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Abstract:

Titanium-aluminum alloys are of much interest to the scientific community as light-weight, strong
materials. Understanding how the different compounds and phases are formed allows the improvement
and creation of new alloys with improved performance properties. lon Beam Mixing is a method of
compound formation which yields some very different results from thermal annealing, with the
possibility of forming new and novel phases of the alloy. Thin bilayer films of Al and Ti are ion mixed
with an argon ion beam and analyzed with Rutherford Backscattering Spectrometry. This analysis
technique yields information about the sample composition as a function of depth without damaging
the sample. The analysis can show phase formation, if present, and the shift in composition of the
elements at the interface of the bilayer due to the mixing. This change in elemental composition at the
interface can be measured and represented as the mixing rate which can be compared with standard
models for the different mechanisms of ion beam mixing. The models of ion mixing are based on the
mass of the ions and sample atoms, the energies involved in the mixing process and the thermodynamic
properties of materials being mixed. It was found that the ion beam mixing of A-Ti bilayers did not
result in significant phase formation for ion doses up to 1x10 16cm-2 The two theoretical models of the
ion mixing mechanisms did not yield any useful information about the mixing process since both
predict the same result for this system, however, mixing was observed and the mixing rate was similar
to that obtained with xenon ions.
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ABSTRACT

Titanium-aluminum alloys are of much interest to the scientific community as
light-weight, strong materials. Understanding how the different compounds and phases .
are formed allows the improvement and creation of new alloys with improved
performance properties. Ion Beam Mixing is a method of compound formation which
yields some very different results from thermal annealing, with the possibility of
forming new and novel phases of the alloy. Thin bilayer films of Al and Ti are ion
mixed with an argon ion beam and analyzed with Rutherford Backscattering
Spectrometry.  This analysis technique yields information about the sample
composition as a function of depth without damaging the sample. The analysis can
show phase formation, if present, and the shift in composition of the elements at the
interface of the bilayer due to the mixing. This change in elemental composition at the
interface can be measured and represented as the mixing rate which can be compared
with standard models for the different mechanisms of ion beam mixing. The models of
ion mixing are based on the mass of the ions and sample atoms, the energies involved in-
the mixing process and the thermodynamic properties of materials being mixed. It was
found that the ion beam mixing of AI-Ti bilayers did not result in significant phase
formation for ion doses up to 1x1016cm-2. The two theoretical models of the ion
mixing mechanisms did not yield any useful information about the mixing process since
both predict the same result for this system, however, mixing was observed and the
mixing rate was similar to that obtained with xenon jons.




CHAPTER 1
INTRODUCTION -

There is much interest in titanium aluminides as structural materiais. Their
relatively. low density and elevated temperature properties are éspecially attractive to
the aerospace industry for engine and airframe components!, to the medical communi.ty
for making artificial joints and bones? and to many others interested in lightweigﬁt,
. strong materials.. Understanding these alloys, how the elements Ti and Al react, how to
make new phases with new properties, learning to cont.rol‘ the growth and phase
formation of the desired alloy, is critical for improving their usefulness. One of ‘the
§vays in which alloys can be formed is by ion beém mixing. ‘Ion beam mixing is the
mixing of a target, usually compriséd of elemental layefs, ai the atomic level by
acéelerating high energy ions onto the target. The incident ions are usually inert
' (a;gon, krypton, xenon, etc.)'so that they do not’i‘nteract with the target. While this
method is limited to the surface of an objgct, it is useful in its mixing efficiency and its
occasional ability to cause novel and thermodyngmica]ly unfavorable bhases to form in
the target.

Ton beam mixing was first discovered by Vaﬁ der Weg et al. in 19733 when
palladium silicide fbnned due to Ar ion irradiation of Pd films on Si substrates. The.
A .novelty was that for every incident Ar ion more than 100 atoms of Pd and Si were
mixeci, a-nd so could not bé explained by simplei ballistic recoil of the target étoms. In
the nearly 20 years since then much data has been acc.umu'lated'for many systems,
including bilayer films, multilayer films and thin film markers ‘embédded in a substrate.

. Much of the ion mixing described in the _literaturenhas been done with Xe ions since Xe
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is relatively hea;/y and inert. There is some interest in the relatioﬁship between the
incident ion mass and the ampurit of mixing produced in the sample.

jhis work preseﬁts a study of Al-Ti bilayer films mixed with Ar ions. 'Does jon
beam mixing with Art at room temperature result in phase formation? ‘If so, is it
possible to predlct wh1ch phases are formed based on thermal annealing results or the
thermodynamlc propertles of the system? If phases are not formed by ion beam mlxmg‘
for this bﬂayer can the mxxmg be described by various mixing mechamsm models”
The models which quantlfy the mixing are discussed and computed for th1s bilayer
system. A comparison between mixing of these bilayers with Ar jons and mixing of the
same with Xe ions as found in the literature is also addressed. ’Ihennod)"namic
| considerations are also discussed, as well as their possible role in enhsnemg or
inhibiting mixing and phase formation of Ai-Ti compounds due to ion beam mixing

with Ar.




CHAPTER 2

ANALYSIS AND EXPERIMENTAL TECHNIQUES
Rutherford Back-scattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is a powerful technique that can
yield an abundance of information about a sample and is used extensively in this
analysis. The apparatus used for this technique is shown below in Figure | and consists
of a 2MV Van de Graaff type AK model N positive-ion accelerator, a bending magnet

and the chamber and goniometer for mounting the sample to be analyzed.

Pump

Detector

Backscattered Beam

X. Scattering Angle
Incident

Beam Target

Enlarged
RBS Chamber View

Figure I. Schematic of apparatus used for Rutherford Backscattering Spectrometry



The backscattering technique consists of creating high energy (-1.8 MeV1lin
this case) helium ions in the Van de Graaff accelerator, collimating them into a focused
beam, bending the beam through the magnet which selects only the ions with the
chosen energy, and centering the beam on the sample target to be analyzed in the
chamber. The light helium ions backscatter off the atoms of the target and are detected
by a solid-state detector which is in the plane of the incident beam and sample normal
direction and at a fixed angle with respect to the beam and the target. A simple

diagram of this geometry is shown in Figure 2.

Figure 2. Simple schematic of Rutherford Backscattering Spectrometry

The detector is connected through a pre-amp and amplifier to a Multichannel
Analyzer (MCA), which records the number of backscattered helium ions detected as a
function of their scattered energy. The energy with which the helium ions backscatter,
E 1, is a function of their incident energy, EO, the ratio of the He ion mass to the target
atom mass, and the scattering angle. The dependence on the mass ratios and the

scattering angle has been defined as the kinematic factor4,
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where Mjand My are the mass of the projectile jon (usuaily He for RBS) and target
atom, fespectively. K is tabulated for various projectile ions, target atox-ns énd
scattering angles. A ﬁel-ium jon backscattering from a heavy atom will scatter with a
greater énergy than one scattering from a lighter atom. It is in this way that the target
spécies cdn be identified. |

In addition to helium ions which scatter off the atoms on t'he surface of the
target, helium ions are also detected from s_cattering events in the bulk to a maximum
depth of several thousand angstroms, depending on _t'he‘ ion energy and the target
material. Helium ions that backscatter from atoms below tﬁe 'surface of the target will
be detected with increasingly lower energies with greater 'depths,. due to the loss of
energy traversing the material, dE/dx. Therefore; the thic];ness of an elemental -filni is
directly related to the width of its‘backscl:attering spectrum peak. The thickness of a thin
filﬁl can be calculated from the energy width of the peak by*

AE

= pesk ’
t Nie] )

where AE is the widtﬁ of the peak in thé natural unit of energy, [€] is the stopping cross
section factor which is a function of the séé.ttering angle and the stopping cross sections, .
g, whicﬁ are dependent on the ion energy and the material and are empirically known
~ and tabulated, and N is the atomic density of the material. The thickness of a very thin

film can also be calculated by*
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where A is the total integrated number of counts under the spectrum peak, O is the
scattering angle, a is the scattering cross section of the element, O is the solid angle of
the detector, and Q is the total charge collected. Both methods yield nearly the same
result for an elemental film. A sample target and its ideal RBS spectrum are shown
below in Figure 3. Note that the Ti peak is shifted back from where its surface position
would be since the Ti film is below the Al film. The C peak is also shifted from its

surface position by the Ti and Al films.

Backscattered He+Energy (MeV)
0.0 0.5 1-O

Theoretically ideal spectrum

Real RBS spectrum

Surface
Carbon

1000
Channel

Figure 3. Sample target, real and ideal RBS spectra



As mentioned above, the energy width of the peak, AEpéak, shown in Figure 3
is directly proportional to the thickness of the elemental peaks. Likewise, the height of

the peak is proportional to the mass of the element through o, where

. . ' 2 2 . .
6=?1i£ {4chilrlzzz(eec/i)] . @
in the center of mass reférence. frame. Note that because G is ;;roponional to Z2 of the
target atom, the surface edge height of the peak is éroportionél to Z2. Note also that
the peak ileight of the carbon substrate goes as 1/E2 due to height ~ ¢ ~ 1/E2.
Unfortunately, the reality of RBS spectroscopy is that elemental peaks db not have
perfectly flat and smooth edgés. This spreading out or rounding of the pea.ks has
several origins. One is straggling, which is due to the random hature of an ion's energy
loss as it travels through a solid. Another cause may be an incident beam that is not
quite monoénergetic so that there is some greater spread in the scattering energy.
Fiﬁally, there is some spreading of the signal due to the detector system resolution. It is
usually convenient to represent these deviations by a Gaussian energy distribution. For
“the system used in this study, the system variance froni all three contributions is around
24keV. It is important to be able to distinguish between the spreading due to the
.inherent resolution and thé spreading that is caused by ion beam mixing as discussed in
Chapter 4.

In the analysié of RBS dafa, the program RUMPS, which is a program into
which RBS spectra and parame»ters are input and then can be manipulated and analyzed,
was used for actually calculating the film thicknesses by the formulae above and also
for creating RBS simulations and comparing them with the collected data. The
simulations provided a means of creating multilayered films pf any given composition,

generating a simulated RBS spectrum with the same experimental parameters, and ‘




varying the thicknesses or compositions until the simulated and the real spectra match,

~ again yielding and confirming information about film thickness and composition.

Additionally, any impurities in the films could be identified and quantified from the
RBS si)eétrum using RUMP. |

Rutherford Backscattering analysis is aléo used in determining the amount of
jon-beam induced mixing that occurred and whether there was specific compound
formation. For an abrupt interface between elemental films, the corresponding edges
(the back edge of the surface 'fiim and the front edge of the underlying filih) on the RBS
spectrum are also well defined, sharp, and have a steep §lope. As the sample is mixed,
interdiffusion between the two films occurs. This interdiffusion is evident in the RBS
spectrum,; the interface edges are not so ‘sharp or steep, due to the suﬁace atoms being
pushed back into the underlying film and the atoms of the underlying film diffusing
forward towards the surface. Quantification of the mixing baseci on the change in sl;Jpe
beyond the Widening due to the inherent system resolution of the RBS spectrum peaks
is discussed in the Results and Discussion Sectiop.

Since the sample was characterized before and after hlixmg, it was exposed to
air each time an RBS measurement was made. This led' to the formation of an oxide
layer on the surface of the sample which should not i.nterfere with the mixing proceés.
Duriné the RBS spectra collection, the target was biased at +165V with respect to the
chamber to trap secondary electrons which would otherwise leave thé sémplé and

erroneously increase the measured beam current.

The apparatils used for the ion beam mixing is shown in Figure 4. It consists of .

150 kV positive ion (argon) accelerator, a bending magnet and a cha_mbér capable of




maintaining pressures below 2 x 10"8 Torr complete with a goniometer for mounting
and manipulating the sample.

The ion beam mixing was done at base pressures below 5 x 10 "8 Torr and
during mixing the pressure was less than 3 x 10> Tom The energy of the Ar+ beam
was chosen so that the range of the ions in the material was slightly greater than the
depth of the interface of the Al and Ti. This range was calculated by means of TRIM
(TRansport of lons in Matter) computer code,6 which calculates the range of an ion
traveling in a solid based on the ion incident energy and scattering cross sections. The
sample was aligned normal to the beam so that the beam (maximum ‘A cm2 area) was
centered on the 16 inch diameter sample. The sample was biased at +165 V so that the
current measured would be a true indication of the incident Ar+ current. The total
charge incident on the sample was monitored by a current indicator/integrator so that
the dose (total incident particles per cm2) could be calculated. The incident flux on the
sample averaged around 10 pA cm"2 so that the times of mixing ranged from 5 minutes
for a dose of 2.5 x 1015 cm"2 to 140 minutes for a dose of 7 x 1016 cm"2. The
temperature of the sample during mixing was monitored via a thermocouple and did not
show any rise above room temperature for a dose of I x 1016 cm"2, so that thermal

mixing of Al-Ti was considered a negligible effect in the ion beam mixing process.

lon Beam Bending'
Accelerator |\/|e;,1gdne%J ,

Goniometer
and Target Diffusion
Ptunp

Figure 4. Schematic of apparatus used for ion beam mixing
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CHAPTER 3

SAMPLE PREPARATION

The Ti. and Al thin films were evaporated onto a carbon plug with an extra
smooth pyrolytic carbon coating. The carbon plugs were purchased from Ted Pella Inc.
and are standard sample mounts for scanning electron mrcroscopy Carbon was chosen
for-its reasonable heat capacity and because it would not interfere in the RBS analysis;
bemg a lighter element, its RBS spectrum peak appears at a much lower energy than
those of Al and Ti. Titanium was first evaporated onto the carbon plug by passing 3 to
5 A of current for 3 to 6 minutes through a 0.010" diameter 75/25 Ta/Ti alloy wire that
is primarily manufactured for getter pumpmg Ti depos1tron for ultra high vacunm
systems Purity of the deposited Ti is guaranteed to be at least 99.5%.7 The Ta/Ti alloy
wire was approximately 6 inches in length and tightly coiled so that the bulk of the wire
was directly in front of the graphite plug at a distance of ¥ inch. The amount of
resulting Ti deposrtron ‘was approximately known based on the geometry of the
evaporation setup and the yield of Ti from the Ta/Ti wire based on current and time.
The base pressure was no greater than 2 x 10-8 Torr and rose to less than 3 x 10~7 Torx
during evaporation. The aluminum was then evaporated on top of the Ti film by means
of heatmg a tungsten basket holdmg Al wire (99.999% pure). The pressure during the
Al evaporation did not go above 2 x 1077 Torr. The time of Al deposition ranged
between 5 and 10 minutes and the thrckness was roughly monitored by v1sua11y

observing the sample color change from the darker Ti layer to the lighter Al Both the

"Ti and the Al films were fabricated in the same vacuum chamber so that the interface

was not exposed to air. Thrs minimized the contamination of the elemental films at the
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interface due to oxygen, hydrogen, etc. The actual deposited thicknesses tavere obtained
by RBS analysis as discussed in the arlalysis and experimental techniques section.
Initially, Ti de;;osition was attempted in the same manner as the Al, that is, by
placing Ti foil i)ieces in a Tungsten basket and heating the basket. However, at the
extremely high temperatures needed to melt the Ti, small amounts of W were also
deposited with the film and there was some concern that the high temperature might
induce some unwanted preliminary thermal interdiffusion of the Al and Ti. -An attempt
‘was also made to deposit Ti and Al by sputtering but this failed for several reasons, the
most crucial being oxygen cohtamrnatioh due to the higher pressure in the chamber
housing the sputter set-up and contamination of fluorine from the Teflon shielding of

the home-made sputtering apparatus.




12
CHAPTER 4

THEORY
Mechanisms of Ion Be ixi

There are three basic mechanisms of ion beam mixing that have been identified
They are: ballistic or recoil cascade thermal spike, and radiation enhanced diffusion,
RED. Ballistic cascade mlxmg is perhaps the most intuitive of the mechanisms since it
is easy to visualize the incoming 1qns colliding with the target atoms and causing them
to recoil and collide with other atoms and so on. Moat of ‘these recoils are fairly low
energy and result in small, ra.ndomly djrected. displacements of the atoms. These-
d1sp1acements are of course larger than the dlsplacements due to thermal oscillations
_about the equilibrium point. It follows that the amount of mixing by thlS mechanism
would be dependent on the masses of the constituent atoms, the atomic density of the
material, the average minimum displacement energy of the atoms and the energy
'depos1ted by the nnpmgmg ion at the m1t1al collision site. If the cascade is dense
enough, a locahzed phase change (vapor1zat10n or meltlng) may occur. This is called a
thermal spike. This mechanism is dominated by the thermodynamic properties of the
materials (heafs of formation and cohesion) as well as the density of the material and
the energy deposited by the incoming ion. " These two mechanisms are also called
prompt processes since they occur after the first picosecond of each ion impact.
Radiation enhanced diffusion is a delayed process since it occurs over a greater time
than the prohlpt processes. | It is diffusion of the atoms as a result of the mobility of
| vacancy and interstitial defects created by the initial ballistic or thermal spike- cascade.

RED is highly dependent on the temperature of the material; below the critical
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temperature (which is somewhat below the texhperature necessary for thermal diffusion
for the material) the defect mobility is seilerely limited and RED is not a dominant
effect. The resulting solid is not necessarily left in a state of thermodynamic

equilibrium, due to the unusual nature of these mixing processes.

Quantifying the Amount of Mixing

Rutherford Backscatteriﬁg " Spectrometry (RBS) is the prhnafy tool for
quantifying jon beam mixing, as described in the analysis and experimental techniques
section. When the concentrations of the elements vary monotonically across’ the
interface, the amount of rmxmg is characterized .by the variance which is a measure of
the spreadiné of the peaks 6f the elements uﬁdergomg mixing. The mixing, or
spreading, as a function of depth 1n the sample is best characterizéd by an error function
with argument (x—a)/ J4Dt8 | where Dt is the square of the effective diffusion
length.9 The variance, 62 , is then equal to 4Dt and has been shown to vary linearly
with the dose . In other words, the amount of fnixing is directly proportional to the
' &ose. Converting the RBS spe_;:trum from count versus energy to counts versus depth
for error function fittiﬂg is no s‘imple‘ task, so the variance can also be calculated by
taking the square of one-half the difference between the energies, AE, at the positions
of 84% and 16% of full height of the spectrum péak,“ as shown in Figuré 5. This
energy-squared is then converted into a depth squared by dividing it by the square of the
energy loss factor, (N[a])z. Note that this energy loss factor is an average value for the
interféce calculated for a 50/50 compésition_of the elements assuming the Bragg Rule
for 50/50 compounds ([€laye= Y2 [E]A + V2 [el]B. ; and Naye= Y2 Nao+ Y2 Np).* The
\.rariance is calculéted at varioué mixing doses for both elements, in this case, Al and Ti,

and plotted for each element as-a function of dosé, ¢. This data is then fitted to a
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straight line by a least-squares fitting routine and the slope d(4Dt)/d<|> extracted. The

quantity d(4Dt)/d<]) is defined as the mixing rate and is a standard way of quantifying

mixing.

Channel (1.5keV/Chan)

650 700 750
Underlying 84*
element B height
element A

Interfcce edge

Interface edge.

18%
height

height

Figure 5. Finding AE for calculating the variance from the RBS spectrum

Models of Mixing Mechanisms

Currently, there are a few models that predict the mixing rate for various

systems based on different thermodynamic considerations and favored mixing
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mechanisms. It is suggested and shown for a few cases,!® that systems which favor

mixing by binary collision cascade can be modeled by'“’,‘_'1

d(4Dt)_g ,ilif_ '

where I'y = 608 & =[4m my /(m] + m2)2] 1/2 g is the energy depos1ted per unit path
length at the interface, R is the mean-square range of a displaced atom, somewhat
arbitrarily taken to be 10 A, N is the average atomic density of the matrix, and Eg is the
average minimum . displacement energy for an atom in the farget; For mixing

dominated by the thermal spike mechanism, the mixing is modeled by'%!?

T (6)

eoh

d@4pt) €K, [ 4K, AH_ ]
do N*(AHwh) ’

where A_Hc;,h .and AH,y;x are cohesive energy and heat of mikiﬁg, respectively, and
K1 and K are fitting constants, with K1 found to be near 0.037 A and K2 = 27.12 This
model has also had some success for certain systems.8 101214 Tt has been suggested that
\fo'r systems with an average atomic number less than 20, the mixing process should be

dominated by binary collisions and tilerefore agree with equation (5) and that thermal
spike mixing modeled by equation (6) will dominate for systems with an average
atomic number greater than 20.1% Since it is kno% that the mixing rate increases with
the mass of the mixing ion,!3 it is not clear whether this relation between average
atomic number and favored mixing process will be true for ion beam mlxmg with Art
as well as Xet for which it has been demonstrated.1® It is also somewhat unclear
whether the two models g1ven above are adequate to represent bllayer mlxmg for Ar*

mixing. These are some of the quest1ons this work can help to resolve.
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’Ihermgglxngm ic Considerations

Also of interest in ttle mixing process is the role of the solubilities of the bilayer
" elements into each other. If small amounts of element A are.soluble.in B and small
amounts of B are less ‘soluble in A should we expect A to diffuse into B from i'on beam
mixing as a rule? For this particular case, the approximate solubility obtamed from a ~
metallurgical phase dlagram for Al in Ti at room temperature is nearly 10%, whereas
Ti is not soluble in Al at room temperature to any measurable degree.!> However, for
ion beam mixing, it is not clear whether the relative solubilities of the eiements assists,
impedés or is irrelevant to the mixing process. If, in this case, small amounts of Al are
soluble in bulk Ti and small amounts of Ti are not soluble in bulk Al, we might expect

. to see Al d1ffus1ng into the bulk of Ti and not vice versa.

There is also the consideration of whether ion beam mbting_ produced phase
formation is favorable or even possible, antl whether it might be predlicted or explained
based on thermodynamics. It has been shown that only the TiAls phase is formed
during thermal annealing of an Al-Ti bilayer.! .Again, it is not clear that this
disposition to form the TiAl3 phase for thermal annealing plays a role in predicting
phase formation in the ion beam mixed semple. The heats of formation for_the three
phases commonljr formed are as shown in ,Teble 1.17 Thermodynamics would indicate
that the favorable phase to form should be the 50/50 Al-Ti 'con_lpound since its heat of
formation is the largest. This y-phase Al-Ti also has the simplest crystal structute: face-
centered tetragonal structure that is very close to the face-centered cubic structure of Al.
It has been suggested that phase formation due to ion beam mixing is more favorable
for simple crystal structures and that there is no 1dent1fiable cqrrespondence between

the phase formed by thermal annealing and the phase formed by ion beam mixing.!%!?
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Phase formation

AHformation )

TiAly -36.6 kJ/g-atom
vy Al Ti -37.4 kJ/g-atom
o Al Ti3 -24.6 kJ/g-atom

Table 1. Heats of formation_for Al-Ti phases




CHAPTER 5

RESULTS AND ANALYSIS

Sample Analysis and Normalization

The as-deposited samples were first analyzed by RBS for composition, purity
and film thickness. The RBS spectrum for an unmixed sample is shown in Figure 6.
The average thickness of the Al film was calculated by RUMP and found to be 525A
with an assumed oxide (AI203) layer of 50A. The thickness of the Ti film was
calculated to be 400A. It is apparent from Figure 6 that the interface edges of the Al

and Ti are not as sharp as the ideal simulated spectrum.

Backscattered He+Energy (MeV)
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Unmixed Sample
Ideal Simulation

Channe

Figure 6. RBS spectrum of unmixed sample and ideal simulation
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Since the simulation accounts for straggling and the detector resolution, the
additional "fuzzing" at the interface is probably due to some initial natural
interdiffusion between the Al and Ti. The possibility of interdiffusion due to heating
during the evaporation process is unlikely since the temperature of the sample did not
exceed 40°C above room temperature during the Ti deposition and 15°C for the Al
evaporation as monitored by a chromel-alumel thermocouple.

The thickness and composition of the pre-mixing diffusion region were
approximated by matching the raw RBS data with a simulated spectrum with RUMP as

shown in Figure 7.

Backscattered He Energy (MeV)

0.9 1.0 1.1 1.2 1.3 | .4
T |

Compoeition of

Unmixed Sample Simulated Spectrum

Fitted Simulation Spectrum

BOAAI p |,
"O 7bA Al (+C.0)
A0AAI
i: 250AAM
(% I5AAITI,
g 0ATI <+C)
E Carbon Substrate
0
600 700 800 900

Channel

Figure 7. RBS spectrum of unmixed sample and fitted simulation
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The composition of the unmixed sample was found to be nearly 250A of AlTi on 150A
of AlTi3 sandwrched between the pure Al and Ti layers. “There is some uncertarnty in
these s1mulated thicknesses on the order of SOA mostly due to uncertainties in the
parameters (charge, detector resolut10n Bohr straggling, etc) whtch RUMP uses to
create the sunulatrons and partly due to the somewhat arbrtrary manner in which the
user creates and mod1f1es the composltlon of the s1mulat10n spectrum based on visually
fitting the simulation to the raw data spectrum. The mechanism and composition of
spontaneous drffusron at room temperature of Al and T1 is best left to other methods of
analysrs In this study it is sufficient to note that since mixing (actually the variance) is
. a linear function of dose, any initial interdiffusion will not affect subsequent changes in
variance as a function of dose. The best way to normalize the non-zero variance for
zero dose is to subtract the initial mixing amount from that for the 'subsequent mixed
data. .

After the initial evaporation and each successive dose of vion'beam mixtng, the
samplehvvas analyzed by RBS Two different spots on the mixed portion of the sample
were analyzed to average out any great non-uniformity in the mrxmg ion beam and
ongmal sample composition. The raw spectral data was then smoothed by a 3-pomt
non-weighted averaging 'scheme to eliminate any rough plaees on the spectrum due to
the nature of the backscattering events in the data collection. The change in energy
from 84% to 16% of spectrum peak helght on the mterface side of both Al and Ti for
each dose is then extracted as shown in Figure 8. The average energy loss factor over
the interface region, N[e], is calculated once for each sample -using ,approxlmate
energies at the interface obtained from the data for an intermediate dose. Note that the
' tabulated’ values for € vary not more than 5% for energy differences up to 200keV.
- Since the energies used to calculate € at the interface vary less than 3keV from unmrxed

to the highest dose mrxed sample, the value for N[e] will vary only s11ght1y as the
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sample is mixed, so the average value is more than adequate. The variance for each
dose is then calculated, the variance for zero mixing subtracted, and the normalized
variances plotted as a function of dose. The plot is then fitted with a least squares fit

straight line as shown in Figure 9. The slope of the line is equal to d(4Dt)/d<> which is

the mixing rate.

Points used for
calculating AE

Channel (1.5keV/Chan)

Figure 8. Demonstration of points used to find AE



Al data
Al line fit

Ti data
Ti line fit

Slope Al =«1.16x10 A

Slope Ti -0.401 x|l O4Md

Dose (ICTI6/cn-TZ)

Figure 9. Plot of variance versus dose

Experimental Results

The experimental mixing rate obtained for this particular sample was found to
be 1.16 (I04A4) for the Al edge and 0.40 (I04A4) for the Ti edge. Again, we do not
necessarily expect the mixing rates to be the same for the Al and the Ti, even though
they are adjacent to each other, due to variations in solubility or mobility. The average
experimental mixing rate (Vi of the mixing rate for Al edge plus Yi of the mixing rate
for the Ti edge) for this sample is then 0.78 (I104A4). Comparing these values of the

mixing rates to the theoretical values based on the mixing models, it is assumed here
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that the average of the mixing rates for the Al and Ti edge is used since neither model
inherently distinguishes one edge from the other. The two models discussed here also -

- do not distinguish between mixing by different ions, with the possif:le exception of th-e
value for €, the average energy deposited per unit length due to nuclear collisions at the
interface which will certainly be greater for b(_)mbardmerit with the heavier Xe¥ than
Ar*. Note that the ballistic collision cascade model is prqpoﬁiond to €, while the
thermal spike ﬁodel varies with ;92. |

The theoretical value obtained from the ballistic collision cascade model is

44D 215 BRE (o2 108Ad) |
% 3 ogNEd =0.23 (104A%) (7

where the parameters are as preyiously defined, the value for Eq is taken to be 18V
and € is calculated by the TRIM compiiter code to be 61eV/A for Art at the interface
(with a nominal error of :tSeV/A). The theoretical value of the mixing efficiency based

ona thénnal spike model is then

. l 2 .
d(4Dt) __¢ K, 1+K, AH . =0.28 (104A%) - (8

coh Heon
| where , again, € is 61eV/A, AHpix= -0.37eV/atom!3 and AH¢op= -4.49eV/atom 2!

It.is interesting that both models yield virtua]ly the same resu}t for Ar"' mixing
of Al-Ti. Since the avera;ge atomic number for Ai-Ti is 17.5, mixing by the thermal
spike mechanism should 'have been expected. This is indeed the case. for Ti-Al mixing
by Xe™, where the experiméntal value of the mixing efficiency (assumed to be an

average) was found to be 1.19 (104A4) which corresponds to the ballistic mixing model
which, for Xet with € equal to 262eV/A, yiglds 0.98 (104A4) and contrasts neatly with
the thermal spike médel which yields 5.56 (104A4) for‘Xe"" mixing,!0 showiﬁg that ion

mixing of AL-Ti with Xe is dominated by a ballistic mechanism.




Mixing Rates (104A%)
Experimental Results - Ballistic Recoil Thermal Spike
: Model Model
Al edge _ 116 — =
Ti edge 0.401 L — ' —
. ArtAverage 0.781 0.24 : 0.28
Xe+Average 1.19 0.98 556

Table 2. Experimental and modeled mixing rates of Al-Ti from Ar* and Xe* mixing

Iy 0.608 __Eg4 18eV
& | . 0960 x| 0.037A
g 61eV/A ; Ky | 21
Re | 10A AHmix -0.37 eV/pt |

N 0.0584 pt/A3 AHpoh -4.49 eV/pt
Table 3. Table of parameters used to calculate the theoretical mixing rates for Al-Ti ‘

Clearly for the case of ion mixing with Art neither the ballistic cascade model
nor the thermal spike model is adequate to describe the mixing process since the
experimental value is nearly three times 'the value predicted by either m<.)del. It is
possible but unlikely that a systematic error 1n our measurenients was a factor, such as -

the dose measurement being consistently off by a factor of three; the experimental value
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would be closer to the predicted values but the preferred mode of mixing would still be
| mdlstmgurshable since the models still predict snmlar values. |

It is more likely that with further stud1es of metal b11ayer mixing by Ar* that the
thermal spike model, could be adjusted for Ar"‘ bombardment. One consideration
woutd be to fit the parameter K3 to the mixing data for severai metal .pai.rs (parameter
Ky dei:aehds on the bilayer materials and is assumed to be fairly constant for metal
pairs)8 , thereby allowing better agreement between experiment and theory. Kz would
have to be on the order of 100 as compared to the Xe™ fitted value of 27 to improve the
correlation. It is most likely that the theory is in need of modrfication since it has been
shown previously that the mixing rate does not appear to vary with the stluare of € for
mixing by different ion species.!3 | | .

It may be possible to describe the mixing process by another mechanism such as
radiation-enhanced diffusion (RED). This, however, is .unlikely since' the critical
temperature above which RED is likely to be dominant for Al-Ti is above 175 °C?? and
the thermocouple placed on the sample during the ion mixing detected no significant
temperature increase. " ' .

| It is importantto note that despite the nion-correlation between the experiment
and the accepted models, that the experimental valuebbtained for the mixing efficiency
by ion mixing Al-Ti bllayers with Art, 0. 781 (104A4) is less than the mjxmg efflcrency
of the same metal pair by Xe"‘ 1.19 (104A4) This is in agreement with prevrous
results that have shown that mixing rate increases systematically with the impinging ion

mass.!3
Phase Formation by Ion ixi

Thermal annealing of Al-Ti bilayers leads to TiAl3 formation, but it is difficult

in our case to determineé if or to what extent phase formation occurred due to the limited
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resolution of the RBS analysis for very thin films of AI-Ti phases and the initial
spontaneous interdiffusion of the Al and Ti films. Figure 10 shows an RBS spectrum
of TiAlg formation due to thermal annealing.16 Note the plateaus formed due to the
compound formation. Figure 11 shows the RBS spectra of the ion beam mixed sample

at varying doses: unmixed, 0.5x1016Cnr2, and 2x1016.

Energy (MeV)

30 Min. Anneols

No Heot
400°C

450°C
SOO00C

350
Chonnel

Figure 10. RBS spectrum of a thermally annealed Al-Ti bilayer (Ref. 16)
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unmlxed 13
do** m Sx10iecm_,
do** —2x10 om

Channel (1.5keV/Chan)

Figure 11. Overlay of the RBS spectra for various doses

Note that while the spreading of the elemental peaks due to mixing is evident, there are
no obvious ledges formed due to compound formation. For comparison, a simulation
of AI-Ti mixing with various compound formations is shown in Figure 12. The
thicknesses of the simulated compound layers shown are 50X)A to best display the
features. A close examination and comparison of the mixed sample of Figure 13 to the

phase simulations suggests that there may indeed be some phase formation.
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Backscattered He Energy (MeV)
0.2 0.4 0.6 0.8 1.0

Channel

Figure 12. Simulation of the RBS spectra for the Al-Ti phases

1.2

1.4

AILTi
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Al peak from RBS spectra

Unmlxed
Mixed ie
dose—2x10 cm

Channel (1.5keV/Chan)

Figure 13. Enlargement of Al peak at two different doses to show possible phase
formation

Figure 14 shows the same mixed sample and the corresponding fitted simulation. Note
that the mixed regions are thicker than those of the unmixed sample, although they
appear to have similar compositions. Even though the composition of the mixed region
cannot be known exactly, it is clear that there is indeed mixing of the Al and Ti bilayer
due to Ar+ ion beam irradiation. From the data collected for this study it is
inconclusive whether specific Al-Ti phases are or can be formed by ion beam mixing.
What can be concluded is that the dominant moving species for this bilayer pair is the
Aluminum. This is demonstrated best in Figures 11 and 13 of the mixed sample. Note

that the back edge of the Al extends to a greater depth in comparison to the unmixed



sample. The compositions of the layers of the fitted simulation also indicate that Al has
moved deeper into the sample with additional mixing. In contrast, the front edge of the

Ti does not appear to move forward from its initial position.

Backscattered He+Energy (MeV)
0.9 1.0 1.1 1.2 1.3

Composition of

Mixed Sample (Doee-IxIO Al6/cmA2) Simulated Spect
imulated Spectrum

Fitted Simulation

Channel

Figure 14. RBS spectrum of a mixed sample and fitted simulation

From this result it can be concluded that the species which is more soluble in the
other is indeed the dominant diffusing species. In this case it appears that because Al is
more soluble in Ti than Ti in Al, Al diffuses into the Ti and not vice versa. It is also
interesting to note that as indicated before, the most thermodynamically favorable phase
to form is the y-phase AITi. It may not be surprising, then, that this is one of the
probable phases formed by ion mixing, but, the second most thermodynamically

favorable phase to form is TiAlg and there was no indication of a tendency to form this
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Phase. preve;, the 'I_‘iAl3 phase i_s the phase formed from tl-lermal annealing so it is
quite puzzling that this phase does not séem to form in ion beam mixing. From this
result it can be concluded, then, that the phése formed by thermal annealing does 'not |
indicate the phases formed or predict the rhoving speéies for ion beam mixing. It can
also be concluded that the heat of formation is no‘t the primary driving force in phase
formation in ion beam mixing since thé likely phases to have formed are not tﬁe t\'x}o

phases with the highest heats of formation. See Table 1 in the Theory section. |
Di ion of an Earli

It should be noted here that an earlier sample similar in preparation and
'compo-sition to the sample discussed above yielded some seemingly dissimilar {e'sults.
Figure 15 shows the plot of variance versus dose for this sample. While the linear fit of
the data is maybe not as aesthetically convincing, the average ‘o-f the slopes (or mixing
rates) of the Ti and Al edges is neaﬂ).' tﬁe same as for the other sample at 0.75 (10444,
It was initially.unclear whéther this result is coinciciental or valid because not only are
the mixing rates for the Al and Ti different from the previously discussed sample by a
factor of fwo, but the mixing rate of Ti for this sample appéars to be larger than the |
mixing rate of Al for the same saxﬁple. A plot of the RBS spectra taken after various
doses for this sample is shown in Figure 16. The Al peak is much decreased in size due
to sputtering at the relatively high dose. 'The back interface edge of the Al peak doés v
not increase in slope as much as the interface edge on the Ti peak. This would seem to
indicate that Ti is diffusing more readily in;o th;e Al than \}ice Ve.rsa which is contrary to
what was found in the originally discussed sample. If the variance versﬁs dose is not
ltruly linear, this seeming contradiction may be é~resu1t of the difference of the range
over which the samples are mixed. Tﬁis; however is unlikely since it has never been

shown that variance does not increase linearly with dose.




32

Al Data
Al line fit
Tl Data
Tl line fit

Slope Tl —0.963 /

Variance (10~4 A'2)

Slope Al —0.546

Dose (x1CT16/cm~”2)

Figure 15. Plot of variance versus dose for a previous sample
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unmixed

doee m 1x1016cm
dose — 4x1016cm
dose m 7x1 Q16Cm

Channel (2keV/Chan)

Figure 16. Overlay of the RBS spectra for various doses for a previous sample

What is more probable is that the amount of Al sputtered off the surface of the
target over the higher doses affects the amount of Al that appears to move into the
sample. Said another way, the Al sputtered off the surface of the sample at high doses
changes the height and shape of its RBS spectrum peak by making the peak shorter and
thinner. It is important in calculating the change in the variance over many doses that
the reference part of the Al peak, i.e. the elementally pure Al layer, be invariant relative
to the diffusion region over the different doses. This ensures that the measurement of
the energy spread, AE, between the 84% and 16% heights is a true indication of

widening of the layer, whereas the AE for a greatly sputtered peak would decrease due
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to the shortening of the spectrum peak height. To be ceﬁain that the amount. of Al on
the surface is not decreasing significantly with dose, the total a.moﬁnt of Al can be
calculated by integrating under the Al peak on the RBS spectrum and normalized by
dividing out the charge and detector solid angle. The percenfage change in Al peak
area versus dose for each sainple is'shown in Table 4.‘ Some amount of variation in the
peak can bé expécted due to non-uniformities in the film ﬂﬂckhésses over the surface of
the sample. It is clear that at the higher doses uséd on sample 2, a large and significa.ni
amount of Al was sputtered away, whereas the variétions in the Al peak area of
sémple 1 are minimal (the apparent positive increases in Al peai( area are du'é, to small
variations in film thickness over the sample and the difficulty of looking at the same ‘
location on the sample for each .successive apalysis). The changes in the area of the Ti
peaks for both samples are small and show no trend with dose which was expected

since the Ti layer is shielded by the Al layer.

Dose (1016cm™2) Sample 2 Sample 1 _
0 | 0% 0%
0.25 | — |l +06%
0.5 — | +3%
1.0 -3% +0.4%
2.0 — | +2%
40 2% —
7.0 0% | —
125 -59% —

Table 4 Percentége of Al sputtered away as a function of dose
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The doses applied to this earlier sample are not as well éle_f'med since a
modification to thg set-up for dose measurement was made after its apalysis. It is
estimated that ‘the actual dosages for this sample may be’ larger than the measufed
dosages by roughly a factor of two. This estimate is obtained by noting that the area of
the discolored region of the sample where the mixing beam appeared to_be striking the
sample was about one-half of the area over which the ‘ion beam was originally assumed“
to be striking. This is encouraging, since this factor of two in the dose would scale the
mixing rate of the Ti to 0.482 (104};4) which is quite close to the previously discussed
result of 0.401 (104A4) for :the Ti into_arface. It can be concluded, then, that the variance
in the Al distribution is a result of the sigriificant change in the Al spectrum peak size -
~ dueto sputtering. For thin films at these high doses wflere a large -amount of sputtering

occurs, greater care must be taken in interpreting the data.
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CHAPTER 6

- CONCLUSION

. Thin films of Al and Ti were first evaporated on a carbon substrate and then ion
beam mixed with a 65-75keV Ar* beam at varying doses. The motivation fof this
experiment was to find if a phase or phases ot; titanium aluminides could be formed by
ion beam mixing. Phase fonnatioﬁ to any significant degree was not observed in the
._ion mixed samples. Amorphoﬁs mixing of the Ti and Ai, however, was observed. The
variétion of the elemental concentration across the mixed region can be analyzed by
calculating the mlxmg rate which is a function of the spreading of the RBS spectral
elemental peaks. The mixing rate can be characterized using different models mixing
due to the ballistic recoil mechanism and to the thermal spike mechanism by comparing
the calculated mixing fate to the experimentally determined value. It was found, that
for Ar"' mixed Al-Ti, the calculated mixing raté for both the ballistic recoil meéchanism
and the thermél spike mechanism yielded ﬁea;ly the same value which was significantly
lower than the experimentally determined value. This led to thé conclusijon that the
accepted models for the dominant. mode of jon beam m1x1ng, the ba111st1c recoil
mechanism and the thermal spike mechanism which predict results nicely for ion
mixing with Xe*, do not adequately describe ion mixing with Art. The results from.
ion mixing with Art were lower than those of ion mixing with Xet which was
expected since the amount of mixing scales with the'ma.tss of the impinging ion.

The dominant moving species in the ion mixing of Al-Ti bilayers was found to
be Al. This was as expected since at room temperéture Al is more soluble in Ti than Ti
is in Al. By fitting the RBS spectra of the mixed samples it was found that the

compounds formed were those rich in Ti or having equal amounts of Ti and Al. This
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agrees with the solubilities of the two materials in each other. It is interesting that the
phase formed by thermal annealing of Ti-Al bilayers is TiAl3. It appears that the
processes which determine phase formation by thermal annealing are not the same as -

those at work in ion beam mixing.
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