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Formation of intermetallic compounds
and their effect on mechanical properties
of aluminum-titanium alloy films

Al-Ti alloy films with various Ti contents were prepared
through magnetron co-sputtering with Al and Ti targets
and treated with vacuum annealing at 400 °C. Energy dis-
persive spectroscopy, X-ray diffraction, transmission elec-
tron microscopy, X-ray photoelectron spectroscopy and na-
noindentation were used to determine the composition,
microstructure and hardness of the films to reveal the exis-
tence of intermetallic compounds and their effects on the
microstructure and mechanical properties. The results
showed that Al-Ti films with lower Ti contents formed
nanocrystalline structures of highly supersaturated solid
solution. With the increase of Ti content, various types of
Al-Ti intermetallic compound bonds formed. The exis-
tence and increasing concentration of these compound
bonds gradually transformed the films into amorphous
structures and supported the continual increase of the film
hardness, reaching a high value of 8.8 GPa at 36.3 at.% Ti.

Keywords: Highly supersaturated solid solution; Interme-
tallic compound bond; Al-based alloy film; Mechanical
properties

1. Introduction

Alloy films prepared by physical vapor deposition (PVD)
exhibit features of highly supersaturated solid solution
(i.e., solute content significantly higher than that of the
equilibrium solid solubility). This type of structure remark-
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ably improves film performance [1, 2]. For instance, exist-
ing studies [3—8] have demonstrated that, when some sput-
tered Al alloy films form highly supersaturated solid
solution, their hardness can reach up to about 8 GPa,
equivalent to the hardness level of high-speed steel. This
technique therefore became an important approach to pro-
duce films with desired properties. However, controversy
still exists regarding the underlying driver of the hardness
enhancement, especially when the solute content far ex-
ceeds its equilibrium solubility limit: whether it is due to
structure changes (e.g., highly supersaturated solid solu-
tion, or nanocrystal/amorphous structure) or the formation
of intermetallic compounds. Some researches believe that
in the systems of sputtered Al-based films (e. g., AI-Cr [3],
Al-Mo [4], AI-W [5], Al-Mg [9]), when the solute content
is much greater than the solid solute limit and even the films
possess an amorphous structure, no intermetallic com-
pounds would form. Some researches found that in Al-Cu
[7, 8, 10] and Al-Fe [6, 11] alloy films, intermetallic com-
pounds formed at alloy contents great than 1.8 at.% Cu or
50 at.% Fe, respectively. In the case of Al-Ti films how-
ever, two different views exist. One maintains that interme-
tallic compounds cannot form in these films [3, 6, 9] while
the other believes it is possible [12]. These different reports
on the existence of the intermetallic compounds demon-
strate that there is currently no consensus regarding the un-
derlying cause of the alloy hardness enhancement.

This paper reveals conditions and causes of the formation
of intermetallic compound bonds in alloy films, through in-
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vestigation of microstructures and mechanical properties of
Al-Ti sputtered alloy films with different Ti contents.

2. Experimental procedure

All the films were synthesized using a multi-target mag-
netron sputtering system. Pure Al (99.99 %) and pure Ti
(99.99 %) targets, 76 mm in diameter and 5 mm thick, were
controlled by DC and RF cathodes, respectively. Stainless
steel substrates were polished with 1 um diamond paste,
then ultrasonically cleaned in acetone and alcohol, before
being mounted on a substrate holder in the vacuum cham-
ber. The distance between the substrates and the cathodes
was about 50 mm. With the base pressure less than 5 x
10~ Pa, high-purity Ar (99.999 %) was introduced into the
chamber with a pressure of 6 X 107! Pa. After determining
the deposition rate of Al target and Ti target at different
power levels, a series of 2-um-thick films with different Ti
contents were synthesized by changing the power of the Ti
target while holding the power of the Al target constant.
No bias voltage or heating was applied to the substrates dur-
ing the process.

An OXFORD INCA energy dispersive X-ray spectro-
scope (EDS) was used to analyze the composition of the
films. The phase composition and microstructures of the
films were characterized with a Rigaku D/max-2550/PC
X-ray diffractometer (XRD), a JEM-2100F transmission
electron microscope (TEM) and an AXIS Ultra X-ray
photoelectron spectroscope (XPS). A Fisher scope
H100VP nanoindenter with a Vickers indenter was used to
measure the hardness of the films. 10 mN of the maximum
penetration load was selected. The loading and holding
time were both 30 s. The hardness result of each sample
was the average value of more than 20 indentations.

3. Results

Figure 1 shows the XRD patterns of Al-Ti alloy films with
different Ti contents. From the figure, three main Al dif-
fraction peaks (111),, (200),; and (220),, are observed in
the films with the Ti content of 1.2 at.% and 11.4 at.%, lev-
els well above the solid solution limit (<0.1 at.% Ti). This
demonstrates that the films are a single-phase Al solid solu-
tion without pronounced preferential orientation. As the Ti
content increases, only the (111),; peak remains and the
peak diffuses gradually. According to the change of diffrac-
tion peak full width at half maximum (FWHM) using the
Scherrer formula to calculate the grain size changes with
Ti content, Fig. 2 shows that the grain sizes of the films gra-
dually reduced from about 80 nm containing 1.2 at.% Ti to
less than 10 nm containing 29.3 at.% Ti. When the Ti con-
tent reaches 36.3 at.%, only a very broad diffraction peak
exists, indicating an amorphous structure in the film. It is
worth noting that the position of the diffraction peak no
longer remains at the (111),; position, but shifts towards
larger angles slightly.

At the low Ti content level (11.4 and 22.2 at.%), the
bright field TEM images shown in Fig. 3a and b show that
the grain sizes of the films are about 30 nm and 15 nm re-
spectively, consistent with the results shown in Fig. 2. The
selected area electron diffraction (SAED) patterns at the
upper left corner exhibit only a set of Al fcc diffraction
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rings without any rings or spots of Ti or Al-Ti compounds,
indicating the films remain as a single-phase Al solid solu-
tion despite Ti content being much higher than the equilib-
rium solid solubility. The image of the film with 36.3 at.%
Ti in Fig. 3c exhibits an amorphous structure and the SAED
ring highly diffusive.

In order to investigate whether films with various Ti con-
tents, especially amorphous films, contained intermetallic
compounds, the films with 11.4,22.2 and 36.3 at.% Ti were
vacuum annealed at 400 °C for 2 h. Figure 4 shows their as-
deposited and annealed XRD patterns. After annealing, the
Al diffraction peak of the film with 11.4 at.% Ti strengthens
and shifts slightly to the right and a (111)431; peak emerges
further to the right side. For the film with 22.2 at.% Ti, the
diffraction peak at (111)4; position obviously moves to the
position of the (111)37; peak at a larger angle. Meanwhile,
several weak AlsTi, diffraction peaks emerge. The results
indicate that the as-deposited films with less than
22.2 at.% Ti are metastable highly super-saturated Al solid
solution. The dissolved Ti atoms precipitate out and form
compounds such as Al;Ti and AlsTi, after annealing. When
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Fig. 1. XRD patterns of Al-Ti alloy films with different Ti contents
(e for substrate diffraction peaks).
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Fig. 2. Change in grain size with Ti content according to XRD and
Scherrer formula.
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the Ti content reaches 36.3 at.% however, the very broad
diffraction peak of the film locates at the original position
and remains diffuse after annealing, indicating that the Al
atoms of the film exist in the form of various Al-Ti com-
pound bonds even before annealing. High melting tempera-
tures of these compounds make the film difficult to crystal-
lize at 400 °C. In fact, some researches on Al-Ti alloy films
have already raised the possibility that improvement in
hardness is driven by the formation of Al-Ti compound in
the amorphous structures of the films [12]. Unfortunately,
no experimental evidence has been presented.

X-ray photoelectron spectroscopy (XPS) was used to
further characterize the form of Al present in as-deposited
amorphous film containing 36.3 at.% Ti. Figure 5 shows
only one Al 2p peak located at 71.7 eV except for the Al-
O peak (74.9 eV) from Al,O; on the sample surface. This
peak, away from 72.9 eV of Al-Al, is the superposition of
several Al-Ti compound peaks (they are all in the range of
71.4-72.1 e¢V). This direct characterization result further
demonstrates the amorphous film contains various Al-Ti
intermetallic compound bonds.

It may be further inferred that although the films with
lower Ti content (<22.2 at.%) appear as a highly super-satu-
rated solid solution, Al-Ti compound bonds should exist
but have not formed crystals large enough to be detected
by XRD or TEM.

Figure 6 shows the relationship between microhardness
and Ti content of Al-Ti films. The microhardness of the
films rises almost linearly with increasing Ti content, from
2.4 GPa at 1.2 at.% Ti to 8.8 GPa at the 36.3 at.% Ti, with
no obvious relationship to microstructure change including
nano-crystallization and amorphization.

4. Discussion

The Al-Ti film’s microstructural evolution with increasing
Ti content can be attributed to both kinetics and thermody-
namics.

In terms of kinetics, the rate by which the sputtered parti-
cles lose their high kinetic energy when deposited on the
growing surface of films is comparable to an extremely
high cooling rate (about 10'3 K s7!) for the material [13].
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Fig. 4. XRD patterns of the as-deposited films and annealed films with
different Ti contents (e for substrate and W for AlsTi, diffraction
peaks).
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Fig. 5. The XPS Al 2p spectrum of the as-deposited amorphous film
containing 36.3 at.% Ti.

Fig. 3. TEM bright field images and SAED patterns of Al-Ti alloy films with different Ti contents: (a) 11.4 at.% Ti; (b) 22.2 at.% Ti;
(c) 36.3 at.% Ti.
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Fig. 6. Hardness variation of alloy films versus Ti concentration.

In this process, sputtered Al particles (atoms, ions or clus-
ters) aggregate and form nanometer-scale grains through
short distance migration due to their huge concentration,
while the accumulation of Ti particles requires long-range
diffusion and overcoming energy barriers [14, 15] due to
their low concentration. Given kinetic limitations, Ti atoms
tend to stay in the Al lattice, highly supersaturated. The re-
sulting severe lattice distortion even leads to amorphous
structures [16].

In terms of thermodynamics, with the increase in Ti con-
tent, the ratio of Al/Ti can reach the stoichiometric ratio of
various Al-Ti intermetallic compounds such as Al;Ti,
Al;sTi,, AlsTis. On the other hand, the impact of high energy
sputtered particles on the growing surface in the deposition
process facilitates overcoming energy barriers and forming
Al-Ti compound bonds. In addition, the random distribu-
tion of Ti particles on the growing surface allows com-
pound bonds with different stoichiometric ratios to form.
The existence and increasing concentration of these com-
pound bonds gradually transformed the films into amor-
phous structures.

The hardness increase of the films as Ti content rises is
also evidence of the existence of intermetallic compound
bonds. Although the increase of the films’ hardness can be
attributed to solution strengthening [17, 18] and fine grain
strengthening [19, 20] at lower Ti content, the continual in-
crease in hardness even when the film becomes amorphous,
cannot be explained by the reasoning above, but should be
attributed to the effect of the intermetallic compound
bonds.

Many published works [3—9] have mostly relied on XRD
and SAED to investigate highly supersaturated solid solu-
tion of Al alloy films. Because no obvious compound dif-
fraction information was found in Al-Cr [3], Al-Mo [4],
Al-W [5], Al-Mg [9] films, their conclusion only focused
on solute content and microstructure, but not intermetallic
compounds.

Unlike the above alloy systems with many intermetallic
compounds at lower content, the Al-Cu system only has
one intermetallic compound (CuAl,) at 0-33 at.% Cu.
Additionally, Cu atoms supersaturated dissolved in Al
have strong diffusion ability, indicated by its age-har-
dening temperature below 180°C. Therefore, CuAl, in
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Al-Cu films is easy to enlarge and be detected through
XRD or SAED.

Based on the above experimental results and analysis, we
believe that all Al matrix binary alloy (they all contain in-
termetallic compounds) sputtered films contain compound
bonds when they exist in the form of amorphous structures
or even highly supersaturated solid solutions. The existence
and increasing concentration of these compound bonds sup-
port the continual increase of hardness of the films.

5. Conclusion

Al-Ti alloy films with Ti contents of 1.2—-36.3 at.% were
prepared and investigated. The results revealed that the
films with lower Ti contents formed nanocrystalline struc-
tures of highly supersaturated solid solution. With the in-
crease of Ti content, various types of Al-Ti intermetallic
compound bonds formed. The existence and increasing
concentration of these compounds gradually transformed
the films into amorphous structures and supported the con-
tinual increase of hardness of the films, reaching a maxi-
mum value of 8.8 GPa at 36.3 at.% Ti.

This work was supported by National Natural Science Foundation of
China (No. 51371118, No. 51401120 and No. 51671125) and Natural
Science Foundation of Shanghai (No. 16ZR1412800).
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