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Abstract

The kinetics of the synthesis of elemental nanoscaled multilayers of Ti and Al in the regime of continuous heating from 300 K up to 973 K was
investigated. A series of sputter deposited Ti/Al multilayer thin films with individual layer thickness (d) from 4 nm up to 1000 nm have been used.
Differential scanning calorimetry, Friedman—Gupta, Kissinger and Surifiach methods of complex kinetic analysis, classical and time resolved X-ray
diffraction and scanning electron microscopy have been applied. In the Ti/Al multilayers the sequence of reactions leading to the final product TiAl
(and TizAl) is determined. The final products as well as the kinetics of their formation depend on the individual layer thickness. Three different

kinetic regimes depending on the layer thicknesses have been found.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

TiAl-based intermetallics due to their low specific weight,
high specific strength, excellent creep strength and good oxi-
dation resistance are promising materials for high temperature
applications particularly in automotive and aerospace industries
[1].

Recently it has been shown, that TiAl-based thin films can
also be produced by suitable isothermal or continuous heating
heat-treatment of Ti/Al multilayers produced by sputtering [2].
In such a case, due to the abnormally fast diffusion along grain
boundaries in the individual layers and high exothermal effect,
the intermetallics can also be formed after a specific thermal
initiation by a self-propagating reaction in an autowave mode
(combustion).

In order to develop the processing strategy it is necessary
to study the kinetics of phase transformations in the Ti/Al sys-
tem, to understand the growth mechanism, and both chemical
and thermal stability of the produced titanium aluminides. The
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rapid phase evolution during the gasless combustion in the mul-
tilayer Ti/Al nanofilms can be studied by the time-resolved
synchrotron radiation diffraction analysis (TRSRD) in [2-4].
The slow continuous heating controlled chemical reaction can
also be followed by thermal analysis methods such as differen-
tial scanning calorimetry (DSC) or monitoring resistivity [5].
Recently, the peculiar relation between the specific thickness
of the individual layers and the kinetics of the reaction at the
Ti/Al interface has been observed [6] and the activation ener-
gies have been deduced. No relation between the combustion
and continuous heating controlled reaction has been analyzed
yet.

In the present paper, the complex kinetics of the formation
of compounds in various Ti/Al multilayers, which should be
controlled by the slow heating rate (up to 80 K min—1), is studied
in details for the first time. The role of the dimensions in the
nano-layered system is analyzed.

2. Experimental

The multilayer foils were prepared by means of plasma-
assisted magnetron sputtering. Details of the method were
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7 micron

Fig. 1. SEM pictures of the initial multilayer foil with the layer thickness ¢ =390 nm (left) and the same sample after heating up to 973 K (right).

described in the earlier work [7,8]. Deposition procedure was
based on simultaneous sputtering of two magnetron targets (Ti
99.9%, Al 99.99%) by low-energy ions (200 eV, up to 20 mA) in
argon, at pressure 1-3 Pa. Up to 10 substrates of stainless steel
foil or Si-wafer were placed circularly on the rotating holder.
As the holder rotated, the substrates passed in turn through the
fluxes of Ti and Al atoms from two different targets; there-
fore, alternating layers of these metals were created. Stepping
motor provided rotating frequency in the range 0.03-20 rpm,
which resulted in formation of individual layers with thickness,
d, from 4 to 1000 nm. Deposition rate for each magnetron was
established basing on volt—ampere characteristic for Ti and Al
targets, and was controlled by micro-profile meter. Deposition
chamber was preliminary pumped down to 10~ Pa with turbo-
molecular pump. Substrate temperature was kept below 323 K
in order to prevent diffusion and reaction during deposition. The
samples with stoichiometric ratio Ti/Al were prepared. In each
multilayer, the thickness of individual Ti layer and Al layers was
practically equal (within the range of experimental error), there-
fore we can assume approximately dtj =da) =d (and the bilayer
thickness A =2d). A set of multilayers has been prepared, where
the number of individual layers is varying from 20 to 5000.
However, total thickness of each foil is always 18-20 pm.

As-deposited reactive multilayer foils (RMF) were sepa-
rated from substrates and the reaction under the condition of
slow continuous heating was studied. A small amount (1-4 mg)
of the RMF was placed in a platinum crucible, loosely cov-
ered (without restraint) by the platinum lid and heated at
the constant heating rate, 8, being 5-80 K min—1 under flow-
ing argon atmosphere (20 mI min—1) in a power-compensation
differential scanning calorimeter (Perkin-Elmer DSC-7). For
comparison, DSC experiments at 10 K/min were performed uti-
lizing a Setaram DSC111 calorimeter. The kinetics of chemical
reactions was studied within the temperature range 300-973 K.
The absolute temperature (error less than 0.5 K) and the enthalpy
(error less than 2Jg~1) of the DSC instrument were calibrated
for all heating rates.

The mechanical quality of the as-prepared Ti/Al foils samples
varies with the thickness of the individual layers, thus whereas
foils with d=1000nm are very brittle and disintegrate during
sample cutting into smaller pieces, called “brash”, foils with

thinner layers are suitably strong. In any case, the small strips
of the multilayered foils are slightly deformed after being cut-
off and the thinner the layers the more they twist due to the
formation of new phases and they even lift up the sample pan-
lid in the course of the DSC heat-treatment. Those movements
have been reflected in increased noise in the thermograms and
numerous irreproducible kinks especially in the course of the
peaks.

The samples were tested with scanning electron microscopy
equipped with energy dispersive X-ray spectroscopy
(SEM/EDX) and X-ray diffraction (XRD) analyses. Data
of time-resolved synchrotron radiation diffraction analy-
sis (TRSRD) were also used for identification of phases
appearing during the reaction. Examples of the initial sample
microstructures and of the late, i.e. before and after the DSC
measurements, are shown in Fig. 1. When the thickness of
individual layer exceeds 100 nm, layered structure persists after
reaction, as illustrated by Fig. 1. Existence of fine rounded
grains within each layer becomes more evident in the reaction
product. Microstructure features of the reaction products in
the Ti/Al foils with layer thickness less than 20 nm are not
clear up-to-date. Preparation of the reacted foils for TEM faces
difficulties because of brittleness of the reacted foils, while SEM
cannot provide high enough resolution. Thus, transformations
of the layer microstructure during reaction in the thin-layer
foils represent a task for future experimental work.

3. Results
3.1. Differential scanning calorimetry

The thermogram in Fig. 2 shows that the sequence of three
transformations (R1 + R2 at 650-850 K and R3 at 900-1000 K)
occurs in the samples with thick enough layers. Data obtained
with Perkin-Elmer DSC-7, presented in Fig. 3, show that reac-
tivity of Ti/Al multilayers increases with decreasing individual
layer thickness (d), and that both heat effects and kinetics of
irreversible transformations in the samples depend on d. The
effect R1 is closely followed with R2, so they form one broad
and large exothermal double-peak (Figs. 2 and 3). Decreasing
d results in increasing significance of low-temperature stages of
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Fig. 2. Thermogram obtained by Setaram DSC 111 for the sample with layer
thickness d =390 nm, heating rate 10 K/min.

the reaction in the range 1000-20 nm. Samples with d=4nm
exhibit a different behavior, the major exothermal peak drifts
toward higher temperature.

In addition to the size effect, which takes place in the
extremely thin layers (mentioned above), we have obtained some
indication about the role of the outer surfaces of the individual
stripes of RMF, too. Namely, the intact strips and brash samples
in the case of the thickest layers, d = 1000 nm, gave two different
types of thermograms systematically reflecting the inequality in
the rate controlling factor (Fig. 4a). In further analysis, we focus
mainly on the results for intact strip samples.

In the case of the very thick layers, i.e. in samples with
d=1000nm, no individual R3 transformation step has been
observed with Perkin-Elmer DSC-7 (Fig. 4a) probably due to
the fact that the primary transformation steps R1+ R2 proceed
at higher temperatures, and, at the same time, DSC-7 is lim-
ited to 973 K. All three steps are observed in the samples with
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Fig. 3. Continuous heating DSC signal of various as-prepared Ti/Al multilay-
ers at 40 Kmin~! heating rate. The thickness of the individual layers in each
multilayer is the parameter.

d=105nm, as shown in Fig. 4b. Further decreasing of layer
thickness down to 28 nm leads to disappearance of one of the
lower-temperature peaks (see Figs. 3 and 4c). Samples with
layer thickness equal to 4 nm react within the temperature range
700-800 K. In all samples, the final product of these reactions
is TIAl + TizAl. The relative amounts of these two phases vary
only a little and in a non-systematic mode. Fig. 5a and b show
examples of the XRD powder patterns obtained.

3.2. Kinetic analysis

General aim of any kinetic analysis is the description of
the progress of a transformation. In the case of the solid-state
reactions (or transformations) due to the fact that not only one
mechanism (as diffusion or interface reaction) might participate
and several intermediate states might bypass, all of which can
have different temperature dependences, the analytical studies
need to be simplified. Thus it is being assumed [9] that the con-
sidered reaction rate de/dr is the product of one independent
kinetic function, flar), which is dependent solely on the frac-
tion transformed (or the dimensionless degree of conversion),
«a, and the function k(T), which follows only an Arrhenius-type
temperature dependence.

do
& = Flak), @

_E*
k(T) = Aexp [ RT ] , 2
where A and E* are kinetic parameters of the transformation
that are independent of the measuring regime and R is the uni-
versal gas constant. For non-isothermal experiments, de/dz at all
times depends on both fla) and k(7), and the determination of
fla), A and E” is an interlinked problem. Thus in this paper, we
firstly perform the analysis of the activation energy, E*, with-
out invoking any kinetic model. Then we try to determine the
proper kinetic function, f{«), by fitting the known theoretical
kinetic functions to our data.

3.3. Activation energy

Concerning the determination of E” the model-free isocon-
versional methods effectively test the constancy E™ # E” («), e.g.
[10-12]. The one basic assumption of these methods is that fl«) is
independent of the measuring regime, i.e. of g in the case of con-
tinuous heating experiments. Then, the simple relation between
the appropriate measured quantity p(csix,8) and the temperature
Tofix,p at various heating rates, g, characterizing the equivalent
stage of the reaction (also called fixed stage), asix, determines
the wished E™(asix). On the other side, each unique data point
of E*(aix) responding to the wished constant o convolves the
complex information of all measured dependencies (all thermo-
grams at various g in our case) and from the whole thermograms
(to identify each o =«six). The accuracy of various model-free
isoconfigurational methods has been analyzed by Starink [13].
In the case of continuous heating measuring regime, six sources
of errors have been assessed. In the case of the Perkin-Elmer
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Fig. 4. (a) Two types of heating rate dependencies of the DSC traces for the as-prepared Ti/Al multilayer with &=1000 nm. Full-line curves are for intact strip
samples; dashed-line curves are for brash samples. (b) Heating rate dependence of the DSC traces for the as-prepared Ti/Al multilayer with 4=105nm. (c) Heating
rate dependence of the DSC traces for the as-prepared Ti/Al multilayer with d=28nm. (d) Examples of the DSC thermograms at different heating rates for the

as-prepared Ti/Al multilayer with d=4nm.

DSC, the actual temperature regime (the constant g8 =d7/dr) is
not directly measured, being predetermined. In the investigated
reactions in the Ti/Al multilayers, which are seen in Fig. 3,
the transformation heats are large, they vary between 640 and
300J g1 decreasing to ~100J g~ for d = 4.5 nm. However, due
to the very good heat exchange between the small and very thin
metallic strips and the surroundings, these two potential inac-
curacies are insignificant, as also has been recognized from the
sigmoidal shape of each «(T) dependence, see e.g. Fig. 6, or as
will be confirmed later by the curve fitting. Because our power-
compensation DSC is measuring exactly de/dT [14], we decided
to use the differential isoconversional Friedman—-Gupta method
[15,16]

do _ E*(arix) _
In <dT'B>aﬁx = _Taﬁx —In f(aflx)- (3)

In this case, excepting the noise of the DSC signal, which rep-
resents the non-systematic errors, the temperature dependence
of the equilibrium state being the baseline for each individual
DSC peak is the only source of inaccuracies [13]. In our calcu-
lations, we received the best results approximating the baselines
by the third power polynomials.

As is seen in Fig. 7a, in the case of Ti/Al multilayers
with d=28 or 20 nm, E* systematically slightly decreases with
increasing o. If d > 105 nm, the E” () dependence is much more
complicated and the error bars are larger than 12 kJ mol—1 as is
seen in Fig. 7b. These results are not surprising because these
E" () dependencies represent single-peaks in the DSC experi-
ments in the case (a) and double-peaks, (R1 + R2), in the case (b).
However, they are important, because they provide evidence of
the constant reaction mechanism in the case (a) and of changes
in the reaction mechanism, which are associated with changes
in the activation energy in the case (b).

As it has been indicated above, due to the multi-step nature of
the investigated synthesis in the Ti/Al multilayers, the numerical
values of E*,, have no physical meaning. Also due to the variabil-
ity in the individual E"(«) dependencies for various individual
foils, the eventual dependence of the effective activation energy
on the thickness of the individual layers, E*(d), is hard to dis-
cuss. Taking this into account, we have used an elementary and
rapid isoconversional method namely the integral generalized
Kissinger method

_E*
In % = +C. )
TOlﬁx RTO‘fix
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Fig. 5. (a) XRD powder pattern of the Ti/Al multilayer with d=20 nm after its
DSC heat-treatment up to 973 K at the heating rate 40 K min—1. Majority phase:
TiAl, minority phase: TizAl. (b) XRD powder pattern of the Ti/Al multilayer
with d=435nm after its DSC heat-treatment up to 973K at the heating rate
20 K min—1. Majority phase: TizAl, minority phase: TiAl.

In several papers [17,13] the validity of this method has been
investigated, concluding that the only condition, namely that the
T, fix corresponds to the same degree of conversion « = aix for all
heating rates, 8, must be satisfied. We have calculated the appar-
ent activation energies at the moments of the maximum of de/dT
forallindividual foils, E};, as the slopes of the so called Kissinger
dependencies of In (8/Tp) versus 1/RTp, when T fix = T is the
temperature of the DSC peak [17]. We have established that,
for the considered foils, always only a small variation in the
degree of conversion at the maximum reaction rate with heat-
ing rate occurs, namely omax =0.622 + 0.001 if =28 nm or the
overall amax =0.72 +0.02 if d=105nm. Also we have found
that taking the data from the heating rates 5-80 K min—!, the
Kissinger plots for all Ti/Al multilayers stay on straight lines.
Thus for example in Fig. 8a, the Kissinger plot for the sam-
ple with 4=28nm gives E* =192+ 7kJmol~1. However, the
Kissinger plot for the sample with ¢=1000nm indeed fol-
lows two different straight lines, which are shown in Fig. 8b,
namely one for larger fragments (E% = 233 + 34 kJmol!) and
another one indicating substantially smaller activation energy
(Ef =109 £14KJ mol~1) for the brash samples. The Kissinger
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Fig. 6. Degree of conversion versus temperature representation of the DSC
data at the heating rate 30 Kmin=! for the synthesis in Ti/Al multilayers with
d=20nm (short dashed line), d=28nm (full line) indicating one transforma-
tion step and d =105 nm (large dashed line) indicating the superposition of two
elementary transformations.

straight line fit with low correlation coefficient ¢ =0.95 (E}; =
220 + 15 kJ mol~1) has been obtained only from the noisy peaks
of samples with d=4nm. Summary of all Eg is presented in
Table 1.

Summarizing the previous paragraphs, the difference in acti-
vation energies determined by the Kissinger method and the
Friedman-Gupta method, which does not exceed 10%, has been
obtained. Similar deviations have, for example, been achieved
for the cold crystallization of Fe-Si—-B metallic ribbons [10]
or for the thermal dehydration of calcium oxalate monohydrate
[18]. Generally, integral isoconversional methods may give rise
to noticeable systematic errors in E” when the latter strongly
varies with « [13,18]. In any case, for the synthesis in the Ti/Al
multilayers, it is evident that the E” of the samples with =20
or 28 nm is much less than that for the samples with thicker lay-
ers. This result is in a good agreement with the data of Ramos
et al. [19]. For the sample with d=20nm, the calculated AE}
is matching the activation energy reported for TiAl3 formation
in Ti/Al diffusion couples [20]. For samples with larger layer
thickness the respective values are higher.

Table 1

Relation between the thickness of individual layers and the apparent activation
energy of the new phase formation in the as-prepared Ti/Al multilayers during
the continuous heating in DSC

Thickness of the individual layer, d (nm)

AE}, (ki/mol)

1000 233 £ 34
435 244 + 6
105 218 £9

28 192 £ 7
20 169 £ 3
4 220 £+ 15
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Fig. 7. Effective activation energy as a function of total degree of conversion
for continuous heating in DSC synthesis in Ti/Al multilayers with (a) =28 nm
and (b) d=105nm.

3.4. Kinetic model

As it has been shown by the DSC measurements, the shape
of the first massive exotherm varies with the thickness of indi-
vidual layers, d. It reveals two transformation steps R1 and R2
in some cases, however it is not dependent on the experimental
heating rate, 8, in the case of Ti/Al multilayers. In such case
the Surifiach curve fitting procedure [21,22] might help to spec-
ify the complex Kinetic character of those transformation steps.
Namely, each single DSC curve, represented in an appropriate
coordinate system

d(T )] E*
'“{ ar }—FRT(I)

+ In Bversus — In[1 — «(T, #)] (5)

is compared with the theoretical model ones. The advantage of
this routine is that the theoretical Surifiach plots for different
hypothetical kinetics that might participate in any solid-state

sample [9] differ from each other in a principal way (see
Fig. 9). Thus, the kinetics which are controlled by any diffu-
sion are represented by the appropriate Surifiach plots which are
concave curves. The Johnson—Mehl-Avrami (JMA) nucleation-
and-growth Kinetics

(d“) = }n(l —a)[~In(l — &))" /" (6)
dt T
with an Avrami exponent n>1 follow the appropriate convex
curves and the nth order reactions (not shown) or also the normal-
grain-growth processes [23] follow the Surifiach straight lines.
Inthe case of Ti/Al multilayers, all thermograms taken at each
heating rate have been used. Firstly, the individual E”(«) depen-
dencies were neglected and only the apparent activation energies
E} were used in Eq. (5). In such case, for smaller d being 20 nm
or 28 nm, the Surifiach plots correspond reasonably well to the
JMA Kkinetics with n=1.5-1.3 during the whole transformation
when z slightly decreases with increasing « for all 8 (Fig. 10a).
Afterwards, another effective activation energy, as for example
E" =172 kImol~1 being the lowest one in the E” () dependence
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Fig. 8. (a) Kissinger plot for the main transformation step in as-prepared Ti/Al
multilayer with =28 nm. (b) Kissinger plots for the principal transformation
step in as-prepared Ti/Al multilayer with d=1000 nm. Full-line curve fits the
dates for intact strip samples; dashed-line curve is for brash samples.



E. Illekovd et al. / Thermochimica Acta 469 (2008) 77-85 83

oL
0.4 06 0.8
05 1 1 | ] |
TSR
K I
0.0Jf1 L2 =L
\
\ \\ 3 |
g L A
= -05 \ N 1.5 |
=2 \ \ N
£ Vo 3|
\ \ b8
\ \ O,
-1.0 \ \ AL 17
\ AR
\ \ A .0
\ S
0.5 0.6\m=2\‘m=1 *d3
B e e B A LA R
0.0 0.4 0.8 12 16 2.0

An(1-a)

Fig. 9. Surifiach plots for different theoretical kinetic functions. Full lines cor-
respond to the Johnson—Mehl-Avrami (JMA) nucleation-and-growth kinetics
[9], exponent n being the parameter. Dashed lines correspond to the normal-
grain-growth kinetics [23], exponent m being the parameter. The dotted line
corresponds to the long-range diffusion kinetics [9]. JMA model lines are ver-
tically shifted to show the maxims at the same level.

from Fig. 7a, was used instead. Such modified Surifiach plot is
also shown in Fig. 10a. Also in this case the JMA Kinetics is
evident, just n is slightly higher. In the advanced stages of the
reaction, the difference between these two computed curves is
of the order of the difference between the previously computed
experimental and the theoretical Surifiach curve. As the conse-
quence of this quantitative assessment, the observed decrease in
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n(a), assuming fixed E*, will become constant n = 1.5 due to the
true decreasing E” () dependence.

For larger 4, such as 105nm or 435nm, and E* = Ef, the
Surifiach plots of the R1+ R2 double peak, again stay on one
master curve for all g (Fig. 10b). This master curve follows the
theoretical IMA Kinetics with n=0.5 at the beginning. Then the
kinetics dramatically changes (as it already has been predicted
from the true E”(«) analysis). Finally the master curve follows
the theoretical JIMA kinetics with n=1.5. Changing the fixed

» =218 kJmol~? for E" =180 kImol~1, which is the lowest
possible value deduced from the true E”(«) dependence shown
in Fig. 7b, the principal character of the master curve does not
change neither in the early nor in the advanced stages excepting
its vertical shift. Finally, the coincidence between the parts of the
master curve and the particular theoretical Surifiach curves gives
the indication that only the R1 transformation step takes place at
the early stages of the R1 + R2 reaction (if o <0.3and d=105nm
or if «<0.45 and d=435nm); and only R2 transformation step
takes place at the end (if «>0.7) for both samples. Thus, the
JMA Kinetics and the Avrami exponents n; =0.5 and n,=1.5
have been deduced for the R1 and the R2 transformation steps
for both samples.

In the case of the RMF with 4=1000nm, two types of
thermograms obtained (Fig. 4a) have been represented by two
individual Surifiach plots (not shown). Thus for the samples of
block fragments the JMA kinetics with n; =0.5 for @ < 0.2 and
no ~1.1-1.5 for o > 0.75 has been deduced. However, in the case
of the brash samples, the apparent JIMA kinetics with n; <0.5
for « < 0.2 later continuously changes. Therefore we suppose
that in this case the early stages of the synthesis might even be
controlled by the long-range diffusion for «>0.3.

In the Ti/Al multilayer with d=4nm, the principal trans-
formation exotherm (probably a new type, as follows from
Figs. 1 and 3) is deformed entirely in its central part at each

TilAl d=105 nm
—— beta=80K/min
——— beta=60K/min

beta=50K/min
——— beta=40K/min
——— beta=30K/min
——— beta=20K/min
beta=10K/min
beta=5K/min

In (dot / dt)

0.0 0.4 0.8 1.2 1.6 2.0
-In (1- o)

Fig. 10. (a) Surifiach representations of the continuous heating DSC curves from Fig. 4c for the new phase formation in the as-prepared Ti/Al multilayer with
d=28nm if E"=192kImol~L. The dashed line represents the DSC measurement if E* =172 kJImol~1. The curves are shifted vertically to show the maxima at
the same level. The black lines represent the same theoretical Kinetic functions as in Fig. 9, symbols (x) highlight the theoretical lines for the JMA kinetics with
n=1.5 and 1.3. (b) Surifiach representations of the continuous heating DSC curves from Fig. 4b for the new phase formation in the as-prepared Ti/Al multilayer
with d=105nm if E* = 218 k) mol~1. The large-dashed line represents the DSC measurement if £* = 190 kJ mol~. The curves for various heating rates are shifted
vertically to show the kinetics of the R1 transformation step (full lines). Short-dashed lines are the same curves shifted up vertically to show the kinetics of the R2
transformation step. Thin black lines are the plots for the theoretical JIMA kinetics with n=0.5, 1.1, 1.5 and 2.



84 E. Illekovd et al. / Thermochimica Acta 469 (2008) 77-85

40.0
3957 oTI(ALN)(101)
| Vov-v-v-v
39.01 - TiAl, (111)
*-0-0- 000
q, L
© 385 ~e-e—e_tTiAl (112)
% 1 *-0-0.4y-o
< | [
- 38.0 B -
o i «Ti (002) N SA-aa aa g hdAa
375% \_\ TIAl (111)
|
4 \.\.
A
37.01 N
] -
6.5 o Ti(ALN)Y002)
- T T T T
800 700 800 900 1000

T, K

Fig. 11. Evolution of angular position of the major TSRSD peaks for titanium
aluminides starting with metastable c-TiAlz and ending with TiAl for Ti/Al mul-
tilayer with 4 =390 nm continuously heated with the heating rate of 10 K min—2.
The peak initially being at 20 = 38.0 yields a c-parameter smaller than for pure
a-Ti, indicative of nitrogen in the solid solution. The peak at 26 = 39.15 yields
an a-parameter smaller than for pure «-Ti, indicative of Al in solid solution.
Thus, the a-Ti(Al,N) phase has been labeled.

B (Fig. 4d) indicating more complex kinetics and mechanisms.
Incidentally, no ideal Surifiach curve could be found for this case
and interpreted. In this case, the Surifiach curves are distorted
and they reflect no reproducible physical sense up to high degree
of conversion; finally they follow the JMA kinetics with n=1
for «>0.7.

4. Discussion

As has already been well established, in multilayer films the
first stage of intermediate phase formation is the nucleation of an

amorphous phase [5]. Our TRSRSD results in Fig. 11 manifest
that the first crystalline phase to be formed in Ti/Al massive dif-
fusion couples is TiAl3 [20]. In the case of d = 20 nm, the kinetics
results have shown exactly the activation energy reported for
this phase. However, the results of the XRD analysis present
TiAl and some TisAl to be the final products of the reaction(s)
(Fig. 5aand b). This apparent discrepancy can also be reconciled
with the TRSRD data. Fig. 11 shows the appearance of initially
(metastable) cubic TiAl3z, which then gradually changes to sta-
ble tetragonal TiAls, then TiAl,, and finally TiAl in the sample
with d=390 nm. This yields in fact a series of peaks, which are
not well separated in the DSC scan.

We suppose, that for most multilayer samples amorphisation
is not complete before nucleation of the first crystalline phase
does start. In samples with thin layers, the relatively large area
of interface between the starting phase(s) and the amorphous
phase provide many nucleation sites for the first intermediate
phase to crystallize (Fig. 12, center). Thus the heterogeneous
nucleation is not rate limiting and the DSC peak observed in
samples with d =20 and 28 nm is due to the crystal growth. This
is characterized by low activation energy and exponent n=1.5.
For samples with larger layer thickness there are less interfaces
and thus less sites for the heterogeneous nucleation available
for the crystallization of TiAlz (Fig. 12, left). Thus, nucleation
increasingly becomes the dominant (rate limiting) effect for a
sequence of two separate transformation steps R1 + R2. After an
initial nucleation event (exponent ny = 0.5 for the R1 DSC peak)
the second DSC peak is found to be compatible with three-
dimensional crystal growth having higher activation energy and
exponent np =1.5.

This model offers a natural interpretation of the behavior of
the sample with extremely thin layers. In this case, all starting

(o]
c
[o]
Ti
Ti |
—<@ ——a_
T T T, T,
Tt — T @) — T{t)—

Fig. 12. Schematic evolution of phase formation in Al-Ti multilayers: For thick layers (left) the temperature 77 of nucleation of the crystalline c-TiAlz phase (c) is
well separated from the temperature of the disappearance 7> of the Al-crystals providing the nucleation sites. For thinner layers, 20 < d < 28 nm, (center) 7> moves
close to Ty, and for very thin layers (right) 7> occurs before T3, which causes substantially delayed nucleation of any crystalline phase from amorphous phase (a).
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material becomes amorphous before any crystalline phase can
nucleate (Fig. 12, right). Thus the start of the crystallization is
delayed. The DSC peak of the sample with layer thickness of
only d=4nm is shifted to higher temperatures and the irreg-
ularities of this peak indicate competition of several types of
nucleation such as impurity nucleation (e.g. at the wall of the
sample container) or even homogeneous nucleation.

Therefore we can propose the following mechanism of the
process: In Ti-Al multilayer samples with layer thickness of
20 nm or more, the same reaction sequence for the formation of
intermediate phases is observed. It starts with amorphisation and
ends with the formation of TiAl. The kinetics is controlled by
the nucleation of the metastable c-TiAls phase. For larger layers
thickness, few nucleation sites are available and it takes time
until the crystals of the newly formed phase grow to sizes large
enough to provide substantial heat effects. Thus, nucleation and
crystal growth are separated. For thinner layers the interface
between the amorphous phase and the starting materials (Ti,
Al) is larger and the large number of available nucleation sites
corresponds to a large number of nuclei. Their growth forms the
DSC peak already at lower temperatures. In the samples with
very thin layers, the whole starting material is amorphized before
the crystallization of an intermediate phase starts. Because no
sites for heterogeneous nucleation are left nucleation is inhibited.
This causes a shift of the thermal effect in the DSC towards a
higher temperature.

5. Conclusions

Summarizing the results of the complex kinetic analysis,
including the character of the DSC thermograms, their Surifiach
analyses and Kissinger plots, and taking into account XRD,
TRSRD and SEM data concerning phase constitution of the
samples, the following conclusions can be expressed:

In Ti/Al multilayers, the synthesis between Tiand Al, when is
controlled by slow heating rate (in DSC), proceeds below 973 K.
This synthesis being a complex reaction is a sequence of gradual
changes. The final products are TiAl and TisAl; they are indepen-
dent of the thickness of the individual layers, d. However, the rate
limiting process is the nucleation and growth of the intermediate
TiAl3z phase. The observed R1 transformation step is the hetero-
geneous nucleation of TiAlz (JMAKinetics, n1 =0.5, E" 1 <E"»).
TiAlz nucleates heterogeneously at the amorphous/Al inter-
face. TiAl3 does not nucleate heterogeneously in the amorphous
phase. The observed R2 transformation step is the three dimen-
sional diffusion controlled growth of TiAlz (JMA Kinetics,
Tp2 =T(d), np=1.5, E", = E"(d)). Two size effects limiting this
scheme have been identified (for d ~ 4 nm and for sample dimen-
sions of the order of thickness of the multilayer).
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