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We have studied the reactivity of Ti with the R-plane (11 2) of sapphire from room
temperature to 1250 °C by X-ray photoemission spectroscopy (XPS), transmission electron
microscopy (TEM), X-ray diffraction (XRD), and Rutherford backscattering spectroscopy
(RBS). The combination of these techniques allowed the interface reactions to be studied
from the monolayer regime up to the bulk regime. XPS showed that at room temperature,
monolayer coverages of Ti reduced the sapphire surface to form Ti-O and Ti—-Al bonds. TEM,
XRD, and RBS showed that annealing of room-temperature deposited Ti resulted in an
interfacial region consisting of two layers, a Ti;AI[O] layer adjacent to the sapphire and a
Tig 67100.33] layer at the free surface. The growth of the Ti;Al[O] layer had an activation
energy of 103.4 + 25 kJ deg-mole. The nature of the interfacial reaction between Ti and
sapphire was similar for Ti coverages from the monolayer to the bulk regime.

1. Introduction

Many applications require joining metals to ceramics.
Silicon semiconductor devices used in microelectron-
ics are frequently mounted in alumina packages for
protection from the environment. Connections from
the chip to the outside world are made by depositing
various metals on the alumina package [1]. In metal
matrix composites the adhesion between the metal
matrix and the ceramic reinforcing fibres is critical for
a strong stable composite [2]. The physical quality
and mechanical integrity of the matrix/fibre interface
determines how effectively the loads are transferred
from the matrix to the fibres. Titanium coatings are
also used on Al,O; ceramics to promote wetting in
ceramic-to-metal brazed joints.

The reactions between metals and ceramics are
important for the adhesion and long-term stability of
these metal/ceramic systems. For this reason we chose
to study the reactive Ti/sapphire system.

2. Background

2.1. Reactions between titanium and
sapphire

Several previous studies of the Ti/sapphire system are

in disagreement about the nature of the reaction at the
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Ti/sapphire interface. These studies are reviewed to
highlight the discrepancies.

Chaug et al. [3] deposited Ti on to bulk crystals of
the (001) surface of sapphire in a 1077 Pa vacuum
and studied the chemical reactivity with X-ray photo-
emission spectroscopy (XPS). Formation of a TiO,
(1 < x < 1.5) compound was observed at a coverage
of ~0.35nm of Ti on sapphire. No change in the
Al(2p) peak was observed indicating that no Al-O
bonds were broken. However, evidence for local re-
arrangement of the bulk sapphire structure at the
interface was seen. The Ti-O bonds that formed at the
interface acted to “bridge” across the interface and
join the bulk Ti and sapphire lattices.

Zhao et al. [4] considered reactions between
200 nm thick transition metal films with crystalline
and amorphous Al,O;. Films of several metals were
sputter deposited on the Al,O, substrate which were
then annealed at 800-900 °C for 2 hours in a vacuum
of 3 x 1077 Pa. Rutherford backscattering spectro-
scopy (RBS) and X-ray diffraction (XRD) studies sug-
gested that an interlayer of TiAl and an outer layer of
TiO formed. They calculated the heat of formation of
the TiAl and TiO compounds. Their calculations
showed that Ti may be able to reduce Al,O; in the
temperature range of 800-900 °C.,
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Choi et al. [5] studied reactions between Ti and Ni
with Al,O; and Y, O;. Powders of Ti and Al, O, were
mixed (20 v/o Al,O5 + 80 v/o Ti), dry pressed, and
sintered in argon for 5-20 hours at temperatures
ranging from 650-1300°C. XRD and electron micro-
probe analysis of the sintered composites revealed that
after 5Shours at 650°C, TizAl[O] and Ti[O] were
formed and both phases had oxygen in solid solution.
They proposed the following reaction

9Ti + ALO, = 3Ti[O] + 2Ti,Al[0] (1)

Lefakis et al. [6] studied reactions between 100 nm
thick films of Al,O; and monolayer coverages of Ti
with Auger electron spectroscopy (AES) and ultra-
violet photoelectron spectroscopy in a 1078 Pa
vacuum. The Al,O; was thermaily grown on metallic
Al and was. probably cubic y-Al,O, not hexagonal
o-Al, O, (sapphire). Ti reduced Al,O; at room
temperature to produce a 1 nm thick layer which was
a mixture of TiO, and Al in accordance with the
reaction proposed by Lofton and Swartz [7]

3Ti + 2AL,0, = 4Al + 3TiO, )

2.2. Kinetics of the reaction between
titanium and sapphire

Chamberlain [8] studied 185 nm thick Ti films on

sapphire substrates with AES in the temperature

range of 566-484 °C. Fitting his data to Equation 3

below gave an activation energy of 170kJ/
deg-mole and a kq of 1.2 x 10® nm?/s.

Wt = kt (3)

k = koexp(— Q/RT) {4)

Here W is the width of the layer, n is a growth
exponent, ¢ is the reaction time, k is the penetration
constant, k, is a constant, and T is the reaction tem-
perature in K [9, 10]. The slope of an Arrhenius plot
of Equation 4 equals — Q/R, where Q is the activa-
tion energy and R is the gas constant. Tressler et al.
[11] studied sapphire-reinforced Ti composites and
found an activation energy of 215.6 kJ/deg-mole and a
ko of 3 x 10'® nm?/s. Both Chamberlain and Tressler
found that the reaction between Ti and sapphire was
diffusion controlled. However, both reported different
activation energies for the diffusion process.

Several studies have dealt with the reactions be-
tween Ti1 and Al,O,, and different reactions and dif-
ferent reaction kinetics were reported. In the present
study different experimental techniques are used to
arrive at a self-consistent picture of the reactions and
reaction kinetics between Ti and Al,O;.

3. Experimental procedure

Single crystals of (1 12) oriented sapphire were used in
all of the investigations. The (h k [) hexagonal index
notation was used to describe all planes. XPS was
preformed using monochromatized AlK, X-rays
(1.46 keV) and a hemispherical energy analyser with a
resolution of 0.9 e¢V. The sapphire substrates were
mounted on a heating stage in an ion-pumped ultra-

high vacuum (UHV) chamber with base pressure of
1078 Pa.

All samples were prepared in the analysis chamber
to minimize surface contamination. The sapphire sur-
face was cleaned by standard ion bombardment and
heating techniques before Ti deposition. Carbon con-
tamination was absent, as judged by XPS. Ti was
deposited by resistively heating Ti ribbon. Temper-
atures from 25°C to 1250°C were studied and the
sample temperature was measured with a thermo-
couple or an optical pyrometer. At temperatures
greater than 500°C the error was +20°C while at
lower temperatures the error was +75°C.

Changes in the Al(2p), O(1s), and Ti(2p) core level
positions and changes in the valence band were mon-
itored as a function of temperature and Ti coverage.
Absolute binding energies were not obtained because
of sample charging, even though an electron flood gun
was used to neutralize the charge build-up.

For XRD, RBS, and transmission electron micro-
scopy (TEM), between 200-400 nm of Ti was RF
radio frequency sputter deposited on sapphire sub-
strates in a turbomolecular pumped vacuum chamber
with a base pressure of 107° Pa. Titanium was
sputtered from 99.7% pure sheet. Pre-deposition
sputtering cleaned any absorbed molecules from the
Ti target. The Al, O, substrates were held at temper-
ature: 525, 554, 562, 580, 630, and 663 + 5°C, during
the entire 2 hour Ti deposition. The temperature of the
samples was monitored with a thermocouple spot
welded to tantalum foil clamping the sample to the
heating furnace.

RBS was preformed using either 2.25 or 2.8 MeV
“He" ions. Spectra were converted into composition
and distance according to the methods outlined by
Chu et al. [12]. The width of the Ti and Al peaks were
set equal to the composition limits of the Ti; Al phase
on the Ti-Al binary phase diagram, since access to
computer routines for spectra deconvolution was not
available.

Cross-section samples of the annealed Ti/sapphire
samples were studied by TEM. A Philips 430 TEM
with a windowless energy dispersive X-ray energy
dispersive spectroscopy (XEDS). All of the reported
chemical compositions were corrected for X-ray
absorption. The foil thickness was determined
by a convergent beam electron diffraction (CBED)
technique [13].

4. Results and discussion

4.1. Reactions between titanium and
sapphire

4.1.1. XPS investigation

The phrase “metallic aluminum” or “metallic tita-

nium” is used to refer to metallic type of bonding and

not pure, elemental Al or Ti. A series of experiments

were carried out to determine the effect of temperature

on the reaction between Ti and sapphire.

Fig. 1a and b show the Al(2p) peaks for increasing
Ti coverage at 25°C and 1000 °C, respectively. Low,
medium, and high coverages correspond approxim-
ately to one, two, and four equivalent monolayers. At
low Ti coverages, an additional peak developed on the
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Figure 1 Al(2p) peaks as a function of Ti coverages at (a) 25°C and
(b) 1000 °C.

low binding energy side of the Al(2p) peak. This peak
corresponds to metallic Al, indicating that Ti reduced
the sapphire surface. At 25°C, the metallic Al peak
slowly grew with increasing coverage. However, at
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1000 °C the metallic Al peak developed considerably,
indicating that the majority of Al-O bonds in the
surface region were reduced.

The process involved in the Ti-induced reduction of
sapphire was further investigated by ramping the sub-
strate temperature from 25°C to 1250°C, during
which the changes observed in the Al(2p) were re-
corded, as shown in Fig. 2. Room-temperature depos-
ition of Ti (four equivalent monolayers) on sapphire
induced a small fraction of metallic Al to form. As the
temperature was increased, the reduced species, Al°,
grew as a function of temperature, and correspond-
ingly, the Al1** peak decreased. Upon further heating
of the substrate to temperatures higher than 1200 °C,
the metallic Al° peak abruptly disappeared. A simul-
taneous mass spectrometer measurement showed the
evolution of a peak at m/e = 13 near 1200 °C, indicat-
ing Al sublimation from the system. No Ti mass signal
was detected.

Reduction of sapphire to Al by Ti followed by Al
desorption suggests that an intermetallic Al-Ti alloy
formed. If the Al existed as pure Al it should have
evaporated at a temperature well below 1200°C
{Fig. 3). The instability of the AI-Ti intermetallic spe-
cies at high temperature may arise from the nature of
the extremely thin film and the combination of high
vacuum and high temperature. The surface, after
losing the metallic Al species at high temperatures,
consisted of AI** and Ti?", indicating Ti—~O-Al bond
formation.

The valence band region, as a function of temper-
ature, is shown in Fig. 4. As the temperature increased,
the intensity of the Ti(3d) orbital near the Fermi level
decreased, indicating that the electron population of
the Ti(3d) orbital decreased with temperature. A new
orbital appeared at 8.0 ¢V and grew with temperature.
This suggests that charge transfer between the Ti(3d)
and O(2p) orbitals occurred.

After ramping the sample to 1250 °C it was held at
temperature for 2 hours. The Ti(2p) region (Fig. 5),
shows that Ti existed in two different chemical states
corresponding to Ti(2p,,,) peaks at 453.2 eV (peak A)

Al(2p)
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Figure 2 Al(2p) peak as a function of temperature, from 25°C to
1250 °C. Near 1000 °C the metallic Al peak abruptly disappeared.
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Figure 4 The valence band region from room temperature to
1250 C.

and 455.6 eV (peak B). The energy difference between
these two Ti(2p;,,) peaks is 2.4eV. These peaks
were fitted such that the peak area ratios A/C and
B/D were 2/1, the natural intensity ratio for
Ti(2p;,,)/Ti(2p,,,). A shift of the Ti(2p,,,) peak by
2.4 eV with respect to metallic Ti corresponds to Ti in
a 2 + oxidation state [ 14]. No evidence was seen for
Ti** or Ti**. The absence of the Ti** oxidation state
indicates that Ti did not substitute for Al in the Al, O,
lattice, within the sensitivity of XPS.

The bonding across the Ti/sapphire interface is
shown schematically in Fig. 6. The Ti near the inter-
face formed bonds predominantly with oxygen. The Ti
also bonded with the Al in the top layer of the sapp-
hire, forming a mixed bonding involving Al, O, and Ti.
As time progressed the interface mixed; metailic Ti-Al

Ti(2p) (1072)
1250°C 2 h anneal

Intensity {arb.units)

465 460 455 450
Electron binding enerqy (eV)

Figure 5 Ti(2p) peaks after a 2 hour anneal at 1250°C. The Ti(2p)
peak-split into 2 pairs of peaks (A-C) and (B-D), These peaks were
fitted such that the peak area ratios A/C and B/D were 2/1, the
natural intensity ratio for Ti(2p;,)/Ti(2p,.,).

Figure 6 A schematic of the bonding between Ti and the (1712)
plane of sapphire. The Ti near the interface of sapphire bonds
predominantly with oxygen, indicated by large circles. The Ti also
bonds with the Al in the top layer of the sapphire, forming a mixed
bonding involving Al O, and Ti.

bonds formed as the sapphire decomposed into Al and
O; and O diffused into the Ti film.

4.1.2. XRD, RBS, and TEM investigations
A series of XRD spectra, RBS spectra, and TEM
micrographs were obtained after heat treating
200-400 nm thick Ti films on sapphire substrates at
25,525,554, 562, 580, 630, 663, and 825 °C for 2 hours.

Selected TEM micrographs are shown in Figs 7-10.
The grain size of the Ti film was 30 nm for films
deposited at 25 °C (Fig. 7) and 150 nm for films depos-
ited at the elevated temperatures (Figs 8-10). All of the
CBED patterns were indexed as disordered TijAl
RBS indicated that all of the films contained 2035 at.
pct. oxygen and consisted of two layers, Ti;Al[O]
adjacent to the sapphire, and Ti, ¢, [Og 35 ] at the free
surface. Ti;Al[O] refers to Ti; Al with oxygen in solid
solution and Ti, ¢,[ O 55 ] refers to Ti with oxygen in
solid solution. A typical RBS spectrum is shown in
Fig. 11. The composition of the Ti;Al[O] layer, deter-
mined by TEM/AEM, was approximately 60 Ti, 23
Al 22 O (at. pet.). Table I lists the thickness and
composition of the Tiy ¢, O4 53] and Ti;Al[O] layers
found in each sample, as determined by RBS and
TEM/AEM.

Fig. 10 shows two different regions of the same
sample annealed at 663°C for 2 hours. These two
micrographs show different microstructures indicating
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Figure 7 TEM image of sample deposited at 25°C.

that there was a temperature gradient across the
sample. The wavy interface structure in Fig. 10b sug-
gests that the diffusional fluxes are unstable, leading to
regions of supersaturation. This is typically referred to
as interface breakdown. Interface breakdown can only
occur in ternary or higher order systems [15].

The thickness of the Ti;Al[O] layer measured by
TEM and RBS agreed well with one another. A large
part of the error in the layer thicknesses was due to the
existence of a temperature gradient across the sam-
ples. In the TEM/AEM measurements the error was
due to only a very small region of the interface being
actually observed. In the RBS measurements the error
was related to difficulties in deconvoluting the spectra.

All of the Ti films exhibited a strong (00 2) texture,
except for the film deposited at 554 °C which showed

no obvious texture. The Ti;Al[O] layer had a range of
textures suggesting that no strong texture existéd for
the Ti;Al[O] layer (Table II). Fig. 12 shows a CBED
pattern encompassing several grains in the Ti film
from the 25 °C sample. This pattern shows that there
was no preferred orientation of the Ti grains with
respect to the sapphire. Comparing this CBED pat-
tern with the XRD results indicates that the film was
deposited with the c-axis of Ti perpendicular to the
sapphire substrate, but that all other degrees of
freedom for crystal alignment were undetermined.

An additional sample to those mentioned above
was made in the UHV chamber. This sample had
200 nm of Ti evaporated at room temperature and
was annealed for 2 hours at 825°C, all in a vacuum of
10~% Pa [16]. The entire Ti film in this sample had
transformed into a new, single-phase product. This
phase was identified by TEM/AEM and CBED as
ordered Ti; Al with a composition of 64 + 4 Ti, 24 + 5
Al and 12 + 6 O (at. pct.). The atomic ratio Al/O in
the Ti;Al layer should be 2/3, the same as in sapphire.
However, the measured atomic ratio Al/O was 2/1
(allowing for worst-case errors it ranged from 4.8 to 1).
This implied that oxygen diffused out of the TijAl
during annealing in the UHV chamber and indicates
that the vacuum level has a significant effect on the
final oxygen composition of the reaction layer.

4.2. Thermodynamics of the reaction
between titanium and sapphire

The information obtained in the previous sections

allows for a thermodynamic treatment of the reaction

TABLE I Layer thickness and compositions determined by TEM and RBS

Heat treatment Thickness of TiyAl layer
temperature TEM RBS

Composition of layer by
RBS (Ti, Al O at. pet.)

(+5°C) (nm, + 20%) Ti,Al
25 0 - - -

525 65 59 82,0,18 57,2122
554 82 100 68,0,32 60,20,20
562 7 79 75,025 58,20,22
580 117 100 66,0,34 56,23,21
630 120 138 76,0,24 62,24,14
663 220 217 75,025 60,2515

Figure 8 TEM images of samples deposited and annealed for 2 hours at 525 °C. The arrow in (b) indicates the Ti; Al phase. The Ti;Al is not

continuous in this region.
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Figure 9 TEM image of a sample deposited and annealed for
2 hours at 580 °C.

between Ti and sapphire. The reaction products have
been identified as Ti, ,[Og.55] and Ti;AI[O] and
the reaction between Ti and sapphire can be written as
the sum of Equations 5-8

AlLLO; = 2Al + 30, %)
2{3Ti + Al = Ti;Al} (6)
3{0.67Ti + 0.1650, = Tiy¢,[00331} (7)
2{Ti;Al + 1/20, = Ti;Al[O]} (8)

8Ti + ALLO; = 3Ti; ;00331 + 2Ti;AI[O]
&)
Free Energy = — 431800 + 398TLn(T) — 87.64T
(10)

The net reaction, Equation 9, is similar to the reaction
proposed by Choi et al. [ 5]. The approximate temper-
ature dependence of the reaction is shown in Equa-
tion 10 where the error is estimated to be +350 kJ.
Equation 10 only incorporates the temperature de-
pendence which arises from the reduction of sapphire,
since the temperature dependence of the other reac-
tions was not known. The details of the calculation are
given in [17].

4.3. Growth kinetics of sputtered titanium
films

A plot of the square of the TiyAl layer thickness
divided by time versus 1/7 is shown in Fig. 13. Fig. 13
is a plot of the general Equations 3 and 4. In thin film
[87 and bulk reactions [11] between Ti and sapphire n
has been found to equal 2, indicating diffusion-con-
trolled growth. The layer growth observed in this
study can be described by

(TizAl layer thickness, nm)> = (3 x 10°)
x exp(—24700/RT) x (time, sec) (11)

The plots shown in Fig. 13 result in almost identical
activation energies. This agreement between the two
different techniques indicates that the error in thick-
ness measurement was not severe.

The significance of the activation energy, Q, depends
on the system being studied. Kidson [10] derived
equations describing the growth of intermediate layers
in binary diffusion couples. For a three-phase system,
a diffusion couple where an intermediate phase ‘b’
forms at the interface between the two end members ‘@’
and ‘¢’ of the couple, the thickness of the intermediate
phase ‘b’ is given by

I/Vb = ébc - (:'ab (12)
where
(DK)pa — (DK)p \
by = 2 Z s ) 4
B < Cab - Cba ‘ ’
(DK)py — (DK)y \ 4
5b < Cbc - ch : ’ (13)
dc
K ={-—1].
(dx)u’ (14)
W, = Byt* (15)

The positions of the interfaces between the ‘@’ and ‘b’
phases and the ‘b’ and ‘¢’ phases are represented by &,
and ¢&,,, respectively. The concentration gradient, K,
and the diffusivity, D, are evaluated in phase i at the ij
interface. The slope of an Arrhenius plot of the thick-
ness of the ‘b° phase (Equation 12) does not give a
simple activation energy. The slope obtained depends

Figure 10 (2) TEM images of samples deposited and annealed for 2 hours at 663 °C, (b) shows signs of interface breakdown.
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Figure [] RBS spectrum from the sample deposited and anneaied
at 525°C.

on the difference between the activation energies of the
diffusivities in the ‘@’, ‘b’, and ‘¢’ phases. Consequently,
the slope of the Arrhenius plot will not necessarily be a
straight line, but may be curved. However, if an ap-
proximately straight line is obtained, it indicates that

Temperature {°C)

)

700 650 600 550 500
T T T T T

-1
w

Layer thickness from TEM
Q=24300 cal /deg-mole
ky=2400000nm2 s ]

L

Ln(Layer thicknessz) time (nm? s

0

[
-1k
.2 U S SN S U WO S D S S VA T S SN T TS S U S B U SR S S P
1.00 105 1.10 115 1.20 1.25 130
{a) 1000/7 (K)

TABLE II Results of X-ray diffraction studies; (e} = evaporated
Ti films and (s) = sputtered films

Heat treatment Preferred orientation

temperature, “C

Ti Ti;Al
25(e) {002) not present
25(s) 002) not present
525(s) (002) 200)
554 (s) random (101)
562 (s) (002) random
580(s) 002) (200)
630(s) 002) (tto)
663 (s) 002) (110)
825(s) not present (110)or(002)

either: one of the diffusivities predominates; or that the
diffusivities are similar to one another.

Kidson stated that there is nothing preventing the
value of B, in Equation 15 from becoming negative. A
negative value of B, indicates that the flow rate of
material from the adjacent phase is so rapid that
material cannot move through the ‘b’ phase and
material piles up in the ‘b’ phase. When this occurs the

Figure 12 CBED pattern from the Ti film in the sample
deposited at 25 'C, indicating no crystallographic align-
ment between the sputtered Ti and sapphire. No heat
treatment.

Temperature (°C)
700 650 600 550 500

T T L T T

Layer thickness from RBS
Q=25200 cal/deg-mole
ko= 4200000 nm2 s

Nt NS B S PR

) S S
1.00 1.05 110 115 120 1.25 1.30
{b) 1000/ 7 (K)

Ln(Layer thickness’) time (nm? s™!)

Figure 13 Arrhenius plots of TiyAl layer thickness after a 2 hour anneal: (a) layer thickness determined by TEM/AEM, (b) layer thickness

determined by RBS.
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next intermediate phase ‘d” would form and ‘b” would
not grow or form.

Fig. 14 is an Arrhenius plot of D in Ti, Ti3Al, and
the quantity in Equation 16. The diffusivities in the Ti
and Ti;Al were approximated from the data of Hirano
and lijima [18] {Equations 17 and 18 below). The
diffusivity for Ti in sapphire was approximated by the
diffusivity of oxygen in sapphire [19] (Equation 19).

(DK)y — (DK}  [(DK) — (DK}, (16)
Cbc - ch Cab - Cba

Dy = 1.3 x 10 8exp(—17800/RT) cm?/s
(17
Dg,a = 3.66 x 10”®exp(—29640/RT) cm?/s
(18)
Dao, = 270 exp(—147000/RT) cm?/s (19)

The diffusivity of Ti in sapphire is probably slower
than the diffusivity of oxygen in sapphire. How-
ever, the diffusivity of oxygen in sapphire is so low
that it did not influence the curve generated with
Equation 16.

The values used in Equation 16 to calculate Fig. 14
are listed in Table III. The K;; values in Table 111 were
obtained by averaging values measured from the
AEM traces. The slope of the straight line portion of
the B, curve is approximately 125 kJ/deg-mole.

The B, line is curved over a small temperature range
near 600°C. Near 545°C the value of B, becomes
negative, indicating that at temperatures below 545°C
the Ti,Al phase should not appear. However, we have
seen Ti,Al at temperatures as low as 525°C. This
discrepancy can be explained by the fact that the
values for C;; and K;; in Equation 16 were only
approximate. Furthermore, Fig. 14 is only a rough

Temperature (°C)
1400 1000 800 700 600 500

T T T T T

-40 .. | FUNTEN Y ) NP P 1 A L
05 06 07 08 09 10 1t 12 1.3
1000/7 (K}

Figure 14 Plot of titanium and Ti; Al diffusivities and B, versus 1/7.

TABLE III Values used in Equation 24

(Coe — Cep) (Cap — Cra) Koy Ky Ko K,
(at. pet. Ti/nm) (Ti atoms/cm?)

a

—0.25 —0.75 3Ix10° 9x 10> 2x105 2x10*

approximation to the system presently studied since
the current system is a ternary (Ti-Al-O). It is inter-
esting, however, that in Fig. 8b there is a region where
the Ti; Al phase was not continuous. In the light of the
discussion above, the existence of this non-continuous
layer might be due to a change in the diffusivities
resulting in B, becoming negative.

From the discussions above the measured activa-
tion energy for the growth of the Ti;Al[O] layer,
103.4 + 25 kJ/deg-mole in Equation 11, represents the
activation energy for the growth of the Ti Al layer.
However, it is not the activation energy of any specific
process, but represents the activation energy of B,.

4.3.1. Effect of grain boundary on the
growth of the Ti;Al layer

The grain size of a material has a large effect on the

measured activation energy of diffusion. Grain bound-

ary diffusion is expected to play a large role in diffu-

sion processes at temperatures below one-half the

melting point of the material.

The activation energy for bulk diffusion can be
approximated by an empirical correlation between the
melting temperature, 7,,, and a constant of 150.7 J/K
[20]

Q _
o & 15075/K (20)

1., is approximately 1900K for titanium and Ti;AL
Therefore, Q is expected to be approximately
293 kJ/deg-mole.

The present study and the two kinetic studies pre-
viously mentioned [8, 117 all show evidence that grain
boundary diffusion played a significant role since ac-
tivation energies much lower than 293 kJ/deg-mole
were reported. Each study used different methods to
prepare samples, resulting in different grain sizes
and therefore varying amounts of grain boundary
diffusion. The greater the contribution of grain bound-
ary diffusion the lower the measured activation
erergy.

If grain boundary diffusion played a smaller role in
the diffusion process, ie., the material had a larger
grain size, the activation energy and diffusivity would
be smaller and the thickness of the Ti;Al layer would
also be smaller. This would be reflected in a higher
activation energy for growth of the Ti; AL

5. Conclusions

The XPS study provided a fairly complete picture of
the initial stages of the reaction between Ti and sapp-
hire in the temperature range of 25°C to 1250°C.
Titanium was seen to reduce sapphire at all tempera-
tures studied to produce Ti—O bonds and Al involved
in a metallic bond, probably with Ti, i.e. Ti-AL Alumi-
num was seen in an intermediate oxidation state
between 3+ and 0. This Al was probably due to
mixed bonding across the interface. After a 2 hour
anneal at 1250 °C, Ti was in the 2+ and 0 oxidation
states and no evidence was seen for Ti4 ™ or Ti**. The
absence of the 3+ oxidation state indicates that
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Ti does not substitute for Al in the sapphire lattice,
within the sensitivity of XPS.

A possible structural and chemical picture of the Ti
interface can be summarized as consisting of Ti-O
bonds across an interface that is probably not wider
than two atomic spacings. Ti-O bonds bridge the
interface and the near-surface oxygen atoms in the
sapphire form the majority of the chemical bonds with
Ti while a small percentage of the interface bonding
consists of mixed bonding between Ti, Al, and O.

Titanium films that were evaporated and sputter
deposited from 25 °C to 825 °C on sapphire substrates
all exhibited a strong (002) texture. However, the
disordered Ti,Al[O] layers that grew upon annealing
did not exhibit any strong texture. Although the Ti
films did show a (002) texture, electron diffraction of
several Ti grains revealed that the other degrees of
freedom necessary for lattice matching between Ti and
sapphire did not exist.

Titanium reduced sapphire to produce Tij ¢7[Og 33]
and Ti;Al[O] according to

8Ti + ALO, = 3Tige:[0033] + 2Ti;Al[O]

This reaction agrees well with that of Choi et al. [4]
and of Chamberlain [8]. The reaction between Ti and
sapphire is thermodynamically favourably at all
temperatures studied.

The layer thickness measured by TEM/AEM and
RBS was in agreement within the estimated errors
associated with each technique. An activation energy
of 103.4 + 25kJ/deg-mole for the growth of the
Ti;Al[O] layer indicated that diffusion through the
Ti;Al[O] grain boundaries was a significant contri-
bution to the total diffusion process.
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