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ABSTRACT

The Surfaqe tension of solid commercially pure
nickel was determined by the force measurement technique using
fine wires as proposed by Udin, Shaler, and Wulff, Grain

boundary measurements were also made on the same metal,

After finding experimentally that tests in a vacuum
of approximately 5 x 10—5 mm Hg were unsuccessful because of
the high power vapour pressure of nickel at high temperatures,
similar tests were made in helium and argon atmospheres, the
pressure teing kept constant at 760 mm Hg during the

experiments.,

The average surface tension of nickel in argon was
‘found to be 2220 * 300 dynes per centimeter for a temperature

range from 1370°C to 13%90°C,

The relative grain boundary energy of solid nickel
was determined by measuring the dihedral grain boundary groove
angles of thermally etched nickel., The interferometric method
developed by Hilliard and Harrold was used for this purpose,
An average‘value of 161 degrees was found for the dihedral angle,
The grain boundary energy was calculated to be 740 % 300 dynes

per centimeter,

Examination of thermally etched nickel surfaces was

inconclusive with respect to physical evidence for dislocation,
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THE SURFACE TENSION OF SCLID NICKEL

I. . INTRODUCTION

The present work on solid nickel was motivated by
the growing need for numerical values of the surface tension
of solids, as a result of increasing interest in the role of

interphase boundary phenomena in metals,

The existence of surface tension forées in solids
has been kn;wn for almost a century. Only very little
progress was made in the study of this phenomenon up fo 1948
when C.S. smith’ extended to multiphase alloys the idea of

D. Harker and E.R. Parker? that drystal growth in heated
metals is due to grain boundary forces. Smith also showed

the nature of the dependence of crystallite shape on inter-
facial tensions between solidifiedvcrystéls and_still liquid
alloy. Since somé of the mechanical properties of engineering

alloys are structure sensitive, many metallurgists were alerted

by this paper.

Hollomon and his co-workers realized that the phase

nucleation theory of Volmer,3 extended by Becker4 to solid-
state transformation, required some data on solid surface

tension to activate it to practical use.

In the study of sintering of metal powders it was
found that a more basic understanding of the operating
mechanisms was needed for further development. Shaler5 showed

that an exact value of surface tension of solid metals is



necessary for solution of the kinetics of sintering, because
this force plays a principal role in deunsification and

strengthening of powder compacts,

Welding metallurgists realized that surfage forces
determine the soundness of welded or brazed joints. G.L.C.
Bailey and H,C., Watkins were led to a study of the surface

forces in metals bty their interest in the jolning of metals,

Besides the metallurgists, chemical engineers
interested in catalysis, mechanical engineers working‘on
lubrication problems had shown appreciation of the importance
of the surface forces in metals, but had been unable to
determine experimentally the solid:liquid and sblid:gas‘inter-

facial tensions,

The surface forces (definitions and terms'used are
given in Appendix A) are a direct result of chemical free
energy. The interfacial atoms are at energy states between
those of interior atoms and vaporized atoms. The difference
between the energy of surface atoms and internal atoms is in
terms of the energy reqdired to form a unit area of the
surface, and is called surface energy. This excess energy in
the surface prbvides the driving force for any process which
may induce a decrease in surface area, Such a process is
capable of doing wpfk at the expense of the energy of decreasing

surface,

Gibbs6 has proved that this excess energy at the

interface between two phases is a partial function of the



interfacial area, thus

2F

55 is the rate of change of free energy of the

IF _ ¢

25

where
system with changing surface area at constant

temperature, pressure, and composition.

® 1is the interfacial force per unit length or
free energy per unit area, teing expressed

either in dynes/cm or 1in args/om,2

Therefore, two approaches are possible to measure the
surface energy of the solids. The surface tension may be deter-
mined either by thermodynamic measurement of the surface energy
"or by a mechanical measurement of the surface force by the

application of a balancing counterforce.

- At present the values of the surface forces of Cu,
Au and Ag, all being metals of relatively low melting points,

have been determined by the use of the second method,

The present work to determine the surface tension of
'solid nickel is an attempt to use the force measurement
technique first developed by Udin and his collaborators, on a

metal of higher melting point,

II. . PREVIOUS WORK

Experimental Techniques

Energy measurements.

Thermodynamical measurements to determine surface

energy have been carried out by the application of heat-of-



S4
solution method, ZFricke and Meyer7 measured the heét of
solution of massive gold in iodine trichloride, and found it to
be lower than that of fine gold particles. Surface area was |
evaluated on the basis of cubic particles, the diametér of the
particles being determined from the amount of broadening of the
x-ray diffraction lines of the gold pbwder° This area and the
excess heat of solution yielded a surface energy equal to 670

ergs per square centimeter,

8

Hiuttig and his collaborators™ determined the inter-
facial tension copper:copper sulphate to be 40,000 ergs per
équare centimeter by measuring the electromotive force between
electrodes of copper powder and massive copper respectively, in

a copper sulphate solution, Since copper tends to dissolve from
the powder electrode and precipitate on the massive metal, an
equilibrium emf, due to the excess solution tension of particlesJ

of radius r, and with an interfacial tension Y against the

electrolyte, can be measured.

v = 20X
Fyp
wherejg‘is the ratio of atomic weight to density of the

particle
F is Faraday's constant.

Certain errors are introduced in estimating the
surface area or particle size, and in using the electrochemical

method, due to the side reactions and non—équilibrium conditions,

Force measurements

The techniques for determining the force of surface
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'tensipn have been more favored than those involving measurement
of energy, because Qf fewer experimental difficulties and |
uncertainties. Thesevmethods involve the balancing of surface
tension with a counterforce. Thin wires or.foils are loaded with
weights of varying magnitude and heated to.a témperature below
the melting point. The straius {positive if due to the counter-
force, and negative 1f due tc the surface ténsion) are observed,
The load which exactly talances the upward pull of the surface
tension is estimated from the plot of strain against stress., The
interpolated load allows the determination of the value of the

surface tension in a simple calculation,

.This technique has been known for many years, and

9

surface tension values have been reported by Chapman and Porter,

10 11

Schottky and Berggren in the earlier part of the century. The

filament technique was later used successfully to determine the

. . R ‘ L 12, 13
surface tension of viscous liquids. Tammann and co-workers, ’

Sawai and collabo;r‘ators,14’:L6 and Maokl7 reported good agreement
between this technique and more conventional methods of measuring

the surface tension of glasses and tars.

All these experimental results supported the belief
in reliability of the technique and soon it was employed with
8,19

success on solid metals. Sawai and Nishida,l -and Temmann and

- 20 o . .
Boehme made quantitative measurements on gold foils and attempted
to calculate from théir results the interfacial tension of the

non-equilibrium system'gold:air(

In experiments for determining the surface tension,
loaded wires rather than loaded foils may be used, although the
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sensitivty of the test is somewhat diminished aue to thé_
unfavorable surfacéAarea tqfé;§g§;seotional_area rat16 of thin
wires, For example,,Sawai%s-gpld'foils being 7.7 x 10'5‘
centimeters thick,,were subjected to a shrinkage stress of 19 kg.
per square centiﬁeter at a surface tenéion of 1500 dynes per
céntiméfer, whereas in 0,00B-gentimeter radius wire the stress
is only 0.37 kg. per square centimeter. Hence, the use of wires
in the experiments requires an operation very near the melting
point for a réasonable duration, The insensitivity in using
wires is counterbalanced by the following considerations, The
cylindrical wire, in equilibrium, is in“a state of hydrocstatic
compfession, the strain rate in all directions being zero, which
is not true in the caée of foiis. Secondly, the grain boundary
energy, undoubtedly:one“of the cdmponents of the force acting

on the specimens, can be dealt with in case of wires, if the
~majority of.grain boundaries are perpendicular to the wire axis.
Finally, strain‘anisdtropy is negligible in the case of wires as

compared to foils,

Consider a wire of length 1 and radius r containing
n + 1 grains with a cross-section edual to that of the wire with

boundaries perpendiculdf to the axis of the wire (Fig. 1).
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If the shrinkage force of the surface tension is just
counterbalanced by a suspended weight w , then the axial stress

_ W - 2Ty ‘
G;_: 'n(‘?. (l)

where ¥ is the surface tension of the wire, the x-axis being

along the wire with tension positive.

' ’ F‘})z '
j Fo=F

]
—
’ F’ 1=

%
F,,Z

Fig, 1. The Stress Analysis of Loaded Wire

The stresses perpendicular to the wire are due to
the circumferential force of the surface tension and the line
forces due to each grain boundary. These forces are equal and

can be expressed by

x‘ ¥
¢, =0, =-(% +3¥" (2)

where ¥”is the grain boundary tension,
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- For the case of zero strain in the x-direction, the
strain will also be zero in the y- and z-dirébtions, since the
wire is under hydrostatic stress., Hence G, = G; = G}

and thus ,
w = TicY - T Tiezy”

v

From this equation the surface tension can be
determined in a single experiment if the grain boundary tension
is known, or if the ratio of grain boundary tension to surface .

tension is available.

Udin, Shaler, and Wulff21 first applied this technique
to evaluate the surface tension of copper in vacuum. Their
value for the surface tension of solid copper was 1670 dynés per
centimeter at 105000, as cofrected by Udin22 according to the
Equation 3. The results are summarized graphically in Fig. 2,

and a typical stress-strain diagram is shown in Fig. 3.

2200

2000

1800 p==

1
I
!
!
f
>
>
R s g o I

Z/

|
|
i
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1400 —— Copper; 10/48 .
Corrected 10/50

Surface Tension, Dynes per Centimeter

|
|
— Melting Point

1200 I .
Hoo 1200 1300 1400
Temperature °K

_————— P -y - —— ——— -

Fig, 2 Surface Tension of Solid Copper
as a Function of Temperature
(after H., Udin).
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Funk, Ud¥n, and Wulff23 experimented on silver in a
helium atmosﬁhere;fafter they foﬁnd that the vapor pressure of
silver was too‘hfgh fo attain the metal:vapour equilibrium in
their experiments in vacuum, The surface tension of silver
in helium was found to ‘be 1140%90 dynes per centimeter for the
temperature range from 875°C to 932°C, which is a true surface
tension, because helium is insoluble in silver and will not be
physically adsorbed at high temperatures, and cannot chemisorb

to a metal surface,

X

Test No.13 -

{ I ) 1 ]
] 2 3 4° 5x10% -
Stress, Dynes per Cm.2

Fig, 3, A Typical Experimental Strese-Strain
Diagram (after H. Udin),
Alexander, Kuczynski and DawSon24 who worked with
gold wires sqspended in tubular nickel heaters in vacuum, had

similar difficulties., Since a complex gold:gold vaper:nickel

vapor system with no possibility of gold:gold vapor equilibrium
was used, no reproducible values for the interfacial tensien of

the system were obtained.
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Buttner, Udin,anqulff25

experimented on gold wires
in helium atmosphere to determine the surface tension of solid
gold, They determined a value of 1400165 dynes per centimeter

for the temperature range from 1017°C%to 1042°C.,

Buttner, Funk n~and Udin26 studied the effect of oxygen
on surface tension. They found the interfacial tension of the
system gold:gold vapor:air at 1040°C to te 1210 dynes per
centimeter as compared to 1370 dynes per centimeter for the
system gold:gold vapor at the same temperature; and the inter-
facial>tension of the system silver:silver vapor:air at 93000
only 450 dynes per centimeter as compared to 1140 dynes per
centimeter for the surface tension of silver. Since the
experimentally determined values are accurate only to about 15%,
no further experiments were carried out in the case of gold.

The effect of oxygen on surface tension of silver was studied
more fully. Tests were run in various mixtures of purified
helium plus dried electrolytic oxygen. The results showed a
linear relationship between surface tension and the logarithm
of oxygen partial pressure. It was concluded that silver will
adsorb approximately 1.7 x lO15 atoms of oxygen per square
centimeter of surface, the amount not being dependent on
ﬁressure in the range investigated, and form a surface-

stabilized film of oxide,

The experimental technigue is a delicate one. The
marking of reference pointes on the wire presents a difficult
protlem, Painting or plating the wires outside a given gage

length is not satisfactory because anything adhering to the
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surface lowers the surface energy. Xnotting the wires at two
points was used by Udin and co-workers in the case of COpper.
The gage points are taken as intersection of the inner loops

of the knot with the straight portion of the wire (Fig.4).

Later Udin and his group inscrited the marks by
rotating the wire mounted in a jeweler's lathe against a pair

of razor blades spaced the required gags length apart.

Fig, 4 A Drawing Showing the Marking of
Reference Points on the Wire.
The weights, ranging from zero to about two to three
times the estimated weight required for balance, are fused to

the ends of the gage-marked wires, Eight to sixteen wires used
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in each test are suspended from the 1lid of the metal cell, The
weights, 1id, and the box are made of the,same metal used for
the specimen, Thus at temperature the wires hang in an

equilibrium with metal vapor atmosphere,

The wires are straightened and annealed at or above
the experimental temperature for at‘least'oné hour in the vacuum
or ﬁest atmosphere. After cooling, the_spécimens are removed to
measure the gage length and count the grains. The assembly is
‘returned to the furnace and held at the tesp’temperature for a
time sufficient for measurable creep to také place, the time being
dependent on the temperature and accuracy:réquired. The furnace
1is cooled to room temperature, the specimens are removed and
refmeasured, It hag been found that no'further grain growth takes
place during the test becaﬁse the thermaily etched groOVes

produced during the anneal anchor the gfain boundaries.

The change in length is transfofmed to engineering strain
and.plotted against the stress due to the‘sQépendéd weights, which(
are corrected by taking into account thehwéight of the wire below
‘the point midway between the upper and lower gage marks. The
intercept of this plot with the strain axisvgives the value of the

stress at zero strain or the value of w from Equation 3,
W wri-(-z—)wv“y-*..

Grain boundary energy measurements.
In order to calculate the surface tension for the

given metal, either the value of thé grainAboundary energy
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must be known, or the ratio between 5" and ¥ assumed., Up to
1948 no satisfactory methods to determine the interfacial
energles, sﬂch as grain boundary energy, were available, A
new attack to the problem was proposed by C.S. smithl who
showed that the geometrical shapes of grains result from an
approach to an equilibrium tetween phase and grain interfaces
whose surface tensions geometrically baliance each other at the
points and along the lines of contact when annealed at
gufficiently high temperatures for a sufficient length of time,
This relationship between grain boundary tensions and grain
boundary geometry had been suggested earlier by Desch?7 Measure-
ment of angles established between the interfaces when in
equilibrium, provides a method to determine the relative values

of surface forces involved according to the relationship

£E . B . & (4)
siny), Siny, Siny,

Where E 's are the respective specific interfacial
energies, and ¥ 's are the dihedral angles between the inter-
faces measured in the plane perpendicular to the junction,
However, this relationship will be complicated by the orienta-
tion dependence of grain boundarylenergies° The evidence
available concerning the orientation dependence of so0lid inter-
face energies is sparse but it seems that both experimentally
and theoretically its effect may be expected to be small,
except for a limifed number of cases when grain boundaries have

cusp orientations,

Physical measurement of microscopic dihedral angles
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is difficult because, by definition, they must be measured in
a plane perpendicular to the line of junction of the‘interfécés,
which actual direction is unknown, Harker and Parker2 proposed
a statistical method which, if employed., wouid give the value of
dihedral angle within the limits of i50 when a large ﬁumber of
dihedral angles were measured at random. This method has bteen
used in some cases with certain mcdificstions bty different

researchers,

A.more subtle method is the calibration of solid:solid
~interfacial tension in absolute units when the energies of such
solid:liquid or solid:gas surfaces are known or can be determined
by the methods described above. Calibration with solid:gas
tension is preferred to the calibration with a solid:liquid
tension because an inert gas or vacuum can be used to avoid
contamination‘of the interface under study. During the
equilibrating heat treatment, shallow grooves on the free
surface of the specimen at the grain boundaries are formed, the
process being called 'thermal etching'., If the dihedral or
groove angles Y are measured and the surface tension of the
solid in the gés is known, the grain boundary energy can be |

calculated from the formula (Fig. 5)

¥ = 29cos T - | (5)
- Or, subsequently, if the surface tension and grain

boundary tension are determined simultaneously, the two

unknowns QJand ¥” may te calculated from
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w o= TI08 ~(F\mic2e*
{ <) (6)

= 2% Cos ¥

where all other values can be measured.

.4

| 3

Fig, Dihedral Groove Angle of a
- Thermally Etched Specimen.
Because of the small size of the grooves (dpprox,
1 micron deep) and the obtuseness of the groove angle (usually
160 degrees or greater), a small experimental error in measur-
ing the angle produces a large relative error in the calculated

grain boundary energy, the experimental technique is difficult.

Bailey and Watkin328 measured the groove angles of
thermally etched copper in microsections taken nofmal to the
surface, Buttner, Udin and Wulff29 determined the absolute
grain boundary energy of gold at 13009K to be 365%*50 dynes per
centimeter by measuring dihedral angles. Greenough and King?o
used both microsections and taper-sections to measure dihedral
groove angles in silver, and checked their results successfully

by a method of optical goniometry, The latter method, however,
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is not sufficiently accurate because of the very small size of
the groove and continuous curvature of the groove surfaces and
of the magnitude of the wave length of light. Fullman31
determined the groove angle for copper coherent twin boundaries
thermally etched in lead vapor and demonstrated that there is

an optimum taper-sectioning angle for most accurate measurement

of a particular groove,

32

ot
ASN]

Hess and others used the method of multiple-beam
interferometry developed by Tolansky34 to measure the groove
angles of pure'copper but found that large errors in the calcu-
lated grain boundary energies result, if the reference plate and
the surface deviate from parallelism more than approximately

2 degrees. On the other hand, Hilliard>® has demonstrated that
the interferometric method is sufficiently accurate, if the

reference plate and the experimental surface are parallel, ty

measuring grain groove angles in the Cu-Au system,

This method consists in matching an aluminized or
silvered, optically flat, glass surface of reflectivity
approximately 0,50 against the metal surface, and the use of
monochromatic light in the formation of Fizeau fringes which
represent the contour lines in the surface topography. Xnowing
the necessary constants, the elevation profile of the gurface
slope in the grain boundary may be constructed and the dihedral
angie measured. The equation governing fringes of minimum 

reflection from the interferometric gap ¢, is

2n ¥ + & = (2Zn+ )T (7)
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according to Harrold56 who used glass slips coated with
multiple dielectric films. When the objective is focused in -
the air gap tetween the reflective surface of the optical flat,
the metal specimen reveals contour lines at intervals of '%
as § varies with irregularity of the metal surface and

assumes successive integral values, & , the sum of all relevant

phase changes at reflection, is fixed in this case,

No cfitical evaluation for the interferometric |
method developed by Hilliard and Harrold is available at the
present. However, present work has demonstrated convincingly
the applicability and the relative simplicity of the method with
respect to other conventional techniques., This method makes it
possible to pick the grain boundary grooves suitable for the
measurement of dihedral angles by obtserving the symmetry of the
Fizeau fringes. No time-consuming work is required as in the
case of miérosections, or determining the dihedral angle by the
use‘of statistical methods. Furthermore, the accuracy of the
method is believed to be higher than that of the other mgthods
because of the fewer experimental difficulties and uncertainties

involved,

Theoretical Considerations.
Viscosity
Knowing the surface tension of solid metals, it is
possible to calculate their viscosity, if certain assumptions
are made, It is assumed that the material contracts or extends
uniformly along the length of the specimen, and also that it |

flows in a viscous fashion, i.e., that the strain rates are
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proportional to tlie siress applied. 1If viscous flow is assumed,
no change in lattice energy should be present, and all the
strain energy should appear as heat, The kinetic energy of the
moving weight being neglected, the time rate of heat generation
equals the rate of change of potential energy by changing both
the position of the weight and the area of the metal surface,

Therefore, under isothermal conditions,

dQ _ ot oS
® - Wm T8 (8)

where ) is the heat of viscous flow.

21

According to Frenkel”' the energy dissipated in flow

for a viscous rod under longitudinal strain is

N
& B

where B 1is the coefficient of viscosity

By making necessary substitutions, a simplified

relationship

¢ ¥
€=5-;?(¢'-‘F\ (10)

is derived, if the strains measured are small, ¢’ being stress,

Udin has calculated the coefficient of viscosity
from his experimental data on surface tension of copper using
eQuation 10, and plotted the logafithm of the viscosity against
the reciprocal of absolute temperature., The equation of the
resulting line is |

54 000

” =30e X7 (11)

The activation energy of 59,000 calories per mole is within the
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range of values reported for self-diffusion of copper by
Steigman.39 However, the constant is lO7 times larger than

8
that predicted by Kauzmann3 according to the equation

, (=}
V?=£3% RT (12)

Udin concluded that an atomic vacancy is the unit of
flow, but only a very small fraction of vacancies can participate

in the flow,

Herring theory of diffusiqnal viscosity,

Since the oorrectnesé of the reported valués for
surface tension of various metals and the future experimental
work is based on the assumption that the specimens deform in a
viscous fashion, it is necessary that a mechanism be established
that would explain both the viscous flow and the uniform deforma-
tion., Such a mechanism has been proposed by Herring4o who
explains the deformation taking place under experimental
conditions by means of a flow of vacancies btetween grain bound-
aries and surfaces, This theory, which is a direct but
independent extension of the theory put forward by Nabarro4l
in an attempt to explain the microcreep observed by Chalmers in
single tin crystals, suggests that any grystal can change its
shape by self-diffusion in such a way as to yield to an aﬁplied
shearing stress, This can cause the macroscopic behaviour of
a polycrystalline solid to be like that of a viscous liquid. It
is- assumed that this phenomenon is the predominant cause of

creep at very high temperatures and very low stresses, though

not under normal conditions., It is pointed out that a poly-

crystalline solid under a shearing stress, can, because of
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self-diffusion within. the grains, yield as a result of
diffusional flow of matter within each cfystal away from grain
boundaries where there is é normal pressure, and towards those
where there is a normal tension., The yielding 1s macroscopic-
ally describable by an effective viscosity proportional to the
square of the linear dimensions of the grains, This theory of
so-called 'diffusional viscosity'iﬁrovides a possible explana-
tion for the behaviour which has been observed for foils and
wires being suspended with very small loads and held at an

elevated temperature.

The rate of yielding of the specimen %o the applied
forces understahdably depends on the detailed distribution of
‘the sizes and shapes of its crystal grains, and'on whether or
not the grain boundaries are able to withstand shearing stress
for times as long as are necessary for measurable diffusional
‘flow to take place, 1t has been fbund that shearing stresses
ac;ossvmetallic grain boundaries are rapidly felaxed at high
tempergtures, which seems to be a general property of grain
boundaries, The rate of creep, until this relaxation has
become complete, will usually be considerably faster than that

due to diffusional viscosity.

Compared to the stresses in ordinary creep experiments,
thé low stresses used in experiments to determine the surface
tension of metals indicate that the mechanism proposed by
Nabar?o and Herring to explain the deformation of the specimen
is most probable, although it is, of course, quite concelvable

that the mechanism of ordinary creep and microcfeep are the
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same, the threshold teing lower and the rates faster at the

higher temperatures,

Herring's viscosity equation for a wire with tbamboo-

like! structure is

2 kTRL
7=3BDa, (22)

where T is the atsoclute temperature

R is the radius of the grain

L is the length of the grain

D is the self-diffusion coefficient

B is a function of grain shape L
Egis atomic volume R

The theory was verified by the work of Udin and

others42 who determined that the viscosity of 5 mil gold wires
is much higher than that of 1 mil wires. Good agreement with
theory was also found by Greenough43'whovobserved strain rates
in silver single crystals. Opposed to these observations were
the results of Udin and his collaborators21 on solid copper in
which case the viscosity was found to decrease as grain size

increased.

A series of experiments were carried out by Pranatis
and Pound44 with copper foils of varying grain size to confirm
the Herring theory of g}ffusional viscosity. A good agreement
between. calculated and observed values of the coefficient of
viscosity, activation energy, and self-diffusion coefficient was
found, This additional evidence in favor of Herring's theory of

viscous flow indicates that the values of surface tension
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obtained by force measuremént techniques may be regarded with
confidence. The relationships determined between viscosiﬁy and
grain size, and viscosity and temperature; as well as the values
of observed viscoSitiés, strongly support the proposal that
deformation under the experimental conditions develops almost
entirely by means of vacancy diffusion. 8Slip, kinking, off-
setting, and grain boundary sliding are assumed to make‘only

limited contributions.

Theories of surface tension Qf golids

Not only are the available data concerning the
nume?ical values of the surface tension of solids incomplete,
but in addition, no satisfactory theory of the surface tension
of nonionic solids is available At présent° Stratton's45
electron theory of surfacé tension of solid metals is one of
the best of the existing ones, but its predictions are consider-
.abiy lower than the experimentally known surface tensions‘bf

"liquid metals, and hence has to be considéred at least in its

quantitative predictions inadequate,

Lately a new theory of surface tension of solids
based on the elementary next-neighbor approach has been
presented by Skapski,46 This theory allows one to calculate
the surface tension of non-ionic solids from the arrangement of
next neighbors, from the heat of fusion, and from the surface
tension of the liquid substance at the melting-point.

Comparison of the theoretical values with experimental data

obtained from foil- or wire-stretching experiments has given

good agreement.



- 253

IITI., EXPERIMENTAL
Materials

Commercially pure nickel of Type "A"™ grade was supplied
by Johnson and Matthey Ccmpany Ltd., London, England. This was
in the form of 1/2" round bar for grain toundary energy measure-
menﬁs and 1/8"™ wire for surface tension meaéurementso The
analysis for this material is given in Appendix B. 1In the latter
stages of the experimental work, nickel wire of 0.0ld inch size
manufactured by Hoskins Alloys Canada Ltd., Toronto, became

available,

Equipment

The vacuum furnace (Fig.6) used in the experimental
work was of mild steel, with a diameter of 8 inches and a height
of 20 inches, inside dimensions. It was evacuated b&“a 275
liter/sec oil diffusion pump backed by a 140 liter,/min mechanical
pump.,

Pressure was measured by a thermocouple vacuum gauge,
and by an ionization gauge. The vacuum measuring unit allowed
an effective range from 1 mm to 10“7 mm Hg, and pressures of

2310'5 mm Hg were readily obtained,

One platinum thermocouple, used for controlling the
temperature, and the power leads were inserted through the
furnace arm which was specially designed for that purpose, The
other thermocouple was introduced into the .furnace through the
bottom plate of the furnace, The controlling thermocouple was

connected to a Honeywell recorder-controller and the emf. of the
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other thermocouple was measured with a Tinsley potentiometer,
A heating coil of'molybdenum 0.025 inch wire, wound

on a grooved alundum tube 12 inches long and of 1% inch diameter,

supplied the furnace with power,

Heat losses by radiation from the heated zone were
decreased by the use of three concentric radiation shields

made of molybdenum sheet,

Figure 7 shows the interior arrangement of the .
furnace, A complete drawing of the electrical power supply,

thermocouple, and vacuum gauge circuits 1s given in Appendix C.

Procedures.

Nickel wires of 0,010 inch diameter were prepared by
drawing the 1/8 inch wire with jeweler's drawing plates, It
was fOund necessary to anneal the cold worked wires quiﬁe often.
The best lubricant fof the work was thin lubricating oil for
scienﬁific instruments. After every individual stép of
reduction, the wires were cleaned thoroughly with carbon tetra-
chloride, and annealed in hydrogen at about 1200°C for approx-
imately %0 minutes., Steel boats filled with fine-alﬁndum
powder were used in this operation, The process was repeated

until the minimum size of the wire was established,

The Udin technique of force measurement was used.\
Nickel wires of 0,010 inch diameter were cold worked about 3%
by stretching and then annealed to grow sufficlently large

grains, The most effective range of cold working was obtained
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experimentally by stretching wires at different rates of strain

and determining microscopically the effects,

The wires, cut to suiltable lengths, were knotted at
two points-léaving the approximately predétermined gage length
between them. Great care was taken in making the knots in

order to minimize cold working of the wire between the Kknots,

A load of known weight was attached to each wire,
The weight, ranging from zero to about two to three times the
estimated weight required for balance, had a hole drilled in its
center, The wire was pushed through the hole and then secured
by making another knot btelow the load. Thé other end of the
loaded wire was pushed through the hole in the top of the nickel
box, and wedged there by a small nickel plug. After seven or
eight wires were mounted to the top of the box, the top was
attached tightly to the box, after making sure that the wires
and the weights touched neither each other nor the walls of the
box. The tox together with the top plus wires and the
removable nickel bottom was introduced into the furnace using

a small electromagnet.

The wires were annealed and straightened at Sf above
the experimental temperature in a vacuum of 5%10'5 mm Hg for
approximately one hour., The furnace was cooled to room
temperature, a process requiring about twelve hours? After the
nickel btox was removed from the furnace with the electromagnet,
the gage lengths of the wires, still attached to the top of the

box, were measured with the travelling horizontal microscope,

and the grains were counted, The box was reassembled, returned
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to the furnace, and brought to the experimental temperature
for a time sufficiently long for a measurable creep to take
place, this timé teing longer the lower the temperature. The
furnace was cooled again to room temperature, specimens were
removed and re-measured. The change in length was converted
to engineering strain, and plotted azainst stress arising from

the suspended weights,

To measure the grain boundary encrgy of solid nickel,

the following work had to be carried out.

Glass proof plates of 1 mm thickness were tested
against a standard optical flat, and the satisfactory ones were
picked out. These glasses were cleaned thoroughly in nitric
acid and washed with distilled water and soap., They were dried
carefully and mounted five at a time on a specially prepared
support. Aluminum was evaporated in a suitable apparatus. The
determinafion of the thickness of the film for fifty percent |
~transmission and the weight of the coating material are shown
in Appendix D. A complete description of the apparatus and the
procédure used in silvering the mirrors is given by Strong.47
For this work the apparatus from the Physics Department of the
University of British Columbia was kindly made avai%able.
Aluminum was used as a coating material since silve% was
considered to be unsatisfactory because of its tendency to form
sulphides; the multiple dielectric films proposed bty Harrold36
were not used because of the experimental difficulties in
preparing them, Optical flats were produced with the'following

reflectivities: 20%, 30%, 40%, 50%, and 70%,
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Pieces’approximately 1/2 inch long were cut from a
commercially pure nickel bar of 1/2 inch diameter, cold worked
three percent by compression and pdlished accordihg to the bestb
conventional methods. These specimens were annealed in vacuum
for a few days in the temperature.range from 1200°C to 1300°C,
The prior cold work of the specimens allowed the grains to grow
to a sufficiently large size, and to reasch thermodynamical
equilibrium at the experimental temperature during ilhe tine
allowed, After the furnace.was cooled’ts_roam temperature, the
specimens were removed for microécoﬁic_observation of thse

thermally etched grain'boundaries;

The contour fringésvof‘theigrain bbundafy gfooves were
visible in monochromatic light,'When.thefthéfmal;y etchéd metal
surface was bbserved throﬁgh ﬁhe“partially‘refledting optical
flat with its coated surface against tﬁe specimen, prbﬁided thatv
the reference plate and the surface of the specimen were parallel.
The mercury green line of wave 1eng;h}546l Angstroms used was
obtained from an interference filter‘made by Barr andetroud.

The objective, focused in the air gap, revealed the contour
lines at intervals of A,2 as theﬂihterferoﬁetric gap varied
with the irregularity of the métal éurfaCe. The’fieldbof view
was photographed to study the surface profiles obtalned from the
fringes of equél chromatic.ordér. By -the applidation of
experimental data in the calculations, ﬁhe,profilé of the grain

toundary groove was plbtted, and,the'dihedral angle measured.

A numver of microgpaphs‘weré_taken to record some of

the interesting phenomena in the structure of the thermally
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etched nickel,

‘Difficulties.

Temperaturevmeasurement-and control.

Temperature measurement inside the sxperimental
zone, and temperature control were subject to cconsiderabdle
difficulties., 1In the first test when the platinwn thermo-
couples were intfoduéed into the nickel tox, it was obsarved
that they became_gontaminated with coﬁdenseﬁ nickel vapor,
making the readings completely unreliable, In the*attemﬁts
which followed, the thermocouples had to be removed from the
actual- experlmental zone and covered w1th sultable shleldlng
material, thus introducing uncertainty in the experimental
temperature. The maghesium silicate (AlSlMagaZZE) tube which
served as the suppért for the nickel box containing the
specimens, was found to be satisfactory. Metal shields, such
as titanium and molybdenum, were entirely unsatisfactory
becauseuof-their tendency to form alloys with condensing

nickel, and to melt around the thermocouple,

The thermocouplés were observed to pick up sn
induced A.C. voltage of up to 70 volts from the furnace wind-
ing during the experlments at high temperatures. -TQ correct
the situation,'thermocouples inserted in the magnesium
silicate support‘were sniélded with grounded molybdenum sheets,
This method dscreased’the A.C. voltage in the thermocoﬁple to
less than 1 volt, but the other thermocouple _used for_control
purposes and sitﬁated outside the furnace Winding was.neyer’

free from an A.C. voltage of at least about 15 volts.
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Temperature gradiesnt,

During the production of thermally etched nickel,
metallographic specimens, as well as the thermal treatment of
nickel wires to determine the surface tension of the metal, the
presence of a consideratle temperature'gradient inside the
furnace was observed, Although the effect of this gradient
would te somewhat diminished by the high thermal conductivity
of nickel, its undesiratle effects on the experimental specimens
were easily detectable, Metallographic specimens prepared for
interferometric technique to determine the grain boundary energy
of solid nickel were found to be unsatisfactory because of the
sutlimation of nickel atoms on the polished surfaces. The
original wire size was increased up to 50 percent of its original
diameter because of the condensatvion of nickel vapour in the
cooler regions of the hot zone, and partially decreased at the
hotter spots. Furthermore, the weights suspended on the wires
were found to have increased up to 50 percent with respect to
the originally determined loads for the same reason, To improve
the thermal gradient in the furnace the following corréctive
steps were taken: the original gage length of the wires, which
was approximately 8 centimeters, was decreased to about 2
centimeters; more radiation shields were introduced, and the
heating coil re-designed. Considerable improvement was obsefvedo
however, there was still some indication of a thermal gradient
in spite of this, the nickel tox appeared to lie in a region of

reasonably uniform temperature.
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High Vapqur pressure of nickel.

To decrease the high rate of évaporation of nickel
atoms at elevated temperatures, it was decided to use inert:
gas atmospheres instead of vacuum. A helium‘atmosphere of 760
mm Hg was found to te unsatisfactory btecause of its very high
thermal conductivity, the maximum temperature reachéd staying
below lZOOOC. An argon atmosphere of 760 mm Hg was used
successfully, the maximum attainatle temperature approaching

1400°C.

The‘structure'of experimental wires.,

The fine wires employed employed in the{forCe measﬁre—
ment technique to determine the surface tension of‘sQlid nickel
were two to three times greater in diamete? thén those used by
other workers on copper, gold, and silver, In the previous
work the reported diameters of the wires used were 0,003 and
0.005 inches compared to 0,010 inches in the present case, The
use of finer wires is considered to te a factor in securing a
satisfactory bambbo-like structure of the wires during the
experimental tests. As a consequence, an ideal bémboo—like
structure of the wires was seldom observed after experimental
rungs. Furthermore, much longer durations of the experimental

- runs had to be applied to achieve measurabtle strains.

Interferometrip work

After many unsuccessful attempts to observe the
Fizeau fringes according to the method described previously,

optical immersion oil was employed tetween the specimen and

3
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the coated slip, as proposed by Hilliardov No fringes were
detected in the regions where oil was squeezed between the
specimen and the glass plate, but they were clearly visible
in the regibns where no oil was present, It is assumed that
this thin layer of oil carrying the weight of the specimen
promotes an almost perfect parallelism between the thermally

etched surface and the reference plate,

IV. RESULTS

,Tpe Grain‘Boundary Energyvof’Solid‘Nickel.

The relative grain boundary energy of solid nickel
was determined by measuring the dihedral grain boundary gfooVe
‘angle of thermally etched commercially pure nickel svecimens,
The interferometric method as proposed by Hilliard and Harrold

was used,

Matching an aluminized optically flat glass surface
of reflectivity approximately 0,30, against the thermally
etched specimen, and using monochromatic light (Hg green line
of 5461 Angstroms), Fizeau fringes representing the contour
lines in the surface topography were observed and photographed
at a magnification of 1170 times. Distances between the |
respective Fizeau fringes were measured to 0,005 cm by using
a microscope, Knowing the magnification of the micrograph, the
horizontal distances between the Fizeau fringes were calculated
and plotted against the constant vertical distances between the

fringes, which were equal to A/2 or to 2.7305x10‘5 cms. From
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the resulting elevation profile of the surface slope in the

grain boundary groove, the dihedrel anglé ¥ was measured,

A few of the micrographs (Figures 10, ll; 12, and 13)
showing the Fizeau fringes along the grain boundafiés of
thermally etched nickel specimens, and the determination of

dihedral angles from those are presented on pages 36 and 37,

Tatle I gives the horizontal distances between the
fringes, measured at the cross-sections as indicated on the

micrographs, and calculated,taking into account the magnificatiOn.

Fig. 14 shows one of the elevation profiles of the
grain boundary groove plotted from the attained interferometric

data,

The‘tests to produce thermally etched specimens bf
four hours duration were carried out in'vacuqm of 5 x lO'5imm
Hg ét 137500. Because of the e xperimental difficulties, only
three different grain boundaries have been studied interfero-

metrically,



Fig. 10 1100x

Micrograph Showing the Fizeau
Fringes along the Grain Boundary

of a Thermally Etched Nickel
Specimen,

Fig. 11 1100x
Micrograph Showing the Fizeau Fringes.
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Fig, 12 1100 x
Micrograph Showing the Fizeau Fringes.

Micrograph Showing the Fizeau Fringes.
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TABLE I

Horizontal Distances Between the Fizeau
Fringes Measured from the Experimental

22.17

Micrographs.
Profile
2 3 4 5
aﬁ pE gX pX o . léﬁ" ‘bx ok pi -
0.205 17.5 0.190 16.3 )
0,195 16.7 0.160 13%.7
0.190 16.3 0.155 13,2 0.250 21.4 0.275 23.5 0.190 16.3
0.170 14.6 0.145 12.4 0,220 18,8 0.240 20.5 0,180 15.4
0 0 0 0 0 0 0 0 0 0
0.175 15.0 0,160 13.7 0,230 19.7 0.260 22,0 0.175 15.0
0,205 17.5 0,185 15.8 0.260 22.2 0.300 25.5 0,210 18,0
0.215 .18.4 0.215 18.4
04265

0.245 21.0

X a gives the measured distance between fringes in cm,

5

A b gives the calculated real distances between fringes in 10 “cm.,
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The values c¢f dihedral eangles determined from the

above data are recorded in Table II.

Table II

Values of Dihedral Grain Boundary Angles of
Thermally Etched Commercially Pure Nickel,

Profile Dihedral ¥ cos W_ Ene
Angle v 2 : 2 -
1 159 79.5  0.182  0.364
2 156 78 0.208 0.416
3 164 82 0.139 0.278
4 165 82,5 0.131  0.262
5

159 19.5 0.182 0. 364

The scattering of the values obtained forathe
dihedral angle causes, as seen from the above table, a varia-
tion of the ratio ¥/¥  up to *30 percent with respect %o
the average value, 0.33, This large varlation cannot be
explained by the orientaﬁibn dépendence of the grain boundary
energies, It is expected that the average grain boundary lies
between grains so different in orientatioq‘thét the dihedral
angle would be virtually constant. Hence, the reason for the
scatter most probably lies in the experimental technigue or
conditions, It is not believed that Hilliard's interfero-
metric method has inherently low precision, father, in the
présent case the scatter results from two contributing’ factors,
First, the very shallow nature of the grain boundaries revealed
in the specimens, i.e.,‘only two to four fringes in depth did

not permit the accurate plotting of profile. Hilliard, however,
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was able to get boundaries six to eight fringes in depth and
so was able to draw better and more accurabte profiles,
Secondly, only a very few boundaries were found where fringes
could be observed, whereas,ideally,a fairly large number would

be necessary in order to get truly representative values,

An attempt was made to measure the dihedral grain’
boundary groove angles of thermally etched nickel in micro-
sections taken perpendicular to the surface. The thermally
etched grain boundaries of the specimen were observed in
profile and the suiltable ones were photégraphed at a magnifica’
tion of 1100 times. The region containiﬁg the grain bvoundary
groove was magnified (Fig. 15) from the prints and the dihedral
angle measured, According to this method the dihedral angle

was found to be equal to 146 degrees,

As stated on the previous pages (page 17), the
interferometric method is considered to be ﬁore accurate than
the microsectional one because of its relative simplicity and
involvement of fewer experimental uncertainties. Hence, in the
following calculations, despite its uncertainty because of the
small number of experimental determinations, an average value
of 161 degrees is used to determine the relative grain boundary

tension of solid nickel according to the equation
"= 2% cos

From this equation the ratio of grain boundary energy
to surface tension for solid nickel was found to be approximate-

ly 0.%3 for the average value of dihedral angle., This ratio has
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been proposed and confirmed for copper, gold, and silver,

Fig, 15 Micrograph Showing the Microsection
of Grain Boundary of Thermally
Etched Nickel at 1375°C for 4 Hours.
Original Magnification 1100x, enlarged 8x.

The Surface Tension of Solid Nickel

Strain and stress measurements within the recorded
temperature range for a determined length of time are given in
Table III, The atmosphereic conditions of the successful

experiments are also indjicated,

These results are plotted graphically in a stress-
strain diagram, to determine the load which exactly balances the
upward pull of the surface tension. Figure 16 is a typical plot,
Actually the value for stress at zero strain, as well as the

slope, was calculated by using the method of least squares.

Table IV gives the values of surface tension and grain

boundary energy determined from the stress at zero
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Experimental Stress and Strain Measurements,
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I

Test No. -1 2 4
Temp;oc. 1300%5 1300%5 1391%5
Time hours 20 5 70 g 19 _5
Atm, mm Hg 5Xl@w 5x10 5x10
Wire radius cm. 0.01425 0.0129 0.0127
Spec, No, Stress Strain  Stress Strain  Stress > Strain
dyne/cm cm/cm dyne/cm2 cm/cm dyne/cm” cm/cm
x 1077 x 107 x 1072 x 1072 x 1072 x 102
1 1.75 -2,43  0.568 -6.15 |
2 3,253 -1.61 1,065 -3,18 2,56 -5.1717
} 4007 00328 3c75 -6045
4 1.44 -2.71 4,3%0 -4.05
5 1.91 -1.01 5.7 -1.88
6 ‘ 6.40 -0,405
7 4,26 -0.29 :
8 5.41 1,00
Test No., 6 - 7 10
Temp. °C 1395%5 1350%5 1375%5
Time hours 20 ‘ 50 50
Atm, mm Hg 53{].0"5 5){10"5 5X10"5
Wire radius cnm, 0.0127 0.0127 0.0127
Spec, No.‘ Stress Strain Streés Strain Streés 'Strain
dyne/gm cm/cm dyne/cm  cm/ch dyne/cm cm/cm
x 10° x 10°  x 1072  x 107 x 1072 x 107
1 2,09 -6,02 2,37 -0.774 0.92 -0,70
2 509.2 "“4093 4036 —00543
-3 6.02 -0,056 2,21 -0.115
4 7.97 0.728 4,04 0.97
5 9,61 1.46 10,82 1.3%2 5.42 1.73
6 12,27 1.94 5.50 1.98
g 13,67 1.79 7.46 3,41
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TABLE III (contf'd.)

-

Test No., o1 12 o 13

Temp.°C ~  1327%10 130010 1380410
Time hours 175 | 96 ' | 6 -
 Atm, mm Hg . 1760 (Argon) 760 (Argon) 760 (Argon)
Wire radius cm. 0,0123% 0,0127 0.0126
Spec. No, "Stresé Strain Stress Strain Stress Strain

dyne/cm? cm/cm dyne/cm® cm/em  dyne/cm? ~em/cm
x 10  x10° x 107 x10° 'x10~° x 10’

1 0.749  ~1,005

2 0.949  -0,843 |

3 1,58 0,076 1,44 -1.38 L.52" 0,115
4 2.65 - 0,527 2,92 -0,46 2,52 0.972
2 4,06 1.006 3:71 1,087 3,87 1.732
6 4.0 10087 401’8 19977

‘ ,_' 1
7__ o 5,54 1.55 :

Test No, ' 14 15
Temp.°C. ‘ 1380%10 ' 1366110
Time hours 24 70
Atm, mm Hg = 760 (Argon) 760 (Argon
Wire radius cm, 0.012 0,0117
Spec. No, Stregs2 Strain Stress_ Strain
' dyne/ocm“ cm/cm., dyne/cmc cm/cm.
x 1077 x 102 _x 1072  x 10’
0.728 -1.32 0.836 °  -1,22
Oc 950 -0019 moOE/" "0055
1.525 0,382 .36 0.207

2452 1079

o\ PN o -

76
.98 0,738
879
73
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Experimental Values of the Surface Tension
and 'Grain Boundary Energies of 8olid Nickel,

Test No,.lgﬁxmoé; Temp;°c, Duration GZE;,w'”Surface Grain

: of test dynegcmg Tension  Bound,

hours. _ 10- dyne/cm  Energy

| ' ,A : I, . dyné/emg

1 Vaguum  1300%5 42 4,01 6760 2253
2 Vacuum  1300%5 79 4,22 6370 2123
4 Vacuum 13915 19 €.917 10320 . 3440
6  Vacuum 13955 20 8.30 12300 4100
V) Vaouum  1390%5 50 692 11130 3710
10 Vaowum  1375t5 50 2,50 44160 - 1387
11 Argon  1327:X0 - 75 2.08 2990 997
12 Argon 1300+10 96 2,95 4410 1470
13 Argon  1380%10 6 1,67 2470 823
14;. Argon 1380*10 24 '_le35 1970 657
15 - Argon 1366%10 70 '2._.;1'_6' 2920 | _973'



- 47 =

strain, by use of the two simultaneous linear equations,

1

w o= ey~ (§) e
¥ = 28008'%

where, as before
w = suspended weigiat

X
i

surface tension

¥"= grain boundary eaergy

v = radius of the wire
%-: number of grains per unit length,

The value for wn/l, the number of grains per unit
length of the wire, was determined after ewvery run by cutting
pieces of the nickel wire specimens, 1 cm. long, and mounting
in lucite, polishing, etching, and obtserving these specimens
under the microscope. The number of grains per cm of wire was
determined to be 3%0%10, A characteristic micrograph demonstra-
ting the structure of the nickel wire is given in Figure 17

where the so-called 'bamboo-like'! structure can bte observed,

Fig., 17 250x

Micrograph Showing the 'Bamboo-like!
Structure of Experimental Wires.
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= V. DISCUSSION

Surface Energy Measurements°

The vaiue of the dihedral grain boundary groove angle
for thermally etched nickel was found to be léld&ég%ees
according to the interferometric method, On the basis of the
present work and as described earlier the accuracy of this
method ig believed to. be.higher!than.that of.other~conventional
techniques, Furthermore, the interferometric method in comparison
with the microsectional one was found to be simpler btecause of the
relative ease in picking visually the graln ‘boundary grooves
suitable for the measurement of dlhedral angle by observing the
symmetry of the Fizeau fringes; Hence, the above value for the
dihedral grain boundary groove,éhgle of thermallyvetched nickel
is thought to be acceptablemélthough,'of”CdﬁfSe, no attempt'has
teen made to account for the orientation dependeﬁée of the grain
toundary angle. Furthermore, this value cannot be taken as
final because of the small numbter of tests carried out

successfully.,

Substituting the determined value of the dihedral
angle in the equation

» W
¥'= 2¥cos 5

gives the ratio of grain boundary tension over surface tension
for solid nickel., This ratio was determined to be approximately
0.33% which checks very well with the assumption for nickel,

Similar values had been postulated and confirmed experimentally

for copper, gold, and silver,
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The surface tension of solid nickel determined in a
vacuum of 5 X 10~° mm Hg in the temperature range from 13009C to
Al395°G was found to vary inconsistently from 4160 to 12,320 dynes
per centimeter., The combination of the high vapour pressure of
nickel under these experimental conditions, and the sharp thermal
gradients within the hot zone, results in excessive evaporation
from some parts of the system and condensation ont¢ other parts
of the gystem. This produces changes in the dimensions and
weights of the test components, Therefore, little reliance may

be placed in the results obtained from tests in vacuum,.

To overcome the difficultles due to the high wvapour
pressure of nickel, ean inert gas atmosphere was employed in the
experiments. The surface tension of so0lid nickel in argon at
760 mm Hg in the temperature range from 130000 to 138000 was
determined to vary from 1970 to 4410 dynes per centimeter. The
lower values, 1970 and 2470 dynes/cm are thought to be most

reliable,

It will be seen that of the funs made with an argon
atmosphere, those made with the longest times have the greatest
surface tension value, The time factor may be coincidental,
since the microstructures of the wires giving the larger values
were not bamboo-like, and for this reagon alone these values can

be rejected,

However, since the wvacuum runs are all high, it may be
‘that evaporation is partly to blame. It should be noted that the
~argon atmosphere does not prevent the evaporation of nickel, it

merely reduces the partial pressure of nickel so that evaporation
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ig diminished, The vapour pressure of nickeli at 1557 C is in

P

the order 10 7 mm,

A recenﬁ paper bty Skapski46 enables a calculation of
surface tension to be made if certain values are known, Appendix
E shows the calculation for nickel. It was necessary to extra-
polate data by Nor’conf’8 in order to get a value for the surface
tension of liquid nickel at the melting point since the capillary

coefficient of liquid nickel is unknown.

Table V.

Calculated Values ofsthe Surface ?'
Tension for Solid Nickel (dynes/cm),

GIL- CI;' M, P G: 1380 °C
1450 1630 1671
1500 1680 1721
1550 1730 1771
1600 1781 1822
1650 1831 1872
1700 1882 1923

The above table gives the calculated values and it will
be seen that they agree in order of magnitude with the observed

surface tensions.

It is instructive to compare the results of Skapski as

in Table VI,

Table VI
Metal G G oy
Ag 1056 1130%60
Au 1267 1350*70

Cu 1417 1650%80




- 51 -

All the caloculated values are less than the observed
ones, but the theory gives good general agreement and supports
the choice of the two lowest observed values, and their
arithmetical average is henceforth used. The precision of the
final value is difficult to assess but is probably better than
* 300 dynes/cm., Hence, it is proposed on the basis of the present
work that the surface tension of solid nickel in argon within.
the temperature range from 13709C to 1390°C is 22é0ﬁ500 dynes per

centimeter,

Thus the grain boundary energy of solid nickel within

the previously stated experimental conditions would be 740%300

dynes per centimeter,

However, these values cannot be considered ag final»and
concluglive because of the small number of tests carried out
successfully under satisfactory experimental conditionso
_nNevertheless, it is believed that these values can be confirmed
in future tests provided that the temperature control in the
experimental zone is sufficiently close; the‘temperature gradient
is negligible, and the strueture of the experimental wires
}abproaches the so-called 'bamboo-like! structure., A finer wire

siie, 0,003 to OOOOS_inches diameter,.would be desirableo'

It had been hoped that the value for the temperature.
coefficient of the surface tension of solid nickel, and the value
for the viscosity of solid nickel could be established experiment—:
-ally, but the idea had to be abandoned because of the shortness
of time and the insufficiently close contfol of temperatnre during

the tests,
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Thermal Etching.

During the experimental work to determine the grain
. boundary energies of sclid nickel, the structures of the
thermally etched metallographig specimens were examined for

evidence indicating the presence of dislocations,

The dislocation concept has been found to be useful in
explaining crystal structure, diffusion, solidification, and
deformation, but until lately direct experimental observations

48

have been scarce, According to Forty very Little work has been
done on metals, most of the observations being carried out on

non-metals,

From the calculations based on a dislocation model of
a small-angle grain boundary, it is expected that ‘the spacing of
individual dislocations along such a boundary is within the
resolving power of the optical xllicr'osc:opef'9"53 Hence, 1t is
conceivable that a microscope of sufficiently high magnifi¢ation

power would reveal the dislocations.

The dislocations in low-angle boundaries as well as
in the matrix can be revealed with methods based on the assumption
that a dislpcation is a structural discontinuity causing energy-
difference in the crystal lattice, The most useful method to
reveal the dislocations is the sensitive etching, which may be
accomplished by chemical, electrochemical, ionic bomtardment, or
by thermal etching. All these techniques involve the removal of
atoms from the high-energy dislocation sites, the rate of

migration from these sites being higher than from the neighboring



- 53 -
matrix,

This method has been employed to show the presence of
54 55

dislocations in silver and in chromium,

Commercially pure nickel thermally etched at 1350°C
5 ,

and at a pressure of 5 x 10 ~ mm Hg for four hours showed the

following structure (Figs. 18-27),

The existence of dislocations in chromium55 had been
concluded from the following features revealed after a suitable

thermal etch:

1., The existence of sub-boundaries developed as rows
of pits,

2, The occurrence of generally spaced pits within
the sub-grain,

5., The dihedral angles between sub-boundaries
themsgelves and between the sub-boundaries and the grain bound-

aries,

In the present work no sub-boundaries were detected
as rows of etch pits, Tigs. 18 and 19 , however, show sub-
boundaries but not as a row of pits. The continuous solid
boundary could be considered as a sut-boundary since the degree
of mismatch across the. boundary is very small. The absence of
rows of etch pits might be due to the decreased sensitivity of
the thermal etch at ﬁhe higher temperatures as in the work on

chromium,

Similarly, the occurrence of generally spaced pits
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Fig, 18 1100 x Fig. 19 2300 x

Thermally Etched Nickel Specimen Thermally Etched Nickel Specimen
Showing a Sub-koundary, Showing a Sut-boundary.

Fig, 20 23500 x Fig, 21 2300 x

Thermally Etched Nickel Specimen Thermally Etched Nickel Specimen
Showing the Configuration around Showing the Configuration around
an Inclusion, an Inclusion,
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Fig, 22 2300 x Fi 2 550 x
Thermally Etched Nickel Thermally Etched Nickel
Specimen Showing the Specimen Showing a
Configuration around Two Symmetrical Deep Pit.
Inclusions, '

Fig, 24 2300 x Fig. 25 2300 x
Thermally Etched Nickel Thermally Etched Nickel
Specimen Showing the Specimen Showing an
Symmetrical Deep Pit from Octahedral Deep Pit,

the Fig., 23,
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1100 x

1100 x

Fig, 26

Chemically Etched before

Thermally Etched Nickel,
Thermal Treatment.

pecimen Showing some
ymmetrical Features,

Thermally Etched Nickel

S
S
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within the grains was dubious, However, interesting configura-
tions around the inclusions were ncted in the metallographic
study of thermally etched nickel., Such patterns around an

inclusion are demonstrated in Figures 20, 21 and 22,

Figures 2% to 25 show the structures similar to those
noted in the chromium etched at higher temperatures only (150000).
The relatively deep pit, shown in Figure 25, exhibits octagonal
symmetry at its base., The inclusion of Figure 23 magnified in
Figure 24 shows hexagonal symmetry at its base and dodecahedral
in the second and third levels from the base. It has been
postulated that this symbolizes the reverse process of spiral

growth as proposed by Frank56

and directly observed in cadmium
iodide crystals by NeWkirk. Thus, screw dislocations may be
operative in permitting sublimation to take place at temperatures
at which the vapour pressure corresponds to low supersaturations.
Danko and Grr:'Lesrt57 observed similar sublimation figures on the
surface of pure nickel, copper, and zinc specimens. They found
that the geometry of the sublimation figure of nickel and zinc
corresponded to their respective crystal structures, the

figures on the copper specimens being of circular nature. In the
course of the present work no cubic éublimation figures were
observed on the thermally etched nickel specimens, as reported

by Danko and Griest. However, triangular, hexagonal, and
‘circular configurations were exhibited in some cases (Fig.26).
The specimen seen in the Figure 27 was chemically etched prior

to the thermal treatment,



VI, CONCLUSIONS

1, The surface tension of solid nickel in argon at
760 mm Hg and within the temperature range from 137000 to |

1390°C was determined to be 2220%300 dynes per centimeter.

2, The grain boundary'energy of solid nickel in
argon within the previously stated temperature rangé was found
to be 740%300 iynes per centimeter, assuming the ratio of grain

boundary energy to surface tension for nickel to be 1/3,

3, The dihedral grain boundary groove angle of
thermally etched solid nickel was detsrmined interferometrically'

and measured to be 161 degrees.,

4, The ratio of grain boundary energy to surface
tension for solid nickel, using the measured dihedral angle, was
calculated to be approximately 0,33 which checks well with the

- assumption of 1/3,

5. The physicai evidence for dislocations in nickel
was inconclusive on the basis of observations on the structures
of the thermally etched nickei specimens in vacuum of 5 x 10'5}
mm Hg and at 1350°C, Nevertheless, a more sensitive thermal
etgh ét lower tempe:aturés is eXpected to produce’more'cpnvihcing.

physical evidence of dislocations in nickel.

6. Udin's technique to detérmine the surfaée tension
of metals by force'measurement on stretched wires was found to

be satisfactory on a metal of higher melting point, provided
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precautions were taken to reduce the high vapour pressure of the
metal.,

Te 'Hilliard?s intefferometric method to measure the
dihedral grain bo%ndary groove angles was found to be applicable
and simple., The accuracy of the method was not very high iﬁ the
present work, but this could be blamed on the small number of
tests carried out. It is believed that the precision of this

method is not inherently low,



VII. APPENDICES
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APPENDIX A

e
DEFINLTIONS

Interface - - : : . R Y . NRVRON 4
i+ Ancinterface is defined to.be a bounding surface across
which a-discontinaity- ecan be observed. . . ..

Grain boundary

In the solid state the observed interfaces due to a
discontinuity may be caused by different changes. If the
interface is due'to a sudden change in lattice orientation
within a single phase, it is called a grain boundary,

Interfacial energy

Atoms in the discontinuous regions or interfaces do not
have their normal numbter of neighbors at normal distances, they
are in higher energy states compared to the atoms in neighboring
homogeneous regions. The total excess energy of these inter-
facial atoms due to the abnormal structural arrangement, is
called interfacial energy.

Grain boundary energy

Grain toundary energy is the excess.energy of the inter-
facial atoms due to the abnormal crystallographic arrangement.

§p§cific interfacial energy

The specific interfacial free energy may be defined as
the increase of free energy of a system per unit increase of
interfacial area under conditions so that the new interface has

its minimum energy configuration,
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Interfacial force

The fictitious force per unit length which is assumed
to replace the free energy per unit area of interface in
calculations has the same physical dimensions and is considered

to be a tension as the interfacial energies are always positive,

Surface tension.

The surface tension is defined to be the interfacial

force, if a solid or liquid is in equilibrium with the vapour

t

' in a vacuum or in a nobtle gas atmosphere,
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AFPENDIX B

Nominal Composition of Commercially Pure

Nickel of Type "A" Grade

99, 4% 0.15% 0.20% 0.,L0% G.,10% ©0.05% 0,005%
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APPENDIX D

Preparation of 50 Percent Transmittent Mirrors.

Determination of the thlckness of the film for 50 percent

transmission.
Formulas:
0,693 4nink
Xi;= 2 M= A
Data: Absorption Refractive nk
index k index n for green Hg spectral
line of 5461 A

Silver 17.9 0,175 3.30

Aluminum " 3,48 1.16 4,04
Calcqlation:

o= 4(3.14) (4. og) - 0,928 x 10° em~1
5461 x 10~
0.693 -6

X =

- 0.747 x 10
1= 70,928x100 e

Determlnatlon of the weight of metal needed for 50 percent
transmission to coat the glass.

Formula: m
t 4mpet
where_P is the density of the metal,

r is the distance between source of coating
metal and glassg

.m 1s the weight of metal needed

Data: r is 15 cm,

Densit Thickness of Film
=Zensivy ‘ Xy
Silver 10.5 0.911 x 10~ 2 cm

Aluminum 2.7 , , 0.747 x 10 cm

Calculation:' mpy = 4(3.14)(2.7)(152)(0,747 X 10“6) = 27 mg.
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APPENDIX E

Calculation of the Surface Tension of‘SQlid Nickel

According to Skapski53 the surface tension of metals
can be calculated from the arrangement of their next-neightors,
from the heat of fusion, and from the surface tension of the

liquid at the melting point, The following eguation:

s@.\*] (1)

holds for the calculation of the surface tension of a solid in

Z,
GJ:-—-,—

s~ Z,

V r s

Qy Psy3 LT,
+ ¢ + "l as,  —aAs

‘As (}63 b 2 AS[ ‘4*\‘-

its most densely populated planes to reveal the minimum surface

tension, where

Za= number of next-neighbors on the Surface
~ 2= number of next-neighbors in the lattice.

Zo= 21 - Z, |

Q= heat of fusion

density of solld at melting point,

o
N

it

R = density of liquid at melting point
Cl = specific surface tension of liquid
T = melting point in K

m

AS = configurational entropy for the liguid
Lest surface.,

AS = configurational entropy for the solid
*wut surface.

A, = molar area.

f

N

where ‘
density factor

]

]

Avogadro's number



- 67 -

M = molecular weight
X*
Xhq

=
f

where . :
g = gravity acceleration
X

= height of the iower surface of the plate
above the undisturbed level of the liquid.
Following Skapski, for nickel, which is a face-centred
cubic metal, the minimum surface tension can be calculated in

the most densely populated planes, lll-planes,

For nickel:

Z = 12
Z,= 9
Z,-12 -9 3
’2: 3/12=1/4
* = 1,09
M= 58.69
T = 1455°C,
céiwf 4.48xlo7 ergs/degree
Aéaf 5.9OX107 ergs/degree
(§(= 18,18x1010 ergs/gram-atom (Metals Handbook)

f@ is calculated from the lattice parameter of
nickel.

%.517x107 -8 cu, and from the cubical thermal
expansion COfolClent"

fo
I

38.1x10" -6 cm/m, according to Mott and Johnson

£ 8
14550¢ (3.517410° )3(
" -24 3

3
&'14559c = 46x10 cm

L 4(58,69) = 8.48 g/cm5
£ usgec T 6.0235%x10%7 (46X10™°7

a’ 1+ 3.81x10"6(l455-20))

1

59
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Since no daia is available concerning the density of
liquid nickel at the melting point, the decrease in density of
solid nickel at the same temperature is assumed to be similar
to that of copper. Hence, the density of liquid nickel at the

melting point is taken to be equal to 8,26 g/’cmo3

i

Ag

‘8.26 g/cm’

]

From equation (2) 5

|}

2z L o2 7
1.09(6.0235x10°7)3 (58,69)3=33,4x10 cm

- Because the capillary constant for liquid nickel is
unknown, the values of Gi has been extrapolated from the data
presented by Norton et al‘58 Owing to the uncertainty of this
extrapolation, calculations were made for six different values of

Gi and results are presented below:

From equation (1)

Q, - %(18.18x1010)+(
M

8
33%.4x107 -8

2
ABVT (1 + 14554273 A A8 1
°26,3(1550) AEE Y, {4,48+3,90)x10

1326 + 1.018(1550) + 2.59(0,58)
136 + 1579 + 15

6;1: 1730 dynes,/cm at 1455°C,

Assuming the thermal coefficient for surface tension of

'solid nickel be equal to that of solid copper, 0.55 dynes/cm/°C
G, = 1730 + 0,55(1455 ~ 1380)

s o’
= 1730 + 41

; / o)
su&ﬂ;-l77l dynes/cm at 1380%C.



TABLE V,

Calculated Values of the Surface
Tgnsion for Solid Nickel.

G‘I- G: M.P G; (380°
1450 1630 1671
1500 1680 1721
1550 1730 1771
1600 1781 1822
1650 1831 1872
1700 1882 1923%
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