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ABSTRACT

The elastic constants of tantalum were measured in the pure state
and at several concentrations of hydrogen doping.

These measurements

were carried out in the temperature range between 23°C and -127°C on
four different crystals, two each of the (llO^ and ^LOO^ orientations.
This study set out to determine whether or not a significant Snoek
effect existed, i.e., if C* (where C* = 1/2(0^ - C12)) decreased
significantly with increasing hydrogen content.

In carrying out this

study a more accurate and extensive check could be made on data pre¬
viously determined by the inverted torsion pendulum method;^ and
ultrasonic measurements at room temperature.^
McSkimin’s technique^
velocity in solids.

was

used for measuring the acoustic wave

This velocity was then used with the respective

densities to calculate the elastic constants.
This study yielded a decrease in C of .11 percent per atomic
percent hydrogen in the alpha phase region.

In addition,

C-Q

was

found to increase by .016 percent per atomic percent hydrogen,
increased .16 percent per atomic percent hydrogen, and

(where

= 1/2 (C^ + C^2 + 2C^) increased by .068 percent per atomic per¬
cent hydrogen at room temperature.

The Voigt averaged Young's

modulus, E, was found to increase by .069 percent per atomic percent
hydrogen and the bulk modulus, K, was found to increase by .072
percent per atomic percent hydrogen.

The temperature coefficients of

the elastic constants exhibited no appreciable change due to hydrogen
addition

Analysis of the data shows that the tetragonal distortion due to
hydrogen in the tantalum lattice is very slight and the distortion
parameter X^ - X^ is evaluated as 2.74 x 10
gen.

—2

per atomic percent hydro¬

Correlation of the current results with lattice parameter and

dilation changes of tantalum due to hydrogen reveals hydrogen to pro¬
duce a dipole distortion of strength A = 3.808 eV and B = 3.500 eV
based upon the Seeger, Mann and Jan

30

Notation.
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INTRODUCTION

The Snoek Effect Concerning Hydrogen
The Snoek model for interstitial solutes explains some of the
anelastic behavior of such interstitials as oxygen, nitrogen and
carbon in b.c.c. metals.^-

These larger interstitials occupy octa¬

hedral sites at the center of the edges of the unit b.c.c. cell.
Beshers indicates, however, that the assumption of octahedral
occupancy for all Snoek relaxations may be incorrect.

2

No interstitial

site exists in b.c.c. metals which exhibits pure cubic symmetry.

In

b.c.c. metals interstitials occupying these non-cubic symmetry sites
are characterized by a tetragonal symmetry, and it could be logically
assumed that interstitially dissolved hydrogen would also occupy this
type of site.

This defect symmetry is characterized by its three ortho¬

gonal strains X-^ in one direction and X£ in the remaining two perpendi¬
cular directions.

X^ will be appreciably different from X^, giving

the strain field around the defect the shape of an ellipsoid of révoluO

tion.

It is useful to categorize these defects in the b.c.c. lattice

into three groups, determined by the orientation of their X^ strain
along the three orthogonal axes.

The significance of this grouping can

be studied when a uniaxial stress is applied to a single crystal along
the <100> directions.

When the stress is applied, the interstitial

sites with the X^ strain along the stress axis are enlarged along X^
(or X^ is increased).

These sites become a preferential site over the

other two groups of sites.
Carbon, nitrogen and oxygen in these sites are examples of elastic

2
dipoles.

This reorientation mechanism of these dipoles in the presence

of an external homogenous strain field is very similar to the reorientation of an electrical dipole in an applied electrical field.

3

This

time of reorientation is called the relaxation time of the defect.

If

we assume a distortion exists for the occupancy of these dipoles in
tetrahedral sites and nearest neighbor jump, we can determine that this
relaxation time, T, for this process is related to the jump frequency to
neighboring sites Wt as,

1)

where

1

LT"

= 6Wt

is related to the reorientation rate by v^ “ 2Wfc.

The 12 sub¬

script refers to dipoles in sites of group orientation 1 reorienting to
sites of group 2.

This can be further related to the diffusion coeffi¬

cient as,

2)

D => a2/72t

The activation energy governing T is simply that energy for the migra¬
tion of the interstitial solute.

This time dependent relaxation process

caused by stressing is proportional to the distortion or shape factor
(Xi - Aj) caused by a unit concentration of defects.
Snoeks model predicts a decrease in the measured Youngs modulus
and also a reduction in the shear modulus C = 1/S* due to
the presence of interstitials which cause a non-cubic distortion of the
lattice.
tion,

Norwick and Heller

3

are responsible for developing the equa¬

3

2c

oW v
3kT

3ASn = AS’

3)

2

which conveniently relates the distortion factor to both AS' and AS^.
In this expression, VQ is the atomic volume of the host matrix and CQ
is the total concentration of defects expressed as a mole fraction.
(It should be noted in this expression that tetrahedral is
less than octahedral by a factor of about 1/2 to 1/3 according
o

to Beshers ).

S' is the shear compliance across the (110) plane in

the (llO^ direction; S, the shear compliance across the (100) plane in
the (010^ direction, and S’*, one third the hydrostatic compressibility.
All of these can be expressed in terms of the compliance constants
S^2*

an<

as

4)

S' = 2(Sn-S12) * 1/C’

^ ^44

s

*

's44

= 1 c

/ 44

and S"- Su + 2S
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where C* and

are the shear moduli for the orientations described

above, respectively.

The Snoek model also predicts that the change in

C44 will be negligible since the three possible tetragonal axes are
equal angles to the (^111^ direction.

This implies that such a stress

state i.e. along ^Lll^ would not induce any preferred group of sites
among the three defined previously.
These predictions have been confirmed by Dijkstra
AE

100

and AE^n for C and N in a-Fe.

4

who measured

Dijkstra found that the ratio of

4
the relaxation strengths for stress applied in the ^111^ direction to
that in the ^100^ direction for N was 1/14.

Powers and Doyle"* used

the torsion pendulum damping technique to study 0, N and C in the

3
group V metals.

From this data, Berry and Nowick

estimated ^or

these systems and found them to be similar to that found by Dijkstra
for a-Fe i.e. of the order of 1.0.

It is obvious that there are

limits to the strengths of these effects according to whether or not a
Snoek relaxation really does exist.
calculated value of

AJ-X2

or

One can estimate this from the

by examining the ratio 3(A-B)/(A+2B).

Using the relation of Seeger, Mann and Jan. ^

AS 2p(A-B)2(Sn-S12)2
p

9kT

and substituting for the experimentally measured AS'(AC,-1), A-B or the
dipole moment of an elastic dipole, and in this case an elastic dipole
strength can be calculated.

This quantity is a measure of the asymmetry

of the long range strain field of a defect.

(A+2B)/3 is one third of

the trace of the elastic dipole moment tensor.

This quantity is tabu¬

lated in the Buchholz paper^ from the Proceedings of the International
Conference on Hydrogen in Metals for nitrogen, oxigen, carbon and
hydrogen in b.c.c. metals.

This quantity is derived from the

L%flQ data,

or the change in length with solute concentration, and it is interesting
to note that the lattice expansion for hydrogen dissolved in tantalum is
about a factor of three smaller than for the heavier interstitial dipoles.
The size of their expansion indicates a substantial strain field at
least of the order of magnitude similar to that of oxygen, nitrogen and
carbon.

This suggests that since no site exists with cubic symmetry,

5

one would expect interstitial hydrogen to cause a Snoek type of effect
in tantalum.

By examining the lattice expansion, Buchholz estimates

(A+2B)/3 to be about 3eV for the Ta-H system, or 1/3 that of the Ta-0
system.

This value yields A-B=3, since the value of 3(A-B)/(A+2B) is

about 1.0 for most other interstitials as mentioned earlier.
Several authors have made direct measurements on the elastic
g
properties of the group V metal-hydrogen systems.

Wriedt and Oriani

measured the Young's modulus E for V-H, Nb-H and Ta-H at a frequency
of 100 KHz and the results indicated an increase for E with increasing
q
hydrogen content.

Buck et al.

found that the

E^QQ

values of niobium

crystals increased appreciably with hydrogen content, further substan¬
tiating Wriedt's work.

Perhaps the most significant findings were

7 10
those of Buchholz, Volkl and Alefeld, '
who measured with an inverted
torsion pendulum

AG-^-Q

and

AG^QQ

on tantalum single crystals charged

with hydrogen contents of 0, 3.2, and 10.9 atomic percent.

These

authors found a consistent absence of any indication of a measureable
Snoek effect in both the AG values and in the changes in the respective
temperature coefficients.
Conversely, Fisher, Westlake and Ockers
change in the elastic constants
at room temperature.

11

reported a noticeable

and C' in tantalum due to hydrogen

The latter was interpreted as a Snoek effect not

described in the previous work by Buchholz et al.

These authors

measured a value of .16 for the quantity 3(A-B)/(A+2B) in their studies.
This is still about an order of magnitude smaller than the values
reported for larger interstitials, but about twice the value of - .09
7 10
reported by Buchholz *
et al.

6

It is the objective of this study to investigate the Ta-H Snoek
effect at room temperatures and below (i.e., the temperature coeffici¬
ent) in order to try to clarify these differences in the elastic constant
data so far reported for alpha Ta-H interstitial solid solution.

The

value in making measurements below room temperature lies in the increased
ability to somewhat retard the extremely fast motion of hydrogen in the
host lattice.

Constant motion of the hydrogen atoms could conceivably

hide or mask the elastic distortion of the host lattice due to the
interstitials.

A jumping particle must remain at a new site for a

certain period of time in order for the decay of the original asymmetric
strain field and the development of a new one.
would not be so effected.

The symmetric part

In short, a particle with an extremely fast

jump rate (like hydrogen) will have a cubic long range strain field,
since the asymmetric field never has time to develop.^

Hopefully,

this effect will be minimized at temperatures just above the alphabeta transition range for this system and the changes in the elastic
constants C, C. . and C,, can be examined and compared to the results
of Buchholz and Fisher for clues to the nature of the Ta-H system.
Reduced moduli CTT/C

as well as 3(A-B)/ (A+2B) and A-X„ will be

accurately evaluated via the megacycle ultrasonic technique and
compared to the results of previous studies in order to try and resolve
the discrepancies.

It should be kept in mind that the change in the

second order elastic constants C^, C^, C* etc., is directly related
to a change in the shape of the potential well.

The force between two

atoms is characterized simply by the slope of the potential vs. atomic

7

displacement curve, and the second order elastic constants are
characterized by the slope of the force vs. atomic displacement curve.

Hydrogen in Metals
Tantalum is an exothermic occluder of hydrogen, capable of
absorbing hydrogen in large quantities in the range of temperatures
from room temperatures to about 350°C-650°C,
varying with the hydrogen pressure.

12

the precise amount

This solubility decreases with

increasing temperature and with decreasing pressure according to the
1 O

data published by Veleckis et al.

for tantalum foils.

Exothermic

occluders are capable of absorbing larger quantities of hydrogen than
endothermic occluders, and unlike endothermic occluders exhibit
generally two or more metal-hydrogen phases.

This is indeed the case

for Ta-H in that it exhibits an alpha, b.c.c. phase in addition to a
beta b.c.t. phase which gradually distorts into a face-centered
orthorhombic (fco) structure according to Waite.^

This morphology

proposed by Waite is in considerable disagreement with that proposed
1 C

by Brauer and Herman

J

I

and that of Pedersen.

£

Brauer and Herman report
*

only two phases at room temperature, a b.c.c. phase from 0 to 17 atomic
percent and a f.c.o. phase above 37 atomic percent, with the two phases
coexisting between 17 and 37 atomic percent.
Pedersen's proton magnetic resonance studies yield a phase diagram
quite unlike Waite's diagram, especially at large hydrogen concentra¬
tions.

Waite implies a maximum temperature for the existence of the

beta phase to be about 320°C, while Pedersen extends this limit to about

8
345°C.

Pedersen also demonstrates an additional phase transition of

beta 1 to beta 2.

It is generally agreed, however, that the alpha

solid solution does exist at hydrogen concentrations between 0 and 12
atomic percent, and at temperatures well above and slightly below room
temperature.

A comparison of the phase diagrams of Waite and Pedersen

is shown in Figure 1.
The work of Bolef, Smith and Miller

17 18
*
concerning an anomolous

behavior in the elastic properties in the V-H system indicates that
the precipitation of the beta phase causes a considerable lattice
expansion in the (lOO^ direction.

Their study also indicates a signi¬

ficant stiffening of the elastic moduli C
to note that
effect.

and

and C.

It is interesting

in their study indicated very little of this

They suggest from earlier NAR results that the Ta-H system

would exhibit similar behavior with precipitation of the beta phase
since vanadium and tantalum are similar metals.
Bolef, Smith and Miller postulate that N(T) is the limit of
solubility of hydrogen in vanadium (and Ta) and if nQ is the amount
present in the metal, then for N(T) > nQ all hydrogen is in solution.
If N(T) < nQ, the fraction of hydrogen n(T) « nQ-N(T) will precipitate
into an ordered hydride phase and form clusters of V-H in the crystal.
They further point out that it is possible to supercool the interstitial
hydrogen in solution as much as 10° K, however it is not possible to
superheat the ordered hydride phase.

These authors propose an equation

which fits the elastic constant data for the V-H system very well in
the temperature range to first order in n(T), as

9

At. RATIO
Figure 1.

H/To

Ta-H Phase Diagrams of Waite and Pedersen and Heating
and Cooling Transition Points of This Study.
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6)

C1:j(T)

=

C^j°(T) +

Y±jn0W(T,Tc)

where C.jj0(T) is the elastic constant with no V-H hydride precipitation,
is a property of bulk the V-H phase, and W is a function specified
by,

7)

W(T,Tc)

= (1 - exp[1467K(l/T-l/Tc)]).

where K is Bohzman's constants and Tc is the critical temperature for
precipitation.

It is obvious from this study that hydrogen is the cause

of the anomolous effect in both the elastic constants and in the thermal
expansion coefficient.

It is clearly indicated that such effects should

also appear in tantalum.
Etching studies made by Alexandropoulos

32

on a niobium single

crystal containing 20 atomic percent hydrogen with a 1:1 HNO^, HF
solution exhibited a perpendicular array of deep etch marks which could
indicate that the second beta phase did tend to precipitate out on
certain planes or regions in the crystal.

This may further substan¬

tiate Bolef and Smith's "clustering" hypothesis since niobium, vanadium
and tantalum are similar metals.
The location and mobility of hydrogen in the tantalum lattice is
an interesting problem to ascertain.

In solid solution Ta-H, the jump

rate of hydrogen is known to be about 1-5 x 10^ jumps/sec^® between
300 and 450°K.

The diffusion coefficient, DQ, for hydrogen in tantalum

is 1.9 x IQ"5 cm^/sec,^ which yields a value of relaxation time T of
8.0 x 10“^

at 300°K.

These values indicate that hydrogen is quite

mobile in the lattice with a low activation energy for jumping of .12 ±

11

.01 ev.

19
20
Buchholz et al. favor the studies of Somenkov et al.

which indicate hydrogen occupation of the tetrahedral interstices.
In addition, de Graaf's

21

quasielastic neutron scattering work on

the diffusion of hydrogen in tantalum indicates jumps between jietrahedral sites as the predominant mechanism,

de Graff does note that

the predicted behavior of the model involving jumps between octahedral
sites fits experimental data better at low momentum transfers (Q).

In

spite of this information, Buchholz does not exclude the possibility
of hydrogen occupying octahedral, tetrahedral, or the 1/4 (111) posi¬
tion in the lattice.
If hydrogen does occupy the tetrahedral sites, there are several
configurations which could have interesting effects on the overall
defect symmetry of the lattice.^

Hydrogen arrays in these sites could

take on the shape of rings, starlike configurations or even spheres.
The rings can occupy positions with ^100^ axes and <1U> axes.

The

^100^ positions occupy two types of sites and the ^113^ axes position
occupy all three types of sites.

If linear superposition of the strain

fields is assumed, a cubic long range strain field results.

Such an

array of tetrahedral occupation is not in error with certain published
data.
In summary, there is some controversy about the Ta-H system regard¬
ing hydrogen location in the lattice, the precise phase diagram, etc.
This is not unlike the disputed elastic constant behavior reported by
Buchholz and Fisher.

Consequently, the H-Ta system represents a most

challenging area of study in order to clarify some of these unknown and
not understood behaviors.

12

Pulse Superposition Method
McSkimin

22

developed the pulse superposition method for measuring

the acoustic wave velocities in solids.

A piezoelectric transducer is

glued on one of two flat parallel faces ground on the solid.

This

transducer is excited by variable repetition rate radio frequency pulses
produced by the electronic equipment to be described in the next chapter.
The radio frequency is identical to the resonant frequency of the trans¬
ducer, and the repetition rate is directly proportional to the acoustic
velocity, v.

These pulses travel from the transducer through the solid

to the opposite face of the sample.

The pulses reflect off of this

face and return to the face glued to the transducer.

When the pulse

reaches this face, part reflects back into the solid and part is coupled
to the transducer piezoelectrically.

This mechanical wave is trans¬

formed into an electrical r.f. signal by the transducer, and displayed
on the oscilloscope as an exponentially decaying pulse-echo pattern.
A maximum pulse echo amplitude can be obtained by examining a few of
the pulses in this pattern (preferably the largest ones) and manually
adjusting the repetition rate of the pulses until the maximum echo
amplitude is found.

With this frequency, fmay, the velocity of the

acoustic waves can be calculated using the equation

8)

V

^max*'

where % is the length of the sample.
The echo pattern seen on the oscilloscope is the superposition of
many single pulse echo trains.

The maximum echo amplitude is obtained
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when the first echo from the last pulse is superimposed upon the second
echo from the next-to-last pulse, the third echo from the second-tolast pulse, etc.

The time delay between the entrance of a pulse and

the arrival of a reflected echo is the same for each pulse, and so the
maximum amplitude of the echoes is at fmav.
delay between echoes is 1/f

This implies that the time

= t = 2Jt/v or v * 2fas given by

equation 8.
In this study, the repetition rate will be controlled manually with
a signal generator, where fmax will be in the range of 50 KHz to 150 KHz.
Acoustic velocity will be measured as the temperature is varied to enable
the velocities (or elastic constants) as a function of temperature to be
determined.
The elastic constants are derived from the acoustic velocity by use
of the relation,

9)

Cy

where p is the sample density.
Appendix l.2^

=

v2p

This equation can be derived as shown in

14

II.

EXPERIMENTAL PROCEDURE

Sample Preparation
The crystals used in this study were prepared from rods purchased
from Materials Research Corp. of tantalum which were 99.996% pure.
detail of the impurities in these rods is given in Table 1.

A

Two

crystals were grown from these rods by Mr. A1 Ehlert of the Materials
Science group, one in each of the

(lio)

and (lOO) to ± 5 degrees

orientations using the floating zone electron beam method.
crystal was zone refined with four passes.

Each

The next step was to cut

each of the crystals into two samples about 1.5 cm in length using the
Materials Research Ltd. Servomet spark cutter.
In order to carry out ultrasonic measurements on these crystals,
the two end faces on each crystal were ground flat and parallel to
within about

1.5 degrees as determined in a Doall trans check device.

The procedure for preparing these surfaces first involved orienting
the crystals more exactly in the ^100) and
making suitable cuts on the Servomet.

(lio)

orientations by

The rough cut end was first

electro-polished in a 5 ml sulphuric acid, 1.25 ml hydrofluoric acid
and 93 ml methanol solution to facilitate x-ray photographs.

The Laue

back reflection technique was then used to orient the crystals on the
Servomet goniometer.

The Laue back reflection photographs for the

crytals used in this study appear in Figure 2.

A Greninger chart was

used to determine the necessary angular adjustments needed for proper
positioning of the crystal on the goniometer head of the Servomet Laue
system.

The Servomet Laue Camera was then removed and the rotating

TABLE 1
IMPURITY ANALYSIS FOR MARZ GRADE TANTALUM

Element

Content (PPM)

C

5.0

0

5.0

H

5.0

N

3.0

S

2.0

T

1.0

V

.2

Fe

10.0

Cu

.3

Ni

1.0

Zn

.1

Nb

20.0

Mo

.5

Sn

.2

W

Nominal Purity 99.996%

3.0

Figure 2b.

Laue Photograph of Crystal No. 2

(lio)
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Figure 2c.

Laue Photograph of Crystal No. 3 (lOO)

Figure 2d.

Laue Photograph of Crystal No. 4 (llO^
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Servomet spark planing disc was placed in position.

This disc had

been previously machined to a high degree of parallelism using a flat
tool mounted in the holder of the Servomet.

It was now possible to

plane the face of the crystal parallel to the desired orientation.

To

plane the other face, the flat tool was put in place of the goniometer
head and, again, used to spark plane the disc parallel to its own
surface.

The planed face of the crystal was then glued to the flat

tool surface with a silver based cement to act as a conductor for the
spark planing mechanism voltage across the sample to ground.

This

bond was strengthened by an additional application of Duco cement
around the cylindrical edge of the crystal.

At this point, the second

face of the crystal could be planed parallel to the original face of
the crystal.

Both faces were sparked at a medium grind (a setting of

5 on the Servomet) and then at a fine grind (7 on the Servomet).
Following the planing procedure, the faces were checked for smooth¬
ness and parallelism by the use of a Doall trans check device and
rechecked with a Starrett micrometer.

This check could be accomplished

by measuring variation in lengths at different positions around the
edges of the crystal.

The crystal lengths (crystals treated and
*

untreated with H) were measured to within ± 5 x 10
meter and recorded.

*”4

cm with the micro¬

The room temperature at which these measurements

were made was also recorded so that temperature corrections to the
length could be made for accurate density evaluations.
Two crystals, one of (llO^ orientation designated No. 2 and the
other of (lOO) orientation designated No. 3 were annealed in a vacuum
furnace for 9 hours at a pressure of 8 x 10“ ^ mm pressure and a

19

temperature of 900°C.

Two other crystals, one of (llO^ designated

No. 4 and the other ^100^ orientation designated No. 1, were annealed
for 5 hours at a pressure of 8 x 10~^ mm and a temperature of 850°C.
At this point, velocity data taken on each crystal for the
and

modes on the (lOO) crystal and C' and

modes on the (llO^

crystal as outlined in the velocity measurement section of this proce¬
dure section.

The four crystals were treated with hydrogen (to be

described in detail below) following these measurements, and again,
velocity data was taken.

This procedure was repeated for three hydro¬

gen concentrations for crystals No. 1 and No. 2, and for two concen¬
trations for crystals No. 3 and No. 4.

The latter were used as a

check for the change in the reduced moduli, C„/C , between the two
£1

O

crystals.

Hydrogen Treatment
Hydrogen was introduced into the crystals by means of a tempera¬
ture controlled hydrogen atmosphere apparatus as shown in Figure 3.
The apparatus consists of a quartz tube with a brass 0-ring fitting
containing a hydrogen inlet valve, outlet valve, pressure gauge, and a
vacuum pump connection.

An insulated brass tube with Q-ring fittings

accommodated the copper leads to the Pt-Pt 10% Rd thermocouple used to
measure the sample temperature.

A regulator was placed between a bottle

of high purity grade hydrogen and the inlet valve of the apparatus to
trap the hydrogen in the sample chamber at slightly above atmospheric
pressure.

This prevented gas leakage into the apparatus.

A stainless

steel mounting rod was made to screw into the brass fitting and hold

20
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1. SAMPLE
2.

11. H2 INLET
Pt/Pt
12. BRASS REC. 10% Rh THERM
Ti
ASSEMBLYGETTER

3.
4. MOUNTING

ROD

5. HIGH INTENSITY

RF COIL

6. LOW INTENSITY
7. QUARTZ TUBE

RF COIL

8. VACUUM CONNECTION
9. EXHAUST

VALVE

10.

PRESSURE

Figure 3.

Hydrogen Treatment Apparatus.

GAU
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the sample in the correct position in the quartz tube.

This rod served

not only to position the sample, but also to hold a titanium getter in
place.

The getter was connected to the holder rod by spot welding a

Ta foil band around the getter material and then spot welding the band
to a stainless steel tab on the rod.

This procedure was necessary to

prevent the stainless steel and titanium from contacting and subse¬
quently melting, since it was necessary to keep the getter at a tempera¬
ture between 700°C to 900°C during the process.

The Ta crystal was

mounted in the same way as the getter at a point six inches away, near
the end of the rod.

Here, however, the Ta foil band served to prevent

diffusion of atoms from the stainless steel tab, and to dispense with
the need to spot weld thermocouples directly to the sample.

This made

possible the determination of hydrogen added to a sample directly from
the weight change of the sample.
getter and the crystal separately.

Two rf coils were used to heat the
A high intensity coil was placed at

the getter, and a low intensity coil was placed around the crystal.
This insured an active getter throughout the experiment to protect the
crystal from contamination primarily due to oxygen.
The procedure for treating the crystals began by cleaning them
thoroughly in acetone to remove any remnant of the Nonaq stopcock grease
used for bonding the piezoelectric transducer to the crystal.
followed by a cleaning with methyl alcohol.

This was

The crystal was then care¬

fully measured for length, weight and density, rechecked and cleaned
again.

The crystals were then placed in a Ta foil "band" of .2 cm

width.

A Pt/Pt 10% Rd thermocouple was spot welded directly to the band

(or "jacket") for temperature measurement.

The crystal and thermocouple
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were mounted on the previously mentioned rod along with the getter.
Before the getter was mounted on the rod, it was etched with a 1:1 HNOg,
HF solution to remove any machining oil or other contamination since
this solution actually dissolved a thin layer of metal away.

The holder

itself was also cleaned of any oil or fingerprints with acetone and
methyl alcohol.

It was found to be best to only use a particular piece

of titanium once as a getter and then replace it.

Before the quartz

tube was mounted in the brass o-ring fitting, the thermocouple was
attached to the copper leads with alligator clips.

The quartz tube was

rinsed with HC1 and then acetone prior to being positioned on the
apparatus over the holder rod, etc.

Temperature was measured with a

Leeds and Northrup potentiometer.
The coils were now positioned and the system evacuated and flushed
with pure hydrogen several times to remove air from the system.

The

hydrogen employed contained less than 1 ppm hydrocarbons and oxygen.
When the flushing procedure was completed, the coils were activated by
a Lepel T-10 high frequency generator to bring the crystal to the
appropriate treatment temperature.

The crystals were heated to a

temperature slightly above the desired treatment temperature before
the temperature was allowed to stabilize at the treatment temperature.
The temperatures proposed by Veleckis

13

at atmospheric hydrogen pres¬

sure were found to be too high to introduce his stated hydrogen concen¬
trations.

We attribute this discrepancy to the fact that we are deal¬

ing with single crystals and that he used polycrystalline Ta foils.
This was also found by Dr. N. Alexandropoulous to be the case for Nb
single crystals.

It was found that to achieve the desired

23

atomic concentrations in the range of 1 to 11% of hydrogen, tempera¬
tures ranging from 400°C to 575°C had to he used.

Table 2 indicates

the temperatures used to introduce hydrogen into the crystals to the
reported and determined concentrations.

Varying solubilities are most

likely due to different surface conditions, the particular orientation
of each crystal, and slight differences in hydrogen soaking times.
The crystals were exposed to the hydrogen atmosphere at these tempera¬
tures for a time two times the calculated time necessary for a hydrogen
àtom to diffuse across the thickness of the crystal.

This time was
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calculated from the diffusion coefficient D - 10
by the relation
1/2
x = (Dt)

, yielding a minimum soaking time of 50 minutes.

At the end

of this period, the Lepel was abruptly turned off, allowing the crystal
to be "quenched" to slightly above room temperature by the hydrogen
atmosphere.

This usually took about four minutes.

The crystal was

then removed and reweighed to determine the amount of hydrogen present.
The length was measured with the Starrett 10”^ micrometer, and density
was measured by the Archimedean principle using distilled water.

Both

the weight and density were measured with a Mettler balance capable of
measuring up to 10“^ gm.
to 2 x 10

gm/ cm.

Weight was measured to 10 ^ gm and density

Samples were suspended with a fine tungsten wire

for the density measurements and care was taken to submerge the same
amount of wire in the water in order to minimize error in measurement.
The crystal was allowed to stand at room temperature for 48 hours and
following this, it was stable with respect to weight and length and
ready for ultrasonic measurements.
To check the weight change, the change in length of each crystal
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TABLE 2

TYPICAL HYDROGEN TREATMENT TEMPERATURES FOR
SINGLE CRYSTAL TANTALUM

JE?

-Ü
u
o

Crystal

Temperature °C

Time

3

570

2 hrs.

3.5

2

560

2 hrs.

4.7

1

450

1 hr.

5.3

1

525

1 hr. 20 min.

6.2

-4

530

45 min.

6.5

2

490

30 min.

7.2

4

490

1 hr. 10 min.

7.8

2

430

2 hrs. 45 min.

10.3
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(AJt/£o/% at H) was measured.

This figure was found to average to

6 x 10"^ per atomic percent, which is the value reported by Fisher
The change in density was also found to be nearly a linear function of
the hydrogen concentration.

As a further check, one sample was

analyzed for hydrogen content in a Leco hydrogen analyzer.

The capa¬

city of the Leco was far too small for direct measurement of the
hydrogen present; however, it was possible to measure the weight of the
outgassed crystal and to assure oneself that the evolved gas was
hydrogen only.
The Leco is shown in Figure 4.

The exact procedure was as follows:

Firstly, the crystal was hung in the extraction tube with a piece of Pt
thermocouple wire.

Next, the vacuum pump lowered the pressure of the

system until the pressure could no longer be read on the McLeod Gauge.
The system was closed-off by valve A and B and allowed to stand for
five minutes to check for leaks.

If no leaks were detected, valve A

was opened and valve B closed and the sample was heated for a few
seconds.

The pressure was then measured on the McLeod Gauge.

The coils

were deactivated and valve A closed, then again, the pressure was
measured.

Next, the evolved gas which had been isolated from the sample

by closing valve A was circulated through the copper oxide catalyst and
anhydrone for eight to ten minutes.

The pressure was again measured.

This change in the last two pressures measured was the pressure of
gases other than hydrogen in the crystal.
more significant outgassing appeared.

This was repeated until no

The only remaining gas pressure

in the system besides hydrogen was approximately equal to the "blank"
pressure of the system.

In other words, the sample had absorbed all
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hydrogen except for possible trace amounts of other gases.

The weight

of the outgassed -crystal agreed quite well with the weight of the
crystal before hydrogen treatment to less than .00005 gm.

This is a

resonable substantiation for the reliability and accuracy of this method
of determining the atomic percentage of hydrogen in these Ta crystals.

Velocity Measurement
a.

Apparatus
The objective of this thesis was to measure the change in the

elastic constants of the tantalum single crystals as a function of
hydrogen concentration in interstitial solid solution.

Four acoustic

wave velocity modes were measured, two longitudinal and two shear in
order to calculate the four elastic constants C^, C^,
function of temperature.

and C* as a

In order to do this, a velocity measurement

system as described by McSkimin
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was used, consisting of the following

components: electronic equipment to generate the pulse modulated r.f.
and an amplifier to magnify the resulting echoes, an oscilloscope was
needed to display the electrical signals from the transducer so the
pulse echoes could be maximized, a transducer was needed to convert
electrical signals into acoustic waves and then convert the acoustic
echoes back into electrical signals and lastly, a cryogenic dewar and
temperature controlling mechanism were needed to allow the crystal to
stabilize at an equilibrium temperature in the range of 306 K to 130 K
to facilitate accurate velocity measurements.
A schematic diagram of the apparatus is shown in Figure 5.

In the

following section, this apparatus is discussed and described under the
four major headings above.
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Ultrasonic Apparatus and Transducer.
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Electronics
A P.M. Custom Electronics sine burst generator sends a 20 V
peak to peak r.f. pulse to the transducer.

On the front panel of the

sine burst generator are controls for r.f. pulse width, a binary
divider, the r.f. control, and three bnc connectors.

The binary gives

a choice of repetition rates f/2n where n = 0, 1,...10, and where f is
the frequency of the signal generator input to the sine burst generator.
The r.f. control is set at 20 MHz but it could be varied from 10 MHz
to 74 MHz.

The three bnc connections provide for r.f. output, trigger

output and gate input.

The r.f. pulses appear at the r.f. output and

are transmitted by coaxial cable to the transducer.

The pulses from

the trigger output are transmitted by coaxial cable to the trigger
input of the scope.

A square wave enters the sine burst generator at

the gate input to stop the production of rf pulses for the duration of
the square wave.

This was necessary because the time between the

pulses equals the time between echoes when the echo amplitude is
maximized.

As a result, large pulses and small echoes overlap making

maximization of the echo impossible.

It was necessary to set a

proper delay time between the trigger pulse and the gate square wave
to display echoes on the oscilloscope during the time that pulses are
not being produced.
A model 606A Hewlett Packard Signal Generator controls the repeti¬
tion rate of the rf pulses of the sine burst generator.

The sine

generator feeds into the sine burst generator at a bnc at the back of
the sine burst generator.

The front panel of the signal generator

contains a manual coarse and fine adjustment for the frequency with
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variable amplitude from IpV to -20 W peak to peak.
selector remains at cw at all times.

The modulation

Two bnc connectors are provided

on the front panel for input and output (z in = z out = 500).

The out¬

put is connected to both a frequency counter and to the bnc input at
the back of the sine burst generator.

The modulation input was not

used in this experiment.
A Chronetics model PG-11 pulse generator is used to supply the
square wave to the gate input of the sine burst generator.

The front

panel of the pulse generator contains six control knobs important to
this experiment: frequency maximum knob set at 20 MHz, delay maximum
knob set at 100 ysec, the width maximum knob set at 100 M sec, ampli¬
tude knob at maximum, amplitude pos-neg at positive, and the width
vernier is adjusted to give the most convenient number of pulses for
maximizing.

The two bnc connections provided in the front panel are

for input and output.

Input is fed in by a coaxial cable from the

oscilloscope, and the output connects to the gate input of the sine
burst generator.
The inefficiency of the piezoelectronic transducer made a Hewlett
Packard 462 A amplifier necessary in order to amplify
echoes.

The front panel contains one knob with settinw

40 db gain.

,

ad

Due to weak output of the system and the severe attenua¬

tion of the acoustic echoes in the crystal, it was necessary to set the
amplifier at 40 db.
the amplifier.

Two bnc connectors provide input and output to

The input connects the rf output of the sine burst

generator to the transducer via coaxial cable.

The output is trans¬

mitted by coaxial cable to the Y input of the scope.
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Finally, it is necessary to match the impedance of the system be¬
cause the transducer is a capacitive load driven by the rf pulses
from the sine hurst generator.^

Maximum transfer of power requires

that the impedance of the transducer be matched to the low output im¬
pedance of the sine burst generator.

Also, the low output impedance

of the amplifier must be matched to the high impedance of the ampli¬
fier in the oscilloscope.
was tried without success.

A Matec model 70 impedance matching unit
Finally, a usable signal was achieved by

trying different lengths of coaxial cable between critical connections.

Oscilloscope
A Tektronix type 545A oscilloscope with a type Z plug-in was
used for the visual display to the resultant acoustic echoes.

A

Hewlett Packard model 5244 L electronic frequency counter was used to
read out the resulting mechanical resonance frequencies (frequencies
of echo maximum).

Transducer
The transducer consists of three parts: the sample holder
where rf fields are set up, the piezoelectric quartz crystal

trans¬

ducer which couples this electric field to the crystal, producing time
varying rf strains, and the Nonaq bond which connects the piezpelectric
transducer, to the sample producing elastic acoustic waves in the sample.
A diagram of the transducer appears in Figure 5.
The electric field is shielded by the sample holder.

The holder is

made from a brass cylinder, notched on opposite sides to allow for easy
access to the sample.

The base of the cylinder is threaded on the
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inside so that a large, cylindrical plastic screw could be driven in
or out of the brass cylinder.

A copper plate was fitted on top of the

plastic screw which provided a place for the sample to rest.

A 20 ohm

heater was placed at the base of this plate to insure good thermal con¬
tact with the sample.

A copper plunger with the bottom face planed

flat was mounted directly above the copper plate by a spring.

This

plunger is electrically insulated from the brass shield by means of a
thin plastic cylinder which fits snugly around, the lateral surfaces of
the plunger.

Driving the threaded plastic cylinder into the brass

shield thus brings the quartz transducer (bonded on the top surface
of the sample) into contact with the copper plunger.

This makes it

possible to adjust the pressure on the quartz sample bond.

This is

helpful for making good contact and in turn a good signal and it
is useful for making the Nonaq bond as thin as possible.

The shield

is connected to the outer conductor of a bnc fitting in the top of the
brass shield and the spring loaded plunger is connected to the inner
conductor of this fitting.

This fitting plugs into the coaxial cable

mounted in the dewar insert.
The quartz transducers were 1/8" 20 MHz purchased from the Valpey
Fisher Company.

Y cut transducers were used to produce the transverse

acoustic waves for measuring the transverse elastic constants

and

C*. measurements being made in the ^100^ direction on the ^10o)
crystals and C* measurements being made in the (lio) direction on the
(llO^ crystal.

X cut transducers were used to produce the longitudi¬

nal acoustic waves for measuring the longitudinal elastic constants
C, , and C.

11

Jt

33
The bonding medium chosen for this thesis was Nonaq stopcock
grease.

Nonaq was by far the easiest bonding material to use.

Many

bonds (epoxies, salol, etc.) were brittle or required long waiting
periods in order to check for good bonds.

Some materials could be

destructive to the transducer upon removal, i.e., epoxies.

The Nonaq

bond could be tested immediately for quality, and if the bond was not
good, it could be easily removed and remade.

The strength of Nonaq

was sufficient for the temperature range in this thesis, except for
some transverse measurements in the room temperature range.

Maintain¬

ing an intact bond during the hydride phase transition was quite diffi¬
cult due to volume changes, C

being especially difficult.

This, in

Xr

addition to the attenuation of the acoustic waves caused by the beta
phase precipitation, made measurements in the region where the alphabeta phase was present quite difficult.

In a few cases, transverse

measurements at and near room temperature were made with Salol bonds.
However, Salol was more difficult to use as mentioned earlier and
became quite brittle at temperatures below -50°C.

The thickness of the

bond was kept to a minimum to insure high efficiency.

Cryogenic Dewar and Temperature Control System
The Andonian metal cryogenic dewar consists of an outer liquid
nitrogen shield, a reservoir, a vacuum insulation jacket, and a tubular
sample chamber which connects to the reservoir through a capillary tube
and throttle valve.

The liquid nitrogen shields protect

from radiated heat.

The reservoir holds liquid nitrogen in the case of

this experiment since all work has been done above 77 K.
insulation jacket can be pumped down to 5 x 10

-6

the reservoir

The vacuum

mm Hg, virtually
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eliminating heat transfer by convection to the reservoir.

For this

_3
work, however, a pressure of 10

mm Hg or less is sufficient.

The

system for evacuating the vacuum insulation jacket consists of a Duo
Seal Model 402 mechanical pump used with a Consolidated Vacuum Corp.
type PMCS 2C oil diffusion pump.

The initial pressures in the jacket

are measured with an NRC type 701 vacuum gauge.

Pressures below

10~3 mm Hg can be measured with an NRC Model 507 Ionization Gauge
tube.

The throttle valve allows liquid nitrogen to flow into the

bottom of the sample chamber by way of a capillary tube.

The nitro¬

gen vaporizes here, cooling the sample as the vapor rises in the
sample area.
The sample chamber and reservoir are purged of air by repeated
evacuation with a Duo Seal Model 1402 mechanical vacuum pump, and
flushed with helium gas.
The dewar insert connects the sample holder to the electronics
via 2 bnc connections and coaxial cable.

The insert consists of a

thin tube of stainless steel containing a length of coaxial cable
mounted into the two bnc's at both ends.
the opening of the dewar.

A brass disc is made to fit

This disc is attached to the stainless

steel tube near the top, thus holding the sample in place in the dewar.
This disc is fitted with an o-ring to seal the sample chamber from
the atmosphere.
The temperature of the sample was controlled manually by the 20
ohm heater previously mentioned and by a Harrison Laboratories Model
865C power supply.

The temperature was measured with a copper-

constantan thermocouple attached to the copper base plate of the sample
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holder about 1/4 cm from the sample.

The temperature was read in

millivolts from a Leeds and Northrup potentiometer with a 0°C distilled
water-ice bath reference.

The thermocouple wires and heater wires

leading from the sample holder to the potentiometer and power supply
were fed through two small holes drilled through the brass disc of the
insert and then sealed airtight with epoxy cement.
b.

Preparation for Measurements
The first step of the experiment is to evacuate the vacuum

jacket of the dewar.

The vacuum space pump out valve of the dewar is

closed off and the mechanical pump is activated in order to reduce the
pressure in the lines leading to the dewar and diffusion pump.
the pressure reaches 10

—2

Once

mm Hg, the diffusion pump is activated to

reduce the pressure further.

The vacuum space pump out valve can now

be opened to evacuate the vacuum jacket of the dewar.
Next, the piezoelectric transducer had to be properly bonded to
the crystal.

A good bond was necessary in order to produce a strong,

undistorted signal.

It was necessary to use only enough of the bond¬

ing agent to cover the entire contact area of the transducer and
crystal with a thin layer without any seepage of the agent beyond the
edges of the transducer.
of the echo signal.

This seepage caused distortion and weakening

It was also important to place the transducer

such that the acoustic waves produced by the transducer had an unper¬
turbed pathway from one face of the crystal to the other.

Failure

here resulted in a multiple reflection from the sides of the crystal
causing a distorted signal.

It should also be noted that some of the
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crystal faces were either not parallel or not completely smooth and
had to be resurfaced before any acoustic measurements could be made on
them.
Prior to putting the transducer in place, all grease and debris
had to be removed from the crystal and transducer faces with acetone.
A small dot of Nonaq was- then placed on the crystal face to be used.
The transducer was now carefully centered and applied to the drop of
Nonaq.

Next, a small amount of pressuré was applied with a tissue to

the transducer to fit it snugly against the face of the crystal.

Any

grease which was squeezed out from under the transducer was carefully
wiped away with a swab and acetone.

The sample and transducer could

now be placed in the sample holder so that the sample was approximately
centered with the spring loaded copper plate of the holder.

This cen¬

tering varied such that pressure would align the plate surface parallel
to the flat surface of the piezoelectric transducer.
The particular orientation of the transducer on the crystal face
was important only for the transverse (llO) measurements (C).

For

these measurements, it was necessary to align the direction of propaga¬
ted waves in the <110> direction across the {110} crystal face.

The

proper alignment of the transducer was accomplished by use of the Laue
back reflection technique identical to that used to orient the crystal
for planning.

The crystal was mounted with clay on the apparatus gonio¬

meter and X-ray photographed.

The crystal orientation was then adjusted

using a greninger chart and the resulting X-ray photograph to the ^Lio)
orientation.

A mark was placed on the crystal which was linear with the

direction of incident X-rays and the center of the sample.

The mark was
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made by applying a drop of steel bluing on the crystal side and making
a scratch at the appropriate point.
After the bond was completed, the resulting signal or echo pattern
was observed on the oscilloscope with the binary divider set at 256.
The pattern should appear to be a group of equally spaced pulses,
decaying exponentially.

If this signal appeared to be of usable

quality, the sample was removed from the sample holder and checked again
for seeping grease on the top of the transducer.

Again, the crystal and

transducer were carefully cleaned with a swab and acetone and replaced
in the sample holder.

The echo pattern was rechecked at 256 on the

binary divider of the sine burst generator and at the 1 setting.

At

the 1 setting the signal generator was adjusted until the maximum echo
amplitude was displayed on the oscilloscope.

It could now be clearly

discerned whether or not any distorted waveforms or undesired inter¬
ference echoes existed which would hamper measurements.

It was often

necessary to change the sample position in the sample holder in order
to correct for the lack of parallelism of the two copper plates in the
sample holder.

This lack of parallelism often resulted in a sort of

"wedging" effect where only a portion of the transducer contacted the
upper copper plate, resulting in what appeared to be a non-parallel
sample or a reflection from the side of the crystal.
It was also important to properly adjust the compression in the
spring of the sample holder.

It was necessary to place more pressure

on the transverse transducers than on the longitudinal ones at room
temperature.

However, too much pressure often resulted in a distorted

waveform (grease seepage) or damage to the transducer.
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If the resulting waveform was still poor after the above procedure,
the transducer was removed, then both the crystal and transducer
cleaned with acetone and the procedure repeated.
A problem often encountered was that of maximizing the echo ampli¬
tude only to find two such maxima, particularly for C measurements.
Data for both maxima were taken as a function of temperature.

Often,

at lower temperatures, the true maxima would become obvious as the
Nonaq solidified and the echo quality improved.

In certain cases, it

was necessary to compare with previous data and identical runs, to
deduce the most consistent maxima.
It was unusual to achieve the exact exponential envelopes.

However,

most of the envelopes characteristic of the samples data used in this
thesis were of approximate exponential decay.
envelope is shown in Figure 6.

An example of a typical

Since measurement of attenuation was

not of prime interest in this study, the exact shape of the echo amplitude envelope was not considered too important.
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When a satisfactory signal was obtained from the transducer and
sample, the insert and sample holder were lowered into the dewar and
sealed off.

The bnc connection from the amplifier was plugged in as

were the heater wires.

The sample chamber and reservoir were next

evacuated and flushed with dry helium twice.

The reservoir and sample

chamber were again filled with helium, only this time the reservoir was
closed off from the vacuum pump.

Evacuation of the sample chamber

was followed by the evacuation of the reservoir through the sample
chamber via the throttle valve.

When repeated twice, this procedure

usually cleared any water vapor which might have frozen and clogged
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Comparison of the Ideal and Experimental
Ultrasonic Echo Patterns.
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the throttle valve when the reservoir and jacket were filled with
liquid nitrogen.

A portable 160 liter dewar was used to transfer

liquid nitrogen to the nitrogen jacket and reservoir.

The reservoir

vents were then plugged with 0-ring seals to build up gas pressure in
the reservoir sufficient to force liquid nitrogen through the capillary
tube into the sample chamber when the throttle valve was opened
slightly.

The vaporized liquid nitrogen flowed past the sample, cool¬

ing it, and then passed out of the chamber through a water bubbler.
The rate of flow of nitrogen into the chamber could then be controlled
by observing the bubbling rate and then adjusting the throttle valve
slightly for the desired flow.

Too rapid a flow resulted in flooding

the sample chamber, possible damage to the bond, and a loss of tempera¬
ture control.

The system was now prepared for taking ultrasonic data

as a function of temperature.

6.

Measurement
The resonance frequency (or frequency of the pulse maxima) was

o

o

measured at 10 degree G intervals from 23 C to -127 C.

The sample

was cooled in this range at a rate of about 1°C per minute.

As each

temperature point was reached, the temperature was manually controlled
at that temperature for five to ten minutes or until the frequency
readout of the largest maxima stabilized.

As the alpha-beta phase

transformation region was approached, the cooling rate was decreased
somewhat to avoid excessive damage to the bond during the phase transi¬
tion.

It was noted that the formation of the beta phase caused con¬

siderable attenuation of the signal.
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Several frequency measurements were made by approaching the maxima
from both higher and lower frequencies to insure a trué maxima.
values were averaged and recorded for future reference.

These

Each run was

repeated to insure consistent data, or data within the accuracy of the
experiment.

Care was taken to compare such things as relative change

in frequency, the point where the beta phase began to precipitate and
differences in frequency between the two runs at a given temperature.
The Alpha phase data was consistent except for the double maxima prob¬
lem encountered with the C' measurements.

In the alpha-beta region

the accuracy was not quite as good since the attenuated pulses tended
to be flatter and smaller making exact determination of the maxima
more difficult.
Some runs were made while measuring temperature from -127°C and
compared to data taken during cooling down from 23°C in order to check
out transient thermal errors.

The differences in the two sets of data

were in the range of 5 to 20 Hz or around 1°C.

This consistency

seemed quite good since the accuracy of the frequency measurement was
only about 1 part in 5 x 10^ or 1 to 5 Hz, the latter range depending
on the mode being measured.

Such factors as bond thickness, different

transducers, etc., could have also produced this much error.
There were some important equipment problems incurred during the
experiment, mostly associated with outside electrical noise which dis¬
turbed the clarity of the echo pattern, or entailed components them¬
selves failing.

The amplifier produced some sporatic noise but

nothing could be done to prevent this from occurring, so one simply had
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to wait for this effect to pass.

The oscilloscope display tended to

be jumpy, however this in no way hampered frequency measurements.

Per¬

haps the most interesting equipment problem concerned the dewar insert.
Continuous thermal expansion and contraction of the insert ruptured
the solder joint between the coax and bnc connections several times
during a thermal cycle experiment.

At first, this problem was quite

difficult to track down because at room temperature the insert appeared
to make good electrical contact since the cable had expanded against
the terminals at each end of the insert during warm-up.
After the problems had been solved and frequency data acquired, the
acoustic wave velocity was calculated from the relation

10)

2Zf,max

where f is the frequency measured in Hz and £ is the length of the
sample in cm.

The length was corrected for thermal contraction by com¬

puting the change in length from the d£/£o data tabulated by Nix and
McNair. °
lum.

This data was used for both the pure and hydrogenated tanta¬

This correction was not applicable when the alpha-beta transition

region was encountered and the beta phase began to precipitate out.
This error was confirmed in a paper on the vanadium-hydrogen system by
Bolef, Smith and Miller.

17 18
*

They found that the precipitated beta

phase causes an expansion of the lattice and consequently a nonlinearity
in the d£/£.o data as a function of temperature.
By assuming that vanadium and tantalum behave similarly since they
are both Group V metals, an approximation to the incurred error in the
Ta-H system can be made.

A comparison of the d£/£o data associated with
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the alpha-beta phase change in the V-H system at a given temperature
with that for the pure alpha phase of vanadium extrapolated linearly
to this temperature was made.

The overall error was found to be

negligible since the decrease in length apparently cancels the
increase in density to a large extent.
The densities of the samples are calculated using the dA/Ao data
of Nix and McNair, where Ao is the length of the sample at 0°C.

This

data can be placed into the equation,

ID

P

m

=

V

+ 3V (AA/A )
o
o
o

where m is the mass of the sample and VQ is the volume of the sample
at 0°C.

VQ

is a convenient quantity to use since Nix and

data is tabulated relative to AA/A

= 0 at 0°C.
o

McNair’s

The volume V can be
o

directly calculated from the mass and density of the sample measurements
at room temperature and from the data of Nix and McNair using the rela¬
tion,

12)

o

R.T.
(1 + 3(AA/Aq)

=

where,

13)

M
A.

JL_
A

dA
dT

AT

and AT is the difference in degrees centigrade from 0°C to room tempera¬
ture.
2
Finally, the elastic constant in dyne/cm

is evaluated from the

product of the square of the ultrasonic wave velocity and the density.
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III.

EXPERIMENTAL RESULTS

The data presented in this section includes the relative changes
in the four cited elastic constants: C^, C^, C* and C^; Young's
modulus, and the bulk modulus.

Also included are the observed changes

in the temperature coefficients for each elastic constant, l/C(dC/dT),
and the reduced moduli C /C , where C is the hydrogenated modulus and
HO
H
CQ is the pure modulus.

These parameters are expressed as a function

of temperature and hydrogen content.

Changes in the elastic constant

C can be used to calculate the previously described parameters
3(A-B)/(A+2B) and A -A .

12

These parameters are a measure of the distor-

tion about the hydrogen defects and will be an important gauge for
determining the existence of a Snoek effect.
Slight scatter in the elastic constant and temperature coefficient
data can be attributed to small errors in measuring the length and
density of the sample.

Errors might also stem from the aforementioned

accuracy of measuring the values due to the sensitivity of the
signal generator dial and the precision of the temperature control.
The changes in

with respect to temperature and hydrogen content

appear in Figures 8 and 9.

is found to increase slightly with

hydrogen content in the alpha phase.

This overall increase amounts to

about .016% per atomic percent hydrogen at room temperature.
duced modulus data indicates close agreement between
crystals no. 1 and no. 3 as shown in Figure 7.

The re¬

data taken on

This further substan¬

tiates an overall increase in C^.
The beta phase precipitation produced an obvious stiffening of the
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CH

modulus similar to that found in the V-H system by Bolef et al.

CH

(or its respective maximum pulse amplitude frequency) increased

drastically at the approximate critical temperature for precipitation
*1 /

(T^) predicted by the phase diagram.
^max

W3S

below

1 £

*

The rate of increase of

Sreater bh311 that of the alpha phase to a point substantially
where this rate of increase again decreased to a value just

TQ

slightly greater than the rate observed in the alpha phase region.
Upon heating the sample from -127°C, the modulus (f
) values were
max
observed during cooling.

As

TQ

was approached, the modulus values

quickly returned to the alpha phase values.

The values of fmay during

heating were recorded at an average heating rate of l°C/min.
The relative change in C^ with respect to hydrogen concentration
and temperature is shown in Figures 10 and 11.

C^ shows a larger

increase per unit percent hydrogen than does C^ in the alpha phase
region.

C^ is found to increase by .16 percent per unit atomic per¬

cent concentration for both (lOO) crystals employed in this study.

The

agreement of data between the two crystals in very good as shown by
the reduced modulus data depicted in Figure 7.
exhibited a slight stiffening with the onset of the beta phase
precipitation, yet this effect is much smaller than that observed in
C

ll*

It should be noted that at one point in the hydrogen treatment pro¬
cess of crystal no. 1, the crystal became accidentally comtaminated as
evidenced by a dark film on the crystal surface.

Before any further

work was performed on this crystal, the surfaces were well etched with
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a 1:1:2 HF, HNO,, HO solution, and the ground faces were replaned on
J

the Servomet.

2

Following this procedure, the final

and

runs

were taken with a hydrogen content of 5.3 atomic percent.
It should be noted in Figures 8 and 9, that the

modulus values

at 5.3 atomic percent are somewhat larger than expected when compared
to the other plotted data.

In addition, there is a slightly different

effect of the beta phase formation upon the elastic constants at this
concentration.

These differences could be attributed to slight dif¬

ferences in contamination of the crystals; however, the magnitude of
these discrepancies is small enough such that ft could be within the
scatter of the data accuracy.
The

modulus (1/2 (C^ +

+

2C^)) changes with respect to

hydrogen concentration and temperature appear in Figures 12 and 13.
C

exhibits a considerably larger stiffening in the alpha phase region
X*

than does C^, at a rate at room temperature of .068 percent per
atomic percent hydrogen.

Again, the reduced modulus data indicates

reasonable agreement between the experimental

values calculated for

both (lio) crystals.
The beta precipitation exhibited a negligible effect on C^, a
result similar to that previously found for vanadium.

17 18
*

The onset

of the beta phase precipitation was marked only by a slight increase
of 20 to 40 cycles per second in the f
values.
max
be true since

- C*, and

phase region stiffening.

This would seem to

and C both show comparable beta

Since shows only slight stiffening, it

would be logical to speculate that beta phase formation would cause
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only very small changes in C^.
C is the most important elastic modulus examined in this study.
The changes of C' with respect to temperature and hydrogen concentra¬
tion can be seen in Figures 14 and 15.

C* shows a noticeable decrease

of .11 percent per unit atomic percent hydrogen.

The reduced modulus

curves show good agreement between values measured on the two dif¬
ferent crystals of (llO^ orientation.

From the values of AC' we can

calculate AS' to be 9.798 x lO-^"* for 4.7 atomic percent hydrogen.
C stiffened in a manner similar to
phase region precipitation.

with the onset of the beta

As the temperature dropped below T^,, the

C* modulus recovered to values slightly above the points measured for
C' using the two pure tantalum crystals.
The last concentration of hydrogen introduced to crystal no. 2 was
7.2%.

This was accomplished by removing hydrogen from the sample

already containing 10.3%.

The echo pattern for this sample was severely

attenuated, making it impossible to obtain meaningful velocity data.
It is possible that this problem originated from a sudden increase in
the unpinned dislocation density due to either improper handling during
the third hydrogen treatment or preferential unpinning of dislocations
during the outgassing process to reduce the hydrogen concentration.
C can be calculated from the measured elastic constants C^,
and Cf, and may serve as a check on the directly measured values of C.
44
The calculated values predicted a smaller change in C' with increasing
hydrogen content than shown in Figure 7.

Nevertheless, these calculated

values agreed well with the results obtained by direct measurement and
are essentially within experimental error (see Figure 7).

These values
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were calculated at 4.7 atomic and 6.5 atomic percent hydrogen, respec¬
tively.

The Voigt averaged Young's modulus was calculated from the

elastic constant data according to the following equations described
in Hirth and Lothe.

29

Lame's constant and the shear modulus were

calculated first using,
X

=

C12 - 1/5H

P

-

C44 - 1/5H

H

= 2C44 + C12 - CU

and

where H is the anisotropy factor.
From these values, Poisson's ratio can be calculated from the equa¬
tion, V = X/(2X + 2p), and finally E can be calculated by E = 2y(l + V).
Young's modulus calculated from the data of crystals no. 2 and no. 3
was found to increase from 1.891 x 10^ dynes/cm^ to 1.897 x 10^
dynes/cm^ (+.31%) with the addition of 4.7 atomic percent hydrogen.

The

same calculation was carried out on the data of crystals no. 1 and no. 4
and an increase from 1.893 x 10^ dynes/cm^ to 1.902 dynes/cm^ (+.47%)
was noted with the addition of 6.5 atomic percent hydrogen.

These re¬

sults suggest AE due to hydrogen in Ta is +.067 percent per unit atomic
percent hydrogen added.
The bulk modulus, K, was also calculated the directly measured
C*. 1 + 2C-| n
elastic constant data via the relative K = (—±±
==—).

The data

from crystals no. 2 and no. 3 yielded an increase in K from 1.965 x
10

dynes/cm

cent hydrogen.

to 1.972 dynes/cm

with the addition of 4.7 atomic per¬

A similar change was evaluated from the data of crystals
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no. 1 and no. 4 of 1.964 x 10

12

2
12
2
dynes/cm to 1.974 x 10
dynes/cnr

with the addition of 6.5 atomic percent hydrogen.

The data averages

a AK per one atomic percent of +.077 percent.
A dipole strength A-B (as previously defined) was calculated from
equation (5) and AS', and (A + 2B)/3 was calculated according to
Appendix 2.

From these two values, 3(A-B)/(A+2B) is evaluated from

the study to be .085.
S’ was also used to calculate (A^ - X2), which for this study was
—2
2.74 x 10 .

Both values were calculated using the present data a

296°K with a hydrogen content of 10.3 atomic percent.
substituted into equations 3 and 5 of this paper.

Values were

Care was taken to

substitute values as defined in the respective source texts.
The values of 3(A-B)/(A+2B), A-B, (A+2B)/3, ^ - A ).

Young’s

modulus, and the bulk modulus in addition to the room temperature
elastic constant values are given in Tables 3 and 4.
The temperature coefficients for all four elastic constants exhi¬
bited little difference in change between the different hydrogen
concentration additions.

Curves of the temperature coefficients 1/C

(dC/dT) for all four elastic constants are displayed in Figures 16
and 17.

Even with the scatter indicated in these figures, it can be

seen that all four coefficients are essentially insensitive to hydro¬
gen concentration and remain virtually unchanges.
largest change for the data recorded.

C^ exhibited the

Crystal 3 showed a change in

the normalized temperature coefficient of C^ from -2.35 x 10-^°K-^
for the pure crystal to approximately -2.1 x 10_^°K ^ for this crystal
doped with 4.7 atomic percent hydrogen.

Otherwise, C^ values averaged
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TABLE 3

TABULATED DATA

A-B = .308 eV
A+2B/3 = 3.602 eV
3(A-B)/(A+2B) = .085 eV
(X

1

"

=

2*74 x 10”2

TABLE 4
ELASTIC CONSTANTS AT ROOM TEMPERATURE IN DYNES/CM2 x 10 12 AND DIPOLE AND SAMPLE DENSITIES
Crystal

at%

ell

c44

1

0
5.3
6.2
8.3

2.6690
2.6736
2.6739
2.6746

.8254
.8376
.8334
.8345

2

3

4

0
4.5
7.2
10.3
0
3.5
4.7
0

6.5
7.8

C

R,

C'

E

K

Dipoles a

.5263
.5236

16.736
16.617
16.613
16.527

.100
.161
.230

16.745
16.624
16.560
16.469

.078
.105

16.745
16.635
16.628

.145
.174

16.749
16.593
16.548

0

.5201

2.6670 - • 8254
2.6676
.8300
2.6694
.8303

0

2. 9727
2.9874
2.9918

.5285
.5252
.5249

0

1&4

0
6.5

1.893
1.902

1.964
1.974

2&3

0
4.7

1.891
1.897

1.965
1.972

Sample gm/cm3

.118
.138
.185

0

2.9622
2.9716
2.9788
2.9814

3
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about -.8 x 10""^°K~^, C' averaged -1.55 x 10~^°K-^ and
_4

-1.00 x 10

averaged

_i

°K

for both the pure and hydrogen doped crystals.

The elastic constants measured for pure tantalum single crystals
at the outset of this study agreed quite well with values published
by Leisure, Hsu and Lieber.

27

In particular, the pure C* values of

this study were found to agree with Leisure et al. to within 1.2 per¬
cent.
In addition, the value of CT was measured on a third (lio)
tantalum single crystal in this study.

This value agreed with the

value of C measured on crystal no. 2 to within .04 percent..

This

small scatter in the values of C at room temperature would indicate
good internal consistency of the present C’ data.
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IV.

DISCUSSION OF RESULTS

The value of 3(A-B)/(A+2B) calculated from this study was found
to be in close agreement with the same parameter calculated by Buchholz,
Alefeld and Volkl.

These authors calculated 3(A-B)/(A+2B) from their

data and determined a value < .09.

This study produced a value of .085,

though somewhat smaller than .09, there is some error, and nevertheless
substantiates the findings of Buckholz et al.

This indicates a much

smaller value than expected for a Snoek effect typical in magnitude
usually associated with heavy interstitials.

Fisher, Westlake and

Ockers calculated a value of .16 for this parameter using their ultra¬
sonic data, and interpret this as evidence of a measurable Snoek effect.
It is further noted that they calculate (A^ A^) for the Ta-H system,
and obtain a value about a factor of two larger than that determined
from the present study.
A comparison of the data from the Fisher et al. paper and the
results of this study reveals a difference in the magnitude of the change
measured in C.' with hydrogen content by a factor of three.

The values

of C' which are used directly to calculate both (A-B) and (A^ - X^), no
doubt, accounts for the differences cited above.

It should be recalled,

however, that it has been found here that C decreases with hydrogen
concentration which is an indication of a Snoek effect.

The question of

a detailed comparison between the two sets of data is one of the magni¬
tude of a possible Snoek effect.

It is noted that C' is defined in

terms of the elastic stiffness constants as 1/2
examination reveals that either a decrease in

- c12) , and a brief
or an increase in
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for a given hydrogen content causes C to decrease from the pure C'
value.

It is interesting to note that

does, in fact, decrease in

Fisher’s work whereas an increase is observed in this study.
As an exercise, calculations were made to determine the effect on
the C' of this study if it is assumed that

decreases similarly to

the decrease described by Fisher, with C#/ and C. remaining as described
44 *
above and as found in this study.
of this study.

The pure data values of C^,

and

C* at 4.7 atomic percent was calculated using the

4.7 atomic percent values of

C

44 and C^, from the present study, with

Cu corrected according to Fisher's described decrease. was cor¬
rected by calculating the decrease in
of percent per atomic percent hydrogen.
applied to the pure value of
atomic percent hydrogen.

observed by Fisher in terms
This percentage decrease was

of this study for the addition of 4.7

The result of this calculation was to pre¬

dict a larger decrease in C, which can be translated into a reduced
modulus comparable to Fisher's result.
in Figure 7 as the Stewart-Fisher point.

This calculated point appears
This indicates that a major

source of difference appears to originate from the markedly different
behavior of

with respect to hydrogen concentration as determined

in the two studies.
Comparison of the present data to that of Fisher et al.^ it is
noted that C for 10.3 and 11 atomic percent hydrogen from this study
and fromi Fisher et al.'s study, respectively, are in close agreement.
At 10.3 percent, this study yields .5201 x 10”^ dynes/cm^, while
Fisher obtains .517 x 10

12

2
dynes/cm for 11 percent.

The major part of

this difference is due primarily to a slight difference in the measured
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densities of the samples and not to the acoustic velocity measurements.
«

The data for pure Ta exhibits a larger discrepancy, however.

CQ

for

the present study of pure Ta is consistent with previously reported
values.

27 28
*

Fisher's value of .541 is somewhat larger than any of

these other reported values.

27 28
'

The measured changes in

due to hydrogen in tantalum deter¬

mined in this study are quite similar to the change reported by Fisher
et al.

This agreement can be seen by comparing the two reduced

modulus curves (see Figure 7 and Reference 11).

Snoeck predicted this

AC^ change to be negligible, yet the study by Fisher et al. and the
present study find the effect discernible and measureable.

It is

therefore open to question as to the cause of the AC^ phenomenon.
The C,, reduced modulus is of the same order of magnitude as found in
44
both studies.^-

The only data of Buchhoiz et al.^»^® relative to this

effect are the inverted torsion pendulum measurements of AG^^ on a
(lOO^ single crystal which is a measure of AC^.

In this experiment,

evidence for a relaxation of an interstitial located in the 1/4(111)
position was to be determined.
in f

o

with hydrogen addition.

The results show only a slight increase
Fisher relates this change in C^ to

possible, basic changes in the interatomic force constants, but does
not elaborate on this phenomenon.
The changes in the calculated Young's modulus are similar to those
O

observed previously,

that is E increasing with addition of hydrogen.

The negligible changes in the temperature coefficients indicate,
like Buchhoiz et al. have suggested, that no paraelastic temperature
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dependence of any magnitude exists.

Buchholz et al. indicate the

change in these temperature coefficients to be a sensitive measure of
the anelastic effects under study here.

They argue that the 1/T

temperature dependence of equation 5 should indicate a strong addi¬
tional temperature dependencies such that the normal negative sign of
the temperature dependence would be reversed for the shear modulus
(i.e., l/G(dG/dT)).

Their results indicate only slight changes, which

are of the wrong sign.

The results of the present study support and

indicate similar results with practically no change in l/C(dC/dT)
discernible for each of the four moduli measured.

This substantiates

a much smaller tetragonal distortion effect due to the presence of
interstitial hydrogen than originally expected if hydrogen behaved at
all like the normal behavior of heavy interstitials.
The paper of Buchholz, Volkl and Alefeld puts forth several pos¬
sible explanations to the anomolous absence or the diminuation of a
Snoek effect in alpha phase Ta-H.

These authors note particular proper¬

ties which are dissimilar to the heavier interstitials.

Hydrogen is

known to have an extremely high jump rate in the tantalum lattice, as
cited earlier in this thesis.

Elastic retardation effects can be

expected when the interstitial jumps between sites so rapidly that the
asymmetric part of the strain field does not have time to decay at
the old site and develop at the new site.

This strain buildup or

relaxation time is estimated to be somewhere between 10~® to 10-^
seconds, but realistically between. 10

—8

and 10

—11

seconds.

The relaxa¬

tion time T is calculated to be 8.2 x 10”^ seconds at 300°K and
2.1 x 10 ^ seconds at 250°K, using the activation energy and diffusion
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data of Cannelli and Verdini.
tion 2 of this text,

T

The values are substituted into equa-

o

= a /72D, where t is the relaxation time, D is

the diffusion coefficient and a is the lattice spacing.

This estimate

of the time of stay of a hydrogen atom at an interstitial site is withO

in the range of uncertainty (i.e., 10
strain buildup and relaxation time.

to 10

—11

sec) for our expected

At 450°C the relaxation time is

1.76 x IQ"11, which is still within the range of uncertainty, however
this value could still indicate that elastic retardation effects do
exist.

Since our elastic data at 300°K agrees with that of Buchholz

et al., we can infer that the paraelastic effect could be diminished
since these values for T are within the range of the largest estimated
times for this effect to occur (i.e.,

10-^ seconds).

This would

imply that a dynamic model is more correct for the alpha phase Ta-H
system rather than a more static model.

Buchholz et al. stress that

if the mean time of stay for an interstitial is smaller than t, the
time required for the decay of the original strain field and the
buildup of a new strain field, the total internal energy produced by
the asymmetric distortion is reduced as the number of particlees in
preferred sites is reduced.

These authors also suggest the possibility

that several interstitial sites could be occupied simultaneously.

In

tantalum, hydrogen occupies the tetrahedral sites which can take on
many configurations as mentioned previously, i.e., rings, star shapes,
spheres, etc.
It is recalled that rings with (ill) axes would have a cubic long
range strain field, assuming linear superposition.

An intensive study

of the consequences of these and other models are reportedly in progress 10
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This problem is complex, in that even though the AC* decrease is small,
it is finite.

Conversely, the 3(A-B)/(A+2B) and temperature coeffi¬

cient data indicate an absence of any noticeable Snoek effect.

More

likely, if a Snoek effect does exist, it is small enough to be just
discernible above the experimental background error involved.
The precipitation of the beta phase in Ta-H induces behavior in
the elastic constants of tantalum similar to that found in the V-H
system.

17 18
*

Slight superheating is noted, with the magnitude of this

effect depending on the rate of heating.

It must be considered, how¬

ever, that the samples were heated at the same rate at which they were
cooled, and possible thermal gradients could retard the alpha-beta
transition slightly.

Previous study

18

indicates that the rate of

cooling employed in this study induced supercooling of the transition
in the V-H system.

It is.also possible that some slight superheating

could occur since a large amount of power had to be supplied to the
20 ohm heater in order to achieve the heating rate employed in this
study.

From the composite results, it is likely that some superheating

could be induced.

The recorded T^ (temperature of transition) for

decreasing temperature agrees best with the known phase diagram transi¬
tion points^*^(see Figure 1).

It appears this transition suffers

little undercooling and some possible superheating and consequently may
be an athermal type of transformation.
The heating and cooling cycle is clearly shown in Figure 14 which
is typical for all data.

The low elastic constant data point results

from the cooling portion of the cycle and the higher elastic constant
data point results from the heating portion of the cycle.
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CONCLUSION

The results of this study show similarities to both the Fisher
et al. and the Buchholz et al. results.

In particular, the temperature

coefficient data and the parameter 3(A-B)/(A+2B) tend to support the
findings of the latter.
to those found by Fisher.

The relative changes in C^ are quite similar
This study notes a decrease in C* with

hydrogen addition, as does Fisher, but of a factor of three smaller.'
Further the Voigt averaged Young's modulus, E, increases contrary to
the findings of Fisher et al. in agreement to the results of Oriani
O

and Wriedt.

The results of this study indicate that the effects on

the elastic constants of tantalum due to the presence of interstitially
dissolved hydrogen are noticeably smaller than expected for any
behavior similar to that of heavy interstitials.

The question remains

to explain why only a .11 percent per atomic percent hydrogen decrease
in C, characteristic of a very small Snoek effect, occurs in the
Ta-H system.
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APPENDIX I

Derivation of Elastic Constant Relations:
Acoustic pulses can be produced in solids by electronically driven
X and Y cut quartz transducers.

The X cut is made to vibrate periodi¬

cally at its resonant frequency and in so doing it applies small force
pulses to the sample in a longitudinal direction (perpendicular to the
flat face of the crystal).

Similarly, the Y-cut transducer produces

waves parallel to the face of the sample.
If we assume a force is so applied to a crystal, we can derive
equations which relate the velocity of an acoustic wave in a sample,
produced by one of these force pulses, and the elastic constants of the
material

If the stresses X^, Xy, X^ act on a crystal (subscripts

indicate plane of application), the equation of motion in the X direc-

23

tion is obtained according to Kittel

A_.

14)

3t2

+

3X

+

3y

A
3z

where U is the displacement in the X direction and p is the density.
Hookes law is substituted into this expression such that stress is a
linear function of strain, and the elastic constants are reduced to the
principal values for cubic crystals C^,
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Using the definition of strain in terms of displacement, we obtain,

where U, V, W and components of the displacement in the 3 orthogonal
directions.

The equations for 3^V/3t^ and 3^w/3t^ are:
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A solution for the velocity in the X or (lOO^ direction is given by

19)

U -

u
o

exp[i(KX-wt)]

where K is the wavevector of 2ir/X and w = 2irv, or the angular frequency.
Substituting 19 into 16 we obtain,

20)

w/k = (C1;j/P)

1/2

where w/k is the acoustic wave velocity or

21)

v = (Cn/p)1/2

where v = w/k.
The solution for the transverse wave along the ^100^ direction is:

22)

which yields:

v - vQ exp[i(kx-wt) ]

23)

v

j

=

(C44/P)1/2

Waves traveling in the longitudinal and transverse ^110^ direc¬
tions can be found by the solutions:

24)

Ü = UQ

exp[i(KxX + KyY - wt)]

and

V = VQ expIKKjX + KyY - wt)]

From 17 and 18

w2pu = (C^2 + C44Ky2)u + (C12 + C44)KXKYV

W2PV

- (ClA2 + C^K/jv - (C12 +

c44)W

The determinant of the coefficients U, and V should equal zero for a
solution to exist.
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2
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2

0

2

-w p + 1/2(CU+C44)K

The roots of this equation yield the equations for the longitudinal and
transverse velocities in the (llO^ direction,

2

/K = VL = (1/2(C

-Kï

+2C )/p)1/2

26)

W
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W /K = VT = (l/2(C11-C12)/p)

and

2
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where the subscripts indicate longitudinal and transverse modes.

APPENDIX II

The calculation of 3(A-B)/(A+2B) is carried out in this section.
on

A and B are defined by Seegar, Mann and Jan

in ternis of the three

possible force dipoles as,
A00
28)
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0B0

P

0A0
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3

,

P

ij
00B

00B
where P^

=

ij

0B0
00A

= 2B+A, or the trace of the dipole moment tensor is A+2B.

Kroner^* defines the change in the compliance for a cubic crystal as

29)
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where,

30)

Q±,
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S, .kKP1 - P2 )
ij
mn
mn

and N/V is the number of dipoles per volume.
for ASJJH in terms of A and B.

31)

Q

11

= S

We would like to solve

Summing over m and n, we find that,

(P^-P2,) + S1122(P^2-P22) + S1133(P^3-P^3)

llllv‘ll ‘11

and that all other P^ terms are zero.

We know from equation 28 that

P^ = P22 = A and that P^ = P^2 + P33 = P23 = B.
values into the expression for

32)

Q

11
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Substituting these

reduces the expression to,

(S
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which is now in terms of the desired values A and B.
this case, we obtain

Since

in

from equation 29.
3AS

The compliance can be written in terms of S’ since

AS’ and S'

11
34)

2(S

irS12)*

AS'

N(S»)2(A-B)2
V
6KT

where S’ - 1/C.

A value of .308 eV is obtained for A-B by substituting the correct
values into 34.

This is the total internal energy in one atomic volume

of the matrix that is produced by the asymmetric distortion.

(A+2B)/3,

the total energy associated with. the symmetric volume change due to the
interstitial is calculated from the following equation:

35)

—- y

A+2B _ ,V. ^
3(

)K

T"

where V/N is the dipole density, AJt/Jl is the change in length of the
sample associated with the addition of the interstitials and K is the
bulk modulus.

Substituting the correct values into the above equation

yields a value of 3.6024 for (A+2B)/3*

A is therefore equal to 3.808

and B is equal to 3.500 as found by noting the A-B = .308. 3(A-B)/(A+2B)
is now determined to be .085.

