Preparation of ternary alloy libraries for high-throughput screening of
material properties by means of thick film deposition and interdiffusion:
Benefits and limitations
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Several techniques have been investigated for making alloy libraries for combinatorial materials
development. In this investigation, we demonstrate a method for Ni—Fe—Cr ternary alloy library
preparation by deposition of three layers of different metals with a linear thickness gradient rotated
by 120° for each layer. The layers were interdiffused and alloyed by annealing in vacuum. The
resulting specimens were analyzed and compared with the well-known phase diagram for this
system by means of rapid x-ray diffraction mapping with synchrotron radiatior20@ American
Vacuum Society[DOI: 10.1116/1.1692366

[. INTRODUCTION ness is not constant, and regions with low concentrations of
one or more elements are difficult to achieve. In the second,
The development of the methods for high throughputsynthesis of thick films may be a problem because of the
analysis of binary, ternary, and quarternary alloys is a subjeGime needed to deposit large numbers of layers. The third
of great interest in materials scient@The main issues lim- method is constrained by the relatively small diffusion
iting wide application of combinatorial methods to alloy de- |engths over which interdiffusion takes place, which leads to
sign are:(i) effective preparation of alloy librariegii) how  significant composition variations over small length scales.
well the libraries reproduce the relevant properties of the In this article, we present a different method for alloy
bulk materials; andiii) how the properties of these libraries |ibrary preparation based on deposition and interdiffusion of
can be rapidly assessed. Here, we investigate one way telatively thick layers. The benefits and limitations are out-
achieve this using Ni-Fe—Cr as a model ternary alloy systined and discussed.
tem. This system was selected because it is the basis of a
wide variety of commercially important alloys such as stain-;| expERIMENT
less steel. As such, it has been extensively studied, and the
structure and properties are well known.
The main focus of this article is alloy library preparation.

Specimens of Ni—Fe—Cr were prepared by depositing
films onto 5 cm diameter circular sapphire substrates fol-

Several techniques have been used to make ternary alldgWed by annealing in vacuum to interdiffuse the Iayers..
libraries for combinatorial materials development including: ubstrates _with three different orientations were. used:
(i) codeposition of materials from 2 or 3 different sources,(0001, (1120), and (1D2). The latter two orientations
(the “concentration spread methox®®-8 (i) preparation of ~Were found to suppress texture formation and therefore sim-
multilayer thin films with thickness gradients in different di- Plify structural analysis by x-ray diffractioXRD).
rections that are subsequently alloyed by solid state Deposition was perfor.med In-an electron beam evapora-
diffusion®® and (iii) the diffusion multiple approach tion system equipped with a sliding shutter and a sample
wherein an assembly of different metal blocks is soIid—statéOtf‘é'On stage. A typical background pressure was about
annealed at high temperatures to allow for thermatlO " Torr, and the deposition rate measured with a quartz
interdiffusion!*''2 Each method has its own limitations. In Microbalance was about 3 nm/s for Cr and about 0.3 nm/s for
the first, the element distribution is nonlinear, the film thick- F€ and Ni. Layers of Cr, Fe, and Ni were sequentially depos-
ited using the sliding shutter to create a thickness gradient in
aAuthor to whom correspondence should be addressed: electronic maifach |ayer-.The ShUtt?r was mOV_ed at a QonStanF _rate such
rara@ornl.gov that the thicknesses increased linearly with position to a
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Fic. 1. Cross-sectional SEM images of Cr/Fe/Ni
sample: as depositegd) and after annealing in vacuum
at 825 °C for 2 h 10 mir(b), and 19 h 30 mir(c).
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maximum of about 1.7«m on the thick end. After finishing Details of the structural and chemical mapping using syn-

a layer, the sample was rotated by 120° about the substratdrotron radiation can be found elsewh&t&riefly, experi-
center, and a layer of a different alloying component wasnents were conducted at the 33 BM beam line of the Ad-
deposited. The total thickness of the deposited layers wagance Photon Source using 12 keV x rays focused to give a
limited by the maximum thickness measurable by the quartd mn? footprint on the sample. The sample was rastered in
microbalancgabout 5um). the x-y plane of the sample with 1 mm steps to provide

After deposition, the layers were interdiffused by anneal-composition and structural information at each sample point.
ing in a vacuum using annealing times and temperatureStructure was determined using diffracted x rays collected
which will be discussed later. After annealing, the samplewith a 1024< 1024 pixel CCD camera. Chemical composi-
was slowly cooled to room temperature in about 12 h, withtion was measured by x-ray fluorescence using a silicon de-
the initial cooling to 500 °C taking about 1 h. The resulting tector. The area under each peak of the fluorescence spec-
sample had a triangular region with a constant thickness afum was found by least-squares fitting to Gaussian line
about 1.7um and compositions spanning the entire ternaryshapes. While the measurement is precise to within a 1%
phase diagram. In the sample preparation we rely on the totabsolute variation in composition, the relative systematic er-
film thickness determined during the deposition and had neor was estimated to be about 10%. The incident angle for
options to confirm it in independent measurements. Cr/Fe/Ndiffraction and takeoff angle for fluorescence were about 75°
samples with uniform individual layer thicknesses of aboutfrom the sample normal.
1.7 um each were also prepared to examine the extent of the
interdiffusion during annealing.

The quality of the alloyed specimens was examined usiné”' RESULTS AND DISCUSSION
cross sectional scanning electron microsc@piM), angular The most important requirement for the ternary alloy Ii-
resolved x-ray fluorescence, scanning Auger electron spebrary specimens is complete through-thickness mixing of the
troscopy(AES), and x-ray diffraction(XRD) including dif-  metal layers. To achieve this, the temperature range selected
fraction mapping using synchrotron radiation. Samples fofor annealing was 825—-875 °C. At higher temperatures, Cr
cross-sectional SEM were cut from the wafer, mounted irevaporation was significant, and for lower temperatures,
epoxy, polished, and carbon coated. Angular resolved x-ragelamination of the film from the substrate became a prob-
fluorescence measurements were made with a Cu rotatirlgm, as will be discussed below.
anode operating at 50 kV and 100 mA. K radiation was The time required for the layers to fully interdiffuse was
employed using a sagitally focusing bent graphite monochrafirst roughly estimated based on published diffusion d&ta.
mator. The angle of incidencé on the sample was varied For the temperature range 825-875 °C, typical diffusion co-
from 2.5° to 35°, exciting fluorescence from the Cr, Fe, andefficients for the Ni—Fe—Cr system are of the order of
Ni atoms in the sample. The fluorescence was analyzed usintD™ *®* m?s™1, which suggests that times of about 10 h are
a Li-drifted Si detector in a symmetric&26 geometry, that required for 1.7um films. Studies to establish the annealing
is, the fluorescence detector was positioned to detect at @nditions more precisely were conducted using specimens
reflected angle equal to the angle of the incident x-ray beanin which the Cr, Fe, and Ni layers were uniform. Each layer
For a layer of uniform composition, this results in no varia- had a thickness of 1.&m, with the layer closest to the sub-
tion of fluorescent intensity with changes i@ @dn the limit  strate being Cr followed by Fe and Ni. At this composition, a
of a thick layej, while for a compositionally stratified layer, homogeneous single fcc phase is expected at equilibrium.
fluorescence from the near-surface region is stronger at Figure 1 shows typical cross section SEM images of the
smaller . This provides a useful way to explore the “as-deposited” sampldFig. 1(a)] and the sample after an-
through-thickness homogeneity of the specimens after amealing in vacuum at 825°C f® h 10 min[Fig. 1(b)] and
nealing. 19 h 30 min[Fig. 1(c)]. In Fig. 1(a), all three as-deposited
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Fic. 2. Angular resolved x-ray fluorescence spectra faran as-deposited Cr/Fe/Ni sample, and after annealing at 825 °@)férh 10 min;(c) 5 h, and
(d) 19 h 10 min.

metal layers are distinguishable in the SEM image, and th@uorescence. Typical results are shown in Fig. 2, which pre-
interfaces between the layers are relatively flat. A gap besents fluorescence spectra for an as-deposited spefiigen
tween the substrate and film formed as a result of film2(a)] and three specimens annealed in vacuum at 825 °C for
delamination due to epoxy shrinkage during mounting. Aperiods ¢ 2 h 10 min[Fig. 2(b), 5 h[Fig. 2c)], and 19 h 10
crack in the film may be formed in the result of the internalmin [Fig. 2(d)]. Each plot includes spectra obtained a 2
film stress. Afte 2 h 10 min ofannealing[Fig. 1(b)], the = =5°, 10°, and 70°. For the specimens in Figg$b)2and
appearance of the layers changes dramatically. Two differerg(d), the pressure in the furnace prior to annealing was 7
areas separated by a gap are observed. Based on EDS meat0 ’ Torr. For the specimen in Fig(®, the pressure was
surements of the chemical constituents, the outerlayer is slightly higher at 6<10°° Torr.
relatively uniform mixture of Ni—Fe-Cr, while the thin The data in Fig. @) illustrate the utility of the angular
rough innerlayer on the substrate consists mainly of chroresolved fluorescence technique. F&==25° and 10°, no Cr
mium oxide. The oxide, which presumably originates fromor FeKa peaks are observed because the Cr and Fe are
oxygen dissolved in the film, oxygen introduced during an-buried beneath the Ni. A simple analysis shows that the depth
nealing, and/or oxygen in the substrate, ties up some of thef fluorescence signal is only about 0.0 for 26=5° and
chromium and therefore reduces the local chromium concerf.14 um for 20=10°. Thus, only the NK« peak is ob-
tration in the outer alloyed layer. The chromium oxide isserved, since the top Ni layer extends to a depth of about 1.7
well-adhered to the substrate. The gap between alloy and Gem. For 20=70°, the penetration depth increases enough
oxide formed again mainly as result of epoxy shrinkagethat both Cr and Fe peaks begin to emerge. In contrast, Fig.
Note, however, that although the innersurface of the alloy2(b) shows that afte2 h 10 min, peaks from all three ele-
layer is relatively flat, the Cr oxide surface is extremely ments appear at eact¥.2How homogeneous the mixture is
rough, suggesting some void formation during interdiffusion.then depends on the how the relative peak heights vary with
Figure Xc) shows that the roughness of and porosity of the26. In Fig. 2b), the ratio of the Fe to Ni peak heights does
outer Ni—Fe—Cr layer increase with annealing time. Thus, imot change from 2=5° to 70°, but the ratio of Cr to Ni
order to obtain alloy libraries of high structural quality, very signal increases by 20% whem 2hanges from 5° to 10°.
long annealing times may not be desirable. Thus, the sample surface is deficient in Cr and full homog-
The through-thickness chemical uniformity of the inter- enization has not been achieved. No changes in the relative
diffused layers was analyzed using angular resolved x-ragignal heights are observed after 19 h 10 min of annealing
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[Fig. 2d)], indicating complete interdiffusion of the metals. 0
The sample annealed 5[Fig. 2(c)] in the worse vacuum
conditions produced a higher Cr peak a&=25° than at 10°

or 70°, suggesting preferential Cr segregation at the surface.
This may be due to the formation of Cr oxide on the surface

as the result of the poorer vacuum conditions. o+0
Similar SEM and x-ray fluorescence analyses were per- O+Y+0.
formed on samples prepared at different temperatures and o (intermetalli
annealing times. It was found that annealing below 800 °C Y+o
frequently led to film delamination and annealing above oy T
900 °C gave rise to unacceptable evaporation of Cr. In gen- Y (fcc)

eral, the best specimens were produced in the temperature
range 850—875°C at an annealing time of about 5 h. In an /a (bCC)X\ \VA A/\
attempt to reduce oxidation during annealing, we also per-
formed interdiffusion using encapsulation of the sample in @
quartz tubes backfilled with high purity Ar or forming gas
and by pressing two specimen surfaces together. However,
neither technique produced significant improvements. Both
for the encapsulated and unencapsulated specimens AES ion
sputtering depth profiling showed that the sample surface
after annealing in high vacuum had an oxide surface layer
with thickness of no more than a few nanometers. We may
speculate, therefore, that significant oxygen contamination
does not occur during the annealing step.

The structural and chemical quality of the ternary alloy

libraries was examined with scanning XRD. Results after LN h
annealing fo 5 h and 3 h 20 min at 875 °C, aradter 2 h 10 /WV\Y (fCC)\/\/\/\

min at 825°C are shown in Figs.(8-3(c), respectively. /o becAN \/\/ \/ /\

Theoretically calculated ternary alloy phase diagrams at 875 Fe N
and 700°C are shown in Figs(a} and 4b), respectively. (b)

The calculations were performed using theNDAT™ Soft-

ware Packadgé and SSOL2-SGTE Solutions Databasé®

The phase diagrams measured from the experimental librar-

ies are in reasonably good agreement with the theoretical
behavior with all the relevant phases appearing and their lo-

cations on the diagram being approximately correct. There

are, however, a few notable differences. At compositions 0+0
near the Ni—Cr binary side of the diagram, all the measured
libraries give the correct location of (fcc) and e+ vy (bcc
+fcc) phases, but the extent of thgbcc) phase is displaced

to higher Ni concentrations than what is predicted by the
calculated diagrarfsee Fig. 4a)]. For compositions near the
Fe—Ni binaries the extent af (bco phase is also greater

than expected. / W \\/\/\
The most complex region in the ternary diagrgsee Fig. /\WQ’W\ \ /V\
Fe

O’('

Cr

A NAVAVAY
AL ATN
VaVAVAVAVAVAV.

4(a)] is located between the Fe and Cr corners at Cr concen-
trations from 20 to 70 at. % and Fe concentrations from 25 to
65 at. % due to the appearance of the tetragonal intermetallic
o phase. In this region, four different phase fields are exfg. 3. Ternary phase diagrams measured after annealing at 875 {& for
pected based on the calculated 875 °C diagraittetragonal  h, (b) 3 h 20 min, and at 825°C at 2 h 10 mio).

intermetalli and combination ofo with «, y, and thea

+ vy phases. The position and size of these phase fields are

not reproduced well from library to librarjfFigs. 3a) and  produced well for this annealing condition. We may specu-
3(b)] and deviate from the theoretical diagram. The insuffi-late, therefore, thatr phase formation is relatively slow
cient annealing time used for the library in FigcBleads to  compared to the other phase.

the complete absence of single phaseegion in the dia- Many sources of error may contribute to the shifts in the
gram. However other regions in the phase diagram were resbserved phase locations. One is the lateral extent of the

Ni
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phase on the diagram and whether it is large enough to bENICAT facility at the Advanced Photon Sourd@PS) is
experimentally measured by the XRD techniques. For exsupported by the University of lllinois at Urbana-
ample, the width of ther phase in the library must be about Champaign, Materials Research Laborat@dyS. DOE, the
1-2 mm|[Fig. 4(a@)], so that it is comparable to the lateral State of Illinois-IBHE-HECA, and the NSFthe Oak Ridge
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