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Al-Ti multilayered films (12 at.% Ti) with bilayer period of 16 nm were deposited by
magnetron sputtering. The films were annealed in vacuum at 350 or 400 °C between
2 and 24 h. During annealing, a diffusion-controlled chemical reaction between Al and
Ti layers led to ALTi precipitation. Differential thermal analysis studies showed an
exothermic reaction associated with,Al formation, taking place between 320 and

390 °C, depending on the heating rate. The evolution of microstructure with annealing
was examined with transmission electron microscopy and x-ray diffraction. The
hardness and residual stress of the films in the as-deposited and annealed conditions
were studied in relation to the microstructural changes on annealing.

I. INTRODUCTION more feasible process when the alloy constituents
possess widely differing vapor pressures, e.g., Al-Zr
There has been a significant interest in the researcand Al-Ti.
and development of dispersion-hardened aluminum for Bilayered or multilayered films and diffusion couples
many years because of its properties, such as high spef Al-Ti and other Al-metal systems have been studied
cific strength and stiffness. Such materials are usuallpver two decade$:** Research has revealed that heat-
processed by powder or ingot metallurgy routes. How4ing of the films leads to the formation of Al-rich inter-
ever, other nonconventional synthesis techniques, suahnetallic compounds, either as interfacial layered
as rapid solidification processing (RSP) and physical vareaction products® or as discontinuous and equiaxed
por deposition (PVD), have also been studied. In thephases:®*%**A process that leads to the formation of a
vapor deposition process, the material is transformedine discontinuous and equiaxed intermetallic phase in
from a solid source into atoms and then condensedn Al matrix can be used to produce dispersion-hardened
to form a new solid. The desublimation rates are ex-Al composites.
tremely high, 167 K/s. This is higher than the cooling  In the present investigation, Al-Ti multilayered films
rates in RSP processes and provides extended solid solwere prepared by direct current (dc) magnetron sput-
bility and highly refined grain structures. Vapor deposi-tering. These were subsequently annealed at 350 or
tion can be carried out either by thermal or electron beard00 °C in vacuum for different intervals of time to induce
evaporation followed by condensation of nanophasénterdiffusion between Al and Ti layers followed by
particles in an inert gas or by evaporation or sputteringchemical reaction to precipitate fine particles of; Al
of elemental or alloy sources with subsequent deposiThe evolution of the microstructure as a result of differ-
tion of the evaporated or sputtered atoms on suitablent periods of annealing was carefully studied by trans-
substrates. In the case of inert gas condensation, thmission electron microscopy (TEM) of plan-view and
nano-sized powders have to be collected and compactedross-section specimens. The variations of hardness
which can lead to heterogeneities in compositiamd  and residual stress with alterations in the microstructure
porosity and flaws of different kindsOn the other hand, resulting from annealing were investigated with the pros-
the consolidation step is bypassed during deposition bpect of developing the process of sputtering and anneal-
sputtering of suitable targets, and the composition of théng to produce dispersion-hardened aluminum with
product is directly related to the sequence followed inattractive properties. A preliminary report of this study
the sputtering of the different targets. Sputtering is also avas published earlier in Ref. 21.
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II. EXPERIMENTAL PROCEDURE cross-section TEM specimens. As-deposited Al-Ti films
of 0.14um thickness on NaCl substrates were floated off
) , ) ) by immersion in water, and small fragments were fished
Al=Ti multilayered films of 0.1- or 1.7am thickness ;o cu grids of 3-mm diameter for plan-view TEM
were prepared by magnetron sputtering with Al of 99.9%,gjes. In addition, plan-view TEM specimens of AlTi
purity and Ti of 99.4% purity as targets and _Si (100) Orfiimg (1.74um thickness) annealed at 350 °C for 2 and
NaCl as substrates. The targets were supplied by TKG p, were prepared from films deposited on Si substrates
(Lockport, IL). The trace impurities in Al target were p, mechanical polishing and argon ion milling from the
Cr (5 ppm), Mn (15 ppm), K (0.01 ppm), Si (60 ppm), CU &j sjde. Cross-section TEM specimens were also pre-
(25 ppm), and Mg (57 ppm), while those in the Ti tar- hareq from 1.7.m thick films grown on Si substrates by
get were Al (5 ppm), Cr (5 ppm), Mo (0.03 ppm), K §impjing and ion milling. Argon ion milling was carried
(0.01 ppm), Si (1 ppm), Fe (85 ppm), Ca (0.1 ppm), V5t on a Gatan lon mill, model 600 (Gatan, Inc., Pleas-
(2 ppm), Ni (18 ppm), Cu (0.03 ppm), Mg (0.01 ppm), anton, CA) with a liquid nitrogen cooled stage. Con-
Pb (<5 ppm), Na (<1 ppm), Zn (24 ppm), and Li yentional TEM examination was performed on the
(0.005 ppm). Using a computer-controlled pallet, the,g qengsited and variously annealed plan-view and
substrates were alternately moved under the Al and Tk qos_section specimens using a Hitachi H-8100 TEM
targets for deposition of the Al and Ti layers, respec-(yjtachi Instruments Ltd., Tokyo, Japan) at an accelera-
tively, WIFhOUt applying a substrate bias. The deposition;q, voltage of 200 kV. Sizes of Al grains and Ji
was carried out at ambient temperature. The target poWs e ipitates were measured from a study of bright- and
ers and the pallet speed were adjusted to maintain thg «_field TEM images of both plan-view and cross-
bilayer thickness at around 16 nm with Ti constituting gection specimens. At least 200 Al grains and 30gTAl
12% of the total thickness. The as-deposited films on Sbarticles from different areas of each specimen were
and NaCl substrates were annealed at 350 °C Q& mea5ured. HRTEM studies were conducted on the cross-
Al) or 400 °C (0.74, of Al in a vacuum furnace (with -~ section specimens of an as-deposited Al-Ti film on Si
pressure b1 x 10 torr) for periods between 2 and g psirate and a few annealed specimens using a Hitachi,
24 h. The heating rate of the furnace was 3.6 °C/min forH-QOOO HREM (Hitachi Instruments Ltd., Tokyo, Ja-

the 350 °C anneal and 4.1 °C/min for the 400 °C heahany gperating at 300 kV acceleration voltage and with-
treatment. Annealing of the films was aimed at inducing, ;t the use of objective aperture.

interdiffusion and chemical reaction between Al and Ti
to form the intermetallic precipitates.

The thickness to which the AI-Ti films were grown
was decided on the basis of the type of study to be The temperature and type of the chemical reaction
performed using them. The films of Odm or slightly — between Al and Ti were studied by heating free-standing
less thickness were electron transparent and could b&l-Ti multilayered films (separated from the substrate)
directly used as plan-view samples for transmission eledgn an argon environment in the furnace of a Perkin Elmer
tron microscopy (TEM) studies. On the other hand,(Perkin Elmer Instruments, Inc., Norwalk, CT) differen-
thicker films are required for hardness measurementtial thermal analyzer (DTA). Heating rates were varied
using the nanoindenter to obtain reliable data, and filmgetween 2 and 25 °C/minute and the films were heated
with thickness of 1.7um were used. from room temperature to 500 °C. For comparison, a

free-standing pure Al film was also heated at 5 °C/min
under similar conditions in the DTA furnace.

A. Processing

2. Differential thermal analysis

B. Characterization

1. Microstructure 3. Stress measurement

The as-deposited and annealed Al-Ti films on Si sub- The AI-Ti film deposited on Si substrates was in a
strates were studied with x-ray diffraction (XRD) to iden- stressed state. Measurement of the stress was carried
tify the phases. XRD scans were performed on &yt by determination of the curvature of Si wafer beams
SCINTAG XDS2000 x-ray diffractometer (Applied Re- (82 x 10 x 0.528 mm) before and after deposition of
search Laboratones, SA, ECUbIenS, SWltzerIand) USIN@ |—Ti multilayers and after annealing f@ h at 350 and
Cu K, radiation (Wavelength= 1.54056 A), between 400 °C, using a Sloan DEKTAK 3030ST high-resolution
20° and 90° for phase identification, and low-angle XRDdjamond stylus profilometer (Yeagle Technology, Inc.,
was carried out on as-deposited films to identify the presashford, CT). The Al-Ti film was 1.7sm in thickness.

ence of layered structure. o  The stressr in the film was calculated from Stoney's
Further microstructural investigations were carriedequation??

out using conventional and high-resolution transmis-
sion electron microscopy (HRTEM) on plan-view and o = BJ4t3L%]S (D)
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where B, is the biaxial modulus of the substrate andcertain roles to play in film growth and phase transfor-
is given byEJ(1 - vy, Ecandv,being Young’'s modulus mations, which were studied here and need to be inves-
and Poisson'’s ratio of the substrate, respectivilg;the  tigated separately.

deflection in the beam due to deposition or annealing and Figures I(a) and 1(b) show a bright- and dark-field
is the difference between the curvatures before and aftetfEM image of an Al-Ti multilayered film, respectively.
deposition or after annealing.is the length scanned on The layered structure is well defined, though it looked
the beam (50 mm in this study) whose curvature is measwvavy in many regions [Fig. 1(a)]. The dark-field TEM
ured, whilet, andt; are thickness of the substrate andimage in Fig. 1(b) was recorded by centering of the ar-

film, respectively. rowed region of the {111}AI/{0002}Ti diffraction rings
[Fig. 1(c)] using beam tilt. The diffraction rings corre-
4. Hardness measurement sponding to {111}Al @ = 0.2338 nm) and {0002} Ti

Hardness measurements were carried out with & = 0.2342 nm) coincide. Bright- and dark-field TEM
UMIS-2000 ultra-microindentation system (Australianimages in Figs. 1(a) and 1(b) show columnar growth of
Scientific Instruments Pty Ltd., Canberra, Australia)Al grains interrupted by Ti layers, which is similar to the
equipped with a Berkovich diamond indenter on theobservations in previous studigs®® In the present in-
1.7qm-thick, as-deposited and annealed Al-Ti multilay-vestigation, “columnar growth” of Al refers to the fact
ered films on Si substrates. A load of 4 mN was used tdhat a set of Al grains between the Ti interlayers, aligned
measure hardness, and the depth of penetration of ttedong a column [as shown in Figs. 1(a) and 1(b)], grow
indenter was less than 15% of the thickness of the filmwith the same {111} orientation.

The unloading curve was analyzed to determine the hard- The dark-field image of Al/Ti interfaces in Fig. 1(b)
ness?® The hardness was obtained by averaging the realso shows misfit strain contrast inside the Al layer at

sults of 15-20 tests. the interface at intervals of about 3—4 nm, implying mis-
fit strain localization and semicoherency. Misfit strain at
1. RESULTS AND DISCUSSION the interface also leads to the Streaking of diffraction
, i ) , spots perpendicular to the interface [shown with arrows
A. Microstructure in as-deposited Al-Ti in Fig. 1(c)] on the {111}Al and {0002}Ti rings, which
multilayered film coincide.

Low-angle XRD and TEM studies showed that a XRD pattern [Fig. 2(a)] and electron diffraction (ED)
well-defined layered structure was present in the aspattern [using a much larger selected area aperture than
deposited Al-Ti film. Energy dispersive spectroscopyin Fig. 1(c) to represent a large number of grains] from
(EDS) analyses of the Al-Ti multilayered film on Si plan-view sample [Fig. 2(b)] of an as-deposited Al-Ti
substrate with SEM, as well as that of plan-view samplesample show strong evidence of {111} fiber texture in
with the TEM showed only Al and Ti peaks and no Al-layers and {0002} texture in Ti layers, with the elec-
impurity atom segregation. The trace impurities presentron beam parallel to the fiber axt§;?” and similar tex-
in the target materials are expected to be also present tnre has been reported in the literature of Al-Ti
the as-deposited Al-Ti films. It is possible that the tracemultilayered films?#2°:28=3%|n the XRD pattern
impurities, depending on their concentration, may havdFig. 2(a)], peaks other than {111}Al and {0002}Ti

(a)

FIG. 1. Cross-section TEM micrographs of Al-Ti multilayers on Si: (a) bright-field image and (b) dark-field image, showing evidence of columnar
grain structure; (c) diffraction pattern showing {111}Al or {0002}Ti spots streaking perpendicular to the Al-Ti interface. Misfit strain contrast
is observed at the Al-Ti interfaces (shown with arrow) in Fig. 1(b).
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(overlapping) are insignificant, similar to what has of Al have {111} planes as parallel to the surface of the
been reported by van Hardeent al3° JCPDS XRD film. During HRTEM work on cross-section TEM, it was
dat&® of randomly oriented Al show that {111}Al peak found that most of the Al grains had {110} zone axis
has the maximum intensityl {;,;a = Imad, While  orientation, parallel to the transmitted electron beam,
{200}Al has 47% of the maximum intensity, and other with {111}Al and {0002}Ti planes perpendicular to the
peaks have intensities lower than that. In Fig. 2(a), thalirection of film growth, as shown in the cross-section
ratio, l;zoqai/li1113a << 0.47, and hence the XRD obser- HRTEM image of Fig. 3. However in some areas, the
vations of only one {111}AI/{0002}Ti peak of signifi- grains were differently oriented, as a result of which
cance confirm the presence of texture of {111}.//  either the lattice fringes could not be seen at all, or those
{0001} j,o//film normal. corresponding to only one set of {111} planes could be
The diffraction ring corresponding to {111}Al and resolved. In other words, some fraction of the grains is
{0002}Ti in Fig. 2(b) has much higher intensity com- randomly oriented, quantitative assessment of which was
pared to the rings corresponding to other planes. Howeutside the scope of this study.
ever, the presence of other diffraction rings of In Fig. 3, Al has a face-centered-cubic (fcc) structure
comparatively faint intensity implies that not all grains (close to the [110] zone axis), whereas Ti shows a
hexagonal-close-packed (hcp) structure (close &h02
zone axis), as confirmed from fast Fourier transforms
(FFT) of the lattice images of Al and Ti. The close-
3 packed planes, (111) Al and (0002) Ti, are parallel at the
2000 3 interface, which is due to their low lattice mismatch

25001

— 3 S [(de2113a1 —0io002ymi)/d(1113] OF 0.16% @ = interplanar

n 3 =) spacing). Interface dislocations can be observed in the

o 15001 B HRTEM image of Al/Ti interface (shown with arrows in

L =) Fig. 3), but characterization of misfit or threading dislo-

21000 - E cations was not carried out. _

@ Both the XRD and ED patterns [Figs. 2(a) and 2(b)],

o and the FFT of lattice images of Al and Ti in Fig. 3 have

£ shown that Al has fcc structure and Ti has hcp structure.
Peaks in XRD patterns or diffraction spots in ED patterns

corresponding tad-spacings of fcc T° could not be
observed. There appears to be a controversy in the lit-
erature about the observation of metastable fcc Ti phase.
Ahuja and Fraséf and Banerjeet al >>?%3?have shown
that both Al and Ti may have fcc and hcp structure,
depending on the bilayer period and volume fraction of

(b)

FIG. 2. (a) X-ray diffraction pattern and (b) electron diffraction pat-
tern from plan-view TEM specimen of as-deposited Al-Ti multilay- M= — FE— -

ered film. {111}Al diffraction ring, which coincides with the FIG. 3. Cross-section HREM image of Al-Ti interface. Al and Ti
{0002}Ti, is marked as “1” is shown with an arrow. The {200} Al ring lattices are close to [110] and]20] zone axes, respectively. Interface
is marked as “2". dislocations are shown with arrows.

-
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Ti in the AI=Ti bilayer. On the other hand, Bonevich such as Al-Zr, Al-Hf,*® AI-Ni,** etc., the phase with
et al?° have argued that the appearance of fcc Ti is athe maximum Al content nucleates first. The rule pro-
artifact of TEM specimen preparation by ion-milling, be- posed by Behdor solid state nucleation states that “the
cause evidence of fcc Ti could be observed only in crossfirst phase nucleated in metal-metal thin film reactions is
section TEM samples prepared by ion-milling and not inthe phase immediately adjacent to the lowest temperature
the XRD patterns of the same sampfs®In the present liquidus in the binary phase diagrarf”’As Al is the
situation, hcp Ti was observed even in the cross-sectiolower melting point metal in Al-Ti and other above-
samples prepared by argon ion-milling. Banerjeementioned binary systems, an Al-rich phase is expected
et al?>3?have proposed a biphase stability diagram (reto be the initial phase. On the other hand, Colgan and
ciprocal of bilayer thickness vs composition) for Ti/Al Mayer® have suggested a theory based on the fact that Al
multilayers. In the biphase diagrams, a thermodynamics the dominant diffusing species during the initial phase
modef? for explaining structural stability in multilayers, formation, which leads to precipitation of the most Al-
has been developed first considering reduction in theich phase. Al has been found to be the dominant diffus-
interfacial energy? and further modified to account for ing species by marker measuremérnisbulk systems as
the effect of interfacial coherency strains on phase stawell as in thin films*®*°Other studie%$*°***%f anneal-
bility. 2° In the present situation, /= 0.067 and volume ing of Ti/Al films or bilayers have revealed that both Al
fraction of Ti, f; = 0.12, for which the phase stability and Ti are diffusing species. In the present situation,
diagram derived by Banerjest al2® shows that fcc Al interdiffusion precedes chemical reaction and nucleation
and hcp Ti with a coherent interface are stable. Howevemf the Al;Ti phase, and disrupts the Al-Ti multilayered
the interface appears to be semicoherent with misfistructure [Figs. 5(a)-5(c)]. This is the reason why little
strain localization [Fig. 1(b)], even if the crystal structure Al ;Ti appears as a reaction layer at the Al-Ti interlayer
matches the prediction of the phase diagram perfectly.interface. However occasionally fli precipitates were
found to be localized at the positions of pre-existing Ti
B. Effect of annea“ng on microstructure Iayers in the Al-Ti film annealed at 350 °Crf@ h [Flg

. . 5(a)]. Most of the ALTi precipitates, however appear
Annealing of the multilayered structure at 350 Orevenly distributed in the annealed samples.

400 °C leads to disruption of the layered structure by Electron and x-ray diffraction analyses [Figs. 4(a)-

interdiffusion of Ti and Al, followed by a chemical re- L .
action to form ALTi. Figure 4(a) shows an electron dif- f'ég]s Tr? \{ﬁ esggvmvglgza;ngf :éogttygggtgﬁﬂgée%pflor 2h
fraction (ED) pattern from an Al-Ti multilayered film or more possess an ordered RGtructure with lattice
annealed at 350 °C for 2 h, while Figs. 4(b) and 4(c) arameters of — 0.385837 nm and — 0.85839 nm.
show %RD and ED patterns fror_n samples anneale owever a metastable cubic LAI;Ti phase could be

at 4|?0 X%Ifjor 4 and 8dh’ res%ctlvc?ly._ Spo;c)s (ED) T observed in certain locations in the sample annealed at
_'Ij_ﬁa ?(I(?D )corres_porll_ |ng4t% an Al cand € s_ehenh 350 °C for 2 h, particularly along pre-existing Ti layers,

e pattern in Fig. 4( ). IS presented with t eoramong the fine precipitates located inside the Al grains
{111.}AI peak tr_uncated to magnify the re_Iat|ver smaller [Fig. 5(a)]. Figure 6 is the typical electron diffraction
AlsTi peak_s. Flgures_ 4(@)—4(c) are typu;al of such pat, attern from regions with Alli precipitates in Fig. 5(a),
terns obtalned in thls.study for annealing at 350 and, Fig. 7 is @ HRTEM image showing the LAl,Ti
400 “C for different per.|ods of time. EDS was carried ouFprecipitate, which overlap with another Al grain. The,L1
on some of the plan-view TEM samples, a_nd .AI gnd T'AI 511 precipitate in Fig. 7 is around 10 nm in size. Fig-
peak_s were _ob_served almost (_averywhere, indicating th?}res 6 and 7 show that the orientation relationship be-
Al ;Ti precipitation took place in a uniform manner. As tween Al grain (Al) and L1 Al.Ti precipitates (P) is

the precipitates were fine and embedded in the Al matrix( T A
' - 100)Al//(100)p and [100]AI//[100]p, which is similar to
overlapping of Al and AlTi did not allow accurate EDS _ that reported earliet> The interface between L1AI;Ti

?hueamrltte?:tilvifazgﬁlﬁI?i.nBZTﬁhrzgIci?elltfsaﬁgzntrzzs}glrtx'g "nd Al'is coherent, as shown in Fig. 7. The observation
precip P * of very fine L1, structured ALTi particles along the pre-

3AI+Ti - AlTi . (2) existing Ti layers implies that the initial phase has a
metastable structure. A cubic LAISTi phase was also

Formation of ALTi has been observed earlier in Al-Ti observed to form at initial stages of annealing of Al-Ti
bilayered and multilayered film&>** Al Ti is thermo-  films by Honget al!® and Michaelseret al2° The L1,
dynamically the most stable AI-Ti intermetallic com- Al,Ti phase with lattice parameter of 0.398 tiror
pound, with a free energy of formation of =131 kJ/mol at0.405 nni® close to that of Al (0.40496 nm) is easier to
400 °C3* Formation of ALTi has been attributed to the nucleate because of the structural coherence and lower
ease of nucleation and kinetic consideratidfs’In a interfacial energy° and has the stoichiometric compo-
large number of such bilayered or multilayered films,sition. Honget al’s datd® indicate that the transition
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from cubic to tetragonal phase takes place at 450 °C in an
Al-Ti film made by co-evaporation, at 400 °C in a bi-
layered Al-Ti film, and at lower than 400 °C in a mul-

& S TVAYN tilayered AI-Ti film. As the L1, Al;Ti was found to be

a " ' more unstable in a multilayered film, it explains why
s mainly DO,, Al;Ti has been found after annealing of

' 4 Al-Ti multilayered film for 2 h or more at 350 and
400 °C in the present work.

The process of breakdown of the layered structure was
very gradual and the chemical reactivity of Ti layers
was nonuniform. TEM images of cross-section speci-
mens of Al-Ti films annealed fo2 h at 350 or 400 °C
show a highly metastable microstructure with discontinu-
ous strings of residual Ti layers, as well as;Al pre-
cipitates [Figs. 5(a)-5(c)]. Figures 8(a) and 8(b) show
bright-field TEM images from different regions of a
cross-section of an Al-Ti film specimen annealed at
400 °C for 8 h. The remnants of a layered structure could
be observed even in the cross-section TEM specimens of
Al-Ti films annealed at 400 °C for 4 and 8 h [Fig. 8(a)],
similar to what was seen more frequently in the sample
annealed fo2 h [Figs. 5(a)-5(c)].

Evidence of {111}Al texture is found in the diffraction
patterns from plan-view or cross-section TEM specimens
of samples annealed f® h at 350 °C [asshown in
Fig. 4(a)], where {111}Al ring is very prominent, and
{200} and other diffraction rings of Al are missing, or
. only a few spots can be seen. The texture disappears on
20 25 30 35 40 45 50 55 annealing for longer periods at 350 or at 400 °C. The

28 (Degrees) {200}Al peak is quite prominent in the XRD pattern
shown in Fig. 4(b), and the comparison of peak intensi-
ties (from the original XRD pattern containing the un-
truncated {111}Al peak and {200}Al peaks) show that
lt200y/1;1113 = 0.47, which is the intensity ratio in case of
a random orientation sample, as provided in the JCPDS
data! The electron diffraction pattern [Fig. 4(c)] from a
plan-view sample annealed at 400 °C &h shows in-
tensities distributed more evenly among the diffraction
rings of Al. The intensity of {200}Al diffraction ring
relative to that of {111}Al is much higher in Fig. 4(c),
when compared to that in Figs. 4(a) and 2(b).

Al grains change their morphology on annealing, as
seen by TEM examination of cross-section specimens.
After 2 h of annealing at 350 and 400 °C, they appeared
elongated along the pre-existing Al layer [as shown in
Fig. 5(c)]. With increase in the time of annealing at 350
and 400 °C, the Al grain changed to a more irregular or
equiaxed shape [Figs. 8(b), 9(a), and 9(b)]. Figs. 9(a) and

(c) 9(b) are plan-view dark-field TEM images of Al-Ai
FIG. 4. (a) Electron diffraction pattern from cross-section sample ofcomposite after 4 and 24 h of annealing at 400 °C, ob-
Al-Ti film annealed at 350 °C for 2 h, where DOAI;Ti (101) spots  tained by beam-tilting to the centre a part of the {111}Al
are shown with arrows and evidence of {111}Al texture is visible; (b) ring of the electron diffraction pattern. The Al grains and

XRD pattern from the AI-Ti film afte 4 h of annealing at 400 °C, . . . o
showing Al and ALTi (DO,,) peaks; and (c) electron diffraction pat- Al5Ti particles in the sample annealed for 24 h at 400 °C

tern from plan-view sample of Al-Ti film annealed at 400 °C for 8 h. appear slightly larger than those in the sample annealed
{111} and {200} Al rings are marked “1" and “2,” respectively. for 4 h. Considering that there was 12 at.% Ti in the

200

Al (11—

ALTi(112,103) =+

150

Al (200)

100 |

Intensity (Counts Per Second)

—_—
o
=
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as-deposited Al-Ti films, and that all of the Ti is con- volume fraction of ALTi could not be measured by quan-
sumed in ALTi formation, the volume fraction of ATi titative microscopy in the TEM as it was very high. In the
obtained in the equilibrium composite microstructure assamples annealed for smaller periods, such as 2 h at 350
obtained by calculation is 47%. This is the maximumor 400 °C, which showed discontinuous Ti layers, the
volume fraction of ALTi possible when the Ti layers volume fraction of ALTi appeared less. While the finer
disappear completely and the whole of Ti is reacted. Thé\l;Ti particles in the Al-Ti films were located mostly

200

(b)

FIG. 5. Cross-section TEM micrographs of Al-Ti multilayered film after annealing for 2 h, showing evidence of pre-existing Ti layers: (a)
bright-field image of sample annealed at 350 °C (layers witfTAprecipitates arrowed); (b) HREM image of sample annealed at 400 °C showing
unreacted Ti layers (indicated by an arrow); (c) bright-field image of sample annealed at 400 °C showing unreacted Ti layers (arrowed) and Al
grains (marked as “Al") formed along pre-existing layers (shown with arrow).
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inside the Al grains [Fig. 5(a)], the coarser Al par- at 400 °C are close to, but not the same as, those from
ticles in the films were located at the Al grain boundariesplan-view study. The difference is possibly due to varia-
[Fig. 8(b)]. Growth in the sizes of Al grains and Ali tion of sample size used. As the volume fraction of Al
precipitates was slightly more at 400 than at 350 °C. Thencreases with the increase in the annealing time, the size
grain and patrticle size distributions are well described bydistribution also widens. The mean and mode of the
a log—normal relationship. The log—normal distributionsize distribution do not represent any unique size of Al
function, f(x) is expressed &5 grains or ALTi particles in a particular microstructure.
- . _ - The Al;Ti precipitates located at grain boundaries of Al
09 = LAV(mXSnd - [ExXp{Y2l(nx = Mo 5] 3 [Fig. 8(b)] tend to restrict grain growth by a grain bound-
] ) ) ) ary pinning mechanism.
wherex represents grain or particle size, and g, and ]
s, are respectively the mean and standard deviations - DTA Studies
Inx. The mean grain size in the lognormal distribution The present DTA studies show that the chemical re-
is given by: action of Eq. (2) takes place exothermically between 320
m, = expM, + S%./2) . (4) and 390 °C for heating rates between 2 and 25 °C/minute
(Fig. 11). Published studié$*® suggest that the ATi
ormation takes place at and above 350 °C, without any
gjiscussion of the role of heating rates. In the present
Investigation, the peaks are due to the heat evolved in the

10(a)-10(d) are log—normal plots of Al grain and, A . . .
particle size distributions, respectively, obtained fromexothermlc reaction and positions Sh.OW the temperature
or the range of temperatures at which the exothermic

TEM observations of cross-section Al-Ti specimens an- )
nealed at 350 and 400 °C. The positions of peak of sjzkeaction takes place. The sharpest peak was observed

distributions of Al grains and ATi precipitates do not when the smallest heating rate of 2 °C/minute was used.

alter very remarkably, but the distributions widen with NO Peak was observed in the curve representing the

increase in the annealing time. Table | shows the mod eating of a pure Al Tilm, s'trongly suggesting th‘?‘t
and mean values of the Al grain andJKl particle size e heat evolved in the peaks is only due to the chemical

distributions obtained from the TEM studies of plan- reac_tion between Al and Ti. The curves correspo_nding to

view and cross-section specimens of ATi films an_multllayered structure also _show minor ﬂuctua_tlons as

nealed at 350 and 400 °C. compareo_l to that of_ pure Al fl_lm, which gre_p_ossmly du_e
It is noted that the peak grain sizes of the distriby-to relaxation of residual strains of the individual Al-Ti

tion of the Al grains and AlTi precipitates obtained !ayt(ars ’(illjrlpgf_rlleatlng.Thetpeha_lkr?fti:e reacnct)n eXOthethS
from cross-section TEM study of specimens annealed! e A=T1TIMS MOves 1o higher temperatures as the

Distributions of number fractions of Al grain and Ali
particle sizes were studied for conditions correspondin
to different annealing times at 350 and 400 °C. Figure

FIG. 6. Typical electron diffraction pattern close to [011] Al zone axis
from region containing AJTi precipitates in Fig. 5(a), showing pres- FIG. 7. High-resolution TEM image showing the coherent interface
ence of L1 Al;Ti precipitates. L3 Al Ti (100) spot is shown with  between Al and L1 Al;Ti. The orientation relationship is (100)Al//
arrow. (100)Al;Ti and [100]AI//[100]Al,Ti.
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heating rate is increased. The increase in the temperatupeak position,T is the absolute temperature of the sys-
of the exotherm with an increase in the heating rate imtem, E is the activation energy, aRds the universal gas
plies that there is an activation barrier for the chemicakonstant (8.314 J¥mol™). This equation has been used
reaction, which could possibly be linked with the nuclea-in the past to obtain the activation energies for phase
tion of the ALTi phase. The activation barrier for Al transformations$? Figure 12 is the Kissinger plot show-
formation is also apparent from the fact that remnants oing the linear variation of In§/T<?) with 1/T. The ac-
the layered structure were found in the Al-Ti film even tivation energy calculated from the slope of the best-fit
after annealing at 400 °C for 8 h. The activation energyline is 106.5 kJK*mol™ (1.1 eV). It is noted that the
has been determined from DTA curves corresponding tactivation energy of AJTi formation determined here
different heating rates, using an equation obtained by
Kissinger3®

d[In(e/TA]/d(L/T) = -E/IR (5)
whereo is the heating ratel is the absolute tempera-
ture corresponding to the exothermic or endothermig

(b)
(b) FIG. 9. Dark field plan-view TEM images of Al-Ti multilayered films
FIG. 8. Bright-field cross-section TEM image of Al-Ti film annealed annealed at 400 °C for & h and (b) 24 h, obtained from a segment
for 8 h at400°C, showing: (a) residual Al-Ti layered structure (ar- of the {111}Al ring in the corresponding electron diffraction pattern,
rowed), and (b) irregularly shaped Al grain with the;Al precipitates ~ which was centered using beam-tilt. Some of the Al grains are iden-
at the grain boundary. tified with “Al,” while Al ;Ti particles are shown with arrows.
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FIG. 10. Log—normal plots of number fraction of size distributions obtained from cross-section TEM observatiogFigfasticles on annealing
at (a) 350 °C and (b) 400 °C; and Al grains on annealing at (c) 350 °C and (d) 400 °C.

TABLE |I. Mean and mode values of log normal distributions of Al grain size and iAparticle sizes.

Al grain size Al grain size AlTi size AlTi size
plan-view cross-section plan-view cross-section

Annealing data (nm) data (nm) data (nm) data (nm)

conditions Mode Mean Mode Mean Mode Mean Mode Mean
350°C,2h 97 107 95 114 14 17 13 17
350°C, 12 h 132 151 119 135 21 26 18 23
350°C, 24 h 129 158 133 144 23 28 27 34
400°C, 2 h -8 -8 120 127 16 18 17 22
400°C, 4 h 102 116 116 124 20 24 18 25
400°C, 8 h 108 122 115 127 21 25 22 26
400°C, 24 h 130 151 143 169 25 29 20 34

®Not enough data for the particular annealing treatment is available for calculation of mode and mean of the distribution.

is less than the activation enerdigsf diffusion of Al
(1.81 eV or 174.6 kJK'mol™) and Ti (1.68 eV or
162 kJK*mol™) in Al,Ti phase.

=~ "Al-Ti: 25 °C/min.
—" Al-Ti: 10 °C/min.

2 T =" ALTi: 5 °C/min.
D. Stress measurements :b) LT T =05 — AL-Ti: 2 °C/min.
On an atomic scale, the tensile residual stresses in thig )/ s96°c N\ AL 5 °C/min.
films originate due to interatomic interactions; that is,g ..f SN N

when the average interatomic distance in the film is=
greater than the equilibrium value. The tensile stresses
increase as isolated islands coalesce and voids are ré&

£ N 320°C

T T[T T T[T T[T I T [T T T [TTTT
WU ENEEE FETEE RV N

. . I . . <% /
moved in thin metallic films. The stresses in multilayered & |~ )
films can result from several sourc&sgrowth proc- e ,’ ~
esses, differences in coefficient of thermal expansiorig;0 | l | —

(CTE) between film and substrate, coherency strains, inE 100 200 300 400 500 600

terfacial reactions, and the interface stress. The interface Temperature (°C)

stres_se‘bl arise from th_e reversible work per unit ?‘rea t_O FIG. 11. DTA curves corresponding to heating of free standing Al-Ti
elastically def_orm the interface or surfa_lce bY_ a unit straiNmyltilayered films from room temperature to 500 °C in argon envi-
Interface strain can cause changes in lattice parameteinment. DTA data of a pure Al film is included for comparison.

<

J. Mater. Res., Vol. 16, No. 7, Jul 2001 2073


https://doi.org/10.1557/JMR.2001.0283

https://doi.org/10.1557//MR.2001.0283 Published online by Cambridge University Press

R. Mitra et al.: Effect of annealing on microstructure, residual stress, and hardness of Al-Ti multilayered films

9.5 T T ] interlayer interfaces do not exist in most of the film.
E 1 Stress enhancement due to the precipitation gTiAlvas
~ or E earlier reported by Gardnet al:** Al ;Ti has a density of
E _losE E 3.36 g/cnd, which is higher than the density (2.702 3m
ié - ] of pure Al. The unit cell (cubic, fcc) of Al contains 4
en -1l - . atoms and the lattice parameter is 0.40496 nm, while the
2 i 1 unit cell (tetragonal, D®,) of Al;Ti has 8 atoms (6 at-
@ LS e E oms of Al and 2 atoms of Ti), and the lattice parameters
£ ppE E area = 0.3848 nm andt = 0.8596 nm. The unit cell
: 1 (hcp) of Ti has 2 atoms, and the lattice parametersaare
B B Ty ! = 0.295 nm ana¢ = 0.4686 nm. Assuming the atoms to

00015 0.00155  0.0016 ~ 0.00165  0.0017  be hard spheres, calculations based on the above data
R show that concentrations of atoms per unit volume of Al,
FIG. 12. Kissinger plot for activation energy calculation: variation of Ti, and A|3Ti are 60.24, 56.6, and 62.85 ﬁ?ﬂ respec-
e conSeponi oo chomm. r s ey, which again imply that AT latice is the most
the Ft))est-ﬁt line isy E 9.59%1 —12810and the coefficient of rggres- Jensely packed. From the above, 6 atoms of Al (m Al
sion is 0.99744. lattice) would occupy 0.0996 ninwhile 2 atoms of Ti
(in Ti lattice) would occupy 0.0353 ninwhich accounts
close to the internal interface. The resultant of all thefor total volume of 0.1349 nf The DO, unit cell of
stresses mentioned above contribute to substrate curvAl;Ti containing 6 atoms of Al and 2 atoms of Ti has a
ture. Ruudet al*® and Misraet al** found significant volume @%c) of 0.1273 nm. Hence, ALTi formation
contribution from interfacial stresses in Ag—Ni and Cu-leads to localized volume contraction of 5.6%, which has
Cr multilayered films, respectively. Baiet al:*2 did not  to be accommodated partly by plastic deformation of the
observe a significant contribution from interlayer inter- surrounding Al matrix, and elastic strains. The volume
facial stresses in Mo—Ni multilayers, which have an af-strain due to contractior,, = 0.056 leads to an increase
finity for interphase formation. It has also been observedn the dialational tensile residual stredass in the film by
that coherent interfaces possess lower interface stress Ks- €, = 3.15 GPa, wher& is the bulk modulus of
compared to the incoherent orfé<’®> The Al-Ti semi- Al (=63 GPa).
coherent interfaces show misfit strain localization Again cooling of a film from 350 °C to room tempera-
[Fig. 1(b)] to minimize the coherency stresses and alsdure can lead to differential contraction of the Si substrate
have a strong affinity for interphase phase ) for-  and the film and consequently a tensile residual stress in
mation, which suggests low interface stress. the film. The CTE’s of Si, Al and Ti are 2.49 x 1f
In the present investigation, the residual stress in th@3.1 x 10°, and 8.6 x 10° K™%, respectively. Assuming
Al-Ti multilayered film on a Si substrate in the as- the rule of mixtures for estimating the CTE of the Al-Ti
deposited condition has been found to be tensile with &ilm, the value obtained is 21.4 K. The CTE and elastic
magnitude of 0.27 £ 0.01 GPa. In the as-deposited stateonstants of the film change further with precipitation of
the residual stresses are primarily intrinsic, that is,Al;Ti particles. Hence it is not possible to accurately
growth related. There will be in-plane intrinsic stress indetermine the CTE of the film. But it is close to 10 times
the Al layer, in the Ti layer, and at the Al/Ti interface. that of Si to begin with and this difference would con-
The sum of all three is what has been measured in theribute to the resultant stress.
multilayered sample as a tensile 0.27 + 0.01 GPa. When the AI-Ti film previously annealed at 350 °C
The tensile residual stress of Al-Ti film after anneal-for 2 h was further annealed at 400 °C for 2 h, the tensile
ing at 350 °C was found to be 0.27 £ 0.01 GPa. An-residual stress increased to 0.33 = 0.02 GPa. The increase
nealing at 350 °C fo2 h isexpected to cause stress reliefin the magnitude of the residual stress on annealing at
by processes such as diffusion and annihilation of redun400 °C for 2 h isbelieved to be due to the precipitation
dant dislocations. Upon cooling, the tensile stress reapsf a higher volume fraction of Al precipitates during
pears due to other mechanisms, such as (i) phasanealing at 400 °C, as well as higher differential con-
transformation (precipitation of ATi), which tends to traction between the Si substrate and the AFTAtom-
cause volume contraction in the film and (i) CTE mismatchposite film.
between metal film and the Si substrate while the film re-
mains rigidly bonded to the substrate and is not free to relax
the stress. These mechanisms are discussed below, £ Hardness measurement
Observation of cross-section TEM microstructure of Figure 13 shows the variation of nanoindentation hard-
an Al-Ti film annealed at 350 °C fo2 h showed that ness values of Al-Ti films on Si substrates with increas-
the AI-Ti multilayered structure is disrupted and ing periods of annealing at 350 or 400 °C, along with
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5 T Al ;Ti volume fraction. Pure Al and Ti films have hard-
N ] ness values of 0.49 and 1.57 GPa, respectively. This
44& 7 implies a 6-fold increase in strength as compared to
N ] pure Al, and a factor of two improvement over pure Ti,
o 3 2 B in the Al-Al;Ti composite. Further research is planned
© “t ] on free-standing Al-Ti films to study the mechanical
g r 1 behavior of bulk samples processed by magnetron sput-
g 2 —©— Al-Ti film annealed at 350°C| tering. The results of the annealing experiments for the
‘&3 { —=— Al-Ti film annealed at 400°C | Al-Ti composition used in this study would be relevant
1 = As-deposited Al film -1 for other compositions with lower Ti concentration also.
—C— As-deposited Ti film ]
(] SR [T Lo S T
0 5 10 15 20 25 IV. CONCLUSIONS
Annealing Period (h) The following conclusions can be drawn from the

FIG. 13. Variation of nanoindentation hardness of Al-Ti multilayered present study:
film with increasing time of annealing at 350 and 400 °C. The hard- (1) The as-deposited Al-Ti films show evidence of

ness vglues of sputter-deposited pure Al and Ti films are shown foglumnar growth. The Al (fcc)//Ti (hcp) interface is
comparison. semicoherent.

(2) Annealing of the multilayered AI-Ti films at
those of as-deposited pure Al and Ti films of simi- 350 °C (0.6, of Al) or 400 °C (0.74,, of Al) leads to
lar thickness on Si substrates. The as-depositeqhin7- the degradation of the layered structure by interdiffusion
thick Al-Ti film had a hardness of 4.0 GPa. On annealingbetween the layers and chemical reaction to precipitate
at 350 °C, the hardness dropped sharply to 3.1 GPa aftéd ;Ti phase. ALTi precipitates possibly have a meta-
2 h of annealing, and to the minimum value of 2.8 GPastable L1 structure during nucleation, which changes
after 8 h. Further annealing at 350°C showed a gradudb stable DQ, with increase in the time or temperature of
increase in hardness, while there was a significant risannealing. With the progress of annealing, the layered
from 2.9 to 3.6 GPa between 18 and 24 h of annealingtructure is completely replaced by an AlzAl dual
time. On the other hand, during annealing at 400 °C, thephase microstructure with ATi dispersed evenly and
hardness of Al-Ti films decreased sharply to 3.16 GPanostly at the Al grain boundaries.
after annealing o2 h followed by a more gradual de-  (3) With increase in the time of annealing, the size
crease to a minimum of 3.0 GPa on annealing for 4 h. Owlistributions of Al grains and Alli particles widen and
increase of annealing time to 8 h, the hardness increasede mean values of the distributions increase. The {111}
gradually to a maximum of 3.5 GPa, which was followedfiber texture observed in Al grains disappears on an-
by a gradual decline to 2.95 GPa on annealing for 24 hnealing the layered samples to obtain an equilibrium
The high hardness in the as-deposited condition, almostmicrostructure at 350 or 400 °C with randomly oriented
factor of 8 higher than that of pure Al, can be due to theAl grains.
interlayer interfaces hindering dislocation motion in (4) DTA studies have shown that the chemical reac-
the AI-Ti layered structure. As the layered structure istion, 3Al + Ti — Al;Ti takes place exothermically be-
degraded in the initial periods of annealing [Figs. 5(a)-tween 320 and 390 °C, depending on the heating rate.
5(c)], the hardness values decrease. It should be notéelthe activation energy of the exothermic reaction has
that the drop in hardness aft2 h of annealing at 350 °C  been found to be 106.5 kJ&mol™™.
is independent of the fact that the residual stress did not (5) The residual stress in Al-Ti multilayered films on
show any change; hence the high hardness values in tI& substrate is tensile in the as-deposited condition. The
as-deposited films are not due to stress in the films. Substress was found to be same as that of as-deposited film
sequently the hardness increased with an increase in vafter annealing at 350 °C for 2 h, even if the layered
ume fraction of ALTi precipitates. However it took a structure is disrupted, which suggests that stress relief
much longer period of annealing at 350 °C, as comparedue to annealing is compensated for by increase in tensile
to that at 400 °C for the hardness to show the increasstress component due to phase transformations and CTE
after the initial sharp fall, because the diffusion- mismatch between the film and the substrate. But the
controlled kinetics of the chemical reaction leading to thestress increases on annealing at 400 °C for 2 h, implying
precipitation of ALTi dispersoids is slower at 350 °C. As the effect of ALTi precipitation and accompanying con-
the Al grain and ALTi particle sizes do not alter much traction in volume.
with an increase in time of annealing, the hardness varia- (6) The hardness measured using the nanoindenter
tion is regulated by the progress of the chemical reactioshows a sharp decline after initial periods of annealing at
between Al and Ti and the corresponding increase in th&50 or 400 °C, as the layered structure was continuously
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degraded. However with continued annealing, as the mil6é

crostructure approaches an equilibrium state and the
17. E.G. Colgan and J.W. Mayer, J. Mater. R&s3815 (1989).

volume fraction of ALTi increases, the hardness in-

creases back again. The hardness is 6 times higher thag

that of a pure Al film and a factor of two higher than that
of a Ti film.
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