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Abstract

The growth rate of TasSi3 in the Ta/TaSi, system
has been accurately measured. This was accomplished by
contacting dense TaSip, wafers and wafers of Ta, holding
the couple at a controlled temperature for the desired
time and later measuring the thickness of the resultant
intermediate zone. In the Arrhenius form the parabolic
growth constant is:

k = 5¢-77,000/RT
where the activation energy is known with 95% confidence
to be between 74,000 and 80,000 cal/mole and the pre-
exponential constant is known with the same confidence
to be between 2 and 11 cm?/sec. The rate of degradation
of Tadi, in the Ta/TaSi2 system has been measured separ-
ately and may be expressed as

k) = 2~81.,000/RT
The 95% confidence intervals are 74,000 to 88,000 cal/mole
for the activation energy and 0.2 to 16 cmz/sec for the
pre-exponential constant. Marker experiments indicated
that only silicon diffuses.

Six metals were tested as barriers to the degrada-
tion“of Ta8i2. They were: tungsten, rhenium, molybdenum,
niobium (columbium), zirconium and titanium. None of the
metals tested was effective in lowering the rate of loss

of TaSi,. In all but the Ti/TapLZ system, Si alcne was




shown to diffuse.

Incompatibility in the W/TaSi, and

Re/TaSi2 systems interrupted solid state diffusion and

resulted in the vapor transport of Si, particularly during

the early stages of the diffusion anneal. Fundamental

activation energies

silicides have been

Mo3Si ;

and  TigSijs;

Qsi
Q51
Wsi
Usi

for diffusion of silicon in four
determined. The four compounds are:

= 77,000 cal/mole

58,000 cal/mole

Il

49,000 cal/mole

44,000 cal/mole.
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I. BACKGROUND
A. General
1. Introduction

The Supersonic Transport will ultimately
require turbine materials capable of operating at tempera-
tures as high as 2400°F. Alloys based on tantalum and
columbium possess the requisite high temperature strength
but are readily oxidized unless protected by coatings.
Reasonably protective coatings embodying the disilicides of
the metals have been empirically developed. The protective
mechanism 1s based upon the ability of the coating to gen-
erate a silica-based glassy oxide at the interface with the
oxidizing atmosphere. This fiim is self-healing because it
is supplied with silicon from the bulk of the coating.

The service lifetimes of disilicide coat-
ings are shortened because they interact by diffusion with
metallic substrates to form lower silicides, such as Ta5si3.
The latter is unable to form the protective glassy oxide,
presumably because of the simultaneous formation of the sub-
strate metal oxide. Therefore, an understanding of the
mechanism of growth of the lower silicide layer and its
inhibition is essential to increasing the coating life.

It has been empirically discovered that
additives of elements such as titanium to the coating or

substrate can substantially increase coating life. This




can be due to eilther or both of two mechanisms.,

3. The participation of the additive
in the oxidation reaction to form a more resistant glass.

b. The performance of the additive as
a diffusion barrier to inhibit the growth of the less pro-
tective lower silicide.

Therefore an understanding of additive
behavior as a barrier to lower silicide growth can help to
separate the two mechanisms as well as set up criteria for
the selection of additive elements which will act as good
diffusion barriers.

2o Nature of Silicides

Silicides are classified as intermetallic
compounds. They possess high electrical conductivity and
the ability to pass into the superconductive state; their
thermal -EMF behavior when paired with metals is similar to
that of metals and they show the metallic luster typical of
metals. Unlike carbides and borides, silicides are not
interstitial-phase compounds. Interstitial compounds are
produced when non-metals with small atomic radii dissolve
into the crystal structure voids of the metal lattice. In
order for this to occur, the ratio of interstitial atom
radius to the radius of the metal atom should be less than
0.59. This requirement is called H3gg's condition. In

o
silicides the silicon atom radius is 1.17A and inspection




of Table I will show that rg;/ry >0.59; therefore, when
silicides are formed the silicon atoms must substitute for
metallic atoms in the lattice positions.,

TABLE T
RATIO OF SILICON ATOM RADIUS TO RADII OF SOME REFRACTORY METAL

ATOMS (1)
Metal rsi/Tue
Re 0.85
W 0.84
Ta 0.80
Mo 0.84
Nb 0.80
Zr 0.73
Ti 0.79

While metal-silicon bonds are metallic
in nature, silicide structures also contain covalent Si-Si
bonds. Therefore, the metallic nature of a silicide is
generally not as strong as the metal from which it forms,
as is evidenced in Table II. Nonetheless, silicides are
definitely metallic and compare with borides, carbides and

nitrides in electrical resistance.




TABLE IT
RESISTIVITIES OF SILICIDES COMPARED TO METALS (1)

Metal e (W -cm) Silicide e (unr -cm) P MeS3i2 /P Me

Ti 55.0 T?S@Z 123 2.59
T}S}Z 16,7 0.35
TlS:L2 18 0.33
Zr 41.0 ZrSi, 161 3.94
Zr512 106.2 2.6
Nb 13.1 NbSi2 6.3 0.L48
NbSij 24 .5 1.85
Mo 5.2 MoSis, 21.5 3.46
Ta 12.4 TaSi2 8.5 0.68
Ta812 38.0 3.1
W 5.03 WSi2 33.4 6.6
WSi2 38.2 7.5

As the silicon content of a silicide in-
creases, the metallic bonds are weakened and the higher
silicides exhibit higher resistivities (1).

Cry51 ' Cr3812 l Cr3i I Crdi,
114 pR-cm

45.5 pit-cm > 250 wplt-cm

143 pl-cm

The higher silicides are also very hard and
brittle, and many silicides have extremely narrow homogeniety
ranges. Silicides can, therefore, be thought of as stoichio-

metric, intermetallic compounds which derive their unusual

properties from their hybrid type of bonding.




B. Theory
1. Basic

Diffusion is the transport of matter by
atomic motion. The driving force is a difference in free
energy from one region to another. This difference, AG,
may be a function of composition, temperature and pressure.
Generally, in experimentation, only one parameter is allow-
ed to vary across the region in question, the others being
held constant, giving rise to chemical diffusion, thermal
diffusion and stress-induced diffusion respectively. By far,
the most widely studied diffusional processes are those in
which the concentration (or activity) varies.

These general definitions pertain to all
states of matter and Fick's first law, relating the flux or
motion of the diffusing species to its concentration gradient,
can be applied to gaseous, liquid or solid systems.

2. Diffusion in Solids

In solids the carriers in diffusional pro-
cesses may be electrically charged ions or effectively neutral
atoms. In ionic and covalent compounds the breaking of bonds
necessary to the motion of atoms produces both positively and
negatively charged ions. Rules of electrical neutrality must
be obeyed as these ions move, adding restrictions to the
solution of the diffusion equations and aiding in the determin-

ation of the diffusing species. In metals and metallic




compounds, on the other hand, positively charged metal ions

moving through the equi-potential "electron cloud" constitut-
ing the metallic bond are effectively neutral atoms. Balances
on the electrical charges of the diffusing species cannot be
made.

When two different metals with extensive
solid solubility are interdiffused an alloyed intermediate
grows between them. There is a continuous change in concen-
tration from pure A to pure B, This concentration can be
followed by means of lattice parameter changes, microhardness
profiles, electron microprobe analysis or by radioactive
counter methods (if half of the couple is a radioactive
isotope). Various mathematical expressions have been derived
for such cases. Most of these employ the Matano interface,
which is a plane of reference embodying a material balance
so that Fick's second law may be solved using a transforma-
tion known as the Matano-Boltzman method. Castleman (2) and
Kidson (3) give a variety of solutions for different types
of systems. These approaches yield an interdiffusion
coefficient, 7.

Darken (4), in a classic paper, using a
non-mechanistic approach to the data of Smigelskas and
Kirkendall (5), has derived the relationship between this
interdiffusion coefficient and the actual diffusivities of

the two diffusing species in a binary system with no compound




formation. Darken's main contribution was to separate
diffusion from gross motion based on relative motion con-
siderations, using Smigelskas and Kirkendall's revolutionary
marker experiment results. He also succeeded in relating D
to impurity diffusivities from radioactive tracer experiments.
With the formation of an intermediate com-
pound, discontinuities arise in the concentration profile
and Fick's second law cannot be explicitly solved. Instead,
the stoichiometric nature of the compound adds the needed
condition to Fick's first law. In conjunction with material
balances, this leads to the parabolic rate law, relating the
thickness of the growing phase to time of diffusion. The
method of following this growth is simple (microscopic, X-ray
diffraction, electron microprobe) and is called the "moving
boundary" technique. The difficulty lies with the more
empirical, less basic nature of the parabolic rate constant,
k, where k is defined as (a x)2/t, or the thickness of the
phase grown in time t squared divided by the time. This
constant must be defined in terms of D to have fundamental
significance. This is particularly true when more than one
compound grows simultaneously. Janssen and Rieck (6), in
studying compound formation in the Ni-Al system, used both a
"moving boundary" technique and Boltzman-Matano method to
calculate D values for four aluminides. Gibbs (7), in a

general treatment, considered the total zone of n intermediate




phases, assigning an "effective diffusivity", DB’ to the
system. He concluded that "only if the n phases have similar
diffusion parameters and small miscibility gaps at the inter-
mediate interfaces will Dp approximate some true average
diffusivity". Kidson (3) showed that each phase layer obeys
the parabolic rate. Roy (8) found D's and k's coupled in a
treatment of interstitial systems; and Resnick, Steinitz

and Seigle (9) in determining the diffusivity of C in Ta and
Cb carbides found the diffusivities in the two growing phases
coupled.

In the treatment of substitutional compound
growth in the Ni/U system, Kimmel, Bar-or and Rosen (10) con-
cluded that the relation between D and k for any growing layer
depends only on the homogeneity range or aC, the concentra-
tion difference, and not on the growth constang (or diffusiv.-
ity) of any other phase growing in the same couple. Arzamasov
(11), in a more general argument, arrives at the same con-
clusion, Wagner (12), recently derived k values for three
types of systems. For an intermediate with narrow homogeneity
range growing between one compound of higher stoichiometry
and one of lower stoichiometry, his k (called kr1) value is
related to the average diffusivity in a manner similar to the
above-mentioned substitutional cases, but is also a function
of the mole fractions of the diffusing species in the three

compounds. Silicides, being substitutional intermetallics



of narrow homogeneity ranges, should fall into the category
analyzed by Wagner as long as the silicide grows in a stable
fashion.
3. Mechanisms

There are three types of diffusion to con-
sider in polycrystalline solids; bulk or volume diffusion,
grain boundary and surface diffusion. Both grain boundary
and surface diffusion are local effects caused by differences
in free energy between the grains and grain boundaries and
along the surface of the materisl respectively. Single cryst
diffusion experiments completely eliminate grain boundary
effects. Careful study of the shape o accurately made pene-
tration curves can aid in deducing the effect of grain
boundary or surface diffusion. Generally, all three types of
diffusion occur simultaneously in any couple, but if the con-
centration gradient across the couple is substantial, diffusi
through the bulk of the solid greatly predominates and the
grain boundary and surface diffusion contributions may be
neglected. Therefore, in couples with a definite concentra-
tion gradient, conformity of the growth to the parabolic rate
indicates that the smaller effects of grain boundary and sur-
face diffusion are rnegligible.

Volume diffusion can be thought of as being
generated by three different types of defects: interstitial

and substitutional defects and vacancies. The interstitial

al

on
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mechanism proceeds by motion of atoms (impurity or solute),
within the interstices of the parent lattice. This mechanism
predominates in interstitial compounds in which the smaller
atom (e.g. C, N) alone diffuses. In the substitutional
mechanism, a foreign atom occupying a lattice site in the
parent lattice must be displaced by the diffusing atom.

This requires an exchange of atoms from stable lattice
positions and the requisite energy is high. The energy re-
guired for vacancy diffusion is considerably less. All
solids have a certain concentration of vacancies or empty
lattice positions. In vacancy diffusion, an atom occupying

a lattice site adjacent to a vacancy can jump into the
vacancy, leaving its previous lattice site unoccupied. This
effectively creates a vacancy one atomic distance away from
the original position in a direction opposite to the motion
of the diffusing atom. This mechanism requires the least

net amount of broken bonds and the increase in entropy upon
filling in the vacant lattice site makes vacancy diffusion
the most energetically favored mechanism (13). Therefore,
binary diffusion via vacancy mechanism can be thought of as
resulting from the motion of the two atomic species and
vacancies. The overall flow of the vacancies is opposite to
the net flow of the two atomic species. In fact, if one com-
ponent diffuses at a much higher rate than the other, vacancies

moving in the opposite direction tend to accumulate and form
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voids. Observation of this void formation is experimental
evidence of vacancy-type diffusion.

In order to understand the complete
diffusion process, three questions must be answered:

1) By what path does the diffusion
proceed? |

2) How fast does the process take place?

3) What is diffusing?

Diffusion paths may be estimated by propos-
ing a sequence of jumps and then minimizing the required
energy. This is a complicated and lengthy procedure. It has
only been attempted for the simplest cases and with little
success (14, 15, 16).

The diffusivity may be evaluated experi-
mentally. By measuring the intermediate rate of growth at
constant temperature, one can obtain k from the parabolic
rate, k = | Ax}g . Adherence to this form of growth indi-
cates the prgdominance of volume diffusion. The constant
k is a measure of diffusivity. The fundamental quantity,

%, may be computed from k.

As with any rate process, the temperature
dependence of k (or 5) should be of the Arrhenius form:

D = 553"Q/RT, where R is the gas constant and Q is the acti-

vation energy for diffusion. Any deviation from this type of

dependence would indicate a mechanism consisting of more than
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one thermally activated step. Q is the activation energy
which measures the effect of temperature on diffusivity. In
vacancy diffusion @ can be thought of as the sum of the
energy hecessary to form vacancies and the energy needed to
move vacancies. In order to form vacancies, bonds must be
broken and the energy to do this should be related to the
melting point. The energy to move the vacancy depends on
crystal structure énd electronic factors. Therefore, Q
should bear some relationship to absolute melting point for
a particular structure (7). 1In the same vein, the relation-
ship could also exist with heat of vaporization (18). Many
empirical expressions have been formulated showing these re-
lationships. In pure BCC metals, @ is directly related to
melting point; Q = 34Ty (19). Sherby and Simnad (20)
characterized volume self-diffusion in metals by: D =

Doe - (KotV)Ty/T where Ko = crystal structure factor (lk for
BCC, 17 for FCC and HCP and 21 for diamond), V = valence and
Ty is absolute melting point. In complex structures such
relationships probably do not hold.

To determine the diffusing species, markers
may be used. This method is based on marking the original
interface in the diffusion couple and measuring the growth on
either side of it. ©Since different reactions are taking
place at the interfaces to the left and right of the original

interface, a ratio of the diffusivities of the two species
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in a binary system results. Any material being used as a
marker must be completely inert to its environment. It must
not be displaced by any mechanism so that it can be used as
a reference plane. Previous experience is useful in helping
to predict which species should predominate in the diffusion
process. In a review on diffusion in intermetallic compounds,
Hagel (17) clearly states "Many correlaticas were tried to
aid in predicting which componert of a binary compound would
be the faster moving species, and almost without exception
it is the element possessing the lower melting point."

Books by Jost (21), Crank (22) and Baarer
(23) give fundamentals of diffusion mechanisms and the
mathematics associated with them, as well as good overall
coverage of the field.

C. Diffusion Equations

Reaction kinetics in the solid state are usually
diffusion controlled. Because of the high temperatures at
which the studies are made, reactions occur very quickly com-
pared to the time required for the reacting species to migrate
through an ordered solid to the reaction interface. There-
fore, it is a good assumption that diffusion through a grow-
ing layer controls the growth rate of that layer. Experimental
observation of a parabolic rate supports this assumption.

If two components, A and B, are coupled and heated to a temp-

erature at which diffusion can proceed at a measurable rate,
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one would expect to find every phase between A and B that
exists at the diffusion temperature. Therefore, knowledge
of the phase diagrams is invaluable in solid state diffusion
experiments. Frequently, some of the phases predicted from
the diagram do not appear in measurable amounts. This can
be caused by slow nucleation of the missing phases or by a
balance between the formation of a phase at one interface
and its destruction at another interface or by extremely low
diffusion rates through the phases. A phase that is slow to
nucleate can be found simply by increasing the length of the
diffusion experiment. The other two factors can be coupled
in complicated systems, but generally quickly growing phases
indicate high diffusivity in the growing phase. From steric
considerations it may be argued that reactions forming new
compounds must occur only at the phase interfaces.

1. Ta/TaSi, System

From consideration of the Ta-Si phase diagram

(Appendix I) it would be expected that three intermediate
silicides would grow between TaSi, and Ta: TagSiz, TapSi
and Tah'58i. Theel phase of Ta containing a very small con-
centration of silicon is considered pure Ta. It has been
found, in this investigation and others (24), that as long as
TaSip is available to supply Si to the growing system, only
the trisilicide, Ta5Si3, grows in discernible amounts. An

analysis including the lower silicides, TasSi and Ta,, 551,
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assuming that their rate of formation is zero, yields the
same result that their exclusion from the analysis predicts.
Therefore, it may be considered that the system is TasSis3

alone growing between TaSi, and Ta.

FIGURE 1
T IT
Ta(d)
B e
TaSi2 Ta5Si3 Ta
Si(d)u

In the figure above @ , @ and (O repre-
sent the phases and I and IT the interfaces. Si(d) indicates
Si diffusing from interface I to interface II through phase
(@ ; and Ta(d) indicates Ta diffusing from interface II to
interface I through phase C). The reactions that may take
place at the interfaces are:

Interface I: STaSiZ-——4>Ta5SiB + 751i(d) 1
7Ta(d) + 3TaSiz —e-2Ta;Si,

Interface II: 5Ta + 38i(d)———-—s»Ta5Si3

(1)

(2)

(3)

Ta—=sTa(d) (4)

During the growth of the intermediate phase

the reactions are diffusion-controlled and the growth rate of
any compound is dependent upon the fluxes, J (moles/cmlsec),

of the diffusing components across the phase boundaries.




Therefore, taking the flux toward the right as positive, the

rate of growth of the trisilicide at interface I is

I7g (5)

~Jjo

=1
JI - .7. JSi -
and its rate of growth at interface II is
=L Ja.
I T 3 s (6)
The total rate of growth of the layer of Ta5Si3 is the sum

of JI and JIIO

| - 10 _ 2
I total ~ 57 Jsi T 5 ITa (7)

The fluxes Jgi and Jpy may be expressed in terms of their
diffusivities (cmz/sec) and concentration gradients (moles/

cm3 /cm) .

dCas:
Jgi = - Dgi Si
* x (8)
: dc
Jra = - Drg _Ta
dx (9)

It is more convenient to express the concentrations in terms

of mole fractions. For example:

Na.
1 — oK

where Ng; = moles Si/(moles Si + moles metal)

vV cm3/mole of compound

I

m
and o

(moles Si + moles metall/mole of compound.

Hence, restating Fick's first law

-Da.  ANg.
JSl = DSl Sl ol

Vm  ax (10)

- 16 -
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D dN

J _ - Ta Ta
Ta T Ta@ (11)
Inserting these fluxes in equation (7)
v dNa. dN
J m = =10 . Si 2 Ta
total - 5T Dsi g%t 5 DTa —ax  ° (12)

Let Jiotal Vm = r (cm/sec, a velocity of growth of the
TaSSiB) and note that for a binary system

Ngsy =1 - NTa and
-dlig; = dNp,.

Now for the Tassi the concentration change across the almost

3)
stoichiometric phase 1s very smalls* and may be assumed inde-
pendent of thickness. Therefore, following the usual conven-

tion regarding signs,

-AN
dNgy Si
dx A X
and
-dN
iy, "5y ANy
ax dx Ax
Rewriting equation (12) yields
Ne-
- 29 3 B7s1
r=57 (5D +3 Dpp) —x%— - (13)

o~
Defining the interdiffusion coefficient D according to
Darken (4),

D .5 3

%It should be emphasized that diffusion occurs down a thermo-
dynamic activity gradient rather than down a concentration
gradient. A large activity difference may exist despite a
very small concentration difference.
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and inserting into equation (13) results in

_ lég\rv ANS.
r=5 D —0% - (14)

The rate of growth can also be expressed as a rate of change

in thickness, 4x, of the growing phase.

r=dlax) - 16(8) ¥ AVss
dc 21 Ax (15)

On integration of equation (15) the parabolic rate expression

is obtained.

(ax)? = %%é D ang; t

(16)
Since accurate solvus lines have not been

determined for the silicides, the values of AN are unknown and

cannot be separated from D. Then solving for the product 5ANSi,

~ 2
DANa: = _RL (ax)™ _ 21
g1 = 52z 295 555 ¥

(17)
where k is the experimentally determined parabolic rate
constant.

The interdiffusion coefficient is directly
related to the measured parabolic rate constant by a constant
and AN. One can be fairly assured that AN does not vary sig-
nificantly over the temperature range of interest and the
activation energy from k = koe'Q/RT should be the same as the
activation energy from 5 = 5Oe'Q/RT. But 5 = NZDl + NyDp =
NZD%e'Ql/RT + Nnge'Qg/RT. Therefore an apparent activation
energy, 5, results from a plot of 1ln ((Ax)z/t) Vs. 1/Tabs,

which involves both of the fundamental activation energies,
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Ql and Q2, and may be temperature dependent. Only if the
diffusivity of one species is much greater than the other or
if Q1 and Qp are almost equal will a represent a true activa-
tion energy. Therefore, if only silicon diffuses B and 5 will
represent the actual diffusity and activation energy for
diffusion of Si in TaSSiB'

2. Markers in the Ta/TaSi, System

In order to ascertain which of the compon-
ents predominates in the diffusion process the original inter-
face must be marked. This is the purpose of a marker experi-
ment in which small inert particles or wires are inserted
between the halves of the diffusion couple before the couple
is annealed. If these markers do not react with the surround-
ings, they act as a reference plane, pinning the original
interface.

The marker technique has been frequently used
in oxidation studies, where the marker is attached to a clean
metal surface and the metal then oxidized. If oxygen is the
diffusing species, the marker will remain at the gas-solid
interface. If only the metal diffuses, the marker will be-
come embedded at the solid-solid interface.

In the Ta/TaSi, system, as the intermediate
layer grows a marker at the original interface will indicate
the relative fluxes of the diffusing species Ta and Si. In

this case, the relationship is not as simple as in oxidation
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experiments because the trisilicide is formed both by loss
of Si from the dizilicide and by reaction of Si with Ta and
of Ta with TaSiz,

FIGURE 2

Markers (x,)

TaSi2 Ta5813 Ta

!
c
. AX ot e a—

I IT

In this analysis, it will be assumed
that Ta does not diffuse. Since the markers do not parti-
cipate in any reactions, the reactions (1) and (3) occur
at interfaces T and II, and it is possible to measure the
rates of formation at each of the interfaces separately.
The following pair of equations result in which kj and ko

are the growth constants for the ax, and Ax, zones re-

1 2
spectively.
2
(8x))7/t = 2/7T(Dgs aNg; ) = ky (18)
(8x,)%/t = 2/3 & (Dg; ANg; ), = ky (19)

A simple material balance using reac-
tions (1) and (3) shows that if Ta does not diffuse the
thicknesses of the growing phases are stoichiometrically

related when molar density is taken into account.

3 (20)
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Since the molecular weights of the compound (Ta5Si3) are
nearly the same in both zones,

Ax 7 B
AX]_ 3 PZ (21)

where p; and @, are the densities (gms/cc) of TazSiz in
the AXy and AX, zones respectively. Therefore, if measured
values of AXZ/ AXq conform to equation (21), it may be said
that Ta does not appreciably diffuse.

Dividing equation (19) by equation (18)

results in

ko _( “Xz)z _7 (Dgj ANgs ),
kp TV ax 3 (Dgi ANgszlq ° (22)

The following relationship between AN and Ax results from

solving equations (21) and (22) together.

P2 (Dsi Asilp _ axp
p1  (Dsi alsil)y Axy (23)

Therefore, 1f the diffusivities of silicon in Ta5Si3 on both
sides of the original interface are the same, the ratio of
the stoichiometry ranges across the zones is proportional

to the ratio of the thicknesses of the 2zones because 92/91
is a constant close to unity. Since the ratio. sz/Axl

is known, under the assumptions stated, AN,/AN. is known

1
explicitly from
2
(AaNgs)o _ Z_( P1 ) (24)
(algi)y 3 e,

Therefore, if it can be shown experimentally that Ta does




not diffuse (equation (21) is satisfied) and that the
diffusivities in both zones are close (equations (18)
and (19)), the ratio of the ONg; values is established by
stoichiometry.
3. M/Ta812 System

As previously mentioned, TaSi2 on
Ta is protective by virtue of the formation of a silica
glass at the air interface. If this protective glass
is impaired, the Ta812 acts as a reservoir of silicon
for the formation of additional giass. However, the
lower silicide, Ta5Si3, is not protective, so that the
diffusion of silicon out of TaSi2 into the tantalum
diminishes the coating life. The thickness of the Axl
layer is a measure of the extent of this loss. If it
were possible to interpose a silicon-impermeable barrier
between the TaSi2 and the Ta, the coating life would be
greatly increased. The interpolation of a barrier that
merely reduced the flow of silicon would also be desir-
able. Hence, the measure of the effectiveness of any
barrier, M, may be determined from the growth rate of
the Xy layer.

In testing the barrier effect of
certain additive metals, the growth kinetics of the

intermediate zone depends on the fluxes of components in

- 22 -




and out of Ta_3i. and one or more M silicides., The

5
system is not trily binary any more and complete analy-
sis is considerably complicated. The growth of the total
zone is therefore not easily related to fundamental
diffusivities or activation energies. Analysis leads to
an apparent activation energy which is related to the
activation energies for the growth of each of the separate
phases. Therefore, each of the growing zones will be

analyzed separately yielding an activation energy for that

phase.
FIGURE 3
I 1T ITT Iv v VI
Ta812 Ta58i3 TaZSi MSiX MSiy MSiZ M
@ ©) ® ® ©®

FPigure 3 1s a generalized picture of
the results obtained from a diffusion couple of the metal
M against TaSiZ.

The silicides MSiX, MS:’Ly and MS5i, are

of decreasing silicon content in the order x>y >2z. In
specific cases, some of the phases shown in Figure 3
may be absent. When present, TapSi and MSiy are generally
found in only small amounts and show no observable growth

rate.

- 23 -
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An analysis of this system is develop-
ed below based on the following assumptions:
1) Since the diffusion of Ta

was not observed in the Ta/TaSi_ system, it is assumed

2
that no Ta diffusion occurs.

2) No complex silicides containing
Ta and M are observed, therefore M does not diffuse through
regions @ and 3.

3) Adjacent phases are in equil-
ibrium with Si at interface I. Adjacent phases are in
equilibrium with Si and M at interfaces V and VI.

L) The growth rates of TaZSi and
MSiX are neglibible.

5) Phase equilibria (but not re-
action equilibria) exist at interfaces II, III and IV,
and the Si concentrations on either side of these inter-
faces are directly related by a solubility constant, K.

It can be shown that under these
assumptions the growth in phases @, ®and ® is para-
bolic. Therefore, the range of stoichiometry in these
phases, AC (or AN), must be independent of thickness, as
in the Ta/TaSi2 system.

Then the reactions occurring at each‘

interface are:




I 5TaSi2 —-——Ta5813 + 7Si @ (25)
TII No net reaction

ITT No reaction

IV {MSif-——-ﬂ»MSiy + (x-y) 519 (26)
MSiy + (x-y) Si gy—=MSi, (27)
yMSiy + (x-y) M (g—e-xMSiy (28)
KM g—emy M1, + (x-y) M@ (29)

v {MSiy——p-MSiZ + (y-2) Si @ (30)
MSi, + (y-z) Si G Msiy (31)
tzMSiy + (y-2) M@—=ylisi, (32)
MSi, —ezMSi, + (y-2) M© (33)

VI M+ 281 g—eMSi, (34)
M—=11 @ (35)

In the above equations Si:®.and. M@ repre-
sent Si or M respectively diffusing through phase @ in oppo-
site directions. From the previously stated assumptions JSi®=

= dJ,. = 0. Since there are no net

J3i® = JSi@ and JN@ N@ M@

reactions at interfaces IT and III, a material balance on

= J

region () produces the same result as if the phase were
neglected. Material balances on the remaining regions pro-

duce the following results:

Joas _1 94
MSlx = V@— d:@ = Xy (JS:'L@ - ng@) + X7 JT{ (37)
da
. o= L _ 1
Mty * R TR T § Usig  Tsig) * vl Vs Tang
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J = l ____@ = ._;l;_ (J - )
M5, %@ dt V-2 S%@ 'SQS

L (Jy - Jy ) R da.

V-2 (M@ e Sig (39)
From assumption 4 ) Jygi can be set to zero resulting in:
X

l (J - J ) = T
v Si “Si T M

® Q@ Q@ (40)

When this is substituted into equation {38) the result con-

tains fluxes of Si and M only through phases () and @ .
Applying Fick's first law as in the Ta/TaSi2

system and defining the interdiffusion constants according

to Darken
no=9 1_p Y_D
Do : = . . + | ;
@ MSly [ +y S.‘L© 1+y M@ and
v o 1 \
D = [ . = e D . + 7__?__ D.
@ MSi 7, 1+z Sl@ 1+7z N{,@

the folldw1ng three rate equations result,

b 0@,51@“1@

de @ o (41)
v D ANa.-
4 8% _ 1ty o/ By &sig 1z @ ey O Sig
dt y=2 AX@ V=2 V@ Axp (42)

AN
dAx@= V(l+z gy L Cé) SIe 1ey B
at z(y=-2) A%@ V=2 V@ Aﬁa (43)

Equation (41) is of the same form as equation (12) and is

easily solved for D &N of the Ta5Si3 phase.

_ Ax)° _
DSiQANSi@_ E% L—tﬂl- - Z? R (44)

Fquations (42) and (43) represent a pair of coupled differ-

ential equations of the form
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dAXs 4 B
dt AX@ A)@ (/+5)
d ax

at Q- AC - AD (46)
& %

where A = 1ty 16 ]'5'@ ANgy

V-2
B = 14z V_@ ol n ’
V-2 V@ ® D@ ANSi@
= yll+z) @ D
C 7 ly-2 ® D@ ANg,

v
Ly @ B
and D = {7y To AQ Dg AlNgy

To solve the equations, assume a solution of the form

A%g = ké)tn
bxg = ké)tm

where k' =1k and k is the experimentally determined parabolic
rate constant. Substituting this into equations (45) and (46)
and equating powers results in n = m = %, which mathematically

substantiates the parabolic rate. Solving the equation yields
t

“® . Ao _ B
2 ki : (47)
1
© . C _ D
2 k! k! (48)
© ®
Replacing the values for A, B, C and D and solving for

~S

D(B)ANSiQ and D@ANSi@ results in a palr of equations showing
that the diffusion constants in the two growing phases are

coupled through the rate constants, k® and k©.
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~ V,
ot sig T Ty ;% (kh * = vg k1)
Usig op—
— Z
2°<@ k@*" v© 3h6) (49)
® ..
AN

2o(© ® Tk (50)
Therefore, although the relationship be-
tween diffusion constant and parabolic growth constant for the

Ta.Si, zone is the same in the M/TaSi, and Ta/TaSi, systems,

573 2
when two M silicide layers grow simultaneously the diffusiv-
ities of the two zones are coupled through the experimentally
determined k values. The Mo/TaSi2 system is an example of one
in which two M silicide phases grow simultaneously: Mo351 and
Mo5SiB, In such a system the 1ln k versus 1/T plot is not
necessarily a straight line since each growth constant in-
volves at least two activation energies: one fronlﬁﬁ)and one
from D , even 1f there is no M diffusion. If only one M

silicide grows J can be set equal to zero and only one

MSi,
equation results. ~
Dey ANa
Worg 1y B%sig
dt N AXg (51)
and
; ) Ng;
i - L (2%®) 9
Dy ANq: = Y = k
S
0™ 51 e THY t Xey © (52)
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b o Markers in the M/TaSi2 Systems
In the M/Ta812 systems, if M diffusion is
negligible the original interface, as indicated by markers,
will coincide with the Ta silicide-M silicide interface (III
in Figure 3). Therefore, one should observe only one phase

(TaBSi ), corresponding to the Ax, of Figure 2, and there

1
should be no phase boundaries between the original interface
and the TaSiZ/TaBSi3 interface. If this is not the case and
the original interface 1s positioned within a M silicide nhase,
M atoms are diffusing. The relative fluxes of M and Si diffu-~
sion can then be calculated as in the Ta/TaSi2 case. As an
example, a simple system consisting of one M silicide will be
considered.

FIGURE L

Original interface
I IT ITT

Tasi, Ta 51, M5, / M
® 63 6D

I 5TaSi§~——4—Ta5Si3 + 78%2 (53)
IT 6Ta5Si3 + 5ME M5Si3 + l5Ta28i (54)
3(5TaZSi + S%z——~¢>2Ta5Si3) (55)

ITT 38%9 + 5M-—a»M5813 (56)
(57)

D&———'-MB
Because the molar volumes, Vi, cancel out in this analysis

they will be omitted for clarity.
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ITT

If no

and

Therefore,

and

and

- 1
J = é J + 2<I
. 3 . Sn
Ta5813 5 %3 %@
Jpo g1 = =30y = 5ig;
Tapsi M Si
2 L Q§
J R - .1l
M5813 5 M§
M5813 3 l®
Ta,51 grows
J J.. = =5 o
J . (II) =0
I €
35813
J A
125913 = 7 Tsig,
T 9 o1,
M5813(a) : V%E
JM, 51 =1 1
5 b ‘ Si
3(b) 3 &
Psi, &Ngy = 27! . t@) ?J/
@ & o “ﬁz
EXem R i
D%AN T Mt ¢ Y A
| > v 2
' 5 .
3 (Aqg&)Zzz 3

DSiG)ANSjG) = 2&%3 ]

(68)

- 30 -




- 31 -

5 Rasis ofgéxl Ccmparisons
As can ke seen from the previous analy-
515, Das &No. i3 directly relat O ifo &
sis, Dg; ANDI‘ is directly related t ﬁ%a.ior all cases of
diffusion under the @ssumptions stated, These values for

the growth of Ta { 6%, zones) cen te compared with the

S
5773
ﬂ)ﬁigrowth in the Ta/TaSi2 system directly by comparison

of the growth ccnstonts k., As previcusly mentioned, this is
exactly the comparison needed to describe the effect of

barrier metals c¢n the degradaticn of Tadi Therefore, one

x
‘IaSi? directly from

the rate constants ol the &Xi zones in any of the systems

can determine the rate of degradation of

investigated. Since tcrh the diffusing specles (Si) and
5513) through which it 13 lost are the same

in all cases, differences in growth rates depend on the

the medium (Ta

activaities of Si in the M silicides adjacent to the grow-
ing Ta.S1i,.
& *9570

D, Previous Work

The only previous comparable work is that
by Bartlett (24) and Lavendel and Elliot {25). Both
of these used silicide-coated Ta specimens. The TaSi2
coatings were depcsited on the Ta substrates by vapor
deposition and the coated system was then diffusion-
annealed to form the lower silicide, Ta55130 The TaSi2

had cracks, defects and compositional impurities which

could affect the results ¢f the studies, Diffusing
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times were limited by the thickness of the original
Ta812 layer. Bartlett's experiments done in a nitrogen-argon
atmosphere resulted in an activation energy of 58,000 cal/mole

for the growth of Ta5Si Lavendel and Elliot performed their

30
diffusion anneal in helium and at higher temperatures. They

observed the growth of TaZSi as well as Ta Si3 at 3000°F and

above, and derived an activation energy of549,OOO cal/mole
for the process.

Other diffusion results relevant to this investiga-
tion are not directly comparable. Both of the above-mentioned
studies included a similar investigation of the Cb/CbSip
system and both found the activation energy for the growth of
Cb5Si3 to be the same as for Ta5813 in the Ta/TaSi2 system.
Koffman and Ogilvie (26) calculated the interdiffusion co-
efficients in Cb containing small amounts of Si and in CbBSi,
using a Wagner analysis based on the coupling of two-phase,
arc-melted wafers both of which contained the growing phase.
Due to technical difficulties they were not able to determine
D for the higher silicides. The resulting activation energies
are 88,000 cal/mole for Cb/Si solid solution, 166,000 cal/mole
for CbBSi and 89,000 cal/mole for W/Si solid solution (which
was analyzed by the Grube analysis).

Bartlett, Gage and Larssen (27) also investigated

the W/Si system and the Mo/Si system by coating WSi, and

MoSi, on W and Mo respectively. The method and analysis are
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similar to those used for Ta/TaSi2 and (Jb/CbSi2° The results
were: Q = 86,000 cal/mole for both W58i3 and MozSiz and
78,000 cal/mole for Mo,Si.

Bartlett and Gage (28) also measured the growth

rate of WSi2 and MoSi, during vapor deposition. Although Si

2
reaches the surface of the substrate by vapor transport, it
is solid-state diffusion through the silicide that controls
the rate of formation. Marker experiments using ZrO, spray
indicated that only Si diffused appreciably. The activation
energy for the growth of both MoSi2 and W812 was determined to
be 25,000 cal/mole. Hashimoto (29) grew W812 on a Si substrate
and obtained a Q equal to 22,000 cal/mole for the process.
Samsonov, et.al. (30) reported activation energies for deposi-
tion of Si on Ta, Mo and Ti as 22,000, 14,000 and 5,000 cal/
mole respectively. A general survey of diffusion in inter-
metallic compounds has been presented by Hagel (17). Although
no data for silicides are offered, the wide range of values
for @ (4 to 240 kcal/mole) indicates how much variation one
can expect in the diffusion properties.

No data on the actual effect of coating-substrate
interaction on coating performance or the effect of barriers
on service life have been found. Many empirical studies have
been made on the effect of certain additives on oxidation re-
sistance of the refractory silicide coatings. Passmore, et.al.

(31, 32) have investigated diffusion barriers in refractory

metals, but not silicides.
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IT. EXPERIMENTAL

A.  General

The main reason for lack of reliability in diffu-
sion results is poor control of experimental variables: temp-
erature, pressure (contact), composition. In addition,
physical defects such as cracks and pores affect the results.
Temperature and pressure can be controlled in the usual
manner during the diffusion anneal and contact between halves
of the couple can be ensured by careful cleaning, degreasing
and deoxidizing of mating surfaces. In the present study,
diffusion couples consisted of a refractory metal wafer and a
TaSi2 wafer. This has several advantages over the coating
method used by Bartlett. First, TaSi2 can be coupled with any
metal to test the barrier effect, whereas the coating method
can only yield a M/M silicide couple. Markers can be placed
in the couple at the investigator's discretion. The TaSi2
phase can be as thick as necessary to ensure that it is not
depleted during the anneal. Lastly, the composition and
physical defect variables can be better controlled. The metals
were obtained commercially as high purity, high density rods or
sheets (Appendix II) with very few physical defects. TaSip,
on the other hand, is commercially available only in the powder
form. In order to obtain reliable diffusion data, TaSi, had
to be fabricated into a high density, high purity form with a
low level of physical defects. Moreover, this fabrication

must be reproducible so that these variables will be constant
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in order to produce consistent results., Therefore, the first
experimental efforts in this research involved the development
of a technique for reproducibly fabricating high density, high
purity TaSi2 wafers.

B. TaSip Wafer Fabrication

1. Powder Metallurgy and Sintering

Because the melting point of TaSi2 is very
high (~ 2200°C ) it was decided to use powder metallurgical
techniques rather than melting to densify TaSi2 powder. This
involves first pressing the powder into the desired shape in
a die at room temperature and then sintering at elevated temp-
eratures, Sintering is a surface phenomenon based on producing
a high rate of mass flux across contacting surfaces of the
powder particles. The temperature needed to effect sintering
is usually taken as around three-quarters of the absolute
melting point. The temperature dependence and rates of shrink-
age can be shown to follow an Arrhenius expression. Pressure
is necessary to increase contact between the particle surfaces.
High pressures can mechanically deform most metals so that as
pressure is increased, spherical particle surfaces flatten
against each other increasing contact area.

Sintering aids may also be used to hasten
the process. They may operate by increasing the effective area
for diffusion, or by activating the surfaces or by inhibiting

grain growth. Reducing particle size also increases contact
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area. Minute amounts of impurities, especially adsorbed on
the surfaces of the particles, can have an extremely adverse
effect on the sintering process.
2 Successful Procedures

Initially, commercially available TaSi»
powders were cold-pressed and sintered in an effort to densify
the material. The aim was to produce 3" diameter x 0,05"
thick wafers with densities exceeding 90% of theoretical (X-ray)
density. The resulting product had no strength and large
amounts of varilous sintering aids did not produce densities
in excess of 80% of theoretical., For this reason, the
commercial TaSi, powders were abandoned and the material was
synthesized from the elements. Using the same techniques, our
TaSi2 yielded final densities over 90% of theoretical,

The manufacturing process shown by the flow
diagram (Figure 5) is the result of refinements and scale-up
of the initial crude fabrication technique., Complete descrip-
tion of each of the steps, the equipment and conditions used
can be found in Appendix ITI, 1In the reaction step, loosely
pressed wafers of the Ta-Si mixture were placed in a pile atop
an alumina ring. In this way, only a very small area of the
reaction mixture was in contact with any contaminating material.
It was necessary to add a nickel sintering aid to hasten sinter-
ing and to introduce a plastic binder to the TaSi, powder be-

fore cold-pressing to facilitate pressing and handling. TaSi2
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being much less ductile than most metals does not flow readily
when pressed and small faults are formed, which develop into
large cracks upon sintering. The use of a binder eliminated
the problem of cracking. To minimize contamination by the
binder, a presintering step was added to remove the binder very
slowly at a low temperature. During sintering in vacuum an
outer layer of Ta5Si3 formed by evaporation of Si from the
surfaces. This was ground off on a diamond disc. Successive
grinding and polishing on diamond discs produced a final
TaSi, wafer with a mirror finish,
3. Quality of TaSi, Wafers

Fabrication of Ta812 wafers using the above
techniques produced densities in excess of 95% of theoretical.
Although the finished wafers had a mirror finish, small pores
were visible microscopically. The concentration of pores was
small and reproducible (Plate I). X-ray diffraction results
showed the wafers to be almost pure TaSi2 with trace amounts
of Ta5813 (<5%). Under high magnification (1250X), the tri-
silicide was found to be uniformly dispersed across the wafer.
(The trisilicide appears pinkish against the gray disilicide
background.) No free Si or Ta was found nor were any other
phases detected. The microstructure consisted of small,
irregular, rounded grains. About 150 such wafers were pro-

duced at various times from five different starting batches.

After 60% of the diffusion anneal runs had
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been completed, the fabricating techniques which had pre-
viously been successful could not be reproduced. Visual
inspection of the new wafers indicated a high concentration
of large pores. A substantial effort was made to study the
effects of binder concentration, pressing load, mixing time,
sintering conditions and starting materials.

Since there was already enough data with
reliable wafers to test for effects due to wafer porosity
or impurity level, it was decided to use various types of
wafers in the remaining diffusion anneals, Good wafers were
used as controls in the same runs to test for any effects
caused by the use of the more porous wafers.

Three types of wafers had been produced
during the attempt to reproduce the original technique.

a. Very dense (close to 100%
theoretical) wafers containing a high concentration of
Ta5Si3 with hardly any pores. X-ray diffraction yielded a
concentration of about 40-50% Ta5Si3, Microscopic examina-
tion showed the Ta5Si3 dispersed as a web throughout the
TaSi,. These were designated * type (Plate II).

b. Dense (~ 95% theoretical) wafers
containing a high concentration of extremely small pores.
No traces of Ta5Si3 could be found in these wafers. These

were designated "A" type (Plates III and IV),
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c. Low density (< 90% theoretical) wafers
containing an average concentration of large pores with trace
amounts of Ta5Si3 similar to the original wafers., The grain
size was considerably larger and more angular than in any
other wafers. These were called "B" type (Plates V and VI).

L, Natural Markers

From thermodynamic calculations it was
found that at the temperatures used in the diffusion anneals
many prospective marker materials would be expected to be
unstable in the silicide system. This problem was overcome
when 1t was noticed during trial diffusion anneals that a
line of natural markers appeared in the diffusion couple.
These markers are partly the result of "dirt" remaining on
the mating surfaces even after careful cleaning. In addition,
the TaSi, wafers have more pores than the metal wafers. This
coupled with the low deformability of the TaSi, wafer tends to
pin a row of these pores along the original interface (Plate
I)., Similar markers were observed by other investigators
(19b) who noticed the same effect and testéd it by using
wire markers and observing them to be along this line of
defects. Therefore, no foreign markers were needed to locate
the original interface.

C. Experimental Schedule

An initial series of trial diffusion anneals were

made to check out equipment and bonding requirements and to
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become familiar with techniques and with the appearance of
annealed couples. Thereafter, an experimental schedule was
set up to retrieve the most information in an allotted time.
Figure 6 is a diagram of the schedule followed. The tempera-
ture range of interest, as determined by service conditions
of the silicides, is up to 2500°F. The lower limit of

2100°F was chosen because bonding between Ta and TaSi, was
poor below this temperature. The range of times was chosen
as the widest practical to ensure stability of diffusion
zones at the long times and observation of any non-equilibrium
effects for the short times.,

Each tex then represents one run made at a particu-
lar temperature for a particular time. Therefore, the schedule
ceglled for 25 runs. The circled number at the top of the box
represents the chrorological order of the runs. This order
wss chosen at randem so that statistical analysis would be
meaningful. The number 1 or 2 in the lower right-hand corner
of the box identifies the diffusion anneal furnace for the runs.,

The criteria for selection of barrier metals were:

L. Metals that were known to improve oxidation
resistance ¢of silicide coatings.

2, Metals with a wide range of melting points
bracketing the meiting point of tantalum.

3. Metals available in high purity in rods or

sheet .
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These criteria led to the selection of six
barrier metals: tungsten, rhenium, molybdenum, niobium,
zirconium and titanium. Rhenium is of particular interest
because, besides having a higher melting point than Ta, it
is the densest of the selected metals and has a hexagonal
crystal structure at the annealing temperatures.

Since Ta/TaSi2 was the system of primary interest,
each of the 25 runs contained a Ta/TaSi2 couple. Three runs at
each of the temperatures were masde for each of the barrier
metals. A group of couples to be annealed were stacked in a
sandwich arrangement and run under exactly the same conditions.
Therefore, the three or four metals listed in the center of
each box on the schedule indicate which M/TaSi2 couples were

run together with Ta/TaSi_ at that particular time and temp-

2
erature. The distribution of barrier metal couples through-
out the schedule is semi-random, the restriction being that
the higher melting point metals (W, Re and Mo) be run for long
times at low temperatures. This was necessary because these
materials exhibited poor bonding at the lower temperatures.

An example of how the wafers are stacked in
sandwich form is shown below the schedule in Figure 6, which
is for couples run at 2100°F for four hours. All couple
sandwiches were stacked in the same way: Ta wafers at the

ends and four or five TaSi, wafers (TS on sketch) alternating

with three or four barrier metal wafers. Fach wafer measured
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approximstely %" diameter Ly 1/16" thick; therefore, the
total sandwich was a cylinder about 3" in diameter by 2" higho
The use of this procedure in making runs has two advantages.

1. In any run the variables are exactly the
same for each of the couples.,

2 There are always duplicate couples within
any batch.

These advantages allowed amalysis of the data
for random or unexpected effects. It permitted variations
whose effects could be simply tested. For instance, any metal
wafer could be coupled with a dense TaSi2 wafer on one side
and a porous TaSi, wafer on the other side. Differences due
to porosity were then compared to random differences obtained
when the metal was ccupled on both sides by one type of TaSi2
wafer. Tests of this kind could be used to study effects of
Ta31i, wafer quality and surface preparation of both metal and
TaSi2 wafers. Since each TaSi2 wafer 1s coupled to two diff-
erent metal wafers, differences on either side of the TaSi2
may be attributed to differences in the metals.

Before the diffusion annesl the various wafers
to be used in the sandwich had their surfaces ground flat
and parallel and polished. They were then mechanically or
chemically fine polished, cleaned with water and acetone and

immediately immersed in acetone. The wafers were then, one

at a time, taken cut of the acetone, dried and stacked in a
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Ta sheet btasket. The basket consisted of a bottom circle
through which twa rilbkons were laced and upon which the bottom
Ta wafer resved, After the wuafers had been stacked to form
the sandwnich, the four ends of the ribbons were fed through
holes in an upper circle of Ta sheet and twisted to hold the
wafers in place. The excess ribbon was snipped off and
flattened down and the sandwich lowered into a molybdenum
clamp. This was a device thet applied pressure by differen-
tial thermal expansion., The tep of the clamp was screwed
down tightly against the wafers and the assembly was ready
for diffusicn anrealing.
D, Apparatus

The diffusion annealing was dcne in two identi-
cal SiC resistance furnaces diagrammed in Figure 7. The temp-
erature was controlled to within L 10°F ky a powerstat through
an on-cff controller and accurately measured by a potentio-
meter connected % & calibrsted Pt/Ft-10%Rh thermocouple.
The same thermocouple was used for contrecl and measurement.
The furmaces were heated over a weekend before the annealing
to assure thermal steady state, and the temperature monitored
on a Leeds and Ncrthrup recorder.

The Mo clamp was tightened down on the wafer
sandwich and the entire assemkly, consisting of the clamp
suspended on a molybdenum rod was fed through a small O-ring

seal connected to the top flange positioned on top of the
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FIGURE 7
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mullite tube, At this stage the rcd had been drawn up so that
the clamp and top flsnge were in contact. The flange was
then sealed at the teop of the tube by an O-ring seal and the
argon inlet quickcoupled to the argon line,

Annealing tock place in an argeon atmosphere to
prevent oxidation., The system was flushed by first drawing a
vacuum and then releasing argen through the tube. This was
repeated at least five times before the argon flow rate was
set and the pressure in the tube msde slightly above atmes-
pheric. To further protect the specimens from any leaks that
might develop, the clamp was completely surrounded by a
cylinder of tantalum sheet. This cylinder had a recess near
the top into which scraps -f Ta, Ti and Zr were placed to pro=-
vide more gettering actlicon. Five minutes was allowed for
temperature adjustment. The specimens at the top of the tube
were relatively ccld even when the furnace temperature was
2500°F, After the furnace had returned to temperature, the
clamp and specimens were rapidly lowered to the center of the
furnace, As the result of heating, the wafers inside the
molybdenum clamp expanded more than the clamp itself because
of the low thermal ccefficient of expansion of molybdenum.
Consequently, pressure was applied to the couples. The clamp
was designed for a minimum required pressure.

After the diffusion annesl, the specimens were

pulled up to the top of the tube and quickly cocled with the
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aid of & blower. Since the time fcr the furnace to return to
its steady~-state control after injection of the clamp was
about five minutes and the time for the specimens to cool to
below diffusicn tempersture was also about five minutes, time
control was within * 5 minutes and no corrections need be
appliied., Within twenty minutes the clamp was ccol enough to
be disassembled, A high temperature lubricant, MoS,, was
used to prevent sticking of threads and sandwich.

E. Measuring Technigues

After the specimen sandwich was removed from the
clamp, it was mounted in a room temperature-curing resin and
secticned using a small high speed circular saw. The section
wss taken a3 clese toc & diameter of the cylinder ¢f couples as
possible and perpendicular to the mating surfaces, One-half
of the sandwich was stored for later X-ray diffraction analysis
and the other was ground, polished and etched. Great care was
taken in grinding to ensure perpendicularity of grocund sur-
faces and coupled surfaces =0 that false positive errors were
not incurred. Polishing and etching techniques proved to
present, a challange since the sandwich contained both hard,
non-reactive and sufter, very reactive materials. Regular
metallurgical polishing mechniques tcgether with no load SiC
grinding proved to be most satisfactory. However, etching
of couples consisting of non-reactive TaSi, and very reactive

metals (such as Ti and Zr) proved more of a problem. Techniques
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based on masking the reactive metal while etching TaSi, were
satisfactorily developed to overcome this difficulty. A list
of etching reagents used is in Appendix II.

The appearance of the final microstructures of
the diffusion zones appears in Section IV, Measurements of
zone thicknesses were made using a Kentron microhardness tester
equipped with a 12.Z2X filar eyepiece and regular 20X and 40X
and oil-immersicn 1DCX zbjectives. The filar was calibrated
for each cbjective uzing a stage micrcmeter with 0.00L" divi-
sions and the calibration converted to microns. Errors in
zone thicknesses resulting from filar calibration were not
more than £ 1 micron.

Whenever possible, at least five equally spaced
meagsurements were taken azlong each side of the couple. As
previcusly menticned, there were duplicate diffusion zones in
each run; cne zone was called side {A} and the other side (B)
of the couple, Compariscn of the two sides of a particular
couple was & check of reprcducibility within the run and
diffeerences due to surface preparation, TaSi, wafer quality
and pocr contact cculd be readily observed and recorded.
Distances from the origirnal interface, indicated by a row
of holes. were generally easily measurable.

In order to determine the composition of the grow-
ing phases, the couples were subjected to X-ray diffraction
analysis., The general method was to analyze and grind success-

ively through the diffusicn zone in steps, starting with pure
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metal and ending with pure TaSi First, the half of the

X
couple sandwich set aside after sectioning was broken out of
the mount. Different techniques for analyzing the zones were
tried, but one proved most practical and reliable. Since the
original interface is marked by a line of defects and holes,
this is the line cf least resistance to mechanical stress.
Therefeore, when the ccuple is mechanically split, the wafers
separate at or near the original interface. This was accomplish-
ed by applying a tcrque to the wafers. In most cases the
wafers split without much stress. All indications were that
when the wafeers split cleanly they did so &t the original
interface. Failure to achieve this condition was easily ob-
served. After splitting, the separated surfaces were subjected
to full scans (17-72°) in a Norelco diffractometer using CuKet
radiation to determine the phases present near the original
interfesce by compariscn with the ASTM file {33)., Full details
of diffraction conditi~ns appesr in Appendix IV. If the com-
position cf the zones were well determined, a short scan was
chosen to include the high intensity peaks of the phases pre-
sent., FEach wafer wss then successively ground and analyzed
until pure metal was reached in one wafer, and pure TaSis, in
the other. Measurements of amcunt of material ground off were
made with & micrometer to £0,0001", Figure 8 is an example

of a series cf scans made on a Ta/Ta812 couple showing how

the peaks for Ta, TaSiz and two forms of TasSi3 vary as the
diffusion zone is traversed. Although the method of splitting
the wafers and grinding was relatively crude, the results ob-

tained proved very satisfactory.
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ITI. EXPERIMENTAL RESULTS

A, General Description

Photomicrographs of microstructures encountered
in this investigation appear in Section IV. These indicate
how interfaces were located during zone thickness measurements.
The appearance of the microstructures and bonding defects adds
much to the qualitative understanding of the phenomena. Gen-
erally the most difficult interface to identify accurately was
the TaSiz/Ta5Si3 interface, This was because the appearance
of the trisilicide closely resembles that of the disilicide
and grows on the grains of the disilicide. Therefore, the

TaSiz/Ta5Si interface generally appears as a wavy, non-uniform

line runninz along grain boundaries, rather than as a sharp,
straight line as with the M/M silicide interface. The . .
TaSiz/Ta5Si3 interface was actually more noticeable than is
indicated in the black and white photomicrographs presented
here, since the trisilicide appeared pinkish against the gray
disilicide.

Besides yielding quantitative kinetic results, the
zone thickness measurements can be analyzed qualitatively for
other effects. Since measurements were made at equally spaced
intervals along an interface, the first and last measurements
are results for the ends of the measurable zone length toward

the periphery of the wafers. The center of the zone corres-

ponds to a point either at the middle measurement (if there are
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an odd number of readings) or between the two middle measure-
ments (for an even number of readings). Therefore, a plot of
zone thickness vs, distance along a diameter indicates varia-
tions other than random fluctuations in the growth of diffusion
zones., These may be due to the effects of differences in
pressure or surface condition. These plots are called Zone
Profiles (ZP) and appear together with the appropriate X-ray
diffraction data in part E of this section, Figures 1l through
30, The data have been plotted using arbitrary units so that
zone thicknesses (X-axis) have been expanded about 1000 times.
Thus, fluctuations are greatly exaggerated so that trends may
be readily observed. The center line of the wafer is indi-
cated in each plot and since the M/M silicide interface was
always most clearly and accurately defined, all thicknesses
have been shown relative to that interface.

The X-ray diffraction data shown with the Zone
Profiles appears in a plot called Concentration Change Profile
(CCP). These profiles are drawn by recording the absolute in-
tensities above background of the strongest (or second strong-
est) peaks of the phases in the diffusion zone as a function
of distance from the original interface. The experimental
technique has been previously described. Although the abso-
lute intensity of a particular peak in a mixture of solids
does not relate directly to concentration, a qualitative

relationship may be assumed. Therefore, by noting the changes
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in intensities, changes in concentration can be observed and
the composition of the diffusion zones may be deduced.

Parabolic growth constants, k, are tabulated in
Tables III through VIII for each of the systems investigated.
In each table, k values are listed for isothermal growth at
each of the experimental temperatures. They are given for
the total diffusion zone and for each of the partial zones
composing it. The data were analyzed by performing a least-
squares analysis on the equations

(ax)? = k,t
and (ax)? = kgt + b.
Details of statistical analysis applied to the data appear in
Appendix V. The variance is expressed as a 95% confidence
interval (C.I.) and therefore the first two values tabulated
are:

Parabolic constant (through origin) = k, X 95%
C.I. of ko and

Parabolic constant (best straight line) = kg I 95%
C.I. of kg; b £ 95% C.I. of Db
where k's are in sz/sec and v b values are in microns.

The second equation (best straight line) was
tested to ascertain if there were delay times for the formation
of any phases. This would correspond to a negative value for
b. Positive values of b have no physical significance since

this would require a finite thickness of the growing phase to




- 55 =

be present before the diffusion anneal was started. The sign
of b was retained before the {1 b for this purpose,

The third value, Oy qt, is a result of a linear
regression analysis performed on the equation (ax)? = kt.,
This analysis yields a linear regression factor, FL’ which if
significant indicates that a streight line should be fitted to
the plot of (Axﬁz versus t. A departure from linearity fac-
tor, Fp, if significant, indicates that z higher order curve
can be fitted. Using standerd statistical practices, Fp as
well as Fj frequently proved to be significant even when Fp
was very much greater than Fp and it seemed evident that the
best fit should be a straight line., A ratic of the linear
factor (or contribution) to the totsl contribution {linear plus

higher order factors) wes used and called the Ciyggr. There-

T, ) .
Crest = FE%FB and varies between O znd 1. The approach

fore,
of the Ci.gr to unity then indicates the relative strength of
the linear factor and messures the reliability of the assump-
tion of linearity.

The three values described above are the result
of the analysis of all the data recorded for a particular temp~
erature., The three values appearing immediately below these
(designated kg, kg and Czest) are the results of the same
analysis performed on dats omitting the pocrer wafers. This

was done to determine the effects of the use of these poorer

wafers on the reliability of the data. All of the statistical
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analyses were performed on an IBM 360 computer using a program
written in Fortran IV.

B. Specific Systems

1.  Ta/TaSi,
Plates I and VIII show the appearance of

typical Ta/TaSi2 diffusion zones in the unetched and etched

state respectively. The Ta/TaBSj_3 interface (xy) and the orig-
inal interface (xo) are easily identifiable in the unetched
couple as well as in the etched couple; but the TaSiZ/Ta5Si3
interface (xTS) can be located only after etching. On the
other hand, Plate VII indicates the appearance of a couple in
which the junction was broken. In this couple the adhesion
was very weak because annealing was at the lowest experimental
temperature for only four hours. In this instance, mounting
of the sample was enough to rupture the intermediate zone.
However, readings were taken for total zone thickness for such
a couple because, as is shown in the ZP for this couple
(Figure 11), the total thicknesses did not vary greatly from
the one reliable point at which the couple was well joined.
The results of the thickness measurements

in the Ta/TaSi, system are shown in Table III and in Figures 9a

2
and 9b., It will be observed from Table III that the parabolic
growth constants, k, for the total zone have been measured

within fairly narrow confidence limits (approximately * 5% to

15% of the average value). (The Ta/TaSi, system is the only



TABLE ITT

ﬂm\emmwm SYSTEM - PARABOLIC RATE CONSTANTS

ﬁmzw. TOTAL ZONE PARTIAL ZONES
oF) .
k's in (cme/sec) ;10 () axy (TagSiz) TaSip Side axp (TazSiz) Ta Side
ko= | (7.5+0.8)x10-12 (4+4)x10-13 (5+1)x10-12
ks= || (6.7F0.8)x10"12;4+s (-T+4)x10713 ;443 (4F1)x10-12; 5+,
2100 Ctest = 0.974 0.387 0.855
ko= |l (7.5+0.9)x10~-12 (L.6+0,9)x10-12
k&= |l (6.6%0.8)x10-12;4+, same AP.HMU.wVNHo|Hmwme
test = 0.973 0.945
(1.5+0.3)x10-11 (3+2)x10-12 (7.7+0.9)x10-12
(1.170.2)x10"11;84, (1¥8)x10-13 ;442 (6.370.8)x10"12;3+2
2200 0.949 0.492 0.940
11
(1.5+0.3)x10777] (3+2)x10-12 (8+1)x10-12
(1.070.2)x10™" ;947 (-T+1)x1071%2;643 (6%1)x1071%; 443
0.932 0.377 - 0.924
(5.5+0.5)x10711 (6+2)x10-12 (2.6+0.2)x10™+L
(6.070.4)x10-11;-10+10 (7%2)x10712; 2547 (2.7%0.2)x10™ 47
2300 0.990 0.934 0.993 -
(5.240.7)x10-11 (4+1)x10-12 (2.7+0.3)x10"11 .
(6.5¥0.6)x10"11 ;17412 (671)x10"12 ;546 (3.270.2)x10-11; 1047
0.955 0.912 0.973 -
(1.27+0.,08)x10-10 (1.3+0.3)x10-11 (6.240.3)x1071L
(1.3170.08)x10-10;-9+9 (1.870.3)x10711; 1148 (5.610.3)x10-11;10+8
24,00 0299k 0.879 0.997
(1.27+0.09)x10-10 (6.1+0.4)x107+1
(1.34%0.09)x10710; 12415 same (5.8%0.4)x10-11;849
0.992 0.999
(2.5+0.3)x10730 (2.3+0.6)x10-11 (1.21+0,09)x10-10
(2.070,2)x107+Y; 28416 (1.570.5)x10-11 ;12411 (1.07%0.08)x10-10;16+13
2500 0.973 0.922 0,983

(2.5+0.3)x10-10
(2.170.2)x10"10 ;26423

0.962

Am.mwo.mvxpo-ww
(1.670.5)x10™++;10+10
0.870

(1.21+0.,09)x10-10
(1.0570.08)x10-10;17+13
0.982

1
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system in which the growth of the total zone has basic signif-
icance,) For instance, the first value for k, ko = (7.5 + 0.8)

x 10717 cmz/sec means that one has 95% confidence that the true
value for k, lies between 8.3 x 10-12 cmz/sec and 6.7 x lO_12
cm?/sec. The values for ko and b indicate that variations of
the best straight line through the data about the origin are
random, and a line through the origin can be accepted as the
best line. In other words, there is no incubation period for
the formation of Ta5Si3‘ The Cyggqt values are very close to
unity indicating that the growth rate is truly parabolic. Com-
paring the data for the partial zones, it is clear that the
values of the sz gzones (Ta side) are more accurate than those
for the Axl Zones (Ta812 side). This stems from the extra
difficulty in identifying the TaSiZ/Ta5Si3 interface. Compar-
ing the complete and the incomplete (e) values, it is obvious
that the inclusion of data from couples employing poorer TaSi,
wafers has a negligible effect on the overall reliability.
Figures 9a and 9b are examples of the parabolic
plots obtained. The Ta/Ta812 system represents a relatively
simple growth mechanism. Each point represents an average of
about ten pieces of data. The lines drawn are the least-
squares lines through the origin utilizing all of the data.
The scatter for individual points is shown in Figure 9a as
+0, but is omitted on the other parabolic plots for purposes

of clarity. The overall quality of the data may best be

inferred from the k values in Table III,



- 59 -

The Arrhenius plot of the data for the total zone
growth in the Ta/TaSi, system is shown in Figure 31. The line
drawn is the least-squares fit of all the data (not the kg
values alone) and each point represents an average of approxi-
mately fifty pleces of data. The slope and intercept of the
line were computed using the same statistical approach applied
in the determination of parabolic growth constants, and the
statistical limits of the values expressed as a 95% confidence
interval. The expression for the least-squares line is k =
5e'77’OOO/RT where Q (the activation energy) = 77,000 + 3,000

5 fg cm? /sec.

calories/mole and the pre-exponential constant =

The ZP (Figure 11) for the couple corresponding to
the microstructure shown in Plate VIT has already been discussed.
It can also be observed from this plot and ZPs for Ta/TaSi,
couples annealed at different conditions (Figures 12 through
14) that fluctuations along the diameter indicate nothing more
than random variations since no trends can be observed. They
also clearly depict which sides of the couples exhibit poor
bonding by the relative paucity of data points.

The CCP in Figure 11 shows some interesting
features. First, Ta5Si3 was found to grow in two different
crystallographic forms: tetragonal and hexagonal. Bartlett
(21) found only tetragonal TasSi3 in his couples, but Nowotny,
et.al. (34) reported Tas5i; as having a hexagonal structure.

On the other hand, Knapton (35) and Parthe, et.al. (36, 37)
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reported that pure Ta5813 is normally tetragonal and that the
hexagonal form is an impurity-stabilized phase. In this re-
search, when Ta5Si3 formed in small amounts during the synthesis
of‘TaSiz, it was found to be hexagonal; whereas the trisilicide
formed by loss of Si from the TaSi, wafer surface during sinter-
ing was found to be tetragonal, In Figure 11, hexagonal

Ta5Si3 can be seen to form only on the TaSi, side of the orig-

2
inal interface (the negative directions toward the sides of

the CCP, designated Aaﬁ_in the ZP. The Ta or metal part of
the couple is located in the center of both ZP and CCP plots

with TaSi, on either side, forming side (® and side (B)for a

2
couple as it appears in the wafer sandwich.) The ratio of hex-
agonal Ta5Si3 to tetragonal Ta5Si3 was always higher in the
Axl zone (Ta812 is hexagonal) than in the 6%, zone (growing
from Ta (cubic)) as evidenced in Figures 12 through 1i.

Figure 14 is a good example of how well the CCP
discloses the compositions of the growing zones. (There is a
small amount of overlapping of phases growing in adjacent
zones due to diffraction of X-rays by different depths within
the couple. Using a relationship given by Cullity (38), 95%
of X-ray diffraction in Ta5813 takes place within a layer
approximately 0.3 mils thick. (Appendix IV)). Notice that
the amounts of hexagonal and tetragonal Ta5813 in the AXy
zone are about equal. The ratio of the two crystallographic

forms of trisilicide varied from practically pure tetragonal
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in Figure 11 to an intermediate condition in Figures 12 and 13
and finally to a state in which the two forms are present in
equal amounts (Figure 14). This is a general trend noted in
the diffusion couples as the zone grows. That is, the ratio
of hexagonal Ta5Si3 to tetragonal TasSiz on the TaSi, side of
the original interface increases from a small number for thin
diffusion zones to about unity for the thickest zone observed
as depicted in Figure 14. On the other hand, in the Ax, zone,
the ratio increases only slightly from its low thin-zone value
as the zone thickness increases, Therefore, not only are there
different concentrations of the two forms of trisilicide on
each side of the original interface, but the relative concen-
trations change differently as a function of time and temper-
ature,

Another interesting feature of Figure 11 is that
it indicates that a lower silicide (Ta,S8i) is growing. This
phase does not appear as a differentiated zone under the micro-
scope, which means that either it is dispersed within the tri-
silicide or present in very small amounts. Lavendel and
Elliot (25) found this phase growing only at high temperatures.
Although there is no microscopic evidence of TazSi in any of '
the data, the phase does grow apparently as a dispersed phase
at low temperatures when local deficiencies of Si occur due to
low rates of diffusion. This is illustrated in Figures 11 and

12. Figures 13 and 14 indicate that at higher temperatures
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TaZSi can also grow; now as thin layers and only under certain
unusual conditions, By comparing sides (@) and in both high
temperature CCPs, it can be seen that the Tazsi layer forms
only when there is a poor junction between the Ta and TaSi2
wafers. This is because the silicon activity in TaySi is low
and therefore appears only when it can be in equilibrium with a
low concentration of Si, as when a barrier to diffusion such
as an empty space 1s interposed in the growing zone.
2. Diffusion Barrier Systems

As stated earlier, this research had two
main aims. First was the measurement of the rate of loss of
silicon to tantalum from TaSiz, The second purpose was the
search for a diffusion barrier to minimize this loss. For the
latter, it was preferable to examine the behavior of a sub-
stantial number of candidate metals rather than make precise
measurements on a few. Therefore, the number of couples tested
in the M/TaSi2 systems were fewer and the results less reliable.
Nevertheless, they were more than adequate for the purpose.
In addition, the nature of the intermediate layers was in-
vestigated.

a. Nb/TaSi,

Niobium resembles tantalum in its
properties and forms similar silicides; NbSi, (hexagonal
crystal structure), hexagonal and tetragonal Nb58i3° Although
the metal-rich side of the Nb-Si phase diagram is not as clear-

ly defined as that of the Ta-3i phase diagram and Nb and its
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silicides melt at considerably lower temperatures, the similar-
ities between Nb and Ta make analysis of the Nb/TaSi2 system
imperative., Plates IX and X show the microstructure of the

Nb/TaSi_ diffusion zone after annealing at low and high temper-

2
atures respectively. Plates XI, XII and XIII show an isothermal
sequence, revealing the appearance of the growing zones at
2200°F, From the photomicrographs it 1s noticed that there are
two zones growing on the Nb side of the original interface

( bx, and Ax,) as well as the TagSis zone ( Ax ) on the TaSij,

1)
side of the original interface. The appearance of the zones
is the same for all of the experimental conditions and even
under the condition furthest from equilibrium (Piate IX) the
zones exhibit the same microstructure. The columnar growth of
the Ax, zone is an interesting feature brought out by proper
etching of the sample and is a frequent phenomenon in solid
state surface reactions. All of the interfaces were readily
identifiable and the results of the thickness measurements in
the Nb/TaSi, system appear in Table IV.

The first item to be noticed in Table
IV is the values of the parabolic growth constants, k. They
are generally an order of magnitude larger than the corres-
ponding values in the Ta/TaSi, system for both total and Axy
(Ta5SiB) zones. This indicates that niobium would probably

make a poor barrier material. The confidence limits for the

parabolic growth constants listed in Table IV are somewhat
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ZU\HmmHm SYSTEM -~ PARABOLIC RATE CONSTANTS
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Cest = x (2 points)

x (2 UOHSﬁmM

x (2 vowzﬁmm

=AH.mHo.mvao-Ww Ap.owo.mvxwo,ww (1.7+0.6)x10-11 (7+1)x10-12
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higher than those obtained in the Ta/TaSi2 system; ranging be-
tween &approximately * 10% and + 20% of the average value. This
is to be expected because 40% fewer runs were made in the
Nb/TaSi, than in the Ta/TaSi, system. Again, the values of b
indicate that there is no incubation period for any of the
gones. By comparing the results for each of the partial zones,
it is evident that each 2one has been measured with approxi-
mately the same accuracy. DMost of the Ctegt values are close
to unity indicating parabolic growth, but there are some ex-
ceptions., TFor example, the values at 2300°F using complete
data are quite low (the corresponding confidence limits are
higher than for the other temperatures). The reason for this
ig that two of the three runs made at this temperature used a
poorer type of Ta812 wafer, When this type of wafer was
diffusion-annealed using a good TaSi2 wafer as a control at
the same conditions, it was found that the poorer wafers
yielded larger diffusion zones in the Nb/TaSi, and Zr/TaSi,
syastems. Therefore, the data obtained using these types of
TaSi2 wafers in the Nb/TaSi2 couples are of questionable re-
liability; and by comparing the complete dat& with the in-
complete date (o) at 2300°F it can be seen that exclusion of
the questionable data lowers the average values for k consid-
erably. Since (after omitting this data), the results depend
on only one couple, confidence intervals and Ciest values have

no meaning and statistical methods cannot be used. Nonetheless,
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the effect of omitting poor data can be observed at 2100°F for
the AX; zone. In this case, the confidence interval was re-
duced to one-third of its previous value. In the tables of k
values for the M/Ta812 systems, when all the data for one par-
ticular run are omitted (because poor TaSi, wafers were in-
corporated in the couple) no value for C%est can be computed
and this is designated by "X (2 points)". If two runs are
omitted as at 2300°F in Table IV, the value of the confidence
interval also has no meaning and only an average ko value is
entered and the notation "Only 1 point". One other low value
for Cyegt 1s noted in Table IV. This is the result for ax,
at 2200°F. In this case, only good TaSi2 wafers were used,
but close inspection of Plate XIIT will indicate that the Ax,
zone is unusual. This is the only one of the fifteen Nb/TaSi,
couples to exhibit a region in 6x, close to the original inter-
face in which the columnar grain structure is lost. Since the
A X, zone grew in a non-typical manner, this is reflected in
the quality of the data. The Arrhenius plots and results of
temperature dependence for the M/Ta812 systems will be presented
comparatively in parts C and E of this section.

The ZP and CCP plots for Nb/TaSi

2

couples appear in Figures 15 through 18. As in the Ta/TaSi2
couples two crystallographic forms of the trisilicide appear:
tetragonal Nb58i3 and hexagonal Nb5Si3a Knapton (35) assigns

a tetragonal structure to the pure trisilicide and calls the
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hexagonal Nb5813 an impurity-stabilized phase. In this work
it was found that both forms of trisilicide grew with the
hexagonal phase increasing in amount relative to the tetragonal
phase as the zone grew. This can be observed in Figures 15
through 18. In Figure 15 (thinnest gzone) only the tetragonal
Nb5813 appears. After 100 hours at the same temperature
(Figure 16) the hexagonal phase is also evident. At 2500°F
(Figure 17) the amount of hexagonal Nb5Si3 increases until,
for the thickest zone (Figure 18), the hexagonal trisilicide
becomes predominant. In the same sequence, it can be seen
that as hexagonal Nb5Si3 becomes prominent, NbSi2 appears near
the original interface. NbSi2 should be unstable between
Ta5Si3 and NbsSig (if Si activities in Ta and Nb silicides of
the same stoichiometry are close, as assumed); but X-ray
diffraction analysis indicates a thin layer of NbSi, existing
close to the original interface. This is observed only at
high temperatures when rapid Si transport can produce the
unstable highest silicide. The formation of NbSi, (which is
hexagonal) could account for the stabilization of the hexa-
gonal NbssiB phase.

Besides NbSi, and two forms of
Nb5813 another phase (labeled X) is drawn on the CCP. This
represents one unidentified X-ray peak not characteristic of
any Nb silicides in the ASTM file. The shapes of the X pro-

files closely follow the shapes of the tetragonal Nb5Sj_3
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profiles and one might therefore infer that the unidentified
peak is a usually negligible Nb5813 peak enhanced by preferred
orientation. But this would not explain the appearance of two
distinct microscopic zones in the ZP of Figure 15, where, if X
and t-Nb58i3 were the same phase, the CCP would predict only
one phase. Therefore, if one accepts the microscopic evidence,
the X profile must be considered as a phase separate from the
trisilicide.

The difficulty in identifying the X
phase is that the ASTM file contains only the diffraction data
for NbSi, and three Nb5Si3's. The phase diagram, Figure I-2
(Appendix I), also presents a lower silicide, Nb,Si. Another
lower silicide, Nb3Si, has also been proposed (26); but
Alysmovskii, et.al. (39) were unable to establish the existence
of either NbBSi or NbASiq In addition, Lavendel and Elliot
(25) found no evidences of lower silicides in Nb/NbSi, couples
at any of their experimental conditions. Hence the existence
of lower silicides is in some doubt. On the other hand, the
shape of the X profile in Figure 18 seems to indicate that
the X phase corresponds to AX, and is therefore a lower sili-
cide; but the other CCP plots give no indication as to which
phase is growing in Ax, and which phase is growing in Axj,.
Therefore, the experimental evidence in this work is also in-
conclusive in determining the existence of a lower Nb silicide

layer.
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The X phase may be a silicide higher
in Si content than NbsSi,; for Koffman and Olgivie (26), in
trying to grow Nb;Si; between mixed couples of Nb3Si/NbsSis
and Nb5SiB/NbSi2, found two distinct layers growing. The
appearance of their diffusion zone strikingly resembled that
observed in this work. The zone adjacent to the high silicon
concentration wafer had a columnar microstructure and was
identified as NbBSi2 bty electron beam microprobe analysis.,
Parthe, et.,al. (40) had assumed this composition for what is
now accepted as tetragonal Nb58i3; but Koffman and Olgivie
showed both Nb3812 and Nb5813 to be growing side by side.

Therefore, if Nb3812 and NbBSi can be considered as having

3
very similar crystal structures but very dissimilar micro-
structures, the AX, zone and the AX, zone can be considered
Nb58i3 and Nb3Si, respectively. It is possible that a slight
change in stoichiometry results in a major change in the chem-
ical behavior and physical appearance, but very little change
in X-ray diffraction properties. In some instances a micro-
scopic zone may be a mixture of more than one phase, e.g.
tetragonal Nbs3ig and hexagonal Nb5513. Iin other cases, a
phase may be found by X-ray analysis, but be too thin for
microscopic detection.
b, Zr/TaSi,
Zirconium is a very active metal and

forms many silicides. Because it has been used as an additive
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to help increase the protectiveness of silicide coatings, its
effectiveness as a diffusion barrier has been studied. Zr
metal goes through a phase transition from hexagonal to cubic
crystal structure at 860°C and is therefore cubic at the diffu-
sion anneal temperatures. Plates XIV through XVII show the
intermediate zones in the Zr/TaSi2 system as they grow thicker,
It is apparent from these photomicrographs that the TaSig/Ta5SiB
interface (XTS) is less distinguishable than in the previously
cited plates. This is because of the high chemical activity
of Zr and its silicides, so that proper etching of the TaSi,
and Tassi3 would overetch the Zr side of the couple. Masking
the highly active side with tape or wax while etching the
Ta5813 helped in disclosing the total microstructure; but
difficulty in exactly positioning the masking material made
it necessary to compromise the etching procedure so that the
Ta58i3 was usually underetched. Another feature of the
Zr'/TaSi2 couple is that at the higher temperatures the Zr
silicides become cracked and porous (Plates XVI and XVITI).
This makes measurements of the thickest zones less accurate.
The results of the thickness measure-
ments for the Zr/TaSi, system are listed in Table V, and the k
values can be seen to be of the same order of magnitude as in
the Nb/TaSi2 system for both total and Axl zones. Therefore,
zirconium does not act as a diffusion barrier. The confidence

intervals for k, are generally in the same range as for the
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Zr/TaSi, SYSTEM - PARABOLIC RATE CONSTANTS
ThME, TOTAL ZONE PARTILAL ZONEo
(°F)
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Nb/TaSi, system, with the values at 2300°F being somewhat
higher. This is because data could only be recorded for two
conditions at 2300°F. Comparison of the results for the partial
zones indicates that the 4x; zone has been measured less accur-
ately then the other zones. One reason for this is the already
mentioned difficulty in measuring the TaSi2/Ta5Si3 interface in
these couples. Also, the Axy results are improved by omitting
the data employing poor Ta812 wafers. No such effect is noticed
for the other partial zones. In other words, use of poor TaSi,

wafers only affects the growth of the Ax. zone (as was corrob-

1
orated by control runs with good TaSiz)u
The ZP plots for the thinnest and

thickest intermediate zones in the Zr/TaSi_ system are shown

2
in Figures 19 and 20 respectively. No corresponding CCP plots
were drawn because X-ray diffraction analysis was inconclusive
in determining all of the phases present in the diffusion
zones. At first glance, the variations along side in
Figure 19 might seem to indicate a trend due to an unmeasured
parameter such as pressure. In Plate XIV, which shows the
microstructure of the same couple presented in Figure 19, it

will be noticed that the Zr/Zr silicide interface (x is not

)
a straight line as in all of the other M/TaSi2 couples, but
instead the original interface (xo) is considerably less wavy.

Therefore, if X, is taken as the line of reference, the true

appearance of the interfaces can be represented by the dotted
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lines shown on side of the ZP. The trend now appears some-
what improved., Comparing Figures 19 and 20 it can be seen that

the AX, zone grows considerably more slowly than both Ax., and

2
Axa zones. Therefore, Zr is consumed in these couples at a
higher rate than is TaSi2. Eut if the porous nature of the
Axa zone at high temperatures (Plate XVII) is taken into
account, the amount of Zr reacted would not be as high as
indicated by the parabolic rate constants.

Although X~ray diffraction analysis

fairly well determined the composition of the 4x. zone as

1
Ta5Si3, as in other couples, indentification of the other two
zones was not successful., There are a number of reasons for
this difficulty. The Zr-Si phase diagram (Figure I-3) indi-
cates the existence of seven Zr silicides. 1In addition to
these, the ASTM Powder Diffraction File (33) gives X-ray
diffraction data for two other Zr silicides and Karpinskii and
Evseev (41) report even another Zr silicide, Zr5Si, . There-
fore, a total of ten Zr silicides have been reported to exist
which are, in order of decreasing Si content: ZrSiZ, Zrsi,
ZrgSig, ZrsSiy , Zr,Siy, ZrySiy", ZrgSi,, ZrySi, Zrysi*, and

ZrhSi, Those silicides marked with an asterisk are not re-

ported on the accepted phase diagram and those underlined are
not found in the ASTM X-ray Diffraction File., X-ray diffraction
studies on the diffusion couples showed no evidences of ZrSip,

irSi, Zr3812 or Zr5Si3. Some of the X-ray peaks could be
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associated with Zrp,Si and ZrBSi, but most of them remained un-
identified. This means that any or all of the underlined
silicides could be present, either as thin layers, mixtures

or in solid solution. Also because of the data recorded near
the original interface, it was assumed that ternary Ta, Zr
silicides or solid solutions of Ta silicides and Zr silicides
might exist. It was later found that the Zr/TaSi2 couples
were at times being split within the porous, fragile Zr sili-
cide zone rather than at the original interface and, therefore,
the unknown peaks as well as the shifted Ta silicide peaks
were being recorded, The complexity of the X~-ray patterns
added to the difficulty of deducing the composition of the
zones.

In one exﬁeriment a Zr/TaSiz couple
was split aﬁd part of the intermediate layer was scraped off
the Zr wafer. This layer was not very adherent and flaked off
quite easily. It was ground to a powder and mounted into a
film-type X-ray powder diffraction camera for complete diffrac-~
tion analysis. Two sets of arcs appeared on the film strip.
One set was composed of continuous arcs and proved to be
ZrBSi and the other set had the spotty appearance accompanying
large grain size and was identified as the «Zr-Si solid solu-
tion. Therefore, the existence of ZrBSi in the diffusion zone
was fairly well established; but there is X-ray evidence that

this does not grow in the early stages of diffusion. This
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work also appears to indicate a much higher solubility of
silicon in zirconium than is shown in the phase diagram derived
from earlier X-ray measurements. Full details of the X-ray
diffraction data recorded for the Zr/TaSi2 system appear in
Appendix IV,

c. Ti/Ta812

The additive which has been empiri-

cally shown to be most effective in increasing the protective-
ness of silicide coatings is titanium. The results of this
work should be conclusive in determining if this effectiveness
is a result of Ti acting as a diffusion barrier. Ti goes
through the same phase transition at the same temperature as
zirconium. Typical microstructures of thin and thick diffu-
sion zones in the Ti/TaSi2 couples appear in Plates XVIII and
XIX respectively. The only interface which was always easily
located was Ti/silicide (XM)O Problems in properly etching

the Ti/TaSi_ couples were similar to those encountered in

2
etching the Zr/Ta812 couples. Masking of the Ti side of the
couple was employed to avoid overetching of the highly active
Ti metal and Ti silicides. This was particularly difficult
when the intermediate 2zone thickness was very small, as illus-
trated in Plate XVIII. Not only was the TaSiZ/Ta5SiB inter-
face difficult to identify under these circumstances, but the
original interface was also not easily located. Polarized

light was helpful in ascertaining the positions of these inter-

faces. For the thicker zones the TaSip/TazSij interface (xrg)
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was readily identified where the masking technique was used
(Plate XIX). The position of the original interface (xo) was
still not certain, now because of the extreme amount of poros-
ity developed during diffusion. Therefore, there is some doubt
about the true position of Xo3 but various micrographic tech-
niques were helpful in locating X, and indicated that the AXq
zone represented a larger percentage of the total thickness
than in other couples. (This is opposite to the effect noticed
in the Zr'/TaSi2 couples). It proved helpful to locate X6 by
high magnification prior to measurement at normal magnification.
Plate XXVI indicates the appearance of the Ti side of the

couple under high magnification, A slight change in micro-
structure as well as initiation of porosity were used to

locate x . The zone measured as ax, is also visible in this
photomicrograph. At normal magnifications this appeared as a
dark non-uniform strip running along the Ti interface. At the
high magnification shown in Plate XXVI the eutectoid nature

of the 2zone, as well as its non-uniformity, is evident. The
eutectoid is predicted from the Ti~Si phase diagram (Figure

I-4) which shows the eutectoid reaction occurring at about

860°C and about 1 atomic percent Si, In addition, there is a
eutectic which forms from the melt at 1330°C (2426°F) and
contains 13.7 atomic percent Si. Therefore, the upper limit

of use of titanium as a barrier with TaSi2 is 2400°F because

of liquid formation. The appearance of the eutectic i1s shown
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in Plate XXVII which shows a Ti/TaSi couple annealed at 2500°F.

2
Plate XXVITIT shows this Ti/Ta812 couple at lower magnification
and indicates the severe attack on titanium by the formation

of a liquid phase. The results for Ti/TaSiz at 2500°F obvious~-
ly have no significance in a study of solid~-state reaction

kinetics. One other unique effect in the Ti/TaSi, system is

2
shown in Plate XXIX., In this photomicrograph the lower part
is near the edge of the sample and the upper region is toward
the center of the sample. Toward the edge of the sample the
AX, zone is considerably thicker than near the center of the
sample where the thickness measurements are usually made. It
is also noticed that there is an abrupt change in the position
of Xy starting a cusp near the center of the photomicrograph.
Generally, one such cusp was found beginning near each edge

of the sample with a long continuous region, in which all
thickness measurements were made.

The results of the thickness measure-
ments for the Ti/TaSi2 system are presented in Table VI. From
the values for k it can be seen that the total zone grows at a
rate close to that for both the Nb/TaSi2 and Zr/Ta812 systems,
but the bX, zone grows at a much higher rate on a comparative
scale. Therefore, titanium's effectiveness as an additive in
commercial coatings is not a result of diffusion barrier
action. The confidence limits listed for the data that have

been recorded are in the same range as the previously mentioned




TABLE VI

HH\HmmHm SYSTEM - PARABOLIC RATE CONSTANTS

wmgw. TOTAL ZONE PARTIAL ZONES
Om. .
k's in (cm</sec);1b (W) | axy (TasSis) &Xo : AXg
ko=|| (1.0+0.2)x10-10 (3+1)x10-LL (1.0+0.2)x10-11 (1.2+0.5)x10-12
ke=ll (1.1570.2)x10710 1442 | (3F1)x10711 ;12417 (1.070.2)x10"11; 248 (0.770.5)x10712;343
Ctest = 0.778 0.551 0.960 0.465
2100 , =IO 11
ko=|l (1.220.2)x1077 (4.8+0.7)x10-11 (1.130.2)x10777 (7+1)x10-13
k%&=|f (1.2%0.2)x107+" ;10420 (4.770.7)x10-11:5413 | (1.170.2)x107+%;2+8 (4F1)x10-13; 242
Cfest = x (2 points) x (2 Uowbdmw x (2 Wou.,bdmm x (2 points)
(1.8+0.2)x10"+Y (8+2)x10-L11 (1.240.4)x10-11 (1.3+0.4)x10~12
(2.010.2)x10710;-18+21 | (832)x10-11;-9+22 (1.430.4)x10-11:-6+10 | (1.1%0.4)x10-1%;2+3
NNOO O-@ﬂb‘ Oe@@@ O.@@O Oo@u_lw
| (1.8:0.3)x1077 (1.2+0.5)x10712
I (2.0%0.2)x10710; -22425 Same Same (1.2%0.5)x10712;1+3
0.965 0.895
fl (5.0+ 0.8)x10-10 (2.6+0.4)x10-10 (2.7+0.9)x10-11 (1.2+0.3)x10~12
(5.1+0.8)x10710;-16+36 | (2.430.4)x10-10;17+27 | (3.530.8)x10-11;-11+12 | (0.950.3)x10"12 242
2300 0.863 0.910 0.639 0.858 )
(5+3)x10-10 (2+1)x10-10 (3+3)x10-11 (1+1)x10~1%
(10%1)x10-10;100+50 (431)x10-10; 63445 (8%2)x10-11;-33420 (-T+9)x10-13;5+,

x (2 points) x (2 points]) x (2 points) x (2 points)
(1.1+0.1)x10-9 (4.9+0.4)x10-10 (1.0+0.3)x10-10 (1+5)x10-11
(1.230.1)x10"9;-40+40 (4.5%0.4)x10-10;21424 | (1.3%0.2)x10-10;-21420 | (1F5)x10-11;-11436

2400 0.96L 0.993 0.781 x (2 points)
(1.140.2)x107 (4.940.5)x10710 (1.0+0.4)x10-10
(1.3+0.1)x1077;-524+48 (4.5%0.5)x107~" ;23429 | (1.4%0.3)x10-10;-26+23 Same
0.953 0.992 0.737
2500 Melting Melting Melting Melting

_8A_
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M/TaSi_ systems. The results for the total zone fit the

2
theoretical parabolic rate equation better than would be ex-
pected for a ternary system as indicated by the values for

C Two noticeably low values for Ciest 8t 2100°F occur

test”
for Axy and AX, . Omission of the poorer specimens ( e values)
reduces the confidence interval for these zones, indicating
improvement of accuracy, but has little effect on other zones.
In fact omission of data employing poor TaSi2 wafers consider-
ably worsens results for 2300°F. The results for ax, seem
better than might be expected from the microscopic appearance
of the zone.

The ZP and CCP plots for the thinnest
and thickest Ti/TaSi2 diffusion zones are presented in Figures
21 and 22, Although variations of zone thicknesses seem to be
random, the fluctuations of the Axa zone appear to be much
more pronounced than in any of the other M/TaSi2 systems, in
which the Ax, zone is generally the best behaved zone. Micro-
graphy also appears to indicate that the ax, zone is not a
simple compound, but rather a eutectoid mixture which may grow
in a complex manner, X-ray diffraction analysis tends to con=~
firm this. Difficulty in drawing CCP plots for Ti/Ta812
couples was caused by problems associated with preparing the
samples for analysis rather than difficulty in identifying the
phases present in the intermediate zone. Titanium metal

bonded so well to TaSi2 that most of the couples could not be
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properly split. Most often, the couple broke apart within the
T3812 wafer. This made it impossible to be sure of the posi-
tion of the original interface. Fortunately, the two specimens
which did split cleanly were the thinnest and the thickest
gones produced, presented in Figures 21 and 22 respectively.
In these couples only one side could be properly split and
therefore CCP plots have been drawn for only one side in each
couple. The phase diagram for the Ti-Si system (Figure I-:)
is known accurately and predicts the existence of three sili-
cides: TiSiZ, TiESiB’ and TiSi. However, only Ti58i3 was
found in any of the Ti/TaSi2 couples. The distribution of
phases according to the CCP in Figure 21 is unusual, Ti5313
is shown as growing on the TaSi, side of the original inter-
face. This is the only system in which this was found, but
the lack of silicides or the Ti side (only solid solubility

of Si in Ti was indicated by the shifting of the X-ray para-

meters of Ti n=zar x_ ) seemed to indicate that perhaps this

o)
was observed because the wafers actually split near xy
rather than x.,. However, the results of the CCP in Figure
22 strongly cocnfirmed the presence of Ti5813 in the4ﬁxl
zone, Visual evidence after splitting substantiated the
position of X, as indicated. Moreover,.Ti5Si3 grew as a
separate layer (0- tomn -2.0 mil) within Ax) rather than in

mixture with Ta5Si3. Unfortunately, because of the porosity

of the ax; zone, no interface between TizSi; and TasSij
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could be found. The small region (+1.5 to +2.0 mil) in which

the intensitities of Ti5Si and Ti peaks are relatively con-

3

stant may be considered the eutectolid composition.
do W/Ta512

Tungsten has the highest melting
point of all true metals. This property alone makes it a
candidate barrier material. Plates XX and XXI show the
microscopic appearance of the two types of diffusion zones
encountered in the W/TaSi2 system. Plate XX is typical of
short time, low temperature runs and shows only two porous
zones; whereas Plate XXI exhibits four distinct microscopic
zones and is typical of high temperature, long-time runs,
Although the thickness of the diffusion zone in Flate XXT
should be much greater than that of the porous zone in Plate
XX, the porous zone is actually thicker., This indicates
that the intermediate growth in the W/Ta812 couple 1s not
simply solid state diffusion, at least at low temperatures
and short times.

From the results of the thickness
measurements, presented in Teble VII, it should be noted that
the values for k (total and Axy), although an order of mag-
nitude higher than in the Ta/TaSi2 system at low temperatures,
are close to the values for Ta/Ta812 at high temperatures.
Most noticeable are the low values for Ctegt which show that

the parabolic growth rate is not followed. Confidence limits




TABLE VII
WZTaSiZ SYSTEM - PARABOLIC RATE CONSTANTS

TEM§. TOTAL ZONE PARTIAL ZONES (to be continued)
(°F ,
k's in (cm</sec);4b (W) ~ (TacSia)
ko= || (2+3)x10-10 (4+8)x10-11
kg= || (-%+1)x10-10;120+60 (-3+7)x10~11 ;17446
2100 Ctest = 0.112 x (2 points)
k%= || (243)x10-10 (4+11)x10-11
6= || (~3+1)x10-10;130+50 (-T0+9)x10-11;66+52
C%est=0.130 x (2 points)
(4+3 %1010 2x10-11
(-3+2)x10-10;130+70
5200 0,177 Only 1 Point
Same Same
(5+3)%10770 (923)x10-11
(673)x10710; _60+80 (673)x10-11 ;22422
2300 0,696 x (2 points)
' (3:1)x10710 (9+4)x10-11
(2F1)x10710;43+48 (643)x10-11 ;24427
x ( 2 pecints) x (2 points)
(313)x10770 (5+8)x10-11
(133 )x10~19;70+90 (077+8.0)x10-11 ;35447
24,00 0,243 0.139
gl.7iQ.9)xlO‘lO (3+2)x10-11
1.070.8)x10-10;43+48 (1¥2)x10-11;20+19
0.815 0.761
(2.430.4)x10-10 (4+2)x10-1L
(2.3%0.4)x10-10;10+30 (078+1.5)x10"~1:26+19
2500 0.986 0.602
(2.5+0,5)x10710 (43+2)x10-11
(2.370.5x10-10;23+35 (077+1.0)x10"11 ;27416
x (2 points) x (2 pointss
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on ko reflect a large amount of scatter about a straight line
through the origin; but in most cases, the limits on kg are
considerably better indicating that a straight line through
the origin is a poor fit of the data. The quality of the
results improves at higher temperatures. Omission of poor
data does not improve the quality of the results except at
2400°F, At this temperature, data were recorded for one
couple in which the junction between the wafers had been
ruptured. A control couple run at the same time showed that
good contact had never been established in the ruptured zone
and therefore, the data recorded were erroneous. Because
each run involved other couples with good behavior, it may be
assumed that the poor quality of the data is a result of the
properties of W and its silicides., Recause of the hardness
and stiffness of W metal, the junctions between the wafers
in W/Ta312 couples were poor, particularly at low temperatures
and short diffusion times. This may result in silicon being
transferred by vapor transport as well as solid state diffu-
sion and, therefore, simple parabolic behavior would not be
expected.

In this system the parabolic plot,
Figure 10, can be helpful in interpreting the results. The
lines drawn for 2300°F, 2400°F and 2500°F are the least-squares
lines obtained from the k, values in Table VII. At 2100°F

and 2200°F the solid lines were drawn by eye through the three
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average data points for each temperature and the dotted lines
extended to the origin, assuming that vapor transport controlled
growth in this region, If it is remembered that the growth of
the total zone, represented in ¥Figure 10, was controlled by the
growth and shrinkage of different partial zones, three stages of
growth can be seen in the parabolic plot. At low temperatures
(2100°F and 2200°F) vapor transport of silicon caused the total
zone to grow very quickly at first and when contact later im-
proved, solid state diffusion became the controlling mechanism.
In addition to slowing the rate of S5Si transport, different phas-
es might be caused to grow by depletion of those previously
grown, resulting in thinner total zones. In the second stage
(2300°F, 2400°F), although zone thickness increased with time,
the temperature dependence was not followed. Only in the

third stage (2400°F, 2500°F) did solid state diffusion control
growth after each experimental condition.

The ZF and CCP for the couple sﬁown
in Plate XX are presented in Figure 23. Because of the wide
space between the two growing zones, no significant data
could be recorded for the position of the original interface,
The CCP shows the composition of the growing phases to be
W812 and Ta58i3. WSi2 was the only W silicide growing.

Figures 24, 25 and 26 show how the number and composition of
the microconstituents in the complete zone changed with in-
creasing time and temperature. In Figure 24 another phase,
forming a new microconstituent zone,.Axal, appears.

W5Si3’

Because of the porosity of the low temperature zones, both
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W58i3 and W metal seem to be present near the original inter-
face in the CCP. This was caused by diffraction of X-rays
which penetrate deep into the porous zone. In the ZP AX 7

is not a continuous zone but only grew near the center of

the couple. Associated with the growth of Ax,] was a decrease
in thickness of the other two zones near the center line.

This is just such a trend that the ZP was designed to disclose.
Clearly the growth of a thin AX,q (W5Si3) zone and the de-~
creased growth rate of the other zones, as a result of less
vapor transport, caused the total zone to be considerably
thinner near the center than toward the edges of the measured
zone., The thickness of the total zone varied dramatically,
exhibiting symmetry about the center line. This same effect
is noticed (somewhat less dramatically) in the ZP plots in
Figures 25 and 26, representing the high temperature appear-
ance of the diffusion zones. Although the variation in total
thickness became more subdued as the 8x;7 layer thickened and
became more uniform, it can still be seen how small decreases
in the size of the W5Si3 zones enlarged the total zone to a
much greater extent. In Figure 25 another new zone has

grown, Ax between Ta5Si3 and WSiZ. This can be seen to

azr?
be WSi, and W5813 from the CCP below, The compositions of
all four diffusion zones, grown under conditions most closely
resembling steady state, are clearly defined in the CCP of

Figure 26. The phase compositions were determined by X-ray

-
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diffraction analysis. The W-Si phase diagram (Figure I-5)
is well established and indicates only two silicides: WSi2

and W5Si All X-ray data were clearly defined. The ZP and

3
CCP plots for the W/TaSi2 couples, by showing that the number
and composition of growing phases changes as a function of
time and temperature, confirm the existence of more than one
growth mechanism.
€. Mo/TaSi2

Molybdenum silicides are the best
known and most carefully studied compounds in the silicide
family. The melting point of molybdenum is between those of
Ta and Nb. These qualifications make Mo a choice candidate
to be tested as a barrier material. Microstructures of

Mo/TaSi. diffusion zones formed under low and high diffusion

2
conditions appear in Plates XXIT and XXITI respectively. At
first the appearance of these diffusion zones might be con-
sidered similar to the zones encountered in W/TaSiz couples
(W and Mo are in the same group in the periodic chart), but
there are two major differences. A small but measureable

A xy zone (next to Mo) appeared in the Mo/TaSi2 couple at
2100°F even after short diffusion anneals. The Ax,q (W5Si3)
zone in W/TaSi2 couples run at 2100°F was not measurable
except after the 100 hour anneal. Also, whereas Plate XXI
represents the appearance of W/TaSi2 diffusion zones in many

of the high diffusion conditions, the Mo/TaSi2 zone in Plate

XXITIT does not.




TABLE VITIT

Mo/TaSi, SYSTEM - PARABOLIC RATE CONSTANTS

TEM§ TOTAL ZONE PARTIAL ZONES
(°F
k's in (cm?/sec);ib (W) ax]_(Ta55i3) AXD AX,
ko= (7+18)x10-10 (2+4)x10-10 (1+3)x10-10 (1.3+0.9)x10-12
kg= (-1.340.4)x1079;200+90 (-4+1)x10-10:112+454 (-2.8+0.4)x10-10;93431 | (1.6+0,7)x10-12;-3+4
2100 Ctest = X (2 points) x (2 points) x (2 points) x (2 points
©=ll1x10-7 3x10-10 2x10-10 1.2x10-12
k_9=
S C% oer = Only 1 Point Only 1 Point Only 1 Point Only 1 Point
(1.0+0.1)x10-2 (2.3+0.4)x10-10 (1.6+0.2)x10-10 (3.2+0.5)x10-12
(1.0%0.1)%1077;-14+52 (2.570.4)x10-10; 18428 | (1.670.2)x10-10;3+20 (2.6%0.4)x10™+%;3+3
2200 0.999 0.990 0.997 0.963
(1.0+0.2)x10-? (2.310.6)x10719 (1.6+0.3)x10710 (3.1+0.8)x10-32
(1.070.2)x1079;25+75 (2.570.6)x107+Y ;22440 | (1.5%0.3)x107 7515429 | (2.470.7)x107 12 444
x (2 points) x (2 points) X (2 points) x (2 points)
(1.6+0.2)x10"9 (5+1)x10-10 (2.9+0.,9)x10-10 (1.1+0.8)x10-11
(1.470.2)x1077;50+80 (471)x10710 . 58447 (3.770.9)x10710;-42+46 | (1.170.8)x10-11 ;3411
0.956 0.894 0.862 0.438
2300 5 : : - 5
(1.4+0.3)x10" (4+1)x10-10 (2.2+0.6)x10-10 (1+1)x10~
(1.130.2)x10-9;69+70 (4F1)x10"10; 43448 (2.5%0.6)x10-10;-21430 | (1F1)x10-11;7+14
0.950 0,957 0.891 0.338
(1.8+0.2)x10-Y (4.040,4)x10-10 (2.9+0.6)x10-10 (1.7+0.4)x10-11
(1.430.1)x1079;70+50 (3.5%0.4)x10710:26+27 |(2.7%0.6)x10-10:14+32 | (1.370.3)x10~11;747
5 0,950 x (2 points) x (2 points, 0.905
400
Same Same Same Same
(1.5+0.8)xL0™7 (2+41)x10-10 (3+3)x10-10 (6+2)x10-11
(8+77x10-10;140+140 (9¥13)x10711;59+60 (172)x10-10;72481 (771)x10~tL; 16420
2500 0.387 0,313 0.240 0.767
(8+1)x107+0 (1.0+0,2)x10~10 (1.0+0.2)x10-10 (6.9+0.7)x10-11
(67240.5)x107+0 ;62442 (6+17x10-11:30+20 (0.7%0.1)x10710:26+419 | (7.0%0.7)x10™"~;-5+14

x (2 points)

x (2 points)

x (2 points)

x (2 pointss
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The results of the thickness measure-
ments are presented in Table VIII for the Mo/TaSi, system.
Low temperature values for k are the highest of any of the
systems tested being two orders of magnitude higher than the
results for Ta/TaSi,. At high temperatures, however, the
k values are only one order of magnitude higher than in the

Ta/TaSi, system, or about the same as in most of the other

2
M/TaSi2 systems. The high confidence limits on the 2100°F
results can be attributed to paucity of data at this temper-
ature and the results are consequently in considerable doubt.
Results at 2200°F, 2300°F and 2400°F are almost as good as
those for the Ta/TaSi2 system. Confidence limits are gener-
ally low and the high values for Ci gy indicate that up to
2L00°F growth follows the parabolic rate. At 2500°F, the
result for one of the runs was not reliable.

Figures 27 through 30 show ZP and
CCP plots for the Mo/TaSi2 system. Mo itself becomes very
brittle after heat treatment causing many Mo/TaSi2 couples
to crack and making measurements impossible. Therefore,
three of the ZP plots contain data for only one side of the
couple, whereas there is no ZP data for the couple represented
in Figure 27. The CCP for this couple, nonetheless, shows
that there should be two zones growing: Mo5Si3 and Mo3Si.
Although the Mo-3i phase diagram (Figure I-6) predicts the

existence of these two silicides, as well as MoSip, it was
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not evident at first that Mo3Si was growing in the diffusion
couple. Many of the X-ray diffraction peaks for Mo331i coin-
cide with those for Mo5Si3, making the diffraction data diffi-
cult to interpret. Identification of MOBSi was made on the
basis of one abnormally high peak which corresponded to the
200 diffractometer reflection for Mo3Si. This same peak is
listed in the ASTM Powder Diffraction File as being rery low
and, therefore, the enhancement of the reflection would have
to be a result of preferred orientation. The argument for
defining Mo3Si (cubic crystal structure) by virtue of its 200
reflection alone would not have been acceptable had not the
type of preferred orientation responsible for the enhancement
of this peak (called "cube texture") been found to be common
in many cubic metals as a result of recrystallization. The
intensity recorded for Mo3S5i must be considered abnormally
high, and when identifying zones using the CCP, it must be
remembered that the relationship between concentration and
X-ray peak intensity is considerably more strained than for
other compounds and metals. Therefore, in comparing the ZP
and CCP in Figure 28, MosSi3 was assigned to the thicker, ax,
zone and MOBSi to the ax, zone. It must also be remembered
that at 2100°F the AX, zone is quite porous, and the enhanced
reflection from the Mo3Si below (and the high amount of back-
ground scatter associated with it) causes the Mo5Si3 peaks

to be more subdued. These effects are more noticeable in
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Figures 29 and 30, in which the intensity of the Mo, S3i peak is

so high that a separate scale had to be used. It iz noticed
that MoSi2 is also growing in 4x, similar to the growth of
Nb3i, in the Nb/TaSi2 couples at high temperatures. Even in
these diffusion couples the CCP plots cause some confusion.
In Figure 30 the CCP seems to indicate the sequence: TaSi,,
Ta5SiB, MoSi2 (Mo5Si3), MOBSi, Mo5Si3 and Mo metal. This
seems unreasonable from the standpoint of thermodynamics.
Also, the microstructure in Plate XXIII shows the two regions
in Ax, on the ZP as being very similar. This would hardly be
expected if these two zones were MoSi, (Mo5Si3) and Mo3Si.
Therefore, from microscopic evidence, thermodynamic considera-
tions as well as the results of the thickness measurements
compositions were assigned as in the ZP for Figure 30, realiz-
ing that the CCP could be misleading due to the extreme
orientation of the MoBSi phase.

f. Re/TaSi2

Rhenium was chosen for testing as

as diffusion barrier because of its high melting point and
high density. Re is the densest metal and has a melting point
between W and Ta. It was also of interest to investigate a
metal with a hexagonal crystal structure as a barrier. (Re
was the only metal tested which was not cubic at the anneal-

ing conditions.) Plates XXIV and XXV show Re/TaSi2 couples

run at 2100°F and 2500°F respectively. In fact, the diffusion
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gone shown in Plate XXIV was the most consolidated of all those
run. Because of cracking and loss of material from the diffu-
sion zones, only a few pieces of data could be recorded and,
therefore, no results for the growth kinetics in the Re/TaSig
system were obtained. The reason for the incompatibility in
the Re/TaSi2 couples is probably mechanical and a result of
the properties of both Re metal and its silicides at the temp-
eratures of interest. Mechanical compatibility should be
improved at higher temperatures and, therefore, runs made
above the temperatures of interest should produce results.
There is not much data available on the Re silicides, and

the Re-Si phase diagram has not yet been resolved. Three sili-
cides of Re have been reported in the literature: ReSi2
(tetragonal), ReSi (cubic) and Req51 (cubic) (42, 43). X-ray
diffraction analysis of Re/Ta812 couples indicated ReSi,
growing initially and another phase appearing as the zone

grew thicker. This new phase was not ReSi (the only other

Re silicide reported in the ASTM X-ray file), and was assumed
to be ResS8i3 by analogy with the W/TaSi, system. Knapton (44)
reported a Re5813 having a tetragonal structure and lattice
parameters of a =~9,53 and ¢ =~4.8l., This is not in agree-
ment with the results of this investigation which are reported

in detail in Appendix TIV.
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C. Comparative Results and Effect of Temperature

Tables IX and X list the results for the tempera-
ture dependence of the growth constants using all data and
incomplete data with high quality specimens respectively.

~-Q/RT

The Arrhenius relation of the form k = kCe is assumed.
The parameters k° and Q are obtained by a least-squares
analysis of the equation: 1n k = 1n k© -Q/RT, and R is the
gas constant. The previously calculated parabolic rate
constants (k) were not used; but rather the original thick-
ness measurements themselves were used in the analysis.
Therefore, at each temperature there are about fifty values
of (Ax)?/t for the Ta/TaSi2 system and about thirty for each
M/Ta8i2 system. These data were analyzed by computer using
the subroutines for least-squareg and departure from linearity
analyses employed previously in the computation of parabolic
growth constants.

In Tables IX and X the Arrhenius expressions are
listed for the total and partial zones for each system. Q,
the activation energies for diffusion, are tabulated in the
next column together with the 95% confidence intervals.
Values for the pre-exponential constants, k©, appear with
their 95% confidence limits in the next column; and Ctest
values are listed in the last column. High values for Ciegt

in this case indicate that the data follow the expected ex-

ponential temperature dependence. Using Cyegt @5 a criteria



TABLE IX

ARRHENTUS EXPRESSICNS FOR GRCWIH RATES (Complete Data)

93 -

System k kﬂemQ/RT Q + CIT -K«(k +k© Cteost
{kcal/mole) (cm /sec

Ta/Tasi

fotal 2 | k=5¢-77,000/RT 77 + 3 245¢11 0.9998
A%, k= 29”8172086339 81 T 7 0.2¢2¢16 0.979
ax; k=0.6e ! 73 F 2 0,3€0,6¢1.4 0.996
W/TaSi .

Total © | k=(kx107L0)e" JJJ/RT 2+ 13 [0.3€4¢52)x107L0 10,033
ax k= (110" )%e“ll 0O0/BT | 11 ¥ 1k | 10,1€1¢23)x1079, | 0:37k
AXE o k= (1 5310%) 07120, 000/RT | 150 5 1 2,1€1.5¢20)x105 | 0.996
L% k=(5x10-12) e*5,000/KI -5 T 17 (s 4\%<80)x10 -12 10,163
ax2, k=(1%10-9) =20, C0I/RT 20 T 45 10-15210-%10-3 | 0:110
Mo /TaSi

fotat k={4,x1076) e=25,000/RT 25 + 9 10,5¢4431)10-6 0.873
Axy k=(2%10~7)e~20,000/RT 20 7 10 (7.1 2¢60)x10-7 | 0.547
ax; k=(1x1076)e-32:000/8T | 50 T 10 | (071¢1<16)x10-6 | 0.923
ax; k=0, Le-755 JO/RT 75 1 7 0,04<0,4£3.6 0.998
Nb/TaSi

Total = | k=(1. 4X18 -40,000/RT | 10 . ¢ (0,451, 4<h . 5)x10-4{ 0.987
A x| k= (4x10-9) _BbaOOO/RT 30 T 10 (0,2¢4<68)x10-0 |0.770
Jyies k={4x10-0)g=36,000/RT | 35 T § (0" rsieio)sm0-0 01885
ax; k=(1 43103 )e=55,000/RT | 35 T 7 (0.2¢1.4€12)x10"3 | 0.954
Zr/TaSi

[Eotal < | k=(4x10-3)e~50,000/kT 50 + 5 (1<4417)x10™° 0.991
ax; k=(3%10-5) 40, » 000/ T L0 ¥ 10 (0.13<76)x107?  |0.92}
AXS k=(1x105k) g 59,0 L5 T 9 (0.1€1<12)x107%  |0.989
ax., k=1,2e-70,00 76 T 6 0.2<1,2¢8.6 0.995
Ti /TaSi

total © | k=0.8e-§0,000/RT 66 + 6 0.1€0.845.4 0,978
Ax, k=170e 0% oooﬁRgOO/RT 8, T 9 10<170<2600 0.982
2k k= (4xl0™2) e b B0 | L T 9 (0.3¢4¢57)x107> 10,911
DX k=(1x10"11)e 6 T 20 (0.01<1<150)x10-11}0,254




TAELE X

ARRHENTUS EXPRESSTONS FOR _GROWTH RATES (Incomplete Data)

9 -

k = kOe~Q/RT

System Q@+ CI -kO&kO<+kO C
(kcaIl/mole) (cmi/sec) test

Ta/Tasi.

Total - | x=6e-78,000/RT 78 + 3 22641}, 0.9996
&%) k=3e-84, 000<RT 84 ¥ 7 0.3<3434 0.979
ax; k=087 4>000/RT 7T 2 0.4<0.8<1 .4 0,998

W/TaSi

Total - | k=(1x10719)e*2,000/RT “2 + 15 (0.1<1£21)x10-10 0,038
2% k=(5x10"10) e ﬁ?g'Qég}BT 8 T 18 10.1¢5¢13)x10710 188
AX; 5 k=(1.3x102)e"1=0,U 120 T 10 (0.1<1,3¢21)x105  0.996
A% k=(5x10-11)e-2,000/FT 2 ¥ 18 {0.3¢5¢80)x10-11  {0.022
AXS] k=(3x10-10)e-20,000/RT | 20 T Zg (2c10-17¢3%x10-10 |5, 063

<Lx1072)

Mo /TaSi  form

Eotal - | k=(1.3%1077)e L4 O00/RT | 1 5 (0.1¢1.3¢15)x10"7_ |0.605
ax; k (1. 10 9)2“1»0)0/RI £ ¥ 19 19,73<1.3¢65)x10-9 0.053
8% = (2107 020 /RT 6T 17 (0.122¢44) %1079 [0.263
ax- k-11e-86,000/kT 86 T 9 {7.6€11<200) 0.997

Nb /Ta 51

total k=(1xlo~3)e'46 000 /8T Lo & E (0.4€1€2.6)x1073 0,998
AX] le=(7x10-2) e™42 {UL/RT L3 F 8 (1<7<49)x10-5 0.990
Ax, k= (8%10" 6>§~3> 508 BT 1 39F 9 (1€8<55)x10+6 0.927
AXg k=(2.5x1073)e"58,000/RT | 53 § ¢ (0.542.5¢13)x10-3 [0.983

Zzr/TasSi

[Eotal  ~ | k=0.08e-58,000/RT 58 + 5 0.02€0.08€0.33  D.99%
AX] k=(4x10-7) "2 000/RT 55 7 7 (0.6<4¢31)x10" 0.986
A%, k=(8x1077) 65 57agOO/RT 50 9 0.,548<120)x10"%  p.968
Ax k=0,5¢=7 72T 5 (0.1€0.5¢2.2) 0.999

Ti/TaSi

fotal ~ | k=0.03e:25,000/RT 55 + 5 0.006€0.03¢0.17 [.956
A%y K=?.5e“66 g?O/ié - 66 T 6 o.1<o.5<4.% : o.géa
AX k=(2.3%10" 40 T 10 (0.1<2.3<53)x10-5__[0.895
Ax2 k=(5x10-11)e~-10, 000/RT 10 ¥ 20 {0.0145¢2000)x10-11.394
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for the quality of the data, it can be seen that the best re-
sults are those for the Ta/TaSi2 system, and the worst are
those for the W/Ta312 system. It can also be observed that
the growth of the AX, zone (Ta side) in the Ta/TaSi system

is more accurately known than the growth of the Ax., zone

1
(TaSi2 side). This was noticed before and is a result of
difficulty in measuring the TaSi2/Ta5Si3 interface. The low
values for Cp.q¢ in the W/TaSi2 system are another indication
of more than one mechanism of growth. Interpretation of the
growth rates based on a solid state diffusion mechanism pro-
duce results which have no meaning due to the extremely high
confidence intervals and must therefore be disregarded. The
remaining values of Cyegt, With two exceptions, are high
indicating that there is only one controlling mechanism and
the Arrhenius temperature dependence is observed. One of the
exceptions is the AXq zone in Mo/TaSiZ, Deviations due to
poor data at 2100°F and 2500°F are strongly observed in the
Ax) zone. Also, the Ax, zone in the Ti/TaSi, system does
not show the expected temperature dependence. Microscopic
evidence indicated that this zone was a eutectoid mixture

and not a stoichiometric compound and, therefore, would not
be expected to grow in the usual manner. These results, as
well as the values in the W/TaSi2 system, were not improved
by the omission of poor TaSi2 wafer data, as is evident by

comparing Table X to Table IX. On the other hand, results
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in the Nb/TaSi2 and Zr/TaSi2 systems were improved by omitting
the poor wafler data. The reason has been previously discussed.
Comparison of the activation energies for the
partial zones in the Ta/TaSi2 system shows that their ranges
overlap, although the extremes are substantially different.
Hence, it may be concluded that the controlling process is
the diffusion of silicon in Ta5SiB, even though the reaction
producing the Ta5813 is different in the two zones. This is
also true for the Ax) and Ax, zones in all of the other
systems with the exception of the Ti/TaSi2 system, where Q
for 4xq 1s considerably greater than Q for‘sz. In the re-
maining systems it is the ax, zone (closest to the metal)
which exhibits a higher activation energy ('AXaZ zone in the
W/TaSi2 system) than the other partial zones. The activation
energies for total and Axj zones in the Ta/TaSi2 system are
higher than in any of the other systems (with the exception

of the Axy zone in the Ti/TaSi system reported in Table IX).

2
Comparison of data for barrier effects can best

be accomplished by Arrhenius plots shown in Figures 32 through

33. Figures 32a and 32b are plots of total zone results for

complete and incomplete data respectively; whereas Figures

33a and 33b show the Ax; zone results. In each figure, data

for each of the barrier metal systems is plotted, together

with the Ta/TaSi2 results so that direct comparison may be

made. Each point on the plot is an average of the number of
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measurements recorded for the temperature of interest. The
line is the least-squares line calculated from all the data.
A1l of the plots indicate the same conclusion: none of
the metals tested should make good barriers to the
degradation of TaSi, in the temperature range of interest.
This is because all the M/Ta812 systems tested show larger
growth rates than the Ta/TaSi2 system. The only competitor
is tungsten at the highest temperature. Data at the lower
temperatures was most probably a result of poor contact and
vapor transport of silicon. At higher temperatures, the
existence of a thick W812 zone indicated that solid state
diffusion did not control the rate during the initial stages
of growth. Although it seems that W could act as a diffu-
sion barrier for TaSi2 av temperatures above those investi-
gated, the system still contained WSi, (grown by vapor
transport of Si) even at 2500°F and, therefore, no prediction
could be made. The other unusual results are those for the
Mo/TaSi2 system. It can be seen that if the points at
2100°F (in doubt because of paucity of data) and 2500°F
are lgnored, a line through the other three points
better fits the expected temperature dependence. Also,
the slope of the line, indicating the value of Q, is
closer to the slopes observed for the other lines.
Degradation of TaSi2 is best observed by com-

paring the growth rates of the Ax, (TazSi,) zones repre-
1 5773
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sented in Figures 33a and 33b. Although the same conclusion
concerning barriers is reached, deviations from the Arrhenius
lines are more pronounced than for the total zones.

D. Results of Marker Experiments

1, Ta/TaSi, System
The results shown in Table XI are the
simple averages of the ratio AXZ/AX]_ for each run in the

Ta/TaSi, system in which the partial zones were measurable.

2
In Section IC, it was shown that in the Ta/TaSi2 system

AX
22%%

A% (21)
if Dp, = O (only Si diffuses). ‘AXQ/AXl should range from
2.3 to 2.45, depending on whether the;&xl zone 1is tetragonal
or hexagonal Ta5Si3. X-ray diffraction analysis showed
that the AX, zZOne was ostensibly pure tetragonal Ta5Si3 at
all conditions, whereas the Ax; zone contained varying
amounts of hexagonal trisilicide of higher density. ?1/92
varied from unity {homogeneous Ta5Si3) to 1.05 (Ax; being
pure hexagonal Ta5Si3) in the extreme. The values of
AXo/ax) shown in Table XI are near the expected values.
The low values may be expected when the Axl zone develops
extensive porosity as is sometimes the case after short

diffusion anneals. Therefore, these results indicate that

Ta does not diffuse.



TABLE XTI
RESULTS OF MARKER EXPERIMENTS FOR Ta/Ta812
AVERAGE VALUES FOR Ax,/ Ax,
2100°F  2200°F  2300°F  2400°F _ 2500°F
4 HRS. 1.6 1.8 1.9
24 HRS. 1.7 1.8 2.9 2.1
48 HRS. 2.2 2.6 2.6 2.4 2.9
72 HRS. 2.5
100 HRS., 1.9 2.6
2, M/TaSi2 Systems

In the I\/I/TaSi2 systems, 1t was of pri-

mary interest to ascertain whether the metal atom diffused.

Marker experiments similar to those made on the Ta/Ta812

couples need not be made if the phases on each side of the
original interface can be identified. In most cases, the
original interface was easily located, and identification
of the M silicides in the diffusion zone was accomplished.

If metal atoms had diffused, M silicides or ternary M, Ta
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silicides should have been found on the TaSi, side of the
original interface ( Ax;). 1In all cases but one, only
T85813 was found in.Axl, indicating that the metal did not
diffuse appreciably. The one exception was the Ti/TaSi,
system in which results clearly indicated Ti5Si3 growing

in the AXy zone.
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E. PLOTS OF EXPERIMENTAL RESULTS

Page 101 follows
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FIGURE 15

Nb/TaSi2 COUPLE ANNEALED
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AT 2500°F FOR 4 HOURS
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! - FIGURE 32a

THE BEFFECT OF TEMPERATURE ON PARABOLIC RATE CONSTANTS
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FIGURE 32b

THE EFFECT OF TEMPERATURE ON PARABOLIC RATE CONSTANTS
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V DISCUSSION

Ao The Ta/TaSi2 Couple

1o Comparison of Results

In this work the growth rate of Ta5813 in the
Ta/TaSi2 system has been accurately measured. In the Arrhenius
form the parabolic growth constant is

Kk = 58-77,OOO/RT
where the activation energy is known with 95% cbnfidence to be
between 74,000 and 80,000 cal/mole and the pre-exponential con-
stant 1s known With the same confidence to be between 2 and 11
cm?/sec. This ﬁay be compared with the result obtained by
Bartlett (24) who éxpressed his diffusion constant as

which becomes

K = 36;6e—58,OOO/RT.
There appears to be a substgntial discrepancy between the pre-
exponential constant in Bartlett's equation and his graphical
data. The graphical data yields a pre-exponential constant
approximately’lO-B times that shown in the equation. In his
paper, Bartlett gives no indication of the accuracy of his
data. The reasons for the difference between the two results
are based on differences in experimental procedure, which are
listed below:

as Bartlett used coated samples rather
than solid wafers, thereby limiting the time of the diffusion

anneal.



~144-

| Quality of the TaSi, coatings could not

2
be as carefully controlled as with TaSi2 wafers.

T Although Bart.=tt's temperature range
was close to that used in this inveztization, he used only
four conditions.

d. The number of r.ns at each temperature
was not more than three and only two werec annealed for more
than four hours. Therefore, it is duoubtful that steady-state
was reached.

e. Electron-microprobe analysis rather than
the optical microscope was us-d to identify phases and locate
phase boundaries,

In addition, Bartlett id=sntified the
Ta58i3 as pure tetragonal, whereas both hexagonal and tetragonal
Ta5813 were found to grow in the present stuady.

The rat. of degradation of TaSi, in the
Ta/TaSi2 system has also been m:as.r=d =eparately. This is
identical with the growth rat: of Ta58i3 on the Tati, side
of the original interfare { Axl) and may bs expressed in
terms of its parabolic growt: -onstant as

K, = 2 -81,000, RT
where the activation ensrgy is known with 95% certainty to
be between 74,000 and 88,000 cal/mele and the pre-exponential
constant to be between 0.2 and 16, There afe no corresponding
results to compare with this since Fartlett did not identify

the original interface.
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The results of the marker experiments
indicate that only silicon diffuses., Therefore, there should
be only one activation energy for diffusion for kl, k2 and k,
and the pre-exponential constants should ke related through
the ratio of kz/kl from equaticns (21) and {22) in Section I.
The differences in these experimentally determined constants
is then a result of experimental errcr.

2. Significance of Results
TABLE X1l

CALCULATED TIMES TC GROW A 1 MIL LAYER OF Ta_Si

WML TaSi, =3

(For Layers Other Thsn 1 Mil, MultiIply Times by Square of
Layer Thickness in Mils)

AND LOSE 1

TEMPERATURE % 1500°F 2000°F 2500°F
1. Tire to grow 1 b
mil Ta55133
a) This work 106 he's . 600 hrs. 5.25 hrs.
b) Bartlett 18 hrs. 5 min. 8 sec.
c) Ratio i 50,000 7,500 2,400
t present worki
t Bartlett
2. Lifetime of 1 mill
coating of TaSi,:j
a) Using result f 7
of kl‘ l.4x10" hrs. 6,600 hrs. L5 hrs.
b) Using ky =
%‘k total 7)(.106 hrs. 4,200 hrs. 37 hrs.
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In Table XIT, times are calculated from the
experimentally determined Arrhenius equations which indicate
the practical service lifetimes of a TaSi2 coating at 1500°F,
2000°F and 2500°F if the coating could be applied in a dense
form similar to the wafers fabricated in this work. The
first and second lines are the times required to grow the
total Ta5Si3 zone 1 mil thick using the equations from this
work and Bartlett's work respectively. The ratio, next line,
indicates that a dense TaSi, layer has a considerably longer
lifetime than the porous coating used in Bartlett's work.

The total Ta5813 zone grows both from degradation of TaSi,
and consumption of Ta metal and, therefore, the time required
to grow 1 mil Ta5Si3 is less than the service lifetime of 1
mil of TaSi,. On the last line (2b) the lifetime of a 1 mil
layer of Ta812 has been computed from the results on line 1
assuming the theoretical relationship between k, and ki from
equations (21) and (22) in Section I. From these equations,
k2 should be approximately six times kl and the time to grow
a 1 mil #x) zone (or deplete 1 mil TaSi,) would be seven
times the time to grow 1 mil total Ta5813, This may be com-

pared with the lifetime of a 1 mil TaSi. layer calculated

2
directly from the experimentally determined equation for the
growth rate of the £AXq zone (2a). The agreement is fairly
good and is best at higher temperatures. As previously stated,

Statistical analysis of the results shows that the equations
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for the total and AXy zones may have the same activation
energies. Also, the confidence limits on the pre-exponential
constants indicate that the growth constant for the Axl zone
(degradation of TaSi,) may very well be one-seventh of the
growth rate of the total zone.

In a practical application, lifetimes of
about 1000 hours are desired at a temperature of 2500°F. This
work shows that it would be necessary to use a minimum coating
thickness of about 5 mils merely to compensate for loss of
Ta812 by diffusion. The total thickness would need to be much
greater, making the application at 2500°F quite doubtful.

B. Barriers
1, Effectiveness of Metals Tested

Inspection of Tables IX and X and Figures 32
through 33 clearly indicates that none of the metals tested
would serve as barriers to the degradation of TaSi,. The test
metals may be listed in order of decreasing effectiveness.

a. W

b. Nb and Zr

c. Ti and Mo
The low temperature data for W is meaningless in terms of
solid state diffusion and even the growth at high temperatures
has been affected by early vapor transport of silicon. The
usefulness of Ti against TaSi2 is limited by the melting point
of the Ti-Ti5Si3 eutectic and, therefore, Ti should not be
used above 2400°F,
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2, Factors Influencing the Effectiveness of

Test Metals

The order given above for the effectiveness
of the metals tested as barriers to the degradation of TaSi2
does not yield simple correlations or obvious reasons for the
results. Rather, 1t has become apparent from the results of
this work that the criteria for choosing appropriate barriers
to diffusion are quite complex. In addition to growth rate
of intermediate layers, there are two factors that must be
considered in choosing a barrier material: compatability
with the substrate and coating and the amount of pore forma-
tion., These factors were not investigated in this work, in
order to more fully study the chemical kinetics and diffusional
behavior of the silicide systems. In certain systems, all
three factors are strongly interdependent during the course
of the diffusion anneals. Although the effects of pore forma-
tion on growth rates were not evident, the role of mechanical
compatability on growth in the W/TaSi2 and Re/TaSi2 systems
is most important. This will be accounted for after some
discussion of the factors which inherently effect the growth
rates in the M/TaSi, system.

a. Phases Formed

It is obvious that the growth rates of

intermediate phases in a M/TaSi2 system will depend on the

composition (in this case stoichiometry) of the phases formed.
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What might not be as obvious is that phases growing near the
original interface in amounts too small to be measured under
the microscope may very strongly affect the growth rate of the
Ta55i3 phase across the original interface as well as that of
the M silicide adjacent to the thin phase. Table XIII is a
summary of the phases found to exist between the metal and
TaSi2 in the diffusion zone. It may be noted that in each
system but the Zr/TaSi2 system, the trisilicide (M5SiB) grew
as a measurable zone. This is designated Z in the table.
Phases labeled X were not noticeable microscopically, but
were)observed by X-ray diffraction analysis., The TapSi phase,
shown as X%, grew only under special conditions, previously
discussed, near the metal interface. The cross-hatched areas
represent phases not reported on the phase diagrams and should,
therefore, be non-existent. The double cross-hatched areas
are silicides reported in the literature but not represented
on the accepted phase diagrams and, therefore, their existence
is questionable. Only boxes marked X or Z represent silicides
that were found to be present in the diffusion couples studied
in this work. Identification of the Zr silicides was diffi-
cult and the compositions of the growing zones could not be
deduced. Also, although there was evidence of ZPZSi in the
diffusion zone, identification was not conclusive: Nonethe-
less, X-ray diffraction analysis was fairly conclusive in

showing that no Zr5Si or higher Zr silicides existed in the

3



TABLE XTTTI

SUMMARY OF INTERMEDTATE PHASES FOUND

W Z /// : V///////,/ ///////
) 7 ////////////A
Al W B
aEmEy 7
Re z \/?///; - /’f//; // % // /

gati = //952?2




-151-

diffusion zone. Of the other systems investigated, only Ta, Mo
and Nb have silicides lower than the trisilicide according to
their phase diagrams. Only in the Mo system does the lowest
silicide grow as a zone. The growth of the MOBSi zone 1is
probably the reason for the unexpectedly high growth rate in
that system. It may also be seen that in the W and Re systems,
the highest silicide (MSiZ) grows as a zone, whereas in the

Mo and Nb systems, the disilicide appears only in small amounts
near the original interface. In the Ti and Zr systems, neither
the di nor monosilicides were found,

Thermodynamic data indicate that the
trisilicides are the most stable silicides in the systems
studied and it 1s therefore not surprising that the M5Si3
zone grows in each system (but the Zr-/TaSi2 system). Using
the free energy data of Levine (45) for the Ta silicides an?
using enthalpy data for the other M silicides (43) to approx-
imate free energy, the activities of most of the silicides
encountered may be calculated. Although the data used in this
calculation were not accurately known, the general magnitudes
of the activities may be compared. Enthalpies of formation
at room temperature (298°K) were used in the approximation
o- aHr/RT

a®m at 1000°K because, for sclids, AHggg is a good

approximation to AG at any temperature. OH the heat of

hiekd

reaction per mole of silicon, was calculated for at least two

reactions for each silicide yielding at least two activities:
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one for the compound in equilibrium with the next highest
silicide and one for equilibrium with the next lowest silicide
or metal. For instance, for Ta5813 in equilibrium with Ta812
the result may be expressed as ESi for TagSij (TaSi,) = 0,565,
Similarly, Agj for Ta5Siy (TapSi) = 0.011, and &gy for Ta5Sis
(Ta) = 7xlO‘6c Activities calculated in such a manner range
as low as 5x1071% for Zr;8i (Zr). High values for M trisili-
cides are approximately 1072 for W and lO'"3 for Nb and Mo (all
in equilibrium with MSi,); but the highest value for ESi of a
M trisilicide is 0.14 for Ti5Si3 (TiSi). When these activities
are compared with that for TazSig (Ta,8i), it may be predicted

that in a general system TiSi (and therefore TiSi would not

5)
be expected to grow. WySi; (WSi,) and Re;Si[ ReSi(ReSip))
have activities almost equal to Ta5Si3 (TaZSi) and, therefore,
W812 and ReSi2 may grow only under certain conditions, where-
as MoSip and NbS3i, should be expected to grow stably. The
driving force for diffusion should be related to the chemical
activity. It was shown that Ti5Si3 (TisSi) is the only growing
M silicide whose approximate activity is higher than that
calculated for Ta5813 (TazSi)a This indicates that the driving
force for silicon diffusion in the general system shown in
Section I is considerably lower in the Ti/TaSi, system than

in the other M/TaSi, systems.

2

The same analysis may be presented

differently. If the existence of TaZSi is taken into account,



-153-

an overall equilibrium reaction taking place at the M silicide/
Ta silicide interface may be written

QMpSi + 5 (Q-P) Ta,Si = 2 (Q-P) Ta5Si3 + PMgSi.
The direction in which the above reaction is spontaneous should
depend on the sign of AG, (in this case, oH,.). During the
course of diffusion, it may be expected that the lowest stable
silicide forms first and higher silicides form from this. All
reactions involving the gain of silicon showed that the reaction
to the next highest silicide was spontaneous, except for ZrpSi

going to Zr5Si The result is again evident from the table

3°
below in which the direction of the generalized equation above
is determined from AH,. The table indicates that the highest
silicides thermodynamically stable in the M/TaSi2 couples for
Ti and Zr are Ti5813 and ZrZSio This explains the fact that,
although Zr58i3 is the most stable Zr silicide when formed
from the elements, the trisilicide does not grow in the Zr/
TaSi2 diffusion zone,

Also of interest is the fact that the
AH,, for the W reaction is zero or, as previously shown, the
approximate silicon activity for Wi, (W5Siﬂ‘equals that for
Ta5Si3 (Tazsi), Therefore, because of the relative thermo-
dynamic properties of Ta and W silicides, a delicate balance
exlsts at the W silicide/Ta5813 interface which affects the
stability of the W31, phase. This balance might be upset by

any number of variables. If there were poor contact in the
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THERMODYNAMICALLY STABLE PHASES

M MpSi MqSi . AH Direction toward
(kcal/mdole Si)
W WSi2 W5Si3 0 WSi2 = W5813
Re ReSi2 ReSi (no - 2 ReSi
data for
Re5Si3
a4 ) ‘ .
Mo Mo5 13 M0381 + L4 M05813
Mo M0812 M05813 + 3.7 M0812
. . " ) S5
Nb NbSl2 Nb5813 3.4k NhSl2
Ti TisSi Ti5S:‘L3 - 5 Ti5Si3
Zr ZT5513 Zr281 -103 Zrle

W/TaSi2 couple, W metal could be in contact with silicon vapor

(in equilibrium with TaESiB) rather than solid TaESi The

3
activity of the vapcr could be high encugh to form WSizo
When contact improved (as the metal deformed) silicon activ-
ity of the solid Ta5Si3 might be too low for W812 to con-
tinue growing and the equilibrium reverses.

Althcugh thermodynamic considerations
were useful in explalning some of the resulting phase com-
positions in the diffusion zones, the reascns for the exist-
ence of others are still unknown. Table XV lists the crystal
structures of the metals and of the possible silicides in

each of the systems as well as the predominant silicides

actually formed in the chronological order of their appearance
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STRUCTURAL CORRELATION OF SILICIDE FORMATION

METAL (C.S.)

POSSIBLE SILICIDES (C.S.)

PREDOMINANT

Ta Tagsi (hexagonal & tetragonal)| Tetragonal TacSi
(cubic) Ta531i” (tetragonal) lowest silicide:
Ta), 551 (hexagonal) TaySi, not Ta) 551
W WSi, (tetn;a=3.21, c=7.88) I Wsi,
(cubic, W5Si3 (tetr,;a=9.6, ¢=5.,0) II Ws5SI,
a=3.2)
Mo MoSio (tetragonal) I Mogdi
(cubic) Mo 5514 (tetragonal) TI MozSig
MOBSi (cubic)
Nb NbSi, (hexagonsl) I tetr. NbgSij
(cubic) Nb5813 (tetr. & hex.)
Nb3Sis (7). I Nb,Si,
thSi”(heX.)
Zr Zr‘Si2 (rhombic) I Zr 917
(hex. Zr3i“(rhombic) IT  Zr38i +
cubic above [ Zr,Si; (hex.) ZrgSig Zr/8i 85.5. + 2
860°C) Zr29i” (tetr.) ZrhSi3
ZrBSi (hex.)s ZrhSi
Ti Ti812 (rhombic)
(hex. TiSi* (rhombic) Ti5Si
cubic above Ti5Si3 {(hex.) 3
860°C)
Re ReSi, (tetr.) I ReSio
(hexagonal) ReSi” (cubic IT Re5Si3?

Re5Si (tetr.)
ReBSi (cubic)




in the diffusion zone., It is possible that the structure of

the first-formed silicide best matches the structure of the
metal from which it grows and that epitaxial growth plays an
important role in determining phase compositions. Although
the epitaxial growth mechanism only controls growth for very
thin layers, if conditions are proper for the stability of
the first-formed silicide, it may retain its original structure
many microns from the metal interface.

b. Compatiblity

It has been shown that even in predict-

ing growth rates under ideal conditions of pure solid state
diffusion, extensive knowledge of phase diagrams, thermo-
dynamic data and crystal structures is needed, as well as
stoichiometry ranges and fundamental diffusivities. Under
non~-ideal conditions, other factors come into play, such as
mechanical compatibility. One of the effects of incompati-
bility between metal wafer and Ta812 wafer has been to de-
crease the mechanical contact between the wafers in the W and
Re systems. The extent of true contact between brittle
TaSi2 and any metal should depend on the deformability of
the metal. Rhenium exhibits the lowest deformability (as

indicated by the highest elastic modulus) of the metals

used in this work as shown in Table XVI.




-157-

TABLE XVI
ELASTIC MODULI OF SOME REFRACTORY METALS (46)

E (psi x 100)
METAL AT ROOM TEMPERATURE AT 2000°F
Re 70 -
W 55 50
Mo 48 38
Ta 28 21
Nb 15 8.5
ir 10 -
Ti 10 -

Therefore, from the data above and in
light of the results of this work, the effect of poor contact
can be seen to be greatest in the Re/TaSi2 system, important
in the W/TaSi, system, of possible significance in the Mo/TaSi,
system, and of no significance in the remaining systems.

C. Relationship of D's to k's

The results presented in Tables III through X
represent experimental growth rates rather than fundamental
diffusivities. The values of these parabolic rate constants
{k) are necessary for computing the actual thicknesses of
TaSi2 as a function of time and temperature and thereby com-
paring the effectiveness of barrier metals. The quantity B

(containing Dg; and DM) is the more basic diffusion coefficient.
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™

For any solid, D is a constant dependent only on temperature,
whereas k also depends on the environment of other compounds
about the growing phase. Therefore, if D can be determined
from k, fundamental diffusion knowledge about the solids under
‘investigation could be obtained which could be used in later
studies independent of the system in which the material is
growing.

In this work, it has been shown that in all of
the systems but Ti/TaSi2 only silicon diffuses. Therefore,

~

D is directly related to Dg; DbYy: D= Ny D In the simplest

Sif
system, Ta/TaSiz, k is directly related to Dg; according to
equation (17) in Section I, and
- - 000/RT

Dgy BNg; = 0.7¢~77,000/RT,
As previously mentioned,ANSi is not known but can be assumed
to be independent of temperature. Once this quantity is
accurately measured in the Ta/TaSi, system, Dgj in TasgSig
will be explicitely known in any system.

For systems of Ta3i, versus metal, equations (44)
and (66) show that, under the assumptions stated, k and

(D &N) are proportional for the TaSSi3 phase. Therefore,

Si
since Dg; will be the same in the Ta5813 phase for each

system, 1t is the differences in AN which account for the
different growth rates of Ta5Si3, Nonetheless, if AN is

independent of temperature in the M/TaSi2 systems as well as

in the Ta/TaSi2 system, the activation energies should all be
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the same for the growth of the T35513 phase. Comparison of
the &xq (Ta58i3 zone) data in Tables IX and X clearly shows
that, of the M/TaSi2 systems studied, only Ti/TaSi2 has an
activation energy comparable to that for Ta/TaSiZ. This means
that AN for Ta5813 in the other systems cannot be considered
independent of temperature., Indeed, in the Nb, Zr and Mo
systems the CCP plots indicate that the compositions of the
Ax, zones change with temperature, particularly near the
original interface., This would cause Ngi on the Ta5Si3 side
of the original interface to vary, producing a #&Alg; across
the Ta5813 which would depend on temperature in a complicated
manner, In fact, in the W/TaSiZ system, the compositional
changes are even more complex, causing Aﬁ%ﬁ_in.Ta5Si3 to
vary with time as well as temperature. Only in the Ti/TaSi2
systbem do the zone composibtloas remain constant and, although
the mechanism is complicated by the diffusion of Ti, the
activation =nergy for the growth of Ta58i3 is comparable to

that in the Ta/TaSi, system.

2
The Ti/TaSi, system may be analyzed as outlined

in Part 4 of Section IC, since the 4xxa zone has been shown

to be sn extremely thin eutectold mixture at all conditions.

Because the Ta5Si3/Ti5813 interface could not be located (due

to considerable porosity in the zone) the diffusion properties

of Ti in Ti58i3 cannot be calculated, although it has been

shown that Ti does indeed diffuse. Nonetheless, the diffusion
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constant of S5Si in Ti5Si3 is directly related to k for the
z&xz zone through equation (68). Therefore, the activation
energy listed for the Ax? zone in Tables IX and X should
be the activation energy for silicon diffusion in Ti5813,
The remaining M/Ta812 systems must be considered
as more complicated since at least two M silicide zones grew
simultaneously. Therefore, the Q's listed for the &ax, and
AX, zones are not true activation energies, but rather the
result of the caipling of the D's and k's for the two zones.
True activation energies can be derived from the values of
D aN computed from equations (49) and (50) for the Nb/TaSi2
systems. In the W/TaSi

and Mo/TaSi system, the data are

2 2
insufficient to totally describe the basic diffusion char-
acteristics of the growing phases due to the complexity of

the pattcrn of growth. The zone compositions in the Zr'*/TaSi2
system were not satisfactorily determined in this investigation
and, therefore, the analysis to be used below cannot be
applied. For the Nb/TaSi2 and Mo/TaSi2 systems, the Ax,

zones were considered pure Nb38i2 and M05Si3 respectively

and the &X, zones Nb5813 and Mo3Si. Equations (4L9) and (50)
were used to compute DSiANSi from ky values listed in Tables

IV and VIII for the ‘AX? and Axa zones. Figures 34 and 35 are
plots comparing the temperature dependence of the DSiANSi
values and the k, values from which they were derived. The

data here were not treated statistically. It may be noted
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in the figures that the points for (D AN)g. better fit a
straight line than do the points for k,, particularly for
the &x, zone. Also, the slopes of the lines for Ax, and
ax, are closer for (D AN)g; than for k,. Comparison of Q's
calculated from the slopes of the lines in Figures 34 and
35 and from Tables IX and X appears in Table XVII,
TABLE XVII
COMPARISON OF ACTIVATION ENERGIES (kcal/mole)

ZONE FROM: TABLE IX| TABLE ¥ | k, PLOT |[Dg;éNg; PLOT
Mo (sx5) 30 + 10 6 + 17 2l 27
Mo (axg) 75 + 7 86 + 9 82 58
Nb (ax,) 36 + 9 39 + 9 27 33
Nb (Bxg) 55 + 7 58 £ 6 59 L9

Q values from the slopes of the ky plots are dir-
ectly comparable to the values arrived at statistiéally (Tables
IX and X). For the &x, zones, activation energies from
DSiz&NSi plots are lower than the associated Qfs from kg
plots; but although the Q's for Ax, are slightly increased,
they cannot be considered different from the statistically
calculated values. It must be remembered that slight changes
in composition near the original interface in the &X, zone

resulted in erroneous activation energies for the AXxy zones.

Surely the activation energies for the growth of the Axp
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zones are similarly erroneous. Therefore, the Q's of basic
significance which result from the analysis above are:
Q for MojSi = 58,000 cal/mole

and Q for NbSi 49,000 cal/mole.

5=

These may be compared with the values reported for Mo,Si by

3
Bartlett, Gage and Larssen (27) and those for Nb5813 reported
by Bartlett (24) and Lavendel and Elliot (25).

Q for MogS8i = 78,000 cal/mole

Q for NbzSis= 58,000 (24) and 49,000 (25) cal/mole.
The values for Nb5813 are comparable to those reported in this
work. Q for MOBSi is considerably higher than reported here,
but is the same as that from statistical analysis of the
simple k values. It appears that Bartlett, et.al. (27) did
not take the coupling of diffﬁsivities and rate constants
into account and reported an apparent rather than a funda-

mental activation energy.

D, Unusual Behavior

During the course of this investigation, certain
unusual or unexpected phenomena became evident which were not
directly related to the reaction kinetics or diffusion
mechanisms in the sillicide systems. These will be discussed
below.

1. Atypical Diffusion Zone in the Ta/TaSi, System

Plate III shows fthe appearance of the

atypical diffusion zone which resulted when Ta was coupled
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with a particular type of poor TaSi2 wafer, designated "A"
type. Both microscopic and X-ray diffraction analyses con-

firmed the existence of TaSi, on the Ta side of the original

2
interface for each of the four Ta/Ta812 couples employing "A"
type TaSi2 wafers. TaSi2 is eapparently present on both sides
of the original interface and the Ta5Si3/TaSi2 interface
appears within the zone previously designated &x,. Operation
of a solid state mechanism of growth must produce TasSiz on
both sides of the original interface and, therefore, another
mechanism must be operating. "A" type TaSi2 wafers contain-
ed many minute pores which were probably interconnected to
form a network which exposed a large amount of internal sur-
face. At the annealing temperatures silicon from the interior
of the wafer may diffuse as wvapor through the pores to the
original interface maintaining a high supply of silicon for
diffusion through Ta5Si3 to the Ta interface, In this way
the Ta5Si3 layer is formed only by reaction of Si with Ta
and the presence of Si vapor maintains TaSi, on both sides
of the original interface.
2. Cusps in the Ti/TaS'12 System
Flate XXIX shows a microscopic feature which

was peculiar to the Ti/TaSi_ system. The half cusp shown

2
results when the thickness of the AX, zone changes abruptly
due to a change in the position of xy (the Ti/Ti5Si3 inter-

face). This type of behavior is a result of two factors, the



first of which is unique to the Ti/TaSi, system.

a. Both Ti and Si may diffuse.

b. Regions of poor contact may exist near
the edges of the sample (where the half cusps are always
found) due to the manner in which the couple sandwiches were
set up.

Poor contact disallows solid state
transport of silicon or titanium across the original inter-
face, but Si may now be transported as a vapor across the
original interface, Therefore, the upper portion of Plate
XXIX represents the normal condition in which both Si and
Ti diffuse in the solid state forming Ti5Si3 on both sides
of the original interface and accounting for the thinness

of the Ax, layer. Near the center of the photomicrograph,

2
contact is disrupted and only silicon may diffuse via
vapor transport forming Ti5Si3 only on the Ti side of the

original interface.
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VI CONCLUSIONS

The growth rate of Ta5Si3 in the Ta/Ta812 system has
been accurately measured. The rate of degradation of TaSi,
has been measured separately. Six metals have been tested
to determine their efficacy as barriers to the degradation
of TaSi,, DNone of the metals tested was effective in lower-
ing the rate of loss of TaSi2 by diffusion. Some of the
metals investigated have previously been shown to increase
the oxidation resistance of TaSi2 coatings when used as
additives in the Ta/TaSi2 system. It may, therefore, be
concluded that these additive metals operate by participat-
ing in the oxidation reaction to form more protective
glasses rather than as barriers to the growth of less
protective lower silicides.

As a result of this work, fundamental activation
energies for diffusicon of silicon in four silicides have

been determined. The four compounds are:

I

TagSig;  Qgy = 77,000 cal/mole

]

Mo38i; Qgi = 58,000 cal/mole

and Ti5513; Qqi

49,000 cal/mole

Il

414,000 cal/mole.
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VII AREAS OF FURTHER INVESTIGATION

As a result of questions raised during the course of
this work, many areas for further investigation have been
made apparent. Some of these areas follow:

A, Similar kinetic studies on some M/Si systems.

B. More complete short time data for the W/TaSi2

and Mo/TaSi, systems.

2

C. Studies at higher temperatures in the Re/TaSig,
W/TaSi, and Mo/TaSi, systems.

D. Morphology studies on silicides, both parallel
and perpendicular to the diffusion direction with the aid
of the electron microscope.

E. Flectron microprobe analysis on most of the
diffusion zones to confirm the results of ¥X-ray diffraction
analysis.

F. Radloactive tracers studies in the silicide
systems.

G. Phase studies and detailed X-ray diffraction
analysis on the Zr/Si system and the low silicon content end
of the Nb/Si system, as well as the confirmation of the
existence of Nb3Sip and determination of its crystal structure.

H. Ternary phase studies in the silicide systems.

I. Silicon vapor pressure studies to help determine

the silicon activities in the silicide systems.
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FIGURE I-2

Nb-Si (Cb-Si) PHASE DIAGRAM (49)
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FIGURE I-3

Zr-Si PHASE DIAGRAM (42)
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FIGURE TI-L
Ti~Si PHASE DIAGRAM ™ (42)
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Temperature, C

FIGURE I-5
W-Si PHASE DIAGRAM (49)
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FIGURE I-6
Mo-Si PHASE DIAGRAM (493
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MATERTAL SOURCES AND SPECIFICATIONS
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Material Form Specifications Source
Tasis Powder No purity spec., -325 mesh | Cerac Corp.
TaSis, Powder No purity spec., -325 mesh | Shieldalloy
Corp.
Silicon Powder | 99.99% pure, -325 mesh United Mineral
& Chemical
Tantalum Powder | 1) Met. Grade (99.9% min)
L # MG-50 Fansteel Corp.
2) Met. Grade (99.9% min)
L # 7ZM #750 Fansteel Corp.
Nickel Powder No specifications Charles Hardy
Tantalum Rod 99.90% min:, Vacuum melted | Fansteel Corp.
Tantalum Sheet 99.95% pure, 0.05" thick United Mineral
& Chemical
Titanium Sheet 99.5% pure, 0.077" thick Titanium Corp.
of America
Zirconium Sheet 99.99% pure, 1/16" thick Materials
Research Corp.
Molybdenum | Sheet 99.95+% pure, 1/16" thick | Materials
Research Corp.
Niobium Rod 99.82% pure United Mineral
& Chemical
Rhenium Wafers | 99.97% pure, 0.02" thick Cleveland
Refractories
Tungsten Wafers | 99.9% pure, 1/16" thick Kulite :
Tungsten Co.
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Etchant for

Contents

Treatment

Ta Silicides

Ti, Zr

Ta silicides
(chemical polish
for TaSi, wafers)

Ta
Nb

W, Mo

7.5 parts HF
2.5 parts HNOj
100 parts HZO

Above diluted

5 ml., HF
15 ml. 5% chromic acid
40 ml. 1% XMno,
10 ml. Ho0
30 ml., lactic acid
10 ml. HN03
10 ml. HF

Murakami's Reagent

10 grams KsFe (CN)6 ‘
10 grams KOH (or NaOH)
100 ml. H50

Immersion 3 to
L minutes at
room temperature

2 to 5 seconds

Swab
2 minutes

10 minutes
30 seconds-5
minutes

5 minutes
1 minute
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PROCEDURE FOR THE PRODUCTION OF DENSE TaSi, WAFERS

1. Synthesis

a. Tantalum and silicon powders were ball-milled
together for one day in stoichiometric amounts plus 1% excess
silicon to account for evaporation losses. Ball-milling was
done using 100 gram batches (24.67 gms. Si + 75.33 gms. Ta)
in a rubber-lined, 3" D mill containing 1/4" and 1/8" stain-
less steel balls.

b. Reaction wafers were pressed in a 1" diameter
hardened steel die at an optimum load of 15 thousand pounds.
Wafers weighed between 10 and 15 grams and were pressed for
about five minutes. Upward ejection was used to release the
wafers from the die.

C. Five reaction wafers were reacted at a time pro-
ducing a yield of about 60 grams of usable TaSi,. Reaction
took place in an induction furnace in a vacuum contained by
a Vycor tube. The reaction wafers were stacked so that only
the lower wafer was in contact with the alumina support ring
inside an alumina crucible with a tantalum foil susceptor
and a tantalum cover. Temperature was measured with an
optical pyrometer. No corrections were made for black-body
radiation or losses through the sight glass. Therefore,
true temperatures were probably higher than those recorded.
Reaction took place below 1200°C and was always violently
exothermic, no matter how slowly the mass was brought up to

temperature. After reaction and subsequent cool-down
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(approximately half an hour), the reacted wafers were re-
moved from the crucible and visually examined for staining.
Due to the violence of reaction some pileces came in contact
with tantalum or alumina which might have had a contaminating
effect. These pieces became discolored from the contact and
could be visually distinguished from the pure TaSi,. The
stained surfaces were rubbed off and discarded. The majority
of the TaSi2 was in the form of hard solid agglomerates and
was ground in a mortar and pestle to be stored for processing
into wafers. X-ray diffraction patterns of this powder
showed the material to be pure TaSi,.

2. Wafer Preparation and Pressing

a. To 60 grams of TaSi, previously sintered was
added 0.5% nickel powder as a sintering aid. This was
ground and mixed together in a ball mill for 24 hours.

b. The mixture was put in 15 gram batches into a
mortar and 1% binder (polymethylmethacrylate solution) was
added. After mixing and drying, the mixture was ground to
a uniform powder with a pestle and screened through a 100
mesh nylon screen to be stored for pressing.

C. 1.5 grams of TaSi2 (with binder and sintering
aid) were weighed out and carefully charged into a 1/2"
diameter hardened steel die which had previously been lub-
ricated with a stearic acid solution. The wafer was then

pressed under a 10 thousand pound load for about a minute.
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Upward ejection was used to release the wafer from the die.
3. Presintering

Freshly pressed wafers were loaded into the presinter-
ing rig, two wafers in each alumina dish. The rig accommo-
dated ten alumina dishes and hung inside a quartz tube which
was inserted in a resistance-wound pot. furnace. The tube
was evacuated using a mechanical pump and the temperature
slowly raised to 1000°F as measured by a Chromel-Alumel
thermocouple. After holding the temperature at 1000°F for
about an hour, the furnace was slowly cooled to room temp-
erature overnight. The presintering step removed the binder
and left the wafers with very low mechanical strength, so
that the presintered wafers had to be handled very carefully.
L. Sintering

Final sintering was done in a tantalum resistance
furnace atop a vacuum pumping station, capable of pressures
of 1072 Torr. Up to four wafers could be sintered at one
time in each furnace. The wafers were supported on alumina
rings. After evacuating the furnace, the temperature was
raised to about 1600°C (as measured by an optical pyrometer)
and held for ten minutes. The furnace was then slowly
cooled to room temperature and the sintered wafers removed.
After rough grinding on a diamond wheel to remove the outer
crust of Ta58i3, X~ray diffraction analysis showed the

wafers to contain only TaSi2 and trace amounts of Ta5Si3
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(Less than 5%). Density measurements on wafers sampled at
random showed none to be below 95% of theoretical density.
Grinding and polishing on diamond discs produced

mirror finishes on the wafers.
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A. X-Ray Diffraction Data

The following tables present the X-ray diffraction
data recorded for some interesting samples encountered in
this research. In all the tables but Table IV-V, the results
shown are diffractometer data in which I is the height above
background of the peak recorded. In Table IV-V, a powder
sample was analyzed in a film camera and the intensities
recorded as S (strong), M (medium) and W (weak), with V (very)
indicating degree and B referring to the breadth of the arc.
In all of.the tables D represents a doublet; and an asterisk
indicates that a peak is either enhanced by a nearby strong
reflection or that the peak is a result of more than one
phase having similar d values.

Table IV-I shows the changes in the X-ray diffraction
data for a typical good TaSi, wafer at various stages in the
fabrication procedure. The TaSi2 can be seen to be pure,
trace amounts of Ta5Si3 appearing only after final sintering.
Table IV-II compares the X-ray diffraction data for tetra-
gonal Ta5Si3 formed on the surfaces of Ta3i, wafers as a
result of silicon vaporization during sintering at different
conditions. Non-uniform intensities and additional unknown
peaks are a result of unusual strain produced in the
lattice. This is most evident in the completely exposed
upper surfaces (columns 1 and 2). Also, the higher temp-

erature used in sintering the porous wafer introduced many

more "strain" peaks. The data in columns 2, 3 and 4 are
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for one particular TaSi2 wafer and it can therefore be seen
that resintering the wafer produced an annealing effect and
greatly reduced the strain in the lattice.

The implications of the data presented in Table
IV-III, showing the complete analysis of the surfaces of
some wafers when split near the original interfaces, have
already been discussed. The layers of Ta5Si3 are generally
thin in these couples and the TaSi, peaks being refracted
from beneath the Ta5813 layers have been omitted for clarity.
Peaks for hexagonal TaSSi3 and tetragonal Ta58i3 have been
separated so that they may be easily compared to the ASTM
data (column 1). Columns 2 and 3 are data for the surfaces
of the Ta wafer ( AX, zone) and TaSi2 wafer ( AXq zone )
respectively from a Ta/TaSi2 couple annealed at 2200°F for
6 hours. The remaining columns contain data for TaS:'L2
wafer surfaces from the following couples:

Column

W/TaSi,, 2300°F for 6 hours.

23

L

Column 5: Re/TaSi,, 2100°F for 7 hours.
Column 6: Mo/TaSi,, 2100°F for 72 hours.
7: Nb/TaSi

Column 2100°F for 72 hours.

2,
and Column 8: Zr/TaSiz, 2100°F for 7 hours.

Table TV-IV presents X-ray diffraction data for the
Re silicides in a Re/TaSi? couple annealed for 7 hours at

2100°F. The six reflections listed in the ASTM File for

Re812 account for the strongest peaks, but the data in
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the ASTM file does not contain any peaks of intensity
lower than 50. The remaining peaks may be ReSi, or a
lower Re silicide. By following the growth and shrinkage
of peaks as a Re silicide zone was transversed in the
manner which produced the concentration change profiles,
it was deduced that only the last two triplets contained
reflections for ReSi,. Therefore, it was assumed that the
other peaks indicated the presence of Re58i3’ since none of
the other Re silicides listed in the ASTM file matched the
results. Knapton (44) reported this compound as being
tetragonal with a =~9.53 and ¢ =~4.8l; but using these
parameters did not yield appropriate d values. A value
for a = 8.8l was calculated for the lattice parameter from
the X-ray data. Because only two of the peaks were
accounted for using an 1 value not zero, the c parameter
could not be checked and was taken as that reported by
Knapton. The d values calculated using the lattice parameters
a =8.8l, ¢ = 4.8l and the values for h, k, 1 are shown in
the last two columns of the table. All of the remaining
peaks are accounted for in this manner. It may also be
inferred that the compound is not Re3Si since this compound
has a cubic structure.

Tables IV-V, IV-VI and IV-VII list some X-ray
diffraction data for the Zr/TaSi, system. In Table IV-V,

the two types of patterns formed on the film strip are
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separated. The full arcs were identified as ZrBSi from the
ASTM file and the spotty arcs as o Zr, whose lattice has

been distorted by the solid solution of silicon. Some of

the peaks for ZrBSi and Zr,5i appear in Tables IV-VI and
IV-VIT for Zr/TaSi2 couples annealed for four hours at 2100°F
and 2500°F respectively, but positive identification was
impossible. The data shown in these tables are an example

of the type of results obtained for the Zr silicide zones

as well as the manner in which the data, which later yielded
CCP plots, were recorded.

B. Calculation of Depth of Penetration

The contribution of zones beneath the primary zone
to the diffraction of X-rays may be estimated by calculating
the depth of penetration of the X-rays in the different
materials, This depth may be computed from the equation
given in Cullity (38).
G, = (1 - e—ZNX/Sine)
where G, is the fraction of total intensity contributed by
a surface layer of depth x, | is the absorption coefficient
and © is the angle of refraction. Absorption coefficients

are listed in tables as % for most metals and the values

for compounds can be calculated from the relationship

B ) [
2 Wl(P)l + “’2(9)2
where Wy and W, are the weight fraction of component 1 and

2 respectively in the compound and p is the density. There-
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fore, the thickness of the layer contributing to 95% of the
total intensity can be calculated for the metals and their
silicides below by setting GX = 0.95. © may be taken to be
20°, since most of the charaéteristic peaks are in the

range 286 = 35° to L5°.

. X {to absorb 95% of X-rays)][ % X-rays re- -
Material M mils microns grgfgegiih{g;gi
Ta 2720 0.2 5 1.6
W 3300 0.2 5 0.7
Zr 930 0.6 15 2L
Ti 918 0.7 17 25
TaSi2 1250 0.5 12 15
Ta5si, 1950 0.3 8 5
5513 1980 0.3 8 5
ZrSi2 550 1.1 27 L3
TiSi, 554 1.1 27 L3
Ti 5515 708 0.8 20 3l

From the table above, it may be seen that 0.3 mils of
TagSig will effectively allow only 5% of the X-rays passing
through it to be refracted from a lower layer. To be as
effective, 1t would take more than 1 mil of TiSi, or Zrdij.
It may also be seen that whereas 5% of the X-rays passing
through a 0.3 mil layer of Ta5813 or W5Si3 will contribute
to the total intensity of the refracted beam, 43% of the
total intensity would be refracted from a layer the same

distance below a TiSi2 or ZrSi2 layer.



X-RAY ANALYSTS OF GOOD Tasis, WAFERS AT DIFFERENT STAGES

TABLE TV-T

OF FABRICATION
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Fresh Pressed Presintered Final Wafer ASTM (TaSip)
d I I/If 4 I I/Ilh d I I/I1| 4d I1/I1
L.13 19 17 f4.13 18 16 | 4.1Lk7 — — 4,13 22
3,50 111 100 || 3.498 114 100 ||3.504 81 100 ||3.50 100
2.57 47 L2 ||2.57 L5 39 §12.57L LO 49 }12.57 58
2.390 11 10 {2.389 14 12 [[2.390 11 14 [2.389 17
2.2L6 71, 64 ||2.246 71 62 (| 2.247 57 70 j|2.2L6 oL
2.188 25 23 }2.188 28 25 [2.189 16 20 |=2.187 32
2.069 28 251112.,069 29 26 12,071 22 27 [2.070 36
1.932 49 44 |f1.932 52 46 [1.933 39 LB [|1.932 63
1.614 5 511.614 6 511,615 6 7 (1.615 10
1.565 2 2 11.566 3 3 F1.56L 2 2 l1.565 6
1.526 10 10{1.525 10 91,527 8 10 |1.525 21
1,523 16 14 {11.522 18 16 [1.523 15 19 |l1.523 27
1.504 15 13 f11.504 15 13 |1.505 11 14 §1.505 2L
1.412 9 g11,413 10 91 1.413 g 10 {1,413 17
1.380 2 2 111.380 2 2 116380 2 2 11,380 L
1.353 13 12 {1,353 12 11 }1.355 11 14 [|1.353 21
1.351 16 14 41.350 17 15 il,35l 12 15 1.351 25
| Strong TasSij (h)
3.218 1 139218 1 3,21 50
3,025 2 3.02 70
2.437 2 244 70
2.41 70
2.206 6k 2.21 100
2.153 1,5 2.15 50
2,13 <1 2.126 3 2.13 100
1.520 6% 1.52 70
1.48 50B
1.409 53k 1,409 2% 1.410 5% 1.41 70

TaSip peaks
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Porous Wafer (Sintered at Higher Temp)
Resintered ASTM
Good Wafer Top Surface |Bottom Surface (Top) (t—Ta5§131_
d I I/Iyf a I I/Il d I I/Il d I I/Iy| d :[/I1
3.616 & 10| 3.63 L 143,624 2- 16 |3.63 8+ 12[3.63 30
3.229 <2 3 — — 13,241 1+ 9 3.245 2 313,256 10
2.969 62 10512.968 18 6712.966 1+ 9 12.972 19+ 28[2.956 20
2.846 g 15 1b2,860 5 18(2.848 1+ 9 12.853 O+ 13|2.862 40O
2.816 17 29§ 2.824 8 30(2.819 4L 33 {2,823 21 312,816 70
2.493 31 53 | 2.494 12 4412,493 5 42 | 2,494 16  24]2.490 50
2.340 59 100 | 2.323 27 100]2.340 12+ 100 {2,344 67 100(2.,340 100
2.292 L 7 ({2.301 L 15(|2.295 1+ 912,301l 5+ g12.305 30
2.193 29 49 12,193 18 67({2.192 3 25 12,194 21 3112.192 60
2.13 <2 3|—m — — 4= = = — —l2.132 10
2.051 13 22 12.057 7 26|2.056 4- 33 12,057 19 2812.,05 70
1,983 >»100 200 {1.983 37 137]1.980 2+ 17 |1.,981 28 4211.,978 40O
—_— e — —_ — — |1.,951 6 50 | —— —  —|1.948 10
1.691 2+ L4 | 1,693 L L — — 11.692 2- 311,693 10
—_— — — | 1,628 2 70! — — — 1,627 3 L11,629 10D
1.561 L 711.564 2+ 811,563 1 8 11.566 3+ 5{1.565 60 -
1.531 2 311.532 1 4 — — | 1.534 2 311.533 40
1.519 1 2 - - — — — — —11.521 35
1.488 18 30| 1.485 6 22| —— — — |[1.485 5+ 811.48L 50
1.467 20 34 | 1.468 20 74|1.46L4 3+ 25 |1.466 26 3911.467 &0
L.452 2 3t —— — —ILl.454 1+ 9 11,455 2+ 3]1.455 50
1.428 11 19 [1.427 9 33|L1.427 6 50 |1.427 13+ 20}1.428 70
DL.414 2 3 —_— —_ - — —11.413 30
1.361 L 7 11.362 2+ 8[1.361 1 g 11.363 6 9]1.363 70

+1 unknown

+18 unknown

+7 unknown

+2 unknown
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TABLE IV-ITT

ZONES NEAR THE ORIGINAL

IN DIFFERENT M/TaSi, COUPLES
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INTERFACE

ASTM Ta Side(Ta/TaSi,) TaSi, Side(Ta/TaSis) TaSis Side(W/TaSin
d I/Il d I ./1 d I I/1q d I I/Il
t -Ta53_13
3.63 30 | 3.627 10 18 | 3.642 11 16 3.624 7 11
3.256 10 | 3.245 8 1k | 3.25 2 3 3245 3 >
2.956 20 — - — | 2.975 5 7 2.965 b 6
2.862 4O | 2.84,8 20 35 | 2.856 13 18 2.846 9 14
2.816 70 | 2.822 66 116 | 2.830 26 37 2.821 22 35
2.490 50 | 2.493 3 5 ] 2.499 17 R4 2.491 13 21
2.340 100 |D2.342 57 100 | 2.348 7L 100 2.342 63 100
2.305 30 | 2.299 19 33 | 2.302 6 8 2.296 5 8
2,192 60 | 2.194 7 12 {D2.196 20 28 2.191 21 33
2.132 10| — — — | 2.128 L 6 2.133% 7 11
2.054 70 | 2,056 80 140 |D2.060 23 32 2.056 23 37
1.978 40 |B1.98 1 2 | 1.984 8 11 1.979 8.5 13
1.948 10 |Bl.95 1 2 | — - - 1.931 1 2
1.693 10 | — - = — - — 1.686 1 2
1.629 10D} 1.623% 3 5 — - — —_ — —
1.565 60 | 1.564L 15 26 | 1.566 6 8 1.564 L.5 7
1.533 40| 1.533 7 12 |D1.53 2, L 1.533 2.5 4
1.521 35! —— — — |Dl.52k* 8 11 1.516% 1.5 2
1.484 50 | 1.485 3 5 |D1l.48x% 2 3 1.485% 3 5
1.467 80 | Ll.466 20 35 [DL.L466 14 20 Dl.465 15 24
L.455 50 | 1.456 6 11 | 1.46 2 3 1.455 3 5
1.428 70 | 1.423 7 12 |Dl.4R8% 10 14 1.427% 10 16
1.413 30 | l.4l4x 1 2 }DLl.4L4x 5 7 DL.A11x 3 5
1.363 70| 1.363 7 12 |D1.363 5 7 1.363 6 10
1.353 20| — — — |Dl.355% b 6 —_— — —
8-Tas5i3
3.68 4LO | —— - — | — - — e - —
3.21 50 | —— — —|D3.22 3 33 3.220 L 40
3.02 70 | 3.029 1 50| 3.027 5 56 3.023 5 50
2.60 30| 2.58 1 50| 2.6 1.5 17 2.593 1.5 15
2. 4L 70 | —— — | 2.4k b Ll 2.4,38 6 60
2.41 70 | 2.415 2 100 |{D2.40 3 33 2.409 5 50
2.21 100 | 2.25 1 50| 2.209 9 100 2.209 10 100
2,15 50 | —— —  — | 2.15 3 33 2,153 10 100
2.13 100 | 2.13 2 100 | 2.128 b bl 2.133 7 70
1.87 20 | —— - — S — S - —
(continued)




TABLE IV-IIT (Continued)
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h-TazSip (Continued)
1.67 20 — —_ — — — —_—
1.62 30 1.623% 3 150 | 1.616 2.5 28 —_ -
1.57 40 — - — 1.566% 6 67 1.564% L.5 L5
1.48 508 —  — | DLl.,48 2 22 1.485% 3 30
b1L43 10 —_— — — |D1.428 10 110 1.427% 10 100
1.41 70 |1.414% 2 100 |D1l.L1lh 5 56 D1..411 3 30
1.38 50 —— - — | _ — _ _ —
1.52 70 — —  — 1D1.524 & 39 1.516% 1.5 14
Unidentified|2.58 {2} 2.695 [2) 2,564 (2]
peaks —= (2.521 (4] 2.26[3) 2.520(2]
2.415 (2] 2.17013
TaSi, Side TaSi, Side TaSi, Side TaSi, Side
(Re/%aS:L2 (Mo/%a519 (Nb/{aSlo (Zr/TaSis)

a I I/J:l d T I/Il d T I/Il d I I/I1
3.624 4. 11]3.636 8 11 |3.641 & 12f 3.623 3 10
3.248 2 51 3.241 L 5 1 — — == 3.241 L 3
2.966 3 gl2.968 5 7 12.966 2 6| 2.966 4 13
2.8.8 7 181 2.855 11 15 |2.854 L 121 2.851 L 15
2.822 15 39| 2.829 24 32 |2.826 9 281 2.823 10 32
2.493 12 32 | 2.499 15 20 |2.494 6 191 2.493 8 26
2.342 38 100} 2.348 75 100 |2.345 32 100} 2.341 31 100
2.296 L 11| 2.302 6 g8 |2.299 2 6 2.297 2.5 &
2.191 12 32| 2.194 23 31 12.195 10 31} 2,190 9 29
2.136% 5 13| 2.135% 5 7 — — | 2.140 2 6
2.056 17 L5 | 2,061 24 32 12,057 9 28| 2.056 13 42
1.979 6 16] 1.982 12 16 |1.982 5 16 1.977 6 19
_ — — | 1.943 1 1| — = — — —_— =
—— — — | 1.694 1 1| — = - — - =
1.625% 1 3 |Bl.625% 1 1| — - - — — -
1.564 4 11| 1.566 7 9 11.565 3 9] 1.564 3 10
1.534 2 511.536 3 L —_— —i{Bl.534 2 6
1.529 3 8 |BL.5Ll8% 1 1 |1.518% 2 6] —— — —
1.485 2 511.4.87 4 5 11.483% 1.5 5| 1.485 2 6
1.466 11 29 ID1.466 21 28 [1.467 6 19|D1.464 10 32
1.455 2 51 1.456 3 L | — - —1 1.454 1 3
1.427 7 18 1.428 14 19 |1.428% 5 16|D1.427 7 23
1.413% 2 51 1.414% 2 3 11.413% 5 16 - —

DL.362 4 11 |D1.363 9 12 11.363 2 6{D1.362 5 16

(continued)




TABLE IV-III (Continued)
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3.94
2.80
2,696 [2] 2.260([2]
2.597(3)1.321(3]

hex. Ta5§._2
3.238% 2 50] ——  — @ —|3.223 2 29
3.025 3 75| 3.025 4 50| 3.025 3 43
B2.605 1 251 2.597 3 37| 2.597 1.5 22
2.442 2 50| 2.447 4 50| 2.440 3 43 Barely
2.415 L 100} 2.415 3 371 2.409 2.5 36
B2.210 4 100| 2.215 8 100| 2.205 7 100
2.152 3 75| 2.156 17 212 2.158 & 114 Discernible
2.136% 5 125| 2,135% 5 63| 2,130 4 57
1.625% 1 25|B1.625 1- 12| — @— @—
1.569% 2 500 1.569 3 371 1.570 1 14
1.518% 1+ 25|Bl.518% 1- 12| 1.581% 2 29
1.L81% 1~ 250 1.483% 1.5 19| 1.483% 1.5 22

— | —= =7 | 1.428¢ s 71
1.413% 2 50| 1.414% 2 25| 1.409% 2.5 36
1.376 2 50 — @ — @ | — I

8§12 2.569[7) 13.191 (3] 2.300[3]

2.562 2] 0L7) 2.2881[9] {2.794 [3) 2.258 (7]

2.688(7) 2.034(3]
2.552[6]+ 7 more

2. i




TABLE TV-IV

X-RAY ANALYSIS OF THE Re SIDE OF A Re/TaSi2 COUPLE
ANNEALED AT 2100°F FOR 7 HOURS
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q = 8.81

20 I d ASTM I/T, d n?+k2+3.430% b, k, &
23.16 35 3.837 || ReSi, 100 3.82
27.86 2 3.12 3.12 220
30.88 100 2.223 ReSip 100 2.90
33.7 1 2.
36.66 1 2.449 2 b4 320
ho.4t 11 2.229 2,223 112

7L 65 2. :
e 5 2'20%} ReSi, 100 2.21 2.21 400
L2 1k 2 2.143
42,22 2 2,135} . 2.138 410
45.72 51 1.983 | ReSi, 50 1.97
L7.3h 32 %.gég ReSij 50 1.915
A 19 1'52$£ ReSi, 100 1.56
59.14 16 1.5
v 8
6/,.32 13 1°44?}| ReSis (?) 1,448 610
g2l 1% 1138
68.14 18 1 375% ReSip(?) 1.377 540
68.32 5 1.372
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TAELE IV-V

RESULTS OF X-RAY ANALYSIS ON A FCWDER SAMFLE
REMOVED FRCM THE SURFACE CF A Zr WAFER
AFTER ANNEALING AGAINST TaSi, FOR 72 HEURS AT 2100°F

Phase I {Full Arcs) Fhuse IT {Spctty Arcs)

ASTM , ASTM
d I ZraSi (24% Si) d x X7
3,508 VW 3,576 [L7) 2.827% 3 2.798 (33]
2.979 M 2.965 [L7) 2,468 S 2.459 (.00
2.553 VS 2,551 L0 1.%1% M 1.894 07
2.468 M 2 460 [70] 1.628 M 1,616 L7
2.062 S 26030 ?0% L.47¢ M 1.463 [flJS]
e 1.882 [LO C g . 1.399 [3
1.875 M 1.866 (60] 1.380 © o 1.368014
1.585 W 1.582 10q 1.375 5 1.350 92]
1.525 VW L.294 W 1. 487 4
1.494 M 1.489 (10 1.237 W 1.230 E@
1,308 W 1.322 [70) 1.593 M 1.084 [4
1.213  YVW L,0LA M 1,036 6
1.178 M 1.174 [L0Y) 1.018 Mo 1,006 3]
1.117 W 0,784 M 01,978 %2]
1.080 il further d .74 W 1,266 4]
1.018 W values not 069%8 W 7.933 37
0.995 VW listed an DINEREY M 7,900 BJ
0.958  VVW card. "',‘J.,RSA g 0,877 3]
0.938 W CL8LA W 1.820 2]
0.878  M(VB)
0.839 M(B) Subatituti.n of a smaller
0.808 W(VB) ztem (such zs Si) dinto Zr
0.795 M(VVB) lottice would csuse d
vzlves to ke shifted up.
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TABLE TV-VI

X-RAY DATA FOR THE Zr SIDE OF A
Zr/TaSi, COUPLE ANNEALED AT 2100°F.

+0.0. mil +0,.4 mil +0.5 mil +0.8 mil
20 T 26 T 26 T 26 T
31.65 b 31.6 4 31.7 4 31.76 L
32,05 69 32.05 28 32.08 14 32.02 12
we 45 |30 B (20 B |me D
. L.5 35. . .
%%% 1 36.57 19 36.6 19 36.6 28
38.8 2 — 38.6 2 —_ —
39.6 1 40.3 2B _ —_— _ .
Li .1 1 — . .
45.7 1 — —_— _ —_—
48.1 1 48.0 2 48.1 3.5 4L8.,1-48,2 5B
50.0 1
54.57 1.5 —_— — E— o
57.0 3 56.92 15 57.1 10 57.0 10
57,4 2 - —
60.9 2 _ _
62.3 I3 —_— ——
62.63 3 D62.5 3 —_—
63.64 61 63.58 37 63.58 1k 63 .6 27
66.9 7 66.8 6 66.9 3 66.9 L
68.8 2B 68 .37 6 68.5 L - 68.5 7B
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TABLE IV-VIT

X-RAY DATA FOR THE Zr SIDE OF A Zr/TaSi, COUPLE
ANNEALED AT 2500°F.
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o N oxl
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20
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[0 sR 02
w
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el B
w o own-~awm

]

\O
H N oW N

I_.J

+ 0.5 mily + 1.0mill + 1.4 mill + 2.1 mil| + 2.5 mil
20 I 20 I 26 I 20 I 20 I
1 ‘
~ 27.4° background Jjumps from 14 {to 19
29.12 7 |29.5 3129.55 3| — =— —_— -
30.02 10 [30.05 5 D30.6 51 30.3 1 —— -
32.08 13 |32.1 10 {1 32.1 121 32.0 10 |[32.0 11
33.64 1k |33.6 43 | 33.55 372 33.6 90 [33.6 2
35 3B|35.03 4.535.0 10 | 34.96 10 |[35.0 14
36.5 6 |36.5 6|36.65 16| 36.56 27 136.6 31
39.05 2 139.0 2| — | — - —_— _
43.75 5.5143.75 15 — — —_— = — —
_— _ | — -1 48.06 51 48.0 5 {48.0 6
48 .27 7| — - —_— =] — —_ ] —_— =
L48.63 79 [48.67 100 | —— - —_— | — -
— — |56.95 3 |56.9 g157.0 g8 157.0 9
59.2 3 | — — | — | | =
— 160.7 —é R :; _“__b :- :::: _
61.27 L.5{61.3 5{ — — | 61.3 3 —
62.0, 4 |62.0 3| —, _—| — | —— _—
63.58 65 {63.6 90 | 63.56 136 | 63.6 114 [63.6 15
- - 64-7 3 —_—— ——— — B —_—
T | T = “leer | =
68.57 308 |68.58 264 | 68.52 100 | 68.5 61 |68.5 5B
70.37 5 170.38 16 |{70.35 63|70.35 12 |(—— —_
- - = - — —- — A1l peaks
above fit
ASTM  Zr
but 33.6°




APPENDIX V
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The data in this work may be analyzed statistically
by linearizing the equations expressing the time and temp-
erature dependencies of the thickness measurements:

(ax)% = kgt or (ax)® = kgt + b
and (Ax)2/t =k = Kk0e~@/RT,

The general linear equation is

Yij = Ao + AlXj'

In the first form of the parabolic rate equation A2 is

assumed equal to zero and, therefore, Y:. = ( Axﬂz,

1]
Ay = k, and Xj = t. In the second form, Al = kg and Ay = b,
where b must be negative to have physical significance. The
temperature dependence of the Arrhenius form may be linear-
ized by letting ¥;; = In (ax)?/t, Ay =1n kO, A = -Q/R
and Xj = l/T. Therefore, once the measured data (Ax) has
been operated on to linearize the time and temperature re-
lationships, a least-squares analysis may be easily performed
on the data. This analysis will yield parabolic rate con-
stants, kg, and ks, and an incubation period, b (when sig-
nificant), when operating on Yij = (zxx)z and Xj = t; and

the activation energy, Q, and pre-exponential constant, kO,

when operating on Y;: = ln (ijz/t and Xj = 1/T.

J
The following scheme has been prepared using eqations

presented in Hicks (47) and from private consultation with

Professor C. Anderson (48) of the Mechanical Engineering

Department, The City College of ‘ew York.
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A, Least Squares Analysis
1. A1, assuming A2 =0

; -  ®n.X.
a) X:.A]_J_,‘l
2y
J

where n. = number of Y values at each X.

J
_  ZEY. .

b) ¥ =ZLiiZtJd

sn.

jJ

££ (1. - )T, .
5 M A

a) A =
. _T)R
£(xy - X)

b) A, =T - AT

3. Variance, s. o
2 _ %Jﬁ EYij - (A2 + Ay XJH
-3

S

nj..2

L. Confidence Intervals, C.I.

T A
a) or ]
= S
CoIo to(/l th
\\5.- (Xx. - X)% '
J J
b) for As: _
T2
C.I, = St‘,‘/zJN_Z.i 21 + i X »
n -
s . (X +-X
3 J 3 ( J )

in which t is a variable of the form t = Z/‘&Xz/\) which
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relates the unit normal variable, Z, to the X? variable of Yy

degrees of freedom and.KI==2;%r t's are listed in tables

as a function of N and the probability level ® , For a

95% confidence interval « = 0,05,

B. Departure from Linearity

1.

2.

Linear Regression (Sum of Squares)

L.R. = Alzéll.(X - i)z
39

Departure from Linearity (Sum of Squares)
Y.. =Y. .,
2) h él i

b) Y..=7Y. /n
J J

J

= 7 ¥ Y12
¢) D.L. =2n;[7., -7 - by (X - X))
Residual (Sum of Squares)

= ..—-— 2
R=EE 0y - Ty

Mean Squares
a) MS; = L.R,

p = D.L./q-2

where g = number of j levels.

5.

c) MSy = R/éjnj - q
F tests

F is a variable relating the X? variables

and degrees of freedom, ¥ , by

o XM
X5/V,




_]_98_

F values are listed in tables as a function of Vl, Vz and a

probability level, which is taken as 0.05.

MSt,

F. = __L

2l LT e
MS

b Fn = D

) D MSR

If Fp or Fp are larger than F-w>%,“ from the table, the
linear factor or higher order factor respectively is
significant. When both Fr and Fp are significant, a ratio,
Ctegt, may be formed indicating the relative significance of
the linear factor.
L
Ctest =~ 7T 7=
F + Fp

The closer Cyggt 1s to unity, the higher the relative
significance of the linear factor and, therefore, the closer
is the behavior of the data to the theoretical behavior

expressed by the equations.
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