Hard multilayered thin films of metal—intermetallic Ni/Ni Al

X.K. Meng® and H. Vehoff

Institute of Materials Science and Methods, University of Saarland, 66041 Sa&gwruGermany,
and Department of Materials Science and Engineering, Nanjing University, Nanjing 210093,
People’s Republic of China

A.H.W. Ngan

Department of Mechanical Engineering, University of Hong Kong, Pokfulam Road, Hong Kong,
Peoples’ Republic of China

(Received 27 June 2000; accepted 28 September 2000)

Metal-intermetallic Ni/N{Al multilayered thin films were synthesized by the

magnetron sputtering technique. The synthesized films possessed high hardness that
could be compared with intermetallic il films. The constituent layers of Ni and

NizAl were fully adherent to one another at the multilayered boundaries. The fracture
surface of the multilayered films on bending showed the characteristics of local ductile
fracture. This novel type of multilayered thin films is expected to be used as hard
coatings and miniaturized parts of apparatus in micro-electromechanical systems.

Multilayered films usually exhibit a large enhance- Multilayered Ni/NLAI films were deposited on (100)
ment of mechanical properties compared to single laysilicon wafers at 400 °C by the magnetron sputtering
ers2 Multilayers fabricated from constituents with technique. Deposition rates were maintained at 1.2 Tm s
similar structures and modest lattice mismatch often exfor Ni films using a pure Ni target and 1.3 nni's
hibit grain-to-grain epitaxy between the layers, even iffor NizAl films using a Ni/Al multi-target. A detailed
the gross structure is polycrystallifien such a case, description for the preparation of the multi-target can be
distinctive properties such as good strength and tougtfound elsewheré. The multilayered films consisted
ness of the constituents are expected to be maintained of four (Film 1), eight (Film 2), and twelve (Film 3)
the multilayers. alternating layers of Ni and NAl. The thickness of Ni

It is well known that NiAl and Ni have not only and NiAl layers in the multilayered films were set to
similar structure but also close unit cell dimensions. Niisbe approximately equal, both with the size of approxi-
an elemental metal with lattice constant of 0.3524 nm inmately 900 nm. All the multilayered films were an-
a disordered face-centered-cubic (fcc) unit cell. It is ducnealed in a vacuum furnace at 700 °C for 1 h before
tile and tough enough in both bulk and thin-film states.further characterization of microstructure and mechani-
Ni,Al, on the other hand, is an ordered fcc () inter-  cal properties.
metallic compound with lattice constant of 0.3570 nm. The Ni—Al atom ratio of the layer sputtered by multi-
Polycrystalline NjAl in bulk form is brittle at room tem-  target was revealed to be 74.85:25:15 by energy disper-
perature. It has existing and potential applications asive x-ray (EDX) analysis. It was very close to the
high-temperatures because of its high melting temperastoichiometric ratio of 3:1 in NjAl. The strong line pro-
ture, high thermal conductivity, oxidation resistance, andiles of the (111), (200), (220), (110), and (100) diffract-
the so-called flow stress anomaly at elevated temperang planes of this layer, which were recorded by x-ray
tures? Thin-film Ni,Al possesses more attractive prop- diffraction (XRD) with 20 steps of 0.02°, shown in
erties than the bulk, especially in surface strengthFig. 1, indicated that the whole layer was;NIi. Figure 2
corrosion, and oxidation resistant®.0One can expect shows an atomic force microscopy (AFM) surface mor-
that the combination of NAI and Ni layers may produce phology of the layer. It can be seen that theMilayer
a balanced multilayered thin film with the excellent flex- was polycrystalline, with an average particle size of ap-
ural strength and toughness required by applications sugbroximately 340 nm in diameter.
as hard coatings and miniaturized sensors in micro- It should be pointed out that the process of forming a
electromechanical systems. pure NiLAI layer by sputtering Ni and Al targets is com-
plicated because some products such as NiNI,Al,
and NiAl are much easier to form than i, according
De-mail: x.meng@matsci.uni-sb.de or x.k.meng@nju.edu.cn  to a recent dynamics study on the Ni—Al binary system.

J. Mater. Res., Vol. 15, No. 12, Dec 2000 © 2000 Materials Research Society 2595



Rapid Communications

The general trend is that the content of Ni atoms inis in the range of 100 nN with a maximum force of nearly
Ni—Al system increases with the increasing transforma10 mN. A three-sided pyramidal diamond tip with an

tion temperature: apex angle of 90° was used for indenting and imading.
Figure 3 shows the bare silicon substrate and NANi
Ni/Al' - Ni/NiAl /Al ~ Ni/NiAl ;3 (300-330 °Q multilayer hardness as a function of indentation contact
- NiAl3/NiAlg/Ni - NiAl5/Ni depth. The hardness of the substrate (100) Si was ap-
- NiAly/NiAl/Ni (350-375 °G . proximately 11.2 GPa, regardless of indentation depth.

o . The multilayer hardness depends on the film thickness
When the temperature is high enoggh, e.g., 700 °C, thgnq increases with increasing indention size. The hard-
pure phase of NAI can be formed: _ . ness values vary from 4.26 to 8.75 GPa over the range of
_ The mechanical properties of the multilayered thinyg jndentation depths. It should be pointed out that only
films were measured using a nanoindentation-atomie,qentations with contact depths of less than 10-20% of
force microscope. The force resolution of the instrumente film thickness correspond to intrinsic film properties
because of the so-called substrate efféEhus, data for
indentation depths below approximately 400, 800, and
8000 (111) 1200 nm should be taken for estimating the hardness val-
ues of Film 1, Film 2, and Film 3, respectively. It is in-
teresting to note that for lesser depths the multilayer
6000 7 hardness stayed almost constant at approximately 4.3,
4.5, and 4.8 GPa, which can be regarded as the hard-
4000 nesses of Film 1, Film 2 and Film 3, respectively.
The hardnesses of thin-film Ni and Ml were re-
2000 - (200) (220) ported as approximately 3.5 GPYR and approximately
(100) 5 GPa&, respectively. It seems surprising that the
(110) Ni/NizAl composite films with a Ni and NAI volume

7 fraction ratio of 1:1 had a high hardness, comparable to
T - T y T that of hard constituent B, especially when the num-
% % “ % % 7 % per of the layers was large (e.g. Film 3). The constrained

20 deformation of the constituent layers, caused by their

FIG. 1. The XRD pattern of the WAl layer sputtered by multi-target
at 400 °C and then annealed at 700 °C for 1 h. The strong line profiles Ni:Al Surface + Ni Laver
of (111), (200), (220), (110), and (100) diffracting planes of this layer } 1800 nm y

were recorded by @steps of 0.02°.
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FIG. 2. The AFM surface morphology of the il layer after nano- Indentation Depth (nm)

indentation test. The layer was sputtered by multi-target magnetron
sputtering at 400 °C and followed by annealing at 700 °C for 1 h. FourFIG. 3. Plot of the hardness of Film 1, Film 2, and Film 3 as a function
trianglelike shapes correspond to the indentation marks. The surface of indentation depths. Note that the hardness of the three MiINi

the layer was etched by diluted HN® H,SO, acids to show the grain  multilayer films stays almost constant at approximately 4.3, 4.5, and
boundaries clearly. The average grain size ofAllis approximately 4.8 GPa, corresponding to the respective approximately 10% depths of
340 nm in diameter. the multilayer thickness.
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novel type of multilayered thin film in the present study.
Because their unit cell dimensions are very close to one
another, good atomic coherence and hence good me-
chanical hardness can be easily maintained at the sur-
face when one of them is grown on top of the other
using magnetron sputtering techniques. The hardness
varies from 4.3 to 4.8 GPa over the three synthesized
2700 nm Ni/NizAl muItiIa_yered films, vyhich is h!gh enough to be
comparable with that of NAI hard films. The hard
and tough multilayered films are expected to be used

FIG. 4. The fracture cross-section p_roflle of Film 1 by SEM. It can be ﬁ's hard coatings and miniaturized sensors in micro-
clearly seen that the fractured striations are continuous, layer throug .
electromechanical systems.

layer, and no delamination appears within the multilayered film.
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