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Metals and Alloys

The dewvelopmert of improved metallic materials is a vital activity at the leading edge of
scienceand technology. Metals o®erunrivalled combinations of properties and reliability at a
cost which is a®ordable. They are versatile becausesubtle changesin their microstructure can
causedramatic variations in their properties. For example, it is possibleto buy commercial
steel with a strength as low as 50 MPa or as high as 5500 MPa. An apple weighs about a
Newton. The strongest commercial steel can therefore support the weight of about 5:5£ 10°
appleson 1m? of steel. An understanding of the developmert of microstructure in metals is
essetial for the materials sciertist. Thus, 70% of all 800 million tonnes per annum of alloys
usedtoday were developed in the last ten years.

Course A builds on the coverageof metals and alloys in Part IA. WhereasPart 1A dealt with
the thermodynamics aspects, we shall emphasizekinetics when treating di®usion, solidi cation
and solid{state phenomena:

Di®usion

Fundamentals of Di®usion. Di®usive °ux and the di®usion equation. Di®usion distances.
Mechanismsof di®usion. Interstitial, substitutional and vacancydi®usion. Activ ation energies
and vacancy concerrations. Di®usivity data. Interdi®usionin alloys. Kirk endall e®ect.

Di®usion and Microstructure. Fast di®usion paths. Grain{b oundary, free{surface and lattice
di®usion. Thermodynamics of di®usion. Chemical potential and atomic mobility. Ideal and
non{ideal solutions. Concept of zero, negative di®usivity and uphill di®usion.

Solidi cation

Undercooling and driving force. Nucleation and crystal growth. Heat ° ow. Solute partitioning.
E®ectof convection. The Sdeil equation.

Solidi cation Structure. Constitutional undercooling, cells and dendrites. Microsegregation
proles. Coring and non-equilibrium secondphase. Grain structures, single crystals and
polycrystals.

Solidi cation Processing.Casting. Porosity and hot tearing. Sand casting. Permanert mould
casting. Centrifugal casting. Contin uous casting. Rapid solidi cation processing,atomisation,
melt{spinning.

Solid{State Di®usional Transformations

Dislocations and Grain Boundaries. Cold{w orked structures. Stored strain energies. Forces
betweendislocations. Recovery processesglide and climb. Polygonisation. Grain boundaries
misorientation, structure and energy

Evolution of Grain Structure. Nucleation of recrystallised grains, role of dislocation density.
Particle-stimulated nucleation. Mobilit y of high-anglegrain boundaries. Solute drag and Zener
drag. Grain growth.

Precipitation. Solution treatment, quending and ageing. Precipitate nucleation. Precipitation
sequences.Di®usion{controlled growth. Nucleation sites. Role of vacancies. Precipitate{free
zones,solute and vacancy depletion.
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Di®usionless Solid{State Transformations

Shear Transformations. Twinning, the twin plane and twinning shear. Twinning as a de-
formation mode. Factors favouring deformation twinning. Strain{rate and crystal{symmetry
e®ects. Boundary energies. Martensitic transformations. Examplesin cobalt and Fe{C. The
shape{memory e®ect.

Some Metallic Materials

Ferrous Alloys. The Fe{C phasediagram. The eutectoid reaction. Fe{C martensite. TTT
curves. Quendiing and tempering of steels. Alloying e®ectsand hardenability. The Jominy
end{quend test. WidmanstAtten ferrite and bainite. Secondaryhardening in alloy steels.

TRIP steels. Dual{phase steels. Cast irons, grey, white and spheroidal graphitic. Light Alloys.
Aluminium alloys. High-strength alloys.

High{T emperature Alloys. Nickel{based superalloys. Columnar and single{crystal turbine
blades. Dispersion{strengthened alloys. Mechanically alloyed systems.

Aids to Learning

D. A. Porter and K. E Easterling, Phase Transformations in Metals and Alloys, 2nd edition
Chapman and Hall, (1992) [Ln30]

A. H. Caottrell, An Intr oduction to Metallurgy, The Institute of Materials, (1995) [A116]

R. W. K. Honeyconbe and H. K. D. H. Bhadeshia, Steels, Micr ostructure and Properties, 2nd
edition, Arnold, (1995) [De88]

I. J. Polmear, Light Alloys - Metallurgy of the Light Metals, 3rd edition, Arnold, (1995) [Eb153]

There are a number of metallographic samplesassaiated with this course. They will be refer-
encedin the question sheets. You will nd it usefulto examinethesein the ClassLaboratory.
Be sureto handle thesespecimenscarefully and to examinethem at a variety of magni cations.
Try and understand the microstructure in terms of the phasediagrams. A list of the samples
is included below; you will 'nd relevant phasediagramsin your Data Book.

Code | Composition / wt% Condition Etchant
MO Fe-0.8C 1200*C 2 h, furnace cooled nital
M7 Al-12Si as{cast in metal mould not etched
M8 A{12Si{0.02Na as{cast in metal mould not etched
M24 Al{4Cu solution treated and over{aged NaOH
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There is a Departmental Electronic Library which can be accessedon the world wide web.
This contains useful additional material for this course. The material relevant to CourseA is
listed below, and there are regular additions to the contents:

On{line Teading Library (CourseA)

www.msm.cam.ac.uk/Departmet’T eading/online.html

Lecture notes, questionsheets& handouts
Worked Examples

Internet Supervisor

Microstructure of aluminium-copper alloys
Microstructure of aluminium-silicon alloys
Decarburization microstructures
Recrystallisation microstructures
Annealing twins

Precipitate-free zones

Dendritic solidi cation
Recrystallisedgrain size

Movies shawing grain coarsening
Computer-generatedmovies of transformations

Actual movies of solidi cation
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Fundamen tals of Di®usion

The steady{state di®usiwe ° ux J is represenied using Fick's rst law,

@

where C is the conceriration, x is a distance and D is the di®usion coexcient. Fick's second
law is for caseswhere the concerration at any point varies with time t:

@ =D @

@ @
These equations can be solved for particular boundary conditions. For a casewhere a "xed
quartit y of solute is plated onto a s%mi{in_nite bar (Fig. 1a),

1

boundary conditions: Cfx;tgdx = B and Cfx;t=0g=0
° Vo Y
Cfx;tg= ol exp | X
’ Y UDt 4Dt

Now imagine that we create the di®usion coupleillustrated in Fig. 1b, by stacking an in nite
set of thin sourceson the end of one of the bars. Di®usion can thus be treated by taking a
whole set of the exponertial functions obtained above, ead slightly displacedalong the x axis,
and summing (integrating) up their individual e®ects.The integral is in fact the error function

2 X
erffxg= p—  expfj u’gdu
/4 0
sothe solution to the di®usionequation is

boundary conditions: Cfx = 0;tgdx = Cq and Cfx;t=0g= C,

Yo Ya

X
Cix;tg= Cgi (Csi Cplerf Epﬁ

(a) exponential

—= 00

—= 00

(b) error function

Fig. 1: (a) Thin layer of solute plated on a semi{in nite bar. (b) Two di®erert
semi{in nite bars.
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Di®usivity Data

Most metals have similar di®usivities of about 10 ¥ m?si ! at their melting temperatures
(Fig. 2). Silicon has the diamond cubic structure with directional bonding which makes the
atoms lessmobile in spite of the lower density assaiated with this crystal structure. Interstitial

di®usion is the fastest becauseof the free availabilit y of interstitial vacancies. Thus, carbon
has about the sameactivation energy for di®usion as for the self{di®usion of aluminium, but
a much larger di®usion coexcient at any temperature (Fig. 2).
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Fig. 2: Typical self{di®usion coexcients for pure metals and for carbon
in ferritic iron. The uppermost di®usivity for eadh metal is at its melting
temperature.
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Thermo dynamics of di®usion

Fick's rst law is empirical in that it assumesa proportionalit y betweenthe di®usion® ux and
the concernration gradient. Howewer, di®usion occurs so as to minimise the free energy It
should therefore be driven by a gradient of free energy But how do we represen the gradient
in the free energy of a particular solute?

The Chemicl Potential

We rst examine equilibrium for an allotropic transition (i.e. when the structure changesbut
not the composition). Two phases® and ° are said to bein equilibrium when they have equal
free energies:

G®=G’ (1)

When temperature is a variable, the transition temperature is also xed by the above equation
(Fig. 3).

Transition
Temperature

FREEENERGY

TEMPERATURE

Fig. 3: The transition temperature for an allotropic transformation.

A di®erert approac is neededwhen chemical composition is also a variable. Consideran alloy
consisting of two componerts A and B. For the phase®, the free energywill in generalbe a
function of the mole fractions (1| X) and X of A and B respectively:

G¥= (Li X)tp+ X1g )

where! , represerns the mean free energy of a mole of A atomsin ®. The term * is called the
chemial potential of A, and is illustrated in Fig. 4a. Thusthe free energy of a phaseis simply
the weighted mean of the free energiesof its componert atoms. Of course, the latter varies
with concertration accordingto the slope of the tangert to the free energy curve, as shown in
Fig. 4.

Consider now the coexistenceof two phases® and ° in our binary alloy. They will only bein
equilibrium with ead other if the A atomsin ° have the samefree energy asthe A atoms in
®, and if the sameis true for the B atoms:

1® — 1°

A A
1® — 1°
B B

If the atoms of a particular specieshave the samefree energyin both the phases,then there is
no tendency for them to migrate, and the systemwill be in stable equilibrium if this condition
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appliesto all speciesof atoms. Sincethe way in which the free energy of a phasevaries with
concerration is unique to that phase,the concentration of a particular speciesof atom need
not be identical in phaseswhich are at equilibrium. Thus, in generalwe may write:

Xy 6 X,°
Xg 6 Xg®

WhereXi®° describes the mole fraction of elemert i in phase® which is in equilibrium with
phase® etc.

The condition the chemical potential of ead speciesof atom must be the samein all phasesat
equilibrium is quite generaland obviously justi es the commontangent construction illustrated
in Fig. 4b.
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Fig. 4. (a) Diagram illustrating the meaning of a chemical potential 1. (b)
The common tangent construction giving the equilibrium compositions of the
two phasesat a xed temperature.

Di®usion in a Chemical Potential Gradient

The conceptof a chemical potential is powerful indeed. Thus, it is properto say that di®usionis
driven by gradients of chemical potential (i.e. free energy) rather than chemical concerration:
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where the proportionality constart M, is known asthe mobility of A. In this equation, the
di®usion coezcient is related to the mobility by comparisonwith Fick's rst law.

The relationship is remarkable: if @ ,=@, > 0 as for the solution illustrated in Fig. 4a,
then the di®usioncoezcient is positive and the chemical potential gradient is along the same
direction asthe conceriration gradient. However, if @ ,=@, < 0 then the di®usionwill occur
against a concertration gradient! This can only happen in a solution where the free energy
curve hasthe form illustrated in Fig. 5.

A full discussionof the thermodynamics of solutions can be found in Part IA Materials and
Minerals Scienceshandouts DH9{DH12.
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Fig. 5: Free energy of mixing plotted as a function of temperature and of the
enthalpy ¢ H,, of mixing. ¢ H,, = O corresponds to an ideal solution where
the atoms of di®erert speciesalways tend to mix at random and it is always
the casethat @ o=@, > 0. When ¢ H,, < O the atoms prefer unlike
neighbours and it is always the casethat @ ,=@, > 0. When ¢ H,, >
0 the atoms prefer like neighbours so for low temperatures and for certain
composition ranges @ ,=@, > 0 giving rise to the possibility of uphill
di®usion.
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Steady{State Solidi cation

During steady{state solidi cation the solid/liquid front movesat a constart speed. An obsener
positioned at the interface (where x = 0) doesnot seeany changein the distribution of solute
ahead of the interface (Fig. 6). It follows that any change due to di®usionis compensated
exactly by the fact that the interface is advancing, so that

dZ_C + ld_C =0
dx> D dx

wherev is the solidi cation front velocity and D the di®usivity in the liquid. A secondequation

can be deducedfrom the fact that the solute °ux away from the interface by di®usion must

equal the rate at which solute is partitioned

dC—
iD o~ = (C=j c3hyv
x=0

whereCSt the conceriration in the solid at the interfacewith the liquid; C-S the conceriration
in the liquid at the interface with the solid. Using these two equations to evaluate the two
integration constarts yields the concerration C in the liquid asa function of position as:

v Y
C=CS + (CS C%)exp | —
Ys 2
C, + Coldi k) exp i X
0 K ' D=v

wherek = C,=C'S sincefor steady{state solidi cation CS- = C,.

solid  ©  liquid

CLS

CSL :

Concentration

Distance

Fig. 6: Concertration proTe at the solid{liquid interface during steady{state
solidication. C, is the average concertration, CSt the concertration in the
solid at the interface with the liquid. C-S the concertration in the liquid at
the interface with the solid. Note that there is a coordinate X which moves
with the interface.
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The Scheil Equation
We assumenow that the there is completemixing in the liquid which hasa uniform composition

C,. With referenceto Fig. 7, consenation of solute requiresthat for a fraction f which has
solidi ed,

(Ctj kCHd = (1 f)dct
o 1lif c, CH(i k)
sothat  C-=Cydj f)*? and CS=kCy(1ij f)ki?

This last relation is known asthe Scheil Equation.

solid liquid
df
L
.S 3 dC
‘§ ...................
S
L
= = kC
(@]
(&)
0 f 1

fraction solidified

Fig. 7: Solidication front moving along one dimension with complete mixing
in the liquid. The dashedline represerts the distribution of concertration after
an interval of solidi cation.
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Constitutional ~ Sup erco oling

Solute is partitioned into the liquid aheadof the solidi cation front. This causesa correspond-
ing variation in the liquidus temperature (the temperature below which freezingbegins). There
is, however, a positive temperature gradient in the liquid, giving rise to a supercooled zone of
liquid ahead of the interface (Fig. 8). This is called constitutional supercooling becauseit is
causedby composition changes.

A small perturbation on the interface will therefore expand into a supercooled liquid. This
givesrise to dendrites.
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Fig. 8: Diagram illustrating constitutional supercooling.

It follows that a supercooled zone only occurs when the liquidus{temp erature (T, ) gradient
at the interface is larger than the temperature gradient:

a- g . n&- .

@ x=0 @ . @ x=0

where m is the magnitude of the slope of the liquidus phaseboundary on the phasediagram.
From AH8 we note that -

@L: o CLS i CSL

@ x=0 o D=v

sothat the minimum thermal gradient required for a stable solidi cation front is

@) < mCy(1i Kk)v

@ kD
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Heat Flow During Casting

Casting situations may be divided according to whether or not signi cant thermal gradients
are set up in the solidifying metal. For conducting (metallic) moulds this can be analysedfrom
the ratio of the thermal conductance of the interface (h) to that of the casting, termed the
Biot number: h hL

Bi= — =
'TK=LT K

where K is the thermal conductivity of a casting of length L in the direction of heat ° ow.
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Newtonian cooling

Fig. 9: The two di®erert heat transfer situations that arise in casting.

For small Bi the thermal resistance of the interface dominates that of the casting, which
therefore remains at approximately a constart temperature. This is called Newtonian cooling.
For this case,the speedyv of the solidi cation front canbe obtained by balancing heat evolution
against heat extraction:

he T

g=h¢T=veH, i.e., V:¢HF

where q is the heat °ux and ¢ H is latent heat releasedon solidi cation.
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Contin uous Casting of Steel
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Zener Drag

Recrystallisation and grain growth involve the movemert of grain boundaries. The motion will
be inhibited by secondphasepatrticles. The drag on the boundary due to an array of insoluble,
incoherert spherical particles is becausethe grain boundary area decreasesvhen a boundary
intersectsthe particle. Therefore,to move away from the particle requiresthe creation of new
surface. The net drag force on a boundary of energy® per unit areadueto a particle of radius
r is given by (Fig. 10)

F=°sinfugf 2% cofug  sothat at u= 45 Frax = Y

Supposenow that there is a random array of particles, volume fraction f with N particles per
unit volume. Only those particles within a distance § r can intersect a plane. The number of
particles intersected by a plane of area1m? will therefore be

3f
n=2rN = 2
The drag pressureP is then often expressedas
3°f
P = I:max n= 7

This may be a signi cant pressureif the particles are ne.

Fig. 10: Zener Drag
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Di®usion{Con trolled Gro wth

Precipitates can have a di®erert chemical composition from the matrix. The growth of suc
particles (designated ) is frequertly cortrolled by the di®usion of solute which is partitioned
into the matrix (designated®).

As ead precipitate grows, so doesthe extent of its di®usion eld. This slows down further
growth becausethe solute has to di®useover ever larger distances. As we will prove, the
particle sizeincreaseswith the squareroot of time, i.e. the growth rate slows down as time
increases. We will assumein our derivation that the concenration gradiert in the matrix is
constart, and that the far{'eld concerration C, never changes(i.e. the matrix is semifin nite
normal to the advancing interface). This is to simplify the mathematics without loosing any
of the insight into the problem.

For isothermal transformation, the concerrations at the interface can be obtained from the
phase diagram as illustrated below. The di®usion °ux of solute towards the interface must
equal the rate at which solute is incorporated in the precipitate so that:

. @ _ @ Coi Co
(C i Co) o = D~ pol e
(- @ 1B ¢ x

rate solute absorbed di®usion® ux towards interface

A secondequation can be derived by consideringthe overall consenation of mass:
1
(C-i Cyx= E(C0 i Cg)t X
On combining these expressionsto eliminate ¢ x we get:
@ _ D(Cy i C®)2
@ 2(C-i Cg)(C-i Cp)
If, asis often the case,C- A Cg and C- A C, then
VA M 2 z r
Cyi C ¢C, P— 1¢C
2 = 9~ 7® p that x' —= Dt and v' ==
X©@X C i C, @ sothat x ¢Co and v 26 C,

wherev is the velocity. A more precisetreatment which avoids the linear pro le approximation
would have given:

D
t

r
, $Cs %

¢ Cq
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Twinning in Cubic{Close{P acked Structure



