm

(a)

(b)

(c)

0 0 2
0 1 1

Figure 7.2: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 10 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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(c)

2 0 0  nm

0 1 1

0 0 2

Figure 7.3: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 30 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 7.4: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 100h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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2 0 0  nm
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Figure 7.5: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 560h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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2 0 0  nm
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0 0 2
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Figure 7.6: TEM observation of a thin-foil from Steel A tempered at 600 � C
for 1150h. Zone axis is [100] of ferrite matrix. (a) Bright �eld image. (b)
Dark �eld imageusing the carbide di�raction spot indicated by the arrow in
(c). The 002and 011re
ections are from the ferrite.
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2 0 0  nm

2 0 0  nm

(a)

(b)

(c)

1 0 1 0

0 1 1 0

Figure 7.7: TEM observation of carbon replica from Steel A tempered at
600 � C for 560 h. (a) Bright �eld image. (b) Dark �eld image using the
carbide di�raction spot indicated by the arrow in (c). The 10�10 and 0�1�10
re
ections are from M2C.
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7.1 Exp erimen tal work

I I Cemen tite

Figures7.8 - 7.10show the extraction carbon replica TEM imageof SteelA tempered
for a variety of times. Cementite particlesprecipitate on the prior-austenitegrain boundaries
and the martensite lath boundaries. Cementite particles are also evident within the laths.
Particles precipitating on the boundariesare spheroidal or plate-shaped and the average
thicknessis 50 nm. On the other hand, the particles precipitating within the laths are plate-
shaped and the averagethicknessis 20 nm. Cementite in the laths dissolved after 100 h
tempering at 600 � C, but it persistedon the grain boundaries.

I I I Chemical comp ositions of carbides

The chemicalcompositionsof M2C and cementite particlesweremeasuredusingenergy
dispersive spectroscopy on carbon replica specimens. Figure 7.11 shows the typical X-ray
count-energy pro�les and the ratio of metallic elements in cementite and M2C for several
tempering times. Experimental data wereobtained from at least 5 particles in each sample.
In Fig. 7.11, the solid circles represent the averageof data from di�erent particles, and the
scatter of the data is indicated by error bars. The averageatomic ratio of metallic elements
in M2C particles is 0.91Mo:0.06Mn:0.02Fe. M2C is thereforevirtually pure Mo2C.

IV Foil thic kness

A knowledge of the thicknessof the foils used for transmission electron microscopy
is necessaryto estimate the volume fraction of Mo2C. The thicknesswas measuredusing
thicknessfringesat the grain boundaries.The extinction distancesfor a two-beamcondition
are known; it is therefore possibleto calculate the thicknessof the sampleby multiplying
the extinction distanceby the number of fringes. The thicknessof the sampleswas in this
way found to be 80{160 nm.

V Carbide morphology and volume fraction

The carbide sizewas measuredfor each samplefrom at least �v e di�erent locations,
each of which contained over 300 particles. The volume fraction was calculated using the
length and diameter of each carbide particle and the foil thickness. The volume fraction,
averagelength, averageaspect ratio, number density and number density distribution of the
length of Mo2C particles are shown in Fig. 7.12. In Fig. 7.12, the solid circlesrepresent the
averageof data from di�erent locations, and the scatter of the data is indicated by error
bars. Mo2C grows at the expenseof cementite. It grows in the < 001> � directions whilst
maintaining a needleshape whoseaverageaspect ratio is 9{10 up to 100h. However, after
100 h tempering, the averageaspect ratio decreases,whilst the volume fraction remains
constant. This is thereforeconsideredto be an Ostwald ripening stage.
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1 0 0  nm

1 0 0  nm

(a)

(b)

(c)

1 2 1

2 2 2

Figure 7.8: TEM observation of carbon replicafrom SteelA temperedat 600� C
for 0.5 h. (a) Bright �eld image. (b) Dark-�eld image using the cementite
di�raction spot indicated by the arrow in (c). The 2�22 and 121re
ections are
from cementite.
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(a)
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Figure 7.9: TEM observation of carbon replicafrom SteelA temperedat 600� C
for 10 h. (a) Bright �eld image. (b) Dark-�eld image using the cementite
di�raction spot indicated by the arrow in (c). The �23�2 and 121re
ections are
from cementite.
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(a)

(b)
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Figure 7.10: TEM observation of carbon replica from Steel A tempered at
600 � C for 100 h. (a) Bright �eld image. (b) Dark-�eld image using the
cementite di�raction spot indicated by the arrow in (c). The 11�2 and 132
re
ections are from cementite.
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Figure 7.11: XEDS analysisof Steel A tempered at 600 � C. (a) Example of X-ray
count-energypro�le of cementite, (b) Exampleof X-ray count-energypro�le of M2C,
(c) Relationship betweenatomic ratio of metallic elements and tempering time for
cementite, (d) Relationshipbetweenatomic ratio of metallic elements and tempering
time for M2C.
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Figure 7.12: Observations of SteelA temperedat 600 � C. (a) Relationship between
Mo2C volumefraction and tempering time. (b) Relationshipbetweenaveragelength
of Mo2C particles and tempering time. (c) Relationship betweennumber density of
Mo2C particles and tempering time. (d) Relationshipbetweenaspect ratio of Mo2C
particles and tempering time. (e) Number density distribution of length of Mo2C
particles in the steel tempered for 30 h. (f ) Number density distribution of length
of Mo2C particles tempered for 100h.
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7.2 Precipitation of allo y carbide with lo cal equilibrium

7.2 Precipitation of allo y carbide with local equilib-
rium

Carbon is an interstitial solute in iron and hencehas a much higher mobilit y than
substitutional solutesor iron. It is natural thereforethat iron carbidesare the �rst to form
whenvirgin martensite is tempered. The iron carbidesform by a displacive mechanism and
henceonly the di�usion of carbon is necessary. [14, 15, 16, 17]

The steps following the rapid precipitation of paraequilibrium cementite are com-
plicated becauseits chemical composition changestowards equilibrium as cementite ab-
sorbs molybdenum (enriches) to try to achieve its equilibrium composition. As shown in
Fig 7.11 (c), this enrichment was observed in the present work. Cementite, although kinet-
ically favoured, is lessstable than many alloy carbides; consequently , while the cementite
adapts its chemical composition, molybdenum carbide precipitation commencesand even-
tually leadsto the dissolution of the cementite. Theseprocessesmust all be consideredto
occur simultaneously in any model.

In the present case,alloy carbideformation involvesthe di�usion of both molybdenum
and carbon, the di�usivities of which aredi�erent by many ordersof magnitudeat the trans-
formation temperature. In order to maintain equilibrium at the transformation interface,
the tie-line controlling interface compositions has to be chosenin such a way that the two
solutescan keeppacewith each other [79]. Another way of expressingthis condition is to
construct interface-composition (IC) contours on isothermal sectionsof the ternary phase
diagram. All alloys on a single contour transform with the samecompositions (same tie-
line) at the interface,whilst ensuringthat the slow and fast solute-di�usion 
uxes are both
consistent with the rate at which the interfacemoves. The IC contour dependson the ratio
of the di�usion coe�cien ts of the substitutional solute X and of carbon (DX=DC).

Consideringthis scenario,the precipitation processin a ternary alloy canbe illustrated
by Fig. 7.13. Point a is the overall composition of the alloy, i.e. the composition of the virgin
martensite. Point b is the matrix composition after paraequilibrium cementite precipitation;
this matrix is supersaturated with respect to molybdenum carbide which will precipitate
with the interface compositions given by the tie-line cf . As it continues to precipitate, the
lessstablecementite dissolves;this e�ectiv ely movesb in a direction such that the governing
tie-line shifts from cf towardsed. This tie-line shifting [79] ceaseswhenthe governing tie-line
passesthrough the averagecomposition a and equilibrium is achieved. The cementite acts
asa sourceof carbon.

In Fig. 7.13, to satisfy the massbalancesof Mo and C, the interfacial C concentration
is assumedto be the sameas that of the matrix [79]. Strictly , however, carbon di�usion is
a�ected by other elements. Hillert treated di�usion-controlled growth in a ternary system
morerigorously by consideringthe interatomic e�ect on di�usion [71]. According to Hillert's
theory, the chemical composition of ferrite which is in equilibrium with the carbide can be
obtained by the crosspoint of the ferrite/ferrite + carbide phaseboundary curve and the
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Figure 7.13: Schematic representation of the alloy composition and the tie-
lines governing � /Mo 2C interface compositions during the precipitation pro-
cess. Point a is the alloy composition and b is the matrix composition after
paraequilibrium cementite precipitation. The points c and f are the endsof
the IC contour passingthrough the point b, and are the � /Mo 2C interface
compositions.

iso-activity curve of carbon passingthough the nominal matrix composition in the ternary
phasediagram (the point c0 in Fig. 7.14). Later, Coatestook into account the interatomic
e�ect on di�usion and cameto the sameconclusionas Hillert. It is therefore necessaryto
con�rm the iso-activity curve of carbon in a ternary phasediagram to apply Coates' theory
represented by Fig. 7.13. If the carbon activit y is not a�ected signi�cantly by Mo, it is
possibleto apply Fig. 7.13.

Figure 7.15shows the iso-activity curvesin the Fe-C-Mo ternary phasediagram. From
theseresults, it is consideredthat there could be small deviations (up to about 10 %) of
the interfacial carbon concentration by applying Coates'di�usion-controlled growth theory.
The assumptionin Fig. 7.13 is thereforeconsideredto be valid.

7.3 Gro wth of particles: capillarit y

As presented in section 2.2.3, the most comprehensive theory of di�usion-controlled
growth is due to Trivedi [76], following work by Ivantsov [74], in which a needle-shaped
particle is represented as a shape-preservingparaboloid of revolution. The curvature is
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7.4 Mo delling of needle-shap ed carbide gro wth

not constant acrossthe surfaceof the needle;Trivedi therefore introducedthe functions R1

and R2 to account for capillarity and interface kinetics respectively, over the surfaceof the
paraboloid:


 = �p exp( �p)E1( �p)
�

1 +
v
vc


 R1( �p) +
r c

r I C

 R2( �p)

�

(7.1)

where 
 is the supersaturation, r I C is the radius of curvature at the tip, r c is the critical
tip radius at which growth ceases,v is the lengthening rate, vc is the velocity of a 
at
interface which is completely controlled by the interface processes,�p is the P�eclet number
( �p = vr I C =2D) and E1( �p) represents the exponential integral [75]. R1( �p), R2( �p) are:

R1( �p) =
1
2�p

N1( �p) � 1

R2( �p) =
1
4�p

N2( �p) � 1

(7.2)

The values of the functions N1( �p) and N2( �p) were obtained numerically by Trivedi; they
become1.4050and 3.8410,respectively, for small valuesof supersaturation (
 � 1) [78].
Equation 7.1 givesthe generalsolution for the growth of precipitate needles.The right-hand
side is a sum of three terms, of which the �rst is the result obtained by Ivantsov [74] for
the caseof the iso-concentrate boundary. The secondand third terms are correctionsto the
Ivantsov solution due to the interfacekinetics and capillarity e�ects respectively.

Equation 7.1 yields the P�eclet number as a function of the supersaturation, but a
further assumption is neededto obtain a lengthening rate or tip radius. Zener suggested
that the particle should adopt a tip radius which givesthe maximum growth rate [7]. This
maximum growth rate can be obtained by di�erentiating equation 7.1 with respect to r I C

and setting
@v

@r I C = 0. The solution of this di�erential was obtained for large valuesof 


(
 � 0:2) [77] and for small valuesof 
 � 0:2 [78]. In the present work, di�usion-controlled
growth was assumed;the kinetic term in equation 7.1 was thereforeneglected.

7.4 Mo delling of needle-shap ed carbide growth

7.4.1 Chemical comp osition and equilibrium phases

Table 7.1 shows the chemical composition of the material under consideration. The
steel contains 0.1 wt. % carbon and a stoichiometric quantit y of Mo for Mo2C. Using MT-
DATA, the phasefractions and the compositionsof the equilibrium carbidesfor the steelat a
variety of temperatureswerecalculated. The calculationsallowed for the potential existence
of cementite, M2C (hcp), M4C3 (fcc), M7C3 and M23C6 in addition to ferrite. According
to the results, for 600 � C, M2C (hcp) is the only stable carbide in this steel. The equilib-
rium composition of M2C, according to MTD ATA, is 0.57Mo-0.33C-0.09Mn-0.01Fe (mole
fraction). The experimental results con�rm that Mo2C is the only stable carbide for the
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7.4 Mo delling of needle-shap ed carbide gro wth

conditions of the present work. M2C can thereforebe denotedMo2C in a Fe-C-Mo ternary
system.

7.4.2 Capillarit y e�ect in multicomp onent systems

When interfacesare curved, the needto create interfacesa�ects local equilibrium, an
e�ect which cannot be neglectedwhen dealing with small particles or coarseningreactions.
If � and a sphereof � are in contact at a curved interface then the conditions for local
equilibrium are [109]:

dT� = dT� = dT (7.3)

dP� = dP� + 2� dH (7.4)

d� 1
� = d� 1

� ; d� 2
� = d� 2

� (7.5)

Here,T; P; H , � and � represent temperature,pressure,curvature of � phase,surfaceenergy,
and chemical potential, respectively. If it is assumedthat the pressureof the � phaseis
constant, from equation 7.4, the pressurechangeof the � phasecan be represented as:

� P =
Z P

P (H =0)
dP� =

Z H

H =0
2� dH =

2�
r I C

(7.6)

where r I C is the radius of curvature at the tip. Accordingly, if the atomic volume of � is
represented as � � , the additional Gibbs energyterm of � � G� is:

� G� = � P� � =
2� � �

r I C
: (7.7)

The simplestexactmethod to evaluate the in
uence of capillarity on the interfacecom-
position is to modify the Gibbsenergyvalueof the � phasein the databaseusedby thermody-
namiccalculation softwaresuch asMTD ATA. In the caseof Mo2C (hcp, a=3.0 �A, c=4.72 �A),
the atomic volume � Mo2C is 1.22� 10� 29 m3 and the interfacial energy� can be assumedto
be 0.2 J m� 2 [66]. Accordingly, the additional Gibbs energywould be 2941J mol� 1 for r I C

= 10 �A. The databasefor the hcp phase(sublattice) wasmodi�ed to add 1 � 10� 6 J mol� 1

per 1 Pa pressureincrease.

The e�ect of capillarity on the molybdenum molefraction of the ferrite in local equilib-
rium with the carbide(c� Mo2C

Mo ), evaluated by adding an additional Gibbs energyterm in the
databaseusedby MTD ATA, is shown in Fig. 7.16 as a function of the radius of curvature,
for 0.10C-1.60Mo(wt. %) steel.

7.4.3 Overall transformation kinetics

Carbide precipitation during tempering of a Fe-C-Mo steel,which includesthe precip-
itation of Mo2C and the enrichment and dissolution of cementite, was simulated.
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Figure 7.16: Capillarit y-corrected composition of ferrite in equilibrium with
Mo2C as a function of the radius of curvature. The point b represents the
composition of the ferrite matrix after the completion of paraequilibrium ce-
mentite precipitation.

I Enric hmen t and dissolution of cementite

Cementite was assumedinitially to contain the samemolybdenum to iron atom ratio
as in the averagechemical composition. During tempering, molybdenum di�uses into the
cementite to enrich it towardsequilibrium, andat somestage,the cementite beginsto dissolve
to give way to the precipitation of the more stable Mo2C. The volume fraction of cementite
can be calculated using the lever rule, assumingthat any residual carbon concentration in
the ferrite is so small that it can be neglected.The volume fraction of cementite � � is thus
given by [98]:

� � = 1:0065�
�c

c� �
with c� � ' 0:25 (7.8)

by taking account of the di�erence in ferrite and cementite densities. Transmissionelec-
tron microscopy indicated an averagecementite plate-thicknessof about 2 � 10� 8 m when
the particles were within the ferrite grains and 5 � 10� 8 m when they were on the grain
boundaries.

The rate of enrichment is given approximately by [96]:
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c�
Mo = �cMo + 4

q
DMo t

(�cMo � c��
Mo )

dt
p

�
(7.9)

wherec�
Mo represents the atomic fraction of Mo in cementite, t is the time sincecementite

formation, dt is the thicknessof the cementite plate, DMo is the di�usion coe�cien t of Mo in
the matrix (it is assumedthat the corresponding di�usivit y in the cementite is identical to
that in ferrite), c��

Mo is the atomic fraction of Mo in the ferrite which is in equilibrium with
the cementite, and �cMo is the meanatomic fraction of Mo in the alloy.

The dissolution rate v� is determinedfrom [94]:

v� = �
DMo

�d
c��

Mo � c� Mo2C
Mo

c� �
Mo � c��

Mo
(7.10)

where �d is the meandi�usion distancebetween� and Mo2C precipitates, given by:

�d = (N � + N Mo2C) � 1
3 (7.11)

whereN � and N Mo2C are the number densitiesof � and Mo2C particles, respectively.

In addition, dissolution of cementite is restricted in such the way that the carbon
concentration in the ferrite matrix (�cC ) doesnot exceedthe carbon concentration in ferrite
which is in equilibrium with cementite (c��

C ).

I I Nucleation of Mo 2C

The nucleation rate is given by:

I = NV
kT
h

exp

(
� (G� + Q� )

kT

)

(7.12)

whereNV is the number density of nucleationsites,Q� is the activation energyfor the transfer
of atoms acrossthe interface (approximately equal to the activation energyfor di�usion of
Mo when the nucleusis coherent), k is the Boltzmann constant and h is the Planck constant
[68]. G� is the activation energyfor nucleation:

G� =
16�
3

� 3

� GV
2 (7.13)

where� GV is the chemical free energychangeper unit volume of nuclei and hasa negative
value. � GV was calculated using MTD ATA as -1.435� 109 J m� 3. This value is for the
beginningof precipitation of Mo2C, and decreasesasprecipitation proceeds.The changein
the value of � GV is calculated corresponding to the progressof the precipitation reaction
using a mean �eld approximation, i.e. assumingthat the solute is uniformly distributed
in the matrix. � is not a true interfacial energybut an e�ectiv e interfacial energybecause
equation 7.13 really applies to the homogeneousnucleation, but Mo2C particles nucleate
heterogeneously.
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I I I Di�usion-con trolled growth with capillarit y

Modelling of growth with localequilibrium at the interfaceis basedon Coates'di�usion-
controlled growth theory accounting for the capillarity e�ect. The critical radius of curvature
r c at which growth ceaseswascalculatedusingMTD ATA, with a modi�cation to the database
of the hcp phaseto includea pressurechange.The growth rate is the maximum rate obtained
using Trivedi's theory, for given valuesof the carbon concentration in the matrix and the
supersaturation 
 of Mo. The growth rate obtained from the valuesof �p and the ratio r I C=rc

corresponding to the maximum growth rate satis�es equation 7.1.

IV Ostwald rip ening

Coarseningoccurs becausethe total energy of the system is reducedby eliminating
interfaces;in practice, large particles grow more rapidly than small particles during precip-
itation, and large particles grow at the expenseof smaller onesduring classicalcoarsening.
The averageparticle size therefore increaseswith time. Classicalcoarseningoccurs slowly
becauseof the small energiesassociated with the interfacescomparedwith the free energy
changeaccompanying precipitation. Ostwald ripening can therefore be assumedto occur
after the `completion' of the precipitation of Mo2C.

The combination of nucleation and growth givesrise to a distribution of Mo2C lengths,
but for a givensupersaturation, they all have the sametip radius. An approximate treatment
wasadopted, in which coarseninginvolvesthe spheroidisationof the needles,assumingthat
the interfacial energyis isotropic. The spheroidisationis drivenby the fact that the additional
Gibbs energyby the capillarity e�ect at the needletip is greater than on the sidesof the
needle. A Mo2C particle can e�ectiv ely be modelled for coarseningpurposesas a cylinder
with hemisphericalends. Particle growth and dissolution is then driven by the capillarity
e�ect. The additional Gibbs energy� G� for the hemisphericaltip is given by:

� G� =
2� � �

r I C
(7.14)

and � G� for a cylindrical body is given by:

� G� =
� � �

r I C (7.15)

It is then possibleto calculate the interfacial mole fraction c� Mo2C
Mo;r . The concentrations of

Mo werethereforecalculatedseparatelyfor the needletip and for the body, accordingto the
respective curvatures. The growth or dissolution rates at the tip and body were calculated
for each particle using thesemole fractions, using Zener'stheory as:

v '
DMo

�d
�cMo � c� Mo2C

Mo;r

cMo2C�
Mo � c� Mo2C

Mo;r

(7.16)

where �d is the meandi�usion distancebetweenparticles; this can be expressedas [94]:
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�d = (N Mo2C) � 1
3 (7.17)

whereN Mo2C is the number density of Mo2C particles.

Accordingly, particles grow or dissolve as shown in Fig. 7.17.

d

dissolut ion
growt h

dif fusion
c

Mo2C �

Moc
Mo2C �

Mo
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� Mo2C

Mo,r

c
�

Mo2C

Mo,r

Figure 7.17: Schematic drawing of Ostwald ripening of cylinder-shaped
particles.

7.4.4 Inputs and calculations

The precipitation calculationswereperformedin time stepsof 100s. In each step, the
following quantities were calculated: the nucleation rate, nucleussize(the initial sizeof the
particle), growth rate, and the Mo and C mole fraction changein the matrix corresponding
to the growth of Mo2C and the enrichment and dissolution of cementite. The consumption
of nucleation sitesduring the transformation was accounted for in each step. Oncethe mole
fractions of Mo and C in the matrix (�cMo and �cC) had beendetermined, the corresponding
supersaturation of Mo (
 Mo ) and the critical radius r c could be obtained. By obtaining

 Mo and r c, the value of �p satisfying equation 7.1 could be determined. Finally, the max-
imum growth rate and tip radius of a Mo2C particle r I C giving the maximum rate for the
corresponding value of �p were obtained. The volume of each particle was calculated as a
paraboloid.

After completion of the precipitation and growth stage,each Mo2C particle was mod-
elled as a needle,both endsof which were hemispheres,for the Ostwald ripening stage. In
this stage,c� Mo2C

Mo;r valuescorresponding to the tip and the body of each needle-shaped parti-
cle werecalculated,and then the growth (or dissolution) rates at the tip and the body were
calculated.
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Parameter condition

Shape of Mo2C needle
Tempering temperature / � C 600

Interface energyof Mo2C / J m� 2 0.2
Driving force for nucleation of Mo2C / J m� 3 -1.435� 109

Nucleation site density of Mo2C / m� 3 2.46 � 1022

Maximum volume fraction of cementite 1.796� 10� 2

Maximum volume fraction of Mo2C 1.391� 10� 2

c�� / atomic fraction 8.724� 10� 3

c� � / atomic fraction 4.245� 10� 2

c� Mo 2 C / atomic fraction 1.632� 10� 3

cMo 2 C� / atomic fraction 6.556� 10� 1

Thicknessof cementite in grains / m 2.0 � 10� 8

Thicknessof cementite on grain boundaries / m 5.0 � 10� 8

Di�usion constant of Mo DMo / m2 s� 1 2.29 � 10� 4

Activ ation energy for Mo di�usion QMo / J(mol � K) � 1 2.39 � 105

Table 7.2: Calculation parameters for precipitation of carbides in a
ternary system(Fe-0.10C-1.60Moin wt. %).

The parametersused in the calculations are listed in Table 7.2. The nucleation site
density was obtained by �tting to experimental data. The Mo2C/ferrite interface energy
[66], and the di�usivit y of molybdenum in ferrite [110], were obtained from the literature.

7.5 Results and discussion

Figure 7.18shows comparisonsof the calculationsand the observations. Experimental
data wereobtained from several areasin each sample. In Fig. 7.18,the solid circlesrepresent
the averageof data from di�erent areas,and the scatter of the data is indicated by error
bars. The techniqueallows the carbidedimensionsto be measuredto an accuracyof � 1 nm.

After the completion of paraequilibrium cementite precipitation, the concentration of
carbon in the matrix is quite low (0.026at. %, accordingto MTD ATA). Carbon atoms,which
are necessaryfor the precipitation of Mo2C, are provided by the dissolution of cementite.
After the completion of precipitation, Ostwald ripening proceedswith a constant volume
fraction of Mo2C. Figure 7.18(a) showssuch simultaneousMo2C precipitation and cementite
dissolutionbehaviour. From the observationsandcalculations,it canbeseenthat the volume
fraction of Mo2C increaseswith time up to 100 h and then remains constant, as shown in
Fig. 7.18(a). It is thereforeconsideredthat nucleationand growth stageendsat about 100h
and the Ostwald ripening stagecommencesafter that.

The averagelength of Mo2C particles increasesduring the precipitation and growth
stage.During the Ostwald ripeningstage,the growth rate (or dissolution rate) at both ends
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of a needleis smaller (or larger) than that at the body of a needlebecauseof the capillarity
e�ect. On average, therefore, the length decreasesduring Ostwald ripening as shown in
Fig. 7.18 (b).

The number density of Mo2C particles with length greater than 5 nm was calculated,
as shown in Fig. 7.18 (c), for comparisonwith observations; Mo2C particles of size less
than 5 nm could not easilybe observed usingconventional transmissionelectronmicroscopy.
During the Ostwald ripening stage,the number density of such particles decreases.

The calculated number density distribution of the length of Mo2C particles is shown
in Fig. 7.18(d) for the tempering time of 30 h. Each point which is placedat the length of
X nm represents the number density of particles observed whoselength is from (X-5) nm to
(X+5) nm.

The calculations in generalagreewell with the observations. However, there are dis-
crepanciesin the number density, and the number-density distribution of the length, of Mo2C
particles. The problem probably lies in the evaluation of nucleation rate. The observations
show that even after 100h tempering, small particles (10{20 nm) exist whereasthe calcula-
tions predict that nucleation ceasesin the relatively early stagesof tempering. Nucleation
seemsto occur moreslowly, and persist for a longerperiod, than implied by the calculations
until a relatively late stageof tempering. It is not clear how the nucleation function should
be adapted without introducing further unknown parameterssuch as strain energy.

In the present model, cementite is modelled as a plate, although in practice its mor-
phology is not uniform. To test this assumption,another calculation, in which cementite is
modelled as spheresand the capillarity e�ect is taken into account, was carried out. This
predicted that cementite dissolution would be completed 6 h earlier than in the present
model. It is therefore consideredthat, although the detailed morphology of the cementite
shoulda�ect its dissolution, the di�erence in time is relatively small comparedwith that for
the alloy carbide reaction.

The growth model used here is basedon Trivedi's theory, in which a needleis rep-
resented as a paraboloid of revolution. For comparison, a calculation based on Zener's
approximation, as adopted by Fujita and Bhadeshia[6], was performed. Even by varying
the nucleation site density, it was impossibleto �t the results to observations. In particular,
the model overestimatesthe growth rate, asshown in Fig. 7.19.

For the Ostwald ripening stage,Mo2C particles were modelled as needleswith hemi-
sphericalends. Coarseningtheory for spheresleadsto the following relationship [83, 84]:

�r 3 � r 3
0 =

� 8� � � DMoc��
Mo

9kT

�

t (7.18)

where �r is the averageradius, r0 is the initial averageparticle radius and t is time. During
Ostwald ripening, the volumefraction of Mo2C can be assumedto be constant. The number
density of Mo2C can be thereforerepresented as:
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Figure 7.18: Comparisonsbetween calculated curves and observations. (a) Rela-
tionship between volume fraction of Mo2C particles and tempering temperature.
(b) Relationship betweenaveragelength of Mo2C particles and tempering tempera-
ture. (c) Relationshipbetweennumber density of Mo2C particleswhosesizeareover
5 nm and tempering temperature. (d) Number density distribution of the length of
Mo2C particles for the 30 h temperedspecimen.
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N Mo2C = N Mo2C
0

r 3
0

r 3
0 +

8� � � DMoc��
Mo

9kT
t

(7.19)

whereN Mo2C
0 is the initial number density of Mo2C precipitates when the Ostwald ripening

stagestarts.

Figure 7.20showscomparisonsof the transition of N Mo2C during Ostwald ripeningwith
Mo2C particles calculated as needles,as spheres,and using equation 7.19. The calculation
assuminga needleshape is identical to that for the Ostwald ripening stageof Fig. 7.18(c).
The calculationsassumingneedleandsphericalshapesgivesimilar results,andshow a similar
tendencyto the result of equation 7.19.

7.6 Summary and conclusions

The precipitation and Ostwald ripening behaviour of Mo2C (needle-shaped) particles
during the tempering of a ternary Fe-C-Mo martensitic steel have been characterisedand
modelled, taking account of local equilibrium, the capillarity e�ect, and simultaneous ce-
mentite enrichment and dissolution.

106



7.6 Summary and conclusions

0.0E+00

5.0E+20

1.0E+21

1.5E+21

2.0E+21

0 500 1000 1500

N
u

m
b

er
 d

en
si

t y
 /

 m
-3

Time /  h

calculat ed as needle

calculat ed as sphere

classical 

t heory

Figure 7.20: Comparisonsof the number density of Mo2C particles calculated
as needle-shaped, spherical,and by equation 7.19.

In conclusion,by modelling a Mo2C particle as a paraboloid and assumingthe maxi-
mum growth rate, the model hasbeenshown to be capableof estimating the averagelength,
volume fraction, and number density of particles in a manner consistent with experimental
observations. The growth rate dependson the supersaturation of Mo (
 Mo ) and the ratio of
the solute mole fraction in the matrix �cMo =�cC [111].
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Chapter 8

Mo delling V 4C3 in a Fe-C-V ternary
system

8.1 Exp erimen tal work

Experiments were conducted to provide data for model veri�cation. Transmission
electron microscopy was usedto obtain the necessarydata.

8.1.1 Material

Table8.1showsthe chemicalcomposition of the material designedfor the present work.
The steelcontains 0.1 wt. % carbon and a stoichiometric quantit y of vanadium for V4C3. As
will be shown later, experimental data and thermodynamic calculations show that in this
steel the carbide is virtually pure V4C3 with negligible quantities of iron and manganese
in the metal sites. Therefore, its precipitation can be modelled as if it occurs in a ternary
Fe-V-C system.

C Si Mn V Al N
Steel B 0.10 < 0.005 1.99 0.56 0.03 0.0049

Table 8.1: Chemical composition of experimental steel in wt. %.

8.1.2 Transmission electron microscop y
I Vanadium Carbide

Figures8.1 - 8.6 show thin-foil TEM imagesof SteelB temperedfor a variety of times.
Thesepictures were taken from the [100] orientation of the matrix. Figure 8.7 shows the
imagesof the carbon replica from the specimenwhich was tempered for 100 h at 600 � C.
From the di�raction patterns in Fig. 8.7, theseplate-shaped precipitates have a face-centred
cubic (fcc) structure and are consideredto be M4C3, where`M' standsfor metal atoms (V,

108



8.1 Exp erimen tal work

Fe, Mn); the vanadium-rich carbide is henceforth referred to as M4C3. It is known that
M4C3 grows on the three equivalent f 001g� planes [12]. In Fig. 8.1 - 8.6, the needle-like
precipitates are the cross-sectionimagesof precipitates growing on the f 001g� plane, which
is parallel to the observation direction.

I I Cemen tite

Figure 8.8showsan extraction carbon-replicaTEM imageof SteelB temperedfor 0.5h.
Cementite particles precipitate on the prior-austenite grain boundariesand the martensite
lath boundaries,and also within the laths. The particles at the boundariesare spherical
with an averagesizeof about 50 nm, but thoseat the laths are plate-shaped with a average
thicknessof 20 nm.

I I I Chemical comp ositions of carbides

The chemical compositions of M4C3 and cementite particles were measuredusing en-
ergy dispersive spectroscopy on carbon replica specimens. Figure 8.9 shows typical X-ray
count-energy pro�les of M4C3 and cementite and the atomic ratio of metallic elements for
several tempering times. The solid circlesrepresent the averageof data from di�erent parti-
cles,and the scatter of the data is indicated by error bars. The results shows that M4C3 is
virtually pure V4C3.

IV Foil Thic kness

A knowledge of the thickness of the thin foil is necessaryto estimate the volume
fraction of V4C3. It was calculated using thicknessfringes at the grain boundaries. The
extinction distancesfor a two-beamcondition are known; it is thereforepossibleto calculate
the thicknessof the sampleby multiplying the extinction distanceby the number of fringes.
The thicknessesof the sampleswere in this way found to be between80 and 160nm.

V Carbide morphology and volume fraction

V4C3 grows at the expenseof cementite on the f 001g� planes,whilst keepinga plate
shape whoseaverageaspect ratio is 5 - 6. The carbide size was measuredfrom over 500
particles for each sample. The volume fraction of carbide, averagecarbide length, number
density, aspect ratio and the number density distribution of the length of the particles, are
shown in Fig. 8.15. The solid circles represent the averageof data from di�erent locations,
and the scatter of the data is indicated by error bars.
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5 0  nm

5 0  nm

0 1 1

0 1 1

(a)

(b)

(c)

Figure 8.1: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 0.5 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 0�11 and 011re
ections are from the ferrite.
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Figure 8.2: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 10 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 8.3: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 30 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 0�11 and 011re
ections are from the ferrite.
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Figure 8.4: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 100h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 0�11 and 011re
ections are from the ferrite.
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Figure 8.5: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 560h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 0�11 re
ections are from the ferrite.
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Figure 8.6: TEM observation of a thin-foil from Steel B tempered at 600 � C
for 1150h. Zone axis is [100] of ferrite matrix. (a) Bright �eld image. (b)
Dark �eld imageusing the carbide di�raction spot indicated by the arrow in
(c). The 002and 0�11 re
ections are from the ferrite.
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Figure 8.7: TEM observation of carbon replica from Steel B tempered at
600 � C for 100h. (a) Bright �eld image. (b) Dark �eld imageusingthe carbide
di�raction spot indicated by the arrow in (c). The 2�20 and 111re
ections are
from M4C3 which hasan fcc structure.
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Figure 8.8: TEM observation of carbon replica from Steel B tempered at
600 � C for 0.5 h. (a) Bright �eld image. (b) Dark �eld image using the
cementite di�raction spot indicated by the arrow in (c). The 122 and 11�2
re
ections are from cementite.
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Figure 8.9: XEDS analysisof SteelB temperedat 600� C. (a) Exampleof X-ray
count versusenergypro�le of cementite, (b) Example of X-ray count-energy
pro�le of M4C3, (c) Relationship between atomic ratio of metallic elements
and tempering time for cementite, (d) Relationship between atomic ratio of
metallic elements and tempering time for M4C3.
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Figure 8.10: Observations of steelB temperedat 600 � C. (a) Relationship between
the V4C3 volume fraction and the tempering time. (b) Relationship between the
V4C3 length and the tempering time. (c) Relationship betweenthe number density
of V4C3 particlesand the tempering time. (d) Relationshipbetweenthe V4C3 aspect
ratio and the tempering time. (e) Number density distribution of the length of V4C3

particles in the steeltemperedfor 10h. (f ) Number density distribution of the length
of V4C3 particles temperedfor 30 h.
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8.2 Mo delling of plate-shap ed carbide growth

8.2.1 Chemical comp osition and equilibrium phases

Table 8.1 shows the chemical composition of the material under consideration. Using
MTD ATA, the equilibrium phasesand the compositions of the equilibrium carbidesfor the
steelat a variety of temperatureswerecalculated. The calculationsallowed for the potential
existenceof cementite, M2C (hcp), M4C3 (fcc), M7C3 and M23C6 in addition to ferrite.
According to the results, for 600 � C, M4C3 (fcc) type carbide is the only stable carbide in
this steel. The equilibrium composition of M4C3 accordingto MTD ATA is 0.529V-0.450C-
0.001Mn-0.000Fe-0.019Nin atomic fraction. It is thereforedenotedV4C3 in a Fe-C-V ternary
system.

8.2.2 Lo cal equilibrium, multicomp onent systems

The concept of local equilibrium has been explained in Chapter 7. V4C3 particles
precipitate from the matrix after the completionof paraequilibrium cementite precipitation.
To satisfy the massbalancesof V and C, the interfacial C concentration is assumedto be
the sameas that of the matrix [79]. However, it is strictly not the C concentration but its
activit y which should be identical at the ferrite/V 4C3 interface and in the matrix far from
the interface. The above assumptionis not strictly valid if the interaction betweenC atoms
and substitutional atoms is strong, e.g. for the caseof C and Cr. Figure 8.11shows several
iso-activity curves in the � +V 4C3 two-phase�eld. It can be seenthat the deviation of the
iso-activity curvesfrom the iso-carbon concentration lines (the perpendicular lines) is small,
the above approximation is thereforeconsideredto be reasonable.

8.2.3 Capillarit y e�ect, multicomp onent systems

From observations made in the present work, V4C3 particles have rectangular plate
shapes. As will be mentioned later, a plate-shaped particle can be modelled as a parabolic
cylinder. If a matrix � and a parabolic cylinder-shaped precipitate of � are in contact at a
curved interface then the conditions for local equilibrium are [109]:

dT� = dT� = dT (8.1)

dP� = dP� + � dH (8.2)

d� 1
� = d� 1

� ; d� 2
� = d� 2

� (8.3)

Here,T; P; H , � and � represent temperature,pressure,curvature of � phase,surfaceenergy,
and chemical potential, respectively. If it is assumedthat the pressureof the � phaseis
constant, then from equation 8.2, the pressurechangeof the � phasecan be represented as:

� P =
Z P

P (H =0)
dP� =

Z H

H =0
� dH =

�
r I C

(8.4)
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Figure 8.11: Iso-activity curvesfor C in the � +V 4C3 two-phase�eld. The nu-
merical valuesin the �gure represent the activit y a of C. The point brepresents
the ferrite composition after the completion of paraequilibrium precipitation.

wherer I C is the radius of curvature at the tip. Accordingly, if the atomic volume of � is � � ,
an additional Gibbs energyterm � G� for a plate can be represented as:

� G� = � P� � =
� � �

r I C
: (8.5)

The in
uence of capillarity on the interfacecomposition wasevaluatedusingMTD ATA,
with a modi�cation to the databaseof V4C3 (fcc) phaseto include a pressurechange. In the
caseof V4C3 (fcc, lattice parametera=4.2 �A), the atomic volume � V 4C3 is 1.06 � 10� 29 m3

and the interfacial energy� canbeassumedto be0.2J m� 2 [66]. Accordingly, the additional
Gibbs energy would be 1274 J mol� 1 for r I C = 10 �A. The databasefor the fcc phase
(sublattice) was modi�ed by adding 1 � 10� 6 J mol� 1 per 1 Pa pressureincrease.

The capillarity e�ect on the interface composition (c� V 4C3
V ), which is evaluated by

increasingan additional Gibbsenergyterm in the databaseof MTD ATA, is shown in Fig. 8.12
for several tip radii in 0.1C-0.56V(wt. %) steel.
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Figure 8.12: Composition of ferrite in equilibrium with V4C3 particle for sev-
eral radius values,taking into account capillarity e�ect. The point b represents
the composition of the ferrite matrix after the completion of paraequilibrium
cementite precipitation.

8.2.4 Gro wth of the particles with capillarit y e�ect

Trivedi hasgiven an exact solution for the di�usion-controlled growth of plates,allow-
ing the composition to vary along the surfaceassumingthat the shape remains that of a
parabolic cylinder [77]. In this theory, the capillarity and the interface-kineticse�ects are
accounted for and it is found that the supersaturation 
 can be represented as:


 =
p

� �p exp(�p)erfc(
p

�p)
�

1 +
v
vc


 S1( �p) +
r c

r I C 
 S2( �p)
�

(8.6)

wherer I C is the radius of curvature at the tip, r c is the critical tip radius at which growth
ceases,v is the lengthening rate, vc is the interface-controlled velocity of a 
at interface, �p
is the P�eclet number ( �p = vr I C =2D) and S1( �p), S2( �p) are:

S1( �p) =
1
2�p

M 1( �p) � 1

S2( �p) =
1
2�p

M 2( �p) � 1

(8.7)
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The functions M 1( �p) and M 2( �p) were evaluated numerically and they become2=� and 4=�
for small valuesof supersaturation (
 � 1), respectively [78]. Equation 8.6givesthe general
solution for the growth of precipitate plates. The right-hand side is a sum of three terms
of which the �rst is the result obtained by Ivantsov [74] for the caseof the iso-concentrate
boundary. The secondand the third terms are corrections to that solution due to the
interfacekinetics and capillarity e�ects respectively.

Equation 8.6 does not give a unique value of v or r I C . The maximum growth rate
hypothesisis thereforeadopted to �x theseparameters.The solution of equation 8.6 under
the maximum growth rate hypothesiswasobtainedby Trivedi for largevaluesof 
 (
 � 0:2)
[77] and by Rivera-D��az-del-Castillo for 
 � 0:2 [78].

However, equation 8.6 gives huge valuesof the ratio r I C=rc at the maximum growth
rate for small values of the supersaturation 
; for example r I C=rc ' 103 at 
 = 10� 2,
r I C=rc ' 104 at 
 = 10� 3 as shown in Fig. 8.13 [78]. The growing front of a particle has
a large value of the radius, and the corresponding growth rate is thereforeextremely small
in the caseof low supersaturation, accordingto equation 8.6. As will be seenlater, this is
inconsistent with experimental data. An alternative approach wasthereforeadopted,due to
Bolling and Tiller [112]. Their method retains the parabolic shapewith an assumedconstant
concentration at the interfaceappropriate to the tip radius. This meansthat if the interface
e�ect can be neglected,the P�eclet number is de�ned by [113]:


 =
p

� �p exp(�p)erfc(
p

�p) �
�

1 +
r c

r I C



p

� �p exp( �p)erfc(
p

�p)

�

(8.8)

The maximum growth rate can be obtained by di�erentiating equation 8.8 with respect to

r I C and setting
@v

@r I C
= 0. The relationship betweenr I C=rc which givesthe maximum growth

rate and supersaturation 
 satisfying equation 8.8 is shown in Fig. 8.13.

8.2.5 Overall transformation kinetics

The carbide precipitation sequenceduring tempering in Fe-C-V steel, which includes
the precipitation of V4C3, and the enrichment and dissolution of cementite, was simulated.

I Enric hmen t and dissolution of cementite

The rate of enrichment of cementite is given approximately by [96]:

c�
V = �cV + 4

q
DV t

(�cV � c��
V )

dt
p

�
(8.9)

wherec�
V represents the atomic fraction of vanadium in cementite, t is the time sincecemen-

tite formation, dt is the thicknessof the cementite plate, DV is the di�usion coe�cien t of
vanadium in the matrix (it is assumedthat the corresponding di�usivit y in the cementite is
identical to that in the ferrite), c��

V is the atomic fraction of vanadium in the ferrite which
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Figure 8.13: Relationshipbetweenthe supersaturation 
 and the ratio r I C=rC

for the maximum growth rate of plates, as obtained by equations8.6 [78] and
8.8.

is in equilibrium with the cementite, and �cV is the meanatomic fraction of vanadium in the
alloy.

It is assumedthat cementite dissolvesin the mannerdescribedby RobsonandBhadeshia
[94] so that the dissolution rate v� is determinedas:

v� = �
DV

�d
c��

V � c� V 4C3
V

c� �
V � c��

V
(8.10)

where �d is the meandi�usion distancebetween� and V4C3 precipitates, given by:

�d = (N � + N V 4C3 ) � 1
3 (8.11)

whereN � and N V 4C3 are the number densitiesof � and V4C3 particles respectively.

I I Nucleation of V 4C3

The conceptof nucleationhasbeenexplainedin Chapter 7. The nucleationrate and the
activation energyfor nucleationarerepresented by equations7.12and7.13,respectively. The
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chemical free energychangeper unit volume of nuclei � GV is calculated using MTD ATA
as -2.387 � 109 J m� 3. This value is for the beginning of precipitation of V4C3 and it
will decreaseas the precipitation proceeds. The changeof the value of � GV is calculated
corresponding to the progressof the precipitation reaction usinga mean�eld approximation,
i.e. assumingthat the solute is uniformly distributed in the matrix.

I I I Di�usion-con trolled growth with capillarit y

Modelling of the local equilibrium of V4C3 precipitation is basedon Coates'di�usion-
controlled growth theory [79] accounting for the capillarity e�ect. The critical radius of
curvature r c at which growth ceaseswas calculatedusing MTD ATA, with a modi�cation to
the databaseof the fcc phaseto include a pressurechange. The growth rate of particles
is the maximum rate, for given valuesof the carbon concentration in the matrix and the
supersaturation 
 of V. The growth rate obtained from the valuesof �p and the ratio r I C=rc

corresponding to the maximum growth rate satis�es equation 8.8.

IV Ostwald rip ening of particles

The combination of nucleation and growth givesrise to a distribution of V4C3 lengths,
but for a givensupersaturation, they all have the sametip radius. An approximate treatment,
in which a V4C3 particle is modelled to be a plate of which the periphery is hemicylindrical,
was thereforeadopted for the Ostwald ripening stage,after the completion of precipitation.
The growth (or dissolution) rate can be calculatedusing Zener'stheory as:

v ' �
DV

�d
cV 4C3 �

V � c� V 4C3
V ;r

�cV � c� V 4C3
V ;r

(8.12)

wherec� V 4C3
V ;r is the equilibrium mole fraction of vanadium in ferrite at the hemicylindrical

tip of a V4C3 particle and �d is the mean di�usion distancebetweenparticles which can be
represented as [94]:

�d = (N � ) � 1
3 (8.13)

whereN � is the number density of V4C3 particles. The interfacial composition at the hemi-
cylindrical tip of the particles can be calculatedby an analogousmethod for the capillarity
e�ect which is explainedin section8.2.3.

During Ostwald ripening, particles should in generalbecomespheroidisedto reduce
the surfacearea if the interfacial energyis not orientation dependent. However, the aspect
ratio of V4C3 particles does not in fact changesigni�cantly. Theseparticles are found to
grow whilst retaining the plate shape asshown in Fig. 8.1 - 8.6. It is thereforeassumedthat
the shape of the particles is preserved during Ostwald ripening. Accordingly, particles grow
or dissolve as shown in Fig. 8.14.
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Figure 8.14: Schematicdrawing of Ostwald ripeningof plate-shapedpar-
ticles. The aspect ratio of each particle is �xed to be 6.

8.2.6 Inputs and calculations

The precipitation calculations were carried out in time stepsof 100 s. In each step,
the following quantities were calculated: the nucleation rate, nucleussize (i.e. the initial
sizeof particle growth), the growth rate, and the changein V and C mole fraction in the
matrix corresponding to V4C3 growth and enrichment and dissolution of cementite. The
consumption of nucleation sites during the transformation is accounted for in each step.
Once the mole fractions of V and C in the matrix (�cV and �cC) have been determined,
the corresponding supersaturations of V (
 V ) and the critical radius r c can be obtained.
From the valuesof 
 V and r c, the value of �p which satis�es equation 8.8 and, �nally , the
maximum growth rate and the tip radius of a V4C3 particle r I C giving the maximum rate
for the corresponding value of �p are obtained. The volume of each particle was calculated
asa parabolic cylinder.

After the completion of the precipitation and growth stage, each V4C3 particle was
modelledasa plate of which the periphery is hemicylindrical for the Ostwald ripeningstage.
In this stage,the valueof c� V 4C3

V ;r at the tip of each plate-shaped particle wascalculated,and
then the growth (or dissolution) rate at the tip was calculated.

The parametersused in the calculations are listed in Table 8.2. The nucleation site
density was obtained by �tting to experimental data. The surface energy [66], di�usion
constant and activation energyfor V di�usion [114] were obtained from the literature.

8.3 Results and discussion

Figure 8.15showscomparisonsbetweenthe calculationsandexperimental observations.
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Parameter condition

Shape plate
Tempering temperature / � C 600

Surfaceenergyof V4C3 / J m� 2 0.2
Driving force for nucleation of V4C3/ J m� 3 -2.387� 109

Nucleation site density of V4C3/ m� 3 1.48 � 1022

Maximum volume fraction of cementite 1.796� 10� 2

Maximum volume fraction of V4C3 9.66 � 10� 3

c��
V / atomic fraction 4.356� 10� 3

c� �
V / atomic fraction 1.063� 10� 1

c� V 4 C3
V / atomic fraction 9.620� 10� 4

cV 4 C3 �
V / atomic fraction 5.320� 10� 1

Thicknessof cementite in grains / m 2.0 � 10� 8

Thicknessof cementite on grain boundaries / m 5.0 � 10� 8

Di�usion constant of V DV / m2s� 1 3.05 � 10� 4

Activ ation energy for V di�usion QV / J mol� 1 2.39 � 105

Table8.2: The calculation parametersfor precipitation of carbidesin a ternary
system(Fe-0.10C-0.56Vin wt. %)

After the completion of paraequilibrium cementite precipitation, the concentration of
carbon in the matrix is quite low (0.022at. %, accordingto MTD ATA). Carbon atoms,which
are necessaryfor the precipitation of V4C3, are provided by the dissolution of cementite.
After the completion of precipitation, Ostwald ripening proceedswith a constant volume
fraction of V4C3. Figure 8.15(a) shows such simultaneousV3C4 precipitation and cementite
dissolution behaviour.

The averagelength of V4C3 particles increasesduring the precipitation and growth
stage. During the Ostwald ripening stage, the aspect ratio of the particles was �xed and
the growth rate (or dissolution rate) of each particle was calculated using the tip radius of
the edgesof a plate. On average,the length therefore increasesduring Ostwald ripening as
shown in Fig. 8.15(b).

The number density of V4C3 particles of length greater than 4 nm was calculated,as
shown in Fig. 8.15(c), for comparisonwith observation; V4C3 particles of sizelessthan 4 nm
could not easilybe observed using conventional transmissionelectron microscopy.

The calculatednumber density distribution of the length of V4C3 particles is shown in
Fig. 8.15 (d) for a tempering time of 30 h.

The calculations in generalagreewell with the observations. However, there are dis-
crepanciesbetween calculations and observations for the averagelength of V4C3 particles
during Ostwald ripening. It was observed that particles of V4C3 kept their shape in the
laths, however, they were spheroidisedon lath or grain boundaries. Sincethe observations
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Figure 8.15: Comparisonsbetweencalculationsand observations. (a) Relationship
between volume fraction of V4C3 particles and tempering temperature. (b) Rela-
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Relationship between number density of V4C3 particles whosesize are over 4 nm
and tempering temperature. (d) Number density distribution of the length of V4C3

particles for 30 h temperedsteel.
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contain information on the particles both in the grains and on the grain boundaries, the
averagelength of V4C3 particles is smaller than the calculations during Ostwald ripening.
The reasonwhy the precipitates retain their shape during coarseningis now discussed.

The orientation relationshipbetweenV4C3 and the ferrite matrix is reported as[39, 38]:

f 100gV 4C3 // f 100g� ,< 001> V 4C3 // < 011> �

V4C3 is formed asplatelets lying on f 100g� planes.The con�guration of V and Fe atoms in
(100)� planesindicates excellent coherencybetweenboth lattices (about 2.1 % mismatch).
By contrast, the lattice mis�t is about 47 % in planesperpendicular to this plane [12]. This
is the primary reasonthat V4C3 grows easily as thin plates. In other words, the interfacial
energyis orientation-dependent.

For the precipitation and growth stage,Trivedi's theory for the growth of the plate-
shaped particles was not adopted; it is not valid becauseof the large value of r I C=rc for
the small supersaturation. Instead of Trivedi's theory, which allows the composition to vary
along the interface of a plane, the composition was assumedto be constant at the interface
in the present model. Figure 8.16 shows the comparisonsof the calculated averagelength
of particles obtained by Trivedi's theory and the present model, together with experimental
data. There is a largediscrepancybetweenthe observations and calculationsusingTrivedi's
theory.

For the Ostwald ripeningstage,V4C3 particles weremodelledasplateswith hemicylin-
drical ends. The classicaltheory of Ostwald ripening, in which the precipitates are modelled
asspheresgivesthe following equation [83, 84]:

N V 4C3 = N V 4C3
0

r 3
0

r 3
0 +

8� � � DV c��
V

9kT
t

(8.14)

whereN V 4C3
0 is the initial number density of V4C3 particles whenthe Ostwald ripeningstage

starts, r0 is the initial averageparticle radius, t is time, and DV is the di�usion coe�cien t
of vanadium in the matrix.

Number densitiesof V4C3 calculated using equation 8.14 were comparedwith those
obtained using the present model assumingeither a plate-shaped or a sphericalmodel. As
demonstratedby Fig. 8.17, the results are very similar in all three cases.
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8.4 Summary and conclusions

The precipitation and Ostwald ripening behaviour of V4C3 (plate-shaped) particles
during the tempering of a ternary Fe-C-V martensitic steel have been characterisedand
modelled, taking account of local equilibrium, the capillarity e�ect, and simultaneous ce-
mentite enrichment and dissolution.

In conclusion,by modelling a V4C3 particle as a parabolic cylinder with a constant
concentration of the solute along the surfaceof the tip, and assumingthe maximum growth
rate, the model can predict the average length, volume fraction, and number density of
particles with good agreement with experimental observations. The growth rate dependson
the supersaturation of vanadium (
 V ) and the ratio of the solutemole fraction in the matrix
�cV =�cC.
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Chapter 9

Mo delling M 4C3 in a Fe-C-Mo-V
quaternary system

9.1 Exp erimen tal work

Experiments were conducted to provide data for model veri�cation. Transmission
electron microscopy was usedto obtain the necessarydata.

9.1.1 Material

Table 9.1 shows the chemical composition of the material designedfor the present
work. Thesesteelscontain 0.1 wt. % carbon. Thesesteelswere designedto give di�erent
Mo:V ratios in M4C3.

C Si Mn Mo V Al N
Steel C 0.10 < 0.005 2.00 1.59 0.56 0.03 0.0044
Steel D 0.10 < 0.005 2.00 0.40 0.56 0.03 0.0040
Steel E 0.10 < 0.005 2.00 0.40 0.30 0.03 0.0041

Table 9.1: Chemical composition of experimental steel in wt. %.

9.1.2 TEM observations
I M 4C3

Figures9.1 - 9.6show thin-foil TEM imagesof SteelC temperedfor a variety of times.
Thesepictures were taken from the [100] orientation of the matrix. Figure 9.7 shows the
imagesof a carbon replicasamplefrom the specimenwhich wastemperedfor 560h. From the
di�raction patterns in Fig. 9.7, theseplate-shapedprecipitateshavea face-centred cubic (fcc)
structure and areconsideredto beM4C3, where`M' standsfor metal atoms(V, Mo, Fe, Mn);
the vanadium-rich carbideis henceforthreferredto asM4C3. It is known that M4C3 growson
the three equivalent f 001g� planes[12]. In Fig. 9.1 - 9.6, the needle-like precipitates are the
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9.1 Exp erimen tal work

cross-sectionedimagesof precipitates growing on the f 001g� plane, which is parallel to the
observation direction. The carbide morphology was characterisedfrom over 500 particles
in each sample. Figure 9.8 (a)-(d) shows the volume fraction of carbide, carbide length,
number density and aspect ratio plotted against the tempering time. The number density
distribution of the length of M4C3 particles is alsoshown for two tempering times in (e) and
(f ). The solid circles represent the averageof data from di�erent locations, and the scatter
of the data is indicated by error bars.
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0 0 2

0 1 1

1 0 0  nm

1 0 0  nm

(a)

(b)

(c)

Figure 9.1: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 0.5 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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0 0 2

(a)

(b)

(c)
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Figure 9.2: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 10 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 0�11 re
ections are from the ferrite.
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0 1 1
0 1 1

Figure 9.3: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 30 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 0�11 and 011re
ections are from the ferrite.
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0 1 1

Figure 9.4: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 100h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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(a)

(b)

(c)

1 0 0  nm

1 0 0  nm

2 0 0

1 1 0

Figure 9.5: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 560h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 200and 0�11 re
ections are from the ferrite.
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Figure 9.6: TEM observation of a thin-foil from Steel C tempered at 600 � C
for 1150h. Zone axis is [100] of ferrite matrix. (a) Bright �eld image. (b)
Dark �eld imageusing the carbide di�raction spot indicated by the arrow in
(c). The 002and 0�11 re
ections are from the ferrite.
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Figure 9.7: TEM observation of carbon replica from Steel C tempered at
600 � C for 560 h. (a) Bright �eld image. (b) Dark �eld image using the
di�raction spot indicated by the arrow in (c). Theseparticles are fcc structure
with the lattice parameterof 4.2 �A.
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Figure 9.8: Observations of steel C tempered at 600 � C. (a) Relationship between
the M4C3 volume fraction and the tempering time. (b) Relationship between the
M4C3 length and the tempering time. (c) Relationshipbetweenthe number density
of M4C3 particles and the tempering time. (d) Relationship between the M4C3

aspect ratio and the tempering time. (e) Number density distribution of the length
of M4C3 particles in the steeltemperedfor 10 h. (f ) Number density distribution of
the length of M4C3 particles tempered for 30 h.
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9.1 Exp erimen tal work

Figures 9.9 - 9.11 show thin-foil TEM imagesof Steel D tempered for a variety of
times. These pictures were taken from the [100] orientation of the matrix. In Fig. 9.9 -
9.11, the needle-like precipitates are the cross-sectionedimagesof precipitates growing on
the f 001g� plane, which is parallel to the observation direction. The carbide morphology
was characterisedfrom over 500 particles in each sample. Figure 9.12 shows the volume
fraction of carbide, carbide length and number density plotted against the tempering time.
The number density distribution of the length of M4C3 particles is also shown. The solid
circles represent the averageof data from di�erent locations, and the scatter of the data is
indicated by error bars.
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(a)
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Figure 9.9: TEM observation of a thin-foil from Steel D tempered at 600 � C
for 10 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.10: TEM observation of a thin-foil from SteelD temperedat 600 � C
for 20 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.11: TEM observation of a thin-foil from SteelD temperedat 600 � C
for 30 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.12: Observations of steelD temperedat 600 � C. (a) Relationship between
the M4C3 volume fraction and the tempering time. (b) Relationship between the
M4C3 length and the tempering time. (c) Relationshipbetweenthe number density
of M4C3 particles and the tempering time. (d) Number density distribution of
the length of M4C3 particles in the steel tempered for 10 h. (e) Number density
distribution of the length of M4C3 particles temperedfor 30 h.
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9.1 Exp erimen tal work

Figures 9.13 - 9.15 show thin-foil TEM imagesof Steel E tempered for a variety of
times. Thesepictures were taken from the [100] orientation of the matrix. In Fig. 9.13 -
9.15, the needle-like precipitates are the cross-sectionedimagesof precipitates growing on
the f 001g� plane, which is parallel to the observation direction. The carbide morphology
was characterisedfrom over 500 particles in each sample. Figure 9.16 shows the volume
fraction of carbide, carbide length and number density plotted against the tempering time.
The number density distribution of the length of M4C3 particles is also shown. The solid
circles represent the averageof data from di�erent locations, and the scatter of the data is
indicated by error bars.
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Figure 9.13: TEM observation of a thin-foil from SteelE temperedat 600 � C
for 10 h. Zoneaxis is [100]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.14: TEM observation of a thin-foil from SteelE temperedat 600 � C
for 20 h. Zoneaxis is [001]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.15: TEM observation of a thin-foil from SteelE temperedat 600 � C
for 30 h. Zoneaxis is [001]of ferrite matrix. (a) Bright �eld image. (b) Dark
�eld image using the carbide di�raction spot indicated by the arrow in (c).
The 002and 011re
ections are from the ferrite.
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Figure 9.16: Observations of steelE temperedat 600 � C. (a) Relationship between
the M4C3 volume fraction and the tempering time. (b) Relationship between the
M4C3 length and the tempering time. (c) Relationshipbetweenthe number density
of M4C3 particles and the tempering time. (d) Number density distribution of
the length of M4C3 particles in the steel tempered for 10 h. (e) Number density
distribution of the length of M4C3 particles temperedfor 30 h.
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9.2 Mo delling of plate-shap ed carbide gro wth

I I Chemical comp ositions of carbides

The chemical compositions of M4C3 particles were measuredusing energydispersive
spectroscopy using carbon replica specimens. The atomic fractions of metallic elements in
the carbidesare plotted against tempering time for SteelC in Fig. 9.17. According to these
results, the precipitates are (V,Mo) 4C3, and the Mo/V ratio changeswith tempering time.
Figure 9.18shows the Mo/V ratio of M4C3 particles in SteelsD and E. XEDS analysiswas
performedon at least 5 particles for each specimen. The circles represent the averageand
the error bars show the scatter of data.

I I I Foil Thic kness

The thicknessof the thin foil wascalculatedusingthicknessfringesat the grain bound-
aries. The extinction distancesfor a two-beam condition are known; it is thereforepossible
to calculate the thicknessof the sampleby multiplying the extinction distanceby the num-
ber of fringes. The thicknessesof the sampleswere in this way found to be between80 and
160nm.

9.2 Mo delling of plate-shap ed carbide growth

9.2.1 Chemical comp osition and equilibrium phases

Table 9.1 shows the chemical composition of the material under consideration. Using
MTD ATA, the equilibrium phasesand the compositionsof the equilibrium carbidesfor each
steelat a variety of temperatureswerecalculated. In the calculation, cementite, hcp (M 2C),
fcc (M 4C3), M7C3, M23C6 and M6C were chosenas probable carbides. According to the re-
sults for 600 � C, M4C3 (fcc) type and M6C type carbidesare stable carbidesin thesesteels.
The equilibrium atomic fraction of M4C3 accordingto MTD ATA is 0.438C-0.440V-0.104Mo-
0.000Mn-0.000Fe-0.017NandM6C is 0.143C-0.048V-0.500Mo-0.000Mn-0.310Fe-0.000N.How-
ever, M6C wasnot observed using TEM in the experimental part of the present work. Only
cementite and M4C3 were thereforeconsideredin the calculations.

9.2.2 Capillarit y e�ect in multicomp onent systems

The concept of the capillarity e�ect for a parabolic cylinder-shaped precipitate has
beenexplainedby equations8.1 - 8.5 in Chapter 8.

The capillarity e�ect on the interface composition was evaluated by increasing an
additional Gibbs energy term in the databaseof MTD ATA. In the caseof M4C3 (fcc, the
lattice parameter a=4.2 �A), the atomic volume � M 4C3 is 1.06 � 10� 29 m3 and interfacial
energy� can be assumedto be 0.2 Jm� 2 [66], and accordingly, the additional Gibbs energy
would be 1274 J/mol for r I C = 10 �A. The databasefor the fcc phase (sublattice) was
modi�ed to add 1 � 10� 6 J mol� 1 per 1 Pa pressureincrease.
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Figure 9.17: XEDS analysis of Steel C tempered at 600 � C. X-ray count-energy
pro�le of M4C3 temperedfor (a) 10 h, (b) 100h, (c) 560h and (d) 1150h. (e) Re-
lationship betweenatomic fraction of metallic elements in cementite and tempering
time, (f ) Relationship between atomic fraction of metallic elements in M4C3 and
tempering time.
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Figure 9.18: XEDS analysisof M4C3 particles in (a) SteelD and (b) SteelE
temperedat 600 � C.

9.2.3 Precipitation of the allo y carbide with local equilibrium and
capillarit y e�ect

Observations indicated that M4C3 carbidegrowsin the form of plates,which is therefore
the shape assumedfor the calculationswhich follow.

M4C3 particles precipitate from the matrix after the completion of paraequilibrium
cementite precipitation. We assumethat they grow with local equilibrium at the interface.
The basic conceptsof growth with local equilibrium and the capillarity e�ect have been
explained in Chapter 7. However, the circumstancesare now more complicateddue to the
mass-balanceof each component at the interface. The P�eclet numbers �p for Mo and V are
represented as:

�pMo =
vr I C

2DMo

�pV =
vr I C

2DV

(9.1)

where DMo and DV are di�usion coe�cien ts of Mo and V respectively in ferrite. v is the
growth rate of a particle and r I C is the curvature radius of the tip of a particle. Both v and
r I C are unique for a particle. It follows that:
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9.2 Mo delling of plate-shap ed carbide gro wth

�pMo DMo = �pV DV (9.2)

Trivedi has given an exact solution for the di�usion problem which allows the composition
to vary along the interfaceof a plate but assumesthat the shape remainsthat of a parabolic
cylinder [77]. However, Trivedi's solution is limited to large valuesof supersaturation, as
presented in Chapter 8 [115]. Instead of Trivedi's theory which allows the composition to
vary along the interface of a plane, an alternative approach due to Bolling and Tiller [112]
wasthereforeadopted. Their method retains the parabolic shape with an assumedconstant
concentration at the interfaceappropriate to the tip radius. This meansthat if the interface
e�ect can be neglected,the P�eclet numbers �pMo and �pV must satisfy the following relations
simultaneously [113]:


 Mo =
p

� �pMo exp(�pMo )erfc(
p

�pMo ) �
�

1 +
r c

r I C


 Mop
� �pMo exp( �pMo )erfc(

p
�pMo )

�

(9.3)


 V =
p

� �pV exp(�pV )erfc(
p

�pV ) �
�

1 +
r c

r I C


 Vp
� �pV exp(�pV )erfc(

p
�pV )

�

(9.4)

where
 Mo is the supersaturation of Mo, 
 V is the supersaturation of V and r c is the critical
tip radius at which growth ceases.

With local equilibrium [79] in a multicomponent system,c��
C , the carbon concentration

of ferrite at the ferrite/carbide interface can be approximated to that of the matrix. Fig-
ure 9.19shows a schematic diagram of the matrix composition b from which M4C3 particles
precipitate, interfacial ferrite composition c and M4C3 composition f which is in equilibrium
with ferrite whosecomposition is the point c. The point a represents the alloy composition
from which paraequilibrium cementite precipitates. The points e and d are the endsof the
tie-line which passesthrough b and denote respectively the composition of ferrite which is
in equilibrium with carbide, and the corresponding composition of carbide. Sinceit is as-
sumedthat DMo � DC and DV � DC, the ferrite composition at the interface should be
on the ferrite solubility curve (blue curve on the plane B) which is the intersectionbetween
the �=� +carbide interface(curved planeA) and the constant carbon concentration plane B
which passesthrough the point b.

For a given valueof r I C , the ferrite solubility curve on the planeB is decideduniquely.
The point c can be any point on the ferrite solubility curve. The point f is another end
of the tie-line passingthrough the point c and represents the carbide composition. There
is an unlimited choice of tie-lines, but only one tie-line can satisfy equations 9.3 and 9.4
simultaneously. The valuesof �pMo and �pV which satisfy equation9.2canbe thereforedecided
for a givenvalueof r I C . The corresponding growth rate v canbeobtained from equation9.1.
Sincev dependson r I C , the maximum growth rate vmax can be obtained by calculating the
growth rate v for each value of r I C , as shown in Fig. 9.20.
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Figure 9.19: Schematic drawing of the tie-line in the Fe-C-Mo-V system. The
planeA is the ferrite solubility plane which is the interfacebetweenthe ferrite
phase�eld and ferrite + carbidetwo-phase�eld. The planeB passingthrough
the point b is iso-carbon concentration plane. The points on the plane D
represent the carbide concentration. The point c can be any point on the
intersection (shown as the blue curve) between the plane A and plane B.
However, only onepoint can satisfy eqiation 9.3 and 9.4 simultaneously.
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Mo
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c
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D

f

Figure 9.20: Schematic drawing for tie-line shifting due to the capillarity e�ect
in Fe-C-Mo-V system. The ferrite solubility curves(shown asthe blue curves)
on the iso-carbon plane B depend on the tip radius r I C of a particle.
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Figure 9.21 shows an example of the growth rates concerning Mo di�usion and V
di�usion in the casein which the chemical composition of the matrix from which M4C3

precipitates is 0.0002C-0.9Mo-0.6V(at. %). Thesecurvesare almost identical, and thus the
growth rate could be obtained uniquely. The rate reachesa peakat intermediate tip radius.
If the Zener'smaximum growth rate hypothesiscan be adopted, the growth rate and the tip
radius of a particle can thereforebe obtained uniquely for a given matrix composition.
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Figure 9.21: Relationship between the tip radius of a particle r I C and its
growth rate. The chemical composition of the matrix (point b in Fig. 9.19) is
�cMo = 0.9 at. %, �cV = 0.6 at. % and �cC = 0.0002at. %.

9.2.4 Overall transformation kinetics

The carbide reaction during tempering in Fe-C-Mo-V steel was simulated. This in-
cludesthe precipitation of M4C3 and the enrichment and dissolution of cementite.

I Enric hmen t and dissolution of cementite

The rates of enrichment of molybdenum and vanadium are given approximately by
equations7.9 and 8.9 respectively.

It is assumedthat cementite dissolvesin the mannerdescribedby RobsonandBhadeshia
[94]. However, they treated ternary systems.An assumptionhasthereforebeenadoptedfor
this work, that the concentration gradient of the slowest di�user dominatesthe dissolution
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of cementite in quaternary systems. In Fe-C-Mo-V systems,molybdenum is the slowest
di�user; the dissolution rate is thereforerepresented by equation 7.10,where �d is the mean
di�usion distancebetween� and M4C3 precipitates, given by:

�d = (N � + N M 4C3 ) � 1
3 (9.5)

whereN � and N M 4C3 are the number densitiesof � and M4C3 particles respectively.

I I Nucleation of M 4C3

The nucleation rate and the activation energyfor nucleation are represented by equa-
tions 7.12and 7.13,respectively. The chemical freeenergychangeper unit volume of nuclei
� GV is calculated as -2.440� 109 J m� 3. This value is for the beginning of precipitation
of M4C3 and it will decreaseas the precipitation proceeds.The changeof the value of � GV

is calculated corresponding to the progressof the precipitation reaction using a mean �eld
approximation, i.e. assumingthat the solute is uniformly distributed in the matrix.

I I I Di�usion-con trolled growth with capillarit y e�ect

Modelling of the local equilibrium of M4C3 precipitation is basedon Coates'di�usion-
controlled growth theory [79] accounting for the capillarity e�ect. The critical radius of
curvature r c at which growth ceaseswas calculatedusing MTD ATA, with a modi�cation to
the databaseof the fcc phaseto include a pressurechange. The growth rate of particles
is the maximum rate, for given valuesof the carbon concentration in the matrix and the
supersaturation 
 of V and Mo. The growth rate obtained from the valuesof �pV , �pMo and
the ratio r I C=rc corresponding to the maximum growth rate satis�es equation 9.3 and 9.4,
asshown in section9.2.3.

IV Ostwald rip ening of particles

The combination of nucleation and growth givesrise to a distribution of M4C3 lengths,
but for a givensupersaturation, they all have the sametip radius. An approximate treatment,
in which a M4C3 particle is modelledto be a plate of which the periphery is hemicylindrical,
was thereforeadopted for the Ostwald ripening stage,after the completion of precipitation.
The growth (or dissolution) rate can be calculatedusing Zener'stheory as:

v ' �
DM

�d
cM 4C3 �

M � c� M 4C3
M;r

�cM � c� M 4C3
M;r

(9.6)

where c� M 4C3
M;r is the equilibrium mole fraction of solute M in ferrite at the hemicylindrical

tip of a M4C3 particle and �d is the mean di�usion distancebetweenparticles which can be
represented as [94]:

�d = (N � ) � 1
3 (9.7)

158



9.2 Mo delling of plate-shap ed carbide gro wth

whereN � is the number density of M4C3 particles.

Modelling of Ostwald ripening in a quaternary systemstill presents the samedi�cult y
as that of precipitation and growth process:satisfaction of the mass-balanceof Mo and V.
However, adopting Zener'smaximum growth rate hypothesisand using the sameapproach
described in Figures9.19and 9.20,we canobtain uniquegrowth or dissolution rates for each
sizeof M4C3 particle.

During Ostwald ripening,particlesin which the interfacial energyis orientation-independent
should becomespheroidisedto reducethe surfacearea. However, the observations indicate
that after the completion of the precipitation of M4C3, the aspect ratio of M4C3 particles
within the grains did not changegreatly. Theseparticles were found to grow whilst keeping
the plate shape, as shown in Figures 9.1 - 9.6. It is therefore assumedthat the shape of
particles was preserved during Ostwald ripening, as shown in Fig. 9.22.
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Figure 9.22: Schematicdrawing of Ostwald ripeningof plate-shapedpar-
ticles. The aspect ratio of each particle is �xed to be 6.

9.2.5 Inputs and calculations

For the precipitation and growth stages,the calculations were performed in stepsof
50 s. In each step, the following quantities werecalculated: the nucleation rate, nucleussize
(which is the initial sizeof particle growth), the growth rate and the mole fraction changeof
Mo, V and C in the matrix. This last correspondsto the growth of M4C3 and the enrichment
and dissolutionof cementite. The consumptionof nucleation sitesduring the transformation
is accounted for in each step. Once the mole fractions of Mo, V and C in the matrix (�cMo ,
�cV and �cC) have been determined, the corresponding supersaturation of Mo and V (
 Mo

and 
 V ) and the critical radius r c can be obtained. Using 
 Mo , 
 V and r c, the value of
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Parameter Steel C Steel D Steel E

Shape plate plate plate
Tempering temperature / � C 600 600 600

Surfaceenergyof M4C3 / J m� 2 0.2 0.2 0.2
Driving force for nucleation / J m� 3 -2.440� 109 -2.430� 109 -2.140� 109

Nucleation site density / m� 3 1.48 � 1022 1.48 � 1022 1.48 � 1022

Maximum volume fraction of cementite 1.796� 10� 2 1.796� 10� 2 1.796� 10� 2

Maximum volume fraction of M4C3 9.73 � 10� 3 9.73 � 10� 3 9.53 � 10� 3

c��
V / atomic fraction 4.491� 10� 3 4.360� 10� 3 2.146� 10� 3

c��
Mo / atomic fraction 8.905� 10� 3 2.227� 10� 3 2.205� 10� 3

c� �
V / atomic fraction 1.009� 10� 1 1.035� 10� 1 6.425� 10� 2

c� �
Mo / atomic fraction 2.907� 10� 2 7.420� 10� 3 8.643� 10� 3

c� M 4 C3
V / atomic fraction 1.845� 10� 3 1.289� 10� 3 2.900� 10� 5

c� M 4 C3
Mo / atomic fraction 8.174� 10� 3 1.785� 10� 3 6.567� 10� 4

cM 4 C3 �
V / atomic fraction 4.313� 10� 1 4.826� 10� 1 3.411� 10� 1

cM 4 C3 �
Mo / atomic fraction 1.152� 10� 1 5.527� 10� 2 1.754� 10� 1

Thicknessof cementite in grains / m 2.0 � 10� 8 2.0 � 10� 8 2.0 � 10� 8

Thicknessof cementite on grain boundaries / m 5.0 � 10� 8 5.0 � 10� 8 5.0 � 10� 8

Di�usion constant of V DV / m2 s� 1 3.05 � 10� 4 3.05 � 10� 4 3.05 � 10� 4

Di�usion constant of V DMo / m2 s� 1 2.29 � 10� 4 2.29 � 10� 4 2.29 � 10� 4

Activ ation energy for V di�usion QV / J mol� 1 2.39 � 105 2.39 � 105 2.39 � 105

Activ ation energy for Mo di�usion QMo / J mol� 1 2.39 � 105 2.39 � 105 2.39 � 105

Table9.2: Calculation parametersfor precipitation of carbidesin SteelC,
D and E.

�pMo and �pV satisfying equation 9.3 and 9.4, and, �nally , the maximum growth rate and the
corresponding tip radius of a M4C3 particle r I C can be determined. The volume of each
particle was calculatedas a parabolic cylinder.

After the completion of the precipitation and growth stage, each M4C3 particle was
modelledasa plate of which the periphery is hemicylindrical for the Ostwald ripeningstage.
In this stage,the valuesof c� M 4C3

Mo;r and c� M 4C3
V ;r at the tip of each plate-shaped particle were

calculated,and then the growth (or dissolution) rate at the tip was calculated.

The calculation parametersfor precipitation and dissolution of carbidesin SteelsC,
D and E are listed in Table 9.2. The nucleation site density and the surfaceenergywere
obtainedby �tting. The di�usion constant and the activation energyfor di�usion of Mo and
V were obtained from the literature [110, 114].

9.3 Results and discussion

Figure 9.23showscomparisonsbetweenthe calculationsandthe observationsof SteelC.

After the completion of paraequilibrium cementite precipitation, the concentration of
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carbon in the matrix is quite low (0.027 at. %, according to MTD ATA). Carbon atoms,
which are necessaryfor the precipitation of M4C3, are provided by the dissolution of cemen-
tite. Figure 9.23(a) shows such simultaneousM4C3 precipitation and cementite dissolution
behaviour.

The averagelength of M4C3 particles increasesduring the precipitation and growth
states. During the Ostwald ripening stage,the aspect ratio of the particles was �xed by the
assumptionsmadein the calculations. The growth rate (or dissolvingrate) of each particle
wascalculatedusingthe tip radius at the edgesof the plate. On average,the length increases
during Ostwald ripening as shown in Fig. 9.23 (b).

The number density of M4C3 particles whoselength was over 4 nm was calculated in
Fig. 9.23 (c) for comparisonwith observation; M4C3 particles of size lessthan 4 nm could
not easilybe observed using conventional transmissionelectron microscopy.

The calculatedand observed chemical compositions of M4C3 particles for several tem-
pering times are shown in Fig. 9.23 (d). To satisfy the mass-balancebetweenMo and V, a
changein the carbide composition is predicted.

The growth rates of M4C3 particles by di�usion of Mo and V atoms must be identical
sincethe interfacemust beunique. Figure 9.24showsthe relationship betweenthe calculated
growth rates determined by di�usion of Mo and V. They are almost identical and it is
thereforeconsideredthat the mass-balanceof Mo and V at the interfacewassatis�ed in the
present model.

The calculations in generalagreewell with the observations. However, there are dis-
crepanciesbetweencalculationsand observations for the chemicalcomposition of M4C3 par-
ticles. The reasonswill be discussed.

According to the calculation using MTD ATA, the fraction of Mo amongst metallic
elements in equilibrium M4C3 shouldbe 0.21in SteelC. However, SteelC contains a larger
amount of Mo than V. The Mo mole fraction at the interface cM 4C3 �

Mo should therefore be
higher than the equilibrium mole fraction to keep pace with V di�usion during growth.
The calculated chemical compositions attains the equilibrium composition at the end of
the growth stage, as shown in Fig. 9.23 (d). During the Ostwald ripening stage which
follows the growth stage,the chemicalcomposition of M4C3 is closeto equilibrium asshown
in Fig. 9.23 (d). However, observations show that the composition of M4C3 is not the
equilibrium composition at a tempering time of 100 h, at which stagegrowth is complete.
Equilibrium is reached during the Ostwald ripening stage. In the calculation, the di�usion
of molybdenum and vanadium atoms in M4C3 is ignored; the chemicalcomposition of M4C3

particles is assumedto be identical to the interface composition. It is consideredthat the
discrepanciesbetweencalculation and experiment are causedby the neglectof the di�usion
within M4C3 particles in the calculations.

For the precipitation and growth stage,Trivedi's theory for the growth of the plate-
shaped particles was not adopted, since it causesdi�culties becauseof the large value of
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Figure 9.23: Comparisonsbetweencalculationsand observations of SteelC. (a) Re-
lationship betweenvolume fraction of M4C3 particles and tempering time. (b) Re-
lationship betweenaveragelength of M4C3 particles and tempering time. (c) Re-
lationship betweennumber density of M4C3 particles whosesize is over 4 nm and
tempering time. (d) Relationship betweenchemical composition of M4C3 particles
and tempering time. (e) Number density distribution of the length of M4C3 particles
for 30 h temperedsteel.
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Figure 9.24: Comparisonsbetweenthe calculated growth rate by di�usion of
Mo atoms and V atoms.

r I C=rc for a small supersaturation. Insteadof Trivedi's theory, which allows the composition
to vary along the interface of a plate, the composition was assumedto be constant at the
interface in the present model, as presented in the Chapter 8.

For the Ostwald ripeningstage,M4C3 particlesweremodelledasplateswith hemicylin-
drical ends. According to the classicaltheory of Ostwald ripening, in which the precipitates
are modelled as spheres,the following equation is obtained [83, 84]:

N M 4C3 = N M 4C3
0

r 3
0

r 3
0 +

8� � � DX c��
X

9kT
t

(9.8)

whereN M 4C3
0 is the initial number density of M4C3 particles when Ostwald ripening stage

starts and r0 is the initial averageparticle radius, t is time, and DX is the di�usion coe�cien t
of element X in the matrix.

Figure 9.25 shows comparisonsof the transient of N M 4C3 during Ostwald ripening
calculatedusing the classicaltheory (equation 9.8) for the di�usion of Mo and V, and using
the present model, with the particles modelled as plates and as spheres. The calculation
in which M4C3 is modelled as plates is the sameas that for the Ostwald ripening stagein
Fig. 9.23(c). The calculationsusing the plate and sphericalmorphologygive similar results,
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Figure 9.25: Comparisonsof the number density of M4C3 particles cal-
culated as plate-shaped, sphericaland by equation 9.8.

and show a very similar tendencyto the result from equation9.8 for the di�usion of V atoms.
However, the corresponding result for molybdenum di�usion deviatesfrom the others. It is
thereforedi�cult to predict the Ostwald ripeningbehaviour usingequation9.8 in quaternary
systems.

Figures9.26and 9.27show comparisonsof calculationsusing present model for plate-
shaped particles and observations for SteelD and E. The calculations in generalagreewell
with the observations. According to the calculations, the growth rate of M4C3 in Steel E
is smaller than those in SteelsC and D. It is consideredthat the reasonfor this is that
in Steel E, which contains 0.30 wt. % vanadium which is the primary metallic element in
M4C3, the supersaturation of V (
 V ) for M4C3 is smaller than those in SteelsC and D,
which contain 0.56wt. % vanadium. For example,Fig. 9.28shows the relationship between
the valuesof supersaturation and P�eclet number which satisfy equation9.4 for r I C=rc = 3.
The P�eclet number, which is proportional to the growth rate for a �xed tip radius r I C ,
increaseswith the supersaturation. It is thereforeconsideredthat becauseof the relatively
low supersaturation of V in Steel E, the growth rate of M4C3 particles is smaller. This
tendencywasveri�ed by observations; comparingFigures9.12and 9.16,the averageparticle
length is smaller in SteelE than SteelD .
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Figure 9.26: Comparisonsbetweencalculationsandobservations for SteelD . (a) Re-
lationship betweenvolume fraction of M4C3 particles and tempering time. (b) Re-
lationship betweenaveragelength of M4C3 particles and tempering time. (c) Rela-
tionship betweennumber density of M4C3 particles whosesize are over 4 nm and
tempering time. (d) Relationship betweenchemical composition of M4C3 particles
and tempering time. (e) Number density distribution of the length of M4C3 particles
for 30 h temperedsteel.
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Figure 9.27: Comparisonsbetweencalculationsandobservations for SteelE. (a) Re-
lationship betweenvolume fraction of M4C3 particles and tempering time. (b) Re-
lationship betweenaveragelength of M4C3 particles and tempering time. (c) Rela-
tionship betweennumber density of M4C3 particles whosesize are over 4 nm and
tempering time. (d) Relationship betweenchemical composition of M4C3 particles
and tempering time. (e) Number density distribution of the length of M4C3 particles
for 30 h temperedsteel.
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9.4 Summary and conclusions
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Figure 9.28: Relationship between supersaturation and P�eclet number
which satisfy equation 9.4 in the caseof r I C=rc = 3.

9.4 Summary and conclusions

The precipitation and Ostwald ripening behaviour of M4C3 (plate-shaped) particles
during the tempering of a quaternary Fe-C-Mo-V martensitic steelhave beencharacterised
and modelled, taking account of local equilibrium, the capillarity e�ect and simultaneous
cementite enrichment and dissolution.

In conclusion,by modelling a M4C3 particle as a parabolic cylinder with a constant
solute concentration along the surfaceof the tip, and assuminga maximum growth rate,
the model can predict the averagelength, volume fraction, and number density of particles
with good agreement with observations. The growth rate dependson the supersaturation of
V (
 V ) and Mo (
 Mo ) and the ratio of the solute concentration in the matrix: �cV =�cC and
�cMo=�cC .
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Chapter 10

Hydrogen trapping behaviour

10.1 In tro duction

Hydrogenintroducedinto steelscausesa deterioration in the mechanicalpropertiesand
unpredictable fracture. There are several typesof hydrogentrapping sitesin steels,asmen-
tioned in Chapter 1. Hydrogen trapped at octahedral sites in ferrite lattices, dislocations,
and grain boundariesis called di�usible hydrogen, sinceit can di�use and be evolved from
steelsat room temperature. It is reported that it is di�usible hydrogenwhich causeshydro-
gen embrittlement [47, 62, 63]. Di�usible hydrogen can be analysedthrough programmed
temperature analysisusing a gaschromatographor massspectrometry [62, 63]. There have
beenattempts to improve the hydrogen embrittlement resistanceof steels,for exampleby
reducingthe concentrations of impurities such assulfur and phosphorus.Hydrogentrapping
by somecarbidesis oneof the most e�cien t methods of improving the hydrogenembrittle-
ment resistance[1, 2, 62, 63]. Martensitic steelsin which M4C3 particles precipitate during
tempering show high hydrogentrapping capacity [2, 63]. However, the dominant factors for
trapping capacity, for exampleparticle sizeand the chemical composition of particles, have
not beenexaminedin detail. The purposeof this chapter is to clarify the factors which make
M4C3 particles e�ectiv e for hydrogen trapping and to determine the compositions and heat
treatment conditions necessaryto obtain steelswith excellent hydrogen trapping capacity.

10.2 Discussion

In Fig. 6.4, the hydrogen evolution peak temperatures were 120 � C for Steel A and
180 � C for SteelsB, D and E. The evolution rate curve of Steel C seemsto have two
peaksat 180 � C and 250 � C. From TEM observations, it is consideredthat the 120 � C peak
represents hydrogen trapped by Mo2C and the 180 � C peak is from hydrogen trapped by
M4C3. However, the trapping site corresponding to the 250 � C peakhasnot beenidenti�ed.

Figure 10.1 (a) shows the relationships between the hydrogen trapping capacity and
tempering time, for Steel B - E. The relationships between the interfacial area of M4C3

particles, the volume fraction of M4C3 and the interfacial area of M4C3 particles lessthan
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10.2 Discussion

10 nm, and tempering time are shown in Fig. 10.1(b), (c) and (d), respectively. The lattice
mis�t betweenM4C3 and ferrite is about 2.1%, and it is thereforeconsideredthat M4C3 can
grow up to 10 nm on f 100g� planeswithout introducing a mis�t dislocation. The coherent
interfacial area, measuredas the sum of the surfacearea of M4C3 particles whoselength
is less than 10 nm, is shown in Fig. 10.1 (d). The coherent M4C3/ferrite interface and
the chemical Mo/V molar ratio in M4C3 particles seemto dominate the hydrogen trapping
capacity. In the present work, steel with high hydrogen trapping capacity can be obtained
by increasingthe Mo/V molar ratio up to 0.85 in M4C3 particles and tempering to give an
averagelength of M4C3 particles of 10 nm.

Hydrogentrapping is believed to becausedby chemicalor physical interactions. Vana-
dium is known to form hydrides, and the chemical interaction between vanadium and hy-
drogenmust thereforebe strong. However, chemical interactions cannot explain the carbide
sizedependenceof the hydrogentrapping capacity, sincethe trapping capacity showsa max-
imum at the tempering time for which the averagelength of M4C3 particles is about 10 nm.
It seemsthat interfacecoherency, or, in other words, elastic interaction, plays an important
role in the hydrogen trapping phenomenon.

Although it has not been veri�ed in the present work, the precisetrapping site, for
example the carbide plane or edge, must be examined to clarify the hydrogen trapping
mechanism.
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10.2 Discussion
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Figure 10.1: Relationships between the following quantities and tempering time
at 600 � C: (a) hydrogen trapping capacity, (b) interfacial area of M4C3 particles,
(c) volumefraction of M4C3 particles, (d) interfacial areaof M4C3 particles lessthan
10 nm in length. Data were obtained by observations.
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Chapter 11

Conclusions and suggestions for
further work

The precipitation and Ostwald ripening behaviour of Mo2C (needle-shaped) particles in a
Fe-C-Mo ternary system, V4C3 (plate-shaped) particles in a Fe-C-V ternary system and
M4C3 (plate-shaped) particles in a Fe-C-Mo-V quaternary systemduring the tempering of
martensitic steelshasbeencharacterisedand modelled, taking account of local equilibrium,
the capillarity e�ect, and simultaneouscementite enrichment and dissolution.

For Mo2C particles, by modelling a particle as a paraboloid and adopting Trivedi's
solution for the di�usion problem,which allows the composition to vary alongthe interfaceof
a paraboloid but assumesthat the shape is preserved,and assuminga maximum growth rate,
the model can predict the averagelength, volume fraction, and number density of particles
with good agreement with observations. The growth rate dependson the supersaturation of
molybdenum (
 Mo ) and the ratio of the solute mole fraction in the matrix �cMo =�cC .

For V4C3 or M4C3, by modelling a particle as a parabolic cylinder with a constant
concentration of solutealongthe surfaceof the tip, and assumingthe maximum growth rate,
the model can predict the averagelength, volume fraction, and number density of particles
with good agreement with observations. The growth rate dependson the supersaturation of
vanadium (
 V ) and the ratio of the solute mole fraction in the matrix �cV =�cC.

The hydrogen trapping capacity of thesecarbideshasbeeninvestigated. The amount
of trapped hydrogen per unit volume of carbide is largest for M4C3, whoseatomic ratio
of metallic elements is 0.52V:0.45Mo:0.02Fe:0.01Mn. Experimental data showed that the
hydrogen trapping capacity of each steel tested was a maximum when the averagesize of
carbideparticles wasthe value to which carbidescangrow while maintaining coherencywith
the ferrite matrix. This shows that the coherent interfacebetweencarbideand matrix plays
an important role for hydrogen trapping phenomena.

The following problemscould be investigated further to improve the precisionof the
predictions:
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1. Dislocation recovery: this factor is believed to a�ect the nucleation site density and
the nucleation rate.

2. Pipe di�usion: this factor is believed to a�ect the growth rate of carbide particles,
especially in the early stageof tempering.

3. Coherencyand the coherent strain at the carbide/matrix interface: this factor may
a�ect the morphology of carbide particles and the hydrogen trapping capacity.
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Chapter 12

App endix - Computer program

12.1 Program for nucleation and growth of needle-shap ed
precipitate : Mo 2C

12.1.1 Pro venance of Source Code

ShingoYamasaki,

PhaseTransformationsGroup,

Department of Materials Scienceand Metallurgy,

University of Cambridge,

Cambridge, U. K.

12.1.2 Purp ose

To calculate the kinetics of carbides precipitating under di�usion-controlled growth and
capillarity e�ect, with particular referenceto the needle-shaped carbidesin Fe-C-Mo steel.
In the calculations, the �rst carbide is assumedto be cementite.

12.1.3 Speci�cation

This is a self-contained program

12.1.4 Description

The program readsthermodynamic data from a pre-establisheddatabase.It then calculates
the evolution of volume fractions, averagesize,chemical composition and number density of
Mo2C particles.

12.1.5 References

S.YamasakiandH. K. D. H. Bhadeshia: Materials Science and Technology19(2003)pp. 723-
731
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12.1 Program for nucleation and gro wth of needle-shap ed precipitate : Mo 2C

12.1.6 Parameters
I Input parameters

I - In teger

Carbide which should be calculated (1:cementite, 2:Mo2C 3:M 4C3)

I I - In teger

Allo y element (1:Mo, 2:V)

CXB - double precision

Mean concentration of carbon in alloy

XB(I I) - double precision

Mean concentration of I I in alloy (mole fraction)

CXA(I) - double precision

Carb on concentration in ferrite in equilibrium with carbide I (mole fraction)

SFEN(I) - double precision

Surface energy of the growing interface of Mo2C particles (J m� 2 )

NAD(I) - double precision

Nucleation site density factors of carbide I

CTYPE(I) - double precision

Morphology for carbide I (1=Needle shaped, 2=Disc shaped)

DS(I) - integer

Species assumed to be controlling dissolution of cementite (1=Mo, 2=V)

VMAX(I) - double precision

Maxim um volume fraction of carbide I

VEQ(I) - double precision

Equilibrium volume fraction of carbide I

DG(I) - double precision

Driving force for forming carbide (J)

VDIV(I) - double precision

Maxim um volume fraction of carbide I (for driving force)

X C(I I,I) - double precision

Mole fraction of I I in carbide I in equilibrium with ferrite matrix

XA(I I,I) - double precision

Mole fraction of I I in ferrite in equilibrium with carbide I

DT - double precision

Time step for calculation (sec)

TK - double precision

Absolute temp erature (K)

CC - double precision

Carb on concentration of an alloy in wt. %

DR - double precision

Ratio of cementite particles at grain boundary:in tergran ular

DTHI - double precision

Thic kness of cementite particles at grain boundaries

THI - double precision

Thic kness of cementite particles in grains
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12.1 Program for nucleation and gro wth of needle-shap ed precipitate : Mo 2C

I I Output parameter
TINST - double precision

Time in second

SZMAX - double precision

Maxim um half length of Mo2C particles

MSZEX - double precision

Av erage half length of Mo2C particles

V(1) - double precision

Volume fraction of cementite

VE(I) - double precision

Volume fraction of carbide I

GR T(I) - double precision

Growth rate of carbide I (m/s)

NR(I) - double precision

Nucleation rate of carbide I (m/s)

ONX CM - double precision

Mole fraction of Mo in cementite

12.1.7 Error Indicators
None

12.1.8 Accuracy
No information supplied

12.1.9 Further Commen ts
The program is set to read the following input data �les:

multi01Mo 2imput.d ;
ternaryMon.txt.

and to write the results to the following output data �les:
multi01Mo output.d ;
multi01Mo xbinst.d ;
multi01Mo ro.d ;
ternaryMon.d ;
ostwald Mo para.d.

12.1.10 Examples
An example for cementite and Mo2C precipitation in a quaternary Fe-0.1C-1.60Mowt. %
steel temperedat 600 � C
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12.1 Program for nucleation and gro wth of needle-shap ed precipitate : Mo 2C

I Program data

Parameter Data comment
CXB 0.0046623D0 mean carbon concentration

XB(1) 0.0093390D0 mean Mo concentration
XB(2) 0.0000000D0 mean V concentration

CXA(1) 0.0001049D0 C concentration in � equilibrium with �
SFEN(1) 0.0D0 interfacial energyof cementite
NAD(1) 1.0D0 site density factor of cementite

CTYPE(1) 0 phasetype of cementite
DS(1) 1 speciescontrolling di�usion (1=Mo, 2=V)

VMAX(1) 1.75961D-2 maximum volume fraction of cementite
VEQ(1) 1.75961D-2 equilibrium volume fraction of cementite
DG(1) -1.07D2 driving force for forming cementite

VDIV(I) 1.75961D-2 maximum volume fraction of cementite
XC(1,1) 0.0424479D0 equilibrium Mo concentration in cementite
XA(1,1) 0.0087239D0 Mo concentration in � equilibrium with cementite
XC(2,1) 0.0000000D0 equilibrium V concentration in cementite
XA(2,1) 0.0000000D0 equilibrium V concentration in �
CXA(2) 0.0000260D0 C concentration in � equilibrium with M2C
SFEN(2) 0.2D0 interfacial energyof M2C
NAD(2) 20.0D0 site density factor of M2C

CTYPE(2) 1 phasetype of M2C (1=needle, 2=spherical)
DS(2) 1 speciescontrolling di�usion (1=Mo, 2=V)

VMAX(2) 1.39120D-2 maximum volume fraction of M2C
VEQ(2) 1.39120D-2 equilibrium volume fraction of M2C
DG(2) -1.98D2 driving force for forming M2C

VDIV(2) 1.39120D-2 maximum volume fraction of M2C
XC(1,2) 0.5556297D0 equilibrium Mo concentration in M2C
XA(1,2) 0.0016320D0 Mo concentration in � equilibrium with M2C
XC(2,2) 0.0000000D0 equilibrium V concentration in M2C
XA(2,2) 0.0000000D0 V concentration in � equilibrium with M2C

DT 100.0D time step
TK 873.0D0 absolute temperature
CC 0.10D0 carbon concentration in wt. %
DR 0.9 ratio of cementite at boundary:intergranular

DTHI 5.0D-8 grain boundary cementite thickness
THI 2.0D-8 intergranular cementite thickness
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12.1 Program for nucleation and gro wth of needle-shap ed precipitate : Mo 2C

I I Program results

Time / h Volume fraction
of cementite

Volume fraction
of Mo 2C

Particle length
of Mo 2C / m

Num ber densit y
of Mo 2C / m � 3

5.56E-01 1.76E-02 3.17E-06 2.32E-09 1.77E+20
1.94E+00 1.76E-02 9.15E-05 6.45E-09 6.13E+20
3.06E+00 1.76E-02 2.95E-04 9.46E-09 9.11E+20
5.00E+00 1.71E-02 8.77E-04 1.38E-08 1.28E+21
1.00E+01 1.35E-02 3.54E-03 2.73E-08 1.51E+21
1.50E+01 9.91E-03 6.23E-03 3.70E-08 1.51E+21
2.00E+01 7.30E-03 8.12E-03 4.26E-08 1.51E+21
2.50E+01 5.68E-03 9.38E-03 4.59E-08 1.51E+21
3.00E+01 4.39E-03 1.02E-02 4.80E-08 1.51E+21
3.50E+01 3.83E-03 1.08E-02 4.94E-08 1.51E+21
4.00E+01 3.25E-03 1.12E-02 5.04E-08 1.51E+21
4.50E+01 2.65E-03 1.16E-02 5.12E-08 1.51E+21
5.00E+01 2.34E-03 1.18E-02 5.17E-08 1.51E+21
5.50E+01 2.03E-03 1.20E-02 5.22E-08 1.51E+21
6.00E+01 1.71E-03 1.23E-02 5.27E-08 1.51E+21
6.50E+01 1.40E-03 1.25E-02 5.32E-08 1.51E+21
7.00E+01 1.09E-03 1.27E-02 5.37E-08 1.51E+21
7.50E+01 7.81E-04 1.29E-02 5.43E-08 1.51E+21
8.00E+01 4.70E-04 1.32E-02 5.48E-08 1.51E+21
8.50E+01 2.94E-04 1.34E-02 5.52E-08 1.51E+21
9.00E+01 1.10E-04 1.36E-02 5.56E-08 1.51E+21
9.10E+01 5.79E-05 1.36E-02 5.57E-08 1.51E+21
9.21E+01 5.45E-06 1.37E-02 5.58E-08 1.51E+21
9.78E+01 0.00E+00 1.36E-02 5.66E-08 1.51E+21
1.03E+02 0.00E+00 1.37E-02 5.65E-08 1.51E+21
2.03E+02 0.00E+00 1.38E-02 5.28E-08 1.51E+21
3.03E+02 0.00E+00 1.38E-02 4.94E-08 1.51E+21
4.03E+02 0.00E+00 1.38E-02 4.67E-08 1.51E+21
5.03E+02 0.00E+00 1.38E-02 4.47E-08 1.51E+21
6.03E+02 0.00E+00 1.38E-02 4.32E-08 1.50E+21
7.03E+02 0.00E+00 1.38E-02 4.19E-08 1.47E+21
8.03E+02 0.00E+00 1.38E-02 4.11E-08 1.43E+21
9.03E+02 0.00E+00 1.38E-02 4.04E-08 1.38E+21
1.00E+03 0.00E+00 1.38E-02 3.99E-08 1.34E+21
1.10E+03 0.00E+00 1.38E-02 3.94E-08 1.29E+21
1.20E+03 0.00E+00 1.38E-02 3.90E-08 1.25E+21
1.30E+03 0.00E+00 1.38E-02 3.85E-08 1.21E+21
1.40E+03 0.00E+00 1.38E-02 3.81E-08 1.17E+21
1.48E+03 0.00E+00 1.38E-02 3.78E-08 1.13E+21
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12.2 Program for nucleation and gro wth of needle-shap ed precipitate : V 4C3

12.2 Program for nucleation and growth of needle-shap ed
precipitate : V 4C3

12.2.1 Pro venance of Source Code
ShingoYamasaki,

PhaseTransformationsGroup,

Department of Materials Scienceand Metallurgy,

University of Cambridge,

Cambridge, U. K.

12.2.2 Purp ose
To calculate the kinetics of carbides precipitating under di�usion-controlled growth and
capillarity e�ect, with particular referenceto the needle-shaped carbidesin Fe-C-V steel. In
the calculations, the �rst carbide is assumedto be cementite.

12.2.3 Speci�cation
This is a self-contained program

12.2.4 Description
The program readsthermodynamic data from a pre-establisheddatabase.It then calculates
the evolution of volume fractions, averagesize,chemical composition and number density of
V4C3 particles.

12.2.5 References
S.YamasakiandH. K. D. H. Bhadeshia: Materials Science and Technology19(2003)pp. 1335-
1343

12.2.6 Parameters
I Input parameters

I - In teger

Carbide which should be calculated (1:cementite, 2:V 4C3 , 3:Mo2C)

I I - In teger

Allo y element (1:V, 2:Mo)

CXB - double precision

Mean concentration of carbon in alloy

XB(I I) - double precision

Mean concentration of I I in alloy (mole fraction)

CXA(I) - double precision

Carb on concentration in ferrite in equilibrium with carbide I (mole fraction)

SFEN(I) - double precision

Surface energy of the growing interface of V 4C3 particles (J m� 2 )

NAD(I) - double precision

Nucleation site density factors of carbide I
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12.2 Program for nucleation and gro wth of needle-shap ed precipitate : V 4C3

CTYPE(I) - double precision

Morphology for carbide I (1=Disc shaped, 2=Needle shaped)

DS(I) - integer

Species assumed to be controlling dissolution of cementite (1=V, 2=Mo)

VMAX(I) - double precision

Maxim um volume fraction of carbide I

VEQ(I) - double precision

Equilibrium volume fraction of carbide I

DG(I) - double precision

Driving force for forming carbide (J)

VDIV(I) - double precision

Maxim um volume fraction of carbide I (for driving force)

X C(I I,I) - double precision

Mole fraction of I I in carbide I in equilibrium with ferrite matrix

XA(I I,I) - double precision

Mole fraction of I I in ferrite in equilibrium with carbide I

DT - double precision

Time step for calculation (sec)

TK - double precision

Absolute temp erature (K)

CC - double precision

Carb on concentration of an alloy in wt. %

DR - double precision

Ratio of cementite particles at grain boundary:in tergran ular

DTHI - double precision

Thic kness of cementite particles at grain boundaries

THI - double precision

Thic kness of cementite particles in grains

I I Output parameter
TINST - double precision

Time in second

SZMAX - double precision

Maxim um half length of V 4C3 particles

MSZEX - double precision

Av erage half length of V 4C3 particles

V(1) - double precision

Volume fraction of cementite

VE(I) - double precision

Volume fraction of carbide I

GR T(I) - double precision

Growth rate of carbide I (m/s)

NR(I) - double precision

Nucleation rate of carbide I (m/s)

ONX CM - double precision

Mole fraction of V in cementite
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12.2 Program for nucleation and gro wth of needle-shap ed precipitate : V 4C3

12.2.7 Error Indicators
None

12.2.8 Accuracy
No information supplied

12.2.9 Further Commen ts
The program is set to read the following input data �les:

multi01V 2imput.d ;
ternaryV.txt.

and to write the results to the following output data �les:
multi01V output.d ;
multi01V xbinst.d ;
multi01V ro.d ;
ternaryV.d ;
ostwald V para.d.

12.2.10 Examples
An examplefor cementite and V4C3 precipitation in a quaternary Fe-0.1C-0.56Vwt. % steel
temperedat 600 � C
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12.2 Program for nucleation and gro wth of needle-shap ed precipitate : V 4C3

I Program data

Parameter Data comment
CXB 0.0046287D0 mean carbon concentration

XB(1) 0.0062207D0 mean V concentration
XB(2) 0.0000000D0 mean Mo concentration

CXA(1) 0.0000578D0 C concentration in � equilibrium with �
SFEN(1) 0.0D0 interfacial energyof cementite
NAD(1) 1.0D0 site density factor of cementite

CTYPE(1) 0 phasetype of cementite
DS(1) 1 speciescontrolling di�usion (1=V, 2=Mo)

VMAX(1) 1.7624358D-2 maximum volume fraction of cementite
VEQ(1) 1.7624358D-2 equilibrium volume fraction of cementite
DG(1) -1.07D2 driving force for forming cementite

VDIV(I) 1.7624358D-2 maximum volume fraction of cementite
XC(1,1) 0.1063089D0 equilibrium V concentration in cementite
XA(1,1) 0.0043562D0 V concentration in � equilibrium with cementite
XC(2,1) 0.0000000D0 equilibrium Mo concentration in cementite
XA(2,1) 0.0000000D0 equilibrium Mo concentration in �
CXA(2) 0.0000340D0 C concentration in � equilibrium with M2C
SFEN(2) 0.2D0 interfacial energy of V4C3

NAD(2) 0.3D0 site density factor of V4C3

CTYPE(2) 1 phasetype of V4C3 (1=plate, 2=needle)
DS(2) 1 speciescontrolling di�usion (1=V, 2=Mo)

VMAX(2) 0.966D-2 maximum volume fraction of V4C3

VEQ(2) 0.966D-2 equilibrium volume fraction of V4C3

DG(2) -1.98D2 driving force for forming V4C3

VDIV(2) 0.966D-2 maximum volume fraction of V4C3

XC(1,2) 0.5320034D0 equilibrium Mo concentration in V4C3

XA(1,2) 0.0009620D0 V concentration in � equilibrium with V4C3

XC(2,2) 0.0000000D0 equilibrium Mo concentration in V4C3

XA(2,2) 0.0000000D0 Mo concentration in � equilibrium with V4C3

DT 100.0D time step
TK 873.0D0 absolute temperature
CC 0.10D0 carbon concentration in wt. %
DR 0.9 ratio of cementite at boundary:intergranular

DTHI 5.0D-8 grain boundary cementite thickness
THI 2.0D-8 intergranular cementite thickness
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12.2 Program for nucleation and gro wth of needle-shap ed precipitate : V 4C3

I I Program results

Time / h Volume fraction
of cementite

Volume fraction
of V 4C3

Particle length
of V 4C3 / m

Num ber densit y
of V 4C3 / m � 3

2.08E+00 1.76E-02 2.36E-05 2.13E-09 5.64E+21
4.03E+00 1.76E-02 1.21E-04 3.46E-09 8.55E+21
5.97E+00 1.76E-02 3.13E-04 4.72E-09 1.04E+22
8.06E+00 1.75E-02 5.13E-04 5.46E-09 1.16E+22
1.00E+01 1.73E-02 6.45E-04 5.79E-09 1.24E+22
1.21E+01 1.69E-02 8.36E-04 6.34E-09 1.30E+22
1.40E+01 1.64E-02 1.09E-03 7.06E-09 1.34E+22
1.60E+01 1.57E-02 1.43E-03 7.95E-09 1.36E+22
1.81E+01 1.46E-02 1.92E-03 9.06E-09 1.38E+22
2.00E+01 1.35E-02 2.47E-03 1.01E-08 1.38E+22
2.21E+01 1.23E-02 3.09E-03 1.12E-08 1.39E+22
2.40E+01 1.12E-02 3.66E-03 1.21E-08 1.39E+22
2.60E+01 1.01E-02 4.22E-03 1.28E-08 1.39E+22
2.81E+01 9.04E-03 4.79E-03 1.36E-08 1.39E+22
3.00E+01 8.03E-03 5.29E-03 1.42E-08 1.39E+22
3.21E+01 7.08E-03 5.79E-03 1.47E-08 1.39E+22
3.40E+01 6.28E-03 6.21E-03 1.52E-08 1.39E+22
3.60E+01 5.48E-03 6.60E-03 1.56E-08 1.39E+22
3.81E+01 4.76E-03 6.98E-03 1.60E-08 1.39E+22
4.00E+01 4.14E-03 7.31E-03 1.63E-08 1.39E+22
4.21E+01 3.49E-03 7.64E-03 1.66E-08 1.39E+22
4.40E+01 2.96E-03 7.91E-03 1.69E-08 1.39E+22
4.60E+01 2.50E-03 8.17E-03 1.71E-08 1.39E+22
4.81E+01 2.01E-03 8.41E-03 1.73E-08 1.39E+22
5.00E+01 1.59E-03 8.63E-03 1.75E-08 1.39E+22
5.21E+01 1.17E-03 8.84E-03 1.77E-08 1.39E+22
5.40E+01 8.24E-04 9.02E-03 1.78E-08 1.39E+22
5.60E+01 4.70E-04 9.19E-03 1.80E-08 1.39E+22
5.81E+01 1.89E-04 9.36E-03 1.81E-08 1.39E+22
6.49E+01 0.00E+00 9.35E-03 1.83E-08 1.39E+22
7.04E+01 0.00E+00 9.35E-03 1.83E-08 1.39E+22
1.04E+02 0.00E+00 9.35E-03 1.85E-08 1.29E+22
1.93E+02 0.00E+00 9.41E-03 2.16E-08 8.64E+21
2.98E+02 0.00E+00 9.46E-03 2.42E-08 6.24E+21
3.98E+02 0.00E+00 9.49E-03 2.62E-08 4.86E+21
4.98E+02 0.00E+00 9.52E-03 2.83E-08 3.91E+21
5.98E+02 0.00E+00 9.54E-03 3.01E-08 3.35E+21
6.98E+02 0.00E+00 9.56E-03 3.17E-08 2.82E+21
7.98E+02 0.00E+00 9.57E-03 3.29E-08 2.50E+21
8.98E+02 0.00E+00 9.59E-03 3.39E-08 2.25E+21
1.00E+03 0.00E+00 9.60E-03 3.55E-08 1.99E+21
1.10E+03 0.00E+00 9.61E-03 3.67E-08 1.82E+21
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12.3 Program for nucleation and growth of plate-shap ed
precipitate : M 4C3

12.3.1 Pro venance of Source Code
ShingoYamasaki,

PhaseTransformationsGroup,

Department of Materials Scienceand Metallurgy,

University of Cambridge,

Cambridge, U. K.

12.3.2 Purp ose
To calculate the kinetics of carbides precipitating under di�usion-controlled growth and
capillarity e�ect, with particular referenceto the plate-shaped carbidesin Fe-C-Mo-V steel.
In the calculations, the �rst carbide is assumedto be cementite.

12.3.3 Speci�cation
This is a self-contained program

12.3.4 Description
The program readsthermodynamic data from a pre-establisheddatabase.It then calculates
the evolution of volume fractions, averagesize,chemical composition and number density of
M4C3 particles.

12.3.5 References
S.YamasakiandH. K. D. H. Bhadeshia: Materials Science and Technology19(2003)pp. 723-
731

S.YamasakiandH. K. D. H. Bhadeshia: Materials Science and Technology19(2003)pp. 1335-
1343
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12.3.6 Parameters
I Input parameters

I - In teger

Carbide which should be calculated (1:cementite, 2:M 4C3 , 3:M 2C)

I I - In teger

Allo y element (1:Mo, 2:V)

CXB - double precision

Mean concentration of carbon in alloy

XB(I I) - double precision

Mean concentration of I I in alloy (mole fraction)

CXA(I) - double precision

Carb on concentration in ferrite in equilibrium with carbide I (mole fraction)

SFEN(I) - double precision

Surface energy of the growing interface of M 4C3 particles (J m� 2 )

NAD(I) - double precision

Nucleation site density factors of carbide I

CTYPE(I) - double precision

Morphology for carbide I (1=Disc shaped, 2=Needle shaped)

DS(I) - integer

Species assumed to be controlling dissolution of cementite (1=Mo, 2=V)

VMAX(I) - double precision

Maxim um volume fraction of carbide I

VEQ(I) - double precision

Equilibrium volume fraction of carbide I

DG(I) - double precision

Driving force for formation of carbide (J)

VDIV(I) - double precision

Maxim un volume fraction of carbide I (for driving force)

X C(I I,I) - double precision

Mole fraction of I I in carbide I in equilibrium with ferrite matrix

XA(I I,I) - double precision

Mole fraction of I I in ferrite in equilibrium with carbide I

DT - double precision

Time step for calculation (sec)

TK - double precision

Absolute temp erature (K)

CC - double precision

Carb on concentration of alloy in wt. %

DR - double precision

Ratio of cementite particles at grain boundary:in tergran ular

DTHI - double precision

Thic kness of cementite particles at grain boundaries

THI - double precision

Thic kness of cementite particles in grains
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I I Output parameter
TINST - double precision

Time in second

SZMAX - double precision

Maxim um half length of M 4C3 particles

MSZEX - double precision

Av erage half length of M 4C3 particles

V(1) - double precision

Volume fraction of cementite

VE(I) - double precision

Volume fraction of carbide I

GR T(I) - double precision

Growth rate of carbide I (m/s)

NR(I) - double precision

Nucleation rate of carbide I (m/s)

ONX CV - double precision

Mole fraction of V in cementite

ONX CM - double precision

Mole fraction of Mo in cementite

X CINST(1,I) - double precision

Mole fraction of Mo in carbide I

X CINST(2,I) - double precision

Mole fraction of V in carbide I

12.3.7 Error Indicators
None

12.3.8 Accuracy
No information supplied

12.3.9 Further Commen ts
The program is set to read the following input data �les:

multi01MoV 5imput.d ;
quaternary data001aa.txt ;
quaternary data002aa.txt ;
quaternary data005aa.txt ;
quaternary data010aa.txt ;
quaternary data020aa.txt ;
quaternary data034aa.txt ;
quaternary data067aa.txt ;
quaternary data133aa.txt ;
quaternary data199aa.txt ;
quaternary data266aa.txt ;
quaternary data001cc.txt ;
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and to write the results to the following output data �les:
multi01MoV V output.d ;
multi01MoV V xbinst.d ;
multi01MoV V ostwald.d ;
multi01MoV V PARA.d ;
quaternary.d.

12.3.10 Examples
An examplefor cementite andM4C3 precipitation in a quaternaryFe-0.1C-1.60Mo-0.56Vwt. %
steel temperedat 600 � C

I Program data

Parameter Data comment
CXB 0.0046595D0 mean carbon concentration

XB(1) 0.0092740D0 mean Mo concentration
XB(2) 0.0062621D0 mean V concentration

CXA(1) 0.0000672D0 C concentration in � equilibrium with �
SFEN(1) 0.0D0 interfacial energyof cementite
NAD(1) 1.0D0 site density factor of cementite

CTYPE(1) 0 phasetype of cementite
DS(1) 2 speciescontrolling di�usion (1=Mo, 2=V)

VMAX(1) 1.7624358D-2 maximum volume fraction of cementite
VEQ(1) 1.7624358D-2 equilibrium volume fraction of cementite
DG(1) -1.12D2 driving force for forming cementite

VDIV(I) 1.7624358D-2 maximum volume fraction of cementite
XC(1,1) 0.0290715D0 equilibrium Mo concentration in cementite
XA(1,1) 0.0089045D0 Mo concentration in � equilibrium with cementite
XC(2,1) 0.1008791D0 equilibrium V concentration in cementite
XA(2,1) 0.0044911D0 equilibrium V concentration in �
CXA(2) 0.0000014D0 C concentration in � equilibrium with M4C3

SFEN(2) 0.2D0 interfacial energyof M4C3

NAD(2) 12.0D0 site density factor of M4C3

CTYPE(2) 1 phasetype of M4C3 (1=plate, 2=needle)
DS(2) 2 speciescontrolling di�usion (1=Mo, 2=V)

VMAX(2) 0.961D-2 maximum volume fraction of M4C3

VEQ(2) 0.961D-2 equilibrium volume fraction of M4C3

DG(2) -2.61D2 driving force for forming M4C3

VDIV(2) 0.961D-2 maximum volume fraction of M4C3

XC(1,2) 0.1152479D0 equilibrium Mo concentration in M4C3

XA(1,2) 0.0081739D0 Mo concentration in � equilibrium with M4C3

XC(2,2) 0.4313452D0 equilibrium V concentration in M4C3

XA(2,2) 0.0018450D0 V concentration in � equilibrium with M4C3

DT 100.0D time step
TK 873.0D0 absolute temperature
CC 0.10D0 carbon concentration in wt. %
DR 0.9 ratio of cementite at boundary:intergranular

DTHI 5.0D-8 grain boundary cementite thickness
THI 2.0D-8 intergranular cementite thickness
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I I Program results

Time / h Volume fraction
of cementite

Volume fraction
of M 4C3

Particle length
of M 4C3 / m

Mole fraction
of V in M 4C3

Mole fraction
of Mo in M 4C3

1.39E-01 1.76E-02 2.13E-08 4.29E-10 3.19E-01 1.11E-01
6.94E-01 1.76E-02 7.25E-07 8.77E-10 3.45E-01 1.40E-01
1.25E+00 1.76E-02 3.60E-06 1.32E-09 3.36E-01 1.47E-01
2.36E+00 1.76E-02 2.35E-05 2.30E-09 3.39E-01 1.66E-01
2.92E+00 1.76E-02 4.35E-05 2.77E-09 3.39E-01 1.68E-01
3.47E+00 1.76E-02 7.28E-05 3.22E-09 3.41E-01 1.67E-01
4.03E+00 1.76E-02 1.10E-04 3.68E-09 3.44E-01 1.65E-01
4.58E+00 1.76E-02 1.57E-04 4.13E-09 3.46E-01 1.65E-01
5.69E+00 1.76E-02 2.74E-04 4.89E-09 3.51E-01 1.61E-01
6.81E+00 1.76E-02 4.65E-04 5.65E-09 3.55E-01 1.59E-01
7.36E+00 1.74E-02 6.68E-04 5.98E-09 3.66E-01 1.54E-01
8.47E+00 1.70E-02 8.63E-04 6.20E-09 3.74E-01 1.49E-01
9.03E+00 1.68E-02 9.75E-04 6.49E-09 3.77E-01 1.49E-01
1.01E+01 1.62E-02 1.30E-03 7.59E-09 3.81E-01 1.47E-01
1.13E+01 1.55E-02 1.72E-03 8.83E-09 3.84E-01 1.46E-01
1.24E+01 1.44E-02 2.29E-03 1.01E-08 3.86E-01 1.45E-01
1.29E+01 1.38E-02 2.64E-03 1.07E-08 3.87E-01 1.45E-01
1.35E+01 1.30E-02 3.05E-03 1.09E-08 3.88E-01 1.44E-01
1.40E+01 1.21E-02 3.39E-03 1.11E-08 3.87E-01 1.46E-01
1.46E+01 1.13E-02 3.73E-03 1.15E-08 3.83E-01 1.49E-01
1.51E+01 1.05E-02 4.10E-03 1.20E-08 3.79E-01 1.52E-01
1.57E+01 9.82E-03 4.47E-03 1.25E-08 3.76E-01 1.54E-01
1.63E+01 9.13E-03 4.84E-03 1.29E-08 3.73E-01 1.56E-01
1.68E+01 8.37E-03 5.24E-03 1.34E-08 3.70E-01 1.59E-01
1.74E+01 7.54E-03 5.67E-03 1.38E-08 3.67E-01 1.61E-01
1.79E+01 6.72E-03 6.10E-03 1.43E-08 3.64E-01 1.63E-01
1.85E+01 5.93E-03 6.52E-03 1.47E-08 3.62E-01 1.65E-01
1.90E+01 5.08E-03 6.97E-03 1.51E-08 3.59E-01 1.68E-01
1.96E+01 4.21E-03 7.43E-03 1.55E-08 3.57E-01 1.70E-01
2.07E+01 2.36E-03 8.39E-03 1.64E-08 3.52E-01 1.74E-01
2.18E+01 7.10E-04 9.24E-03 1.68E-08 3.48E-01 1.78E-01
2.29E+01 1.27E-04 9.70E-03 1.74E-08 3.45E-01 1.79E-01
5.00E+01 0.00E+00 9.71E-03 1.78E-08 4.39E-01 1.07E-01
1.00E+02 0.00E+00 9.73E-03 1.99E-08 4.37E-01 1.09E-01
2.00E+02 0.00E+00 9.75E-03 2.44E-08 4.34E-01 1.11E-01
3.00E+02 0.00E+00 9.79E-03 2.52E-08 4.33E-01 1.13E-01
4.00E+02 0.00E+00 9.93E-03 2.93E-08 4.32E-01 1.14E-01
5.00E+02 0.00E+00 9.98E-03 2.93E-08 4.32E-01 1.14E-01
6.00E+02 0.00E+00 1.00E-02 3.22E-08 4.32E-01 1.14E-01
7.00E+02 0.00E+00 1.01E-02 3.35E-08 4.31E-01 1.15E-01
8.00E+02 0.00E+00 1.01E-02 3.37E-08 4.31E-01 1.15E-01
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