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ABSTRACT

Interdiffusion has been studied in Cb vs., Cb 8.5
atom percent Ti and Cb vs. Cb 35 a/o Ti couples at tem-
peratures of 1300° to 2000°C and for times of 0.1 to
1000 hours. The electron microprobe has been used to
obtain the penetration curves.

Marker displacement toward and the development
of porosity within the alloy at 1800° and 2000°C
demonstrate that a vacancy mechanism is operative in
this b.c.c. alloy system. Porosity was also observed
at 1500°C. At 1500°C for anneal times extending from
10 to 1000 hours for the more dilute alloy and from
10 to 120 hours for the 35 a/o Ti alloy, the inter-
diffusion coefficient D computed by the Boltzmann-
Matano analysis is determined to be independent of
time.

The Arrhenius plot for results extrapolated to
100 a/o Cb is a straight line and yields an activation
energy of 110 k cal/g-atom. However, as composition
is increased to 30 a/o Ti, an increase in the con-
centration dependence of D is observed with decreasing

temperature. This is manifest by curvature of the log D

vs. 1 plots with increasing titanium content.
T

PROBLEM STATUS
This report completes one phase of the problem;
work on other aspects of the problem is continuing.
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Chapter 1
INTRODUCTION

1.1 The Diffusion Equations

The differential equations which describe
the diffusion process in an isotropic medium due to the
random molecular motion within the medium are based
upon the concept of Adolph Fick (1) that the flux is
proportional to the gradient of the concentration.
Using vector notation these aifferential equations
may be written as follows:

For steady state conditions this is
F = -DVC [1]

where ?'is the flux per unit
area per unit time (g/cm?/sec)
C is the concentration (g/cm®)
and D is the constant of proportionality
(cm® /sec) .

For non=steady conditions the rate of accumu-
lation at any point will be given by the divergence of
the flux at that point,

3% = V. (Vo) - [2]

For diffusion in one dimension which is the

condition usually applied to experimental investigations,

1
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Equations [1] and [2] reduce to

and to

The gradient
path.
If

Equation [2]

and

3C
D 3% | | -8l
_ of 4 2C |
ax\ D%/ [4]

in all cases is taken along the diffusion.

the condition: obtains that D is constant,

and Equation [4] become

= DVYV?C [5]
= DBBC. [6]
3x

The relationships [1] and [3] are called

Fick's First

Law and [2], [4], [5] and [6] are called

Fick's Secornd Law. If strict historical credit is ob-

served only Equations [1], [3], [5] and [6] would be so

named, for Fick took D to be constant. However, it is

common practice also to name the more general forms,

Equation [2]

and Equation [4] after him. This usage is

followed in this dissertation.

Many authors have published the development

of these equations and selected solutions to them. The

most complete and very useful mathematical treatment

is that of Crank (2). A readily available and tersely
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written one is that of Darken (3). A development
which generally follows Crank is presented in Appen-
dix I.

In the general form of Fick's second law,
Equation | 4], the diffusion coefficient, D, is taken
implicitly to be a function of only the variables of
state: temperature, pressure (stress) and composition}
It is assumed to be independent of the concentration
gradient, or for the infinite ahd semi-infinite boundary
conditions which are defined by Equation [7], p. 11,
independent of time.

In applying this differential equation to
diffusion in metal systems at a given temperature,
the diffusion coefficient has universally been taken
as a single valued function of composition. For this
reason, metallurgists have in general taken the rela-

tionship

(o))

3C 3 3¢
¢ v )

to be inviolate.

1.2 Critical Examination of

Equations [2] and [4]

While critically examining the limitations on

Fick's law, Darken, in a "Formal Basis for Diffusion

3
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Theory":, (3) brought to the attention of the metal-
lurgical world the observation of Hartley (4) which .
was probably the first reported failure of the general
form of Fick's law, Equations [2] and [4], for diffu-
sion in a binary system. Hartley, in studying diffu-
sion of organic solvents into a polymer (cellulose
acetate) observed "Not only is D not comnstant,... but
it is no longer a single valued function of C. D depends
not only on C, but also on the history of the particular
diffusion process." Hartley attributed this effect to
swelling which took place during the diffusion pro-
cesses leading to anisatropy. Darken (3) continued
"Although the small size and approximate spherical
symmetry of the atoms in metals might predispose us to
think we are unlikely to encounter related phenomena.
here, I doubt that we should feel too certain .... If
the diffusion process itself creates lattice imper-
fections then we may anticipate a failure of Fick's
law analogous to that found by Hartley -- that is D
will no longer be a single valued function of composi-
tion."

In the published metallurgical literature
one such example was noted in 1957. Reynolds, Aver-
bach and Cohen (5) in their exhaustive study of self-
diffusion and interdiffusion in the gold-nickel system
report an effect of the time of anneal on the diffusion

4




coefficienf at the nickel rich end of pure-metal
couples as measured by the Boltzmann-Matano (6)
method. They observed (i) a greater D in pure-metal
couples at a given composition as compared to incre-
mental couples after a 25 hour anneal, and (ii) an
even further enhancement after a shorter (llihour)
diffusion anneal. Corrections madé for the effects
of volume change and porosity were miner. Reynolds
et al. suggest that the steep concentration gradients
in the pure-metal couples and the correspondingly
large initial differences in molar volume in the dif-
fusion zone may produce non-steady structural effects
in the shorter diffusion anneals. They further sug-
gest that such conditions could probably lead to the
generation of excess vacancies or short circuiting
paths, thus to enhanced diffusion. Aside from this
observation which Reynolds et al. considered as a spuri-
ous situation to be alleviated, no further observations
on a time dependency of D have been reported until just
recently.

In work reported to the AIME New York meeting;
February 19, 1964, but not yet published, Hartley and
Steedly (7,8) observed an effect similar to that of
Reynolds et al. They made diffusion measurements on
Cu vs. Pt and Cu vs. Pt80 atom percent (a/o) Cu

5




diffusion couples over the temperature range 794° to
1021°C. They used the electron microprobe for analysis
and applied the Boltzmann-Matano analysis to the con-
centration penetration data. At 1021°C they observed
an increase in D of about two times in going from an
annealing time of 64 hours to 15 hours. Their explana—
tion of the observation (if, they point out, it be
true) follows that of Reynolds et al.

Even more recently Woodbury (9) in reporting
on the diffusion of cadmium in cadmium sulfide noted in
a footnote "...since the experimentally calculated dif-
fusion rate depends strongly on the firing time" (dif-
fusion anneal time???)... "the time dependence of Fick's
law does not hold." No further explanation or discussion
is contained in the paper.

From these observations, prophetically noted
by Darken, it is evident that for diffusion in binary
metal systems Fick's law in its general case, as usually
applied, is not necessarily inviolate. Actually it is
not the law (or differential equation) which does not
hold, but tather it is the boundary condition that D is
single valued that does not hold. For diffusion in a
solid metal no rigorousexperimental test has been made
of the assumption that D is independent of the concentra-
tion gradient which in effect means for the semi-infinite

6




and infinite boundary conditions, the time of diffusion.

And except for the three observations noted above--

two of which are at best, cursory -- no exceptions have
been noted. This is not too surprising for the time of
the diffusion anneal at a given temperature is usually
selected in accord with the smallest zone which can be
accurately analyzed on one hand, and by reasonable al-
location of furnace time on the other, In substitu-
tional diffusion the time span selected for annealing
seldom has been changed by more than a factor of ten.
Thus experimental conditions have seldom been favorable
for the observation of a time dependency, if indeed it

exists.

1.3 Objectives and Design of the Problem

1.3.1 Time Dependency of D

The present work was undertaken to examine .
experimentally in a rigorous manner the question of a
time dependency of the diffusion coefficient, D, in a
substitutional alloy metal system. Limits on the
available range of annealing times may conveniently
be extended to four orders of magnitude if the electron
microprobe is used for analysis: For a semi-infinite

9
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slab with a diffusivity of 10 cm /sec, an initial
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concentration of 5% and an analytiéal end_point of
0.5%, a penetration distance of 10 microns would re-
quire about two minutes. At the bther‘extreme, an
anneal of say 30 days would give a time variation of
104. For-this broad range of time intervals, a time

dependent diffusion coefficient may be observable.

1.3.1 Diffusion in b.c.e. Alloys

A controversy exists concerning the mechanism
of diffusion in some b.e.e. alloy systems (12), and
while it is not the prime objective of this investiga-
tion, diffusion data on an additional b.c.c. alloy
system may help to clarify the present controversy.

The inclusion of markers in the diffusion couples of
the present investigation might contribute to this
discussion for a Kirkendall shift is positive evidence
that the diffusion process follows a vacancy mechanism
(13). While the converse is not true, it is felt that
additional marker data on a b.c.c. system would be of
value. Activation energy (Q) and frequency factor (Dg)

determinations might also contribute to this question.




1.4 Selection of Alloy System

The columbium-titanium alloy'system was se-
lected for several reasons:

(a) At the time of the initiation of the prob-
lem no diffusion data were available for it, and alloys
of the system were of potential technological interest.

(b) The x-ray spectra of titanium and colum-
bium are mutually amenable to resolution in the micro-
probe.

(c) The alloy system is represented by a
continuous b.c.c. solid solution above the transforma-
tion temperature (885°C) of titanium, and this b.c.c.
struqture is continuous to below room temperature in
alloys >50 w/o columbium (10,11).This voids any ques-
tion of precipitation during cooling which might ad-
versely affect probe analysis.

Based on these Qonsiderations alloys of
Cb 8.5 a/o Ti and Cb 35 a/o Ti were selected. The
more dilute alloy was chosen because it was felt that
for a limited concentration range D might be independent
of concentration and therefore consideration of con-
centration effects might be eliminated from part of
the data. '~ The 35% alloy was chosen for marker mea-
surement and to extend activation energy and frequency
factor data further into the alloy systemn.

9




1.5 Experimental Plan

Briefly, the experimental program is as fol-
lows: Experiments are performed with three layer sand-
wich couples of the type Cb/Alloy/Cb which satisfy the
infinite boundary conditions of Fick's law. The élloys
and pure columbium are first stabilized against struc-
tural change by annealing at a temperature in excess of
the highest diffusion anneal temperature prior to weld-

ing. The diffusion anneal schedule is given in Table 1.

Table 1

The Compositions of Diffusion Couples

and the Temperature and Time of the Anneals

Tem Alloy Time (hr.) Purpose

(°cC Ti, (a/o)

1000 35 12¢ Q, D,

1300 8.5 .1,1.0,10,120,480,1000 D = f (t) ?
35 120 Q, Do

1500 8.5 .1,1.0,10,120,480,1000 D = f (g,t) ?
35 Q, Do

1800 35 10 Q, D,

2000 35 10 Q, Do

Thus the question of D as a function of time
is examined at two temperatures and two compositions at

10




one temperature for times ranging from 0.1 hour to

1000 hours. Anneals for the purpose of determining
activation energy and frequency factor extend from

1000° to 2000°C.

Concentration-penetration contours are
measured by the electron microprobe and are analyzed
by the Boltzmann-Matano method or by that of Grube,
as applicable. Granular thoria is used for markers
and marker measurements are made from interface to

interface in the three-layer sandwich couples.

1.6 Solutions to the Diffusion .Equations¥*

The experiments in this investigation are
designed for the infinite boundary conditions of the
diffusion equation. These conditions are

t = o, x<0, CZo (100% Cb)
t = o, x<o0, C=Co (Alloy) (771

all t, x=%oo0, g% = 0

* Only the boundary conditions and the final solutions

are given here. A development of these may be found
in Appendix 1I.
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1.6.1 Baltzmann-Matano Solution

For the general problem in one dimension
where D is a function of composition only, Equation [4],

the Baltzmann-Matano solution applies. This is

S 1 dx Cl o
1 o '

where D(Cl) is the diffusion: coefficient at some
composition Cl' The slope of the concentration
penetration curve %% is evaluated at C1 and
the integral is evaluated to CIL The time of
diffusion is t.

_Matano (6) showed that to apply Equation [8], the

origin of the distance ordinate must be selected so that

Co

5 xdC. = O-

o

This is equivalent to

C.(x=o) C£x=oo)r ol
S xdC = S xdC
C(x= -00) C(x=0)

Expression [9] defines the so-called "Matano Interface"

(see Appendix 1)
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1.6.2 Grube Solutions

If D is not a function of concentration, the
solution to the diffusion equation, Equation [6], of

Grube (14) may be used:

_ Co - X - Co 10
C (x,t) 5 (1 erf 273? ) 7 erfc X (10]

Johnson (15) pointed out that if this solution holds (as
it does if D is constant with composition) a plot of
C(x)/C, vs. x on probability paper will plot as a
straight line. He also pointed out that such a plot

is a conveniént measure of whether D is or is not a
function of composition. Data in this study are thus
examined first by the Grube solution in the manner of -
Johnson and if this fails, then by the method of Matano

(6) using the Boltzmann solution to Equation [4].
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Chapter 2
EXPERIMENTAL

2.1 Materials

The alloys and columbinm were obtained from
The Stauffer Chemical Company. The columbium was in
the form of an electron-beam melted ingot.twoinches in
diameter. This was hammered and swaged to 1/2 inch
diameter rod. The alloys were produced by alloying
electron-beam melted columbium with high purity ti-
tanium by double arc melting. The alloys were forged
into rod form by the supplier. Unfortunately this was
done hot (1500 - 2100°F) and in air. Contamination by
oxygen and nitrogen is evident in the analysis given
in Table 2.

The alloys, after a recrystallization anneal
were found to be two phase. A vacuum anneal at 1900°C’
removed the precipitate phase; however, during diffu-
sion anneals at 1300° and 1500°C in the presence of
alumina, it reformed. This was resolved by performing
all 1500°C and higher anneals in an all metal furnace
and by wrapping the specimen in columbium foil. At
1300°C in the first furnace, wrapping prevented

14




Table 2

Supplier’s Material Analysis,

As Received

Electron Beam Columbium- Columbium-~
Element Melted Columbium 8.52/0Titanium 35a/0Titanium
(ppm) (opm) (ppm)

. o v s

Fe < 20 < 20 < 20

H

Mo £ 50 £ 50 50

N 40 57 65

0 60 130 453

Ta 150 < 150 < 150

Ti < 20 4,3 w/o 21.1 w/o

W <150 < 150 £ 150

Zr < 20 £ 20 <020

All other metallic impurities were reported as < 50 ppm.

formation of the precipitate
anneal. The precipitate was

oxide very rich in titanium,

in all but the 1000 hour

identified as a ternary

probably of the form Ti(Cb)O.

Details of the resolution of this contamination problemn

are included in Appendix 4.
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2.2 Welding of Diffusion Couples

The as-received rods were annealed in a vacuum
of 10-5 torr at 1900°C by passing them through a
1 1/2-inch long induction coil at a rate of 1.5-inch
per hour. This gave a net time at temperature of
about one hour. The resultant grain size was the order
of one millimeter for the alloys and several millimeters
and occasionally as much as one centimeter for the
columbium,

Vacuum fusion and Kjeldahl analysis gave

Material Oxygen Nitrogen
8.5 a/o Alloy 50 ppm 20 ppm
35 a/o Alloy 60 70
Columbium 28 15

Disks for welding were cut from the annealed rod by a
water-cooled abrasive wheel, They were ground to size,
0;500-inch for the alloy and 0.250-inch for the colum-
bium with the ends held parallel to +0,0005-inch. After
grinding, the ends (or faces) of the weld disks were
lapped with a slurry of 600 grit silicon carbide in oll.
A commercial lapping machine, "Lapmaster 12", with a |
12 -inch diameter slotted steel lap was used, All trace

of grinding was removed in about 0.005-inch. If
16




scratches appeared during lapping the wheel was cleaned

and the scratches removed. ' | B
After lapping, the specimens were usually given

a light pickle in & 3:1:1 mixture of HyO: HNO3:HF to re-

move lapping compound embedded in the faces of the disks.
Final removal of cold work from the weld disk

faces was by electropolishing. A "DISA ELECTRO POL" was

used, In this instrument the electrolyte is pumped in a

stream between the sample and a stainless steel cathode.

Polishing took place at current density of 0.2 - 2.5 amp/'in2
at 30-50 volts., The electrolyte consisted of 60 ml perchloric
acid, 600 ml methanol, 360 ml ethylene glycol monobutyl
ether and 2 ml solvent x (Olsen Scientific Company).

"Orange peel" effects during polishing were minimized by
keeping the electrolyte in an ice bath and by keeping it
fresh,

| Finally, the disks were given a light etch to
remove a tarnish which formed at the interface of the
electrolyte and air during electropolishing.

Three layer Cb /Alloy [ Cb sandwich type

diffusion couples were pressure welded dynamically.
Figure 1 shows schematically how the couple to be welded
is supported for heating and loading. The Cb/CbTi/Cb
sandwich (A) is contained between two high-purity alumina

disks (B) for chemical isolation. These in turn are )

17




thermally insulated by Mullite ceramic disks (C).
Loading 1s applied to this assembly through the Mo-0.5T1
alloy compression rods (D). The fixed top rod contains
a thermocouple well, Loading is applied to the bottom
one through a bellows seal by a hydraulic jack. The
mechanical support arrangement for the. loading system
maintains the faces of the compression rods parallel
within 0,0005in., The sandwich is heated inductively
with power supplied by a 10 kw, 450 kc rf generator,

The assembly consisting of the specimen, the
ceramic disks, the compression rods, and the induction
coil is contained in a cold-wall, stainless-steel vacuum
chamber., The associated pumping system is capable of

6 torr at the

maintaining a vacuum of less than 10~
temperature of welding.

Welding was done at a brightness temperature
of 1100~1125°Co Taking the emissivity of Columbium to be 0.35

(16) this gives a true temperature of 1195° to 1220°C.
A load of 2000-2400 psi was applied and maintained after

the assembly reached temperature. Loading was maintained
for five to seven minutes while deformation was followed
with a dial gage indicator. A total deformation of
0.010 to boozo-inch was achieved, Most of this deférma- d
tion took place upon initial loading and would be due to
(1) embedding of thoria marker material into the metal
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(ii) take up of looseness in the loading system and

(iii) compression of high points on the surface of the
weld disks or of the weld disk and the alumina insula-
tor. Figures 2 and 3 show the interface of a Cb/Cb35Ti

diffusion couple as welded.

2.3 Marker Measurements, As-Welded

The as-welded three layer sandwiches contain-
ing thoria marker material had a face machined and
ground parallel to their longitudinal axis as shown in
Fig. 4. This face was given a metallographic polish,
was etched and measurements of the marker spacing were
made. This was done on a Leitz micro-hardness tester
at a magnification of 200X using the machinist-type
stage micrometer which could be read to 0.0002-in. The
markers were lined up parallel to one of the micrometer
travel directions and a series of five measureﬁent
traces was made perpendicular to the markers. Fig-
ures 2 and 3 also show the appearance of the thoria

markers in an as-welded couple,

2.4 Diffusion Anneals, Equipment

Diffusion anneals were carried out in three
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different furnaces. Anneals of one hour or more were
done in resistance furnaces and those at 0.1 hour wefe
doné by induction heating. In thié investigation the
furnaces used for the different kinds of anneals were

as follows:

2.4.1 1000 and 1300°C Anneals >1 hour:

Materials Research Corporation Model VF 92

Heater: Molybdenum wire wound on an alumina

core (Marshall Furnace Company)

Max. Temp: 1500°C (5 KVA)

Temp. Measurement: Pt6%RH vs Pt 30%Rh thermo-
couple calibrated against a standard
Pt vs. Pt10Rh couple. Thermocouple
accuracy, *1 °c,

Temp. Control: Current proportioning millivolt
meter type sensitive to *1°C. For
long time anneals the control was ac-
curate to at least *3°C at 1300°C.

Vacuum System: Water cooled stainless steel
furnace chamber, liquid nitrogen cold
trap, optical baffle, oil diffusion

-pump and mechanical vacuum pump. With

liquid nitrogen, vacuum was 2 X 1078

torr at temperature.
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2.4,2

Specimen Placement: The foil wrapped diffusion
couple is supported in a tantalum
'‘can' which is suspended from radi-
ation shields inside the alumina
core, The tantalum sheathed mea-
suring thermocouple extended inside
the 'can' with the bead adjacent to

the foil wrapped sample.

1500°, 1800° and 2000°C Anneals >1 Hour:

R. D. Brew, Model 424B

Heater: Self supporting tantalum sheet resistor

Max, Temp: 2400°C (35KW)

Temp Measurement: W3Re vs. W25Re thermocouple
calibrated to 1450°C against a
standard Pt-Pt1lORh couple (*2°C) and to
2400°C by calibrated optical pyrometer
(£10° at 1800°C, *20°C at 2400°C).
Calibration is for the lot of wire.
All 1500°C anneals were made before
the 1800° and 2000°C anneals to elimi-
nate any change in calibration which
the higher temperatures might produce,

Temp Control: Position-adjusting-type propor-
tional control by a potentiometric

circuit. The controller operated
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.4.3

a variable transformer which supplied
the primary power. Sensitivity:
+3.5°C. Charts indicate thevsensi—
tivity to be better, but accuracy
over long times was usually *4°C at
1500°C.

Vacuum System: Stainless steel plumbing, Freon
chilled (30°F) optical baffle, oil
diffusion pump and mechanical vacuum
pump. Pressure at temperéture:
<1072 torr.

Specimen Placement: Foil wrapped specimen is
supported in hot zones in Ta 'can#®
suspended from radiation shields.
Thermocouple extends into ‘can’'

adjacent to specimen.

1300° and 1500°C for 0.1 hour:

Heater: Direct heating of specimen by induc-
tion at a frequency of 10,000 cps.
Power Supply: 30 Kw, 10,000 cycle motor-generator
| set.
The relationship of the specimen,
radiation shield, induction coil, sup-

port system and thermocouple is shown
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in Figure.b5.. The: bare W3Re vs,.
W26Re . thermocouple is held firmly
by spring pressure against the end
of the hole which is drilled to the
weld interface. Sections for probe
analysis were taken adjacent to this
hole.

Temp. Control: Temperature controcl was obtained
by manual adjustment of the genera-
tor field current while observing
temperature on an extended range
(6 in, = 100°C) recorder. Control
was good to *5°C. Figure 6 is a
reproduction of a typical recorder

chart for a 0.1 hr anneal.

2.5 Diffusion Anneals, Procedure

After the initial marker measurements, the couples
were given a light pickie (Hy0-HNO3-HF) to remove any
surface contamination. They were wrapped in clean colum-
bium foil and placed in the furnace. The furnace was
evacuated to <1O_5 torr and outgassed at 500° .to 600°C
for times ranging from a couple of hours to 24 hours.
This thorough outgassing,of the furnace more than the
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specimen, was necessary to permit rapid heating to the
diffusion anneal temperature. Heating rates were such
that the interior of the 'can' reached the diffusion
anneal temperature in five minutes or less. Because of
the nature of vacuum furnaces and the radiative heat
transfer inherent in them, the closer the temperature
to the anneal temperature, the more rapid the heating
rate. Thus heating rates in excess of 200°/minute

the
prevaled asAanneal temperature was approached, ex-

the
cept for,final 5-10° when the controller takes effect.

2.6 Final Marker Measurements

Following diffusion; couples containing markers
were prepared for measurement by milling and grinding
a second longitudinal face parallel to that on which
initial marker measurements had been made. This
second face was made near the axis of the 1/2-inch dia-
meter diffusion couple. The surface was prepared by
conventional metallographic polishing techniques, was
etched, and measured using the stage of a micro-hardness
tester as in the initial measurements.

Location of the marker interface was not always
easy, for a given plane often only passed through two
or three thoria granules, and these were sometimes
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partially or completely pulled out of the surface by the
polishing procedure. It was then necessary to distin-
guish between holes remaining from pulled Qut thoria'<
granales, holes due to random pitting durihg polishing
and porosity due to the diffusion proceés;i If doubt
existed, the couple was reground and a second set 6f
measurements was obtained. These characteristicskare

noted in the tabulation of the marker data.

2.7 Microprobe Procedure

2,7.1 Preparation

The sample holder of the electron microprobe
used for analysis in this investigation (17) is one
centimeter in diameter and about §/16—inch deep, Fig-
ure 7. To accommodate this configuration, a‘slice ab—
proximately O0.1-inch x 0.35-inch x-0.185-inch is cut
from one diffusion zone of the thrée layer sandwich,
Figure 8.

The procedure usually followed was to mount
two such slices and five standards in each mount pre-
pared for the probe, Figure 7. These were contained
in a stainless steel ring of appropriaté éiie and
mounted in bakelite in a standard l—b@;inch diameter
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mount. The mounted couples and standards were lightly
ground by hand through 3/0 silicon carbide paper and
hand polished with 3 to 5 micron diamond paste carried
on fine silk cloth backed by plate gitass on a rotating
metallographic polishing wheel. Every effort was made
to prevent contouring of the surface. The polished
array was broken from the large mount by splitting

the ring from it and was prepared for inéertion into
the probe as shown in Figure 7. Conducting silver
paint was used to achieve grounding and a patch of
fluorescent material was included to permit focusing

of the electron beam.

2.7.2 Standards:

The standards included in the mount were prepared
from the Cb8.5 a/o Ti, the Cb35 a/o Ti, and the colum-
bium rods and from a Cbl7 a/o Ti alloy. Pieces of these
were swaged to approximately 0.1 inéh diameter. Short
pieces were cut from these and mounted with each pair
of diffusion couples. Samples of these standards were
analyzed by x-ray fluorescence. The mean values and
90% confidence limits based upon three samplings (ad-

jacent to those pieces actually used) are:
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(a) Cb-8.5 % 0.5 afo Ti | o
(b) Cb-17.0 * 0.0 a/o Ti | | .
(c) Tb=34.6+% 1.8 a/o Ti. |

Pure metal columbium and titanium standérds were

also included in each mount,.

2.7.3 Microprobe Operation

The instrumenf of the Optics Division of fhe
United States Naval Research Laboratory described by
Birks and Brooks (17) was used. The slices cut from
the diffusion couples were oriented in the specimen
chamber of the probe as shown schematically in Figure 9.
Initial plans called for motor driven scanning of the
sample across the electron beam. Of the two trans-
lation screws, only B can be used with the motor
drive. The weld interface orientation with respect
to emergent x-rays (actually the spectrometer) was
then fixed. The motor drive failed to operate proper-
ly and it‘became necessary to do point by point mea-
suring, advancing the specimen manually. However, the
same sample to instrument orientation as in Figure 9
was used.

The emergent x-radiation is analyzed by a
curved crystal spectrometer for the K radiation. A
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helium path is used for the titanium spectrometer path.
Counting is by Geiger-Muller tube:

The electron gun was operated at 30 kv. Intensi-
ties from the pure metals were approximately 1500 cps
for titanium and 700 ¢ps for columbium..

In the measurementiof’diffusion:penétration, the
standards were examined before and after each scan.
Instrument drift occurs but this procedure permits a

correction to be applied via the calibration curves.
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Chapter 3
RESULTS

3.1 Marker Data

Marker data are presented in Table 3. The
initial values of marker position listed represent

the mean of five measurements along the length of the

couple between the weld interfaces of the three layer

sandwich. The stage micrometer could be read to an

accuracy of 0.0002-inch. Standard deviations (0)

computed for several sets of measurement values ranged

from 0.0005 to 0.0010-inch. The lower figure corres-
ponds to approximately the summation of the féading
accuracies.

For the final position, the values in the
table represents the mean of three or more sets of
measurements. Standard deviations computed from
several sets of final marker position measurements
range from 0.0008-inch to 0.0015-inch., The final
marker position values are measurements of actual’.
thoria marker material except for #47 (10 hr. at

2000°C). 1In this couple no markers could be found,

but porosity stringers, shown in Figure 10, were used.
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The column headed 'AW' is the maximum difference
in thickmess between the initial measurement face and
the final measurement face, i{é., AW = W2=W1 in Figure 8.
The measuremenfs are taken on the one-inch length of
the entire three layer couple. Over the 1/2~inch
'gage' of the marker measurements, differences in
parallelism of the two faces would be at least half

the listed values (and probably less).

Table 3

Marker Data

Marker Spacing

Couple Anneal Initial Final Shift A
No. Time (hr) (in) (in) (in,X10,000) (in)
1.000°C
53 g?Sa/OT?) 120 .4902 .-4909 +7
54 E8:5a§ofi) 120 .4975 .4976 +1

1300°C (8.5a/0Ti)

50 1 .4998 . 4992 -6 .003
36 | 10 . 4986 4992 +6  .0001
40 120 4981 . 4960 -19  .0001

1300°C (35a/0Ti)

39 120 .4886 .4874 ~12 .004
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Table 3 Continued

Marker Spacing

Couple No. Anneal Tnitial  Final Shift &7
Time (hr) (in) (in): (in,X10,000 (in)
1500°C(8.5a/0Ti)
42 1 5000  .4963 —27  .0015
34 10 .4989 4997 - +8 .0018
31 48 .4989  .4990 . +1 -
38 120  ,4982 . 4967 -15 .005
25 480 .4914 4914 - 0 . --
49 1000 .4995 4999 . +4
1500°C(35a,/0Ti )
41 1 .4904 .4917 +12  .0045
33 10 .4931  .4926 -5 - .0028
32 48 .4887  .4875 12 -
37 120 ,4919 .4905 -14  .0001
26 480 4897 . 4987 +40 -
48 1000 .4912 4905 -7 .0004
1800°C
44 (8.5a/0Ti) 10 .4999 4990 = -8 .003
43 (35a/0Ti) 10 .4873 . 4809 -64  .0001
2000°C
46 (8.5a/0Ti) 10 .4961 . .4969 +8 .003
47 (35a/0Ti) 10 .4951 .4873 -78  .0002

WEALLS
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For all the data except that of the 35 a/o alloy
at 1800° and 2000°C, the precision is insufficient to
resolve any shift in the marker position. ' The sum of
the standard deviations for the initial and final
values exceed the difference between them. However,
the 1800° and 2000°C anneals of the 35 a/o couples
clearly produced a Kirkendall shift. The direction
is toward the alloy indicating that titanium. is moving
from the alloy faster than columbium is into it. This
leads to a net vacancy flux from the columbium to the
alloy.

The 2000°C anneal also produced considerable
porosity as is evident in Figure 10. Porosity was also
found in couples which did not indicate a marker shift.
These voids usually were adjacent to the marker material
as in Figure 11. It was found predominantly on the
alloy side of the marker atvboth interfaces. This ob-
servation identifies the porosity as originating from
the diffusion process and may be taken as evidence that
the voids observed are not simply thoria which has been
pulled out. This phenomenon is similar to observations

on porosity formation noted by da Silva (18) and others (19).
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3.2 Concentration-Penetration Data

The output of the x-ray spectrometer of the micro-
probe was obtained at a chart recording of count rate
vs. time (=distance). From the chart of each couple,

a table of count rate data for both the standards and
for the diffusion couple was obtained. A calibration
curve, Figure 12, was plotted for each couple. From
these, concentration vs. distance data were obtained
and finally, relative concentration, C/Cy was: . .computed.
These .data were tabulated as in Table 4 for each couple.

The complete data from the couples annealed
according to Table 1 are preSented in Appendix 2 as
C/Co x 100 on a probability scale vs. penetration dis-
tance on a linear scale. Also included in Apbendix 2
are linear concentration, C, vs. penetration distance
plate for those couples to which the Boltzmann-Matano
analysis was applied. For convenience, .an example of
each type of curve is included in the main text, Figures 13(a)
and 13(b).

Photomicrographs of the contamination trace were
made of each scan of the probe across the diffusion zone
to assure that the count rate data did not represent struc-
ture irregularities such as marker material, voids, or
large scratches. Figures 14(a),(b) and 15(a), (b) show
typical contamination traces.
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Table 4

An Example of the Microprobe Data

Couple #33: Cb/CH35Ti - 1500°C - 10 hr

Calibration Data

Titanium Columbium

a/o Ti 1* - 2 3 1 2 3
100 870 780 730 35 3 32
35 82 90 80 305 290 280
17 46 41 41 360 335 320
85 25 25 23 380 355 340

0 7 7 8 400 380 355
* 1 - Before Scan 1

2 - Befween Scans

3 - After Scan 2
"""""""""""""""""" Penctration Data - Scan #1
Position Titanium Columbium
Probe
Units ¢/s a/o €/Co c/s a/o C/Co
1-5 10 1.6 4.5 385

6 11 2.0 . 5.6 385

7 16 4.4 12 .4 375

8 28 10.3 28.9. 365

9 34 13.3 37.1 355

10 40 16.2 45.5 350

11 48 20.0 56.2 340
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Table 4 Continued

Position Titanium Columbium
Probe -
Units c/s a/o C/Co ¢/s a/o C/Co
12 54 23.0 64.6 335

13 56 24.0 67 .4 335

14 58 25.0 70.2 335

15 60 26.0 73.0 335

16 63 27.3 76.6 335

17 65 28.3 79.5 330

18 67 29.3 82.4 325

19 69 ‘30.2 84.9 320

20 70 30.8 86.5 315

21 71 31.2 87.6 315

22 72 31.7  89.0 312

23 74 32.7 91.9 312

24 75 33.1 93.0 310

25 76 33.6 94 .4 310

26 76 33.6 94 .4 310

27 77 34.1 96.0 310

28 78 34.6 97.2 310

29 78 34.6 97.2 310

30-42 80 35.6 97.2 310
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3.3 Results of the Grube Analysis

For the purpose of testing the applicability of
the Grube solution Equation [10], the‘data are plotted
as C/C0~vs. X on probability paper. As noted above,
these data are contained in Appendix 2. The Grube
solution was applied to the 'straight line' portion
of these plots as in the sample calculation, Appendix 3,
p. 148. The resultant interdiffusion coefficients, D,
and the parameter, Dt, where t is the time of diffusion
are given in Table 5. Also included are 'Dt' data from
undiffused couples and a computed value for the welded

couple based upon the time and temperature of welding.

Table 5

Diffusion Results 'Dt' and 'D' by the Grube Ffolution

Dt (cmg).‘ D (cmz/sec)
Time Scan.1 Scan 2 Scan 1 Scan 2
(hr)
Undiffused - 8.5 a/o Ti:
0 39.8x10"% 22.7x1078
Undiffused - 35 a/o Ti:
80.0x10"8  76.3x1078
1300°C - 8.5 a/o Ti:
0.1 6.2x10°8 3.74x1078%  17.0x1071!  10.ex107!1
1.0 12.8x10"8  616x1078 3.6x10" 11 171x107 11
10.0 88.0x10"%  144x1078 2.5x10" 11 4.1x10" 11
120.0 339x10~%  225%x1078 0.8x10” 11 0.5x10” 11
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Time Scan 1 Scan 2
(hr)
1300°C - 35 a/o Ti:
120 405x10~%  4100x10”
1500°C - 8.5 a/o Ti:
0.1 139x1078 56x10~
1.0  47.7x10°8 16x10~
10 80x10” 8 56x10™
120 373x10"%  321x10”
480 2680x10™8
1000 8810x10”8  5150x10”
1500°C - 35 a/o Ti:
0.1 838x10"%  210x10”
1.0 137x10°8
10 377x10"%  309x10”
120 7500x10"% 11900x10~
480 24400x10"%  22800x10”
100 31800x10~° 60000x10~
1800°C - 35 a/o Ti:
10 10000x10”8  11400x10”
2000°C - 35 a/o Ti:
10 68600x10"° 14800x10~

Welding Process (1195°C):

0.1

9

7x10° 7 to

ax10-11

Table 5 Continued)

Scan 1 Scan'z
8  o.95x107%1 0.94x1071!
8  3.9x1072 16.4x10 10
8 14x10~1t  4.ex10711
8 g 2x10711 1.6x10" 11
8  o.ssx10"}! o.sox107!?!
1.6x10"11
8  g.5x10"11 1.5x10" 11
8 o 4x1071? 5.9x10" 11
3.9x10" 10
8 1 05x10°10 o0.87x10°1°
8  1.8x10°10  2.82x10°10
8 1 4x10°10  1.35x10°1°
8  .9x10710 1.7x10"10
8  9.85x1072 3.25x10™°
8 1.96x10"8 4.2x10°8
(Calculated)
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Diffusion during welding based upon the calculated
value is negligible. The measured values of 'Dt' for the
undiffused couples are not. The 'Dt' values measured from
the undiffused couples are as large or larger than values
obtained from couples annealed at 1000°C for 120 hours;
1300°C for 0.1, 1.0 and 10 hours; and 1500°C for 0.1 and
1.0 hours. Data from these couples must be considefed
not significant. For these couples the penetration dis-
tance (measured from C/CO=O to C/CO=O.95) ranged from
about 10 to 40 microns and most of these were in the range
of 15 to 30 microns., For the present it only will be noted
that the electron microprobe as it was used in this study
was unable to resolve adequate concentration-penetration
curves for diffusion analysis if penetration distances
were less than 40 microns. This matter is discussed further
in Chapter 4, section 4.2.1.

Examination of the C/CO vs. X plots reveals that the
straight line portion often includes three-fourths of the

C

data points in the range 0.1 < ol < 0.95, but that

(o]
the straight line portion often extends only over a

C/Co range of 0.2 or 0.3, and sometimes less. This
situation is improved for the data of many of the 8.5 a/o
alloy couples; but even though the region of evident

misfit to a straight line is less for the 8.5 a/o Ti
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couples than for 35 a/o Ti couples, the question of
where to draw the line is subject to coﬁsiderable un-
certainty. Ideally this would be accomplished by

a best least square fit:to theé .ddta, but if curva-
ture due to concentration does exist, this would be

a redundant process. ~ Also, any such analysis ehould
be corrected for accurate 'blank' undiffused data.
This is not available. Therefore the Boltzmann-

Matano analysis was applied.

3.4 Results of the Boltzmann-

Matano Analysis

The analysis of penetration data by the method
of Matano was applied to each Cb35a/gTi vs. Cb couple
for anneal times of 10 hours or more and to the data of
selected B.53/0Tdcouples. A complete sample calculation
is included in Appendix 3 and all concentration—penétra—
tion curves towhich themethod was applied are presented
in Appendix 2. The tabulated results are given in
Table 6. These are plotted in Figures 16, 1300°C; 17,
1500-C; 18, 1800°C; and 19, 2000°C. Also, included in

the figures are data extracted from reference (20).
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Table 6

Diffusion Coefficient, D as a Function of

»Composition (C) Computed by the Method of Mantano

1300°C
35 a/o Ti 8.5 a/o Ti
120 Hr. 120 Hr.
c D c D
{4/0 Ti) -(cmz/sec) (a/o Ti) (cm2/sec)
34 7.9xx0712 _9.0" 3.44x10712
30 7.0 8.0 2.15
;2219 5.1 6.7 11.6
16 2.04 5.0 0.59 .
10 2.2, 4.0 0.42
4 3.1 3.0 0.28
2.0 0.64
1500°C - 35 a/o Ti
10 Hr. - 120 Hr. 1000 Hr.
C C | D c D
(a/o Ti) (cm?/sec) (a/o Ti) (cmz/sec)‘ (a/o Ti) (cm?/sec)
34 5.23x10-11 34 16.5x10 ~11 34 6.44x10711
30 8.08 30 7.8 30 8.08
23.4  4.29 24.9 4.16 26  8.3%
18 2.76 20 2.63 22,0 6.85
14 2.39 15 2.54 16 4.19
10 2.05 10 2,47 10 4.60
5 2.56 5 4533 4 5.73
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Table 6 Continued

1800°C ~ 35 a/o Ti

10.0 Hr.
c D

(a/o Ti) (sz/sec)

30 2.49x1079

28 2.07

26 1.84

24 ’ 1.69

21.6 | 1.44

18 1.24

16 1.23

14 1.10

10 1.17

2000°C - 35 a/o Ti

10.0 Hr.
C D
(a/o Ti) (cm?/sec)
32 6.79x108
26 3.45
21.2 2.73
16 2.16
10 2.31
4 3.96
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It skould be noted that application of this solution
to any given concentration range may be spurious at the
extremes of that concentration range. This is due to errors
inherent in the messurement of area under any asymptotic
curve. Keeping this factor in mind, the kanded curves in-

dicated probably represent the concentration dependence,
rence '

-
S

refe
2

f e

The data of/(20) which are included.are éxtracdted
from data based on measufements cf diffusion in Cb vs.
Cbb0az/cTi and Ch va. Ti couples and are therefore least
accurate approacking O z/c Ti, but are more reliable beyond
20 a/o Ti. On the other hand, the 8.5 a/o Ti céuples of
this study should be highly aceurate in the low concentra-
tion range. At 1590°, Figure 17, the cbvious convergence
for the three different &nneak/times included in the region
of 2 to 4 a/o Ti gives strong credibility to the value of
D indicated. The diffusion coefficient computed by the:

Grube solution for the same couples is in excellent agreement.

E‘C‘

The apparent upward displacement of the 1000 hour -
38 a/o couple at 1500"C, Figure 17, is considered due to
contamivatiocn, uot to some inherent time dependency. This
is discussed later,

From Figures 16, 17, 18, and 19, averaged values of
D may be extracted as a functicn of composition. These
results at 0, 10, 20, and 30 a/o Ti are presented in Table 7.

and are plotted as Arrbhenius-type plots in Figures 20, 21,

22, and 23,
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Table 7

Diffusion Coefficients as a Function of Composition:

Extracted from the D vs. C plots of the Boltzmann-

Matano Data at 1300°, 1500°, 1800°, and 2000°C

Temp. (°C) 2000 1800 1500 1300
Temp. (°K) 2273 2073 1773 1573
4
1 Qo 440 4,82 5.64 6.36
T (x
2
Composition™ D (cm /sec)

0 a/o Ti 1.6x10-8 1.0x10° 1.5x10-11 0.3x10-12

9 11 12

10 a/o Ti 2.0x10"°  1.2x10” 2.2x10 1.5x10

11 12

20 a/o Ti 2.7x10"°  1.25x10"° 3.0x10 3.8x10

30 afo Ti 4,5x10-8 2.5x10-9 5.0x10-11 6.5x10~12

The confidence limits shown in these curves are taken from the
data bands of the D vs. composition curves, Figures 16, 17,
18, and 19. Without indicating confidence limits, these
curves are superimposed on Figure 24,

Two phenomena are evident: (i) the concentration
dependence of D increases as temperature decreases and (ii)

the Arrhenius plot exhibits curvature.
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3.5 Activation Energy and Frequency Factor

If diffusion data follow the usual Arrhenius behavior,

the temperature dependence of D may be described by

-Q/RT
D = Dy € where (11]

universal gas constant

absolute temperature

activation energy

"o H =
]

o= Frequency Factor # f(T).

Taking logs,

InD = 1nD, - Q [12]
" "o T gr
and differentiating,
2.3 dlogb _ % ] [13]

¢

- IT [llj holds, log D VSQ'T will give a straight line, the

slope of which equals-Q/R and the intercept at(%)= O gives D0

Values of Q and D, extracted from Figures 20, 21, 22,
and 23 along with data from Steedly (19) and self-diffusion
data for Cb95 in Cb from Peart, Graham and Tomlin (21) and

from Resnick, Castleman and Seigle (22) are given in Table 8.
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Table 8

Activation Energies and Frequency Factors

Q Do
Composition 2
(a/o Ti) (k cal/g atom) (cm™/sec)
Present work, 1300°to 2000°C:
0 110 500
Present work, 1300°and 1500°C only:
10 76 1.8x107t
20 57 2.8x10™°3
30 57 1.8x1073
Steedly et al (19) 1000° to 1588°C:
20 63 2.6x1073
30 60 2.9x107°
40 66 3.1x107°
Self-diffusion Cb°° in Cb:
Resnick et al (22) 95 1.3
Graham et al (21) 105 12.4
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CHAPTER 4

DISCUSSION

4,1 Marker Experiments

The marker shift and extensive void formation at 1800°
and 2000°C prove that in this temperature range a vacancy
mechanism causes a net outward flux of titanium and a corres-
ponding inward flux of vacancies. Failure to resolve a marker
shift at the lower temperatures may be attributed to too narrow
a diffusion zone. The appearance of voids in the alloy adjacent
to the markers in some of the 1500°C couples demonstrates the
existence of a net vacancy flux at the lower temperature.

These observations positively resolve this portion of

the problem as stated in the introduction.

4.2 IL.imits on the Penetration Data

Confidence in the concentration-penetration data at both
the
extremes of the time span included inA1300° and 1500°C anneals

must be limited.

4.2.1 Short Time Limit; the Microprobe Data

The failure of the microprobe data to resolve adequately

the concentration-penetration curves for the shorter time anneals
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might be due to the orientation of the specimens in the probe.

As shown in Figure 9, the weld interface is nearly perpendic-
ular to the direction of X-ray measurement. This is in opposi-
tion to recommended practice (23). It could be expected that the
best results would be obtained if the emergent X-rays only

passed through material of the same composition as that being
measured, i.e., if the weld interface were parallel to the
emergent X-rays.

Secondly, irregularities in the flatness of a surface
being examined by the microprobe (23) are known to cause spuri-
ous effects in X-~ray intensity. In a diffusion couple composed
of materials of grossly different polishing behavior, a contour
such as that exaggerated in Figure 25 might develop. It must be
emphasized that in the polishing procedure which was used ,
every effort was made to minimize any effect like that hypoth-
esized in Figure 25; however, if the spectrometer directions
were parallel to the weld (perpendicular to the paper in Figure
25) the situation would be improved.

There is some evidence which may be taken as a measure
of the degree of improvement that is possible. Seebold and
Birks (24) have indicated that in their experience resolution
of the order of 10 microns is possible for diffusion penetration
zones. In fact it was this figure upon which the short time
anneals in this series of experiments was based. However, more
recent results from extensive data on several binary alloy

systems which have been analyzed quantitatively for diffusion
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paramefers indicate that penetration distances greater than 25

microns are required (25).

4.2,2 Long Time Limit; Contamination

The vulnerability of the refractory metals and especially
alloys of them to contamination is clearly documented in Appendix
4, The 8.5 a/o couple at 1300°C-1000 hours contained the oxide
contamination described in Appendix 4. A second kind of con-
tamination took place during the 1500°C-1000 hours. anneals,

Examination of the polished 35 a/o Ti couple after 1000
hours at 1500°C revealed massive hydride-type precipitates, Figure
26(a,b). The size of the Widmanstatten plates imply extensive
growth of only a few nuclei. Kinetically, this is the kind of
behavior one might expect if the supply of a reactant were the
rate controlling factor and if the rate of supply of this re-
actant were very low. The supply of hydrogen to the furnance
by the migration and cracking of diffusion pump 0il could satisfy
such a requirement. The use of a liquid nitfogen cold trap
would have minimized this kind of effect. Table S shows that
although some contamination may also take place in shorter

times at 1500°C, the effects are much less than at 1000 hours.
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Table 9

Hardness vs. Anneal Time at 1500°C

Hardness, VPH, at Center of Alloy*

1 Hr 10 Hr 120 Hr 1000 Hr
8.5 a/o Ti 128 132 138 221
35 a/o Ti 166 179 202 498

* The hardness in the alloy 0.020-inch from the marker is the
same as above and the hardness in the columbium remained
low even after 1000 hours (VPH = 75).

The absence of contamination in the 1800°and 2000°C couples
may be evaluated similarly, for although the specific reaction
rate (for contamination) would be much greater at the higher
temperatures, the relatively short anneal time (10 hr) simply
limits the amount of the contaminant.

With the above in mind, the greatest confidence may be
placed on results from couples at the moderate (1, 10 and 120
hr) anneal times. Shorter times give penetration distances too
short for adequate resolution by the probe, and the very long
anneal times (1000 hr) may produce significant contamihation,

even in the high vacuum environment.

4.3 Time Dependence of D

The interdiffusion coefficient, D, determined by the
Boltzmann-Matano analysis of the diffusion data at 1500°C for

times of 10, 120 and 1000 hours for Cb/Cb 8.5/6Ti couples and
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AR

for times of 10 and 120 hours for Cb/Cb 3536Ti couples, shows

no dependence on the time of diffusion, Figure 17. The slight

increase in D for the 1000 hour data of the Cb/Cb 35a6Ti couple

ATTF TY o eu

is attributed to the contamination discussed above.

It is not surprising that no time dependence of D is
found, for as was pointed out in the introduction, the only
examples of a time dependence of D in binary metal alloy
diffusion previously reported (5, 9) have been observed in very
steep concentration gradients in systems of appreciably different
atomic volume. In the present work neither of these conditions
exists. Lattice parameter differences between columbium and
titanium at the diffusion temperatures are less than 0.1 percent
and in the limited composition range examined here, and indeed
for the complete system, must be considered negligible. Lattice

strains across the diffusion zone due to atomic volume differences

thus must be negligible,

4.4 Concentration Dependence of D

The increase in the concentration dependence of D with
decreasing temperature is in accord with Steedly's results which

extend across the complete alloy system. These are:
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T D (cmz/sec) ' A log D

(°c) 100% Ti 100% Cb
1588 ~ 1x 1077 2 x 10711 3.8
1500 5.8 x 1078 3.7 x 10712 4
1300 1.0 x 1078 5 x 10712 4.5
9 1 x 1071 5

1000 1x 10

Much has been published concerning the concentration
dependence of D (26), but little if anything has been written
concerning the rate of change of this concentration dependence
with temperature. However, a somewhat cursory review of the
D (c) data prepared by Seitz and Heuman (26) indicates that
the rate of change of D with concentration generally decreases

with increasing temperature.

4.5 Curvature of the Arrhenius Plot

Curvature of the so-called Arrhenius-type plot for

diffusion data, log D vs. 1 has been observed for Mo55, Nb95,

T
Cr51, Mn54, Fe55, Co66 and Ni63 tracers 13;9 titanium and b.c.c.
alloys of titanium by Gibbs, Graham and Tomlin (27) over a temper-
ature range of 900°to 1650°C, and for 7r?® and cb?® in b.c.c.
zirconium by Federervand Lundy (28) over temperatures of 900°

to 1750°C. Steedly (26) observed that for interdiffusion in

Cb-Mo couples no curvature was evident between 1800° and 2163°C,

but that a value of D at 1300°C was too high by two orders of
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magnitude, thus requiring curvature.

Both Gibbs et al and Federer and Lundy attribute earlier
failure to observe curvature as due to too small a temperature
range. In the present work, Figure 24, as well as in the data
of Steedly, this too is evident.

If a linear relationship is assumed and applied to only
the 1300°and 1500°C points at 20 and 30 a/o in Figure 24, the
composition range in which the present work most accurately
overlaps Steedly's data, Table 8, it is seen that the 'apparent?
Q and DO values (at 20 and 30 a/o Ti) are in quite good agree-
ment. Steedly's data show no curvature because of the more
limited temperature range.

Federer and Lundy choose to describe their data by an
equation of the form

D = Dy (T)exp _géT) [12]

Gibbs et al . prefer a summation such that

- -Q -Q
D=D_ 1 + Do 2
°1 ®*P  RT 2 exP jF . [13]

The use of [12] implies a single mechanism of diffusion with
kinetic parameters Dy and Q, which vary with temperature while
the latter [13] implies two coMpeting processes -- one operative
at higher temperature and one at low temperature. This latter
concept has been successfully applied to the enhancement of
diffusion by high diffusivity paths such as grain boundaries
(29), but the high homologous. temperatures and the large grain

size in the present work make these mechanisms unlikely here.

53

AT YT ALAUTALN




The concept of Federer and Lundy is preferred, for as they
poiﬁt out, "Neither absolute rate theory nor thermodynamics
demand a éonstant activation energy -~ in fact, for diffusion
data the usual Arrhenius-type expression is true only when
so proved by the data". That this is true is unquestionable,
however, reluctance to accept it is due to long familiarity
with 'well behaved' fcc. systems and there may be reluctance

to change.
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CHAPTER 5

SUMMARY AND CONCLUESIONS

Interdiffusion has been studied in the columbium-
titanium b.c.c. alloy system in the temperature range 1000°
to 2000°C and at times ranging from 0.1 to 1000 hours. The
electron microprobe has been used for measurement of the
diffusion-penetration curves and the data have been treated
by both the Grube and Boltzmann-Matano solutions to the
diffusion equation.

At 1800° and 2000°C thoria markers were observed to
shift toward the alloy section of Cb/Cb 35 a/o Ti diffusion
couples. This shift in marker position was accompanied by
the formation of porosity in the alloy. Porosity, but no
evident marker shift, was also observed after long anneals
at 1500°C.

Reliable data at 1500°C for couples of Cb/Cb 8.5 a/o
Ti and Cb/Cb 35 a/o Ti for times of 10, 120 and 1000 hours
and 10 and 120 hours, respectively, reveal no dependence
of the interdiffusion coefficient, D, with time.

The results -- in terms of D, Do and Q -- are in
agreement with other work on the Cb-Ti system over the
common composition and temperature spans, 20-30 a/o Ti,
<1500°C. However, when the 1800° and 2000°C data and the
more accurate low concentration data of the present work
are included, the Arrhenius-type plot of log D vs. %

95

AT ITLLAUIALA




develops curvature with increasing composition. At O a/o Ti
a nearly perfect straight line is cobtained giving Q = 110
k cal /g-atom and Do = 500 cm2/sec. At the higher tempera-
ture range the concentration dependence of D which leads
to the curvature decreases,

The following conclusions are made:

1. The vacancy mechanism is operative in dif-
fusion in the b.c.c. Cb-Ti alloy system -- certainly over
the temperature range 1500° to 2000°C.

2. The results do not indicate a dependence of
D on the time of diffusion for the range of composition,

0 to 35 a/o Ti, and time, 10 to 1000 hours, for which
reliable data are available.

3. The concentration dependence of D increases
with decreasing temperature and this is reflected in
curvature of the log D vs. % plot as congentration increases

from 0 to 30 a/o Ti.
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Figure 2- Photomicrograph of a diffusion couple as welded

showing thoria marker material at the weld inter-
face. Light etch in 9:1:1, Lactic Acid:HF:HNOB.

X50.
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Figure 3 - Photomicrograph of a diffusion couple as welded
showing thoria markers at the weld interface,
Note evidence of recrystallization in the alloy
adjacent to the markers. Light etch. Same as
Figure 2. X250.
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SECTION FOR INITIAL
MARKER MEASUREMENT

Figure 4 - Sketch of welded diffusion couple sectioned for
initial marker measurement.
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Figure 5 - Arrangement for induction heating of 0.1 hour
diffusion anneals.
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Figure 6 - Temperature measurement record for 0.1 hour anneal
at 1500°C by induction heating. Couple #5359,
Cb-Cb 35 a/o Ti. Thermocouple: W3Re vs. W25Re;
0.018 mv/°C at 1500°C. The recorder span and
zero were changed during the annealing process
as indicated.

THERMOCOUPLE OUTPUT (MV), RANGE AS INDICATED
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Figure 7 - Photo showing a mounted and polished pair
of diffusion couples ready for insertion
into the electron microprobe. Silver paint
has been applied to achieve a grounding
circuit between samples, standards and
fixture ring. Fluorescing powder is also
present. Couples #37 and #38. About 5X.
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FINAL MARKER
MEASUREMENT FACE

SLICE REMOVED FOR
PROBE ANALYSIS

WELD INTERFACE

INITIAL MARKER MEASUREMENT FACE

Figure 8 - Sketch showing the sectioning of a diffusion
couple for microprobe analysis.
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Figure 9 - Arrangement of specimen in microprobe.
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Figure 10 - Photomicrograph of voids in the diffusion
zone of a Cb-Cb 35 a/o Ti couple after
diffusion at 2000°C for 10 hours.

Couple #47. X200,
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Figure 11 -~ Photomicrograph showing voids adjacent
to marker material., Cb-Cb 35 a/o Ti
couple diffused at 1500°C for 1000 hours.
Voids are on the alloy side of the marker.
Couple #48. X200.
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80
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1500°C - IOHR -35a/0Ti

0 IO

20 30 40 50 60

BEAM POSITION (1 UNIT = 2.5 x10"4Cm)

Figure 13(a) - Example of probability plot of relative

concentration, C/Cy,versus penetration
distance. Couple #33, Cb-Cb 35 a/o Ti,
1500°C, 10 hr.
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Figure 14(a) - Photomicrograph of contamination traces
which indicate the region scanned by the
electron microprobe. Couple #33 (Cb-Cb
35 a/o Ti, 1500°C, 10 hours). Thoria
markers are clearly visible., X100,
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Figure 14(b) - Same as in Figure 14(a), trace 'A', X500.
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Figure 15(a) - Photomicrograph of microprobe contamina-
tion traces on diffusion couple #38
(Cb-Cb 8.5 a/o Ti, 1500°C, 120 hours).
X100.
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Figure 15(b) - Same as in Figure 15(a), trace 'B'., X500,
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Figure 20 - Arrhenius plot of log D versus % at 0 a/o Ti,.
Data extracted from Figures 16-19,
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Figure 21 - Arrhenius plot of log D versus % at Cb 10 a/o Ti.

Data extracted from Figures 16-19.
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Figure 22 - Arrhenius plot of log D versus % at Cb 20 a/o Ti.

104
T (°K)

Data extracted from Figures 16-19,.
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Figure 23 - Arrhenius plot of log D versus % at Cb 30 a/o Ti.

Data extracted from Figures 16-19.
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Log D vs = AT 0,10, 20, AND 30 a/o Ti
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Figure 24 - Arrhenius plot of log D versus % at 0, 10, 20 and

30 a/o Ti. (Sfuperimpositions of Figures 20-23,)
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Figure 25 - Hypothetical section through diffusion couple
perpendicular to weld interface.
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Figure 26(a) - Photomicrograph of couple #48, (Cb-Cb 35
a/o Ti, 1500°C, 1000 hours), showing a
hydride-type of Widmanst&tten precipitate.
The crystallographic 'kink' in the center
alloy section delineates a grain boundary --
the alloy consists of only two grains.
Unetched. X20.
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Figure 26(b) - Same as in Figure 26(a).

X100.
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GRUBE ANALYSIS
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1
Figure 27(a) - Arrhenius plot of log D versus T for Grube
analysis of 35 a/o Ti couples.
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Figure 27(b) - Arrhenius plot of log D versus % for Grube
analysis of 8.5 a/o couples.
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APPENDIX 1

DEVELOPMENT OF THE DIFFUSION %
EQUATIONS AND THE REQUIRED SOLUTIONS

A.1-1 Formal Mathematical Development of Fick's Laws

The theory of diffﬁsion in isotropic materials due to the
random motion of molecules within that material is based upon
the assumption that the rate of transfer of a diffusing sub-
stance through unit area of a reference plane within the
material is proportional to the concentration measured normal

to that plane, Thus,
3¢
ox

where F is the rate of transfer per unit area of

F--D [A.1-1]
reference plane.
C is the concentration of diffusing substance.
X is the co-ordinate normal to the reference
pPlane.
and D is the diffusion coefficient.
If F is in g/cmz—sec, C in g/cm3 and x in cm, D will have the
usual units of cmz/sec. This is known és Fick's first law, 1In

vector notation this becomes, for three dimensions,

3*
The present development of the equations and the solutions as

utilized in this study follow Crank (2) and Andelin (30).
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2 o pG ¢, 7 2C
F = - DVC = D(i = 9 3y

where F represents the flux at each point in the

gg
oz

+ Kk [A.1-2]
system,

Fick's second law, the differential equation describing the

rate of accumulation in a unit volume, i.e., the rate of change

of concentration with time may be obtained by considering a

unit volume dx dy dz.

z
B F
F
Y1——» ————————tryz
c G y
D/ /
H
X
Fig. A.1-1

The material balance for this element of volume will be
the sum of the inward and outward flux. The rate at which

material enters through face A B C D is
3 - [F’(X9Y;Z)] dx dZy

and from face EF G H is

-

7 . [F(x,y,2) + %g dy] dx dz

The net loss between these two faces is

- o)
'a—y— dx dy dz.
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Similarly, for the other two pairs of faces, the net flux

will be

>F - oF
© 3% dx dy dz and k - 3% dx dy dz.

The total rate at which material is diffusing from the

volume unit is

- >F - oF z >F
[{ - xx tJ - 52 + k . s-E]dx dy dz [A:1-3]
= - F av

This is also given by

oC
- a_t dV. [A.1-4]

Combining Eq.[A.1-3] and Eq.[A.1-4] we have

oC _ =
_'a__'t‘"‘VOF.

Substituting Eq.[A.1-2] for F we have Fick's second law in its

general form,

- %% -\ F=--WY. (OVC). [A.1-5]

For one dimension this becomes

2

3C 3 (., 2€
oC __.(D = [A.1-6]

€ _p E-g [A.1-7]

A.1-2 Solution when D is constant:

Agolution. to thé .diffusion’équation :forconstant D,
2

€ 3%c
&L -p2s, - [A.1-7]
3t 2
is c . A o - x2/4 Dt
7z

where A is a constant.
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This may‘be checked by differentiation. Crank (2) shows that

for a plane source of quantity M deposited at x = O,

Ao _M
2 JWD
M —x2/4Dt
or C=———e [A.1-8]

2 y 7Dt

- The conditions of the presenf experimental investigation are
given by the boundary conditions describing diffusion from one
homogeneous infinite cylinder into another. These conditions

are

t =0, x<0,C-=0
t=0, x>0, C=C_ [A.1-9]
all t, x = = =, 28 — 0

39X

The solution for these conditions may be obtained by con-
sidering an infinite number of line sources and by superposing
the corresponding elementary solutions, Eq.[A.1-8].

In Figure A.1-2 consider the quantity of Material, M, in the

Ch

B

Fig. A.1-2
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element Co dA to be a line source. The concentration at some

point, P, at a time, t, is then given by Eq.[A.1-8] to be

o - C, dx . - 22/4 Dt

P 2 7Dt

The summation of the complete initial distribution is

C ® 2
C(x,t) = —2_ J e ~A/4Dt 4 | [A.1-10]

Z.yqﬁiF X
2\

we have the solution

Substituting n =

)

2

o ‘j
o
-+

A 3 K
C(x,t) = 2 I e M an. [A.1-11]
k)

)

A standard mathematical function, the error function, is

defined by
2 z _ 2
erf(z) = — J e n dn.
T ©

The properties of the error function are such that

Z

Comparing terms with Eq.[A.1-11], the required solution to

Eq.[A.1-7] for the infinite boundary conditions, Eq.[A.1-9],

2_0[1 ) erf(z 3‘55]

or . - [A.1-12]

may be written

C(x,t)

C
C(x,t) = == erfc( X
2 2Dt

93

N 2 ® 2 zZ _ 2
J e "7 an = i e M dn - L e N dn = l-erf(z) = erfc(z)

FYALAUTIALLN

T




From the properties of the error function (2) it follows that
all t > 0, at x = O,
C =32, | | [A.1-13]
This last relationship defines the origin from which x is
reckoned for applications to Eq.[A.1-12].
The relationships Eq.[A.1-12] and Eq.[A.1-13] are known as
the Grube Solution to the diffusion equation after G. Grube (14)

who first applied them to diffusion in solid metals.

A.1-3 Boltzmann-Matano Solution

If the diffusion coefficient is a single valued function

of concentration, the diffusion equation is

o€ _3 (p 3€C
3t ax P ax) . [4.1-6]

Boltzmann (31) showed that for the infinite boundary conditions

Eq.[A.1-9] the transformation

X
A = 0 [A.1-14]
may be applied to yield the ordinary differential equation
ac d dC
A T @ (D ax) : [4.1-15]
Integration with respect to A yields
C C
-2 [ aac=p £ [A.1-16]
dA
C Cc
o o
. dc . dc |
The boundary condition that —| = 0 gives —= = 0 so that
dx da C
C
- 2 J AdC = D dac
da
C C
(o} 1
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Rearranging and introducing x and t for A yields

C
_ 1 dx 1
DCl "], j xdC . [A.1-17]
1 C
o)
L dC . .
When the condition that = = 0 is also applied to Eq.[A.1-16],
= e O
then
Co Co
| aac - [7° xac -0 . [A.1-18]
0 0 .

The significance of this final relationship in the evaluation

of D is evident from Fig. A.1-3.

CA Ca

C, Co <
. N
8 NN

(a) (b)
Fig. A.1-3
Equation [A.1-18] requires that in (a) the areas indicated
'A' and 'B' be equal. From (b) the area and slope terms of
Eq.[A.1-17] may be evaluated graphically at various values of
C., to yield D vs. C. This latter is known as the Matano method

1
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and the origin defined by Eq.[A.1-18] and Fig. A.1-3(a) is
known as the Matano interface after Chugino Matano (6) who first
applied the Boltzmann transformation and solution to the evalu-

ation of diffusion coefficients as a function of composition.
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APPENDIX 2
EXPERIMENTAL DATA

The complete experimental data converted from count rate
to normalized concentration, C/Co, are given in Section A.2-1
of this appendix. These normalized concentration data are
plotted on probability paper as C/Co x 100 (probability axis)
vs distance (linear axis) in microprobe measuring units where
one unit equals 2.5 x 1074 centimeters., Results based upon
data contained in these probability plots and the Grube solu-
tion are found in Table 5, p. 36.

The second section of this appendix, A.2-2, contains
linear plots of those concentration-penetration curves to
which the Boltzmann-Matano analysis was applied. The data
are plotted as concehtration (atom percent titanium) vs dis-
tance (probe units). Also included on each figure is the
plot from which the Matano interface was determined. Results
computed from these figures are given in Table 6, p. 40,

A.2-1 Normalized Concentration (C/Co) vs

Penetration Distance (Probe Units)

Figure Conditions
A.2-1 Undiffused 8.5% Ti
-2 " 35% Ti
-3 1300°C 0.1 hr 8.5% Ti Scan 1
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Figure

A.2-4
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Figure

Ao 2_33

AT IToouIALA

Conditions

1500°C 480 hr 35% Ti Scan 1
" " " Scan 2
" 1000 hr " Scan 1
" " " Scan 2
1800°C 10 hr " Scan 1
" " " Scan 2
2000°C " " Scan 1

" A " Scan 2

A.2-2 Concentration (atom percent titanium)

vs Penetration Distance (probe units)

~Conditions

1300°C 120 hr 35% Ti
" " 8.5% Ti
1500°C " 35% Ti
" 1000 hr "
" 1.0 hr 8.5% Ti
v 10 hr "
n 120 hr "
" 1000 hr "
1800°C 10 hr 35% Ti

2000°C 1] "
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99 —

95 |—

60—

40—

C/Cq % 100

20—

ol N Y N N N B
"0 5 10 15 20 25 30 35 40

BEAM POSITION (IUNIT =2.5 x 10”4 CM)

Figure A.2-1 - Probability plot of relative concentration,
C/Co, versus penetration distance; undiffused,
Cb/Cb 8.5 a/o Ti.
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99.9

95—

80—

60 |-

40—

C/Cq x 100

20—

ol N SR I N B N

0 5 10 I5 20 25 30 35 40
BEAM POSITION (IUNIT =2.5 x 10”4 CMm)

Figure A.2-2 - Probability plot of relative concentration,
C/Co, versus penetration distance; undiffused,
Cb/Cb 35 a/o Ti.
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99.9

95—

80—

60— -

40—

C/Co x 100

o] | | | | I 1 |
"0 5 10 15 20 25 30 35 40
BEAM POSITION (1 UNIT =2.5 x 10™% CM)

Figure A.2-3 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1300°C,
0.1 hr,8.5% Ti,Scan 1.
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99.9

99

95

80

60

40

C/Cq x 100

20

0.l

I l | | | |

10 15 20 25 30 35 40
BEAM POSITION (I UNIT =2.5 x 10 CM)

Figure A.2-4 -~ Probability plot of relative concentration,

C/Co,, versus penetration distance; 1300°C,
0.1 hr,8.5% Ti, Scan 2.
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99.9

99 I—

80—

60—

40—

C/Co x 100

20—

o N N N A N B
0 5 10 15 20 25 30 35 40

BEAM POSITION (I UNIT =2.5 x 10™% CM)

Figure A.2-5 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1300°C,
1.0 hr, 8.5% Ti, Scan 1.
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99.9

99 |—

80—

60—

40—

C/Co x 100

20—

o [ N NN RN N R
0 5 10 15 20 25 30 35 40

BEAM POSITION (IUNIT =2.5 x 10”4 CM)

Figure A.2-6 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1300°C,
1.0 hr 8.5% Ti,Scan 2.
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99.9

99

95

80

60

40

C/Co x 100

20

0.l

| I I I I I

10

20 30 40 S0 60 70
BEAM POSITION (IUNIT =2.5 x 1074 CM)

80

Figure A.2-7 - Probability plot of relative concentration,

C/Co, versus penetration distance; 1300°C,
10 hr, 8.5% Ti,Scan 1.
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99.9

99 |

95 i

60—

40 —

C/Cq x 100

o I N IR N N B
0 10 20 30 40 50 60 70 80
BEAM POSITION (1 UNIT =2.5 x 10”4 CM)

Figure A.2-8 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1300°C,
10 hr, 8.5% Ti,Scan 2.
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99.9

95—

80—

60—

40—

C/Co x 100

o I N N N B SR
"0 10 20 30 40 50 60 70 80

BEAM POSITION (1 UNIT =2.5 x 1074 CM)

Figure A.2-9 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1300°C,
120 hr, 8.5% Ti, Scan 1,
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99 —

95 |—

80—

60 [—

40|

C/Cq % 10C

I I I I l I I
%o IO 20 30 40 50 60 70 80

BEAM POSITION (IUNIT =2.5 x 10™%CM)

Figure A.2-10 - Probability plot of relative concentration,
C/Cy, versus penetration distance; 1300°C,
120 hr, 8.5% Ti,Scan 2,
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99.9

99

95

80

60

40

C/Co x 100

20

0.1

| | I | l l

10

20 30 40 50 60 70 80
BEAM POSITION (I UNIT =2.5 x 10”4 CM)

Figure A.2-11 - Probability plot of relative concentration,

C/Co, versus penetration distance; 1300°C,
120 hr, 35% Ti, Scan 1.
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99.9

99 —

80—

60—

40—

C/Co x 100

20

oLl I | I | I | I
"0 10 20 30 40 50 60 70 80
BEAM POSITION (IUNIT =2.5 x 10™% CM)

Figure A.2-12 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1300°C,
120 hr,35% Ti,Scan 2.
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99.9
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95
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S 40
~
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20
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10 20 30

40

50

60

70

BEAM POSITION (IUNIT =2.5 x I0™%CM)

80

Figure A.2-13 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1500°C,

0.1 hr,8.5% Ti,Scan 1.
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95
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>
S 40
~
O
20—
5 l—— »
| S
ol | | | I | | |
"0 10 20 30 40 50 60 70 80
BEAM POSITION (I UNIT =2.5 x 10”4 CM)
Figure A.2-14 - Probability plot of relative concentration,

C/C,, versus penetration distance; 1500°C,
0.1 hr, 8.5% Ti, Scan 2.
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99.9

99—

60—

40—

C/Cq x 100

20—

| l I I | l l
0 5 10 15 20 25 30 35 40

BEAM POSITION (I UNIT =2.5 x 1074 CM)

0.l

Figure A.2-15 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1500°C,
1.0 hr,8.5% Ti,Scan 1.
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!

0.l

0

|

l | I I | l

5

10 15 20 25 30 35 40
BEAM POSITION (IUNIT =2.5 x 1074 CM)

Figure A.2-16 - Probability plot of relative concentration,

C/Coy, versus penetration distance; 1500° C,
1.0 hr, 8.5% Ti,Scan 2,
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99.9

C/Co x 100

ol I N T IR I B
0 10 20 30 40 50 60 70 80

BEAM POSITION (IUNIT =2.5 x 10™% CM)

Figure A.2-18 - Probability plot of relative concentration,
C/Co,, versus penetration distance; 1500°C,
10 hr, 8.5% Ti, Scan 2,

117




99.9

99 — sese

C/Co x 100

o I N IR S R BN
"0 10 20 30 40 50 60 70 80
BEAM POSITION (I UNIT =2.5 x 10”4 CM)

Figure A.2-19 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
120 hr, 8.5% Ti, Scan 1.
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99.9

95 |—

80—

60—

40—

C/Co x 100

ol ]
"0 0 20 30 40 50 60 70 80

BEAM POSITION (1 UNIT =2.5 x 1074 CM)

Figure A.2-20 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1500°C,
120 hr, 8.5% Ti,Scan 2,
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99.9

95— .

80—

40— .

C/Co x 100

20— o

I l I l | I |
4o 60 80 100 120 140 160 80 200

BEAM POSITION (I UNIT =2.5 x 10”4 CM)

Figure A.2-21 - Probability plot of relative Concentration,
C/Co, versus penetration distance; 1500°C,
480 hr, 8.5% Ti,Scan 1.
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99.9

C/Co x 100

l | | I | I |

0.l

20 40 60 80 100 120 140 160
BEAM POSITION (1 UNIT =2.5 x 104 CM)

Figure A.2-22 -~ Probability plot of relative concentration,

C/Co, versus penetration distance; 1500°C,
480 hr, 8.5% Ti, Scan 2,
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99.9

C/Co x 100

| I | I I I l
%o 20 40 60 80 00 120 140 160

BEAM POSITION (IUNIT =2.5 x 1074 CM)

Figure A.2-23 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
1000 hr, 8.5% Ti,Scan 1.
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0.l
80 100

120 140 160 180 200 220 240
BEAM POSITION (IUNIT =2.5 x1074CM)

Figure A.2-24 - Probability plot of relative concentration,

C/Co, versus penetration distance; 1500°C,
1000 hr, 8.5% Ti,Scan 2.
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99.9
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40—

C/Co x 100

20— *

ol I N NN N N B
"0 10 20 30 40 50 60 70 80

BEAM POSITION (1UNIT =2.5 x 1074 CM)

Figure A.2-25 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
0.1 hr,35% Ti,Scan 1.
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C/Co x 100

20—

ol I AU N R B B
"0 10 20 30 40 50 60 70 80

BEAM POSITION (1 UNIT =2.5 x 10™% CM)

Figure A.2-26 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
0.1 hr, 35% Ti, Scan 2.
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99.9

99 —

95—

60—

40—

C/Co x 100

20—

l I I
0 5 10 15 20 25 30 35 40
BEAM POSITION (IUNIT =2.5 x10™%CM)

Figure A.2-27 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1500°C,
1.0 hr,35% Ti,Scan 1.
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C/Co x 100
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O.l I

| I | | I I

o 0

20 30 40 50 60 70 80
BEAM POSITION (1 UNIT =2.5 x I0~* CMm)

Figure A.2-30 - Probability plot of relative concentration,

C/C,, versus penetration distance; 1500° C,
10 hr 35% Ti,Scan 2.
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0 20 40 60 80 100 120 140 160

BEAM POSITION (IUNIT =2.5 x 1074 CM)

0.l

Figure A.2-31 - Probability plot of relative concentration,
C/C,, versus penetration distance; 1500°C,
120 hr, 35% Ti,Scan 1.
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BEAM POSITION (IUNIT =2.5 x 10~% CM)

Figure A.2-32 -~ Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
120 hr, 35% Ti,fcan 2.
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50 75 100 125 150 175 200

BEAM POSITION (I UNIT =2.5 x 10”4 CM)

Figure A.2-33 ~ Probability plot of relative concentration,

C/Cy, versus penetration distance; 1560°C,
480 hr,35% Ti,Scan 1.
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BEAM POSITION (1UNIT =2.5 x 10”4 CM)

Figure A.2-34 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
480 hr, 35% Ti, Scan 2.
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Figure A.2-35 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1500°C,
1000 hr, 35% Ti, Scan 1.
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Figure A.2-36 - Probability plot of relative concentration,

C/Co, versus penetration distance; 1500°C,
1000 hr, 35% Ti, Scan 2.
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99.9

C/Co x 100

| | | I I
40 60 80 100 120 140 160 180
BEAM POSITION (1 UNIT =2.5 x 10”4 CM)

o.1— | |

Figure A.2-37 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1800°C,
10 hr, 35% Ti,Scan 1.
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Figure A.2-38 - Probability plot of relative concentration,
C/Co, versus penetration distance; 1800°C,
10 hr, 35% Ti, Scan 2.
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. 'APPFNDIX 3
. . SAMPLE ‘CALCULATIONS

.I,;3;51351 Grube Solution

If the diffusion coefficient, D, is a constant and
if the infinite boundary conditions, Ed; [A.1-9], apply, then |
the solution to the diffusion equation for non-steady conditions,

Eq. [A.1-7], is given by Eq. [A.1-12] to be

C(x,t) =§2 [1 - erf (ﬁ)]

Aor- | C(x;t) = Co erfc

7 (5%?) '

[A.1-12)

The relationship between the error function and the
integra; of the normal curve of error Q?(x) ='-:r%ﬁre-x2/2)
is such that if Fq. [A.1-12] holds, a plot of the data as C/Cg
vs, penetration distance on probability paper will have the form
" of a straight line. This fact is also discussed in the text
(p.135 and in reference (15). '

Consider the data of couple #33, scan 1, [35 a/o Ti,
1500°C, 10 hr.]. These data are given in Table 4, p.34 and are
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plotted as C/Co vs distance on probability paper in Figure 13(a),
p. 69. Now, recalling that if the Grube solution holds, the
distance origin, x = O, will be at C/C, = 0.5 for all t >0, we
take from the straight line portion of Figure 13(a),

C = 0.5, x = 8.1
C
and C =0.9, x=22.0
C

13.9.

&

or

Applying these data to Eq. [A.1-12], we get

ZC(X,t) -1 = —erf ( X ): ..“erf (z)

o 2 JDt-

or 2(0.9) -1 -erf (z)

0.8 = -erf (z)
From tables of the error function (2) we obtain

z = 0.905 = X .
24Dt
4

t = 10 hr, = 3.6 . x 10" sec

x = 13.9 probe units, correcting

for thermal expansion

- 13.9 x 2.522 x 10~% cm

4 4

Dt = 13.9 x 2.522 x 1077 = 19.42 x 10~ cm
2 x 0,905
Dt = 377 x 10~8 cm?
D = 1.05 x 10_11 cmz/sec.
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A .3-2 Boltzmann-Matano Method

1f fhe diffusion coefficient is a single valued function
of concentration, i.e., D = D(C), and if the ihfinite boundary
conditions, Eq. [A.1-9], apply, then the solution to the diffusion
equation for non-steady conditions, Eq. [A.1-6], is given by

Eq. [A.1-17] to be
D, ™ - %fgg‘c ' S x dC . [A.1-17]
1 ' |

This relationship is developed in Appendix 1, and it is therefore
only noted here that C1 represents any concentration between O
and C, at which one wishes to evaluate D.

Consider the data of couple #33, scan 1, [35 a/o Ti,
1500°C, 10 hr.]. The concentration-penetration curve for the
penetration data o0f this couple is given in Figure 13(b) énd

is shown schematically below:

C A

L it it —— — r— — — — —

Concentration
e
-t

Distance, x
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The second condition of Matano, Eq. [A.1-18], is met if Area A equalsrt

Area B. Planimeter measurements of these areas on Figure 13(b)

as a function of position are plotted in the lower right hand
corner of Figure 13(b). The Matano interface is found to be
at probe position 12.7. The equal areas are 318 planimeter
units (pl).

Evaluating D at 30 a/o Ti:

The terms of Eq.: [A.1-17] may be evaluated from Figure

13(b),
Co
x dC = Area A1 in the sketch = 246»(p1)
C(30)
gzl = - 1.45 beam units ,( u )
CG - 30 a/o a/o

Also from planimeter measurement,

10 a/o x 10 beam units = 393 planimeter units.

Substituting,

D = 1 x 1,45 x 246 x 100 x (2.5 x 10
392

2 x 3.6 x 1074

= sec—l( u \{pl) (u-a/o) cm? = cm? \
a/o §29) 2 sec

u

Correcting for thermal expansion,

2 .2
4 4)

. cm
secC

12.64 x 107" x (2.528 x 10~

D

11

D = 8.08 x 10 cm?/sec,
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A.3-3 The Effective Penetration During Welding

The effective penetration distance due to diffusion which
takes place during the welding process may be computed by consider-

ing the value of D taken from the extrapolated log D vs 1 plot.
T

The welding temperature is
T &% 1100°C (brightness)
2 1195°C (corrected)

= 1468 Kl;

thus 1 =6.81 x 10°% (kD).
T

The time of welding varied from 5 to 6 minutes,

t £ 360 sec.

4

From Figure 24 p. 83 at 1 = 6.8 x 10~ ,

1
T

14 12

D=5x 10 (0 a/o Ti) to 2 x 10~ (30 a/o Ti),

cmz/sec.
For the smaller value,
Dt = 1.8 x 107! (em)? |
and for ﬁhe larger,
Dt = 7.2 x 10°° cm?.

These values of Dt may be cbmpared with measured values

in Table 5, p. 36 .
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APPENDIX 4.

CONTAMINATION
The niobium-titanium alloy system is a continuous body-

centered cubic (b.c.c.) solid solution from the transition tem-
perature of titanium (882°C) to the solidus. A two-phase field
extends from 882°C at 100% Ti to approximately 50% Ti at about
400°C, below which no further reaction takes place. Based on
these equilibria, binary alloys of less than 50 a/o Ti would be
single phase b.c.c. solid solutions at all temperatures below

the solidus. However, the 8.5 a/o Ti and 35 a/o Ti alloys used
in this study were found to.contain a precipitate, both as

received and after recrystallization.

o torr) by electron-

Annealing at 1900°C in vacuum (< 10~
beam bombardment or by induction heating of the as received 1/2-
inch diameter rods successfully removed all traces of the second
phase. Also, examination of the welded diffusion couples revealed
no evidence of a second phase. However, diffusion anneals at
1300%1500°C in vacuum for more than one day caused the precipitate
to form again, Figure A.4-1(a,b). The hardness of the 8.5 a/o Ti

alloy, Table A.4-1, further demonstrates the effect of the various

annealing treatments.
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TABLE A.4-1

Hardness of a Cb 8.5 a/o Ti Alloy after Various
Anneal Conditions

Hardness, VPHN

Condition - 8.5 a/o Ti Alloy
Recrystallized, 1500°C, 8 hr - 252
Electron-Beam Anneal, 1900°C, 5 min 135
Induction Anneal, 1900°C, 1 min 130
Diffusion Couple, As Welded 130

After Diffusion Anneal

(a) with Alumina 218
(b) all metal 130

A.4-1 Source of Contamination

Efforts to obtain positive identification of the pre-
cipitate were unsuécessful, but reduction in oxygen content of
both alloys by the 1900°C anneals, while nitrogen content remained
about the same, Table A.4-2, suggest that the precipitate might

be a ternary oxide.

"TABLE A.4-2

Gas Analysis (ppm)

I— e ——
Condition 8.5 a/o Ti | 35 a/o Ti
0 N 0 N
As Received ' 130 57 453 65
Electron Beam Anneal (a) 170 - 150 -
Induction Anneal (b) 48 60 59 70

(a) 1900°C, ~5 min, 10-9 torr ‘

(b) 1900°C, ~1 hr , 10-6 torr
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At this point in the experimental program a second
furnace became available for diffusion anneals. Couples annealed

in it at the same temperature, time, and vacuum conditions as in

ATIITAAUTALAL

the first furnace showed no precipitate.

The second furnace is an all-metal system and the
specimen, wrapped in niobium foil, is supported in a tantalum
”can“}which is suspended inside the self-supporting tantalum
resistance heater. The molybdenum wire heater of the first
furnace is supported on an alumina core, and the specimens were
placed on high purity, recrystallized, alumina disks within a
tantalum "can' which in turn was suspended inside the alumina
core,

The presence of alumina, although it should be inert
to niobium, appears to have caused contamination of the NbTi
Alloys., To._verify this supposition, alloy specimens were
annealed by induction wifh the specimen suspended in the coil
by tantalum wire and in a second all-metal tantalum resistance
furnace. No precipitate was found. Furthermore, after removing
the alumina from within the tantalum'can'and with specimens
wrapped in niobium foil, alloys annealed in the first furnace

at 1300°C and below were also free of the precipitate.

A.4-2 Identity of Precipitate

Positive identification of the precipitate by x-ray
techniques have not been successful. The quantity present is

too small to produce measurable intensities and the precipitate
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allotriomorphs are too small for micro x-ray techniques. However,
specimens containing largé precipitate allotriomorphs have been ex-
amined with the electron microprobe. Concentration data and.phbto-
micrographs indicating corresponding contamination spots are
presented in Figures A.4-2 and A.4-3.

4 cm and from

The distance between spots is 2.5 x 10~
this the spot size is estimated to be 1 -1.5 microns in diameter.
For spots which are identified as contained totally within or
outside of a precipitate allotfiomorph'the maximﬁm titanium and

corresponding columbium compositions are given in Table A.4-3.

TABLE A.4-3

COMPOSITION (Atom Percent)
Matrix Precipitate Matrix | Precipitate
1 | 0.2-2.0 57 16 80.3
Cb 100 4.8 86 4.5
Total 102 62 102 85

The solute (Ti) concentration in the matrix of both
.alloys has been considerably reduced. The precipitate con-
centration identifies the phase‘as one very rich in titanium.
These. data combined with the previous deduction that the pre-
cipitate is an oxide, suggest that the‘phasé is primarily TiO.
The broad composition range over which Ti0 exists (10) is in
harmony with the variations in compositions of the pfecipitate

observed in these microprobe exéminatiohs. Also, the precipitate
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in the 8.5 a/o Ti alloy is itself two phase in some regions. This
too is in accord with the reported peritectoid reaction at 925°C
in the TiO phase field (10). It is therefore concluded that the
precipitate formed in these Nb-Ti alloys is a non-stoichiometric

ternary oxide of the form Ti(Cb)O.
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(a)

Figure A.4-1 -

(b)

Photomicrographs showing the precipitate
which developed in a Cb 8.5 a/o Ti alloy
annealed at 1500°C for 8 hours in vacuum
(<10"5 torr) in the presence of alumina.
The alloy had previously been annealed at
1900°C by electron-beam heating. Unetched.
(a) X250, (b) X1500.
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Figure A.4-2 -

Composition as measured by electron microprobe
analysis of matrix and precipitate in an alloy
of nominally Cb-8.3 a/o Ti. The precipitate
at A is at a grain boundary. The precipitate
formed in a previously single phase alloy
during an anneal in vacuum (10-5 torr) at
1500°C for 888 hours in a furnace containing

a hot alumina core. Distance between spots

is nominally 2.5 microns. Arrows indicate
direction of beam travel. Magnification is
about 1500X.
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Figure A.4-3 - Same as Figure A.4-2 except nominal composition
is Cb-35 a/o Ti.
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