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ABSTRACT

Segregation to crystalline interfaces has'been considered
in terms of its effect on the thermodynamic interfacial
energies. The experimental efidence for segregatioh was
reviewed and its effects on interfacial energies and mech-
anical properties discussed with particular reference to
boron in iron and steels. The effects of boron concentra-
tion on the surface and grain boundary energies of iron and
AISI 316 stainless steel were measured, Grain boundary to
surface energy ratios were measured from the dihedral angles
at the grooves (and ridges) formed duringvacuum annealing
where these boundaries intersect the surface., The effect
of boron on the absolute grain boundary and surface
energies was obtained by the aséumption that fwin boundary
energy is independent of bofon concentration. Measurements
were made on 316 steels containing 0,001 and ~0.006 wt%
boron at 950° to 1250°C, and on iron alloys containing up
to 0.020 wt% boron at 950° and 1050°C. Reductions of up to
30% in the surface energies and 40% in the %rain boundary
energles were found'on increasing the boron concentration

' to 0.,004-0.,008 wt#. The results were interpreted in terms
of segregation of boron © the surfaces and grain boundaries
and compared with literature data for other systems including
nickel-boron alloys. The relevence of interfacial energy
measurements to the effects of boron on mechanical pro-

perties was considered. AY
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.CHAPTER 1 INTRODUCTION

It has been known for many years that the presence of
impurities in metals and ailoys affects their mechanical
properties, often deleteriously. As production and analysis
techniques have improved it has become epparent that in many
cases only trace amounts of ;mpurity of the order of a few
tens of parts per million are necessary to cause quite profound
“changes. For example, 10-20 ppm Bi is sufficient to cause
embrittlemeﬁt in copper (Voce eand Hallowes [1947]). A large‘
body of evidence has gradually been built up to show that |
effects caused by trace 1mpuhﬁies’are often ;ssociated with
segregation of the impurity atoms to produce much higher local
concentrétions. ‘The evidence for segregation has been the
. subject of several reviews, eg Inman and Tipler [1963], West-
brook (1964] and Gleiter end Chalmers [1972]. Segregation can
take place at free éurfaces,_grain Bbundaries'ahd other
interfaces or regions of structural discéntinuity, such as
precipitate particle/matrix interfaces and dislocations,
ed the driving forces for segregation

| . A
in terms of the distortion produced in the lattice by the

' . McLean [1957] has discuss

solute:atoms.

Thermodynamical conéiderations of the energies of such
interfaces predicts thét segregation of impurities should be
associated with a reduction in free energy. Trace amounts of
impurity have been found to have very markedeffects on the.
interfacial energiés in'a large number of metallic systems,

It is fcund.(see eg Hondros and McLean.[1968]) that the
elements most likely to segrégate'to interfgces are those which
:haQe g‘low solubility in the bulk metal as these atoms a;so

-
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produce relatively large distortions of the solvent lattice.
Boron has & low solubility in iron, nickel, austenitic steels
and nickel alloys and so is expected to segregate to the
available interfaces in these materials, thus changing treir
structure and hence their energy, cohesion and other properties.
AISI 316* steel is an austenitic stainless steel whose
creep-rupture properties are improved by additions of up to
0.01 wt% boron. It is also a cendidate material for cladding
the fuel elements in the first Civil Fast Reactor which is
soon to be built. The materials in the reactor have to with-
"stand very unusual and demanding conditions., It is therefore
important.to understand as much about the materials t0 be used
as possible, In.thermal reactors such as are in use by the
Central Electricity Generating Board today, boron is an
undesirable impurity as it produces helium atoms under irra-
diation by sloW'neutfbns and these can agglomerate to produce
small bubbles of gas inside the material which are detrimental
“ to its mechgnical properties, In a fast reactor, this problem
is much lesssevere, firstly because boron has a much lower ‘
cross section for the capture of fast neutrons than for slow
ones and secondly because helium 1sAproduced anyway in much
larger quantities By bombardment of the me tal atoms which are
- the major constituents of the clad. It may therefore be
* permissible, iﬁdegd desirable, to have boron in the cladding
material in order to increase its ductilify and creep rupture
life. | . '

sAmerican Iron and Steel Institute specification number for
. "an austenitic, non-hardenable, non-magnetic steel containing

- ' by weight 16-18% Cr, 10-14% Ni, 2-3% Mo and maximum concen-

' ;iations of 0,08% C, 2.00% Mn, 0.045% P, 0.030% S and 1.00%

i
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The actions of boron in austenitic steels are complicated
~»and depend on the composition of the steel, its thermal |
history, the temperature of interest, the metallurgical
structure of the steel at that temperature -~ in particular
the presence or otherwise of second phase particles, etc.
The present work is intended to cover Jjust one aspect of the
effects of boron, namely its effect on the grain boundary and
surface energies at temperatures where the 316 steel is single
phase. The chemistry of this steel is complex, thus making
interpretation of the results difficult. 1In order to assist
the interpretation, therefore, a study of the effects of boron
additions on the interfacial energies of pureliron in the
austenitic'phase was also undertaken,

. The techniques'used!for these measurements are the
" standard techniques of measuring relative interfacial energies
from the profiles formed during vacuum annealing at the inter-
section of twin and grain boundaries with the surface.
A novel feature of the present measurements was the applica-
tion of a.Talystep instrument‘to measure the twin boundary/
surface intersectlion profiles. The experimental details are
.described fully in Chapter 3 mhile the thermodynamic back-
ground and the available data on segreéation of trace elements
“and their effects on interfacial energies and mechanical pro-
zperties are discussed in Chapter 2, The measurements m de
:on 346 steel and on a series of. dilute iron-boron alloys are
'presented separately in. Chapters L and 5, and some ancillary
measurements ‘are given in Chapter 6. Finally, in Chapter 7 |
the measurements on the two sets of materials are compared
with each other and with similar measurements by Hodgson

[1972] on nickel-boron alloys, and the combined results

~ * ‘. -3-



. ‘d'iscussed ,11*1 relation to r:reep-rupt.ure properties,



CHAPTER 2  BACKGROUND INFORMATION

In the first part of this Chapter the thermodynamic
theory of interfaces will be presented. From this it will
-be shown that small amounts of a solute element can segregate
tokinterfaces and that this segregation is associated with a
change in the free energy of the interface, Secondly, some
of the available experimental techniques for measuring inter-
facial energies will.be discussed. In section 2.3 the experi-
mental evidence for theoccurrence of interfacial segregation
will be cansidered and some effects of segregation on inter-
- facial energies and mechanical properties will be indicated.
Finally some of the effects of boron on properties of iron
" and steels will be presented.

2.1 Thermodynamics of Interfaces

The surface freé energy of a condensed material is the
energ& required to produce unit area of that surface in an
isothermal and.reveréible mammer, The free energy of the
surface atoms arises from the fact that they are Jjoined to the
solid'lattice by fewer atomic bonds than are the atoms in the
'buik of the solid. An interface between two dissimilar phases
in a system or between two differently oriented crystals of
the same material can similarly be characterised thermo-
dynamically by a free energy, which is a.reflection of the
differenf density and arrangement of atoms in the interfacial
region., This free energy is a function of temperature, |
structure (1e orientation wiﬁh respect to solid phases) and
composition. The first treatment of interfaces in systems
of several components was that of Gibbs [eg 1928] which,
| although mathemaéically rigorous, is rather difficult to

-5-



visualise in real physical terms because of his introduction
_of an arbitrary mathematical.surface. We shall therefore
follow the example of other workers and consider here the
more realistic model and treatment given by Guggenheim [1940
and 1967] in which the interface is considered as a separate
phase of finite thickness,

The model is illustrated schematically for a planar
interface in Fig 2.1 in which ¢ and B are two homogeneous
bulk phases and o is the interfacial or surface phase,
separated from the bulk phases by the parallel planes AA‘
and BB' a distance T apart. These two planes are positioned
so that at AA' the properties are exactly those of phase «
and at BB' they are identical with those of phase B. All the
properties of phaseo are assumed to be uniform in directions
parallel to AA' and BB' but must obviously change in directions
normal to these planeé.

The basic definition of surface tension, ¥y, arises from
consideration of a two dimensional surface behaving &s'a
stretched membrane., Then the work, é@W, required to stretch
* the surface isothermally and reversibly by an amoﬁnt dA is
given by

aw = ydA. eee (2.1)
For an isotropic two dimensional surface the surface tension
(in dyne cm71) is equal to the surface free energy (in
erg cm 2 or mJ m'2). For the three dimensional interface, o,
of the model in Fig 2.1, however, an increase in the inter-
facial area must also involve a volume change, dV, so that

dW = ydA - Pav eee (2.2)

where P is the uniform pressure across a plane parallel to AA',

-6 -
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The dependence of the free energy of the interface
phase o on temperature and composition will be the same as
for that of a bulk phase but equation (2,2) describes the
dependence on geometry. Hence the Helmholtz free energy
variation, dH‘i is given by

aH” = -87dT - PaV "4 Zu,an] + yaA | cee (2.3)

where the superscript o indicates that the properties refer
to the interface phase, S “1s the entropy, T the aﬁsolute
temperature and'p.i and dnf'are the chemical potential and
nunber of moles of compaent i present in the interface phase
in a multicomponent system. ©Similarly for the Gibbs free

energy, G°, Guggenheim obtained

67 = -87aT 4 VOGP - Ady + pyang eoe (2.4)
and ,
. o on .

,G‘ = {0 ni}li. ) . XX (205)

By differentiating equation (2.5), subtracting equation (2.4)
 and dividing by‘zrwe obtain for the variation of surface
tension '

dy = -Sid'l‘ +9aP - IT,du, , ~ese (2.6)
where SA§= S°7A is the entropy per unit area of interface
and.I‘i = ﬁ;/A denotes the amount of component i in unit area
of the interface phase., The variables in equation (2.6) are
not independent so that in order to pake use of the equation
certain simplifying assumptions mﬂét be introduced for

particular cases.

2.1.1 Single Component Systems

The simplest system to consider is one containing only
one chemical species when equation (2.6) becomes

dy = -5G4T - Tdp 4 tdP. vee (2.7)



Further simplifications can be introduced when it is
remembered that the chemical potential must be equal in all
phases which are in equilibrium with each other, and secondly,
that for condensed phases the terms in PV can be neglected
to a first approximation. For an interface between a condensed
phase ¢ and a gas B the density of the interfacial phase ¢
will still be such as to make the second assumption reasonable,
Wé can thus substitute the equation for du from the bulk
Phase, '

dp = =-SAaT 4+ VAP eos (2.8)
into equation (2.7) and neglect the terms tdP and VAP to
obtain a relation for the temperature dependence of the
surface tension

d o
a—%:-(SA-rS) = =48, i (2'9)

84S is called the intepfacial entropy and represents the
entropy of unit area of interface minus the entropy of the
same number of moles in the bulk phase. _
' The Gibbs function per unit area of this interface is
giien by

6" =Tp = U7 = 787 - y | cee (2.10)
"where U7 is the total thermoaynagic eneréy of unit area -
and we have again ignored the term tdP. Substituting equation
(2.10) and the analogous equation for the bulk phaée
(6 = =U - TS) into equation (2.9) gives

vy = 18- U7 -rU =aU. eee (2411)
Here AU can be called the total interfacial energy and is
equal to the total energy of unit 'area of interface less the
energy of the same number of moles of the bulk phase. From
equations (2.9) and (2.11) it is seen that Y can be expressed

as
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Y =AU = TAS oo (2012)

and thus it behaves as a Gibbs free energy of the interface.,

2.1.2 Multicomponent Systems

Guggenheim [1940] gave an analysis of equation (2.6)
in terms of independent variables for a system of r com-
ponents. As this is rather complex, however, and experimental
data are only available for two component systems the present
discussion wili be restricted to binary systems, In this
case there are two independent variables:' temperature and
bulk solute concentration, x. In tﬁe following, component 1
will be the solvent and component 2 the solute so that x is
the,bulk concentration of component 2. Continuing to neglect

PV type terms, equation (2.6) becomes for a binary system

-d‘Y = SOA-dT +I‘1du1 4 1‘261.12. . . Xyl (2.13)
But for a bulk two component system Guggenheim (1967, p 208]
shows that

api
iy = =S44T 4 (g3-)ax, 1 =1,2 eeo (2.14)
where Si is the partial molar entropy of component 1.
Hence
M Ak,
-ay = (85 - 1'1s1 -8 )dm(r”Jx- I ==2)ax. eeo (2.15)

'Applyin% the Gibba-Duhem relation for a two component system:

_(1 - x);—- + x172- O at constant temperature and pressure;
‘to equation (2.15) gives for the temperature dependence of

]

1nterfac1al free energy
x

- 9y _ a —28x

The first term on the right hand side of equation (2.,16) is
the excess entropy of the;intgr:acial phase compared to the
entr@py of the same quantity of material in the bulk phases,
It can be'considered as the direct effect of temperature on

interfacial energy and is positive. ' This means that in the

-9 -



absence of segregation effects the interfacial energy would
decrease with increasing temperatuwe as in a one component
system. The second term describes the indirect effect of
temperature on interfacial energy due to its effects on
adsorption at the interface. This term is negative (because
buz/éT is negative) and for a strongly adsorbing solute may
be dominant, causing the interfacial energy to increase with
.increasing temperature, At constant temperature equation
(2.16) vecomes

xr 8u2
- (dx)T (I‘2 1 -x)

ees (2.17)
which is the Gibbs adsorption equation and relates changes
in interfacial composition to changes in the interfacial
energy. For very dilute solutions (x<<i) we can make use of
.the relation

i = RTd(1na) = 3L ax eee (2.18)
wvhere a is the chemiéal activity of component x, to simplify
equation (2, 17); which becomes

K. -Er, | ' oo (2.19)
P2 then represents the solute excess at the interface and
can bé’determined experimentally frdm measurements of the
variation of iﬁterfacial energy with solute concentration for
very dilute solutions at constant temperaiure. In general,
the Gibbs adsorption equation ((2.17) or (2.,19)) indicates
' thét the more a segregating solute lowers the energy of an |
interface, -the mdre strongly it will segregate to that

" interface. . .l

2.2 Measurement of Interfacial Energies.

Numerous methods have been used for the m asurement of

interfacial freé energlies of various types and several
reviews of these have appeared in the literature (eg Hondros
[(1970], Robertson [1970], Inman and Tipler [1963]).

. - 40 -



The follo@ing discussion will be restricted to the two types
" of interface of most interest in the present work, namely
solid surface/vapour and grain_ﬁoundary (s01id/so0lid) inter-
- faces. Some of the techniques employed give absolute
interfacial energy values and others produce relative values
for pairs of interfaces which can be used to derive absolute

values of one of the energies if the other is known.

2.2.1 Absolute Interfacisl FEnergy Measurements

The most extensively used method for measuring solid
surface energies is Udin's [1952] 'Zero creep' experiment..
This is based on the observation that at a temperature close
to its melting point, a freely suspended thin wire or foil
can contract under the action of surface tension forces,
reducing its surface area and hence its surface free energy.
If a load is put on the end of the wire it may either contract
or extend according to the balance between the applied load
.and the surface tension forces. The surface tension can be
derived by determining the load at -which the length change
is zero. For a wire of radius r which has all its grain
" boundaries aligned perpendicular to its axis the load w at
zero extension is given by ‘

W = ﬂr(ysv - ng'n/d)
where d is the average grain length, Tsv is the surface free
energy of the material in equilibrium with its own vapour
and ng is the grain boundary free energy.

In practice, strain/time re%ations are determined for
a range of loadg 80 that some of the wires shrink and some
extend, and the load for zero'creep is obtained grom a graph

of strain rate vs stress. The grain boundary energy can then

-1 =



‘be determined from measurements of the grain boundary groove
dihedral angles (see next section). Various experimental
difficulties have been encountered with this technique, in
particular from contamination of the surface by impurities
diffusing from the bulk or in the atmosphere, and anomalous
shape changes in the wires. Nevertheless with care it can
give accurate values for the average surface free energy
over all orientations and has been used on a range'of metals
(Hondros [1970]). Its biggest restriction is that it can
only be used at temperatures very close to the melting point .
(>0.7 Tm) because the crecep mechanism depends on atomic
diffusion and thus equilibrium 1s approached in a reasonable
time only at these high temperatures,

At the opposite end of the temperature scale ie at liquid
hitrogen temperatures, controlledvcleaVage of a partially
cracked crystal has ﬁeen used to derive surface energy values,
.in this case for one specific orientation - that of the
.cieavage plane. Assuming that the experimental conditions
correspond to a reversible procesé the free energy.of the
newly formed surface is given by .

aW = QU + 7 dA
vhere dW is the work done, dU the elastic strain energy, Ts
is the surface energy and dA the area of surface produced.
The biggest difficulty with this technique is to either
eliminate or calculate any plastic flow occurring in the
crystal during fracture which would also contribute to the
work dW. When comparing the results of this type of experi-
ment to those obtained from other methods several points should
be borne in mind. Firstly, not only is the temperature very
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different but the interface whose energy is determined is

that between the solid and a liquid coolant, not between

the solid and its own vapour. Secomdly, for a system of

more than one component, in which segregation to the surface
may take place, the surface energy measured from cleavage
experiments may not be the equilibrium surface energy because
the lack of mobility of solute atoms at low temperatures may
got allow the equilibrium segregation to take place during the
relatively short time of the cleavage experiment.

Several mare indirect methods have been used to derive
surface and grain boundary enérgies. For example, the
kinetics of relaxation of single or multiple scratches can
Yield a value of surface energy if the diffusion mechanism
and the relevant diffusion coefficients are known or can be
determined. Howevgr, the p;ecision of this technique when
used on platinum was‘estimated by Blakely and Mykura [1962]
to be—i'jo%. Precise calorimetry has been used by Astrom
[1956] to obtain a value for the grain boundary enthalpy by
measuring the heat evolved during grain growth. The grain
boundéry rfee energy could then be calculated by assuming a
value for the grain boundary entropy. Another method of
measuring grain boundary energy was used by Mullins [1956]
who_applied a magnetic field to a notched bicrystal of bismuth.
Because the magnetic susceptibility was different in the
two crystals and the grain boundary was held at its ends by
the notches itvbowed out and its energy could be calculated,
Such specialised methods are obviously only applicable to a

very restricted number of materials,
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2.2.2 Relative Interfacial Energies

Where several interfaces meet an equilibrium Eonfiguration
is set up which depends on the minimisation of interfacial
free energy. Smith [1948] showed that the case of three
isotropic interfaces intersecting in & line as shown in
Fig 2.2 could be represented by a simple triangle of forces

80 that

Y 1, Tz

sin 91 = sin 92 = sin 03

This equation is valid for fluid interfaces. However, when

eee (2.20)

one or more of the phases present is a crystalline solid the
 possibility of anisotropy iq the interfacial energy arises.
This is because the different densities of atoms on Erystal
surfaces of various orientations give rise to different
binding energies of the atoms at these interfaces. In other
words the interfacié; energy is dependent on the orientation
of the surface re;ative to the crystal lattice of the solid.
Herring [1951] showed by a virtual work argument that in this
case equation (2.20) should be reélaced by

151[7121 4-(§g)igi] =0 eee (2.21)
where ai.denotes the orientation of the ith interface, X is
the unit vector in the plane of the ith interface normal to
the line of ihtersection of the interfaces, L is the unit
vector along the line of intersection and n; = lAEi'

Thus anisotropy of an interfacial energy gives rise to
a force of magnitude (%f) at right angles to the line of the
interface tending to rotate it to an orientation of lower
energy. These forces are genarally referred to as 'torque
. terms'. Except for a few cases, such as a surface whose
orientation is close to but not equal to a low index Dlane, .

or a grain boundary whose misorientation is close to that
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of a coincidence boundary, the torque terms are small and they
are usually neglected for the purpose of measuring relative |
interfacial energies. (Further discussion of this point will
be given in section 3.1.1.)

Techniques based on equation}(z.zo) or (2.21) can be
applied over a relatively wide temperature range to a variety
of systems. Thus, they can to some extent fill the gap between
zero creep and controlled cleavage methods for solid surface
energies. They also provide a means of measuring solid/
liquid interfacial energies and are the easiest methods of
measuring grain boundary energies., Measurements of the pro-
files formed athfhe intersections of grain boundaries and twin
boundaries with the solid/gas interface were the basis of the
present work and will be discussed fully in Chapter 3. Other
workers have studied twin boundary/grain boundary interactions,
for example Murr and co-workers [eg 1968 and 1970}, who have
" used electron microscopy to give three-dimensional pictures
of intersections thus eliminating the need to.assume that
boundaries are perpendicular to the surface. R

By the cholce of a sultable combination of equilibria it
is possible to characterise a solid-liquid-gas system in terms
of interfacial energies by measuring one absolute and several
relative interfacial energies., This technique is called the
multiphase equilibration technique and is described fully in
a paper by ﬁodkin, Mortimer, Nicholas and Poole [1970] which‘
is reproduced as an Appendix to this Thesis.

2.3 Segregation
The Gibbs adsorption isotherm, equation (2.17), shows

how the decrease in interfacial energy provides a driving
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force for solute segregation to the ‘interface. (If the solute
atoms cause an increase in interfacial energy then negative

adsorption at the interface is predicted.) In the following

" sections the experimentaﬁ evidence for segregation to grain

boundaries and surféces in soliad metais will be summarised
and some éffects of equilibrium segregation on materials
Properties indicated. Effects which are caused by other,
non-equilibrium, types of segregation will not be considered

- except where they are directly relevant to the present work.

2.3.,14 Evidence for Segregation
‘ There have been several reviews on this topic in the
literature (Inman and Tipler [1963], Westbrook [1964] and
Gleiter and Chalmers [1972]).80 only a brief summary of their
'findinés will be given here. The methods usgd to detect
solute éegregation'fall into t@ngroups: direct methods
in which a .difference in composition is measured between the
1nterf§ciai regions and the graiﬁ interiors; and indirect
methods in which é&ﬁé}proberty'which is thought to be dependent
on solute concentration is measured, The létter type of tech-
niques are thé more numerous but usually only give qualitative
result s becsuse the exact form of the &pendence of the measured
Property oh segregafion is uncertain., The dir ect methods
Provide at least a semi-quantitative measurement of the amount . _
and species of segregation but afe more difficult experimentally
. and ofted have limited applicability. '

The earliest direci measurements of segregation employed
Some means of selectively etching material from the grain
boundaries and enalysing the resulting solution. Thé sensiti-
vity of this tjpe of approach was increased by incorporating
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- fadioactiye tracers of tﬁe segregating element into the
sample. Another meihod using radipactive tracers ié auto-
radiography in which the distribution of tracer atoms is
recorded by photographic'or counting techniques. This tech-
nique can be appiied only to a limited number of systems and
its limitations in terms of resolution have been discussed
by Stein [1967]. Attempts have been made to use electron
probe microanalysis to detect equilibrium segregation but the
‘'volume of solid analysed by this technique (40718 13 op
~019 atoms) is in general‘too large to detect the segrega-
 t16n which typically occurs over a layer of material only a
fewtaiom; diameters wide. - | . R
| wa recent techniques whichido have a sufficiently high
resolutionito detect segregatioﬁ to such narrow regions near
grain#boundafies and supfaces‘are field ion microscopy and
Auger spectroscopy. fﬁe'fiel& ion microscope has the highest
resolution of any instrument at present available in that
individual atoms at lattice plane edges on the specimen
surface are imaged. It is thus also able to provide valuable
information on the detailed structure of grain boundaries and
surfaces. Unfortunately it is still limited to systems of
“high melting point. Nevertheless, it has been applied
‘successfully to the study of grain boundary segreéation
of oxygen in iridium and tungsten and of other, unidentified,
impurities in tungsten. The impurity atoms show up as bright
spots on the FIM image.. An ‘'atomprobe' modification of the
microscope.introduced by Brenner and McKinney [1968] should
enable individual impurity atoms to be identified.'

Auger spectroscopy (described in Chapter 6) enables the
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analysis of the top few atom layers of a surface to be
undertaken., It has been applied in the last few years to a
variety of systems. For example Hondros [1972] showed
segregation of Bi to the surfaces of Cu-Bi alloys and Bishop.
gnd RiviEreA[1970] found segregation of boron, nitrogen and
Bu;phur to the surface of dilute iron alloys after treatment
at different temperatures. In systems which exhibit inter-
fgranular fracture the exposed grain boun@ary surfaces can be
€xamined., The results of soﬁe studies of this type will be
discussed in section 2.3.3.

The most frequently used of the indirect methods for
detecting interfacial segregation are the measurement of inter-
facial energies as a function of solute concentration and, for
grain boundaries, the measurement of microhardness profiles
aéross the boundary. The effectslof segregation on inter-
facial energy are coﬁsidered in the next section. Micro-
hardness determinations of segregation have been discussed
thoroughly by Westbrook [1964]. As they are often associated
with non-equilibrium segregation they are of only passing
interest here. Other indirect methods which have been used
in attempts to detect grain boundary segregation include the
measurement of electrochemical potentials, lattice pargmeters,
electrical resistivities, internal friction, and grain
boundary diffusion. These techniques have all been discussed

in the reviews mentioned above and will not, therefore, be

+ given further considerati on here,

2¢3.2 Effects of Segregation on Interfacial Energies

The free energy of an interface is a fundamental property

which reflects the structure and cohesion of the interface.
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It is thus an important materials parameter and has.been
measured for many systens, Inﬁeffacial energy measurements
as a function of solute concentration have teen successfully
interpreted in terms of equilibrium solute segregation for

a nunber of binary systems using G}bbs' adsorption equation.
However, it is more difficult to interpret the measurements
if more than one segregable solute is present, as is the case
in most 'real' materials.

Several studies of segregation effects on interfacial
energies have been conducted for free surfaces., Hondros and
McLean [1968] collected the available data on surface energies
in pure metals and binary alloys and attempted to find a
correlation between the surface activity of solutes and
some other physical properties. In most alloys in which sur-
face segregation of the solute occurs the surface energy
initially falls rapidiy with increasing solute concentration
"then approaches a constant value corresponding to saturation
coverage of the surface with solute atoms. Application of
Gibbs' adsorption equation indicates that this saturation
coverage is usually of the order of 1/4~1 monolayer of solute
atoms on the surface. In many systems the solute saturation
of the surface occurs at very low.bulk solute concentrations,
for example, 0.7 at% P in y- and 6-Fe (Hondros [1965]),

0.3 at#% Sb in Cu (Inman, McLean and Tipler [1963]). This is
not always fhe case, however, as shown by the system Cu-Au
studied by White, Adams .and Wulff [1960] in which the surface
energy goes through a minimum at a copper concentration of
about 50%.

The effect of solute additions on surface energy can

. usefully be described by the surface activity of the solute,



; d
defined as (3%) where X is the bulk solute concentration

i
and 9y/0X is meéasured for very dilute solutions, in other

words ay/BX is the initial, steep slope of the surface energy
versus bulk solute concentration curve. The values of axﬁax

for various systems span a very wide range from 28 mJd m°2

e per at% X for &Fe-0.

per at% X for Cu-Au to 10" 07 u”
Hondros and McLean found'a correlation between log (2 y/0X)
and log (maximum atomic solubility), solutes with a very low
s0lid solubility having a very high surface activity. This
is explained on the basis of atomic mismatch between solvent
and solute. A low solubility indicates a high degree of mis-
match and hence a large driving force causing the solute to
migrate to an already disturbed region where the atoms will
cause less distortion of the lattice, such as surfaces and
- grain boundaries. A high solubility on‘the other hand indicates
‘a low degree of misfit and hence little tendency for the solute
atoms to segregate. .
Effects of solutes on grain boundary energies simiiar to
those on surface energies have been found in several.systems.
An example of these effects taken from Hondros [1965] is shown
in Fig 2.3. Here thelrapid fall in Sav and ng with increasing
phosphorus concentratioh‘and”the subsequent flattening of the
curve as saturation occurs can be clearly seen. In that work
the surface energies were determined by the zero creep tech-
nique and the grain boundary energies from the grain boundary
groove angles. The same approach was used by Hilliard, Cohen
and Averbach [1960] on the Cu-Au alloys at 850°C. They found
that Yeb went through a minimum of 300 mJ m'2 at about 4O at®h

Cu which was lower than the grain boundary energies of pure
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gold (360 mJ m-2) and pure copper (600 mJ m-2). Inman,

McLean and Tipler [1963].also usedAthe tgchnique on Cu-Sb
alloys and foﬁnd a 50% reduction in Teb with 0,26 at% Sb,
Hondros [1970] found a réasonable correlation between grain
boundary activity and the maximum bulk atomic solubility
Plotted on a log-log scale.

Hodgson [1972] in her investigation of the effects of
boron in nickel used a similar approach to that adopted in the
‘presept work, namely using the twin boundary energy as a
.substandard against which to compare both surface and grain
¢boundary energies. The ratios 80 obtained were then con-
vertédi;o absolute values by maﬁing use of the surfaée énergy
‘of pure nickel. She found thatib.01 wi% B reduced y., by 30%
énd ygb.by:50% of the values for boron free nickel at 1000°C,
She derived é‘surfaqq.gctivity of 3 x 10% ny w2 (at% B)-1
and a grain boundary'a¢t£91t&f2"x 104 nd m2 (at% B)'1. She
quotes as a probable value for the solubility of boron in
nickel 0.15 at% and thus her data fit onto Hondros and
McLean's activity vs solubility'correlation (as shown in Fig

5¢10).

2.3.3 Mechanical ?rbperties and Segregation

Impurity effects on mechanical properties have been known
to metallurgists for a very long time. As the sensitivity of
analytical techniques has improved over the years, so it has
been realised that smaller and smaller concentrations of
impurity can still havé profound effects on properties., These
can be brought about by segregation of the impurities to
surfaces and internal interfaces so thét a much higher con-

centration is produced in these localised areas, Westbrook



[1964] has reviewed the mechanical property effects which
have been attributed to grain boundary segregation as well
as some physical and chemical property effects.

Effects of small concentrations of solute have been found
gt both low and high temperatures. -Low temperature inter-
granular embrittlement is very sensitive to the presence of
certain elements. In certain cases the embrittlement is |
 caused by a readily detectable éecond phase such as grain
boundary carbide precipitateé which form.in some steels
after particular heat treatments.' However, there are numerous
examples of low temperature intergranular embrittlement where
no such second phase has been detected. Low [1969] discussed
the available experimental data on this phenomenon in terms
of equilibrium segregation to grain boundaries, In this way
the grain boundary energy is loweféd but so may be the surface
energy, after fractufe along the grain boundary, relative to
the surface energy of a newly formed transcrystalline frac-
ture surface. Intergranular fracture may then require much
less energy to be supplied for the creation of new surfaces,
Trace amounts of N or P have been found to embrittle bee Fe;
C, N and O embrittle the réfractory metals W, Mo and Cr to
various degrees; and of the fcc metals Cu is embrittled
by Sb. It will be noticed that several of these systems
have already s en mentioned as showing reductions in inter-
facial energies. This embrittlement can be manifested as a
. reduction in the fracture energy or another toughneés para-
meter or as an increaée in thé ductile~to-brittle transition
temperature,

If more than one solute element is present in the metal,

‘complex interactions can occur. An example which has been



studied by several workers is the Fe-C-0 system. Honda and
Taga [1968] and Low, among athers, have presented evidence
that the addition of carbon to iron containing oxygen reduces
fhe embrittlement of the iron which was presumed to be caused
_ by the oxygen. Tsukahara and Yoshikawa [1971] have, however,
made measurements on alloys with much lower oxygen and carbon
concentrations. They found that either 4 ppm oxygen is
sufficient to embrittle iron or that iron grain boundaries

are inherently weak, carbon strengthens them end, at highef
eoneentrations than 4 ppm, the oxygen 1nteracfs with the
carben to'prevent it segiegating to the grain boundaries.,

" From measurements on specimens quehched from the y or & phase,
- they concluded that the second possibility is the more likely.

More recently Powell et al [1973] have studied the '
fracture surfaces of some 'pure' irons using Auger spectro-
scopy. They found ssrong evidence for segregation of sulphur
to grain boundaries as well as smaller amounts of carbon and
"nitrogen. However, they did hot ebtaén clear evidence for
segregation of oxygen to grain boundaries and postulated that
"the segregated sulphur Wwas respoﬁsible for gfain boundary
“embrittlement in their'materiels.' Both Honda and Taga,'and

“Dsukahara and Yoshikawa had.sulphur present in their irons at

4 about the same concentration as Powell et al, This then could
account for the 'inherent' weakness of iron grain boundaries
suggested by Tsukahara and Yoshikawa,

Another.phenomenon which 1llustrates ﬁultiﬁle element
interactions is the reversible temper embrittlement of alloy
steels, In this case the elements causing embrittlement are
trace amounts of Sb, P, Sn or As and amounts of the order of

& percent of Mn or Si. Hewever, the effect only occurs in
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the presence of alloying elements (Ni, Cr) and is absent

from plain carbon steels. Temper embrittlement occurs in’
certain low alloy steels when they are heated for any
_appreciable length of time in the temperature range 350-550°C
and disappears on reheating at higher temperatures. It appears
as a marked increase in ductile-to-brittle transition tempera-
ture and a change in fracture mode from transgranular to
;ntergranular. It is a very complex subject, by no means
fully understood, despite a great deal of study.

Auger spectroscopy promises to be a very powerful tool
for this purpose and has already been used by a few workers,
Stein, Joshl and Laforce [1969] showed segregation of not
only Sb but also Ni and Cr to grain boundaries in temper
embrittled steels., Marcus and Palmberg [1969] also found
segregation of Sb gnd of P ;n embrittled steels containing
a few hundred ppm of'either of these elements, Joshil and
Stein_have also used Auger spectroscopy to study other
systems and have found grain boundary segregation of P in
W [1970] and Bi in Cu [1971] associated with embrittlement.

In séme of.these systems, however, the amount'of segregation
'is more than can be accounted for by equilibrium adsorption.

" At high temperatwes solute segregation can affect creep
'7ffailure by grain boundary cavitation and wedge cracking. For
instance Tipler and McLean [1970]'showed that Sb reduced the
creep ductility and increased the occurrence of grain boundary
cavities in cobper. The lowvering of the cavity surface energy
by segregated impurities reduces the energy required to
increase the size of the cavity. It may also sharpen the
dihedral ‘angle at the edge of the lenticular void, thus

. ézgravating the notch effect there.
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2-& Boron in Iron and S%eels
Boron has a very low solubility in iron, nickei and

alloys based on them. Four groups of workers have published
measurements on the low boron end of the iron-boron systen
and portions of'their phase diagrams are shown in Fig 2.4.
Although they differ in detail, all indicate a low maximum
s0lid solubility of boron of 0.026 wt% or less in both the

& and y phases of' iron. The most recent study by Garnish

“and Brown [1972] used autoradiography to study the lattice

solubility and discount the boron segregated'at grain bound-

;aries.' In their specimens quenched from the Yy-phase the grain .

.Bizes were large so that they'found that the fraction of boron
Asegregated to the grain boundaries was insignificant. However,
.they still found boron solubllities much lower than any of

the previous workers.ﬁ They attributed this to the lower
impurity content of their alloys. ~At higher boron concentra-
tions, according to Hansen [1958], two boride phases, Fe,B
and FeB, have been identified and there is a eutectic point

at 3.8 wt% boron with a melting temperature of 1149°C. The

' solubility of boron in nickel is similar to that in iron,

the preferred estimate of the.maximum solubility being 0.15
~at% according to Elliot [1965].

Goldschmidt [1971a and b] has measured the selubility of
boron in several austenitic steels and his results are
Summarised in Fig 2.5.- He obtained very low maximum solid
solubilities in the range 0.006-0.016 wt% B. The importance
of additional alloying elements is indicated by the differences
between the two 20% Cr 25% Ni steels with and without Nb,

Mo and Si additions. In the latter case the solubility is

almost three times what it is in the former.
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Because of its low solubility in these materials it is
to be eéxpected that boron will have a strong tendency to
Segregate from dilute solid solutions to available interfaces.
It can also precipitate out of richer solutions as various
boride Phases and in some cases can replace carbon in a
carbide phase to form borocarbides.. It thus has different
effects on the properties and microstructure of alloys
.depending on the preciseicomposition and'on the details of
whatever heat treatments and‘mechanical working the material
has received. Vhen boron is added in qusntities in excess
of its solid solubility, multiphase structures occur, and the
€ffects on structure and mechanical properties are cbmplex.
However, this is a large field of study on its own and the
Present discussion will be limited to trace amounts of boron
which do not precipitate out as séparate phases. At these
levels boron has beeﬂ found to be beneficial to mechanical
Droperties.

Even with this restriction on concentration there are

8€veral ways in which additions of boron can modify the pro-

berties of alloys. An important region in which boron often

has beneficial effects is in the high temperature ductility
and creep-rupture properties of steels and high temperature

 nickel-base alloys. Stone [1967] pointed out, for example,
that in some low alloy steels boron improves the stress
Tupture properties by affecting the transformation product,
* but that it can also produce similar improvements in other
cases (eg 316 austenitic steel) without #ny modification of
transformation product.

Williams, Harries and Furnival [1972] have found boron

8egregation to szcs type carbides in 316 steel durfng creep
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testing at 600 and 700°C as wéii as a reduced tendency to
sigma phase fbrmation with increasing boron concentration in
the range 0.0003-0,0050 wt%. This was correlated with a
reduction'in intergranular cracking associated with increased
creep-rupture ductility and hence creep-rupture life when
boron wasvadded. TheAsuppressiqn of sigma phase formation
"was known to be beneficial to creep-rupture life and they
also suggested that the boron would increase the lattice
parameter of the M23(C,B)6 precipitates thus improving the
coherency between these m@recipitates and the matrix. This
should then reduce the tendency to fracture along the
precipitate/matrix interface. However, further work by
Williams and Talks [1972] indicated that the increase in
lattice parameter is rather small (<0.1%).

Williams [1972] has also looked at the distribution of
boron in 316 steel after solution treatment at 1050°C and
quenching, using autoradiography. He showed that after a
very fast quench no grain boundary segregation of boron could
be detected but that after aslower quench segregation was
present. He thus concluded that thg only form of boron
segregation.occurring at this temperatuwre was a non-equilibrium
vacancy-induced type. This point will be considered in more
detail in Chapter 6. Jandeska and Morral [1972] investigated

" the distribution of boron in a low alloy steel using auto- °
radiography. They found that bofon segregated to grain
boundaries during annealing in tpe austenite range:and that
rthe amount of grain boundary adsorption of boron decreased
at higher temperatures corresponding to a decrease in
"hardenability of the steel.

Other mechanisms of hardening by boron have besen suggested.
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‘For example, Hasegawa and Okamoto [1965] found that addi-
tions of boron to pure iron produced hardening after quenching
from annealing temperatures in the austenite range. They
showed that in the hardened éondition the alloy was a super-
saturated solution of boron in a-iron. The boron additions
increased the tensile strength of the alldys at room tempera-
ture but reduced their ductility.

At low temperatures boron can still have a beneficial
effect on properties. Taga and Yoshikawa [1971] have studied
its effects on fracture of iron at -196°C. They found that
the fracture stress increased with boron additions up to a
certain level (<0.,01 wt%) dependent on the heat treatment,
after which it was almost constant. Associated with the
increase in fracture stress was a change in type of fracture
from intergfanular to transgranula:. They considered the
most probable explanafion of their fesults, that increased
strengthening occurred with increased annealing temperature
"in the range 600-85000, to bé that boron'captures oiygen atoms

_thus stopping them embrittling tﬁe'boundafies. This is
analogous to the system of iron containing oxygen aﬁd carbon

discussed in the previous section.
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CHAPIER 3 EXPERIMENTAL TECHNIQUES

This Crapter will first of all describe in detail the
methods used in the present work to obtain grain boundary
and surfade energ;es from measurements of the profiles of
‘grooves (and ridges) formed at the intersections of grain
and twin bounderies with the specimen %ufface. Then the
specimen preparation techniques will be outlined and the

‘equipment used for the profile measurements described.

!

31 Relative Enerpy Measurements

3.5;1; Grain Boundary Grooves

Wﬁen a metél”spécim¢p_is_heat treated at a temperature
greater than sbout half its méiéiné point grooves form on
the surface of the metal along the lines of intersection of
grain boundaries Qith the surfacg. The equilibrium angle at
the base of such grooves is determined by Herring's equation
(2.21). For the grain boundary groove depicted in Fig 3.1
the equilibrium condition is

oy
1
Tgp = ¥4 ©OS 6, + v, cos &, 4-;5; sin 6, c
oy y
2
+ 55, sin 6, eee (3.1)

where v, and y, are the surface free energles of grains 1 and
2 reépectively. In order to make use of this equation, which
as it stands has five unknown ﬁarameters, certain simplifying
assumptioné are usually made. These are |
i. that the grain boundary is normal to the specimen
surface |

ii. that the anisotropy of surface energy is negligible

4 871 872
ie Y1=72='stan a91=692=o, and

iii, that the grooves are symmetrical.
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These assumptions lead to the simplified equation
01 +92
Ygp = 2Ygy ©OS (=) . ees (3.2)
The angle (El—g—gg) can be measured to give the ratio of
grain boundary to surface energy.

Condition (i) above can be satisfied by using foil
specimens whose thickness is less than the equilibrium grain
size at the grooving temperature.. The grain boundaries then
tend to line up perpendicular to the surface, and this can be
checked By examining both sides of the foil. Except for'
surfaces very close to a low indéx plane orientation the tor-
gue terms are expected to be fairly small (<10% ysv) and
may be eithef‘positivg_pp negative. Thus if a large number
of grooves is measured'tﬁé“tofqﬁé terms will on average cancel
out givingAa value of ng/st which is equal to the true mean
value. '

Hodgson and Mykura [1973] have made measurements of the
torque terms in pure nickel at 1000°C using twin boundary

groove shapes (see section 34¢1+42)s They found that Aoy

o
“was a maximum for (100) planes at 0.24 dropping to zZio 0.5
radians away from (100) and for planes near (111).it dropped
from 0.20 to O within 0.5 radians. This gave rise to a
variation in swface energy such that (100) surfaces had an
energy 6% lower than the average vy, and (411) surfaces had
.an energy A% below the average. Except within 10° of the
(100) surface orientation and 5° of the (111) orientation
the surface energy anisotropy was less than 2%-and‘hence had
negligible effect on grain boundary to surface energy ratios.
They used the same nickel specimen to determine the ng/ysv

ratio, first using equation (3.2) and secondly using equation

(3.1) with their calculated torque terms. The second set of
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measurements had a slightly narrower spread than the first
but the ratios obtained, O.41 # 0,04 from equation (3.2) and
0.38 % 0.05 using torgue term corrections, agreed well within
the experimental error thus amply Jjustifying assumption (ii)
~above. They attributed the remaining spread in the results
to a combination of the genuine variation of grain boundary
energy with misorientation across the boundary, errors due

to the boundary not being perpéndicular to the specimen
surface, and éome residual torque term errors cdue to the

simplifying assumptions in the analysis they used.

312 Twin Boundary Grooves and Ridges

Along the line of intersection of a twin boundary with
a metal surface a groove can be formed on equilibrating at a
high temperature or sometimes a ridge. In the frequently
occurring case of parallel pairs of coherent twin boundaries
in face centred cubic metals it is usual to find one grooved
and one ridged line of intersection. Figure 3.2 represents
a cross-section of such a grooye-ridge prair. Traces of low
index, low energy planes are indicated in Fig 3.2a and the
surface energy and torque term forces in Fig 3.2b. It can
be seen from these diagrams that thé€ torgque terms act so as to
rotate the surfaces towards the orientation of the low index
.planes, thus deependhg the groove on the left and, because the
coherent twin boundary energy is very low, converting the
right hand ‘groove' into a ridge.
. Mykura [1957 and 1961] considered the application of
Herring's equation (2.24) to this situation. Considering each

intersection in turn gives
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. 8'yP ayQ )
Tep = Tp ©0S 4 + Tq oS B~-3i sinA-3g5 sin B ... (3.3a)

ay,

Typ = — ¥Ypv COS D-'YQu cos ﬁ'-r?%— sin C +
Sy . ,
—;%— sin D e (3.3b)

using the symbols as defined by Fig 3.2b. If it is then
reasonably assumed that the surface energy is a slowly varying
function of orientation and because P and P' have the same
orientation, it follows that yp>1vp', T Vq' and

p OYpt OYn 8Tt
P. 'P Qa _'Q° i -
A -"3D* 3B -3¢ ° Assuming also that to a first approxi

mation yp = Yg = Vg, &and adding equations (3.3a) and (3.3b)

27,y = ysv(cos A s$cos B~ cosC~ cos D) eee (3e4)
~ 2ysv[cos(é—§-§) - cos(g—g-g)]. eee (3.5)

This 1s the equation used in the present work to determine
the ratios of twin boundary to surface energies.

If equations (3.3a) and (3.3b) are subtracted the
resulting equation can be used to determine torque termé.
This technique has been used by Mykura [1961] and Hodgson and
Mykura [1973] (see section 3.1.1). In measurements on pure
nickel Hbdgson [1972] has also investigated the effects of
taking into account the angle of dip, &, when measuring
Ytb/73v° She founq that, within the # 10% limits of accuracy
of such measurements, the error introduced by assuming
g = 9d°.for al; twin boundary-surface intersections was

" negligible.

3.1.3 Mullins' Analysis of Grain Boundary Grooves

Mullins [1957 and 1960] has considered the mechanism and
kinetics of growth of grain boundary grooves on metal surfaces
at elevated temperatures|where rapid diffusion can take rlace.

The'possible mechanisms. causing.growth. are surface
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diffusion, volume diffusion through either the solid oy the
uapour phase, and evaporation-condensation, and Mullins
cansidered each of'these in turn assuming negligible effect
from the others. The equilibrium contact angle means that
_a groove forms when mass transfer is possible. In the case
of diffusion the transfer of mass away from the boundary, and
the conservation of mass, causes ridges to form on either side
of the groove. In the case of evaporation-condensation the
mass is uniformly redeposited so no ridges form.
| Mullins' theory is based on the assumption that the
surface energy and diﬁfusion coefficients are constent for the
range of crystallographic orientations enposed by the éroove
surfaces. This is a good approximation for high angle
grain boundaries. He considered a plane grain boundary inter-
secting the initially flat surface at right angles and chose
a set of cartesian co-ordinates, as shown in Fig 3.3. He then
used the Gibbs-Thomson formula to relate the chemical potential
-of an atom on the groove surface to the local curvature. The
transport of matter induced by differences in chemical
dpotential and the concomitant development of groove topo-
graphy,-were calculated for each mechanism in turn. . He used
an approximation that depends on the groove surfaces always
having small slopes. The grain boundary enters the theory‘as
a mathematical boundary condition requiring a fixed dis-
continuity of slope at the groove root.
When‘surface diffusion is operating alone the groove

profile at time t is described by

ys(x,t).= m(Bt)1/u Z[x/(Bt)1/h] cee (3.6)
where B = Dsysnﬂ%AkT in which n denotes the number of
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atoms/cmz'of surface, 0 is the atomic volume and XT has its
usual meaning; m = ygb/st is the slope at the groove root
and Z is a function defined by a.certain power series. Two

" consequences of equation (3.6) are that (a) the shape of the
profile ys(x,t) is independent of time, only the size changes,
and (b) all the linear dimensions are proportional to t1/h. :
Fig 3.La shows this profile normalised to a slope of unity at

the groove root. The width, Wé, between the maxima and the

depth, ds,'ffom the groove root to the maxima are given by

W, = u.6(Bt)1/L" eee (3.72)
and
a = 0.973m(Bt) 174 eee (3.70)

from which we obtain
' W

tan = 473 Ei. _ vee (3.8)
For the case of volume diffusion Mullins derived a

groove profile
35,0 - n(at)'/3 x[x/(at)V3] .o (3.9)
where A = nysnzDv/kT with D_ the volume diffusion coefficient
aﬂd X a function similar to 2 but with different values of
‘the coefficients in the power series. The profile is shown in
?ig 3.4b normalised to unitlslopglat b'd ; 0. Again the profile.

shape is independent of t but here the lincar dimensions are

1/3

proportional to t and A
W, = 5.00at)1/3 vee (3.102)
a, = 1,01m(at) /3 eeo (3.10D)
so that

W

04 v
tan 5 = 495 3:. oo (3.11)

If the groove grows by an evaporation-condensation

mechanism Xullins [1957] showed that no ridges are produced
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and the profile is described by

ye(x,t) = -2m(Ct)1/2 ierfc[x/2(At)1/2] ... (3.12)
where C = Poysnz/(2nm)1/2(kT)3/2 with P the vapour pressure
in equilibrium with a plane surface and M the weight of a
molecule, and ierfc is the integral error function. This
profile is shown in Fig 3.4¢ normalised as the others. The
shape is independent of time and the linear dimensions increase
as t1/2. Thus
| 4 = 1.430(ct) V2, ' eee (3.13)
| The above theory has been used by Mullins and Shewmon'
{1959], Gjostein [1964], Blakely and Mykura [1963] and others
.in the investigation and meaéuregent of éurface diffusion ‘
coefficients for which a knowledgé of the suwface energy is
required. Alternatively, equations (3.8) and (3.1{) can be
used to determine the dihedral angle, ¥, at the grain
boundary groove root, once the dominant grooving mechanism
hcs been established. The ratio of grain boundary to swurface
energy can then be obtained from equétion (3.2) with
¥ = 91 + 02. For work with small grooves and/or small grain
size polycrystals it is oftene asier to obtain the dihedral
angles from measurement of linear dimensions in this way than
to measure them directly. It was for this reason that the
technique was adopted in the present work.,

The grooving mechanism can be determined from the time
dependence of the groove dimensions, width or depth. It is
usual to measure the width as this 1s easier to do with
accuracy. Thus if a graph is plotted of log W vs log t the
resul t: should be a straight line whose slope 1s equal to
1/4, 1/3 or 1/2 if either swface diffusion, volume diffusion

or evaporation-condensation accounts entirely for the groove
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growth. An intermediate value of the slope indicates thaf nore
~than one mechanisb'is operative and Mullins and Shewmon [1959]
Ashowed how data on grooves formed predominantly by surface
diffusion can be corrected for a volume diffusion contribu-

'~ tion if the volume diffusion coefficient is known.

.}'Mullins' theories of grodvipg do not take account of the
initial stages of growth when_the mechanism may be different
and where the atomic nature of the surface will certainly be,
1mpor£ant. Instead he assumes that the details of the
initial groove formation'Wiliihéve:negligible influence on
the later developzent of the groove dwing which any effects
arising from the étomistic nature of the crystals are ignored.
McAllister and Cutler [1969 and.1970] have pointed out that a
groove may have a significant width before Nullins' formulae
become applicable. They therefare suggest adding a finite

~width at time zero to compensaté for the transien? conditions
of initial growth aof the groove to an equilibrium configura-
tion. Such a non-zero initial width condition mskes
conclusions based on the slopes of log-log plots suspect as
discussed by several authors, eg Mistler and Coble [1968],

in connection with grain growth measurements.

McAllister and'Cutler's suggested alternative for inter-
preting tpermal grooving data is to plot W vs t1/h.directly
and accept the value which gives a positive width at time
zero. They have reanalysed the data of Nullins and Shewmon
[1969] and Gjostein [1961] on this basis, and reject the
t1/h dependence simply on the basis of a negative value of W
at t = O. However, they give no indication of whether the
initial stages of growth should be faster or slower than the

later stages, and as the data they ére cons idering is based
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on zero tihe being the start of groove formation their
statenent that W must be positive for t = O would seem to be
questionable.,

A further mwactical difficulty with McAllister and
Cutler's arguments is that when the groove is very small
(ie for small t) it is difficult to detect grain boundary
migration. Once a boundary groove has grovn to some depth, the
groove acts as an anchor against grain boundary migration.
Thus the true time of start of growth is likely to be = me-
wvhat after t = O experimentally. GJjostein [1970] has also
challenged their reinterpretation of his data on the grounds
that they have not allowed for any minor contributions to
groove formation from other diffusion mechanisms. Their graphs
of Wvs t1/h use only two points for each temperature thus
hiding the curvature which Gjostein shows to be present.
Because of the doubts raised about the simple use of log-log
plots, however, both types of graphs were considered when |

interpreting the kinetic data obtained in the present work.

3,2 Specimen Preparation

- 3.2.%1 MNetallography

The steels were received as 'strips which had been cold
rolled to their thickness of~ 0.5 mm. Thefe were, ‘consequently,
rolling nmarks: in the form of fidges on the surfaces of the
material which it was found didnot completely disappear during
the thermal grooving treatments so that they interfered with
the measurement of the groove shapes. The iron alloys were
received as cast billets which were sliced and cold rollegd,
again to ~0.5 mm thickness, thus posing the same problem,

This was overcome in both cases by metallographically polishing
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_one side of each specimen,

The specimens were cut from the sheet materials approxi-
mately 1 cm2 which is a rather large area over which to obtain
a uniform, scratch free metallographic polish, so that great .
care had to be exercised in the polishing process. The
specimens were mounted in bakelite with a backing piece of
0.16 mm thick aluminium foil the same size as the speciﬁen to
facilitate removal from the mount after polishing. If the
piece of foii was big enough to overlap the edges of the
specimen and thus have its edge polished it tended to pick
up small particles during oqe part of the process and deposit
them at a later stage causing severe scratching of the speci-
men surface. If the aluminium was dispensed with or was too
small, the bzkelite bonded strongly to the specimen and it
could not be removed from the mount without damage.

After mounting the specimens were first ground flat
on a Lapmaster®* which uses 600 grade silicon carbide grit on
a cast iron lap and gives a surface which is flat to within
about 1/2um on a 11/4 inch diameter specimen.v The second stage
Qas to lap with 6pm diamond paste and a plywood lap on a
'Harwell' lapping machine (manufactured by Kristalap Ltd) for
one or two periods of 5 mins éach until none of the surface
damage due to the Lapmaster could be seen on examination with
a bench microscope.,

Stage 3 was to polish on a Hyprocel Pellon pad XK, which
has a faifly hard finish, again using 6um diamond grit and
Hyprocel lubricant for one or two 5 minute periods. The
scratches left after this step were removed by polishing with
'1‘um diamond grit and Hyproéel lubricant on a Hyprocel Pellon

#Registered trade mark of Péyne Products International Ltd.
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Pan K.pad, which has a fairly soft fibrous texture, for one
or two periods of 1 minute. In between each polishing or
lapping period the specimen was thoroughly cleaned with
detergent and then ultrasonically agitated in methylated
spirits for 5-10 minutes. Except in the case of the Lap-
master, which has a continuous flow of grit suspended in
iubr;cant.over the lap, Fhe lapAor prad was thoroughly cleaned
of debris and fresh diamond and lubricant applied between
each polishihg period. ‘ ‘

If at any stage during this process a satisfactory finish
for the step could not be obtained « sometimes for instance
large scratches would mysteriously appear after the 6um pad,
probably due to some contamination of the pad by dust or
insufficiently thorough cleaning of the specimen - the speci-
~men was taken back to an earlier stage until satisfactory
results were obtained. At the end of thisAprocedure the
.‘specimens usually had a few smali'scratches on them vhich
weré 3ust detectable on an interference microscope and which
A'wefe cdmpletely smoothed oﬁt duiing the'héat treatmehts to

produce grooves on the surfaces,

3.2.2 Vacuum Annééiing,Equipment

| In the investigation of éﬁrface effects it is necessary
that the ‘surface of interest should not become contaminated
with impurities from the test environment Which might alter
the effedts being studied. This mcans that any solid material
with which the surface may be in contact must be clean and
chosen such that it is inert with respect to the specimen
material. The commonest form of surface contaminants,

however, come from the surrounding gas phase. It is for this
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reason that almost all surface studies are conducted in wvacuo
or in a purified inert gas atmocphcre.

The present work was conducted on surfaces @epared in a
vacuun of better than 10-6 Torr. This was achieved in a
water cooled stainless steel vacuum chamber with metal sealed
flanges. An overall view of the vacuum chamber is shown in
Fig 3.5 and a schematic representation of the layout of the
pumping system in Fig 3.6, The large horizontai flanges were
Sealed using gold wire gaskets and ?he smaller ones had knife
edées which sealed against copper gaskets, Inside the chaﬁber
was a molybdenum platform with aAthermocouple in its centre
.placed so that the hot junctionv[as close to the top of the
platform. The thermocouple was caiibrated.by meltipg drops
of metal on alumina plaques on the platform which eould be
observed through the viewing ports which were lined up with
small holes cut in the radiation shields and the heating
element. Around the platform was a one inch diameter tantalum
split cylindrical resistance heater which was suspended from
-two water cooled copper electrodes. Surrounding the heating
element were six cylindrical tantalum radiation shields and
above and below were placed packs of 4 horizontal radiation
shields to cut down the heat losses to the chamber walls,

The specimen was loaded into the chamber through a port in
the top flange into which an ionisation gauvge was fitted.

The chamber was pumped through the side arm by a four
inch diffusion pump, a two inch diffusion pump and a rotary
backing pump connected in series. This arrangement has teen
found to give high evacuation rates and a good ultimate
. vacuum, Befween the 4 inch pump and the chamber a thermo-

electrically cooled chevron baffle to prevent back diffusion
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of the silicone o0il vapour into the chamber and a butterfly
fisolation valve were positioged between stainless steel
spacers to allow room for the valve to operate and facilitate
connection to the rotary pump for rough pumping of .the chamber.
Power was supplied to the resistance heating element from
a constant power unit designed and manufactured by Hirst
Electronics Ltd. This provided a low dc voltage (up to 6v)
end high current (max 107 amps ) and had a feedback system to
a comparison'unit which ensured tﬁat the power output of the
unit was held constant ®r a given setting. With this power
supply the temperature inside the furnace could be held
constant to 2 5°C. The variation was due mainly to fluctua-
tions in the temperature of the laboratory and the cooling

water,

3.3 Groove Profile Measurements

The grain boundary groove profiles were quite easily
measd}ed using a Zeiss-Linnikx interfabe microscope (section
3.3.1). However, because twin boundary energies are much

lower than grain boundary energies the profiles formed at their
intersection with the surface are much shallower. It was
found that measurements of twin boundary profiles made on the
interferograms were not accurate enough for the determination
pf interfacial energy ratios. This was particularly serious
in the case of the steel specimens where the annealing times
were deliberately kept fairly short. The twin boundary.pro—
file measurements were therefore made using a Talystep* II
instrument (section 3.3.2) which is capable of much higher

vertical magnifications than can be obtained by interferometry.

*Registered trade mark of Rank Taylor Hobson Ltd
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3 3 ..1 Interference Microscope

‘AA Zeiss Linnik-type!interference nicroscope was used
for the measurements on grain boundary gfoove profiles., This
instrument and its principle of operation are illustrated in
Fig 3.7. Monochromatic 'thallium' light of wavelength O.54um
is supplied by the source Q. The light passes to a beam
splitting prism P whence half the light goes to the reference
surface SR and the other half to the specimen surface SP'
'01 and 02 are identical objective lenses_enabling images of
S ahd SP to be superimposed and viewedvthrough an eyepiece E.-
 If the path lengths of the two beams fron the prlsm P to S

R
cr d¢ (?cr ‘y
and SP then back to E are exactly equalkand S, and S, are

R P
accurately perpendicular to their respective incident teams,
bright 1mages of the two surfaces are seen through E, super-
imposed on each‘other3>'1f now S, is tilted interference banis
appear on the image sees:at E because the path lengths of rays
forming eech part of the images are no longer edual for both
SR and SP' For the same reason irregularities in the specimen
surfaces produce localised sets of fringes if SR and SP are
exactly rerpendicular or deviations of the straight, parallel
set of interference bands if SR or SP is inclined to the

incident bean.
| By changing the inclination of SR ths spaciné and
direction of the interference fringes can be varied, However,
this method of adjusting the fringes hss the disadvantage that
only a few fringes can be sharply focussed., The fringes can
be adjuste@ more simply by tilting a plane-parallel plate G1
in the beam while S; is kept perpendicular to the beam. In
this way all the fringes in the field of view can pe sharply

in focus. A second plate G2 is placed in the path of the
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other beam, as shown, in ordef.£o equalise the two teams,

The Spading of the interference fringes represents a
change in the height of the specimen surface (assuming SR to
be perfectly flat) equal to half the wavelength, A, of the
incident light, or 0.27 um. This statement is accurately
true for parallel, normal illumination and therefore objective
-lenses of small numerical aperture. However, for,lenses with
larger apertures a correction must be applied to account for
the wide range of angles of incidence. Tolman and Wood [1956]
first investigated the effect of using high aperture'objectives
aﬁd they found experimentally that for numerical apertures of
about 0.6 the fringe spacing was equal to 1.1A/2. As & cross
check for the partiéular arrangement used here, with an ob-
jective lens of numerical aperture 0.63 used at not quite full
aperture, a calibrated step of height 0.39 um was measured,
The step height was found to be equal to 1.3 fringes indicating
a fringe spacing of 0.30 um (= 1.1 x 0.27).

A Zeiss Ikon 35 mm camera was used to photograph the
interference patterns on Pan F, a fine graired black and white
£ilm made by Ilford. The groove widths were obtained by
dividing the measured width by the ﬁagnification on the film
which was checked for each film by bhotographing a standard
graticule and found to be 116.1 ¥ 0.5X. The groove depths
"were obtained from the‘formula

A

m A

d=—8 x1.1x2
m

where d.m and s_ are the measured values of groove depth and

m
fringe spacing.

3.3.2 Profile Projector

Measurements were made directly from the 35 mm films
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using a Nikon Profile Projector illustrated in Fig 3.8. The
projector has a graduated rotatable viewing screen on which
cross~lines are marked and this was used for direct angular
measurements. A rotatable micrometer stage (with movement

in two mutually perpendicul ar horizontal directions) was
specially adapted by Electronics Division, AERE Harwell to

be controlled by two linear stepping motors. These were
.arranged so that one step of the motor advances the stage
through a distance of 1 micron. Electric pulses are fed to
each motor from a control unit and simultaneously counted

on a bi~directional scalar unit. Thus the number of pulses
éives the distance in microns moved by the stage holding the
film and hence distances on the film can be measured directly
without need for enlarged prints. Distances measured in this
way, using forward and reverse directions on the stepping
motors were found to be reproducible to * 1 um at a sharply
defined edge. The major inaccuracies in me asuring the inter-

ferograms thus arose from the lack of sharpness of the fringes.,

\.

3.3.3_ Talystep

3.3.3,1 Basic Instrument

The Talystep i1s a stylus-type surface profile measuring
instrument designed and manufactured by Rank Taylor Hobson Ltd
- for measuring the thickness of thin film deposits important
in,‘for example miniature and micro-miniature electronic
éircuitry, It is thus designed to measure the heights of
.very small surface steps or grooves cﬁt ip such deposits.

The complete instrument is shown in Fig 3.9. It works by
traversing a sharp diamohd stylus across the specimen surface

at a constant speed and measuring the vertical displacement
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of the stylus by means of a variable aixr gap differential
"inductance transducer. The output from the transducer is
amplified electronically torgive,the required vertical magni-
fication of between 5000X and,106X on a rectilinear chart
reeorder. ;The marxing on the chart is mde electrically, |
giv1ng a fine line from which to make me asurements. The
pick-up and stylus are carried on a vertical slide on a
bracket which is hinged vertically to a column of the machine
so that the etylus traverse is an arc of radius about 50 mm
and length 2 mm. The horizontal magnifications are provided
by varying the traverse speed and are 50X, 200X and 2000X.

A simple viewing microscope of magnification X 10 is
. provided to facilitate positioning of the specimen and is use-
ful for seeing when the stylus comes into contact with the.
specimen surface. Lighting of the stylus area is provided by
a small fibre optic assembly and an adjustable reflector
meunted underneath the pick-up. This arrangement keeps the
heating effect of the light down to a minimum while making
it effective for viewing. Means are provided for tilting the
platform to level the specimen surface. The measuring unit
sits on an antivibration platform and is.located in a ground
floor laboratory because the pick-up is sensitive to vibrations -
‘at the highest magnifications it will even pick up acoustic
vibrations from an animated conversation.

The normal stylus provided with the instrument is conical
with a tip radius of 12.5 um which is adequate for simple
step height measurements, However,.for the twin boundary
profile measurements a sharper stylus which is also suitable
for surface roughness measurements was obtained., This is

- chisel-shaped and its end face is a rectangle 2.5 x 0.1 um.
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It is mounted in its holder so that the short edge is always
parallel to the traverse direction. . This makes it very
sultable for mezsuring small grooves which run perpendicular

to the traverse direction.

3e3e3.2 MNodifications

In order to be able to use the Talystep to measure the
profiles of twin boundary grooves and ridges (or indeed any
other very small features) it is necessary to be able to
locate the feature under the stylus and to align it wi th
respect to the stylus traverse. In this way a profile can
be measured in a direction perpendicular to the line of
intersection of a twin boundary with the surface. The
) viewing microscope on the instrument was not powerful enough
to resolve the grain structure of the specimens and to replace
it with a powerful enough one was not possible because the
focal length of the objective would have had to be so short
that the microscope and stylus would be too close together.
Instead, a special transferable 'nest' was designed in .
collaboration with Rank Taylor Hobson's Special Applications
bepartment.

This 'nest' is shown located on a bench microscope in
Fig 3.10a. The specimen is seen attached to a flat cylindrical
holder which can be moved relative to the nest in two perpen-
dicular directions, by means of the two pairs of screws visible
on the sides of the nest and can be rotated. The nest is
located in a particular position and orientation on the
microscope stage and the specimen viewed through the micro-
scope at a.magnification suitable to pick cut the twin
boundaries (-1OOX); The specimen holder is then moved within

the nest until a suitable pair of twin boundaries is located
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.and lined up parallel to one of the cross lines in the
microscope eyepiece. The complete nest is then transferred
to the Talystep workstage (see Fig 3.10b) and again located
in a set position so that the stylus can be made to traverse
?he twin boundaries previously located under the bench micro-
scope.

In order to set up the workstage precisely, fine aajust-
ment screws were attached to it in place of the original
coarser micrometers. A microscope eyepiece graticule with
deposited cross lines was moﬁnted on a specimen holder in the
nest and lined up at‘~u5° t? the microscope cross lines and
cocentral with them. The nest was then transferred to the
Talystep and the position of the workstage adjusted so that
the séyius traversed the intersection of the cross lines.
The traverse indicator dial was then zeroed at this intersection
point. It was found that, with care, a linear displacement |
error.of léss than 1 um could be achieved in the transfer
operation. A further modificztion supplied by Rank Taylor
Hobson at our recuest was a slower speed traverse motor to
provide a horizontal magnification of 5000X instead of the

. 2000X on the standard instrument. '

3¢3¢3.3 Accuracy
Xing et al [1972] have compared the Talystep with

multiple beam interferometry and photoelastic shearing inter-
ferometry .for the determination of film thicknesses by '
measuring the step height at the edge of the film. They found
excellent agreement between the three methods on films with
thicknesses ranging from 100 to 2000 X, the difference in
 méasured thickness rarely being more than 10 & from one
inéfrﬁmeht to another. An accufacy of the same order_was
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indicated (both in their experience and ours) by the repro-
duclbility of measurement of the calibration standards provided
with the instrument.

The twin boundary traces were taken with a vertical
magnification of X 200,000 which usually gave a depth of
groove of between 30 and 50 mms on the graph. This depth
could be measured to } 0.5 mm with a ruler which is equivalent
to an accuracy of #25 R or * 1%. The horizontal magnification
was checked ﬁsing a standard ruled grating with 100 divisions
in 1 mm (ie each division 10 um wide). The accuracy at.X 5000
 magnification was found to be # 0.6 um, this being no worse
than the accuracy of the rulings on ihe grating.

A Talystep trace across a pair of twin boundaries is
shovn in Fig 3.11 with, forlcomparison, a normal and an
interference micrograph of the same pair of boundaries taken
on the Zelss interference microscope. ' A check was made for
possiﬁie disto:tion of the profiles due to plastic deformation
of the specimen by the stylus, by moving the stylus backwards
eand forwards several times acroés the same twin profile,

No meésurable change occurred in the recorded profile shape.

The dihedral angles were measured from the Talystep traces

and the true dihedral angles calculated from the formula
tan % actual = 40 x tan % measured.

Because of the finite width of the dilamond stylus it
cannot reach the bottom of shafply pointed grooves. vOn the
steepest groovés measured (included angle 1600) the depth of
groove below the stylus when it bottomed would be about 60 R,
equivalent to about 1 mm on the recorder chart. It was
considered, howejer, that the angular measurements would not

be affected by this problem when the lower portions of the
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grobfés were straight sided, wﬁich they usually were ovér
about half their depth. Similarly the ridges might be
expected to show a flat portion on the top of about 1/2 mm
at 5000X horizontal magnification but this was never
unambiguously observed.

A nare serious source of efror in the angular measurements
"arises from any inaccuracy in the alignment of the boundary
trace with respect to the stylus traverse direction. In an
extreme case if the misalignment was 5° and the groove angle-
was'83° this could lead to an error in the dihedral angle of
+ 11/2° and thus in its cosine of - 0.0004, comparable in
magnitude to many of the twin boundary ratios obtained.
However, the situation is not in fact as bad as would at first
appear for two reasons. First, the alignment error is unlikely
to be as much as 5° - probably ¥ 2° is a more realistic estimate-
and second, the error would be in the same direction for both
the groove and the ridge thus tending to cancel out when the
two cosines are subtracted.

It was found in practice that the angles could be measured
on. the traces to an apparent acéuragy of usually better than
+ 2°, giving en error of about # 20% in tan %-measured, some~
what greater than the inherent errofs indicated in the above
paragraphs. This aauld lead to an inaccuracy of * 15-25%

"in the cosine of 2 actual and thus to a maximum error in

2

‘ytb/ysv of 30-50%. This of course would be the error on each
individual value of the ratio and the uncertainty 6n the mean

of about 50 values was much less.
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3¢3.4 Statistical Treatment of Results

The energies'éf grain boundaries and surfaces vary with
‘their orientation with respect to the bulk crystal lattice.
Thg effects of surface energy variations have been discussed
in Sections 3¢1¢1 and 3.1.2. Another important parameter in
the:¢as¢ of grain boundaries is %he difference in Qrientationl
betweeh the grains on either side”of the boundary. Vhen the
misbrientation is lbw the boundafy can be represented by an
array of well:Spaced dig;pcatbns and has a low energy.
However, in most cases thé‘éﬁéfé& (énd dislocation density)
increases.rapidly with increasing misorientation to resch
either a plateau of a broad maximum, Gleiter and Chalmers
[1972] have recently reviewed thé experimental measurements
and theoretical calculations of grain boundary energies as a
function of orientation and other parameters.

In order to characterise the polycrystalline'specimens
used in the present work an ‘average' high angle grain bound-
ary energy was calculated for each specimen. To do this a |
large number (at least 50) of grain boundary grooves were
measured and the mean taken. In doing this the surface torque
terms were assumed to cancel out (see Section 3.1.1). A
computer progranm waé written to calculate the mean grain
boundary to surface energy ratio, the standard deviation and
standard error of the mean, from the measured values of groove
width and depth and the interference fringe spacing. A large
number of twin boundary to surface energy ratios were similarly
averaged Both the grain boundary and surface energies were
expressed as multiples of the twin boundary energy, which
- was assumed to be independent of boron concentration. This

assumption is considered to be reasdnable as twin boundaries
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are high density coincidence boundaries of very low energy
and thus the driving force for solute segregation to them

should be extrenely low,.
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CHAPTER L4  MEASUREMENTS ON 316 STEEL

L.4 Materials and Anneal ing Treatments

AISI 316 is an austenitic steel containing approximately
16-18 wt% chromium, 10-14 wt% nickel and 2-3 wt% molybdenum
plus several other minor constituents, Four casts* of steel
originally from the same billet but with their carbon and
boron concentrations systematically varied to give a set of
alloys with two carbon and two boron levels were used for
the present work. The detailed compositions of the steels
are given in Table 4.1, from which it can be seen that the
variations in all the constituents are minor except for the
deliberately varied carbon and boron levels and the silicon
_level which was higher in steels I and IV than in steels II
and III. In future the steels will be identified by the
nunbers I-IV as given in the first column of Table L.1.

Specimens were prepared from these steels as described
in Chapter 3 (3.2.1) and annealed in the diffusion pumped
vacuum furnace for various times between 1 and 50 hours., For
'the energy ratio measurements the annealing times were éhosen
4 tb correspond approximately to the times used in bractice
for the solution treatment of these steels. These times were
~ fairly short (3 hours at 1050°C and 4 hour at 1150 or 125000)
80 that the grain sizes, initially 10-20 um dlameter, remained
quite small (~100 um). At 950°C the grain size stayed so
small_(~30 Hm) that groove profile measurements could not be
made satisfactorily, so these specimens were first annealed

for 1 hour at 1050°C to approximately double the g}ain size -

_*0Originally obtained from the Electrical Research Association.
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TAELE 4.1

Compositions of Steels in Weight Percentages

Steel

0.014

I II II1 IV
B 0.001 |  0.006 -0.001 0.0065
c 0.06 0.05 0.12 0.12
“or 17.60 17.20 1740 17.450
Nt | 11.60 110550 | 11.50 11.50
| ”<ko=l; 2.69 2.631}' 2,56 'vf,2;63v-
M .32 1.39° 136 | 1046
By 00517 | 0432 0.39 0.47
N 0.030 | ©0.03k 0,031 0.038
5 0.022 0.022 0.030 0.022
P 0.015 0.012 0.015
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and then for 24 hours at 950°C to produce the equilibrium

groove shape appropriate for this temperature.

L.2 Use of Mullins' Analyses

The small grain size and small groove size prodﬁced in
‘Athe steels Que to the short amnealing times used in this work
made accurate direct measurement of the dihedral angles from
interferograms extremely difficult and it was found much |
easier to measure the linear dimensions of the grooves.,
Mullins'.analysis 6f grain boundary groove shapes discussed
in Chapter 3 applies strictly only to single component systems.
. It was therefore necessary to evaluate the applicability of .
Mullins' equations to the 316 steels. It was thought that this
attempt was justified even though the chemical compositions
‘of'the steels are complex, because the temperaturesvused were
such that the specimens were single phase. One specimen of
steel I and one of steel IV annealed at 1050°¢C were therefore
. subjected.to direct dihedral angle,méasupement and to groove
dimension measurement so that the grain boundary to surface
'energy ratios obtained by the two techniques could be com-
pared. The ratios obtained by the two methods are shown in
Table 4.2 and it can be seen that;they are the same within
the experimental errors of the measurements, expresséd in.the
table as the stanaérd errors of the means, Thus it was con-
cluded that Mullins' equation could be used to calculate the
energy ratios from measurements of thg linear groove dimen-

' 181038..

,‘1The'equation'fo£ determiﬁiﬁg the grain boundary grpové_'

angle, ¥, from the measured width, W, and depth, D, of the



TABIE 4.2

Grain boundary to surface energy ratios:

comparison of Mullins' eguation with

'direct measurement of dihedral angles

|

Technique
Steel '
Direct angle 1
: measurement Mullins equation‘
I 0.73 ¥ o.04 0.70 ¥ 0.03
0.56 ¥ 0.03 0.54 ¥ 0.02

v
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profile 1s

¥ w
tan'i:c.b‘ g - e (u.“)

where C 18 equal to 4,73 if the grooves are formed by surface
diffusion alone or 4.95 if volume diffusion is the dominant
mechanism. Mullins also showed (see section 3.1.3) that the
width or depth of a grain boundary groove increases as sa
function of time at temperature which is determined by the
grooving mechanlism.dominating at that temperature, while the
shape of the groove profile remains the same, The groove
width or depth is proportional to the grooving time to the
power 1/4 for surface diffusion, 1/3 for volume diffusion and

1/2 for evaporation-condensation.

4.3 Determination of Grooving Mechanism

At the temperatures of interest some grain growth takes
place in the steels. Thus, before kinetic studies to deter-
mine the grooving mechanism were carried out, specimens were
preannealed to stabilise the grain size. For the samples to
be studied at 1250°C the r eanneal was carried out at 1250°C
(for 3 hours) as it was feared that at higher témperatures.
'~e§aporation losses would be significant. For the lower
temperatures the preanneals were carried out for 1 hour at a
~temperature 100 degrees higher than the subsequent kinetic
study. The specimens were polished in the usual manner after
being preannealed and then annealed for various times up to a
to tal .of 50 hours at the required températxr Q. ‘The widths of
at least 50 boundaries were measured after each anneal using
the interference microscope,‘and ihen the specimen was ultra4
sonically cleaned in methylated spirits and returned to the
furnace for a further anneal. In this way the time dependencel
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of the groove width and hence the dominant grooving mechanism |
was determined.

The measurement of grooving time was not absolutely
straightforward as the furnace took a finite time to heat up
and cool down, dufing which a small amount of groove growth
(and shape variation because the dihedral angle and hence the

‘groove shape are temperature dependent) must take place in

"-the specimen. The total time taken from switching on the

' power to reach the annealing temperature was usually about 15
Lminutes, for the first 2 or 3 minutes of which the specimen
'was below 500 C and therefore no significant mass transport

would be expected toi;eke place during this time., The time

taken to cool down to 500°¢'efter switching off the power was

10-15 minutes., To a first approximation, therefore, the

grooving time was taken to be equal to the time during which

the power was switched on. .

Kinetic studies were carried out on steel II at 950°C,
steel IV at 1050 and 1150°C, and steel I at 1250°C. The
_ graphs of log W vs logt (t = time in h) for these specimens
shown in Fig 4.1 have slopes of 0.26, 0.25, 0.29 end 0.38
respectively. The obvious interpretation of these measured
slopes is that the dominant grooving mechanism at 950 and |
1050°C is surface diffusion, at 1250°C is volume diffusion
and at 1150°C is a mixtwe of the two.

However, as discussed in Chapter 3 (3.1.3) McAllister
and Cutler [1969] have suggested that simple deductions from'
this type of plot can be erroneous, and that more reliable
conclusions are to be drawn from plots of the type shown in
Fig 4.2. From these graphs of W vs 1/ 14 can ve seen that
at 950 and 1050°C the measured éroove widths lie on a straight
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"line passing clqse to thé origin for n = 4, indicating that
surface diffusion is the dominant grooving mechanism. The
'best fit' line, as found by a least squares me thod, in both
cases cuts the W = 0 axis at t1/h~<0 2 which indicates a
timing error of 518 sec, well within experimental error and
'jus;ifying the timing approximation used. The data at 1150%
are less caclusive, not lying very close to a straight line

: Jfof n.equal to either 3 or 4. There appears'to be less_

evidende'of curvature on the n : L plotlsuggesting that

surface diffusion is still dominating. Thus the Qélue of C
in equation (u.1) was put equal to L.73 for temperatures of

950 to’ 1150°C. Lo

‘The measurements obtéinéé”&h éamples annealed at 1250°C
are more difficult to analyse because a certain amount of
grain growth took'place during the ammeals. As can be seen in

Fig 4.2d putting n = 2 brought the data points onto a straight

line, suggesting that an evaporation condensation mechanism

was dominant. However, this conclusion is invalidated by the

‘negative intercept on the time axis which is phys%cally

meaningless and indicates that the linearity is fortuitous,

Furthermore, an evaporation condensation mechanism could not

have produced the ridges that were 6bserved on either side of
the grooves (Figh3). '

These'bbservations indicate that a diffusional mechanism
must have been responsible for the groove formatioh, but it

is not possible to establish the nature of this mechanism
because of the curvature of the plots in Figlh2obtainéd by
putting n = 3 or 4. Volume diffusion will become increasingly
important as the temperature is raised, but surface diffusion

has been shown to be dominant up to 1150°C and there are no



specific grounds for assuming a complete change in mechanism
: a£'1250°C. If it is assumed that surface diffusion is the:
controlling mechanism (ie C = 4.73 in equation (4.1)) the
grain boundary to surface energy ratios obtained are about
3.5% lower than those calculated assuming volume diffusion to
be dominant (C = 4. 95) In view of the uncertainty over the
identity of the grooving mechanism a compromise value of

= 4.85 was used for the calculations of grain boundary to
surface energy ratioé at 1250°C. This will introduce a
systematic error of up to * 2% in these ratios as presented
in Table 4.3 and in the absolute values of grain boundary
energy shown in Fig 4.7 but will not affect the relative

values for different boron levels at thisitemperature. _
' l

» u.u‘ Grain Boundary to Surface Energy Ratios

Measurements were made from interferograms on the Nikon
'profile projector of the width and depth of at least 50 grain
boundary grooves on each specimen., Some interferograms are
.shown in Fig L.3a-d. Some boundaries were curved like the
right hand one in Fig 4.3a and these were not measured. .
Other grooves were asymmetrical like those in Fig L.3¢ and
.these too were ignored. One possible reason for asymmetry is
‘that the grain boundary was at a large angle to the normal to
- the specimen surface. Another possibility is that the surface
'.torque ‘terms were very different on the two sides of the bound-
Aary, which could happen if therelwas a large orientation
Vdifference‘between the two graiﬁ surfaces, eébecially if one
surface was close to -a low index plane when the torque term
would be large. A grain boundary which is actively migrating
will also produce an asymmetrical groove with a larger ridge

in the grain into which it is moving. Another possible cause
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of aéymmetric.grooves may be the dependencé of the diffusion
coefficient on the surface orientation. _ |

Blakely [1961], for example, found variations of the
surface diffusion coefficients with surface orientation on
"nickel, iron -1 d platinum swfaces. He saw marked changes in .
scrétch smoothing rafé on érossing certain twin and grain
" boundaries. He found the lowest diffusion coefficients for
surfaces with orientations near to a (100) plane where the .
activation energy for nickel was 1.7 eV compared to 0,78 eV
for'the average overall orientations. Other evidencé for
variations in diffusion coefficient with orientation seen in
the present WwOrk was an occasional marked'change in grain
boundary groove size at the intersection with a twin boundary
such as is shown in Fig 4.3e.

The ratio of grain boundary to surface energy was then
computed from equation (3.2) for each boundary and the mean
ratio calculated for each specimen. The spread of values
obtained was quite large due to a combination of the errors
introduced in the actual measurements and the inherent spread
of angles caused by the surface energy anisotropy (torgue
ferms) and érain boundary energy variations. A typical set
of histograms for the measurements Qade at 1050°C are shown
.in Fig L.4. The mean ratios are indicated by a vertical line
. on each histogram and this figure shows élearly a reduction
in ng/ysv produced on increasing'the boron ccncen?rétion
of the steel from 0.001 to 0.006 or 0.0065 wt% at both
carbon levels,

Similar results were obtained at the other tempe ratures
employed and the ratios obtained are summarised in Table 4.3

which gives the mean ratio and its standard error for each

specimen., It cen be seen that the ratio ng/st is reduced
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TABLE 4.3

Grain boundary to surface energy ratios of 316 steels

Wt percent

% Reduction

Annealing | ooy of T/ Y
gb’ isv on increasing
treatment Carbon| Boron boron content
2l hrs I 0.06 | 0,001 | 0.66 % 0.05 -
at 2
950°¢ II | 0.05 | 0.006 | 0.54 % 0,02
III 0.12 | 0,004 | 0.57 % 0.03
55
Iv 0.12 | 0.0065 | 0.54 & 0.04
-~ 3 hrs I 0.06 | 0.001 [ 0.70 £ 0.03
ato ’ I I ’ . 90&
1050°C | II 0,05 | 0,006 | 0.64 % 0.04
III 0.12 | 0.001 | 0.76 ¥ 0.02
) 4047
IV 0.2 | 0.0065| 0.54 * 0,02 o
1 hr I 0.06 | 0.001 |[0.81 % 0.04
ato 3500
1450°C II 0.05 | 0.006 | 0.60 £ 0,03 ;
A v 1241
IV 0.12 | 0.0065 | 0.58 ¥ 0.02
1 hr I 0.06 |0.001 |0.83 % 0.05 |
‘ato 1503
1250°C | 1I 0.05 |0.006 |0.72 % 0.03
' | 11z | 0.2 |o0.001 |0.87 2 0.06|
Iv 0.12 | 0.0065 | 0,61 ¥ 0.03 -

~.%This specimen annealed L} hours.
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by‘ihé'extfa boron for all fouritemperatufes used and-fﬁr poth |
cafboé levels. There 1s also some indication that the higher
carbon level caﬁsésﬁé“reductign;in_ﬂue ratio but the evidence
for this 'is not conclusive as in 2 out of ihe 8 cases an
increase bccufs at the higher carbon concentrati on. What is
noticeable, however, is that for each tempefature the lowest
ratio is obtained for steel IV, which has both a high carbon
and a high boron content. No effect of the variations in
silicon lével can be deduced frém the figures so we must

" conclude that if it has any effect, this is éwamped by the
other changes.,

Ratios of grain boundary to surface energies have been .
measured by a number of workers in a variety of systéms and
all show similar amounts of scatter. Some examples are the
measurements of Hil}iard et al [1960] on gold-copper alloys,
Williams and Barrand [1965] on copper-nickel alloys, and
Hodgson [1972] on nickel-boron alloys, all of whom found
experimental errors of *~10% on their ratios. The errors
incurred in the present measurements are thus very similar
to those found by other users of these techniques. The only
workers who are known to the author to have me asured an effect
of boron on interfacial energies in austenitic steels are
Adair, Spretnak and Speiser [1955]._ They investigated the
effects on grain boundary groove angles of adding 0.0011 and -
0.0013 wt% boron to two austenitic steels. They measured
small increases in thg.angles on adding boron, equivalent to
" reductions in the ratio of ZQM% at temperatures of about 900
and 1000°C. These reductions aré much smaller than ihose

observed in the present work on increasing the boron content
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from 0.001 to~ 0,006 wt% (see Table 4.3). Their small

: vuriations could be because the low boron additions affect

the surface ard grain boundary energies by compensatiug
amounts. There seems to be no Justification for Adair et al's
aésumption that the surface energy is unaffected by boron
additions which they use to calcuiate its effect directly on

grain boundary energy.

4,5 Twin Boundary to Surface Energy Ratios

Measurements of the dihedral angles at pairs of twin
boundary/surface 1ntersections were made directly from Talystep
"traces taken perpendicularly across the boundary pairs. Some
typical pairs of traces are showvn in Fig L4.5.  Photographs of
the boundaries were taken on a bench microscope for identi- |
fication purposes, as a check that the same boundaries were
not measured several times. Though rathor poor quality, the
'photographs were perfectly adequate for that purpose, As
in the case of the grain boundary grooves, any obviously
asymmetrical grooves were not masured as equation (3.5)
could not be applied to them, !

This equatiou'was used to calculate the ratio Ytb/st from
.the angular measurements and the mean ratlo obtained for each
Ispecimen.A The spread of values of this ratio was, in pro-
'portion, much larger than that of ng/ysv This was partly
i due to the fact that the ratio 1s derived from the difference
of two quantities, each of which has a quite large error to
produce a third quantity at least an order of magnitude
, smaller. Also because tho twin boundary energy is very much
smaller than the surface or grain boundary energy the effect

of the torque terms is of much greater importance. This is
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emphasised by the fact that one twin boundary in each pair
formed a ridge instead of a.groove; Thus the dihedral angles
'measufed at twin boundaries are influenced much more by the
(variqble) torque terms than those at grain boundaries,

| A typical set of histograms for the specimens amealed
. at 1050°C is shovm iﬁ Fig 4.6 and the ratios for all the
specimens are summarised in Table L.4. From the figure and
‘the tabtle it is seen that the variation. in YtB/st with boron
concentration is, in all cases but one, less phan the standard
error of thé mean, In 5 out of the.8'paifs the ratio goes up
with incréased boron congent indicating # decrease in surfacé
'énergy of up to'BO% at 1050°C but ihis oﬁservation may.not be
statistically significant in view of the magnitude of the
experimental errors., There is no evidence at all from these

measurements for any effect of carbon or silicon level on the

surface energy.

L.6: Grain Boundary to Twin Boundary Energy Ratios

The ratio ng/ytb was calculated for each specimen from
the mean values of ng/st and 74/ /Tgy in Tables L.3 and L.k,
‘The ratios obtained are shown in Table 4.5 and indicate the
variéﬁibns in grain boundary eﬁefgy (using the assumption
‘thaf twin boundary energy is coﬁgtant - cf Chapter 3) with
'ﬁorbn;and darbon'cohcentrations.z The percentage reductioné
1n‘grain boundary energy.gbpaiped on increasing the bbron
concentration at constant éarﬁSﬂ.léfei are shovn in column 6
of the table and are seen to be quite significant amounts.,
For comparison theAreductions obpained by doubling the éarbon
concentration vwhile keeping the boron constant are given in

column 7. On the whole these are éonsiderably smaller,
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TABLE L.4

Twin boundary to surface energy ratios of 316 steels

Annealing Wt percent of Yerl Y
treatment Steel Carbon | Boron to” Isv
24 hrs I 0.06 | 0,001 | 0.015 * 0.003
at )
950°C II 0.05 [ 0.006 | 0.01L % 0,002
III 0.12 | 0,001 0.015 * 0.003
Iv 0.42 | 0.0065 | 0.017 * 0.004
3 hrs I 0.06 | 0.001 0.010 * 0.002
at
1050°%¢ II 0.05 | 0.006 0.014 * 0.002
IIT 0.12 | 0.004 | 0.012 % 0.003
Ve 0.42 | 0.0065 | 0.012 # 0,002
inr I 0.06 | 0.001 0.009 ¥ 0.002
at
1450°C II 0.05 | 0.006 0.011 % 0,002
III 0.12 | 0,001 0.008 # 0.002
v 0.42 | 0.0065 | 0,010 * 0,002
4 hr I 0.06 | 0.004 0.011 % 0.002
at
1250% 11 0.05 | 0,006 | 0.012 #* 0,002
III 0.12 | 0.001 0.013 * 0,002
v 0.42 | 0.0065 | 0.012 ¥ 0.002

*This specimen amnealed 4% hours.




TABLE 4.5

Grain boundary to twin boundary energy ratios .

in 316 steels:

Annealing Wt percent of | y../¥ % Redn | % Redn
treatment Steel | canbon| Boron gb” 'tb \ Yitn B with C
24 hrs I £0,06 | 0.001 Ly £ 9
ato 12 14
950°C II 0,05 | 0,006 |39 % 6
III 0.12 | 0.004 |38 % 8
16 18
v 0.12 | 0.0065| 32 % 8
3 hrs I 0.06 | 0.001 70 ¥ 44
at, 34 10
1050°C II 0.05 | 0,006 (L6 % 7
III 0.12 | 0,004 | 63 % 16
. 29 2
IV 0.12 | 0.,0065 | 45 £ 8
1 hr I 0.06 | 0.001 90 ¥ 20
ato 39 10
1150°C II 0.05 | 0,006 |55 % 10 o '
III 0.42 | 0,001 |81 % 24
29 -5
v 0.42 | 0.0065 | 58 % 42
1 hr I 0.06 | 0,001 75 * 14
- ato _ 20 9
1250°C II 0.05 | 0,006 | 60 % 10
III 0.12 | 0.001 68 ¥ 11
25 15
IV 0.,12 | 0.0065 |51 & 9

#This specimen'annealed L%

A ]

hours.




particulérly at the temperatures where'boron has 1its biggest

. effect and at 1150°C, the high bonon pair of steels actually
show an increese in grain boundary energy on increasing the :
carbon concentration, though it is so small that it is

probably not statistically significant.

4.7 ~Absolute Energy Values
' ' The absolute surface' energy of steel III at 1050°C
. was determined by the multiphase equilibnation technique
described in the Appendix. A different, but similan; vacuum
furnace was used for these measuremen ts than for the energy
ratio amneals and silver was chosen as the liquid phase,
The measured dihedral angles are shown in Table L.6, vwhere the
symbols are the same as those used in the Appendix. A value
of 735 md m-2 was obtained for the surface energy of steel III
at 1050°C and from this a twin boundary energy of 8.8 mJ m'2
‘was obtained for steel IIT at 1050°C. It is often fownd that
lthe twin boundary energy of a material ie approximately equal
to half the stacking fault energy. The roonm temperatu?e
'.stacking fault energies of austenitic steels are low (Dulieu
and Nutting [1964]), typically 10-25 nJ m n"2.." so the low twin
boundary energy found here,is“reasonable, though it must be
remembered that both stacking feult and twin boundary energies
may have significant temperature coefficients.

This value of the twin boundary energy was then used to
give abeoiute values of the surface energies and grain
 boundary energies of all L steels at all the temperatures
used. These values are shown in Table 4.7 and plotted in

' Pigure 4.7 as a function of temperature. .

i
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TABLE 4.6

Dihedral angles measured on silver -
346 steel system

¥ ;o 8ue
. y*" 2;85°v 
L ; o
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- 68 =



TABLE 4.7

Absolute values of surface and grain boundary energies

in 316 steels

Surface | Grain bound-
Amealing | gueey | o Wi Peroent | cemergy | vy engrey
mJ m nJ m

24 hrs 1 0.06 | 0.0010| 590 £ 120} 3902 80
9§3°c 1I 0.05 | 0.0060| 630 % 90| 340 % 50
III 0.12 |'0.0010] 590 % 120| 3302 70
v 0.12 | 0.0065 520 ¥ 130 280 70
3 hrs I 0.06 | 0.,0010] 880 % 180 620 % 120
1o§8°c II | 0.05 |0.0060| 630 % 90| LOO % 60
III | 0.12 | 0,0010| 730 £ 200 | 550 & 140
Iv* 0.12 | 0.,0065| 730 ¥ 130} 4oO * 70
1 hr I 0.06 | 0,0010| 980 % 230 | 790 ¥ 180
11§8°c II 0.05 |0.0060| 800 * 150'|* 48O + 90
IIT | 0.2 |0.0010[4100 % 290 | 700 % 180
Iv 0.12 | 0.0065| 880 * 180 510 * 110
1 hr I 0.06 | 0.0010{ 800 £ 150 | 660 ¥ 120
12§3°C II 0.05 | 0.0060| 730 ¥ 130 530 % 90
III 0.42 | 0.,0010| 680 ¥ 1410| 600 ¥ 100.
IV .| 0.12 |0.0065{ 730 % 130 450 % 80
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'h.8 Discussion

Energy Measurements

The data in Table 4.4 and Figs 4.6 and 4.7 show that
increasing the boron concentration of 316 steel had no coﬁ-
sistént or large éffect on the surface energy of the steels.
'The absolute values of suwface energy derived from tﬂe twin .
- boundary energy are rather low, within the range 500-1100 mefz,”
even: allowing for the rather large errors incurred by the
statistical techniques used, the surface energies of austeni-
'tic iron and nickel being in the;range 1850-2150 mJ m -2
“(Jdnes [1971]). A possible soufce of error in the multiphase
equilibration technique as used here could be the contamina-
tion of .the liquid surface by elements dissolved from the
steel. This might mean that the surface energy of the liquid
was lower than thét of pure silver, but this would mean that
the calculated value of steel surface energy was too high. An
~error in the surface energy value obtained would mean that all
the energy values in Fig 4.7 would be t00 high or too low by
. the same percentage. Their relative magnitudes w?uld.never-
theless remain the same. The correlation of the value obtained
for the twin boundary ehergy with literature values for |
stacking fault energies lends confidence to the data. The
dépression of the surface energy must be due to the presence
of impurities on the surface and, as the energy does not
appear to vary significanﬁly with composition it is probable
that the surface is saturated with these impurities. They
could either be adsorbed from the environment, or, more
likely, be surface active elements segregated from the bulk

of the material. Hondros and McLean [1968] have noted that
the surface activity of solutes 1is higher for those which



have a low solubility in the matrix. Boron has a very low
s0lid solubility in iron (Garnish and Brown [1972]) and
austenitic steels (Goldschmidt [1971(a) and (b)])of dp to
_about 0.02 wt% and 0,01 wt% respectively. It is therefore
probable that boron plays a large part in the depression of
the surface energy of these steels. Phosphorus and sﬁlphur
are also surface active elements with low solubilities in
austenitic lattices and Auger spectroscopy experiments have
shown large amounts of sulphur present on iron (Bishop and
" Riviere {1970]), nickel’(Hodgson [1972]) and stainless steel
(Riviére [1968]) surfaces at temperatures similar to those
used in the . present work.

The effect of boron on the grain boundary energy is seen
very clearly in Fig L4.7b. ﬁs the grooves from which the
energy ratios were derived were formed during solution
treatment this effect is due to equilibrium segregation of
boronA#t temperature and has nothing to do with the non-
equilibrium segregation of boron, which takes place during = -
slow cooling, reported by Williams [1972]. Increasing the
boroﬁ concéntration from 0,001 to ~0,006 wt% while other
 constituents were kept constant reduced the grain boﬁndary'
energy in all the cases measured in the present work. The
h'éffect was greatest at 1050 and 1150%C and rather less at
1250°C and at 950°C, |

The absolute values of yéb increased as the heat treat-
ment temperatwe increased, levelling off above 1150°C. This
implies that boron was desorbing from the grain boundaries |
at the higher temperatures. It is thus surprising that the
effect of.increaqing the boron concentration had less effect

at 950°C than at any of the higher temperatures, This is

- : | - -



probably explained by the observation (see section 6.1) that
quite significant amounts of carbide were not taken into
solution during the treatment at this temperature and remained '
within the bulk of the material. Thus those specimens were
not completely equilibrated and a significant proportion of
the boron may have been tied to the undissolved precipitates
and consequently been unable to influence the grain boundaries.
" There is also the possibility that other interfacially active
species were segregating more strongly in all the steels at
the lower temperatures,thus keeping the absolute values of the
grain boundary energies low and masking the ettects of
éhanging boron concentration.

It was observed during the present measurements thét
differences in grain size occurred between the different
steels and ;emperatures. A rough estimate of grain size was
made on each of the specimens measured. lt was found (Fig
4,8) that the grain size increased with amealing temperature
but that there was no systemétic effect of composition on
grain size, By gréssly approximating the shapeqof the grains
to a sphere, the minimum grain size for which 0,001 wt% boron
- would be sufricient to give a momlayer coverage of the grain -
boundaries was found to be about one_third of the smallest
grain size measured. It was thérefore concluded that in none
of the speciﬁens measured were the grain boundaries necessarily'
being ‘'starved' of boron owing to too small a grain size,

The only other systematic study of interfacial éhergies
in a steel has been that of Murr, Wong and Horylev [1973] on

AISI 304 steel®, They used the zero creep technique to

#Austenitic steel containing by weight 18-20% Cr, 8-12% Ni and
at most 0.08% ¢, 2.,00% Mn, 0.045% P, 0.030% S and 1,00% Si.
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measure surface energy, grain boundary groove angles to give
grain boundary energy and analysed twin—grain'boundary inter-
sections to obtain twiﬁ boundary energies.over a temﬁerature
range from 910 to 116000. ihey obtained temperature coeffi-
cients of = 1.76 and - 0.89 mJ n~2°% "1 for the surface and
grgin boundary energles respectively. ZThese values are
greater in magnitude than those obtained for pure metals
(Jones and Leak [1967]) but pave the same negative sign,
implying that "> segregation effects if present are not
exerting a dominant influence. The twin boundary energy on
the other hand appears to have a positive temperature
coefficient vhich they suggest is due to equilibrium segrega-
tion of some unspecified solute. This seems inherently
unlikely in view of the lack of segregation effects on the
surface and grain boundary energiés. It would be expected
that a‘solute which had a tendency to segregate from the mtrix
would go to these interfaces first, in preference to twin
boundaries, because there is more distortion of the lattice
at these interfaces and therefore a greater driving force for
segregation to them. On examining Murr et al's data it is
found that all except one of their twin boundary energy
values are based on only 9 or 10 measured values of the
régio Ytb/ygb' This.is a very small number from which to
take a statistical average. From their histograms an estimate
of the standard error of the mean of these ratios can be
- obtained., When this is done it is found that the variation
in twin boundary energy with temperature is within the experi-
mental error arising from these ratios. Fig 4.9 shows'their

data plotted as a function of temperature with the error bars
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included and it can be seen that the temperature dependence

of twin boundary energy in 304 stainless steel is slight.

Mass Transvport Properties

The results of the kinetic studies indicated that, at
most of the temperatures employed in this work, the dominant
mass transport mechanism forming grain boundary grooves: was
surface diffusion. This is also the case for many other fcc
" metals over a wide temperature'range though the detailed
mechanism fér surface diffusion may not necessarily be the
same in all cases as is suggested by the wide range of
activation energles quoted for surface diffusion (see Gjostein
[1967]).

The agreement between the ng/st ratios obtained from

direct angular measurements and those derived through Mullins'
equations indicaté that the results of his analysis can be
applied to these steels, despite their complex nature. From
~the analysis of grain boundary grooving produced by surface
diffusion, Mullins [1957) derived a relation between D, the

4

surface diffusion coefficient, and W:
| ' ' |

kT
D = X ‘
87 (u.e)* " v, Fnt

' ,;.. (4.2) -

-where T is the absolute temperature, 0 is the atomic volume,

n is the density of surface atoms; and k 1s the gas constant.
From the measurements made for the 7gb/7$v ratios, average
values of groove width could also be obtained. These were
therefore used to.calculate approximate values of Ds from
-equation (4.2) for the specimens used_}nAthe present work

at T050°C to 1250°C. Values of Ds at 950°CAwere derived from
widths measured on sampies whose grain size had beeﬁ stabilised

- 7&{% 



by a 1050°C anneal before they were polished then annealed at
950°C.
The values of D, obtained using the values of Tsy IR
Fig 4.7 are plotted on a logarithmic scale as a function of
4%'in Fig 4.10. It can be seen that the values obtained at 950
to 1150°C lie on a straight line but, as might be expécted
after the kinetic study results, the values obtained at 1250°C
deviate significantly from this line. The slope of the best
line calculated by a 'least squares' fit to the data excluding
that fqr’1250°C gives an activation enérgy for surface self
diffusion in the steels of 28 * 8 kcal/mole. No literature
.values of surface‘diffusion coefficients of 316 steel are
known to the amthor but measurements.-have been made by various
workers on pure fcc metals. Neumann [1972] has collected
together vast amounts of experimental data on @iffusion
coefficients. From his table 3 it is'seen'that activation
'eﬁergies for surface diffﬁsion in the range 13.3 to 60.4
kcals/mole for iron and 13.8 to 47.7 kcals/mole for nickel
have been obtained by a variety of techniques over a wide
temperature range. It thus appears that the surface diffusion
data obtained in the present work, though spproximate because
of the nature of the experiments and materials used, are not
unreasonablef This adds to the Justification of the use of

¥ullins' analysis to obtain grain boundary to surface energy

" ratios from grain boundary groove profiles.
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CHAPTER 5 NEASUKEMENTS ON IRON-EORCON ALLOYS

- The complex chemical composition of the steels makes
intérprétation in terms of the thermodynamic approach'dis- |
cuésed ip Chapter 2 impossiblé.‘ The Gibbs adsorption
equation‘(2.17, 2.19) can only be applied conveniently to
data obtained fér biﬁéﬁ&;éystems; It was decided, therefore,
“to maké méasurements of the effects of boron on the grain

boundary and surface energies of binary iron-boron alloys.

The same technlques were used as for the steel specimens.

5.1 Materials and Heat Treatments

Two series of iron-boron alloys were obtained from the

. British Iron and Steel Research Association (BISRA). The
first series consisted of 7 alloys with nominal boron con-
centrations ranging from 0,000-0.,020 wt%. The nominal boron
concentrations :0f . these alloys and the measured impurity
levels are given in Table 5.1.  The carbon and oxygen analyses
were supplied by BISRA and the sulphur analyses were done by
the Analytical Scieﬁces Division at Harwell. A second series
of alloys was later obtained from BISRA made from zone refined
iron in the hope of reducing the residual impurity levels.,

The alloys were prepared by melting in a hydrogen atmosphere.
The nominal boron.concentrations-and the impurity contents as
measured at Harwell are given in Table 5.2, 4As can be seen

" from a comparison of the two tables, the oxygen and sulphur
concentrations were considerably lower in the second series

of alloys but the carbon levels weré about five times greater.
However, it was considered that if the results from both sets
of alloys were in agreement then the dominant effects on

-interfacial energies must be.from the boron in the alloys.
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Impurities in compositions of 'Series 1' alloys

TAEBLE 5.1

in weight percentages

Nominal
Alloy boron Carbon Oxygen Sulphur
M 0 0.005 0.005 0.006
2 0.001 0.004 0.005 nd
F3 | 0.001 0,007 0.0025 nd
Ty 0.003 0.009 0.003 0.005
¥5 0.008 0,006 0.005 nd
F6 0.014 0,004 0,002 0.005
F7 0.020 0.003 0.004 nd
TABLE 5.2

Impurities in compositions of 'Series 2' alloys

in weight percentages .

Alloy Nggigil Carbon Oxygen Sulphur Nitrogen
78 0 0.037 < 0.002 | <0.,002 0.002
F9 0.005 0.035 <.0,002 n a \ 0.002
MO0 0.010 0,020 < 0.002 | <0.001 0.002

. . ! Lo

nd =.not determined -
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Specimens were prepared from both sets of alloys as
described in Section 3.2.1 and annealed in the austenitic
phase (fce) at either 950 or 1050°C for a week. On cooling
to room temperature the alloys undergo a phase change to
_ferrite (bee) at ~ 910°C., Associated with this phase change
is a volume expansion of the crystal lattice of very nearly
1%. This volume change is too great to be accommodated by
simple elastic strain and so plastic deformation and slip
occurs, causing rumpling of the specimen surface. It was
thus found necessary to grow large grooves at the grain
boundaries in order to facilitate measurement of their shapes.
Large grain sizes'wene obtained in the specimens during anneal-
ing at these temperatures so that large grooves could easily
be measured. (This was in contrast to the small grain sizes
in the steel samples which meant that large grooves would
begin to interfere with each.other in the'centres of the
érains.) ! ‘
After the annealed specimens had been examined and measured
their boron concentrations wero determined by tne Applied
Chemistry Didsion at Harwell using boron autoradiogréphy
(see Section 6.1). This removed any uncertainties about the
boron concentration in the specimens due to non-isotropic
distribution of boron in the alloys or to boron loss during
.the annealing treatment, though the latter was expected to be
low. The values of boron concentration for the individual
‘specimens are given in Table 5.3. There was‘quite wide
'variation between samples taken from the same allqu indicating

some inhomogeneity in the boron distribution.
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TABIE 5.3

Grain boundzry to surface energy ratios

of iron-boron alloys

tonealing | yyaoy | ipniva | pemal | vg/tey
168 hrs F 0.000 | 6.6 *1.3| 0.352 # 0.008
1o§8°c F3 0.001 16 2 3 | 0.396 * 0.009
Fl 0.003 33 % 3 | 0.324 £ 0.009
F5 0.008 b5 ¥ 4 | 0.355 £ 0.012
F6 0.014 | 178 £ 18 | 0.284 % 0.009
F7 0,020 214 ¥ 24 | 0.276 ¥ 0,005
F8 0.000 L * 2 | 0.367 # 0.007
F9 0.005 16 * 5 | 0.317 % 0,014
F10 0.010 50 £ 5 | 0.290 * 0.007
168 hrs F1 0.000 L 2 2 | 0439 20.016
9?8°o | F2 0.001 7+ 3 |0.332 % 0.007
F3 .0,001 1 £ L | 0.389 %0.011
FL4 0.003 3y': 3 | 0.34L5 % 0,009
F5 0.008 56 + 6 | 0.329 % 0.007
F6 0.014 35 £ 10 | 0.326 % 0,007
F7 0.020 | 208 * 21 | 0.332 * 0,006

|
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5.2 Grooving Mechanism

Blskely and kKykura [1963] have shown that grain boundary
grooves form by a surface diffusion mechanism in iron up to
1100°C. It is unlikely that the trace amounts of boron
present in the alloys used in this work would radically change
the grooving mechanism. However, as the boron is expected to
segregate to the surfaces during annealing a cross check was
made. Kinetic studies similar to those for the steel samples
were undertaken for a sample of the'zero' boron alloy F1 at
1050°C and one of the alloy F4 containing nominally 30 ppm
"boron at 950°C. The grain boundary groove widths were plotted
against time on a log-log plot, Fig 5.1, which yielded straight
lines of slopes 0.26 for alloy F1 and 0.25 for alloy Fi.

These slopes indicate that the grooves were formed by a surface
diffusion mechanism but because of the doubts raised about
the validity of using log-log plots in this way (see section
3.1.3) the widths were also plotted directly as a function of
174 ana '3 (rig 5.2). 4s can be seen in Fig 5.2, the
groove widths lie on a straight line through tpg origin when
plotted against ‘(;1/1’L but the piot of width vs t1/3 shows
pronounced curvature. Thus'the deduction from the log~-log
plots was confirmeé. Indeed, the fact that the W vs t1/u
graph goes through the origin indicates that in this case a

- log-log plot ié Justified.

5.3 Grain Boundary to Surface Energy Ratios

The widths and depths of the grain boundary grooves were
measured from interferograms. Grain boundary to surface energy
ratios were computed from equation (3.2) for each boundary.

: A : l ‘
- Some typical interferograms from the iron-boron alloys are
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Figure 5.1. Grain boundary groove width in iron-boron allovs vs. annealing
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shown in Fig 5.3. The much larger groove size obtained in
‘these specimens than the steel ones can be seen by comparison
with.Fié L.3. Occasionally the fumpling of the surface caused
by the phase change from fcc to'bcc was severe enough to pro-
ducé distoftion of the groove profiles as, for example, in.
Fig S.Bd. These profiles and any that were lop-sided were
ignored.,  Ratios were obtained'from symmetrical grooves for
both series of al;oys at 1050°C and for the first series only
at 950°C. At least 50 grooves were measured on each specimen,
Histograms of the results obtained on alloys F5 and P10 at
1050°C and F3 and F7 at 950°C are shown in Fig 5.4. These
are typical of those obtained at the two temperatures and

- show a spread of individual readings about the mean, which is
normal for this type of measurement (cf Fig L.4). The mean
values obtained together with their standard errors are
listed in Table 5.3. Also in the table are the nominal boron
'cdntents of the alloys and the actual boron contents of the
individual -samples which were obtained by autoradiography
after all the energ& measurements had been completed. The
énergy ratios are plotted as a function of actual boron
concentration for each temperature in Fig 5.5. At 1050°C

the ng/st ratio drops with increasing boron content up to
about 50 ppm boron, when it has dropped by~ 20C%, and there-
after is unchanged by further additions of boron. At 950°C
the ng/st ratio drops more rapidly with increasing boron
content and by 35 ppm boron has reached its saturation value

eabout 20% below its value for the nominally boron free alloy.
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5.4 Twin Boundary to Surface Energy Ratios

The ratios of twin boundary to surface energy were deter-
mined from Talystep traces of pairs of twinvboundary groove and
ridge profiles using equation (3.5). Because of the large
grain sizes there were often not fifty pairs of twins on a
specimen. Traces were thus taken of all available pairs of
"twins on each specimen. Some of the traces obtained were lop-
sided like the one shown in Fig 5.6a, presumably because the
twin boundary lay at a significant angle to the perpendicular
to the surface. A few of the traces showed steps or-ridges
on a very fine scale. A typical example of this type is shown
in Fig 5.6b; here the steps are 20-2002 deep. Other profiles
showed an anomalous double peek on the ridged boundary (and
very occasionally on the groove) like the one in Fig 5.6c.

There are several possible explanations for these extra
peaks. They could be due to the general rumpling of the
surface caused by the phase change, though this was usually
on a larger scale and thus would not cause such a sharp peak,
or to the twin boundary having moved during thq_grooving
treatment. A more likely explanation, however, is that the
crystal had'slipped/%heared along a plane parallel to the twin
boundary as the {111} twinning plané is also a slip plane in
fcc metals, The traces showing these anomalous‘shapes were
‘not used for energy ratio determinations, only the smooth,
symmetrically shaped pairs of préfiles like that in Fig 5.64
being measured. Thus on many of the samples it waé possible
to measure only quite small numbers of profiles. The mean
7sv/7tb ratio values obtained for such samples were thus

subject to rather large uncertainties (see Table 5.4).
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TABLE 5.4

Twin boundary to surface energy ratios

of iron-boron alloys

ﬁ?ﬁ:iiégg Alloy Aigu;;mB mggzggg- Ytb/st .YSV/Ytb
168 hrs Fi | 6.6 +1.3| 33 0.0098 % 0.0017 | 102 # 18
1o§8°c F3 16 * 3 20 0.0101 ¥ 0,0023 | 99 + 23
FL 33 3 30 0.0112 ¥ 0.0019 | 89 * 15
F5 L5 * 4 18 0.0119 ¥ 0.0019 | 84 * 13
F6 178 * 18 27 0.0117 ¥ 0.0020 | .85 * 15
F7 214 X 21 22 0.0118 ¥ 60,0017 | 85 # 12

F8 b ¥ 2 20 0.0113 * 0.,0012| 89 * 9
F9 16 % 5 12 0.0102 * 0,0035| 98 # 34
F10 50 ¥ 5 14 0.0121 * 0.0015| 83 * 10

168 hrs ™M b x 2 16 0.0099 1“0.0027 101 * 3
9§8°c F2 7% 3 33 0.0104 ¥ 0,0013 | 96 #* 12
F3 4 ¥ u 28 0.0107 £ 0.0015 | 93 # 13
FL 3t o3 22 0.0111 ¥ 0.0023| 90 # 19
F5 56 % 6 23 0.0098 ¥ 0,0014 | 102 * 15
F6 35 % 40 27 0.0115 # 0,0016 | 87 # 12
F7 208 ¥ 24 35 0.0104 # 0.0009 ~.96'j..8
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Some of the histograms of these ratios are shown in
Fig 5.7. The spread of values obtained was similar to that
for the steel specimens (Fig u.6) but because of the smaller
nuanbers of profiles measured the overall uncertainty in the
mean value was greater. .

The ratios obtained are liéted in Table 5,4 together with
the standard errors of their means, the number of pairs 6f
“twin traces measured and the actual boron concentration for
each specimen. The results are plotted in Fig 5.8 as
st/ytb vs actual boron concentration, for each temperature.
Aﬁ 1050°C there is a pronoun?ed drop in this ratio with
increasing boron content up to~20% at 50 ppm boron. <this
"indicates that the surface energy of the iron alloys was
reducea.to 80% of its value for ‘pure’' (1le very low boron)

" iron by the addition of 0.005 wt% boron. At 950°C, however, -
the effect of boron on the ratio Yoo/ Yip 18 NOt clear.
Although a élight decrease in surface energy of up to about
V1O% is apparent on adding up to 0.003 wt% boron, the values
for the higher boron concentrations are the sém? as for the

’ ﬁominally boron-free alloy. In fact, no differences between
~pratios were found that were bigger than the standard error of
the mean for each specimen. Thus the effect of boron con-
centration on the surface energy at 950°C was too small to

be satisfactorily determined from these measurements. <his

- was probably due mainly to the large uncertainties in the
ratio measﬁrement§. There may also be interference from

the S, C and O in the material affecting the boron segrega-
tion., Normally segregation, and therefore its effect on the
surface energy, would be expected to inérease as the equilibra-

'ting temperature is lowered.

: - o -
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5.5 Grain Boundary to Twin Boundary Ratios

In order to see the effect of boron concentration on the .
grain boundary energy-(sepérate_from its effect on the surface
“energy of these iron samples) the ratios ng/Ytb vere cal-
culated. A ratio was calculated for each specimen using
the individual ygb/ysv'and Yep/ Vgy T2tios determined for that
sample. The values obtained are given in Table 5.5 and
graphically in FPig 5.9. At 1050°C the grain boundary energy
is seen to be reduced progressively down to about 70% of its
value for 'pure' iron by additions of boron up to 0.005 wt%h.
This is a larger percentage decrease than occurs in the
surface energy but it occurs over the same range of boron
" concentrations. For the specimens treated at 950°C, because
of the uncertainty in the Ytb/7sv ratios, the effect of boron
on the grain boundary energy was rather uncertain., However,
Fig 5.9b indicates .that there was a drop in grain boundary
energy on adding up to 0,003 wt% boron of the order of 10%.

5.6 Absolute Energy Values

In order to get an idea of the absolute magnitudes of
.fhe interfacial energiés’in the iron-boron alloys a value for
the surface energy of pure iron was needed. Price, Holl and

Greenough [196L] found a value of 2150 % 15 mJ m-2

‘for the
surface energy of y-iron in the femperature range 1360-139000
using the zero creep technique, and Hondros [1965] found a value
of 2140 nJ n™2 at 1380°C. Jones and Leak [1967] discussed

the available experimental data on the temperature coefficients
of solid metals. They concluded that, although the generally
accepted value of - 0,5 mJ m'290"1 was not universally

=2 °C -1

applicable (they estimated values up to - 3.0 mJ m on

- -85 =



TABLE 5.5

Grain boundary to twin boundary energy ratios

for iron-boron alloys

gy | e | SPRS | e/
168 hrs F1 6.6 3 1.3 361 6
1050% F3 16% 3 | 39%.9
Fly 33 3 29I 5
F5 | i oL % 5
F6 178 ¥ 18 o I o
F7 214 * 24 23 % 3
F8 Lt o2 32% 3
F9 16 % 5 32 744
F10 50 5 272 3
168 hrs F Lt 2 u Xy
923% F2 7% 3 32 2
F3 Ww*ou 36 *
FL wE 3 117
F5 56+ 6 3Lt 5
F6 35 % 10 28 2 4
F7 208 * 21 2% 3




T T T T 1000
-4 800
gt -4 600
N
» o .l
20
-4 400
oy -~ 200
L L L L
(o] 005 -O10 ‘OIS 020
‘9 Boron content, wt °/o
1 [ | T
—1000
40
@
b —4800
[2) ° ——
30 .
ot Do 41600
0 1O
20
—400
10 ' l | |
(o] 005 010 015 020
5 Boron content, wt °/o
ure > dary to twin boundary energvy ratios vs. boron

' 1ron

-bhoron

allovs.

Grain boundary energy

boundary energy,

mJ m2

Grain

mJm—2



Cu, Ag, Au, Fe and Ni) the available data were not sufficiently
accurate to provide reliable values of the coefficients for the
five metals they considered. In order to estimatec the surface
energy of y-iron at the temperatures used in the present work,
therefore, the temperature coefficient was assumed to be

200 =1, mnis gave surface energy values of

2300 mJ m~2 at 1050°C and 2350 mJ m~2 at 950°C.

- 0.5 nJ m

When combined with the 7,,/Y., ratios in Table 5.4 for
the nominally pure iron these gave estimates of the twin
boundary energy at 1050°C of 22.6.% 3.9 nJ m-2 for Alloy ™
"and 26.0 # 2.8 nJ m~> for alloy F8 and at 950°C 23.3 # 6.3mJ m™2
for alloy F1. These values are only approximate because of
the presence of L4-6 ppm boron in the nominally boron free
alloys as well as the approximations made in the calculation
6f the surface energies which may introduce a systematic
error inté all the absolute energies, Nevertheless, théy

were used to estimate absolute values of the surface and grain
"boundary energies of all the alloys using the assumption that
the twin boundary energy is independent of boron concentration
(see section 3.5). Within the accuracy of the present

measurements the twin boundary energy is also independent

of temperature. The absolute energy values obtained are

indicated in Figs 5.8 and 5.9.

'.5.7 Mass Transport Properties

When sufface diffusion is the mechanism dominating the
formation of grain boundary grooves, the surface diffusion
coefficients, Dy, can be calculated from Mullins' equation (Le1).
: Blakely and Nykura [1963] used this equation with ®n = dh,

where a 1s the 1nteratomic spac ing and.is equal to 2 62 for
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v iron. As a further approximation for the present work it
was assumed that 4 was unaffected by the small amounts of

boron in the alloys. Equation (4.1) was rearranged slightly

eee (541)

apd D, values calculated using the values derived for Ytb/st
and ¥,p+ The results are shown in Table 5.6 which also
includes Blakely and Mykura's results. As can be seen the two
sets of values are very similar. The éffect of boron on the

. Dg values is not clear from the results in Table 5.6 which

are again strongly dependent on the rather uncertain Ytb/ysv |
ratios. It is nevertheless encouraging to note that the DS
values, particularly for the purer iron, are in good agree-
ment’with thase of Blakely and Mykura whiqh were me asured

. ﬁnder simi}ar canditions Ff vacuum and temperature and using

a value for y_, of 2000 mJ m 2,

5.8 Discussion

Surface ahd grain boundary energlies of iroh-boron alloys
‘have not previously been measured, However, two sets of
workers have measured ng/ysv and Ytb/ysv ratios for pure
iron, Blakely and Mykura [1963] obtained a value of ng/st
of 0.38 * 0,04 for pure iron in vacuo at 1060°C. This is in
- good agreement with the values obéainea in the present work
at 1050°C which were 0.352 #0,008 and 0,367 * 0,007 for
‘alloys F1 and F8 respectively. Kudrman and Cadek [1969a)
Carriedlout measurements in hya:bgen over & range of tempera-
tures and obtained somewhat lowér‘values than those in v#cuo

in the present work. At 1050°C their value was 0.318 # 0.003.



TAELE 5.6 -

.Surface diffusion coefficients

This work
Annealed at 1050°C | Annealed at 950°C
D o v D,
Alloy - Alloy _
cm2 Sec 1 cm2 Sec 1
™ 2.2 x 10'6 ™ 1.4 x 1070
F3 2.7 x 10'6 F2. - 1.0 x 10‘6
FL 2.0 x 10'6 F3 8.6 x 10~7
F5 2.6 x 10‘6 FL 8.9 x 107
F6 3.5 % 10‘6 F5 1.5 x 10"6
F7 3.9 x 10'6 F6 14 x 10‘6
78 L.5 x 10‘6 7 1.4 x 10‘6
F9 3.6 x 10‘6
0 3.6 x 10'6
Blakely & Mykura 1963
Annealing DS
Temperature cm2 sec=1
o) -6
925°C 1.45 x 10
975% 1.9 x 1078
1060°¢ 7.7 x 1076
1100°C 2.24 x 10~




The same workers also reasured Ytb/7sv ratics on their
materials, Blakely and Mykura obtained a value of 0.0{7 *
0.006 at 1060°C which was an average of only a few e asurements.
McLean and Mykura [1964] re-examined the same sample and from
30 measurements obtained a vglue of 0,015 * 0.004. This
result agrees within the experimental errors with our values
of 0,010 # 0,002 for alloy F1 and 0.011 # 0,001 for alloy F8
at 1050°C, Kudrman and Cadek [1969b] measuread Ytb/ysv ratios
in vacuo at 1050 and 1150°C obtaining values of 0,0160 # 0.,0027
and 0.0136 # 0.0015.respectively. The value at 1050°C is a
bit higher than the present measu?ements but the difference
is only just outside the experimeﬁtal Errors.,

The measurement of grain boundary to surface energy and
twin boundary to surface energy ratios was severely hampered
in these iron samples because of distortions of the profiles
which occurred during the phase change from austenite (fcc)
to ferrite (bec) on cooling from the annealing temperature.

The uncertainties in the Ytb/st ratios were also increased

by the small numbers of symmetrical twin boundary profiles on
each specimen., However, certain effects of boron concéntration
on the interfacial energies are evident.

The reduction in both surface and grain boundary energy
‘on addition of boron is most clear at 1050°C. At this tempera-
ture additions of boron up to 0.005 wt% progressively decrease
the surface energy down to ~80% of the ‘'pure! iron value and
the grain boundary energy to ~70% of the 'pure' iron value.
Further additions of boron & not change the energies any more,
indicating that the interfaces are saturated with boron-.at a
bulk concentration of 0,005 wt%. | |
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At 950°C the situation is less clear. Due to the greater
scatter of results no apparent effect of boron on the surface
energy could be deduced from the measurements. However, a
reduction in the ratio ¥, /7, of up to 20% was found with
additions of up to 0.0035 wt#% boron. This is the same per-
centage reduction as was seen in this ratio at 1050°C but the
bulk concentration at which grain boundary saturation apparently
occurs is lower. This indicates a stronger tendency for boron
to segregate to the grain boundaries at the lower temperature
as would be expécted. On the other hand it makes the lack
of detectable effect of boron on the surface energy more
puzzling.

Boron is not the only interfacially active element
present in the alloys, though it is the only one which was
éystematicaily varied., There were also significant amounts
of C, 0 and S in all the alloys. All these elements are found
.to affect the fracture behaviour of iron (¢f Chapter 3) and
' sﬁlphur has been shown to segregate strongly to iron surfaces
(Bishop and Riviere [1970]) and érain boundaries (Powell et al
(1973]). Thus it is fairly certain that boronlwili not be the.
only impurity component present in excess at the interfaces.
This assertion is confirmed for the surface by the Auger
spectroscopy results in Chapter 6. However, the energy ratios
measured on the two sets of alloys with different impurity
contents at 1050°C lie on the same curve when plotted against
boron concentration. Thus, even in the presence of these
other impurities, boron appears to segregate strongly to
interfaces in iron causing reductions in their energies. It
is not known at present whether the boron segregates com-

petitively, displacing the other impurity atoms from the

- -9 -



‘interfaces, or associatively by forming complexes’ with them,
or vhether any other interaction can occur between the various
solute atoms.,

| The interfacial activity of a solute in a particular
solvent is defined as the decréase in interfacial energy per
atomic peréent of bulk solute concentratién. Hondros and
McLean [1968] attempted to correlate the surface activity in
a wide range of systems with other physical paramefers. They.
found that the best correlation was obtained with maximum
solubility, probably becaa se this parameter reflects all types
of atomic mismatching. Their plot of log (surface activity)
vs log (maximum atomic solubility) is the basis of Fig 5.10..
Hondros [1969] considered grain boundary -activity in the same
way and produced 2 graph like the one shown in Fig 5.11.. The
iines drawn on these figures are sipply there to emphasise
thé general trend of the results and have no special signié
ficance. No account was taken in these figures of the tempera-
ture at which measurements wére made, thérefore they show only .
a general trend. However, they dd give some indicgtion of how
interfacially active a solute may be in a particular solvent.

In order to compare the results of the present work with

other investigations of interfacial energies affected by
solutes, surface and grain boundary activities were calculated
from the curves drawn in Figs 5.8'and 5¢9. Because of the
large uncertaintles in the ratios obtained at 950°C the
calculations were restricted to the results obtained from
specimens annealed at 1050°C. Even at this temperature the
exact shapes of the curves were not well defined but served

to give an order of magnitude for the activities. The values

-92 -
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obtained were 3 x 10% nJ m-z(a‘c%_)-1 for the surface activity
L

‘and 1.5 x 107 wd x:x-z(at‘,’é)-1 for the grain boundary activity.

These values are comparable Qith.thése obtained by Hodgson
[1972] for boron in nickel, and were put on the graphs in
Figs 5.10 and 5.11, from which it can be seen that they are
consistent with the correlation indicated there,

From Gibbs adsorption isotherm (equation (2.17)), it is
expected that a solute which reduces.an interfacial energy
will segregate to that 1nterface.l Similarly, segregation
away from the interface is expected of a solute which tends
to increase the interfacial energy. A further implication of
Gibbs' analysis is that the interface is saturated and
segregation ceases when a monolayer coverage is formed at the

interface. The extent of segregation can be calculated from

equation (2.17) by writing it as

L T
G log1ox)T = = 2.303 RIT,. eee (5.2)

Values of (9¢/ log1oX)T at 1050°C were obtained from the
surface and grain boundary energy curves in Figs 5.8 and 5.9,
replotted against log1ox and extrapolated to the concentration
.where saturation is reached. This gave rise to values of’ra,

the excess concentration of boron at the interfaces, of

2 19 2

1.8 x 1019 atoms m < at the surface and 4.1 x 10 atoms m

at the grain boundaries.

It is easler to visualise this interfacial concentration
of solute in terms of fractions of a monolayer, althougﬁ this
is an even mare approximate measure because values for the
interfacial densities of atoms must be assumed., The surface
coverage was calculated for a (100) plane to be 0.6 monolayer.

The grain boundary coverage was calculated by assuming a

- - 93 -



'monolayer at the grain boundary to be a single cldse packed
plzne. This gave a coverage of 0.6 monolayer. These figures
give_only the order of magnitude of the coverages because of
the uncertaintles in the experimental results from which they
are derived and the approximatibns involved in their cal-
culation.. However, they do serve to show that the saturation
coverage by boron of both surfaces and grain boundaries in
austenitic iron is an appreciable fraction of a moﬁolayer.
In so doing, they are consistent with Gibbs' analysis of
interfaclal segregation and are substantially in agreement
with work on other systems, some of which are mentioned in
Chapter 2.

Seah and Hondros [1973] have defined a more precise
parameter, the grain boundary enrichment factor, 8, by which
fo_compare segregation in different.systems:

X./X
BB, 5ygb/6 X

B - XBOR'*‘.,C) =-X—§; vee (5.3)
'where XB = number of moles of aésorbate;_x, per m2 of
grain boundary, . .
XBO = nunber of moles of X required per m2 t6 form a
close packed sheet 1 atom thick,
Xc = bulk atomic concentration of X,
ey g_limit of atomic solubility of X at the measure-
ment temperature, ’
and K = exp(Q/RT) which for temperatures:v1000°K and

Q 0-5 kcal mole”' is in the range 1 to 10.
For the iron-boron system the maximum solubility at 1050°C
from the phase diagrams in Fig 2.4is between 40 and 120 wt ppm
(2-6 x 10-)4 atom fraction). The value of § calculated from

)
the present measurements for iron-boron alloys at 1050 °C is

- 9L -



3

4.3 x 10° and, as shovwn in Fig 5.12, this is in reasonable

agreement with Seﬁh and Hondros' correlation.
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CHAPTER 6  ANCILLARY MEASUREMENTS

6.1 Foron futoradiorrsohy

Autoradiograpﬁy is a technique which enables the
distribution of a particular element within the structure
* of a material eo be determined. In some cases a radioactive
isotope can be incorporated into the material eand its distri-
bution recorded cn a prhotographic plate. For the case of boron,
Hughes and Rogers [1967] developed a slightly different tech-

nigue. Natural boron contains about 19% 10

rest being 118. The minor isotope has a high capture cross

B isotope, the

section for neutrons of thermal energies. and undergoes the
1OB[n,o:]7Li reaction. Hughes and Rogers found that the
resulting a=-particles procduced tracks in a film of cellulose
acetobutyrate in close contact with the surface of a boron-
containing specimen. These tracks were revealed by removing

the film from the specimen,etching it in hot potassium hydroxide
and viewing on a eicroscOpe in dark field illumination. In

this way they vere able to determine the-boron distribution
‘with a resolution of 2um in samples with boron ‘concentrations

" ranging from 41 ppm to about 20%.

At first sight it appears that autoradiography is a good
technique for studying boron segregation in metals and alloys
and should therefore be used to back up the present work.
However, Stein [1967}-conel¢ereq the application of auto-
radiography to the measuremenf”ef equilibrium segregation to
grain boundaries and found that it was a rather insensitive
technique for this purpose. He.gave examples of several
systems in which other measurements indicated the existence of

equilibrium grain boundary segregation but where autoradiography

- . _96_



had failed to cdetect it.' He thus set up a mathemat;cal
model of a gfain boundary and considéred the factors affecting
the detection of segregation to this boundary. He found that
in orcder to detect grain boundary segregation the range of
energies of the emitted particles must be very low and the
concentration of the segregation species must be 2-3 orders
of magnitude greater in the grain boundary than in the gréin
interior. He thus concluded that detection of equilibrium
- graln boundary segregation by this technique was unlikely
except in a few ideal cases.
| This canclusion was backed up by the results of Williams
[1972] stuay of boron segregatlon in solution treated 316
steel in which he concluded that boron did not segregate to
the grain‘boundaries at the solﬁtion treatment temperatures.
This.éonclusion was.based on measurements on specimens which
had either been cooled'iﬁué Stream of cold argon (~50°C/sec)
or had been water quenched (~500°C/sec). In the former case
some boron was seen to be segregated to the grain boundaries
but no segregation could be detécted in the lapter case, He
therefore deduced that the observed segregation was of a non-
equilibrium type and occurred during cooling from the solution
‘ treatment temperature. The corollary of these observations,
that equilibrium segregation of boron in 316 steei does not
occur at solution treatment temperatures conflicts with the
results of the grain boundary energy measurements described
in Chapter 4, which were made on specimens from the same
casts of steel as VWilliams used.

Another potential limitation of the technique‘which*was
highlighted by Williams' measurements is that when a specimen

is subjected to a particular series of treatments the boron



analysis can only inéicate where the boron is at the end of
the experiment. Unless great care is taken to quench the
specimens very quickxly, the mzasured boron distribution may
.bear little resemblance to its distribution at the tempera-
ture of interest.

The materials used in the present work were examinea by
Applied Chreristry Division, Harwell, using autoradiography in
the 'as received' condition and after the various grooving
treatments. They were metallographically polished before -
application of the detecting film so that the internal 5oron

~distribution was examined. However, for the reasons given‘
eabove the amount of information obtainable from these examina-
tions was limited. The specimens were cooled in the furnace
after the gfooving treatments at initially > 50°C/min, a speed
which was fast enough to prevent the groove shapes being
significantly altered but which was quite slow enough for the
boron to be redistributed. Thus the segregation of boron to
the grain boundaries observed on some of the'autoradiographs'
eg Fig 6.1a, was not the equilibrium segregation for the
particular arnealing temperatures. The distribution of boron-
»containing precipitates before and after the grooving anneals
was seen clearly in the autéradiographs. 'In the case of the
316 steels annealed at 950°C it was found (Fig 6.1) that aftep
- the heat treatment there was still evidence of the boron-
containing precipitate stringefs which wére present in the

'as received' material, This indicated that the predipitates
had not all been dissolved during this particular heat treat-
ment.

Garnish and Hughes [1972 and 1973] have shown taat

sutoradiography can also be used to give quantitative analysis
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of boron in a saxzple. For this the cellulose acetobutyrate
£ilm is spaced off froxz thre speciqen surface by ~0.5 mm so
that the distribution of recorded tracks is more even. ‘The
individuel tracks in a given area are counted and the boron
céncentration calculated from the knovn neutron dose rate.
The process is repeated on several areas of the specimen to
check for macroscopic inhomogeneities. The iron specimens
wvere analysed for boron in thié way after being grooved and
measured and the results are given in Chapter 5. The main
errors in such rceasurerments arise from the limitations of
optical track density determinations. Gernish and Hughes
estimated that, vhen 1000 or more tracks were counted, the
accuracy of the measurements were +.10% for boron concentra-
tions over 30 ppm, decreasing to #* 20% at 10 ppm and % 70%

at 1 ppm.

6.2 Auger Spectroscopy

Auger electron spectroscopy enables the top few atom
layers of a specimen surface to be analysed. Auger electrons
result from the transition of an excited atom (ionized in an
inner shell) to a lover energy stage. In 1lts simplest form
the process is represented by the energy diagram in Fig 6.2.
A primary electron (energy Ep) ionizes an atom in an innef
level E1. An electron from a higher level E2 fills the gap
in E1. The energy 'E1 - E2| thus released can either be
emitted as a photon (characteristic X-rays), or be transmitted
. to another electron in an‘energy level E3, causing it to be
emitted from the solid as an Augcr electron. The Auger
electron has the characteristic energy E, =’ E1l -I.E2,'-I Ejl‘

To be identified as an Auger electron, the emitted electron .

. "-uégﬁ-



5= Fal-{'9- 3

€4

O=13A37 WNNOVA

P3J=SNOY¥L1LO33 GMOD<H
40 A9H3IN3 DI1L3INI
F Um

ons.



must lose no energy before emerging from the surface. The
probability of interaction by electrons with energies in the
range 30-300 eV with atoms in the so0lid is very large, so
effectively the two top atomic layers contribute the bulk
of the Auger electron emiss{on. At lonization energies Ep
of less than 500 eV the probability of releasing a photon
instead of an Auger electron is very low so that by bombarding
the specimen with such electrons a spectrum of Auger electrons>
characteristic of the particular surface is obtained. The
energy distribution is electronically differentiatgd to pick
out the characteristic peaks; _

Because some of the other eléments present in the iron-
boron alloys were potential surface and grain boundary
segregants, two of the specimens were examined by Solid State
Instruments Group using Auger electron spectroscopy. One
specimen from each serles of alloys was examined, alloys F5 and
F9. The specimens were mechanically ground to a thickness of
about 5um and one side polished in the same way as the speci-
mens which were subsequently grooved. The specimens were
heated by passing a current through them so that measurements
could be made at temperatwe. The specimen of alloy F5 was
uneven in thickness and therefore heated unevenly along its
. length, the difference between the hot and cold ends being
about 70°C. Thus, analyses were given for each end of the
specimen whereas on the specimen of alloy F9, which heated
evenly, average analyses were obtained. Each specimen
surface was analysed ‘'as polished', after argon ion bombarding
to remove adsorbed gases, at-950°C,'at room temperature after
30 mins at 95000, at 1050°C and again at room temperatwre

" after 30 mins at 1050°C. The results obtained are summarised
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in Tubloe 6.1 wherc tho nuwbers are approximote atomic per-
centages of the elements present on the surface.

The first thirng which is evident from the results is
that boron is by no means the only segregating element
present in the alloys, indeecd it is not even the major element
prgsent on the surface. However, it does segregate to the
surface in appreciable quantities when the specimens are
‘heated as shown by the presence of up to 3 at% B on the
surface of alloy 15 whose buik cancentration is nominally
0.008 wt% (0.0LO at%).

An interesting correlation is seen to exist between the
boron and nitrogen segregatibn, Fig 6.3, A similar correla-
tion has been observed previously on other iron and steel
surfaces by Bishop and Rivigére [1970]. The reason for this
correlation is not known, whether ’B—N complexes are formed
within the material and segregate as a unit, or whether the
presence of one of these elements at the surface creates a
structure which increases the segregation of the other. The
fact that the concentration of B 4 N after cooling to room
temperature is nearly twice that at the high temperatures
suggests that a boron nitride may be precipitating on cooling.
On the other hand, this may be Just another example of non-
equilibrium segregation acting to enhance the already existing
high temperature segregation.

On the 'as polished' surfaces large amounts of oxygen and

.carbon were found. Under argon ion bombardment most of the
oxyéén was removed from the alloy F5 surface indicating that
it was mostly adsorbed gas, However, the carbon remained on
the surface, indicating that it was more strongly bound.

For the alloy F9 the reverse was true, ie the carbon was

¢
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TAELE 6.1

Results of Aurer Spectrosconic Analyses

‘Sreciren F9 (50 vvm B)
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Treatzent e 0 Ca C Cl S P N Ar 3
As polished 56.8 | 30.7| 0.1 [ 9.9 {1.9| 0.7 - - - -
Ion bombarded [ 65.3 | 30.7] + |[3.1(0.2] 0.2 ~"| 0.3} 0.3] =~
Repeat IB 65.2 | 30,7 + |31 |0.2 + - - | 0.9 =~
At 950°C 8443 | 10,0} 0.3 | - - 50| = | = - | 0.5
At room tenm-

perature 91.6 | L.9f 1.3 0.1 - 0.6 4+ | 1.0 -~ | 0.6
At 1050°C 80.6 | 13.0] 2.6 = | = | 3.8|0| | =1 «
At roonm

tempera ture 89.8 8.21 149 ¥ | - 0.1 - - - 0.2

Specimen F5 (80 ppm B)
As polished LL.8 | 40,6 11 8.5 | 0.5 0.5 1 0.5 0.5 - -
Repeat IB 84.6| 6.,2{ 4 | 8.0} - - - - | 1.3] -
At 810°C 73.3 | 1.8 - | - - | 24.8 | - S T .
At 9140°C 69,8 | = | = | - | = [26.7] = | 23] - | 1.2
RT: cool end | 82.3 - - | 0.6 = | 16.5] = | 0.5] = +
RT: hot end €6.5 - | 0.211.3 - 23,71 - | 4.8 - | 3.5
At 905°C 73.8| = | = | = "= [24.3] = | 1.4 = | 0.9
At 1030°C 70,51 -| - | - | - {25.9] - | 2.0 - |1.6
RT: cool end 67.9 - 0.2 ] 1.1 - 23.9 - 3.9 - 3.0
+Detected but amount not me asurable.
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removed by ion boabarcément but the oxygen was unaffected
suggesting that an actual oxide layer was present on the
surface,

When the specimens were heated the carbon and oxygen
concentrations on the surfaces of both alloys were reduced,
presumably by either evolution of adsorbed gases or dissolu-
tion of the oxide layer into the bulk of the specimen. On
the alloy F5 surface, no oxygen or carbon was detected at 950
or 1050°C but some carbon reappeared on cooling to room
;emﬁerature. On the alloy F9 surfece the'carbon disappeared
on heatiné but an appreciable quantity of oxygen remained
throughout the reasurements. .The'oxygen.concentration
was higher at 850 and 1050°C than on cooling back to room
temperatwe, It is interesting, in view of the intefactions
of carbon and oxygen in iron discussed in Chepter 2 (2.3.3),
to note that the oxygen completely disappeared from the
surfece of one specimen and the carbon remained (or rather
returned on cooling) and in the othef»specimen the carbon
disappeared but tre oxygen remained. Tﬂis very scanty
.‘ev;dence ties up with the suggestions of Tsukahara and
Yoshikawa [1971] that oxygen at an interface tends to exclude
carbon from that interface. ' |

The dther element which.wés observed to segregate to the
surfaces in large quantities was sulphur. The quantities '
were smaller in the.ééééEof'the“purer alloy F9 but still
apprecia@le. Bishop and Riviére [1970] observed large
quantities of sulphur on other iron surfaces and showed that
on removing some of the sulphur by reacting with oxygen or
hydrogen the boron and nitrogen concentrations increased.

Sulphur appears to be a very strongly segregating element in
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. iron and Powell et al [1973] have used Luger spectroscopy to
show that low temperatw e intergranular embrittlement in iron
is associated with segregation of sulphur to the grain
boundaries.

From the known presence of interstitial solutes in the
alloys used for the present work it was expected that intef-
facial segregation of several species would take place. The
Auger analyses confirm that this is the case at least for
the surface. The results obtained for the effects of boron
segregation on grain boundary and surface energies Aescribed
in Chapter 5 therefore apply to iron alloys of the particular
compositions used and not to a pure binary iron-boron system.
However, the similarity of the effects of boron in the two
series of alloys of different purities suggests that boron
has a strong enough driving force for segregation, that it
will segregate and lower the interfacial energies in iron
alloys even in the presence of other segregat;ng elements.

such as sulphur.
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CHAPTZR 7 DISCUSSION

Measurements have been made in this work of the effects .
of boron on the surface and grain boundary energies of AISI 316
sustenitic stainless steel and pure fcec iron. Hodgson (1972]
measured the effects of boron on the same energies in pure
nickel which is also fcc., Her resuits were very similar to
‘those obtained for iron and so will be considered in this
" discussion alongside the present iron and steel results.,

Boron has a very low solubility in iron, nickel and austenitic.
steel. It therefore follows that its atoms have a high degree
of misfit in these lattices and thus should experience a

large driving force for segregation to any available distorfed
regions such as surfaces and grain boundaries.

Bishop and Riviere [1970] showed using Auger spectroscopy
that boron does segregate to iron surfaces, though not t the
exclusion of other elements such as sulphur, oxygen, carbon
and nitrogen. Hodgson [1972] found similar results in nickel
boron alloys. This technique has not yet been applied to the
segregation of boron in austenitic steels but Williams [1972]
used autoradiography to look for boron segregation to grain
boundaries in AISI 316 steel. By using suitable cooling
conditions he produced observable non-equilibrium segregation
but was unable to detect any equilibrium segregation of boron.

In the measurement of interfacial energies frém the
shapes of the intersections of several interfaces after long
. anneal ing times any effeéts of solutes on thesé energies must
be due to equiiibrium segregation at the annealing temperature.

Hodgson made such measurements at 900 and 1000°C on nickel

allbys containing up to 0.005 wt% boron, the highest
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concentration bteing outside the solubility limit for boron

in nickel. The present measurements were mde on iron con-
taining up to 0.020 wt% boron, close to the maximum solid
solubility, at 950 and 1050°C, and on 316 steel containing

" 0.001 and 0.0060-0.0065 wt% boron, probably within the solu-
bility 1imit, at 950 to 1250°C. The accuracy of the energy
values obtained for the steels and iron alloys were discussed
in Chapters 4 and 5 respectively and are typical of the type
of measurement used.

The effects of boron on the surface energies, whicﬁ were
measured using the assumption of constant twin boundary enérgy,
are summarised in Table 7.1. In the nickel alloys at 900
and 1000°C and in the 1iron alloys at 1050°C adding boron was
found to decrease the surface energy, indicating that segrega=-
tion of boron to the surfacé had taken place at the high
terxperatures, up 1o a certain concentration where saturation
apparently occurred. Further additions of boron had no effect
+ on the surface énergy. Saturation appeared to occur in the nickel
alloys at between 0,006 and 0,010 w@% and the sgturation value |
of surface energy was 35% below the value for ﬁure nickel at
1000°C and 20% below at 900°C. Boron reduced the iron surfacé
energy by up to 20% at 0,005 wt% and 1050°C. In the case
' of the iron alloys at 950°C and the 316 steels the effect of |
boron on the surface energy was.not entirely clear, though a
reduction of about 10% was apparent with 0.,0035 wt% boron in
iron at 950°C. Five out of the eight pais of measurements on
the steels showed a reduction of between 10 and 30%4. The other
three showed no change or a slight increase in the surface.
energy on Increasing the boron content. This uncertainty

was probably due to interference from other impurities in'
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TABLE 7

o1

Reductions in surface energies on increasing

boron concentration

Temp Change in Reduction in st
oC B concn, ppm % nJ m=2
Fe alloys . 950 Q0 —> 1&0/ 12 280
1050 | 0 —» 60 22 380
Steels 950 10 —> 60- -6 =35
I & II :
1050 10 —» 60 29 255
1150 | 10 —> 60 18 | 180
1250 | 10 —> 60 9 70
Steels 950 | 10 —> 65 12 .70
III & IV .
1050 | 10 —> 65 0 0
1150 10 —> 65 20 - 220
1250 10 —> 65 -8 -53
N1 alloys* 900 0 —>100/ 20 L00
1000 0 —->1OC7‘ 35 700

}hpproximate concentration at which saturation
of the surface occurred

*Data from Hodgson [1972].




' the materials which could also segregate to the surface.
However, in the cases where an effect of boron on the swurface
energy was defined it was similar in the iron, nickel and
316 steels, both in the size of the effect produced and the
bulk concentration of boron at which the minimum value of the
surface energy was reached. | |

A fuller comparlson between the measurements on iron,
‘nickel and 316 steel can be made for the grain bouhdary
energies, Table 7.2, which were also reduced by boron addi-
tions, indicating equilibrium segregation of boron to the
grain boundaries at the annealing temperatures wsed. In all
these materials the effect of boron on the grain boundary
energy was greater than its effect on the surface energy when
expressed as a percentage of the energy for boron ‘free' (or
in the case of 316 steel, 10 ppm bo?on) material. However,
beéause the grain boundary energy is always smaller than the
surface energy the drop in absoiute energy Was usually greater
' for the surface than for the'gragn boundaries, cf Tables 7.1
and 7.2. This qualitative statemént is applicable to the
measurements on iron and nickel alloys but its applicability
to the steel measurements is less clear, largely because of
the uncertainties in the surface energy values.,

The effects of boron on the grain boundary energies were
similar in all three materials. In iron at 1050°C a minimom
surface energy ~30% below the value for pure iron was reached
at a boron concentration of 0,005 wt%. In 316 steel at 1050°C
increasing the boron concentration from 0.001 to ~0,006 wt%
decreased the graliln boundary eneréy by ~30% and in nickel at
1000°C the minimum grain boundary energy ~50% below the yalue

for pure nickel was obtained for a boron concentration of
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‘ | TAELE 7.2

Reductions in prain boundary energies on
increasing boron concentration

Temp Change in Reduction in Tsv

O B concn, ppm % nJ m-2
Fe alloys 950 0 — uo/ 19 240

1050 0 = 80/ LO +350
Steels 950 | 10 —» 60 12 45
I&IX

1050 10 —> 60 3 210

1150 10 —+ 60 39 310

1250 10 — 60 20 130
Steels 950 10 —+ €5 16 '55
III & IV

1050 10 — 65 29 160

1150 10 —> 65 29 . 200

1250 10 —> 65 25 150
Ni alloys* G600 0 ->100% 35 360

1000 0 -—>100/ 50 420

/Apprbximate concentration at which grain boundary
saturation occurred.

*Data from Hodgson [1972].
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~ 0,01 wtfi, The similarity between these results is marked
despite a wide variation in interstitial impurity content of
the base materials. The nickel alloys had the 1owest inter-
stitial contents, up to 0,004 wt# C and 0.004 wtsl S (O not
quoted), and the effects of boron seem to be most easily seen
in them. However, even in the 316 steels the boron has large
effects on at least the grain boundary energies.

The large.reductions in surface and grain boundary
energies caused by ndditions of boron to iron, nickel and
316 steel indicate that the boron segregates to these inter-

. faces at the annealing temperatures used. For the iron and
nickel alloys, by treating them as simple binary systems of
borén in dilute solution in a metal base it was possible to
calculate values of the interfacial activities and excess
concentrations of boron in each base material. The inter-

. facial activities, the rates of change of interfacial energies
with bulk boron concentration at concentrations apprnaching
zero, were compared with those for other systems using
Hondros' and McLean's correlations, Fig 5.10. ,As can be seen
from this figure.the activity values calculated for boron in

. both iron and nickel were fairly high oudo“ nJ m"2 per ai%)
and fitted well with the general trend of increasing activity

"as bulk solubility decreases.

| ‘The excess concentrations of boron at the interfaces

.caiculated from Gibbs' adsorptinn isotherm were similér for
iron and nickel: 1.8 x 1019 'anaa 1.4 x 1019 atons m™2 at the
surface and grain boundaries respectively of iron at 1050 C
and 5.2 x 1018 atoms m ~2: at‘both types of interface in nickel
at 1dOO°C; Another way of expressing the excess concentration

of a solute at an interface is as a fraction of a monolayer,
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but this is rather more approximate beéause of a lack of

. knowledge of the exact atomic spacing in interfacial regions.
Hondros and lcLean [1968] and Hondros [1969] have given |
collections of interfacial concentrat ions expressed 1% this
way and shown that for most strongly segregating solutes a
value of ~1/3 to 11/3 monolayer is obtained., Thus the valuesof
O.6 ﬁonolayer of boron at iron surfaces and grain boundaries.
calculated in the presené work seems reasonable. Seah and
 Hondros [1973] found a good correlation 5etween a 'grain
boundary enrichment factor', g (see equation (5.3)) and the
limit of atomic.solubility at the temperature of the measure-
ments. A value of B of 4.3 x 103 was calculated for boron

in iron at 1050°C which is in reasonable agreement with Seah
and Hondros' correlation (see Fig 5.12). It is also very
-similar to the value of 5,6 x 10° fo}_piqkel-boron at 1000°C,
thué further emphasising thé similarity of the action of boron
 1n nicke1 and in y-iron noted frdh the original enefgy measure-
ments;; The similarity or the,effect of boron on the graih
‘boundary energies in 316 steel also leads to the suppéSition'
that boronﬁis acting in much ihé;same-way in this more complex
material af the;tempe?atures used for the energy measurementé,
where the steel has auéiﬁgié'ﬁhasefstructure.

Segéegation of solutes to grain boﬁndaries is often
associated With changes in the mechanical properties of
materials. Some examples of grain boundary embrittlement
at low temperatures and reduction of creep ductility at high
temperatures associa;ed with grain boundary segregation were
given in Chapter 2 (Section 2.3.3). Boron has beeﬁ found to g
'increase the creep ductility and creep rupture life of 316
steel in the temperature range 600-700°C (Willieams, Hgfries
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‘Furnival [1972]). They also found that the improvement in
creep properties was associated with a reduction in the
incidence of graih boundary cracks. The present work has
shovn that boron segrégates to the grain boundaries in this
qteel at higher temperatures, 9504125O°C. The question thus
raijsed is whether boron at the grain boundaries reduces the
tendency for them to fracture by its effect on their_enérgies,
_in contrast to the effect of most other segregating solutes
so far investigated which tend to embrittle boundaries.

When a material fractures in a brittle or a semibrittle
manner, either at very low ﬁemperatures or during creep at
high temperatures, it does so by the growth and coalescence of
one or more cracks., These may form either within grains or
along-gfain boundaries. When the cracks are formed or
' extended, in order to produce the new surfaces an amount of
energy must be supplied by the relegse of stored elastic
engrg& which is equal to 27FS - Ygp PeT unit afea of grain
boundary fractured or 27FS per unit area of transgranular
crack formed. (At high temperatures energy is flso absorbed
in plastic deformation.) ! Here Ypg 18 the surface free energy
- of the newly formed fracture surface and-y,p is the free
energy of the grain boundary immediatély.prior to fracture.
These quént}ties are not the same as Yoy 804 Ygb? the
equilibrium surface and grain boundary free energies, though
in high temperature creep the conditions may be such that
6B = ng; If the values of ypg and/or y,p are altered, for
instance by segregation to the grain boundaries prior to
,fracture,'then the surface energy requirement will also be
-altered. If 27pg is reduced due to the segregation by an

'ambunt.larger than the reduction in y4q, then the surface free
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energy necessary to produce fracture along the grain boundary
is lowered., If 27FS - TgB is increased then fracture along
the grain boundaries 1s inhibited.

Referring to Tables 7.1 and 7.2 it can be seen that for
fthe iron and nickel alloys the equilibrium interfacial energies
are changed.on saturation with boron in such a way that 27sv -
Tgb is always reduced., This is also true in 5 out-of the 8
pairs of results for the steels, the exceptions being those
which showed an apparent slight rise or no change in surface
energy on increasing the boron concentration. The first
implication of these results is t?at the grain boundaries in
iron and nickel and probably 316 steel should be embrittled
by segregated boron. It has already been mentioned that
Trs £ Tov? though at high temperatures 1 is probably egqual
to ng‘ In the iron and nickel alloys it was shown that the
saturation surface and grain boundary concentrations expressed
in atoms per me vere approximately equal (ie Tsvzirgb). Thus
when a graln boundary fractures the newly formed surface will
have only half its equilibrium concentration of,boron and thus
Tps > Ysv* However, even if we assume that the reduction in
Ypg Detween pure iron (or nickel) and iron + 0.006 wt% boron
(or Ni 4+ 0.010 wt% B) is equal to only helf the reduction in
Ygyr then 2Ypg = Yo (= 2Ypg = ng) will still be reduced
according to the figures in Tables 7.1 and 7.2. (In fact the
reduction in Tws will probably be rather more than this as the
rate of change in surface energy tends to decrease with
increasing boron concentration.) If we apply the same argu-
ment to the five pairs of steel results for which 2y_, - Ygb
is reduced by increasing the boron concentration then for

- three out of the five, 29ps = Tgp would definitely be reduced

-
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and for the other two it might increase, However, .because of
the relative lack of data for thé steels this argument is less.
certain,

From the above consideration of interfacial energies it
appears that boron segregated at ?he_grain boundaries of iron,
nickel and possibly 316 steel should cause embrittlement of
the boundaries and thus, for example reduce creep rupture
lives and ductilities at temperatures of 950°C and above.
However, this is manifestly not the case in 316 steel at
600~700°C as has been shown by Williams et al [1972]. By
analogy it might be expected that boron would cause low
temperature embrittlement in iron and nickel., However, Taga
and Yoshikawa [1971] showed strengthening of iron grain
boundaries at low temperatures in the presence of boron,

The comparison of interfacial energy data with mechanical
property data for alloys containing boron thus stresses the
* importance of taking into account the many other factors
involved in deformation and fracture processes., In systems
where impurities are associated with embrittlemgnt it is easy
to see correlations between interfacisl energy changes and
reduction in a parameter indicating grain boundery .strength
or cohesion. However, by studying systems in which an inter-
facially active solute is associated with strengthening of.
the boundaries it has been possible to show that such changes
in interfacial energy are not necessarily sufficient to pro-n
duce grain boundary embrittlement., Instead the embrittling
tendency can be overcome by 'other effects of the solute, in
the case of the 316 steel interaction with carbide precipitates

and ror-iron at low temperatures probably interaction with

other impurities,
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THE SURFACE AND INTERFACIAL ENERGIES OF THE
URANIUM-URANIUM CARBIDE SYSTEM

5. N. HODKIN, D, A, MORTIMIEER, M., G, NICHOLAS and D. M. POOLI

UKALA, Solid State Division, Alomic lnergy Rescarch Kstablishwment, HHarwell, Dideot, Berks., UK

'

Roecoivod 12 Oclobor 1970

Tho surfnco and intorfacinl enorgios of the U-UC
system havo beon dotormined within the tempoerature
range 850-1720 °C from sessile drop experimental
data together with other data published proviously
by the authors. The values obtained, in units of J /m’.‘
can bo described as a function of temperature, ¢ °C,
by tho following cquations. . '

Surface energy of UC,
yuc-a=(0.728 4 0.041)—10-8 (¢—1325),
13256 < ¢ < 1720.

Grain baundary enorgy of UC, :
puc-ve=(0.274 -+ 0.0156)—4 X106 (t=—1325),
1325 < ¢ < 1720, B e

Interfacial energy between U and UC,
su-ue=(0.141 4 0.008)=7 X 10~¢ (¢—1100),
1100 << ¢ <7 155605
pu-ve=(0.141 -- 0.008)—6X10-% (¢—1100),
850 < ¢ < 1100.

Surface energy of liquid U,
‘/Lu=1.45 :t 0.012,
1190 < ¢ < 1600.

Surface energy of liquid U saturated with C,
YLU(C) = 1.44—2.35 X 10-3 (¢—1325),
1325 < ¢t < 1600,

Los énergies do surfaco ot interfacialo du systdmo
U-UC ont &6 détermindes dans lo  domaino do
tompératuro 850-1720 °C & partir des donndes oxpéri-
mentales concernant 1'équilibre d'uno goutte sessilo
ot aussi & partir des donndes publides antéricurement
par les auteurs. Les valeurs obtenues, oxprimées en

J/m? peuvent &tro déerites en fonction do la tempéra-
~ turo ¢ °C, par les dquations suivantos:

Iinergio superficielle do UC,
yuc-a=(0.728 - 0.041)— 10~ (¢.—1325),
13256 < ¢ < 1720,

Energio des joints do grain de UC,
yuc-ve==(0.274 + 0.015)—4 x 10=¢ (¢—1325),
13256 < ¢ < 1720.

~ Encergio intorfucialo ontro U ot UC,
pu-uc=(0.141 L 0.008)—7 X 10-6 (¢~ 1100),
1100 < ¢ < 1550;
yu-ve=(0.141 4- 0.008)—6X 10-% (¢—1100),
850 < ¢ < 1100.

Energio superficiclle de I'uranium liquide,
yiu=1.45 4 0.012,
1190 < ¢ < 1600.

Energie superficiclle de 'uranium liquide saturé en
carbono, .
Cynue)=1.44—2.35X 10-9 (¢—1325),
1325 < ¢ < 1600.

Dio Oberfliichon- und  Grenzfliichenenergion 5 i
System U-UC wurden zwischen 850 und 1720 “C
durch Messung des Benetzungswinkels und aus frither
verdffentlichten Arbeiten anderer Autoren bestinant,
Die erhaltenen Werte [J/m2?] kénnen als Funktion
der Temporatur ¢ (°C) durch folgende Gleichungen dar-
gestellt werden:

Oberflichenenergie von UC:
yuc-ar=(0,728 4+ 0,041)—10-% (¢—1325),
1325 < ¢t < 1720.

Korngronzenenergio von UC: S
yuc-ve=(0,274 -- 0,015)—4 % 10-0 (¢—1325),
1325 < ¢ < 1720,

Grenzllichenenergie zwischen U und UC:
yu-ve=(0,141 4 0,008)=7x 10-¢ (¢—~1100),
1100 € ¢ < 1550;
yu-ve=(0,141 4 0,008)—6x 10-% (¢—1100),

850 < ¢ < 1100, E

Oberflichenenergio von f{lassigem U':
yu=1,45 4 0,012,
1190 < ¢ < 1600,

Oberflichenenergie von flissigem U mit C gesittigt:
yrve)=1,44—2,35X 10-3 (¢—1325),
1325 < ¢ < 1600,
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1. Introduction

Values for the surface and grain boundary
energies of nuelear fuels such as UC are needed
for theoretical deseriptions and predictions of
fission product bubble growth. At present the
only published value for the surface energy of
UC is the 1 0.3 J/m? at 1100 °C estimated
by Livey and Murray!) from indireet expevi-
mentation and no published value for the grain
boundary energy of UC is available, although
Livey and Murray assumed that it was
approximately half the surface energy. Because
of the sparsity of the data it was considered
to be worthwhile attempting to determine
values for these two energies over a wide rango
of temiperatures by applying the multiphase
cquilibration technique to the U-UC system. In
this technique, the geometric changes produced
by vectorial interaction of interphase boundaries

at intersecting interfaces are measured 2). The

intersections involved are shown in fig. 1 and
- if torque terms are ignored, the equilibrium
configurations are defined by the relationships:

2 yuc-a €0s (/2) =yvc_vc | (1)
2 y*uc-a cos (*/2) =yuvc-ve (2)
2 yy_uc ¢0s ($/2) =yuc_vc (3)

YU-UC €08 N+ yLu(c) €os O=y*yc_a,  (4)

where yuc-a and y*yc-a are the surface energies
of UC in argon and in argon contaminated with
uranium vapour respectively, yuc_vc is the
grain boundary energy of UC, yy_uyc is the
energy of the U-UC interface and yru(c) is the
surface energy of a sessile drop of liquid
uranium that is in equilibrium with UC.
Values for the angles y, »* and ¢ obtained
. in this laboratory have been reported pre-

N. HODKIN ET AL.

ARGON PLUS
U VAPOUR

(b)

(e)

(d)

Fig. 1.
of energetic interactions at phase interfaces.

The geomotrics gencrated by several types

fig. 1(d). The geometries of the drops were
measured to obtain values for » and 0 and
precise measurements of the contour of the drop
surface were used to derive values of the liquid
surface energy.

The equilibrium values for the five angles and
for yLue) were substituted into eqs. (5), (6)
and (7)—rearrangements of egs. (1) to (4)—to
derive values for the surface and grain boun-
dary energies of UC and the U-UC interfacial
encrgy. :

_ yLu(c) cos cos 4 cos Ly*

viously % 4) and this paper presents data for 00a 008 19 (Cos § —cos 7 cos {y*) )
the angles 7 and 0, and for the surface energy !
of liquid uranium in contact with UC. These o i 2y1uc) €08 0 cos 1¢ cos ip* (6)
new data were derived from “sessile drop” €08 }¢p — €08 7) COs 4p°*
experiments in which drops of liquid uranium 3 :
rest on UC substrates in an argon atmosphero - M spath yLu () cos cos Ip* ™
and adopt configurations similar to that of - ©0s 4 —087) c0s jp* ;
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2.

Experimental techniques
The uwranium carbide was in the forn of slabs
approximately 1 em x 1 em x 0.4 em, cut from
are-cast AR and
IRD Ltd., which metallographic examination
showed to be single-phase. The wraninm samples
were, 0.4 em cubes eut from a Springficlds
Refined Consolidated Uranium billet.

Chemical analyses of both the carbide and
the metal are presented in table 1.

ingots  obtained  from

Tanne 1

Chemical analyses

I. Uranium Carbide

Carbon Nitrogen | Oxygen E
(wt%) { (Wt9,) (wt2)) Other details
4.59 0.02 l 0.03 |Uranium rich structure,
: used in determination of
¢ values ;
4.67 0.024 0.028 |Stoichiomotric structure
= a8 defined by motallo-
graphy - used in determi-
nation of 2, y, p* and 0
II. Uranium (Springficlds Refined Consolidated
Billet 15U 129)
Carbon |Oxygen| Silicon Nitrogen | Iron | Aluminium
(ppm) | (ppm) | (ppm) | (ppm) ‘(ppm)| (ppm)
17 30 | <5 | <5 I <B| <&

The surfaces of the carbide slabs and metal
cubes were ground on silicon carbide papers
down to 600 grade using Hyprez fluid as a
lubricant. The carbide surfaces were further
polished on pads impregnated with diamond
dust down to 0.1 gm particle sizo, again using
Hyprez (luid as a -lubricant.

Both carbide and metal samples were cleaned
after this surface preparation by being washed
and ultrasonically agitated in methyl alcohol
and dried in a blast of hot air.

“The carbide slabs were outgassed in a vacuum
furnace at 1700 °C for half an hour, after
which the furnace pressure had fallen to less
than 1 x 10-¢ torr. When the furnace had cooled

- 121

61

to room temperature it was openced and the
plaque surlace was levelled with reference to

~a pendulum suspended in the chamber by

ajtering the settings of external stabilising legs.
The camera was also levelled at this time, and
the uranium sample placed on the carbide slab.
The furnace was then closed and re-evacuated,
and the temperature raised slowly to 1050 °C
while maintaining a vacuum of better than
10-¢ torr. The temperature was then dropped
to 900 °C and 99.9999, pure argon, which had
been further purified by being passed through
molecular siecve and then over zirconium-
titanium turnings heated to 800 °C, was admitted
until the pressure within the chamber had risen
to 500 torr. The furnace temperature was raised
to that to be used in the experimental run and
the argon pressure adjusted to slightly less than
one atmosphere. The sessile drops were photo-
graphed at regular intervals during the experi-
ments with an Asahi Pentax Spotmatie camera
loaded with low distortion Kodak 2496 RAR
film.

The contact angles of the drops were measured
from enlargements with an estimated accuracy
of 4+ 2° Because the geometries of the sessile
drops varied widely over the range of experi-
mental conditions employed, as indicated by
the variation of contact angle values from 110
to 37° three different methods were used to
derive liquid surface cnergy values from
accurate measurements of certain dimensions
of the photographs of the drop profiles. In
planning this work it was intended to derive
the surface energy values using the procedure
deseribed by Bashforth and Adams?®) which
involves measurement of the three dimensions
of the sessile drop shown in fig. 2 and use of
a set of tables which they calculated. [White 8)
has recently published an amplified version of
these tables]. Unfortunately this method can
be applied only to drops with contact angles
greater than 90° and thus, as will be scen, it
could not be used for most of the uranium drops.

Two other techniques were used to derive
surface cnergy values for sessile drops with
contact angles of less than 90° Ivashchenko
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Fig. 2. The dimensions that need to be measured

to calculato tho surfaco energy of a sessile drop using

the techniques developed by Bashforth and Adams
and Ivashchenko et al.

et al. 78) have developed a method for deriving
the surfaco energies of drops with contact angles
greater than 60° from measurements of two
dimensions, defined by certain tangents to the
drop profile as shown in fig. 2. This technique
was used for the uranium drops that had
contact angles of less than 90° but more ‘than
60°. Most of the drops, however, had contact
angles of less than 60°, and for these a computer

programme  was used which was orviginally

published by Maze and Burnet?), and subsec-
quently adapted for use in this laboratory. In
order to use the programme it was nccessary
to mecasure the z-y co-ordinates of a large
number of points on the drop profile with
considerable accuracy. In practice, eighty pairs
of co-ordinates were measured with an aceuracy
of + 2 um (~0.01%). This was a tedious and
exacting task which was not undertaken when
“the other techniques could be used.

Thé microstructures of the solidified samples
‘were revealed by sectioning porponc!lioulnr to

o e 408
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the drop-plaque interfaces and grinding with
pads impregnated with diamond dust down to
0,25 gom using “Hyprez” fluid as a lubricant.
The samples were etehed in a 1:1:1 HNOg:
CH3COOH : Hz0 mixture and - photographed
using a Vickers M 55 metallograph. Quantitative
metallographic evaluation was carried out using
a Metals Resoarch Ltd. Quantimet Image
Analysing Computer.

3. Results and calculation of surface and
interfacial encrgics

310
The contact angle measurements are plotted
as a function of time and temperature in fig. 3

- In all cases the contact angles decreased with

time in the first stage of the runs, but at

90 -

60 1i90%C 1ss6°C b

30 oY g

90 |-
60 [ 132s8% 1590 °c

90

DEGREES

sol 1408 1600°%

04 ‘

ANGLE,
-

vol -

.QVc¢:o'c 1675°% .

3ot N

e v v «

CONTACT

0}

PR ARSI 1460°% 167 9% J

30+ " —

SO o
.
60 1730%

3ok . 4

I.O 20 30 1o 20 30
2 TIME., MIN
Fig. 3. The contact angles between uranium sessilo
dropa and uranium carbide plaques at various
tempomturos
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temperatures less than 1556 °C this stage was
followed by another during which the contact
angles inereased with time and the drop profiles
beeame distorted as shown in fig. 4. At tempera-
tures of 1556 °C and above, the initial rapidly
deereasing contact angle stage was followed by
a second during which the contact angles wero
virtually unchanging with time and the drop
profiles remained undistorted,

The contact angles were measured. so that
“equilibrium” values could Lo substituted into
eqs. (H), (6) and (7). Since uranium is not
chemically inert with respeet to UC, true
chemical equilibrium can be achieved only when
the sessile drop/plaque samples are converted
into a plaque of hypostoichiometric UC. Ifor
the present purposes, however, it is sufficient

(d)

Fig. 4. Photographs showing change in contact

angle and flattening of the uranium sessile drop profile

at 1325 °C. (a) at temp.; (b) after 3 min.; (c) after
5 min.; (d) after 15 min.

~examination

to achicve mechanical equilibrium, that is, a
sessile drop configuration which does not change

with time.: This cquilibrium  condition was

attained in the high temperature experiments,

with the possible exception of the 1720 °C run
‘which was of very short duration, but not in

the low temperature experiments.

Ifurther insight into the anomalous wetting
behaviour displayed during the low temperature
runs was sought by qualitative and quantitative
of metallographically prepared
cross-scections of solidified samples that had been
used in both high and low temperature runs.
As fig. 5 shows, intergranular penetration and
crosion of the UC occurred to an extent which
increased with temperature. In addition, den-
drites of what were thought to be UC were
uniformly distributed throughout the uranium
in samples that had been held at high tempera-
tures but were segregated to the uranium free
surface in samples that had displayed profile
distortions after being held at low temperatures.
Quantimet examination of the samples showed
the earbon concentrations of the drop interiors,
caleulated by assuming the dendrites were UC,
were very similar to those needed to cause
saturation at low but not at high temperatures
as shown in fig. 6. It was concluded that
rejection of excess carbon as UC dendrites that
floated to the drop surface caused the profile
distortions and second stage contact angle
inerecases observed during the low temperature
runs. Thus, mechanical equilibrium was most
closely approached during both the high and
low temperature runs when the contact angles
were at thoir lowest values.. :

3.2. g

The measurements of this parameter reveal
a simple picture. Fig. 7, which shows that the
interfacial crosion zone did not extend to the
drop periphery, is typical of the cross sections
examined in order to derive values for 7. All
the values were very small, no individual value
being greater than 2° As 2°'is the estimated
accuracy of such measurements the true values
of # may well have been 0°. In practice, these

i - 123 =
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(a)

(c)

Fig. 5.
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(d)

Micrographs of uranium sessile drops on uranium carbide plaques showing segregation in the

solidified drop and reaction at the carbide interface. (a) 1325 °C; (b) 1405 °C; (c) 1556 °C; (d) 1675 °C. x40
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Fig. 6. Tho concentration of carbon in liquid uranium plotted as a function of temperature.

Fig. 7. Micrograph showing the edge of a uranium
gessile drop on a uranium carbide plaque (15 min,
1490 °C). x28

values are so small that cos % in eqs. (5), (0)
and (7) can be approximately equated to oné.

3.3, yLu©
Surfaco onergy  valuos *

devived  for soven

sossile draps. from pinetean photographs takon

while the drops were undistorted are presented

.

in table 2. The data as a whole display a trend

indieating that the surface energy deereases

with time at temperature. Similarly the energy
values derived from the highest temperature

* In calculating the values it was assumed that

the density of the sessilo drops was that of pure
uranium 12), This assumption was not strictly accurate
because of tho uptako of carbon into the liquid.

TABLE 2
Variation of tho surface encrgy of liquid uranium
with time at various temperatures

L

l t Liquid ‘
Temp. % Time 0 I surface | :
(°C) | (min) ©) | energy ! Technique
i 1 (J/m?) l
|
1190 2 112 ! 1.440 { Adams and
: Bashforth
1325 0 68 1.461 Ivashchenko
1 64 1.475 Ivashehenko
2 63 1.440 Ivashchenko
1405 3 61 | 1.200 Computer
1460 (23 59 1.093 «|* Computer
\
15606 2 47 | 1437 Computer
3 390 1,552 .|  Cowmputer
izl i 30 L3 | Cowputer
[ 82 a8 0.852 ’i Computor
1600 0 46 1.462 Computer
1 45 1.508 Computer
2 44 | 1428 Computer
3 43 1.365 Computer
11 42 1.1G69 Computer
39 40 | 0.781 Computer
1720 0 49 0.931 Computer
1 48 0.959 Computer
3 46 | 0.931° Computer
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experiment. are appreciably lower than any

other comparable data. Both these tronds aro
probably due to inereases in the carbon contents
of the sessile drops,

T'he equilibrium condition of the U-UC sessile
drop/plaque system has been defined as being
whon the contaet angles wore least, The surface
energy values corresponding to these conditions
are plotted in fig. 8. The temperature dependence
of these values is complex and is ill-defined at
temperatures below 1325 °C and above 1600 °C.
Botween 1325 and 1600 °C, howover, theve is
a deerease in the yuu values that can bo
deseribed by the equation

yLuE = 1.44 =235 x 10-3 (¢—1325), (8)

where ¢ is the temperature in °C.

3.4.
With ‘the measurement of equilibrinm values
ol 0, iy and yruge it is now possible to ealeulate

: CALCULATI"ONAOF PUC-A, YUC-UC AND Yy-vuc

the surface and interfacial onergios of the U-UC .-

system at several temperatures. The equilibrium

ut INTERPHASE ANGLES
160 -
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Fig. 8. Data characterising tho equilibrium interfaco
" intoractions of tho uranium-uranium carbide systom
ab various tomporatures.
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values of p*, ¢, 9 and 0 are plotted as a function
of temperature in fig. 8. [Data for p arc not
plotted heeause these are sparse and previous
work has shown them to be identical to p*3)].
The values of yyc_a, yu_vc at temperatures of
1325 to 1720 °C, obtained by substituting these
data or their interpolations and extrapolations
into eqs. (6), (6) and (7) are shown in fig. 8. .
Tho caleulated from the 1720 °C
experimental data are in good agreement with
the other values, showing that an equilibrium
condition was established at the U-UC interface
even though tho run

values

was of short duration,
Statistical analysis of the energy values shows

that they can be deseribed mathematically as
‘a function of the equilibration temperature,

t °C, by the equations,

| yuc.a=(0.728 £ 0.041)—10-5 (¢ —1325),

1325 <t < 1720 - (9)

YUC-UC = (0.274 4= 0.015) 4 x 10-6 (¢--1325),
1825 -2 02 1720 (10)
(0.141 4 0.008)—7 x 10-6 (¢£—1100),
1100 < ¢ < 1550, (11)
Values for the (yu_vc/[yvec-uc) ratio have been
reported previously 4) for equilibration tempera-

yu-vc=

tures below the melting point of uranium. If

eq. (10) can be extrapolated, it can be used
in conjunction with these ratios to calculate
the interfacial energy between UC and solid
uranium at temperatures of 850 to 1100 °C.
The results of these calculatlons can be
summmxsed as

yu-vc=(0.141 £ 0.008) — 6 10-8 (t-— 1100),
850 < ¢ < 1100.

4. Discussion

The work deseribed in this paper represents
the final phase in & programme to determine
the surface and interfacial energies of the U-UC
system over a wide range of temperatures as
a contribution to nuclear fuel development.
However, the data should also be a contribution
to ceramic science in general because few values
for tho surfaco and grain boundary energics of

5 - 126 =
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ceramies are available and as far as we are
aware, no other data are available for any singlo
coriic over a rango of Lemperatures,

The few available data for carbide surface
ange 0.3-3.0 J /m2 15, 14)
and the new values obtained for UC lie well
within this range. They are about 259% lower
than the only published value for UC, Livey
and Murray’s!) estimato of 1 J/m?, but as
Livey and Murray elaimed an accuracy of only
P 3090, the new values can be regardod as o

energies lio within the

substantinl conlivmation of their estimatao,

In contrast, the new values olitained for the
grain boundary energy of UC difler markedly
from the approximate value of 0.5 J /m2? suggested
by Livey and Murray. This suggestion was
based on an assumed grain boundary to surface
energy ratio of 0.50 as compared to the 0.377
actually found for UC3). The high ratio used
by Livey and Murray is characteristic of ionie
solids such as Al2O3 1) whereas the actual ratio
of 0.377 is similar to that for fee metals (UQ
has a fee lattice structure) and is consistent
with the generally metallic nature of UC.

The temperature dependences of the surface
energies of coramies are thought to be low.
Norton and Kingery 19) have suggested that o
value of —10-4 J/m2.°C might be typical but
the dependence derived from our

this diserepancy is not known and as no other
experimentally determined values are available
for ceramies it is diflicult to decide whether the
UC value is anomalous or the Norton and
Kingery estimate is in error. The decrease in
the values of the grain boundary energies with
temperature is very small and of no practical
significance.

The only other data that can be compared
with literature values are for the liquid uranium
surface energy. In the calculation of yyc.a,
surface energy values for uranium containing
substantial amounts of carbon, yLy( were
employed but the data presented in table 2
also contain values derived from photographs
takon in tho very ocarly stages of tho sessile
drop oxperiments and theso should bo approxi-

URANIUM-URANIUM CARBIDE

“data,
-~ 105 J/m2.°C, is much lower. The reason for

- - 127 -

SYSTEM 2 67

2:0r
AN 3 o
z—so-..——. :—-—-——°‘°---~
/
-
rape
® CAHILL & KIRSHENBAUM
o8- ® FREEMAN & GUTTERIDGE
® SPRIET
a FLINTY
et © THIS WORK
° 1 L 1 1 1 1 1 . J

oo 1300 1500

TEMPERATURE, *C.’

1700

g, 9. Tho liquid surfuco onergy of nearly puro
uranivun compared with published values,

mately equal to that of pure uranium. These
carly stage wvalues, which lie in the range
1.45 £ 0.012 J/m?, are plotted in fig. 9 along
with other values for uranium known to the
authors. It can be seen that the early stage
values are in reasonable agrecement with those
of Cahill and Kirshenbaum1?) and IFreeman

and Gutteridge 18) obtained from maximum
‘bubble pressure experiments and the single

value of Sprict 19) obtained from a drop weight
experiment. The value derived by Flint 20) from
pendant drop experiments is much lower,
possibly due to oxygen contamination.

There is no literature data for the surface
energy of liquid uranium-carbon alloys and
therefore no direct comparison with the results
of the programme can be made. However, the
25-409, decrease in the liquid surface encrgy
of uranium due to carbon pick-up was not un-
expected since carbon is known to decrease
the surface energies of other liquid metals and
decreases of 30-509%, due to surface segregation
of other active species have been reported 2!).
The negligible temperature dependence of the
surface encrgy of nearly pure liquid uranium

suggests that the marked temperature de-

pendence of the yru(c) values (fig. 8) may have
been primarily a reflection of the ohangmg
carbon content.
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