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Annealing-induced full amorphization in a multicomponent metallic film
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We present direct experimental evidence that controllable amorphization and nanocrystallization during
annealing of metastable films could serve as a precursor for exciting nanomaterials. The interesting discovery
is that certain sputtered crystalline films become completely amorphous when annealed in the temperature
range between the glass temperature and the crystallization temperature. Unlike other metallic glassy materials
that exhibit annealing-induced devitrification, our good glass-forming films are transformed into various nano-
scale and amorphous structures due to the annealing process. The formation of an amorphous phase gives rise
to notable alterations in the electrical and mechanical properties of the film.
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INTRODUCTION mined using a differential scanning calorimet®SC) in Ar
at a heating rate of 40 K/min. The DSC film sample was

Crystallization generally tends to occur during the thermaldelaminated from the glass without the aid of any chemical
annealing of amorphous sputtered films because crystallingolutions. Depth profiles of the oxygen concentration to-
phases are more thermodynamically favorable than metagether with other alloying elements present in the film were
stable phases formed in the as-deposited conditioncer-  determined by point analyses with a point-to-point distance
tain elementally modulated crystalline films, solid-stateof ~1 um, using the ORNL JEOL Electron Superprobe at 15
amorphizationSSA) has been reported to take place throughkeV. Films with substrates were mounted at a taper angle of
annealing-induced diffusion reactioh$iowever, the extent 45° to expand the exposure of film thickness b$1% for
of amorphization in this case is trivial and confined to thechemical analyses. Plane-view transmission electron micros-
reacted interfacial thickness of typical few nanometers. Ircopy (TEM) analyses of the films were done using Philips
the present work, we report extensive amorphization in sputeM 430T at 300 keV. The specimens were prepared using
tered films when annealed in the temperature range betweanechanical polishing, dimpling, and ion milling from the
the glass temperature and the crystallization temperaturdackside of the sample to remove the substrate for the final
Annealing of sputtered metastable films is found to cause thperforation of the film. For the capped films, the Pt was
formation of various nanoscale and amorphous structuresompletely removed by ion polishing as confirmed by an
thus resulting in changes of electrical and mechanical propx-ray energy dispersive spectroscopy analysis. Sheet resis-
erties. The Zr-Cu-Al-Ni alloy is chosen because it is one oftance and hardness measurements were performed on the
the principal bulk metallic glasse8MGs) revealing good films without the Pt overlay by four-point probe and Knoop
glass-forming ability* The recent advent of BMGs with a ultramicrohardness methods, respectively. The ultramicro-
relatively high thermal stability and low critical cooling rates hardness was measured with a 25-g loading, a 15-s holding
has attracted great attention to the fundamental and appligime, and a loading rate of 4@m/s.
research due to their potential use in engineering applica-
tions. The research and development of BMGs also make
thin film processing possible, which was not readily achieved
in the past when metallic glasses were available only in  The DSC result in Fig. () shows that the as-deposited
forms of powder and ribbon. film underwent a glass transitioriT§) and crystallization
(T,) at 758.3 and 797.2 K, respectively. The supercooled
liquid region (AT), defined as the difference betwegnand
T,, is thus measured to be39 K. This value is in the range

Zr-31Cu-13AI-9Ni(atomic percent, at. Ydilms of thick-  reported for sputtered Pd-17Si-7QRef. 5 and Zr-19Cu-
ness 5—1Qum were deposited onto glass substrates using a Al (Ref. 6 films, even though there are differences in the
magnetron sputtering system with a 3-mTorr working pres-experimental apparatus and heating rate conditions between
sure and 100-W power. The film was annealed in Ar at ahis work and those studies. Based on the DSC result, an
heating rate of 40 K/min and a holding time of 60 s at tem-annealing of films at different temperatures was performed.
peratures ranging from 550 to 950 K. The annealing systerAs will be shown, the annealing of films yields different
was pumped down to the mTorr range followed by severabtructures that leads to variations in film properties. Anneal-
purgings with Ar. To prevent oxidation at high temperaturesing at temperatures well beloWy resulted in a decrease in
(=850 K), the films were capped with-a50-nm-thick sput-  the film hardness, as seen in FigbjL Above 550 K, the film
tered Pt overlay. The thermal behavior of the film was deterhardness gradually increased with increasing temperature,

RESULTS

EXPERIMENTAL PROCEDURE
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FIG. 1. (a) A DSC thermogram of an as-deposited film; varia- ) ) ) )
tions of (b) the Knoop ultramicrohardness arid) the electrical FIG. 2. Plane-view TEM micrographs and diffraction patterns of
resistivity with the annealing temperature. The approximate locathe films in(a) as-deposited and annealed conditiontb650, (c)

tion of supercooled liquid region is marked by dash lines to facili- 750, (d) 800, and(e) 850 K. The circled regions indicate the loca-
tate visual comparison. tions for obtaining the diffraction patterns.

reaching a maximum of-HK670 at 750 K. When annealed The TEM image and the associated diffraction ring pat-
at 800 K, withinAT, the film hardness decreased slightly to tern of the as-deposited film in Fig(a clearly indicate a
~HK630. For temperatures abovg,, the hardness in- typical sputtered nanocrystalline structure. The nanocrystal-
creased sharply to a maximum value-eflK945 at 900 K, a  lites have sizes in the range of 10-30 nm. According to the
~60% increase than measured for the as-deposited filndiffraction pattern, the structure is either tetragonajNdr
With the exception of the decreaseAT, the film hardness (JCPDS 38-1170o0r cubic Z,rNi (JCPDS 41-0898 After
reveals an increasing trend with temperature. Unlike otheannealing at 650 K, the microstructure has transformed into a
sputtered metastable films showing a negative temperatute/o-phase nanophase composite of an amorphous matrix
dependence on the film hardnédspur films showed an in-  containing uniformly dispersed nanocrystallitggg. 2(b)].
creasing trend in hardness with annealing temperature. Thihe refined crystallites are-10—-20 nm in diameter. Even
beneficial strengthening behavior may be a characteristic ahough it is difficult to observe in the micrograph, continu-
annealed metallic glass thin films, which could lead to a classus, diffuse diffraction ring pattern suggests that the film
of high performance materials. In Fig(cl, an abrupt in- consists of finer crystallites than those present in the as-
creasg~40%) in the film resistivity to~65 ) cm at 800 K deposited condition. When annealed at 750 K, about the on-
is noted for the film annealed IAT. Annealing at tempera- set of Ty, the agglomeration and growth of nanocrystalline
tures belowT, resulted in a decrease in the film resistivity, to phases in the form of crystalline networks embedded in an
~46 pQcm at 750 K. In general, a decreasing trend of theamorphous matrix are seen in FigcR The diffraction pat-

film resistivity with the temperature was observed except fottern from the area highlighted by the circle was a spot pattern
a dramatic increase iAT. When compared with that of indicative of crystallized ZjAl and Ni;Zr, phases. The ex-
sputter deposited Pd-based glass-forming alloy films, a simiistence of nanometer-sized crystalline phases is unique and
lar increase in film resistivity neaf, has been reported. could explain why the film hardness increased and the resis-
However, due to the lack of crystal structure/microstructureivity decreased at 750 K. The hardness increase is thus
details and resistivity values iAT,® it is inconclusive to  thought to be caused by a so-called nanophase composite
determine whether full amorphization in the Pd-based filmsstructure, and such a strengthening effect is analogous to that
occurred. reported in many partially-crystallized BMGs prepared by

113410-2



BRIEF REPORTS PHYSICAL REVIEW B9, 113410 (2004

-]

casting or by an annealing-induced devitrification of amor-
phous material$® Surprisingly, annealing at 800 K, i T,
produced a fully amorphous structure. No crystalline phases
were observed in the TEM image and the broad, diffuse dif-
fraction rings were seefFig. 2(d)]. The presence of this
distinct, amorphous structure can explain the drop in hard-
ness and increase in resistivity measured at 800 K. The film
annealed at 850 K, abovk,, did crystallize into nanocrys-
talline phases and substantial crystallized regions were ob-
served in the diffraction patteri&ig. 2(e)]. The crystalline
phases are identified to be predominately cubic and tetrago-
nal Zr,Ni.
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DISCUSSION FIG. 3. Depth profiles of oxygen concentration in uncapped

Hydrogen has been reported to induce amorphization iffilms in as-deposited and 800-K-annealed conditions obtained by
many alloys under highly pressurizé¢e-5 MPa and el- point analyses. Average oxygen concentrations in atomic percent
evated temperature environmeftsSuch a possibility is un-  are 3.46-0.37 and 2.96 0.36 for as-deposited and 800-K-annealed
likely in this study because the short annealing duration and!ms. respectively.
reduced pressure are unfavorable to allow hydrogen diffu-

sion to occur. Oxygen impurity and contamination are knowncomposite-single metastable amorphous phasstable
to strongly affect the stability of the amorphous phase incrystalline structure. While the amorphization mechanism in
BMGs!**“As Zr and its alloys are known to be susceptiblethis study might not be the same, the amorphization of met-
to oxidation, incorporation of oxygen into the film is often als during heating has been reported in a metastable high-
very difficult to avoid even in the reduced and protectivepressure crystalline Cd-Sb alftyand a supersaturated crys-
annealing environment. However, the oxygen effect wouldtalline Ti-Cr alloy!® in which intermediate metastable
be negligible for the annealing temperature800 K on ac-  amorphous phases with lower free energies were formed be-
count of the following reasons. The interaction of Zr with fore equilibrium phases were developed. To interpret the
oxygen involves both oxygen dissolution and formation ofpresent results and explain the thermodynamics that govern
scale(mainly Zr0,)."® The scale formation was limited in the structure evolution during annealing, hypothetical free-
this study because our x-ray diffraction analysis resultsnergy diagrams are shown in Fig. 4. The diagrams, though
(which are not shown heyeevealed the presence of oxide approximate, contain the essential features required to inter-
phases only at and above 850 K. The oxygen dissolutiopret the present results. The relative position of the free en-
during annealing is thus considered in this study. In the abergy curves in the figure is rationalized based on thermody-
sence of an exact diffusion coefficieDt we take an Arrhen-  namic considerations. In this figure, of primary importance is
ius expression,D(in cn?/sec)=5.2 exf—212/(8.314T)],  the large negative heat of mixing observed for the Zr-based
whereT is absolute temperature. This expression has beealloy systenf. Inoue has suggested that the large negative
commonly used for Zr and its alloys to determine the depthheat of mixing enables multicomponent alloys to readily
of oxygen dissolved into the metal through volume form a glassy phase during cooling from the niéfhe large
diffusion® Based onX=2.Dt, wheret is the annealing negative heat of mixing and hence the low free energy of the
time andX the distance at which the oxygen concentrationamorphous phase can be related to the amorphization in our
falls to half the initial value of maximum solubilit{28.5%) case. The low free energy serves as the thermodynamic driv-
at the metal oxide interfacé,and an assumption that the ing force for the amorphous phase to form as an intermediate
time spent in heating up to 0.8 of annealing temperaturgphase during annealing, which eventually becomes thermo-
makes insignificant contributions to the total amount ofdynamically stable by complete crystallization at high tem-
diffusion* depths of oxygen dissolution into our annealedperatures. Based on the schematic, it is anticipated that a
films are estimated to be 0.1, 0.3, 0.7, and A for 800, similar amorphization behavior could take place in other
850, 900, and 950 K, respectively. The estimate is consistersiputtered glass-forming films with large negative heat forma-
with the depth profile of oxygen concentration shown in Fig.tion.
3. This figure indicates no oxygen contamination due to an- In addition to the thermodynamic factor, the thermal en-
nealing at 800 K. The average oxygen content in the asergy at elevated temperatures and the interfacial energy aris-
deposited film is, within the experimental error, nearly equaling from the nanocrystallite/glass interfaces are kinetically
to that of the sample annealed at 800 K. Based on this confavorable for the amorphization, as proposed previously in
parison, we conclude that the formation of amorphous phas8SAl’ At low temperatures, the large interfacial energy
during the 800 K annealing is not associated with oxygerdrives coarsening of the metastable crystalline phase through
contamination at all. a process analogous to Ostwald ripening, and the nanocrys-
Upon annealing, our films clearly show a structure devel+allites become interconnected to form a network structure.
opment sequence of metastable sputtered structu®nce this interconnected crystalline network structure is
—metastable nanocrystallite/amorphous nanophastmrmed, facilitating the flow of electrical current, a decrease
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As-deposited/ around” and reorient in the matrix. IAT, a complete amor-
annealed at below 800K

phization occurs as the metastable nanocrystallites are ther-
mally annihilated and “liquefied” into the glassy matrix due

to the combined effects of sufficient thermal energy and ex-
cessive interfacial energy. In contrast to the planar interfacial
area in SSA multilayer films, the single layer films in this
study are considered to yield much higher interfacial ener-
gies since nanocrystallite/glass interfaces are present through
the film thickness. As a result, wide spread amorphization
could take place in the film. AbovEg, , the amorphous struc-
ture is no longer thermodynamically favorable and crystalli-
zation readily proceeds.

Free Energy

CONCLUSIONS

The present work provides direct experimental evidence
that annealing of Zn-31Cu-13AI-9Ni films results in nano-
crystallization and amorphization. The amorphization takes
place presumably due to the low free energy of the amor-
phous phase with sufficient thermal and interfacial energies
between nanocrystallites and a glassy matrix. The formation
of a comprehensive amorphous structure gives rise to notable
alterations in the electrical and mechanical properties of the
annealed film. Additional features of this work are that a
profound strengthening effect is observed and that one can
take this advantage tw@ilor the film properties by modulat-
ing the amorphous content in the annealed films.

Free Energy

Composition —»

FIG. 4. A schematic illustration showing the free energy rela-

tionship between the metastable sputtered pH&seamorphous ACKNOWLEDGMENTS

phase(A), and stable crystalline phaséB and Q in the films

annealed at low temperatures and 800 K. The arrows indicate the This work was funded by the National Science Council of

film composition. the Republic of Chind91-2216-E-019-004and by the Di-
vision of Materials Science and Engineering, Office of Basic

in resistivity is resulted. Further, the viscosity of the glassEnergy Sciences, U.S. Department of Energy, under Contract

matrix presumably decreases with temperature, analogous 0. DE-AC05-000R22725 with UT-Battelle, LLC. The au-

that required for the superplasticity behavior of metallicthors are grateful to J. R. Walker, Y. L. Lin, R. R. Jeng, C. T.

glasses?® The glassy matrix, with a sufficiently low viscos- Lo, and P. Y. Lee, W. Kai and C. Robert Kao for their con-

ity, allows the metastable nanocrystalline phases to “moveributions.

*Permanent address: Department of Physics, Alagappa University’X. L. Yeh, K. Samwer, and W. L. Johnson, Appl. Phys. Ld8,

Karaikudi-630 003, India. 242(1983.
1J. P. Chu, S. F. Wang, S. J. Lee, and C. W. Chang, J. Appl. Phy$!C. T. Liu, M. F. Chisholm, and M. K. Miller, Intermetallic$0,
88, 6086(2000. 1105(2002.
2R. B. Schwarz and W. L. Johnson, Phys. Rev. Léit, 415 12p 3. Sordelet, X. Y. Yang, E. A. Rozhkova, M. F. Besser, and M.
(1983. J. Kramer, Appl. Phys. LetB3, 69 (2003.
3A. L. Greer, Scienc@67, 1947(1995. 13A. S. Khanna,Introduction to High Temperature Oxidation and
4A. Inoue, Acta Mater48, 279 (2000. Corrosion (ASM International, Materials Park, OH, 2002p.
5Y. Liu, S. Hata, K. Wada, and A. Shimokohbe, Jpn. J. Appl. Phys. 101—103.
40, 5382(2001. 14p G. ShewmonDiffusion in Solids(Minerals, Metals & Materi-

6S. Hata, Y. Liu, T. Kato, and A. ShimokohbBroceedings of the als Society, Warrendale, PA, 198%p. 37-38.
International Conference on Precision Engineerifihe Japan  °N. V. Alekseechkin, A. S. Bakai, and C. Abromeit, J. Phys.: Con-

Society for Precision Engineering, Tokyo, Japan, 20pf. 37— dens. Matterl3, 7223(2001).
41. 16A. L. Greer, J. Less-Common Met40, 327 (1988.
7J. P. Chu, C. H. Chung, P. Y. Lee, J. M. Rigsbee, and J. Y. Wang!’Z. F. Li, W. S. Lai, and B. X. Liu, Appl. Phys. Let77, 3920
Metall. Mater. Trans. A29A, 647 (1998. (2000.
8J. P. Chu and T. N. Lin, J. Appl. Phy85, 6462(1999. 183, P. Chu, C. L. Chiang, T. Mahalingam, and T. G. Nieh, Scr.
9A. Inoue, Mater. Sci. Eng., 804-306 1 (2001). Mater. 49, 435(2003.

113410-4



