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~n\roduction

The original aim of this research program was to measure
surface and grain boundary energies in B-titanium alloys ; namely
Ti-Mo and Ti-V in the pure state and also when containing trace
amounts of the elements of group B. The technical reasons for
such an investigation have been set forth in detail previously .

The experimental method available to accomplish this objective
was the zero-creep technique , in which the surface energy is
evaluated from the load that exactly prevents creep in fine wires
held at temperatures near their melting points . This technique
requires the specimens to be maintained at the high temperatures
for many hours which presents a serious problem in view of the
great chemical reactivities of the materials involved. Accord-
ingly , the investigation was approached in two ways. In the first ,
a sophisticated apparatus comprising a furnace within an ultra-
high vacuum system was constructed in which conventional zero-
creep experiments were conducted. Secondly , research was initi-
ated into modifications of the technique that would reduce the
length of the experiments.

Vanadium was chosen as the first metal to be studied. This
choice was made because it undergoes no allotropic transformation
as does titanium and has a melting point (1890°C) similar to those
of the alloys. Furthermore vanadium can dissolve up to 3.5 wt% of
oxygen . Therefore by enclosing the samples within several grams
of vanadium foil and conducting the experiments within a sealed
apparatus containing very low partial pressures of active gases ,
there wa~ a reasonable probability that meaningful data couldbe obtained before the formation of bulk surface phases such as
oxides.

The pre liminary results were promising but as events tran-
spired the surface energy of vanadium could not be satisfactorily
determined by the zero-creep method within the time allotted.
However, the second phase of the program was very successful.
This investigation , which began by exploring means of sensitively
measuring creep rates in-situ and at temperature , led to the
invention of a new method for determining surface energies called
the strain-load relaxation technique . The associated instru-
mentation was developed and the validity of the method proven
using copper.

In the final analysis , the creation of the technique which
will permit the evaluation of surface energies more rapidly and
more accurately than has been previously possible is a more
significant advance than would have been achieved merely by the
successful completion of the zero-creep experiments.

In the following report the principal features of\~he work
• performed will be described including some theoretical ‘~evelop-ments. For brevity , parts that have been presented in detail

in previous interim reports will only be summarized.
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A. Experiments Using The Zero-Creep Method

• Apparatus

• A unique high-temperature vacuum or inert gas furnace was
designed and constructed. A detailed description of this appa-
ratus a;~~its performance is presented in the first interimreport. ~ ) The furnace , comprising a tungsten mesh heating ele-
ment surrounded by an array of refractory metal radiation shields
mounted within a water-cooled copper chamber , is incorporated
within a stainless steel ultra-high vacuum system . It was de-
signed to attain a temperature of 2400°C and has been used at
1750°C for many hours. This temperature has been attained in
in a vacuum of lO 8 torr and also in argon which was admitted
to the pre-evacuated chamber via an external purification system .

• Experiments with Vanadium

The procedure followed in these experiments was that usually
used in conventional zero-creep studies. Gage-lengths were
marked on samples of 0.005 in. wire of 99.95% pure vanadium
which had been previously cleaned and vacuum-annealed. Weights ,
chosen to be both larger and smaller than that which would yield
a zero creep-rate , were made from vanadium and attached to the
lower ends of the samples. The specimens were suspended within
the furnace and held at temperature for 25 hours , after which

• they were removed and the gage-lengths measured by means of a
Caertner micrometer slide cathetometer. Repetition of this• procedure until the rates of creep have been established con-
stitutes the zero-creep method.

Results

Because the apparatus was capable of operation at 1700°C in
a vacuum of lO 8 torr , the first experiments were attempted
under these conditions . The specimens were suspended within a
cylindrical enclosure of vanadium sheet which , in turn , was• contained within a closed tungsten crucible lined with molyb-
denum foil. This arrangement proved to be insufficient to pre-

- •  vent early loss of the samples by evaporation . Because a massive
vanadium enclosure was unavailable the remainder of the exper-
iments were,ç~rried out in argon which was purified as describedpreviously. ~~~

Progress was hindered because the vanadium wires became very
• fragile and were prone to break during the handling procedures

involved in determining the dimensional changes. For a while
• • no samples survived beyond fifty hours so that the measured

creep rates were very unreliable. Some of the data obtained in
these experiments are presented in Fig. 1. These results in-
dicate the surface energy of vanadium to be about 2000 ergs
cm 2. This is a reasonable value and compares quite well with

2 (2)
a calculated figure of 1950 ergs cm . Although the precision
of the measurements was very poor the results were encouraging

~p9 “ 1 ’~~~~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~



II.,— — ——-• •———• — -—— •

3.

and experiments were continued .

After various modifications of the detailed experimental
procedure the frequency with which, specimens fractured was re-
duced and individual lifetimes in excess of 100 hrs . were achieved.
During this phase of the work a surface scale began to appear on
the vanadium wires. It originated at grain boundaries and then
spread gradually over the surface . An example is shown in Fig.
2. Fig. 3 shows the surface of an intergranular fracture indi-
cating that the phase formed on the grain boundaries . The for-
mation and growth of this phase probab ly accounts for much of
the erratic creep behavior observed and because the results
are considered unsatisfactory they are not presented here .

• Attempts to identify the phase using X-ray diffraction were
inconclusive . Because of the very low oxygen partial pressure
in equilibrium with the oxide , it was natural to suspect that
filling the closed system with purified argon and surrounding
the specimens with vanadium sheet might have been inadequate to
avoid oxidation . However the surface phase was insoluble in
chemical reagents capable of dissolving the oxides . Furthermore
auger spectroscopic analysis , Fig. 4, revealed a strong carbon
peak whereas the vanadium originally contained only 55 ppm of
carbon .

The identity of the phase concerned remains uncertain , but
it appears likely that it is a carbide rather than an oxide .
No obvious single source of carbon contamination was found and
it became clear that the elimination of contamination would
require major modifications to the apparatus and would be very
time-consuming . For these reasons titanium alloys were not
examined and the use of the zero-creep method was abandoned .

L
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B. The Development of The Strain-Load Relaxation Technique

The Birth of the Technique

Initially the aim of this part of the investigation was to
improve the experimental means of applying the zero-creep method.
Accordingly ways were sought to continuously monitor the creep
rates while the samples were actually undergoing creep . One
approach , that appeared to be promising , was to impose a constant
stress upon the sample by means of a remotely located lever-
arm and fulcrum balance . Then, by recording the rotation of the
lever-arm the creep rate would be established. The major dis-
advantage of this approach was that it would require successive
experiments at different loads to establish that corresponding
to zero-creep. While methods of measuring the rotation of the
lever-arm were being developed , the presence of this disadvantage
so haunted the investigators that its exorcism became manditory .
Finally the idea was conceived of replacing the fulcrum by a
teRsion wire suspension system which would produce a stress that
would be automatically varied as the sample crept. At this
point the strain-load relaxation technique was born .

Theoretical Basis

To appreciate the basis of this technique , consider a spec-
imen , in the form of a thin foil , suspended within a furnace in
such a way that it can be subjected to a tensile stress by means
of a tungsten torsion wire situated outside the hot zone. The
magnitude of the stress exerted on the specimen is proportional
to the twist-angle of the torsion wire. If this angle is set

• initially to provide a tensile stress in excess of the contrac-
tile stress in the specimen due to its surface energy , the spec-
imen will extend by diffusional creep . When creep occurs , the
twist-angle of the torsion wire will decrease and so will the
applied tensile stress. In princip le , this process will continue
until the applied stress exactly counteracts the contractile
stress in the specimen , and creep will cease. Thus, the surface
energy can be computed.

It is well established that the strain-rate in diffusional
creep is proportional to the excess applied stress. Thus, the
strain rate can be written as

— k a~~o
:1 , (1)

where e is the strain rate , k is a constant, °a is the applied
stress , and is the “zero-creep” stress; i.e., that stress
for which £ a 0. For amall strains the change in the twist-angle
is proportional to the strain. Also , for a torsion wire the
change in the stress it produces is proportional to the change

• in the twist-angle. Therefore , if a~ is the initial stress anda strain of ~ takes place , then the new value of the appliedstress , Ca, is given by
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• = a~ 
- m £ , (2)

where m is a constant.

Combining these equations yields

= k (Cl - a~ - m
~
) . (3)

Integrating this equation subject to the boundary conditions that
= 0 at t (time) = 0 and € 0 at t -

~~ yields the expression

- a0) /m } U - exp - kmt }.  (4)

Finally , from equations (2) and (4) we obtain

= 0
0 

+ (a~ 
- a

~
) (exp - kmt). (5)

Comparison of equations (4) and (5) with experimentally measured
variations of 0a and c as functions of time will permit the cal-
culation of a~ and k. The former of these yields the surface
energy, while the latter describes the diffusional creep rate.

The Apparatus

The search for a practical means of accomplishing the strain-
load relaxation technique ended with the successful development
of a capacitance-tension balance capable of simultaneously meas-
uring small stresses and strains . As is generally true the final
instrument was preceded by others that were discarded. In this
case an interferometric strain gage was developed that might well
have applications in other research . It has been described

1. previousIy~~ and is capable of measuring rotations of lO ’5 rad .
• In essence a collimated light beam is reflected from a rotating

mirror into a Fabry-Perot interferometer which generates a set
of moving interference fringes. The shift of the frirges is
detected by a photo transistor whose output is fec~’~~ a chart

• recorder so that the rate of rotation is continuou~l, ~nonitored.While this system was successful the capacitance-tension balance
is superior and more compact and is described in detail here

Description of the Instrument

The torsion wire and capacitance system , which will be term-
ed the capacitance-torsion balance , is shown in Fig. 5. A tung-
sten wire is supported horizontally and in tension with its ends
clamped within stainless steel slugs attached to a Duralumin

• frame. Fixed to the central portion of the wire is a vertical
stainless-steel plate which carries a symmetrically located
lever arm mutually perpendicular to the plane of the plate and to
the axis of the torsion wire . From one end of the lever arm is
suspended the linkage to the specimen which , in the present
application, is within a furnace vertically below the balance.
On the other end of the lever-arm is an adjustable counterbalance
weight. One half of the plate is positioned between a pair of

_ _  _ _ _ _ _  —
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parallel condenser plates that are firmly attached to , but elec-
• trically insulated from the Duralumin frame. These plates can be

conveniently fabricated from copper-coated resin-bonded glass
circuit boards.

The three plates constitute two capacitors in which the
central movable plate is common to each. As the torsion wire
twists , the capacitance of one of the capacitors is increased
while that of the other is decreased by the same amount . The
capacitance changes are directly related to changes in the angle
through which the wire is twisted. These changes are linearly
related to variations in the torque imposed upon the wire and
to vertical displacements of the suspension linkage.

The electronic circuitry used to monitor the capacitance changes
is shown in Fig. 6. This circuit is based on an ingenious diode-
quad arrangement devised and described in detail by Harrison and
Dim e f f .  (3) A stable dc supply activates an oscillator that sup-
plies a square-wave input of 0.5 MHz to the diode -quad circuit which
generates a dc voltage as an output. This output is monitored by
a digital voltmeter and also by an electrometer which , in turn ,
passes a signal to a chart recorder. In this way the output
voltage can be continuously measured as a function of time .

As shown by Harrison and Dimeff the magnitude of the voltage
produced by the diode-quad circuit is proportional to the peak
voltage impressed upon it and to the ratio (C1 

- C2) / ( C 1 
+ C2),

where C1 and C2 are the pair of variable capacitances on the
torsion balance. This demonstrates that an arrangement in which
both capacitances vary and change in opposite senses is more
sensitive than one in which a single variable capacitance is
compared with a fixed reference . A major advantage of this
circuit is that with the capacitive arrangement described , out-
put signals of the order of a volt can be obtained directly ,
thus eliminating any need for signal amplification .

Performance

Both the changes in displacement and in load that are to be
measured are transmitted via the suspension linkage to the torsion

• .- balance where they are translated into changes in the twist-angle
of the torsion wire . Corresponding changes in the capacitances
cause variations in the output voltage of the diode-quad circuit .
With the capacitance arrangement depicted in Fig. 1 a voltage
change from -1.4 to +1.4 V is produced by the max imum movement
of the common plate. It is evident that the magnitude of the
range of changes in displacement and in stress that correspond
to this voltage range are dictated by the geometrical configuration
employed. With the present arrangement the ful’ scale voltage
change is achieved by a displacement of 2 x l0’ cm applied to the
lever arm linkage. The magnitude of the disp lacement range can
be decreased or increased without loss in sensitivity by suitable
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changes in the dimensions of the balance . Similarly the magni-
tude of the associated load changes depends upon the dimensions
of the torsion wire and the mechanical advantage of the lever
arm. In particular , the torque corresponding to a given angle
of twist is proportional to the fourth power of the radius of
the torsion wire. In the present application , variations corres-
ponding to several gr~ms weight were desired for which a wireof diameter 2.5 x l0~~ cm and a lever-arm length of 0.5 cm isappropriate. Alternative load ranges , either smaller or larger
are accessible by appropriate selection of these dimensions .

Calibration of the instrument with respect to the load
applied to the lever arm is simply performed by recording the• voltage as a function of known weights hung from the suspension
linkage. In the current application the lever arm and suspension
linkage is initially counterbalanced so that the lever arm is

• tilted upwards , i.e., the torsion wire is twisted in the opposite
sense to that caused by the application of the weights. Weights
are then added and successively removed from the linkage while
the output is measured. During this process and when in actual
use the system is enclosed within a chamber to eliminate the
effects of drafts .

The output voltage obtained during this procedure changes
sign as the rotating plate passes through the symmetrical position
for which C

1 
= c2. From -0.6 V through the null position to 0.6

V the voltage varies almost linearly with applied weight . A
typical example is shown in Fig. 7. The sensitivity of the in-
strument is essentially the sensitivity with which the voltage can
be measured. With the chart recorder in present use voltages in
Fig. 7 can be determined to +0.0025 V , although the instrument
itself is considerably more ~ensitive . Repeated calibrations
carried out at various times on the same torsion balance have all
agreed to within 0.003 V. Thus the precision and sensitivity
are of similar magnitudes . The long-teri~ stability is excellent .Tests in which constant weights were suspended for 24-h periods
showed that the output voltage remains constant within the sensi-
tivity of the recorder.

An important point to recognize is that the voltage range
is established by the geometry of the capacitance system , Any
geometric change made to select an alternative load-range , such
as would be required for a micro-balance , leaves the voltage
range unchanged. Thus the sensitivity is independent of the load
range.

• :. Over the range used in Fig. 7 the corresponding total dis-
placement of the lower end of the suspended linkage was approx-
iinately 5 x l0~~ cm , which corresponds to a sensitivity of

1. 
~+l0

”5cm. A voltage-displacement calibration curve is identical
to the load-voltage curve with the appropriate displacements re-
placing the loads . However , a displacement-voltage calibration

• -. is not so simple an accomplishment as for the case of weight
versus voltage. Nevertheless several obvious methods exist
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whereby it can be done. In the particular application for which
this system is in current use , an absolute knowledge of the dis-
placement is unnecessary. Accordingly the magnitudes of the

• displacements mentioned were ascertained by means of an optical
cathetometer. By changing the electrode spacing the instrument
can be adapted for use in even smaller ranges of displacement.

II
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C. Validation of the SLR Technique

Experiments on Copper

For experiments designed to test and develop a new technique• it is logical to choose specimens that do not impose additional
experimental difficulties and which have already been subject
to previous studies. These were the reasons for the choice of
copper .

The specimen and capacitance-torsion balance a~e mountedwithin an apparatus that could be evacuated to l 0 ’  torr. and
then filled with dry hydrogen. The sample is suspended within
a quartz tube surrounded by an electric tube furnace. A quartz
rod , suspended from a knife-edge support on the lever-arm of the
torsion balance is attached to the upper end of the specimen .
Rigid copper rods are fixed first to the lower end of the spec-
imen and then to quartz-rod supports. The whole assembly is
arranged so that as far as is possible dimensional changes due
to thermal expansions are self-compensating . Finally , the

• apparatus includes a differential screw mechanism that permits
fine adjustments to be made , in-situ , to impose any desired
initial load upon the sample. Thereafter the variation of that
load with time is monitored by the balance.

Analysis of data obtained for copper shows that the experi-
mental curves are indeed closely exponential in agreement with
the prediction of equation A.5 . However , a single unloa~.’~ingcurve (i.e. one for which a1 >cr) is insufficient to permit the
evaluation of and the relaxation time mk with good precision .
This is because the experiments are restricted to small load

• excursions . Instead it is necessary to compare two curves for
0
1 

>0
0 

and a~ >o~ where 0a approa ches ~~ from opposite directions .
This is illustrated in Fig. 8 where portions of the voltage-
time data obtained at 993°C are shown. The two curves are
closely similar in form and have been positioned respectively
such that they are symmetrically disposed about the common
asymp tote. The points that are plotted correspond to measured
midpoints between the two curves.

The positioning procedure described merely means a lateral
displacement along the time axis to the symmetrical position.
This is necessary because is unknown and thus the initial
loads cannot be chosen to be greater or smaller than a0 by equal
amounts. Analytically this procedure can be justified as follows :

U U• For Cl > let = C
l and Ca 

= 0a

• 
For o1 <a o 1et ai =c4~~

nd a a = a a
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U

Then a o  exp -ntkt
• Cl-Co

and 0
~~~

0
O 

= exp mkt

• From which (a~ + a~ ) / 2  = + ~~ (a~~-a 0+4-a 0 ) exp ..kmt

Remembering that4 or,, if C
0
-C~

u 2 ,Ca+Ca = 0c for any time t.
2

Because the required values of aU and o~ ar e unknown , the term
2. 1 1

(0
U - a + a - does not vanish unless the curves are symmet-
1

rically positioned . If we write

- 0
0 

+ 4 - o
~

) E

then (a~ + a~)/2 E exp-kmt + a~~. This shows that even when E~O ,

(a~ + a~ ) / 2  + a0 at large t , which enables the curves to be easily
positioned respectively. In Fig . 9 the points shown are values

of (a~ + a~ )/2 at various times . Their proximity to the hori-
zontal line drawn through them demonstrates that in this case E
is very small.

Obtaining a0 from the asymptotic voltage in Fig . 8 (since
the calibration yields the numerical relation between stress and
load) and using the dimensions of the foil , the average surface
energy y can be evaluated from Mg — yw , neglecting the contri-
bution of g~ain boundaries for the present . The value obtained
is 1.47 J/mk which can be compared with the values tabulated in
Table 1. The main source of error in this result stems from the
precision with which the chart recorder can be read . With the
present instrument it is believed that the final error is less than
2% which compares very favorably with the much larger errors that
arise in zero-creep experiments.

I
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The foregoing demonstrates that the strain-load relaxation
technique is a method of measuring surface and grain boundary
energies that offers a number of significant advantages over the
zero creep method. Results are obtainable with good precision in
short t imes.  In Fig.  8 the t ime involved is forty hours , but it
is clear that much shorter times are adequate. This has impor-
tant implications with respect to the rate of acquisition of data
and of the temperature range over which experiments can be con-
ducted . The sensitivity combined with the in-situ operation allows
the effe~.ts of temperature , composition , environment and morphol-
ogy to be investigated.

Subsequent experimentation has been directed toward improving
the sensi t ivi ty of the system and evaluating those aspects that
can give rise to errors . There are two main sources from which
extraneous voltage changes can arise in the output of the tension
balance. The f i r s t  is physical building vibrations that can
caus e re la t ively  rapid osci l la t ions . These have been eliminated
by mounting the apparatus appropriately and by electronic damp-
ing . The second source is small , uncoinpensated , dimensional
changes caused by temperature oscillations in the furnace and also
by stow variations in room temperature . These have assumed greater
importance as the instrumental sensitivity has been increased.
Effects of room temperature changes have now been eliminated but
further development awaits better control of the furnace temper-
ature than is possible with the present equipment.
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D. Theoretical Considerations

The S.L.R. technique , as does the zero-creep method , measures
that stress which when applied to a foil or wire , exactly coun-
teracts the contractile forces due to the surface energy . Its
successful use , therefore, depends upon the existence of a known
relationship between the surface energy and the measured stress.
This question is considered in detail in this section partly
because some objections have been raised in the literature and

• also because there appears to be some confusion for the case of
a foil due to inappropriate references to Poisson ’s ratio . First
the case of a wire and then that of a foil will be examined.

The Wire

When a fine wire of a pure metal is annealed at high tem-
peratures it adopts a “bamboo” structure in which the grain bound-
aries extend entirely across the cross-section . There is abundant
evidence that when diffusional creep occurs wires shrink or ex-
tend depending upon the magnitude of an applied tensile force.
This suggests the existence of a critical force for which the
length of the wire remains constant.

• Consider, as is indicated in Fig. 9 , a portion of a wire of
length t , radius r containing xi grain boundaries and supporting
a mass M. The total Gibbs free energy at constant P and T of the
system is

E = 2ir r~.y + rz~i’ r 2Y g + V E~ + Mg2. (1)

where y isthe average surface free energy , Yg is the average
grain boundary energy , V is the volume and E1 is the internal
energy , V is the volume and E1 is the internal energy per unit

• volume . Mg~ is the potential energy contributed by the mass Mrelative to an origin at the upper end of the wire. In this
expression the contributions from the ends of the wire (e.g.
2 i~r

2 y) have been omitted. This is reasonable for £>>r and
in any case experimentally , the ends are always constrained.
Furthermore, Mg includes the contribution due to the mass of
the sample. In the absence of evaporation for a well-annealed
wire undergoing dimensional changes through diffusional creep ,
it is a reasonable assumption that both V and E1 are constant.If the system is in equilibrium

~~~d r + ~~~~ dL - 0  (2)

Furthermore

dL - d V - 0  (3)
• ar

• • ~~~~~~~~~~~~
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Multiplying equation (3) by the Lagrangian mul t ipl ier  X and
• adding equation ( 2) yields :

+ A ~~)dr + (A ~I + ~!) dL - 0 (4)
3r dL 99.

From equation (4) we have :

!~~+ A~~. i = O  (5)

(6)

Substituting for E and V into these equations gives

2n’t ’r + Zn 1r r~ g + A2 ir r R. = 0 (7)

2n’ry + Mg + y’lT r 2 = O  (8)

Solving these equations for Mg yields

Mg - • iryr + nr 2yg (9)

where the signs indicate the directions of the forces; i.e.

Mg - ~yr - 
nr 2yg (l~1)

The foregoiflg operations indicate that there exists a value
of Mg for which 9. and r are constant . However , an implicit con-
straint in the treatment is that the wire maintains a constant

• shape ; specifically its sections remains circular and normally
cylindrical , i.e. r#f(x). This constraint cannot be strictly
true but observations indicate that deviations are small and
because an average y is involved , an experimental measurement of
Mg for the stationary state is a valid means of determining ‘ r .
The Foil

To examine the si tuat ion for a thin foil  we shall app ly the

11



• -~~ ——— —~~~ —~~~~~ - • —---—--r -~~~~~~~~~
—

14 .

same procedure to the specimen shown in Fig. 10. At first the
contribution of the grain boundaries will be neglected merely
to simplify the discussion . In this case the total energy E ,
is

E 2w9.y + 2L ty + VE1
+ Mgt (11)

as was done in the case of the wire the contribution of the two
ends of the foil is omitted because the specimen is considered to
be a portion of a longer foil.

V = w 2.t (12)

Now equations 2, 3 and 5, 6 become

(13)
39. 3w 3t

(14)
92. 9w 3t

.

~

. ~i= o (15)
32. 39.

+ .
,
. = (16)

3w 9w

o (17)
3t

- • substituting E and V into equations 15 and 17 gives

• 1. 2wy + Z t y + M g + y w t = o  (18)

2ty + y Lt — o (19)

2ty + y w2. — 0 (20)

Equations 19 and 20 when combined , become

yt - yw o (21)

• ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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This can only be true if y = 0 or w = t .

It can be concluded that there is no value of Mg that will
render L=w—t=o , unless the foil is of square cross-section and
constrained to maintain that shape. Thus variational calculus
does not provide a relationship between Mg and y for L=o.

Let us impose the restraint that w—t and a square cross-
section is maintained. Then equations 18 to 20 yield

Mg = y (w+t) (22)

It can be noted that , excluding corrections for grain boundaries ,
equations 22 and 10 show that for a stationary value of 9. in
bodies of circular and square cross-sectional area the required
force is the product of the surface energy and half the cross-
sectional per imeter .

Whereas , for a fo il , there is no tensile stress that will
restrain all dimensional changes , experimental evidence supports
the suggestion that changes in length can be prevented , at least
temporari ly.  An al ternat ive approach towards determining this
stress is due to Fisher and Dunn~

4
~ and has been used by Hondrosc5~The essence of this approach is to consider surface tractions arising

from the surface energy. Because a thin foil under no externally
imposed stress can spontaneously reduce its length by diffusional
creep it can be concluded that there is a longitudinal component
of stress that drives the process. This stress is generated by
the surface free energy of the foil.

Suppose we have a foil of dimens ions 9., w and t oriented
as shown in Fig. 11 with respect to axes x , y and z. Then
supposing each face to be subject to a stress generated by the
surfaces that bound its perimeter , we have :

= 
- 2yw-2yt (2 3)• wt

-2y2. -2y t  (24)

• and C z 
- 2 y L - 2 y w  (25)

w2.

• When a tensi le  forceMg is added in the x-direction equation 23
becomes

• ox =
~~~~~~~~~~j~ 

(26)
wt w t
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Fisher and Dunn combined these equations and wrote

L x (C x - ~*6 (0 y 
.
~
. ar)) (27)

where putting 
~x 

= zero in equation 27 yields

Mg yw (28)

for t << w and t << 9.. Subsequently equation 27 has been written

(a -v(a~~~~)) where vis referred to as Poisson ’s ratio and is
taken as 1/2. It is here that the elastic and plastic responses
of the foil appear to have been confused , because it is the elastic
strain, c~, that is given by

= 1 (o~ -v (a +~~ )) (29)
X E y z

where E is the Young ’s Modulus .

Referring to Fig . 11, for a foil in which no pl astic changes
take place and for which Mg—o , the stresses a

~
, a~ and are given

by equations 23 , 24 and 25. The foil will suffer elastic strain$ rates
and c~ , and ~ 

given by equations of the form of 29. When the
temperature is high enough diffusional flow , e.g. Herring-Nabarro
creep , can occur under the action of these stresses , giving rise
to plastic strains E,~~ C

y 
and 

~~ 
Becai.~se the corresponding strain

and are small the elastic strains will always possess those
values dictated by the nagnitudes of C

x~ 
a~, and a~ .

For small stresses , theory and experimental evidence indicate
• the diffusional-creep strain rate to be proport ional to the applied

stress.  Therefore the principal strain rates can be written as

• £x — kxxax • 
(30)

- kyyCy (31)

a kzzaz (32)

For a well-annealed foil undergoing diffusional creep it is a
• very reasonable assumption that the volume is invariant. Accord-

ingly a strain in the x-direction caused by the stress C
x 

causes
strains in the y and z-directions and similarly for ty and c~.



• 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘

~~~~~~~~~

_ ___

• Thus the total strain rates are:

= (33)

/ kzxkzykzzi ’

where kxy is the proportionality constant describing the contribution
to the strain rate in the x-direction due to a stress in the y-direc-
tion , etc.

For the isotropic case of vacancy diffusional creep , 
~~~ 

= kyy =

— k11. Al so 
~~~ 

= k~ 1 = k
~ 1 = kzx = k~1 = k2y = k 12. Substitut-

ing k 11 and k 12 into equation 33 yields

~x~~ y~~ z x y ~~’z~~ ll + 2k 12(a~
+a
~
+a1)

(34)
— (a

~~
+a

~~
+C

1) (k 11 + 2k 12 )

Because the volume is invariant Cx+Cy+C z = a. In general (a
~
+o
~
+a1)

f i o , hence

k 12 — - 

~~ 
k~ 1 (35)

From equation 33 = a~ k li + a~ k12 + 0~ k 12 and subst i tut ing from (35) 
I

-

yields = k j 1(a
~ 

- ~4 (a ~ + a1)) (36)

Inserting the values of the stresses from equations 23 , 24 and 2 5
we have

• c . ‘k 11(-~~1_ ~~I - l { _ .~i~~~i1
_ iX. - !X.} ) ) 37)

I I  X t w 2 t 2. w 9..

When t ( <w ;  t <<L  — -k 11 u t

When a load of Mg is suspended from the foil k11(Mg/wt-y/t)
for c~~

.o ,

Mg - yw
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This is the final equation obtained by Fisher and Dunn and used
with a grain boundary correction term by Hondros. The derivation

• presented here , which to our knowledge is original , demonstrates
that it is correct and that concern over applicab le values of
Poisson’s ration is irrelevant. If only terms in 2. are neglected
in equation 37, then for

= o, Mg = y (w+t)

which demonstrates that in keeping with the square cross-sectioned
sample and the cylindrical wire , the load is equal to the product
of the specific surface energy and half the perimeter of the cross-
sectional area. Unlike these two , however , the value of Mg corre-
sponding to = o does not make = = o and thus , itself , must
vary with time. Putting Mg - yw in the expression for and
evaluating ‘cy and we obtain

— k11(-3/2 u t )  (40)

— k11(3/2 y/t) (41)

Thus when Cx 0, - 
~~~~~~~~~~ 

Furthermore , the magnitude of the de-
crease in width, in a given increment of time , exceeds the magnitude
of the increase in thickness. Conseque~itly the term y (w+t) decreaseswith time so that in order to maintain Lx 

- a the value of Mg must
be continually decreased. This means that a zero-creep load does
not exist for a foil! This result is consistent with the variational
analysis presented earlier. It is therefore necessary to examine
the consequences of this effect on experimental efforts to determine
the stationary load . For - 0 we have

• Mg - y (w+t)

Thus d(Mg) - y (dw+dt).

Because the volume is invariant ,

dt — - 
d2. .t 

- 
dw.t

1. w

and therefore d (Mg) y(dw - dL.t/L - dw.t/w). For t<<w; t<<9.

d (Mg) ~ ydw

• • and d(Mg) ~ (42)

Mg W
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From this it can be seen that the percentage change in the true value
of Mg during an experiment is of the same magnitude as that of the
width. When determining a strain rate for a given load in the zero-
creep technique , creep is usually continued until an overall lon-
gitudinal strain of several percent has occurred. During this time
the width of the foil changes by a similar amount and hence so does
the relevant load for C =0. This uncertainty is therefore present
in the load interpo1ate~ from the strain rate data.

Changes in the width of a foil also occur during a strain-load
relaxation experiment. However , because of the great sensitivity,
dimensional changes are very small with the result that errors from
this source become insignificant.

Another fact that appears to have been~generally overlooked isthat for a wire or foil the value of Mg for = a is a function of the
length of the sample. For çxample , if none of the terms in equation
37 are neglected , then for a we have

Mg = yw + yt (43)
9.

For a cylindrical wire when the end terms , 2Trr2y, are included in
equation 1, equation 10 becomes

Mg = itry - 
nr2’rg 

- 
2rr r2y (44)

These, apparently paradoxial , statements arise because there
exists a particular shape of particular dimensions for which the
surface energy is a minimum and thus there is no tendency for such
a sample to change and Mg = o. With the constraint that the foil
always be bounded by three mutually perpendicular faces of specific
surface energy y, the equilibrium form is clearly a cube. With
w — 2. t equation 43 gives Mg - a. Equations 43 and 44 show that• for experiments , where the ends are generally constrained , the
dimensions of the sample should be chosen to render the final terms
negl igible , i.e. w > t , L>>t,, L>>r .

An objection to all of the foregoing discussion is that the
shape constraint is not practically feasible. Certainly in a foil
some rounding of the edges and also surface topographical changes are

• to be expected. However , except for extremely long times , the con-
sequences of these minor changes are surely of negligible importance.

Because the grain boundaries were not considered during the• discussion for the foil, their influence will be examined now. It is
clear that the segments of boundary parallel to the length of the
foil will exert forces in the same direction as those due to the free
surface. Similarly for those parallel to the width. The precise
correction requires a knowledge of the grain size and morphology .
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However, as an indication, assuming a square array,of grains of side
d and grain boundary energy 

~b’ 
the condition for = o becomes

Mg~~~+
’
~b (45)

For t l0 ’3cms , d = s x io ’.2 cms , w - 5 x 10
_ i  

cms and yb ~
3

~ 3 x l0~ y and yw = 5 x l0~ y. Thus the grain boundary cor-
2d
rection term is small.

In this section the relationships between surface energies and
applied forces have been thoroughly explored. It has been convinc-
ingly demonstrated that the measurement of loads that render

- o for wires or foils provides a valid method of obtaining the

surface free energies of solids.

• Additional theoretical considerations made during the course
of the work described concerned poss ible roles of grain boundary
energies in phase transformations and led to the formulation of
a possible criterion for the initiation of ~iscontinuous precipitation.This work is described in an interim report and has also been
published.
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F. Relevance to Long-Range
Goals of the U.S. Air Force

The importance of interfacial energies has been pointed out in
previous reports . The capacitance transducer in combination with the
torsion balance , which is the heart of the Strain-Load Relaxation
apparatus , is novel and can be employed not only for measuring inter-
facial energies but also as an extremely sensitive micro-balance ,
dilatometer, and a micro-creep apparatus .

The authors i-~f this report are consulting with The Ohio State
University Patent Attorney to ascertain the feasibility of making a
patent application for the transducer.

G. Personnel

1. Principal Investigators• (a) Professor Glyn Meyrick
(b) Professor Rudolph Speiser

2. Graduate Research Assistants
(a) Dennis Werth. Mr. Werth successfully completed his research

and earned an M.Sc. in Metallurgical Engineering , January ,
1978. He is now employed in the General Motors Research
Laboratory as a Metallurgical Engineer in Michigan .

(b) Robert T. Werber , completed his research and earned an
M.Sc. in Metallurgical Engineering , March 1978.

H. Summary of Publications Under AFOSR-75-2799
October, 1976 to August 31, 1978

• (a) 1. Glyn Meyrick, Rudolph Speiser and Dennis Werth, “A New
Technique for Measuring Surface Energies of Solids ,”
Scripta Met. 12, 91, (1978) .

2. G. Meyrick , R. Speiser , R. Turk and D. Werth, “A
Capacitance-Torsion Balance for Measuring Small Stresses and
Strains ,” Rev. Sci. Instrum . 49 (6), 806 (1978).
Glyn Meyrick, “On the Initia~Ton of Discontinuous Precipitation ,”Scripta. Met. 10, 649, (1976)

(b) Manuscripts in Preparation:

1. R.A. Turk, G. Meyrick and R. Speiser , “An Optical Strain
Gauge : for Rev, of Sci. Instr. or J. Opt. Soc.

2. R. A. Turk, G. Meyrick and ft. Speiser , “High Temperature
Vacuum Furnace for Rev. Sci. Instr. or High Temperature
Chemis try.

•
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(c) Patent application for a “Capacitance-Torsion Transducer.”
(Economics being considered!)
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Figure 2 - Vanadium specimen annealed at 17000 C
for 100 hours (S.E.M. 600X)
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• Figure 3 - Fracture of vanadium specimen annealed
at 1700° C for 25 hours (S.E.M. 700X)
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• Figure 4 - Reproduction of Auger electron microscopy
analysis of embrittled vanadium’s surface.
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• Figure 5 - Capacitance-Torsion balance comprising a

I horizontal tungsten wire carrying the
rotatable plate of the pair of condensers.
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Figure 7 - An example of the relationship between the
• output voltage and weight applied.
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