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A review is given of surface energy effects on solid
surfaces with particular reference to the formation of
facets and to the thermal etching of silver. Recent
studies on the kinetics of mass transport on surfaces,
the development of grain boundary and twin boundary grooves,
the decay of surface undulations and the formation of
facets are discussed.

It is found that silver heated in atmospheres
containing oxygen develops low index facets ( {111} ,

{100} and {120} ). Measurements were made, using
interference microscopy, of the contact angles between
the low index surfaces (surface energy Y ) and complex
high index surfaces (surface energy Y.) oan specimens
annealed at 900°c.

The theory is discussed for equilibrium between two
and between three sets of planar surfaces. The cosine
of the contact angles ( Y _/Y.) is found to increase as
the oxygen partial pressure is lowered from about 1 to
10”2 atmospheres. This variation, interpreted in terms
of the Gibbs adsorption equation, shows that, with a

cowplete monolayer on all surfaces, there is about 4%
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more oxygen on the low index surfaces.

Net evaporation gives rise to the formation of large
pyramids with low index faces; evaporation rates from the
low index surfaces are extremely low. But net evaporation
is not essential for the formation of facets. There is
evidence that less oxygen is adsorbed when a surface is in
equilibrium with its vapour.

Twin boundary groove angles confirm that the Y plot
(surface energy against orientation) has cusps at low index
orientations.

Measurements of the rate of grain boundary grooving
and the smoothing of scratches on silver in air shows that
surface self diffusion is the dominant transport mechanism

for distances up to at least )0 microns and the diffusion

constant B = 3.99 £ 0.36 x 10729 ea® sec™? at 900%.
The diffusion coefficient is given by Ds = Do exp {-Q/kT}

6 2

where Do =~ 10 cm :

sec” and Q = 2.48 2 0.12 ev. This
high activation energy indicates diffusion in the presence
of a chemisorbed layer and not of a pure metal surface.

Facet growth is shown to be predominantly by a surface
diffusion mechanism. Measurements on isolated single
facets agree with the theory of Mullins. Very fast

diffasion occurs across the low index surfaces.

An appendix deals with errors in interference

microscopy at high wedge angles.



ANTRODUCTION
The importance and diversity of surface phenomena in

both pure science and technology are immense. There is
however comparatively little guantitative data on such
fundamental surface properties as detailed structure,
surface energy and atomic migration. The material
presented in this thesis is concerned mainly with surface
energy effects on solids and the transport of surface

atoms at high temperatures. Experimental studies were
made of silver surfaces in various atmospheres. 'Pure’
surfaces are rare - Af not unknown - and part of the object
of these experiments was to investigate effects due to the
adsorption of gaseous atoms. The experimental results
give emphasis to the variation of surface properties with
erystalline orientation and particularly to the differences
between exact low index, atomically smooth, surfaces and
atomically rough surfaces.

Much of the theoretical background to this work
originates from classical papers by Smith (1) and by
Herring (2)(3) 4n which the importance of surface free
energy and the role it plays in determining equilibrium
shapes of surfaces and in atomic migration was pointed out.

Two extreme approaches to surface phenomena are



possible: the macroscopic and the atomistic. From a
macroscopic point of view a surface may be simply a
boundary - with merely geometrical properties - but on

a more sophisticated level with macroscopic properties
such as stress and free energy. The atomistic approach
attempts to relate surface phenomena to detailed structure,
atomic configurations and interactions between a small
number of atoms. Doth approaches are necessary here; the
experimental observations, made by interference microscopy,
are on the scale of a few hundred to a few thousand atomic
diameters.

The use of interference techniques adds a third
dimension to ordinary optical studies of surfaces and
makes possible gquantitative measurements of surface
topography. Most well known in this field is perhaps the
work of Tolansky (4) and his co-workers on the structure
of diamond surfaces, growth spirals on crystals and other
topographical studies. But the multiple~beam inter-
ference techniques are limited to quite small wedge angles
(not greater than about 5%°) and they can only be used to
examine the structure of fairly flat surfaces. On the
other hand, the interference microscope, although not

giving such high resolution of small surface steps is in



many ways more versatile than the multiple~beam inter-
ferometer. The ability to resolve wedge angles up to 30°
makes the instrument very suitable for measuring relatively
large scale changes of topography and the investigations
described here point to its usefulness as a tool for

research.



Any spontaneous change in surface topography occurring
at high temperature may be termed 'thermal etching'. Like
all irreversible processes such charges are accompanied by
a lowering of free energy - for surfaces the surface free
energy. In this chapter a review is given of various
thermal etching phenomena with particular roforonoo to silver.
Since any thermal etching process is 'driven' by a lowering
of total surface free energy it is appropriate to discuss
first solid surface energies, their measurement, and the

factors which influence surface energy.

1.1 Surface energy: theoretical considerations.

The physical concept of a surface is not easy to
formulate. Strictly speaking a surface is always an
interface between two media and as such it is considered as
a separate phase with properties quite different from
those of the bulk phases it separates. Herring (3)
discusses the rigorous treatment of a surface following
the method of Gibbs and shows that many important properties
can be described by use of concepts carried over from

thermodynamics., Thus surface free energy or for brevity
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surface energy (designated by Y ergs cl'x) is defined

as the surface density of the Helmfholtz free energy.
This is the work required to create unit area of surface
for example by cleavage of the bulk material.

Surface free energy may be written:

Ye 3(.) - TS(.) (1.1)

where n(‘) is the total surface energy® and 8(.) the
surface entropy. Theoretical estimates of some total
surface energies have been made, notably by Shuttleworth (5)
on the basis of atomistic theories. These serve to show
that variations of surface energy with crystal orientation
are expected.

The literature contains numerous references to
surface stress and particularly to the meaningfulness of
such a concept. Shuttleworth (6) has discussed the
relationship between surface stress and surface energy
for solids. The existence of surface stress would imply
that the spacing of surface atoms parallel to the surface
is not the same as in the bulk material. Without

experimental evidence this is difficult to believe although

# 'Total surface onoigy' atriofly -inn. 3(.) as defined
above. Later the same term will be used to denote the

total free energy of an area, i.e. deA.



there is evidence of anomalous spacing perpendicular to
the surface. On surface energy phenomena there is
confusion even at the elementary text book level; correct
explanations of liquid capillarity are rarely found.

The view is put forward here that for solids, as well as
for liquids, observable phenomena can be interpreted in
terms of surface energy without invoking the concept of
surface stress and that the term 'surface tension' is an
anachronism similar to the 'tubes of force' of 19th

century electromagnetism.

1.2 Measurements of surface energy.

Largely because of difficulties of measurement there
is a dearth of experimental values for solid surface
energies. Inman and Tipler (7) have reviewed progress
in this field up to 1962 and have pointed to the lack of
data needed for metallurgical problems. Earlier reviews
have been given by Udin (8) and by Fisher and Dunn (9).

Prior to 1930 ne reliable data were available; the
only measurements had been based on the comparison of
heats of scolution of finely divided particles with the
heats of solution of bulk material (10). This method

gives a wmeasure of the seolidiliquid interfacial energy and
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has rather low accuracy (L 50%).

The most direct method is the measurement of the
work done during reversible cleavage of a crystal. This
method was applied by Obreimov (11) to crystals of mica
and an improved technigue has been used by Gilman (12)
for the surface energies of a number of ionic cryafalo
and for Si, Zn, and Fe (3% si). Gilman's measurements
were at low temperatures and give ottocﬁ;yo cnor.too‘tor
the solid:coolant interfaces. The cleavage technique
has the disadvantage that it can only be used for crystals
and for planes which cleave, moreover the conditions are
not strictly reversible and part of the measured work 18
expended in plastic deformation.

The most fruitful technique devised so far is the
wire-pulling or zero creep method. This was first used
by Udin, Shaler and Wulff (13) to determine the surface
energy of copper in vacuum. Fine metal wires are hung in
a furnace and loaded with knowmweights. At high
temperatures the wires tend to elongate under the action
of the applied load and to contract due to a minimisation
of total surface energy. A determination of the load
required just to balance the effective 'surface energy

forces' gives a measure of the surface energy. The analysis



has to take into account the 'hoop stresses' due to the
grain boundary interfacial energies; Shuttleworth (14)
corrected Udin's original treatment to allow for this.

The wire pulling method can be used for pure metals and
has fair accuracy (X 10%). It gives an average value of
surface energies over all orientations and for the

metal ivapour or metal:i:gas interface. However the method
can only be used at high temperatures where creep occurs

due to atomic diffusion.

Table 1., Surface energies of some metals.
Metal  Atmosphers  I°C  Y(erge em™>) Reference
Cu Vacuum 1050 1670 (8)
Cu Helium 950 1770 (7)
Ag Helium 870-945 1140 (17)
Ag Adr 932 360 (17)
Au Helium 1040 1370 (8)
Sn Vacuum 215 685 (18)
N4 Argon 1240-1450 1725 (19)
Fe,3%84 - - 259 1360 (12)
Zn - - 196 105 (12)
v Vacuum 2000 2900 (15)

Two additional indirect methods may be mentioned.



Barbour and his collaborators (15) have used pulsed field
emission microscopy to measure the surface energy of
tungsten. Single crystal field emission cathodes were
made with tip radii between 10> and 10™% om. At high
temperatures migration of atoms from the curved tip occure
since this process is accompanied by a lowering of the
total surface energy. The migration rate can be measured
from observation of the emission pattern and can be
reversed by application of an electric field. A value
for the surface energy was found from a determination of
the field required to balance the surface energy driven
migration. The use of a pulsed emission field, with a
low ratio of field on time to total time, permitted the
effect of thie field to be separated from the bias field.
Blakely and Mykura (16) have shown that it is possible
to make an estimate of surface energy by comperison of
surface mass transfer rates with volume diffusion measured
by radioactive tracer methods. The mass transfer measure-
ments are made by the scratch smoothing technique (section 1.6)
over transport distances for which volume diffusion is the
dominant mechanism.

Table 1 susmarises the most reliable available data for

surface energies of metali:gas, metal:vapour, systems.
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d.3 Variation of surface energy with orientation
The techniques described above - with the exception

of the cleavage method - have been used to measure average
surface cenergles. Very few investigations have been made
of the variation of surface energy with orientation.
Such a variation is expected and it is convenient to
discuss the anisotropy of surface energy in terms of a
polar plot « the so called Y plot - in which surface energy
is plotted as a radial vector in three dimensions. A
section through a hypothetical Y plot is shown in Fig. 1.
An urgu-ont'duo to Herring (3) shows that in ¢§nora1 there
will be cusps in the Y plot in directions corresponding to
orientations with low Miller indices: a low index plane
is as near as possible atomically smooth and a surface
at an orientation slightly removed from the low index
orientation will be made up of areas of smooth low index
surface with widely spaced steps. These steps will add
a certain amount to the surface energy which will increase
as the density of steps increases, that is as the surface
orientation moves away from thée low index position.
Important consequences follow from the shape of the
Y plot regarding the equilibrium shapes of surfaces and

small particles. The Wulff theorem (3) states that if



w— POLAR PLOT OF SURFACE FREE ENERGY
""" SAMPLES OF PLANES NORMAL TO RADIUS VECTORS OF THIS PLOT
= = EQUILIBRIUM POLYHEDRON

Schematic X plot and the wulff construction.
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Fig.2. Surface energy Silver: Oxygen—dependence on

oxygen concentrastion (Buttner et al. 1952).
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planes are drawn normal to all radius vectors of the Y plot
then the equilibrium shape of & crystal will be gecmetrically
similar to the body formed by all points which can be

reached from the origin without crossing any of these

planes. It follows that for a sharply cusped Y plot the
equilibrium shape will consist predominantly of low index
surfaces. The Wulff construction predicts only the
equilibrium shape and whether this occurs in practice

depends very largely on the kinetics of atomic -igratton.

The first measurement of a Y plot was made by Mykura
(20)(21) on vacuum annealed nickel by a method based on
the observation of inverted twin boundary grooves by
interference microscopy (section 1.5). The surface energy
was found to decrease by about 6% between the middle of
the stereographic triangle and the (100) orientation and
there was a shallower cusp at the (111) orientation. It
was concluded that the (100) cusp was mainly due to
adsorption of impurity.

Robertson and Shewmon (22), also from measurements on
twin boundaries, determined the Y plot for copper in
hydrogen. Cusps were found of about 2.6% at (111), 1.6%
at (100) and 0.4% at (110). They also studied the effect

of different atmospheres and found that a small trace of
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oxygen caused faceting but produced no appreciable change
in the Y plot. This observation will be discussed later.
It suggests that the extrapolation of their measurements
to the low index orientations is not altogether reliable

and the Y plot may be more deeply cusped.

Iable 2. Measurements of Y plots.

Metal Atmosphere Y(low index)/Ymax %Q}; Reference

Ni Vacuum (111):0.98 (21)
(100):0.94 0.05-0.25

Cu Hydrogen (111):0.974 0.097 ;:1' (22)
(100):0.98% 0.066 *
(110):0.996 0.02% "

e X = - = 4 - :

Ag Adr (111):0.84 0:55 ole (23)(25)

(100):0.90 Q.42 v

The spontaneous development of facets on a surface
gives another method for investigating the Y plot and is
the main topic of this thesis. Moore (23) measured the

angles across ridges formed by the growth of low index
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facets on silver specimens heated in air. From his
results, discussed more fully in later sections, he found
ratios of low index surface energy to the surface energy
of high index or complex planes: Y(100)/Ye = 0.90,
Y(111)/Ye = 0.84,

Table 2 summarises the avallable oxperimental data
on the Y plot and gives the values found for the depth of
the low index cusps and for %‘%%’ where %?_)e’ is the slope
of the Y plot.

MacKenzie, Moore and Nicholas (26) have made detailed
calculations of the density of broken bonds on crystal
surfaces. Taking the surface energy as the sum of the
energies of individual broken bonds and considering as a
first approximation only nearest neighbour bonds, they give
theoretical Y plots for f.c.c. and b.c.c. crystals. The
theory predicts cusps of 10.6% at (100), 22.5% at (111),
based on a maximum at (210), and a saddle point at (110).
Comparison with experimental evidence suggests that the
simple model is inadequate. Hlowever the calculations
show that if second nearest neighbour bonds are taken

into account the cusps are less pronounced.

1.4 Surface energy and adsorption

Adsorption of impurities on a surface is always



accompanied by a decrease in surface energy. Gibbs (27)
showed that surface energy decreases linearly as the
chemical potential of the adsorbate increases. Thus

for a perfect gas the change in Y may be written:

aY @ kT F‘%f'- ~kT["d(10g p) (1.2)

where f— is the surface density of the adsorbed layer
and p the gas pressure. Herring (3) has commented on the
interpretation of this equation for various adsorption
isotherms and has shown that appreciable changes of Y
occur only Af [ is comparable with a complete monolayer.
The literature contains few references to measurements
of the effect of adsorption on solid surface energlies (see
references (3) and (8)). Experiments have been done on
mica in air, silver in oxygen, gold in oxygen and copper
in lead vapour. The silver:oxygen K system has been
studied more than any other. Buttner, Punk and Udin (17)
moasured Y for silver in oyxgen at partial pressures from
0.2 teo 10°~ atmospheres and at tempcratures just below

the melting point. Their results are reproduced in Fig. 2.%

® It is of interest to note that Buttner et al. did not
report any faceting on their silver wires; experiments
reported here have shown extensive faceting over the

same pressure range.



From the observed linear relationship with log (oxygen

pressure), given by the equation

Y = 228 - 188 log,,p ergs cm {1.9)

where p 48 in atmospheres, & constant velue | = 1.98 x 10%?

oxygen atoms on >

was obtained - this represents ncarly
two monolayers. Such a high surface density seems
inplauciblo and an error of a factor 2 has been pointed
out by Herring (3). This is due to a calculation of the
surface oxygen density from the concentration of the
dissolved oxygen and not from the gas phase concentration;
the factor 2 appears via Sieverts' law which relates the
concentration C of dissolved gas to the gas pressure p:
C = kpi.*

Allen (28) has studied the silver:oxygen system
§i§$ reference to the use of silver as an‘oxtdation
cit.ijit.r He has confirmed some results of Buttner et al.
aﬁd has -nu.ntcd surface energy as a function of temperature
both at constant pressure and at constant dissolved oxygen
concentration. At constant pressure (1 atmosphere) the
surface energy was found to increase to about 1000 erg c--z
vﬁon the to-pora‘uro was lowered to 650’0. Allen gives
for the heat of adsorption 10.5 kcal per g-atom of oxygen.
uowoior the calculation of the adsorbed oxygen density

» P ~ - . A -
* &b\. ({(' T /_\u,[L;I"L é :‘ en :"'\“ TR :"{ L,;;f' e {

, S

C“. A) 3



followed the method used by Buttner et al. and his values
for [ should be halved.

1.5 Surface energy and thermal etohing

Any interface tends to decrease in area in order to
lower its total free energy %; = JYCA. Similarly a
system of interfaces whether intermal boundaries or free
surfaces reaches an equilibrium configuration by a
minimisation of fPS where the integration of surface
energy is taken over all interfaces.

The conditions for equilibrium of three interfaces
are illustrated in Fig. Ja. By making virtual displace-~
ments of the point of intersection and equating the
incremental change in ‘I’S to mero it is easily shown
that at equilibrium six vectors have to be balanced, two
for each surface.(Reference (2)). Effectively two forces
are considered to act on a surface: one along the surface,
equal to the interfacial energy Y, and another normal to

the surface equal to the derivative o and in the

00
direction of decreasing Y. Physically each surface
tends to decrease in area and also to rotate toward
orientations of low Y. The %% vectors are referred to

as 'torque terms' and are important only for solids.



(@) THREE INTERFACES

(b) HILL AND VALLEY STRUCTURE

FIG. 3. EQUILIBRIUM OF INTERSECTING SURFACES.
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Various thermal etching phenomena will now be discussed
from the point of view of equilibrium of interfacial

energies.

Srain boundary grooving

The formation of grain boundary grooves on metal
surfaces has been known for some time. Chalmers, King
and Shuttleworth (29) observed grooves on silver heated
in various atmospheres and attributed their occurrence to
a local equilibrium of grain boundary energy and surface
energy.

For a symmetrical groove, with the grain boundary
normal to the surface, the grain boundary energy Y, is

given approximately by
Yo = 2Y_ cos O (1.5)

where 9 is half the groove angle. This condition is
illustrated in Fig. 4a. (Note that in Fig. 4 the vertical
scale is exaggerated about 10 times.) Because of the
lack of pertinent data studies of grain boundary grooves
have mostly ignored the torque terms. Typical values
for 20, measured by sectioning techniques or by inter-
ference microscopy, are about 164°% for silver in air

(Xing (30)), 166° for tin (Mykura (31)) the ratio Y, /Ys



(a) GRAIN BOUNDARY GRUUVE. (b) TWIN BOUNDARY GROOVE
AND INVERTED GROOVE

—X —

(e) DECAY OF A SINGLE SCRATCH. (d) DECAY OF MULTIPLE SCRATCHES.

b

(e) DEVELOPMENT OF A FACET.

FIG. 4.  VARIOUS CHANGES IN SURFACE TOPOGRAPHY PRODUCED BY
A LOWERING OF TOTAL SURFACE ENERGY.
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is usually about 0.3.

After annealing times usually only of a few hours
the groove topographies are easily measurable by
interference microscopy. Curved surfaces are found to
develop above the root of the groove. Recently Inman
and Tipler (7) have described techniques for determining
groove angles from prqrilco examined by electron microscopy.
Such methods although haviﬁg disadvantages may give
somewhat greater accuracy than interference microscopy

and can be used to look more closely at the groove root.

Iwin boundary grooving.
The equilibrium conditions at the intersections of
twin boundaries with a free surface have been discussed
by Mykura (20). Here the torque terms become important
since they are comparable with twin boundary energies
which are about a hundred times lower than surface energies.
A section normal to a surface and a pair of twin
boundaries is shown in Fig. 4b. The torgue terms tend to
make the surface of crystal R rotate in an anticlockwise
direction and Q in a clockwise direction. As a result a
groove is formed at one boundary and an inverted groove or
hump at the other. The occurrence of inverted twin boundary

grooves is perhaps the most dramatic evidence of %g terms.
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Using the nomenclature of Fig. 4b the equilibrium

equations can be written as:

Yo = YQ COSA ¢ YR co8B - %5? sinA - %%; sinB ‘1.5)
v = TQ-oo.A'¢ Y cosB + éﬁé'oiﬂt'* ézf sinB’ (1.6)

OR' OB

from which way be derived the expressions:
%%eoa(‘%‘) . co.(A:-%'-’-) (1.7)

S
[ !

i(%ﬁ;;h%%)z coo(A-;-!) - ooo(A-%p-) (1.8)

Equation (1.8) gives values for pairs of ortcn‘.uond
derivatives and was used in the measurement of the Y plots
of nickel (21) and copper (22). ©Estimates for the ratio
of twin boundary ondrgy to surface energy, D/"'/ Ys from
equation (1.7) are: N1:10.005 £ .003, Cu: 0.007. Twin
boul:ldu;'y. ohor;toa have also been estimated from
Lutersestions of twin Soundaries and grain beundaries
(Fullman (32)). The absolute value for the twin boundary

energy in copper has been given as 19 % 4 ergs o,

Decay of surfuce undulations

The disappearance of surface roughness on annealing
is well known and is the simplest example of a surface

energy effect. It is analogous to the minimisation of



surface area which accounts for the smooth appearance of
liquid surfaces and the formation of spherical drops.
However, detectable smoothing off of a solid surface, due
to the lowering of total surface energy, occurs only at
temperatures high enough for the surface atoms to become
mobile. It is evident that since the magnitude of the
change in free energy in a process is a measure of the
rate of approaching equilibrium that very sharp changes
of surface topography will smooth out faster than slowly
varying ones.

Blakely and Mykura (33)(16) have reported experiments
on the smoothing out of fine scratches drawn on a surface.
Typical profiles are given in Fig. 4c and Pig. 4d of a
single scratch and a set of multiple scratches.
Recrystallisation occurs during the initial anneal so that
a single crystal can be formed under the scratches. High
harmonics in the surface profile quickly disappear and
the surface rapidly approaches a sinusoidal shape. The
subsequent decay of the profile has been used to determine

surface self-diffusion coefficients (Section 1.6.)

Development of facets.
Under the heading 'thermal etching' the most noted

effect, after grain boundary grooving, is the appearance
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of planar facets. These occur as striations - strips of
low index plane - across crystal surfaces. Fig. le
represents a section through a facetted surface, taken
perpendicular to the striations. The general surface 00'
has changed into a hill and valley structure consisting
of low index planes PQ with surface energy Yo and
continuation or complex surfaces QR making an angle
with the low index planes and with surface energy Y,

The equilibrium conditions for the facetted structure
are illustrated in Fig. Jb. Resolving surface energies
and torque terms in the direction PQ one arrives at the

equation:
Yo=Y, cosb - %_.Xee sin O (1.9)

The increase in surface energy of the low index plane due
to a small tilt away from the low index position is taken
to be large enough to prevent any such tilt; i.e.
_51°>79 sin0 + 0¥e cos O (1.10)
0 06
The contact angle O should therefore depend only on the
variation of surface energy with crystallographic
orientation and be independent of the angle a between the
original surface and the low index plane.




Thus the break up of a surfaceo into facets, resulting
in an increase of total surface area, is energetically
possible if the low index planes have relatively low
surface energies, that is if there is a large cusp in the
Y plot at the low index orientation. A surface structure
in which the angle of contact between low index and con-
tinuation surface is given by equatien (1.9) is one for
which there has been the maximum possible reduction of
surface energy by simple fTaceting; the total surface
energy would be greater for a simple hill and valley
structure with any other value of O . It foliows that a
surface at an angle greater than O from the low index
orientation will not break up into striations which expose
that plane.

A.6 lMaes transfer on surfaces.

Given the energy condisions for changes in surface
topography the observation of such changes depends on
the kinetics of atomic movement and on the processes of
evaperation and condensation, volume diffusion and surface
self-diffusion.

In two important papers Herving (34)(2) established

the basic equations which relate the rate of flow of atoms
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to surface geometry and in particular to the surface
curvature. Herring developed scaling laws which show
that for geometrically similar changes, differing in
scale by a factor }~. the times taken for the changes are
in the ratio )@ where n = 2 for evaporation and
condensation, 3 for volume diffusion and 4 for surface
dtttﬁ-ton. It follows, from the usual magnitudes of the
constants involved, that surface diffusion is dominant
over small distances and that either volume diffasion or
evaporation and condensation becowmes important only for
transfer distances above about 100 microns. Similar
ch:ngoi are proportional to t*. t% and t’ for surface
diffusion, volume diffuasion and evaporation and condensation

respectively.

Graip boundary grooving.

Aes a consequence of the curved surfaces which form
during grain boundary greooving gradients of chemical
potential always exist along the groove profile and for
that reason material continuously flows out from the groove
and causes it to grow progressively deeper and wider.

Mullins (35)(36) has shown that the normalised groove
shapes are time independent and that the groove widths (s)
increase with time in the following way:
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Evaporation and condensationt sx(At)’ (1.11)
Volume diffusion: s =5.0(C cﬁ (1.12)
Surface diffusion: S = 5.6(81)* (1.13)

where A = pov.ﬂzl(nw)*(u)% ., B = DgN%y Y /KT and
Po is the vapour pressure over a flat surface, 7. the surface
energy, (L the atomic volume, M the mass of a molecule,

V the surface density of atoms and Dg the surface diffusion
coefficient. C = DVT.!l/kT (P.25)

Comparison of the power law for groove widening with
the above equations can be used to distinguish between the
various kinetic mechanisms which may be operating. In
equations (1.12) and (1.13) the widths are taken as the
distance between humps which appear on the profiles.

Fig. 5 shows how the profile shapes give an indication of
the mechanism.

The theory for grain boundary grooving also accounts
for the rate of growth of twin boundary grooves and
inverted grooves.

Since surface self-diffusion is usually the dominant
mechanism up to distances of tens of microns measurement
of grain boundary grooving by interference microscopy has
been used as a technique for measuring surface diffusion

coefficients. Blakely (37) has reviewed work in this
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field up to 1961.

Surface undulations.

The theory of the tlntfoning of a surface and the
decay of scratches has been described by Mullins (38)(39)
and by BDlakely and Mykura (33)(16). PFor both single
scratches and multiple scratches, which take up a sinusoidal
shape, the amplitude of the variation in height decreases
exponentially. For single scratches the separation between
the humps (Fig. 4¢) increases with time and the results

are most easily interpreted for sinusoidal profiles:

2(x,t) = a sinux oxpl}(la’ ¢ C2 4 Auﬂ)t] (1.1%4)

wvhere 2 is measured normal to the surface, x along the
profile and where W = 2x/)\ (Fig. 44). A and B are defined
above and € = D, YL /KT where D, is the volume self-
diffusion coefficlent. The last two terms in the
exponential are usually negligible so that seratch
smoothing gives a measure of surface self-diffusion. A
direct check of Herring's scaling laws could be made by
comparison of smoothing rates over a range of wavelengths.

(Reference (16)).

Rl '

A theoretical account, based on earlier work, has been
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given by Mullins (40) for the rate of growth of linear
facets during etching. In anticipation of the experiments
reported later some of the results will be quoted.

For the case of evaporation and condensation the half-

width of the facet x%* is given by
x* = w2(at)d (1.15)

where (J is a function of "/n, m = tanB, n = tano (Fig. le).
If surface diffusion is the dominant mechanism the

facet half-width grows according to a C* law:
x* =W (Be)d (1.16)

where W is here a different function, also dependent on

®/n, but in this case a function of d = Ds/Dc where Ds is
the diffusion coefficient for the low index (simple) plane
and D¢ that for the adjoining continuation (complex) .
surface,

As in the case of grain boundery grooving it is
possible to distinguish between different mechanisms both
by the rate of growth and from profile shapes (Fig. 5).
Moreover if surface diffusion is the operative mechanism
measurements on facets can give interesting information
on diffusion across low index, atomically smooth, surfaces.

It is important teo note however that Mullins' theory



- 27 -

can only be applied to isolated single facets and not to
densely facetted surfaces where the individual profiles
impinge on each other. The theory will be discussed in
more detail in Chapter 7 where comparison will be made

with facets observed on silver in air.

A.7 _Previous work on the thermal etching of silver
Shuttleworth (41) pointed out in his review of work

on thermal etching up to 1948 that striations are known to
appear on a number of metals and in specific atmospheres.
Another review of thermal etching hes been given by Prasad
(42). Reference will be made here to the silver:oxygen
system only.

Although the earliest recorded observations of thermal
etching were made in the late 19th century little progress
was made toward understanding the phenomena until 1948.

In 1912 Rosenhain and Ewen (43) reported the formation of
striations and grain boundary grooves on silver heated

in air and noiod that only grain boundary groovoo ter-od
in vacuum. Leroux and Raud (4%) later showed that
striations appear in oxygen but not in hydro;oh.

In 1948 Chalmers, King and Shuttleworsh (29) completed

the first systematic study and ascribed the formation of



both grain boundary grooves and striations to a lowering
of total surface free energy. They showed that striations
which formed in oxygen disappeared on heating in nitrogen.
It was concluded that the presence of oxygen modified the
relative surface energies of different planes and that
the striations were caused by the development of those
planes with lowest free energy.

King (30) showed that the planes expoesed were either

{100} or {111f anda made the first measurements of the

angles of contact between the low index and continuation
surfaces by finding the limiting crystal orientations which
became striated.

Moore (23) measured the same angles using an optical
goniometer and also from estimates of the relative areas
of low index and continuation surfaces.® He then made
calculations of relative surface energies D/"/ Yo using

equation (1.9) but neglecting the b%e term.

® Moreau and Benard (45) have claimed that the continuation
surfaces are also low index facets. But the etched
structures they discuss show mainly secondary faceting
of the type discussed by Moore and faceting of crystals
oriented very near the low index pole and under conditions

of net evaporation. (See Chapter 3).
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In 1960 liondros and Moore (46) reported experiments
on the efifect of evaporation on thermal etching. They
withdrew Moore's earlier conclusions and put forward the
view that the thermally etched structure of facets is
not determined by relative surface ensrgies and also that
in any thermal etching there is a transport of material
through the vapour phase. ¥While accepting surface and
grain boundary energy as the cause of grooving they
supported their statements by two main items of evidence:

(1) that the rate of faceting initially correlates
fairly well with the rate of weight loss for silver
freely evaporating in air;

(2) that faceting is suppressed when weight loss is
prevented by enclosing the specimen in a silver container.

In a later paper Hondros and Moore (47) studied the
growth of large facets under the influence of an electriec
field gradient. They suggested that evaporation also
played a major part in this effect,

Hondros and Moore's experiments are important since
previously the role of evaporation in etching had not been
fully investigated, However experiments will be reported
here which do not confirm their conclusions and evidence

will be presented to show that the development of facets




is a surface energy effect and not primarily caused by

evaporation.
1.8 Relevance of the present work.

At the time this work was started there had been no
systematic study of the development of facets using
interference microscopy. Sinece such a study would give
a more accurate means of examining the surfaces and of
measuring contact angles it was decided to repeat Moore's
experiments in air and to investigated the effect of
adsorption by heating specimens in controlled mixtures of
oxygen and nitrogen.

Following the publication of Hondros and Moore's
results on evaporation, their experiments were repeated.
The method of inhibiting evaporation wxs then used o
study the kinetics of mass transfer during grain boundary
grooving and to compare the rate of growth of facets with
Mullins' theory which had then recently been published.




CHAPTER 2.

2.1 Specimen preparation
Polycerystalline specimens of ‘'specpure' silver were

used. The specimens, about 2 sq. cm x 0.2 mm., were
prepared from cold-rolled sheet (from Johnson, Matthey
& Co., impurities detected spectrographically: Cd, Cu,
Fe, Pb and Nn, each less than 1 part per million). To
avoid contamination no attempt was made to polish the
surfaces; interference microscopy showed that surface
irregularities due to rolling were less than 300 2 deep.

For some experiments specimens were placed on a
Mullite boat so that there was net evaporation from the
surface. In other experiments specimens were totally
enclosed inaside a silver box. The box, about 2% x 1"
square, was made from 'specpure' sheet and was loosely
constructed so that the surrounding atmosphere had ecasy
access to the enclosure. Specimens were hung by silver
wires from a ceramic bead mounted inside the box. In
this way net evaporation of the specimens could be reduced
to a negligible amount.
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2.2 Furnaces
Tube furnaces of Mullite were used for heating

specimens in air. The tubes were 1" in diameter and power
to the nichrome heating slements was supplied from a
stabilising transformer. By setting the power input

to the furnaces temperatures at about 900°0veon1¢ be
controlled to within % 5°, Chromelealumel thermoecouples,
calibrated at the melting points of silver and gold,were
used for the temperature measurements.

The vacuum furnace, used in one experiment, was of
simple design and used a platinum winding and nickel
radiation shields. A pressure of less than 10”7 torr
was obtained by means of a rotary pump and an oil diffusion

2.3 _A continuous flow gas system.

A continuous flow gas system was used for obtaining
mixtures of oxygen and nitrogen and of hydrogen and
nitrogen. Nitrogen, 99.9% pure, was passed from a
cylinder over hot copper turnings to remove oxygen and
over potassium hydroxide to remove carbon dioxide. A
controlled flow of oxygen was admitted to the gas stream

from a voltameter in which acidified water was electrolysed.




The mixture of gases, dried by passing over magnesium
perchlorate, went through a cold trap at solid .m-a-._\:;fz
dioxide temperature and into the opooznnu.fhrahoo. Ti;
gas mixture finally flowed through a noodlo valve into the
atmosphere lnd tho total flow rate was -.nlt.!" vtth a
‘Rotameter' amuz. The system is shown ta Pig. ‘..

~ The pressure I.ntho mtnm ntbynm of a
m-m u which was uut»und a sintered glass
OVUI!5.I ly octttilly controlling the pressure
r(awmmo 21 - u) and the outlet flow of the gas
‘u \nu as ﬂu ua-nnt through the voumm. tu;
“proper%ioa of oxyu.n in the mixture could ho to,‘ constant
to within £ 74 for several days. To test the nitrogen
purity experiments were made with no oxygen added to the
gas flows at flow rates less than 100 c¢c/min the reaction
with the hot copper was suificiently fast so that specimens
heated in the gas did not become striated.

A careful flushing out procedure was followed before
each run. The system was evacuated with a rotary pump,
filled with nitrogen, and the process repeated twice -
finally filling with the gas passing slowly over the hot
copper. Precautions had to be taken to prevent the

water in the voltameter from syphoning into the system.
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Fig. 6, Furnace and continuous flow gas system for

heating specimens in controlled atmospheres,
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Gas from the unused limb of the voltameter was passed
into the atmosphere via the pressure setting manometer
and 4n this way the pressure across the voltameter was
equalised.

" This method of gas preparation was satisfactory
down to a concentration of 10 parts of oxygen per million
but unreliable for concentrations nuch less than this
because of the slow evolution of oxygen and the variation
of the nominal purity of the nitrogen from cylinder to
cylinder. In the same furnace and gas {low system
specimens were heated in pure nitrogen and (without the
hot copper) in pure oxygen. Mixtures of hydrogen and
nitrogen were obtained by reversing the polarity of the

voltameter.

2.5 Detormination of erystal orientations

Several hundred grains were formed on each specimen
on annealing. The crystallographic orientations of
selected crystals were found from measurements of the angles
between twin traces as described by Barrett (48). This
method requires at least three twin traces for one erystal,
a condition not always satisfied. Therefore having shown
that the directions of the striations were always normal

to great cirecles through either (111) or (100) poles use




was made of this information and of the angles of tils
of the low index facets with the general surface. The
wethod 4is illustrated im Pig. 7. Here the lines 1, 2 and
3 represent twin trgcoo on erystal A which has a common
twinning plane (1) with erystal BP. P 4is parallel to
striations on A and § is parallel to striations on B,
Rotation of a standard cubie (111) centred projection by
19’. as measured on a Sigoboo chart, along the line P,
brought (111) poles into coincidence with the twin treces
and moved a (100) pole onto the line ¢. In this way the
orientations of both crystals were found.

The labour invelved in finding orientations was
considerably reduced by using standard (111) and (100)
centred projections with the twinned projection alseo
plotted. Use was made too of a method due to Mykura (49)
which is 4llustrated in Fig. 8. Two twin traces (1)(2)
are drawn at a particular angle to each other. By
rotating a standard projection with a (111) pole along
either of these traces, while constraining & second pole
to follow the “egond twin trace, the positions traced
out by the other peles can be easily located. It ie
found that the other two (11l1) poles on the projection
follow a locus such as PQ P'Q'., If mow & third twin
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FIG.7 DETERMINATION OF CRYSTAL ORIENTATIONS
FROM TWIN TRACES AND STRIATIONS.

FIG.8 A CHART FOR DETERMINING ORIENTATIONS.
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trace is drawn, e.g. (3), all possible orientations (neo
more than 4) which fit the twin traces (1)(2) and (3) cen
be quickly found. A fbﬁrth twin trace usually gives an
unambiguous solution. Stereograms similar to that shown
in Fig. 8 were drawn for angles between (1) and (2) from
10° to 60° in 10° intervals. By using pairs of these,
drawn on one chart, it was possible to make interpolations
and to find orientations within a few minutes. Errors
from 2 1% to £ 2° are estimated for the orientations.

Some crystals wercoriented by x-ray diffraction.
Back-reflection Laue patterns were obtained using a 3 em
camera and 'white' tungsten radiation from a Hilger micro-
focus set operated at 45 kV. The technique, a standaxd
one, is also described by Barrett (48). The orientations
found from indexing the diffraction patterns were accurate
to within 1° to 2°. The main source of error is in
setting both the specimen surface and the film normal
to the x-ray bean. Within experimental error the
orientations agreed with those found from twin traces and
since the twin trace method was more convenient this was

used for the experimental analyﬁils
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2.5 Interference microscopy

The principles of interference microscopy are well
known and have been described by Ingelstam (50) who gives
references to the literature up to 1959. Two different
optical systems are at present available of which the
Baker and the Linnick microscopes are representative.
These are illustrated schemstically in Fig. 9. The
Baker microscope which was used for this work hae the
roference surface inside the objective while the Linnick
system uses an additional lens and interchangeable reference
surfaces with different reflectivities., There can be no
doubt that the Linnick system is the more versatile.

In the Naker microscope an opaque disc prevents
light being reflected directly back into the eyepiece
from the reference surface. Thig disc limits the lens
aperture and increases the average angle of convergence
of the illumination at the specimen surface. Variation
of the wedge angle between the reference and the specimen
surface is achieved by means of a tilting stage. A
disadvantage of having the reference surface inaccessible
is that it cannot be set exactly parallel to the focal
plane of the objective. As a result sharp fringes are

produced only in a small region on either eside of the line
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of interception of the focal plane and the virtual image
of the reference surface.

The microscope was calibrated directly - fringe
spacing against wedge angle. A small optically flat
silvered glass splinter was mounted on the goniometer head
from an X-ray diffraction camera. Interferograms were
then made of the surface for wedge angles up to 85°>.t
o.s° intervals. It was found that the fringe spacing
corresponded to a change in height of 0.289 2 ,003 p
as compared with the halfewavelength of the illumination
(Hg. green):10.273 p. The difference between these
two velues is discussed in an appendix on errors in
interference microscopy. Interferograms were taken on
Ilford 35 mm Pan F film and printed at a magnification of
1000.



A great variety of topographical toqtnti. appeared
on silver surfaces annealed in the presence of oxygen.
As well as grain and twin boundaries and liqiar facets
(striations) 1.:36 areas of plane surface, ih-pu; dots
and pyramids were found. b -

The appearance of surfaces etched in ;ayjda'lt 900°¢c,
with and without net evaporation, is shown in Fig. 10.
Surfaces break up into linear striations in directions
which depend on the surface orientation. oﬁ specimens
where net evaporation was inhibited the striations were
much more widely spaced. Interference microscopy showed
that the striations are made up of strips of smooth flat
facots joined by slightly curved surfaces (Pig. 11), It
was found tﬁuﬁ orientations of the graine that the striations
are always parallel to the direction of the sone axes of
low index planes {111 , {100} or{ize} . For {1113} or

{;Odq striations the inclinations of the facets from

interferograms verify that the rioot. are low index planes.,
The {IIQ} striations were often continuous across twin

boundaries showing that the facets exposed were in fact
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Thermally etched surfaces after 10 days in oxygen.

10.

Fig.

(a) with evaporation.

(b) evaporation inhibited.



TT': TWIN BOUNDARY. L:LOW INDEX PLANES. C:CONTINUATION SURFACES

FIG.Il. INTERFEROGRAM OF FACETS AFTER IO DAYS
IN OXYGEN.

TT TWIN BOUNDARY PP'{Il} FACETS. SS {10} STRIATIONS.

FIG.I2. {I10} STRIATIONS CONTINUOUS ACROSS TWIN
BOUNDARIES.



Fig.|3.

Interferogram of (100) facets (A) with
mainly {111} steps after 10 days in oxygen
with evaporation. The narrow twin shows
(111) facets (B) with {10.0.} steps.

=~+am for
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{1&6} planes common to both crystals (Fig. 12).

On most of the {111} and {100} facets it was not
possible to detect any departure from planarity. An
upper limit to step heights on these surfaces may therefore
be put at about 40 lattice spacings.

when the surface of a grain was very near to a {100}
or {111} orientation it was sometimes found that striations
did not form but instead the surface changed into large
areas of low index planes bounded by sharp straight steps.
The steps are usually shallow strips of low index facet.

In Pig. 13 the surface is mainly (100) planes and the

steps {111} plames. ~ This type of etching was frequently
found only where there was net evaporation. If low index
surfaces have relatively low evaporation rates it would be

expected that evaporation would expose these surfaces.

2:2 _Effect of inhibiting evaporation

The higher density of striations where surfaces were
allowed to evaporate indicates that nucleation of facets
is considerably enhanced by evaporation. Hondros and
Moore's (46) claim that faceting does not occur when net
evaporation is prevented was investigated by heating a

number of specimens inside silver enclosures. In all




cases faceting was observed to ocecur.

By completely

surrounding specimens the evaporation rates were reduced

from about 18 pg/em® per hr. te 0.18 pg/es” ‘per hr. inm

oxygen and from 10-20 a;/c-z per hr. to less than

0.05 n./u-z per hr. in air.

The effective changes in

surface location due to evaporation were therefore less

than 10~2

# while the striations wvere very pronounced and

the low index facets projected above the general surface

by several microns.

This is clear evidence that net

evaporation is not essential for the development of

striations.

series of experiments.

Table 3 bLelow summarises the results for a

Table 3.

Type of |Heating|Change in |Core Height of
Specimen | specimen |Period |weight per|responding|facet above
number |and (deys at (unit area |thickness |general

container| 900°9C) |(ug/em?) |(a°) surface(s’)

b | Wire in 2 +46150 +4401500 6,000
tube
2 Wire in 5 050 01500 3,000
tube
3 Sheet in 1 -17% 6 «-160% 60 6,000
box
b Sheet in 5 -5t 6 -50 % 60 8,000
box
5 Sheet in 10 -2790 : B8 |-26500 t 80 20,000
open air
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3.3 _Contact angles

Ho.onro.ouio of the angles of contact between low
index and continuation surfaces (O= a + B in rig. le)
were made from fringe spacings on the interferograms.

The spacings perpendicular to the ridges gave the angles
of tilt of both surfaces. As a measure of the tilt of
the continuation surfaces the fringe spacing was taken
near the top of the ridges where the curvature of the
surface was negligible. The measurements were therefore
limited to those striations most well developed.

The {110} facets occurred only on specimens where
there was net evaporation. No interferometric measure-
ments could be made as the facets were too small; they
may well have been slightly curved, The contact angle
was estimated from the range of orientations on which

{110} striations formed. On the specimen heated in air
the {}10} facets developed rather erratically, some
erystals near (110) not faceting ahd on others {110}
facets appearing up to 8° from (110).

Table 4 summarises the results of measuring the
contact angles for specimens heated in air and oxygen and
for conditions of both net evaporation and negligible net
evaporation. The values obtained are compared with those

of previous investigations.
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Within experimental error the contact angles were
independent of a and of the position of the general surface
orientation in the unit triangle; i.e. the orientations
of the complex surfaces lay on arcs centred at the low
index poles (Fig. 14%).

It is believed that the errors in the mean values
for the angles are due to errors of measurement and not
to the existence of a range of contact angles. This view
is supported by the appearance of facets on a curved surface.
For example on machined grooves, cut by turning a bar of
silver in a lathe, facets were formed on curved crystal
surfaces up to the limiting orientation and stopped quite
sharply. On such curved surfaces the orientations of the
complex surfaces were independsnt of the general surface
orientation. The independence of O on the particular
values of & and f was not found in some recent experiments
on copper by Stossel (51).

Certain anomalies were found with {ioq} striations.
Whereas {;11} striations usually formed sharp straight
ridges {ioq} facets often developed with irregularly
shaped edges and the angles of contact, especially during
the early stages of etching, were sometimes as low as

15°-10.. In the later work at lower oxygen concentrations
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similar low angle {ioo} striations were found. Since
these angles were not stable they have not been included
in the average values quoted. It is believed that the
low angles are only an apparent effect due to sharp
changes in curvature of the complex surfaces for some
facets (for high values of ™/n - see Chapter 7).  The
departure from straightness of the ridges is also visible
in Fig. 1ll. This is probably caused by the interference

of dislocations with facet growth.

Table 3.
o '
Srsennie Y1007 %e Y312/

Adr (specimen

evaporating) 0.890 * .013 | 0.814 * ,016
Air (no net '
Oxygen (specimen

evaperating) 0.885 * ,015 | 0.810 * .016
VeI Lo SeV 0.917 + .010 | 0.836 t .021

evaporation)

In terms of surface energies the contact angles may

be interpreted by means of equation (1.9) and any variations




Fig.|4.

Stereographic triangle illustrating secondary and

simultaneous primary faceting.

Points in ACZ: General surface orientations of
crystals showing simultancous
primary faceting.

Points in BDZ: Orientations of corresponding

'gable ends'.,
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surfaces with orientations within these arcs bocﬁ..
strianted, grains with orientations outside the arcs are
found to remain smooth and unstriated. Secondary faceting
may be explained by noting that if a continuation surface
joinging segments of (100) facet has an orientation along
AZ 4t can break up into (111) facets and a surface with an
orientations along CZ. Thus the final orientation of a
continuation surface in equilibrium with both (100) and
(111) facets should be at the point Z. Grains with surface
orientations within the region ACZ can develop both (100)
and (111) facets (simultaneous primary faceting). Again
the continuation surface in equilibrium with both facets
should have an orientation at Z.

Examples were found of the simultaneous development
of (100) and (111) facets but not of (111) with (110)
facets. But measurements show that the above explanation
of secondary and simultaneous primary faceting does not
predict the observed orientations of the continuation
surfaces. The interferogram of Fig. 15 is an example
of simultaneous primary faceting in air, The surface
has developed into three sets of facets: (100) planes,
(111) planes and surfaces at various inclinations and in

contact with both sets of low index surfaces. These




|5. Interferogram showing simultaneous primary
faceting in air after 10 days. Ay (100) facet;

B, (111) facet; G, 'gable end'.

100 6 i | 100 10
y 0o |m {100 100
? 100|111

11l

Fig. | 6. Schematic representation of Fig. 15,




latter surfaces will be referred to as ‘gable ends'.
Ordentations were determined from fringe spacings and it
was found that on each crystal which etched in this way
the gable ends have a range of orientations all in the
region BZD and not at Z as predicted. Orientations of
original general surfaces and gable ends for three such
crystals are plotted in Fig. 14,

To explain this apparently anomalous effect it is
necessary to consider the equilibrium of three surfaces
taken as a whole rather than the equilibrium between
pairs of surfaces. A surface structure similar to that
in Pig. 15 is drawn schematically in Fig. 16. This shows
the three sets of cnifacol. {(111), (100) and gable ends.
The basic unit of surface topography is a ﬁyranid. for
example ABCD, On average the bases of the pyramids are
parallel to the general surface. To find the equilibrium
configuration of the three sets of surfaces one need only
consider equilibrium of an elementary pyramid. Equilibrium
will bolroaohod when the total surface energy of the
pyramid is a minimum. The total surface energy can
change by rotations of the three surfaces bringing about
changee in relative surface areas, but the inclinations

of the low index facets may be considered fixed




crystallographically since they are at sharp minima in
the Y plot. Therefore only the gable end may rotate,
which it may do (1) by movement of B toward A and C away
from A (or vice versa); this changes the relative areas
of (111):(100) low index surfaces; (ii) by movement of D
along AD, this varies the ratio of low index surface to
gable end surface.

The total surface energy f = f YdA for the pyramid
may be written:

Q v/u am Xwo Qioo X@- Qe

s O, CO’Sé (’.1)

where a,,,» 2,00 and a, are the fractional areas of

the facets projected onto ABC and 61. 62 and 4’0!10
corresponding angles of inclination to ABC (see Fig. 14).
For the equilibrium orientation of the gable end
rotations of type (ii) are considered; the minimum
energy condition is obtained by differentiation of

equation (3.1) with respect to ¢ and by putttng
5 sy
)

Ba"' Bacoo ba
m" T oo -a —f
s B, s 6, c<r5¢ (3.2)
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The following relationships can be shown from geomeiry:s

bam g bd(;. sim Xi

3¢ T B sinktsimta (3+3)
G0 2 _dQe sm Xy

b¢ i 3¢ S ¥, tsm¥a (3.4)
e

Y et (3.5)

where X,- {paC and Y, = {DAB, the projected angles in
the plane ABC of Fig. 16. On substitution of these

relationships in equation (3.2) the equilibrium condition

b.combs
Xm SmL i Ywé s Xa
U6, (SWY-.*SW‘X:L) b’c.CdsG,.(Su'« K+ S‘;")(a)

g ik
- asech -sec% --bl,&ig Z«:jf

(3.6)

A reasonable approximation can be made by assuming the
syume trical case X = X, and by neglecting %-g and %_b’
terms, Substitution of the approximate values 7111/*6 =
cos 34° and Y, . /Y. = cos 25° together with typical

values O, = 32§° emd  O,= 24° then cives (f% 10° which
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puts the orientation of the gable end in the region BZD
and not at the point Z.

The orientations of the gable ends can be explained
therefore if it is assumed that the three surfaces are in
equilibrium simultaneously as a unit. It was found
that on a given crystal the smaller gable ends are tilted
most from the general surface. This is prosumably because
equilibrium between the three surfaces occurs most
rapdily scross small areas of facet. The same explanation
would account for the shape of a continuation surface
where it crosses a twin boundary and is in contact with
two low index facets and for the shape of the continuation
surface on pyramids tound during enhanced evaporation;
in both these cases the surfaces become steeper in the

region near the point of contact of the three surfaces.

2:3 Temperature dependence of the contact angles.
Table 6 below gives the mean values for contact

angles on specimens etched for 10 days at temperatures

from 940°C to 850°C in conditions of free evaporation.
Below sso’c no satisfactory measurements could be

made as the specimens, though densely striated, did not

have large enough facets for accurate determination of
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surfaces and the complex surfaces. But Allen's results
(28) show that T/Y decreases by about 30% between 900°C
and 800°¢C. The temperature dependence of the contact
angles -not'thorotoro be ascribed to a general increase
in the concentration of adsorbed oxygen at lower
temperatures and hence to an increase in the variation of

adsorbed density with orientation.

3.6 [Effect of enhanced evaporation

The net loss of material by evaporation from the
specimens heated in air was limited by the rate of
diffusion of vapour through the air in the sealed furnace
tube. To find out how thermal etching was affected by a
faster evaporation rate specimens were heated in a steady
flow of air and as a result a quite different form of etching
was found on many crystals. After a few hours dots appeared
on the surface; these were apparently small hillocks and
had a density of about 2 x 106 cl'a. They may be the sites
of screw dislocations. The dots became the nucleation:
sites for the formation of facets which grew into striations
by extending sideways (Fig. 17). Under these conditions

of fast evaporation the final structure after 20 days

consisted mainly of large pyramids with exact low index



Fig.l7 The formation of facets during enhanced

evaporation. After 2 days in air.
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sides (Fig. 18). The sides of the pyramids were often
inclined to the general surface at angles greater than the
equilibrium contact angles given in Table 4 - this is not
however in conflict with the theory which accounts for
spontaneous changes of a flat surface under equilibrium
conditions. The interferograms show that close to the
base of the pyramids a shallow groove forms to preserve
the correct contact angles.

The heights of the pyramids - sometimes greater than
10 y -~ when compared with the net weight loss from the
surface, 14 l'/i-z. indicate that they are formed mainly by
evaporation of the general surface and that evaporation
from low index ouﬁfacoo is appreciably lower than the
average evaporation rate. Additional information on this
point comes from the variation of evaporation rate with
time which occurs during etching as the proportion of
surface made up of low index facets progressively increases.
A typical specimen was heated in air in a sealed furnace
tube and the weight of the specimen found at 20 hour
intervals up to 300 hours. The tube had previously been
used for several thousand hours for heating silver so
that it may be assumed that the silver vapour near the

specimen was in dynamic equilibrium and the vapour pressure



Fig.|8.

Interferogram of pyramids formed by enhanced
evaporation. After 20 days in air. The
heizht of the pyramids is greater than the

depth of focus of the microscope.
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constant during the experiment. Ae the fraction of the
surface made up of visible low index facet changed from
zero at the beginning to not more than 40 per cent after
300 hours the weight loss changed from about 20 pg/cm>

per hour to 12 u./c.z per hour. Part of the change in
evaporation rate may be due to an increase in surface
impurity concentration by diffusion from the interior of

the specimen, but if it is ascribed mainly to a lower
evaporation rate from low index surfaces then these surfaces
evaporate at least ten times more slowly than the average.
Similar conclusions can be drawn from observations on
specimens heated in atmospheres of low oxygen content
{Chapter 4). Grain surfaces were frequently found, made
almost entirely of smooth low index facets similar to

those shown in Fig. 13, standing higher than the surrounding

grains by several microns.
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Fig.zo. Evaporation roughening with the development

of facets after % hour in vacuum.(Interferogram).
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those heated in nitrogen and the nitrogen plus hydrogen
mixture.

The observation that striations do not always occur
even when there are finite cusps in the Y plot does not
conflict with the view that thermal etching is driven by
a lowering of total surface energy. For values of XV%B
near unity the contact angles will be necessarily small
and Bé5§é may be too large for equation (1.9) to be
satisfied for any real value of O . This point has been
discussed by Blakely and Mykura (52).

4.2 Etching in oxygen:nitrogen mixturgs.
Specimens were heated for periods of 10 days in
atmospheres with nominal oxygen concentrations, parts by

wedght: 1077, 3 x 1079, 10’“. 7 x 10'“

. 202 ana 1072,
In 10 p.p.m. of oxygen only about half the grains
became striated and considerably more grains were
unstriated than on the air-etched specimens. Thore was
also some evaporation roughening but not as much as
occurred in vacuum. Some 46 graine, striated and
unstriated, were oriented and from interferograms the
orientations of the continuation surfaces for both {xoq}

and {}lﬂ'facota were found by measurement of the fringe
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spacings. The results are plotted in a unit stereographic
triangle in Pig. 2la and a typical area of the specimen
is shown in PFig. 22, The mean contact angles were:

{100} , 17.6% £ 2,0% {112} , 24.9° £ 2.0% these
angles are appreciably lower than the angles for aire
etched specimens.

Comparable results for an oxygen concentration of
about 100 p.p.m. are shown in Fig. 21b. At this
concentration however the contact angles were several
degrees higher than thoase for 10 p.p.m. The mean contact
angles for all concentrations are shown in Table 7 and
the variation of the cosine of the contact angle with
the logarithm of oxygen partial pressure is plotted in
Fig. 2). The table sumnarizes all the measurements on

specimens which were allowed to evaporate.

The increase in the ~sxperimental error in the contact

angles at low oxygen concentrations and especially at

10 p.p.m, is due to a much wider scatter in the mecasure-
ments at these concentrations. This scatter is the
result of variations in the surface condition of the
spocimens. It was found that those crystals furthest
upstream in the gas flow striated much more than those

dowvnstream, It i8s possibles that a higher concentration
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Fig. 2' Stereo,raphic projections showing orientations of:
[0 grains which formed striations with (100)facets.
A " " " " " (111 ) " 5
O continuation surfaces in eyuilibrium with (1lou)
facets.
. " " " " " (ll 1 )
fucets.

X unstriated grains.

(1) Oxygen concentration 10™2,

-4
(b) Oxygen concentration 10
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Fig.22. Typical area of surface heated for 1C days in

1077 parts oxygen.
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of silver vapour downstream would clean off some of the
adsorbed oxygen. At low concentrations the etched
topography is complicated by the surface roughness caused
by evaporation. Few areas of smooth surface were found
and on many grains facets formed on the sides of hillocks
and troughs where the surface was tilted by several
degrees from the general orientation. Occasional {}10}
facets were found on the underneath surfaces of specimens
heated in 10”2 and 10~2 parts of oxygens. . shis is possibly
due to contact with Mullite. A few small areas of plane
facet with orientations near the (110) pole developed on
the specimens heated in lo'h parts of oxygen.

It appears that reducing the oxygen concentration
produces a marked decrease in the contact angles. The
orientations of unstriated grains were always found in the
region of the stereographic triangle outside the arcs
drawn at the orientations of the continuation surfaces.
For concentrations where the arcs do not intersect no
examples of simultaneous primary faceting were found.

The data on evaporation is completed in Table 8 which

gives evaporation rates in vaeriocus atmospheres. For similar
specimens heated in the same atmosphere there were differences
in weight losses of as much as threefold. The values guoted

are typical ones. Weight lossee in nitrogen were as much as

a quarter those in air,
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Atmosphere Evaporation rate in u;/cnz/hour
Oxygen ~ 18
oxyen ETaEL %R ~ 0.8
Adr 10-20
Evaporation
ALF nhibited <0.05
Air PFast stream 25-35
Nitrogen plns 10-3 5«16
é parts oxygen
-5
plus 10 S
Nitrogen DArts oRygen 5«7
Nitrogen 3-5
Nitrogen 010-3 parss h-10
& hydrogen
# Vacuum ~ 10600
Evaporation
* Vacuum , hivited i B

# The figure for evaporation in vacuum is for a period
of § hour and for vacuum with evaporation inhibited,
10 hours. All the other rates are mean values over

5«10 days.
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Fig.23. Variation of the cosine of the contact angles
with logarithm of partial pressure of oxygen.

'Least squares' straight lines.



4.3 Adsorption and thermal etehing

The contact angles found for conditions of negligible
evaporation in air are comparable with the angles for
conditions of net evaporation in 10'“ parts of oxygen.
This effect may be ascribed to the desorption of oxygen
following adsorption of silver vapour. Only a small
fraction of the adsorbed oxygen would need to be removed.
Buttner et al. (17) showed that large changes in the partial
pressure of oxygen affect the surface energy without
appreciably changing tho density of the adsorbed layer.

The variation of contact angle with oxygen pressure
may be accounted for by a relatively higher density of
adsorption sites on the low index surfaces which would
cause a relatively greater decrease in the low index
surface energies as the pressure increased. I§ is

recalled that the variation of the average surface energy

of silver at 900°C is given by equation (2.3):
Y = 228 - 188 log,,p orgs om”2,

From the Gibbs adsorption equation (1.2) the coefficient
of 1"10"“' is proportionil to the density of adsorbed

oxygen atoms % If it is assumed that the surface

energies of both the low index surfaces Y_ and continuation
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surfaces Yg vary with oxygen pressure in the same way

as the average surface energy then
Y. (p) =Y (0) -k, lociop (&.1)
Yo (p) = Yo (0) = Ko logyop (4.2)

Putting Y_ (0) = Y5(0) i.e. assuming that cusps in the
Y plot are caused mostly by differential adsorption one
finds:

e
% b’e (P) Lo—@loF - (4.3)

As a first approximation it can be assumed that
Ki-Ke
Yo (P)
From the slopes of the lines drawn in Fig. 23 and putting

can be taken as a constant.

X"/Xe =CsO  and

Yo = 600 ergs cm™* the following values are found:

Kyga =~ Ko = 8.3 2 1.6 ergs cm™2; Kijo0 = Ko = 6.4 X 1.4

ergs o r 4.0, L gl 0.044 £ 0.009;

i<
—KL"‘S(—.& « 0.034 £ 0,007. Since Kg ® X and K 1»
proportional to [ 4t may be concluded that about 4%
more oxygen atoms per unit area are adsorbed onto low

index surfaces than onto surfaces with other orientations.

A refinement to the above calculation would take into

account the variation of Y with pressure. If this is done
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and values for X"/ Yo ecalculated using values for %g
from 0.03 up to 0.06 for lower contact angles then the
best estimate for the differences in surface densities of
adsorbed atoms is &4 2 2%.

A 4% difference in the adsorbed layers is not
unreasonable. There is a difference of only 3% between
the atomic diameters of silver and oxygen and the oxygen
layer (presumably a monoleyer) would fit onto the silver
lattice with very little mismatch. Since {}11} and {100}
surfaces differ in density by about 14% differences of

the same order are expected between these surfaces and the

high index continuation surfaces.
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CIAPTER §
TWAN BOUNDARY GROOVES

Annealing twins occur very readily in silver; the
abundance of twin boundaries on all specimens greatly
facilitated the orientation determinations. Pairs of
twin boundaries, one with a groove, the other an inverted
groove, were found to occur independently of the annealing
atmosphere. As mentioned in the last chapter this
indicates a definite variation of surface cnergy with
orientation even in atmospheres where facets did not
develop. It was of some interest therefore to make some
measurements on twin boundary grooves and to estimate the
torque tornl%%-

. n i .

Specimens were annealed for periods up to 10 days in
an atmosphere of nitrogen with 0.1% hydrogen. Some of the
coherent twin boundaries were extremely faint and could
only be located by the adjoining sections of incoherent
boundary. Where observable grooves had formed these
appeared, surprisingly, smaller in width than the grain

boundary grooves. The best pairs of twin boundary grooves

were photographed but of these only three sets could be
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measured with any accuracy; one is shown in Pig. 2ha.
Measurements from the interferograms are summarised in
Table 9. The angles A, B, A' and B' are those referred
to in Pig. 4b. Values for the ratio twin boundary to
surface energy, x?ﬁg s and for the sum of pairs of
orientation derivatives were obtained using equations

(1.7) and (1.8).

able 9. Twin bo arie nie
gty s 1 _?fmle)
Twin pair A+ B A' + B /ﬁ% ALYEbT
1 178%47 * 6+ | 180°40*' + 8* | 0.0047 0.0163

+ 0.0021| * 0.0021

I+

2 178%46°

I+

8| 181 7' | 0.0021 0.0195
t* 0.0

* 0.0024

I+

3 178%52¢* * 79| 180%8' * 6' | 0.0029 0.0169
+ 0.0

t 0.0018

From the above figures the best value for %V%g is
0.0033 % .0012. Taking 1140 ergs cm > as the surface
energy in nitrogen, this gives for the twin boundary
energy 3.8 X 1.4 ergs on~2

The pairs of crystals were oriented from twin traces.

All the orientations were within about 15° of the (110)
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pole (Fig. 24). |Normally it is not possible to distinguish
by the twin trace method between a surface orientation
and its mirror image so that is would not be possible to

0¥

find the direction of 35 . However, a particular

twin boundary used for one orientation showed a slight

curvature at the intersection with a grain boundary groove.

From this it was possible to find the direction of tilt

of this twin boundary and hence the direction of the

torque terms (decrease of Y). Arrows on the stereographic

projections indicate the direction of decreasing Y and the

relative magnitudes of‘%%% y» taking for this quantity

half the value given in the last column of the tables.
There is evidence of the cusp in the Y plot toward

the (111) pole. The mean resolved value for—é%g in

the direction of the (111) pole is 0.0060 ¥ .0005 at

about 28° from the pole. This very low value is

comparable with the measurements of Robertson and Shemon

(22) for copper in hydrogen.

5.2 Twin boundaries in air.
Before the possibility of inverted twin boundaries

had been fully appreciated King (53) observed these

boundaries on air-etched silver specimens. He found
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that striations showed slight curvatures at twin
boundaries and at a pair of twin boundaries the curvatures
wore in opposite directions - indicating that one twin
boundary was projecting above the general surface. This
feature of the etch pattern was frequently observed but

it is difficult to estimate the groove angles directly
from the striations.

For measurement of the groove angles in air
interferograms were made of specimens which had been
heated for only about 6 hours (with evaporation inhibited).
By that time the striations had not developed well enough
to obscure the twin boundary profiles (Fig. 24b). Some
six pairs of twins were oricnted. The groove angles
are given in Table 10 and the orientations and directions
of decreasing Y are plotted in the stereogram of Fig. 24b.
it wvas possible to find the correct sense of the orientations
from directions of tilt of small areas of low index facet.

The orientation derivatives are from 4 to 10 times

)
5 2B
0,03 at about 35° from the (111) pole. No reliable

larger in air than in nitrogen and is as high as
estimate of the twin boundary energy could be made from
grooving in air since the %g torms have more effect

than X} on the groove angles.



Table 10, Twin boundaries in air

Twin pair A+ B A' + B Xi/ -l(@@+¥&)
S Js\0R 9B

1 176° * 204/ 183%s7* £ 20'| .000% .0693
+,0060 + . 0060

2 176%25* + 229 183%16¢ t 22| ,0026 .0596
* . 0066 + . 0066

9 177° * 20' | 182°%31+ * 30'| .0029 L0495
+,0060 | * .0060

4 174° £ 350 186%15* = ho'| -.0024 .1070
+ ,0109 | * .0109

5 175%°30' * 271 185%°34 £ 33| -,0092 .0878
+.0087 | +.0087

6 170%34 + 58+ 188%40° £ 52| .0066 .1578
+ ,0160 +.0160

5.3 Conclusions

The limited number of twin boundary measurements

confirm the evidence from faceting for cusps in the Y plot.

Although suitable crystals were not oriented similar

values for %;56 are expected in the direction of the

(100) pole.

If a large number of crystals were studied
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it would be possible to map out the complete Y plot but

for accurate measurements on silver in nitrogen it would

be necessary to use very long annealing times - of the order
1l year - to obtain boundaries comparable in width with

those found in air after a few hours.

Reference has already been made to the effect of

o
36

consequences of

the value of on facet contact angles. Some other

X
30

shows an interferogram of two twinned crystals which have

terms are worth mentioning. Fig. 25

facetted in air. It is seen that the complex surface

in contact with the low index facets is continuous across
the twin boundary with no evidence of a groove. In this
case however the components of fé act in directions

almost normal to the maximum variation of Y, assumed to

be toward the low index pole. The -%g terms are therefore
very small and the twin boundary energy alone is insufficient
tc produce a detectable groove. A rather diiferent
situation is illustrated in Fig. 26. Here a boundary has
produced a groove in strips of complex surface but not

in low index facets. The boundary is evidently a low
angle grain boundary for facets could not be continuous

across a twin boundary. The groove angle gives a

boundary energy equal to 0.24 Y. and the energy condition



FIG.25. ABSENCE OF TWIN BOUNDARY GROOVES ON
COMPLEX SURFACES.

FIG 26. LOW ANGLE GRAIN BOUNDARY AND CONTINUOUS
FACETS.



&

for no groove to form in the low index facet is %—é’>§i§
i.e. %% > 0.12 Y.. This condition is clearly satisfied

since equation (1.10) and the observed contact angles

give the inequality & > 0.5 T..
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SILVER

A number of investigations were mede on the kinetics

of mass transport on silver suriaces. In the first of
these transport on unstriated regions was studied from
measurements on the growth of grain boundary grocves and

the rate of decay of scratcheas.

6. Rate of o a z V.

Specimens were mounted inside silver boxes and
annealed at 900°C for periods up to b days. Interferograms
of selocted grain boundary grocves were made at regular
intervals. It was difficult to follow the rate of
growth of individual grooves on account of grain boundary
migration during the early stages and also Decause of the
development of facets. Faceting was particulary
troublesome in these experlments. It was necessary to
choose boundaries between relatively unstriated grains
where the profiles were unobscured by facets; grooves
with facets would be expected to develop in an anomalous
way because of different diffusion rates across low index

sarfaces and they were avoided on this account too.



This criterion for the choice of grooves set a limit on
the oriensations of the crystals examined. For faceting
not to occur the orientations of both grains have to
be within the region equivalent to BZD in Fig. 14.

After annealing for JO minutes humps were distinctly
visible (ec2'. Pig. 3) and the groove widths - hump to
hump - were about 7 microns. After 4 days the groove
widths were as much as 30 microns (Fig. 29) but because
of faceting very few suitable boundaries could be found.
The average width (s) as'a function of time (t) is plotted
on a logarithmic scale in Fig. 27. Zach point represents
an average of about 20 boundaries. A 'least squares’
straight line through the poinis has a slope 0.265 * .008
which indicates thuat surface self-diffusion is the
dominant transport mechanism up to at least 30 wmicrons.
There is the possibility of a small contribution from
volume diffusion or evaporation aand condensation. ¥\
graph of .h against ¢ gives a siraigiht line from which the
diffusion constant (equation 1.13) B = DlYﬂ?V/kT -

3.99 * 0.36 x 10”7 e, Bl Patting Y = 360 ergs cm =2,

4

Ne 27.05 % 20"" on” and V& 1.3 x 107 ou™®, she value

for the surface self-diffusion coefiicient Dg is
4 1

4.7% = 10 on’ sue™t.
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FIG.28. TEMPERATURE DEPENDENCE OF SURFACE SELF-
DIFFUSION ON SILVER IN AIR,



If surface diffusion is doninant at 900'0 then the
same mechaniem will also be dominant at lower temperatures.
Therefore for measurements of diffusion rates at lower
temperatures grain boundary groove widths were measured
after only one period of annealing, 25 hours. This was
considered the optimum time to use; for longer periods
the increased accuracy {rom the measurement of larger
groove widths is not very significant and extensive
faceting at lower temperatures limits the number of
suitable grein boundaries avallable. Table 11 and
Fig. 28 give the resulta for measurements of B and Dg
for the range 9§5°C to 700°C. In calculating values
for Dg allowance has been made for the variation of
surface energy with temperaturs by assuming a linear
dependence with a temperature coefficient equal to that

given for silver in oxygen at 1 atmosphere (Allen (28)).

a o ce self-diff at Ve a
Temperature °% | B emh sec:"'1 x 1019 Dg cmz lco.1 X 10“
945 9.86 6.3
900 3.99 b.75
870 2.12 2.10
840 1.356 1.15%
790 0.662 0.441
750 0.200 0.115%
700 0.072 0.034




The results may be represented by an Arrhenius

2 1

equation D. - Do exp(-Q./kT) whero D°=Q 106 em” see”
and Q = 2.48 % 0.12 ev. The very high values of both
D, and Q. are not typical of a self-diffusion process on
a pure surface for whica Do is expected to be about
10”2 %0 10”7 om® sec”! and the activation energy of the
order 1 ev. At lover lLeuwperatures (650°c T8 250‘0)
Drew and P’ye (54%) have measured surface diffusion on
silver by a radicactive tracer technligyue aund have found
Do = l.5 x 1.0"5 cm2 soc'l and Q. = V.35 ev; +{he experiments
were in an alwospihere of pure hydrogen. The much higher
activatlion energy for silver in air may Le attributed to
a transport process involving Loth the migration of
silver and the desorption of oxygen atous. Similar
high values for Do and Q. aave been reported fox copper
in hydrogen (Choi and shewmon (53)) and for iron in vacuum
(Blakely (37)).

FPor comparison with the relatively fast diffusion in
air an estimate of suifuce diffusion in nitrogen (plus
0.1% hydrogen) can be made Jrom graln boundary groove
widtns after 10 days at 900°C. The observed mean width
for 20 boundaries, 25.9 % 2.3 umicrons, gives B = 1.17 2 0.44

on® sse ) and Dg = 4ob 2 1.9 x 1077 cm® sec™t - an order
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of magnitude lower than the diffusion coefficient in air

at the same temperature.

6.2 Grai r [

The grain boundary groove profiles had the humped
shape characteristic of development by surface diffusion
(Fig. 29) Mullins (35) showed that for a symmetrical
groove the ratio of width s, to depth d, satisfies the
relationship: °/d = 4.73/m where m (= tnn'le) is the
slope of the surface at the root of the groove (Fig. la).
From measurements on l1l2 grooves etched in air at 900°O
and showing little asymmetry the mean value for %/a 18
42.8 % 3.6 while that for 4.73/m is 43.4 % 6.8. Taking
as a mean value m = 0,110 £ 0.01 and O = 6.3 £ 0.6° one
finds for the ratio grain boundary to surface energy
YB/Y. = 0.22 ¥ 0.02 and putting Y. = 360 ergs 0--2.

Yg = 80 % 8 ergs cw™ 2. It is interesting to cempare

this result with King's (30): O = 8%26' for silver in
nitrogen which gives Yz = 320 ergs on™2 (assuming, as
before, that the surface energy in nitrogen is the same

as that measured in helium). For grooves etched in the
nitrogen and hydrogen mixture O was found to be 5.1° s 2.0

which is still rather high and gives a grain boundary



FIG.29. A GRAIN BOUNDARY GROOVE AFTER 4 DAYS
IN AlIR.
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FIG. 30. MULTIPLE SCRATCHES AFTER 5 HOURS
IN AIR.
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energy 200 % 40 ergs cn'z. It is possible that sclution
of oxygen into the bulk material lowers the grain boundary

energy.

. Scratch smoot ) .

An approximate value for the diffusivity in air at
9oo°c. obtained from scratch smoothing experiments,
confirmed the result from grain boundary grooving. Sets
of scratches about 1 micron deep and with 15 micron
spacings were ruled with a diamond mounted on & ruling
engine. Interferograms (e.g. Fig. 30) were made of
scratch profiles over periods of a few hours and an
analysis making use of equation (1.14) yielded a mean
value B = 3.8 % 0.7 x 10~17 om' secl. Since a detailed
investigation using this technique was not carried out
the measurements from grain boundaries are considered
more reliable. The observed continuity of scratches
from crystal to crystal suggests that there is little
variation of diffusion coefficient with crystallographic
orientation - in contrast with results for nickel and
platinum (Blakely (37)) which exhibit variations of one

or two orders of magnitude.

Fig. 30 shows scratch profiles after 5 hours; the
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onset of faceting seriously distorts the normal sinusoidal
shape and limits the useful duration of scratch smoothing
experiments. It will be shown in the next chapter that
diffusion across the low index facets is considerably

faster than on atomically rough high index surfaces.



CHAPTER 7
1 CS OF FACET FORMATIO

During the course of the work on the variation of
contact angle with oxygen pressure Mullins (40) published
his theoretical account of the growth of linear facets.

The theory gives a number of interesting predictions which
suggested that a systematic study of the kinetics would

be worthwhile. Some observations on the effect of eva-
poration on the nucleation and growth of facets have
already been reported. In this chapter experimental
investigations of facet ’rowth for conditions of negligible

net evaporation will be described.

1 arison t rowth b vaporat .
Facets on specimens heated in a silver enclosure

were found to have grown higher than the original general
surface by as much as a micron - considerably higher than
the possible change in depth due to net evaporation

(Table 3, p.41). This evidence alone is sufficient to
support the conclusion that the spontaneous development

of low index facets on silver is not primarily due to net
evaporation although undoubtedly where there is net eva-

poration it does contribute to both the nucleation and



development of facets.

For some initial experiments on 'evaporation-inhibited'
specimens heating periods up to 5 days were used®, On
a few crystals there were a number of isolated facets with
widths up to 10 microns and separated from adjacent facets
by as much as 80 microns. These isolated facets seemed
very suitable for comparison with Mullins' theory but
the shape of the continuation surfaces showed very
indistinet humps; the profiles were similar to those
predicted for evaporation-condensation (Fig. 5). Although
the measurements on grain boundary grooving showed fairly
conclusively that surface self-diffusion is the dominant
mechaniem for mass transport up to about 3O microns, it
was felt necessary in view of the claims of londros and
Moore (46)(56) to examine the possibility of facet growth
by evaporation-condensation.

It is observed from interferograms that the facet
profiles are symmetrical about the centre of the facet.
The facets are produced by removal of a ce:tain volume of

material from below the original surface on one side of

® The temperature for all the exporimonts on kinetics

of facet growth was 900°C.



the facet and the deposition of the same gquantity above

the surface on the other side. From fringe profiles
measurements were made of the volumes of material transferred
in building up the facets. The theory predicts that the
cross-sectional area M of material transported by

evaporation-condensation in time ¢ is given by
/:\ (') s -« mAt (701)

where A = ponzv ./(2m)i(k'r)%“ as defined in Chapter 1

and where m(stanf) is the slope of the complex surface

at the point of contact with the facet. For twelve
separate crystals, giving a range of m from 0.1 to 0.25,
a mean value A = (7.7 £ 1.1) x 10717 cm? sec™? vas
calculated from the above egquation. This value is a
lower limit because t, taken as the total time of anneal,
is an overestimate; 4t is supposed that the observed
facets did not begin to develop until some time had
elapsed for grain growth. The value for A is however
extremely high; from vapour pressure data given by
Dushman (57) and 360 ergs om~2 for the surface energy,
the calculated value for A is 4.9 x 10-1“ cnz .00-1.

Eiffectively A would be evern less than this as the silver

vapour has to diffuse through air with a mean free path



of 0.4 y which thus reduces the effective vapour pressure.
It 48 not possible therefore to account for the observed

facet widths by a mechanism of vapour transfer.

v ations t a f prowt .

The most direct method of investigating the contribution
of various mechanisms to facet growth would be to determine
the rate of growth as a function of time. Facet widths
should increase as t* by evaporation-condensation, tﬁ
by volume diffusion and t* by surface diffusion. For
various reasons it was not possible to make such a
systematic study.

Grain boundary migration prevented any measurement
of striations during the carly stages of etching.
Striations photographed after 30 minutes disappeared
after 1 hour - the particular grain having been replaced
by another with a different orientation. A stable grain
size, about 200 microns diameter, was not reached uritil
after 6-8 hours. After that some grains had reasonably
well isolated striations with widths of the order 1 micron.
However on returning the specimens to the furnace after
photography, the facets showed very erratic development;

extra facets were quickly nucleated close to the facet
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under observation and facets were frequently found to
diminish in width and even to disappear completely.

Nucleation of facets occurs very readily. The
proportion of crystals with well isolated striations was
quite small (less than 57%) and decreased with time.
After longer heating periods, about 16 hours, facets were
observed with widths up to 4 microns (Fig. 31). Distinct
humps appeared on the complex surface with profiles
similar to those predicted by Mullins for surface diffusion.
But at the same time additional nucleation of facets
produced faint striations - just visible in Fig. 31 -
parallel to the main facet axls, From the displacement
of the fringes the faint facets have depths of about 0.1
micron while the main facet has a depth of 1 micron.
Asauming that surface diffusion is the dominant mechanism
and applying Herring's scaling laws these figures suggest
that the faint striations were formed within a period
10-“ of the time to form the main facet, that is within
about 1 second. The faint striations must have appeared
as the specimen was cooled down to room temperature.

The subsequent development of a large facet on
returning a specimen to the furnace is shown in Fig. 32.

After a further hour the facet had become slightly



FIG3l. AN ISOLATED {Ill}
FACET AFTER |6 HOURS.
FAINT STRIATIONS HAVE
DEVELOPED DURING
COOLING.

FIGR2DISCONTINUOUS
DEVELOPMENT OF A
FACET WITH
NUCLEATION OF
ADDITIONAL FACETS.

(@) AFTER 20 HOURS.

(b) AFTER 21 HOURS.
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narrowver. Extra facets were nucleated up to a few
microns from the main facet and the bordering complex
surfaces had smoothed off to become flat. (Additional
faceting cannot occur on the complex surface close to the
main facet because there the complex surface is at the
limiting orientation for faceting). Additional
nucleation of striations occurred near each facet studied,
the faint striations developing either on cooling or
after a further short period of heating. The effect
appeared to be independent of the rate of cooling or
reheating and made impossible all attempts to measure the
rate of growth of facets. Other experiments show that
the aucleation rate 1ncro§aos as the temperature decreases
which suggests that the additional facets grow while the
specimen is at lower temperatures and that they are due
to a sudden increase in the density of adsorbed oxygen.
The spacing between adjacent facets ultimately
determines the maximum size. When the crystal surfaces
are densely striated the complex surfaces become guite
flat. After this stage has been reached no more facets
can be nucleated and since there are no gradients of
surface curvature no further mass transport can occur.

The ‘saw-tooth' surface profile will than be metastable
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and changes can only occur by net evaporation.

fcasuy 1 tle ats.
Mullins shows that for surface diffusion the half

width of a facet X* 1s given by:
x* = (Bt)d (7.2)

where (W is a function of ™/n - the ratio of the slope

of the complex surface to the slope of the facet. W also
depends on a parameter equal to the ratio of the surface
dilfusion coefficient for the (simple) low index facet to
that for the complex surface, 4 = D./Dq:. Mullins
considers two extreme possibilities:

(1) No diffusion across the facet (d = 0). This
might possibly be the case if for example the adsorbed
oxygen on the low index plane prevented diffusion.

(2) Vers faszt diffusion across the facet (d =o°),
This would be possible if atoms could migrate across the
facet in one Jjump.

The function u)(./n) is plotted for the two limiting
cases in Fig. 33. There is only a factor of 3 between
the facet widths for the two cases and the growth rate

is wmainly determined by the diffusion coefficient for the
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complex surface via the constant B in equatiom (7.2).
Facet widths should be greatest for high values of -/n.
that is for low inclinations of the facet to the general
surface. This was indeed observed; the only large
facets during the early stages of etching were inclined
at low angles and this would explain why low index facets
nearly parallel to the surface can completely cover a
grain (Fig. 13).

Although it was not possible to follow the history
of an isolated facet throughout its development some
conclusions about the kinetlic processes can be made from
measurements on facets after one period of annealing.

16 hours was found convenient; after longer times there
were very few isolated facets. From about 40 thousand
grains on several dozen specimens only about 30 measurable
isolated facets were observed. Interferograms wore made
from which the facet profiles were traced and values of
®/a calculated to within 5 to 10%. From the measured
facet widths values of W were calculated from equation
(7.2) using the value of B found from grain boundary
grooving and taking for t the total time of annealing.

The results, W plotted as a function of -/n. are shown

in Fig. 33. Errors in W are between 5 and 10% and the
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calenlated values represent lower limits since the total
time of facet growth will be somewhat less than the total
annealing time. The uncertainty in time explains the
scatter of the results. Points are plotted for both
{111} and {100} facets; no significant difference could
be found. The fact that all the experimntal points
lie below the d = o©O curve for a wide range of facet
widths supports the conclusion that surface self-diffusion
is the transport mechaanism. Within experimental error
values of W are as high as those predicted for 4 = o0

It is of interest to note that quite freguently the
facet growth was observed to have been impeded by point
impesrfections, possibly dislocations. In such cases the
Junction between the complex and low index surfaces was
not a straight edge but showed localised kinks about a
micron wide -~ particularly noticeable on facets at a low
angle to the surface.

Apart from evidence from facet widths, the d = 0
case may be ruled out on account of the facet profiles.
Pig. 3% shows Mullins' theoretical results for the two
limiting cases d = 0 and d =°, Decause of symmetry
only one half of the profiles are plotted. These
standardized profiles, drawn for unit facet slope and a



FIG.34. THEORETICAL STANDARDIZED FACET PROFILES

FOR THE TWO LIMITING CASES; ATTACHED
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total width of 3 units, should be time independent. The
shape of the complex surface depends on ™/n and 4. Ir
no diffusion occurs across the facet then the total area
between the profile and the original surface must be zero
and as a result a hump on the complex surface up to one
unit high would occur, If on the other hand there is
fast diffusion across the facet, the area under the curve,
representing the quantity of material transported across
the facet, is nogativo and the humps are much less
pronounced. Some twenty facet profiles were traced and
redrawn on the standardized scale. They all showed small
humps (mean height 0.25 2 .05 units) and the areas under
the profiles were negative (a greater area below the
original surface than above). Some experimentally
determined standardized profiles are shown in Fig. 35
for various values of ®/n. Little significant difference
could be detected between the experimental profiles and
those predicted for d = o0, The area above the general
surface may be slightly higher for the experimental curves.
Again no difference was found between {ili}and {}Ooﬁfacoto.
The hu-po on the complex surfaces are less pronounced
and farther away from the facet for low values of Nn -

this suggests an explanation for the profiles observed
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in the carlier experiments which had very indistinct
humps and suggested the possibility of evaporatione
condensation. All those facets had very low values of
-/n. that is the facets were inclined at high angles
to the original surface. The development of such facets
results in a relatively small lowering of total surface
free energy. They would therefore begin to develop at
a late stage in the etching and after 5 days would be the
only isolated facets remaining when grains near low index
orientations had become densely striated.

Measurements of the areas under the facet profiles
gave an additional check of the transport mechanism. For
the case of infinitely fast diffusion across the facet

the area H increases according to a t* law:
A= 2mz'r (ed) (7.3)

where Z''' is a slowly varying function of "/n with

values between 0.6 and 1.3 for the range of -/n from

0 to S. This function is plotted as the full curve in
Fig. 36. In attempting an experimental check of equation
(7.3) the same difficulty occurs as for the measurement

of facet widths: the duration of growth of a facet is

unknown. However a check can be made by calculating
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the time from the facet width assuming the theoretical
values of W for d = °°, Combination of equations

(7.3) ana (7.2) yields:
z0r = A 2u(55)? (7.4)

From measurements of facet areas and widthis and
calculations of W from the slopes of the surfaces the
values of Z''' plotted in Fig. 36 were obtained. On
account of the small size of the facets (cross-sectional
areas about 1 micron®, facet widths a few microns) the
experimental accuracy is quite low. There are inevitably
uncertainties in drawing the profiles since the
individual fringes are up to J mm wide on the prints.
The calculated values of Z''', with errors up to 40%,
are however in accord with the theoretical predictions:
there is a somevhat better than order of magnitude
agreement. All the evidence points toward very fast

diffusion across the low index surfaces.

2,5 Nucleation of facets.

The presence of isolated facets shows that there
must be 2 'nucleation barrier' for faceting. Nucleation

evidently depends on a number of factors. From the
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relative reductions in total surface energy for different
values of a (Fig. 4e) it is to be expected that facets
inclined at low angles to the general surface will be
nucleated more readily. Facets at high inclinations did
occur only at later stages.

It has been mentioned that with free evaporation
from the surface facets started to grow from small humps -
dots - presumably dislocation sites (Fig. 17). For
negligible net evaporation facets usually appeared at
random on the flat crystal surfaces but often facets
started where the surfaces were slightly curved - at
grain boundaries and on small humps,

It is interesting to note that on any particular
grain the facets were usually all the same size indicating
that they all started at the same time. Frequently
pairs of facets were found indicating that one facet had
been nucleated on the curved complex surface produced
during the development of the other facet. Facets on
adjacent crystals were often contiguous at grain
boundaries and twin boundaries.

The early stages of facet growth were studied by
hot stage microscopy. A simple assembly was made for

mounting a specimen in the form of a thin strip under the
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microscope and for passing through it an alternating
current of about 10A. At temperatures near 800°¢

very rapid smoothing off of surface roughness was
observed. Both grain boundaries and striations could
be seen after only about 20 seconds. Striations
appeared in dense patches, often near grain boundaries.
The rate of development along the facet axis was so
rapid that lengths of striations up to 40 microns seemed

to appear simultaneously.
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CHAPT o
NE C
£.1 Low index facets.

Few previous experimental studies have been made on
the properties of exact low index surfaces. Gomer (58),
using field emission microscopy, observed fast migration
on atomically smooth surfaces of nickel. Blakely (37)
also found evidence for fast migration from the
development of large flats on grain boundary grooves on
platinum and nickel.

It is probable that the facets developed during
thermal etching are atomically smooth over distances of
at least several microns although additional experimental
confirmation is needed on this point. Burton, Cabrera
and Frank (59) and Mullins (60) have discussed the
roughening of atomically smooth low index planes and have
shown that for most metals no large scale disordering
(surface melting) of low index planes will occur even
near the melting point.

It would seem that many surface properties,
varying with crystallographic orientation, may have quite
marked singularities at low index orientations.

Evidence from the thermal etching of silver shows that
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the low index surfaces have appreciably lower surface
energies, extremely low evaporation rates and provide
effective short circuit paths for surface diffusion.

These special features of exact low index surfaces are
not generally appreciated and the literature contains
reports of measurements on 'low index' surfaces which were

in fact several degrees away from the low index orientation.

8.2 Adsorption and the Y plot.
Information on the Y plot would be useful in setting

up detailed atomistic models of solid surfaces. However
it is unlikely that the intrinsic Y plot, that is the

Y plot of a pure surface without an adsorbed layer, could
ever be measured directly and it is of some interest to
hove data on the effect of adsorption.

While this thesis wasg 'in the press' Gjostein (61)
completed two theoretical papers on adsorption and surface
energy dealing in particular with the effect of adsorption
cn the Y plot and on thermal etching. He has developed
theories based on a model of adsorption of gaseous atoms
at three different types of adsorption site - surface,

single ledge and double ledge sites - each characterized
by different adsorption energies. It appears from
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Gjostein's analysis that adsorption energies can be
determined by measuring the critical pressure for
faceting as a function of temperature. Experimental
work following the lines suggested by Gjostein might
yield interesting results on surface models for
adsorption.

Some care is necessary in extrapoclating measurements

oY

of — terms to low index orientations. Robertson and

00
Shewmon (22) drew a straight line through values ot‘ng’

346

for copper in an Hazﬂzo atmosphere and estimated that-Léz

X6
is about 0,10 at the (111) pole. Illowever in the same
atmosphere they observed faceting and it is not possible
to fit to their data a finite contact angle setisfying
equation (1.9). Their suggestion that stability of
facets depends on %g; and not on %% does not appear
well founded and it is more likely that faceting is the
result of a deeper cusp in the Y pleot than their

extrapolation indicates.

. ifusion o urfac th adsorb .
Host wmeasurements of surface diffusivity of metals

have been for suriaces in inert atmospheres or in vacuum

and 1t 1s usually supposed that the measurements give
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information about the pure solid surface - the effect of
atmosphere is often ignored. In the experiments reported
here on silver in air there is no doubt about the presence
of an adsorbed gaseous layer and the high activation energy
almost certainly implies a 'two step' process for diffusion:
a combination of desorption of oxygen and migration of silver.
The high value of the pre-sxponential factor Do must be due
to a high increase in entropy for migrating atoms. Choi
and Shewmon's (55) high values for the activation energy and
Do for copper in hydrogen are suspiciously close to the
values found for silver in air and it is probable that some
impurity was adsorbed on the copper. flecently Brandon and
Bradshaw (62) have studied diffusion on copper in vacuum and

have found much lower activation energies of the order 1 ev.

8.4 Future work.

In view of the growing interest in solid surfaces at
high temperatures and the practical  jifficulties of
obtaining pure surfaces experimental studies are needed
of the effects of adsorption on various properties. The
data on adsorption isothierms at high temperature is very
meagre. No measurements have yet been made of diffusivity
as a function of adsorbed surface coverage.

The measurements reported here could be extended to
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other metals in different atmospheres. Faceting would
probably occur on most metals in suitable conditions, for
example at high pressures. An interesting point which

has never been investigated is that from the Gibbs
adsorption equation negative surface energies are possible
at high enough gas pressures and surfaces would be unstable.
The available data suggests that this would happen for

silver at an oxygen pressure of about 20 atmospheres.



98 -

APPENDIX.

ERNORS IN INTERFERENCE MICROSCOPY
Interferograms are frequently interpreted by assuming

that one fringe spacing corresponds to a change in height
of one half-wavelength of the illumination and that the
wedge angle a, between the reference and specimen surfaces,
is given by tan~t (\/2d4) where d is the fringe spacing.
However this expression is valid only for lowwedge

angles and for parallel illumination.

The illumination from the objective of the inter-
ference nmicroscope falls on the surface in a convergent
cone with angles of incidence up to 40° for high power
objlectives. If the illumination were only at one angle

of incidence O then each fringe spacing would correspond

to a change in height of It follows that the

2 cosp °
effective half-wavelength for the cone of light is A/z
mul4iplied by the mean value of sec © for all incident
beams and 1t is ecasily shown (63) that for uniform
illumination by a cone of halfl angle </> the fringe

spacing corresponde to an effective half-wavelength

AI_ 2& eCas¢
e %?5_95_—_1_ (A.1)



which for a high power objective can be as much as 6%
highor than AX/Q.

Al high wedge angles there is a second source of
errvor due to fringes being localised in the focal plane
and not at the specimen surface (Mykura (64)). Ae a
result a fringe slift occurs and the wedge angle is

given by & sine and not a tangent formulat
«l /
a = sin"" (A /24) (A.2)

Computation cof K, for a particular microscope is
not easy since generally the illumination will not be
spread uniformly over the whole illuminating cone. A
further complication arises becaouse at high wedge angles
a large part of the illumination is reflected outside the
acceptance aperture of the objective. Tolmon and Wood
(65) measured A/ from interferograms of steps of known
height prepared by eveporating two successive layers
of metal onto a flat surface. £ simpler wmethod has been
adopted here which has the advantage that it gives a
direct calibration of the microscope up to very high wedge
angles. A small splinter of optically flat silvered
glass vas wounted on a gonioweter head from an X-ray

diffraction camera. Interferograms of a small area of
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the aplinler were made over a range of wedge angles at
0.5° intervals. With the x60 objective on the Linnick
microscope fringes could be observed for wedge angles

up to 300. Plots of sine (wedge angle) against the
reeciprocal of the fringe spacling gave straight lines
from which the effective wavelengths were calculated.
(The tangent foruula is valid within experimental errors
up to 150). Table 12 suumarizes the results for the

Linnick and the laker uidcroscopes.

Tabl 2

Aperture ffective wavel
Ohjeasive setting Actual wavelength
Linnick
x60 3.3 1.03 £ .01
x60 2,0 1.03 * ,01
x60 1.0 1.03 + .01
x25 3.0 i1.01 = .01
Baker
x40 2,0 1,06 * .01

An additional effect occurs 1if the surface under

examination is not flat but gives a rapidly changing
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wvedge angle. It has been shown (64) that the fringe

gpucing is then given by the expression:

- Ui Y :
d 3 Shask ’H; j{;‘(swx) (a.3)

where the second term is a derivative with respect to
fringe order n. Arising from this second term
distortions of the fringe pattern can occur at sharp
changes of wedge angle. Inglestam (50) discusses another
type of distortion due to 'three-wave interferences’

which produce the effect of overlapping fringes - these
are often visible on the ridges at the edges of facets

and at the roots of grain boundary grooves.
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