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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 radiation. ©2004 American
Vacuum Society.@DOI: 10.1116/1.1692366#
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I. INTRODUCTION

The development of the methods for high throughp
analysis of binary, ternary, and quarternary alloys is a sub
of great interest in materials science.1–5 The main issues lim-
iting wide application of combinatorial methods to alloy d
sign are:~i! effective preparation of alloy libraries;~ii ! how
well the libraries reproduce the relevant properties of
bulk materials; and~iii ! how the properties of these librarie
can be rapidly assessed. Here, we investigate one wa
achieve this using Ni–Fe–Cr as a model ternary alloy s
tem. This system was selected because it is the basis
wide variety of commercially important alloys such as sta
less steel. As such, it has been extensively studied, and
structure and properties are well known.

The main focus of this article is alloy library preparatio
Several techniques have been used to make ternary
libraries for combinatorial materials development includin
~i! codeposition of materials from 2 or 3 different source
~the ‘‘concentration spread method’’!;3,6–8 ~ii ! preparation of
multilayer thin films with thickness gradients in different d
rections that are subsequently alloyed by solid st
diffusion;9,10 and ~iii ! the diffusion multiple approach
wherein an assembly of different metal blocks is solid-st
annealed at high temperatures to allow for therm
interdiffusion.11,12 Each method has its own limitations. I
the first, the element distribution is nonlinear, the film thic

a!Author to whom correspondence should be addressed; electronic
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ness is not constant, and regions with low concentration
one or more elements are difficult to achieve. In the seco
synthesis of thick films may be a problem because of
time needed to deposit large numbers of layers. The th
method is constrained by the relatively small diffusio
lengths over which interdiffusion takes place, which leads
significant composition variations over small length scale

In this article, we present a different method for allo
library preparation based on deposition and interdiffusion
relatively thick layers. The benefits and limitations are o
lined and discussed.

II. EXPERIMENT

Specimens of Ni–Fe–Cr were prepared by deposit
films onto 5 cm diameter circular sapphire substrates
lowed by annealing in vacuum to interdiffuse the laye
Substrates with three different orientations were us
~0001!, (112̄0), and (11̄02). The latter two orientations
were found to suppress texture formation and therefore s
plify structural analysis by x-ray diffraction~XRD!.

Deposition was performed in an electron beam evapo
tion system equipped with a sliding shutter and a sam
rotation stage. A typical background pressure was ab
1026 Torr, and the deposition rate measured with a qua
microbalance was about 3 nm/s for Cr and about 0.3 nm/s
Fe and Ni. Layers of Cr, Fe, and Ni were sequentially dep
ited using the sliding shutter to create a thickness gradien
each layer. The shutter was moved at a constant rate
that the thicknesses increased linearly with position to
il:
17884Õ22„4…Õ1788Õ5Õ$19.00 ©2004 American Vacuum Society
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FIG. 1. Cross-sectional SEM images of Cr/Fe/N
sample: as deposited~a! and after annealing in vacuum
at 825 °C for 2 h 10 min~b!, and 19 h 30 min~c!.
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maximum of about 1.7mm on the thick end. After finishing
a layer, the sample was rotated by 120° about the subs
center, and a layer of a different alloying component w
deposited. The total thickness of the deposited layers
limited by the maximum thickness measurable by the qu
microbalance~about 5mm!.

After deposition, the layers were interdiffused by anne
ing in a vacuum using annealing times and temperatu
which will be discussed later. After annealing, the sam
was slowly cooled to room temperature in about 12 h, w
the initial cooling to 500 °C taking about 1 h. The resultin
sample had a triangular region with a constant thicknes
about 1.7mm and compositions spanning the entire tern
phase diagram. In the sample preparation we rely on the
film thickness determined during the deposition and had
options to confirm it in independent measurements. Cr/Fe
samples with uniform individual layer thicknesses of abo
1.7 mm each were also prepared to examine the extent of
interdiffusion during annealing.

The quality of the alloyed specimens was examined us
cross sectional scanning electron microscopy~SEM!, angular
resolved x-ray fluorescence, scanning Auger electron s
troscopy~AES!, and x-ray diffraction~XRD! including dif-
fraction mapping using synchrotron radiation. Samples
cross-sectional SEM were cut from the wafer, mounted
epoxy, polished, and carbon coated. Angular resolved x
fluorescence measurements were made with a Cu rota
anode operating at 50 kV and 100 mA. CuKb radiation was
employed using a sagitally focusing bent graphite monoch
mator. The angle of incidenceu on the sample was varie
from 2.5° to 35°, exciting fluorescence from the Cr, Fe, a
Ni atoms in the sample. The fluorescence was analyzed u
a Li-drifted Si detector in a symmetricalu-2u geometry, that
is, the fluorescence detector was positioned to detect
reflected angle equal to the angle of the incident x-ray be
For a layer of uniform composition, this results in no var
tion of fluorescent intensity with changes in 2u ~in the limit
of a thick layer!, while for a compositionally stratified layer
fluorescence from the near-surface region is stronge
smaller 2u. This provides a useful way to explore th
through-thickness homogeneity of the specimens after
nealing.
JVST A - Vacuum, Surfaces, and Films
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Details of the structural and chemical mapping using s
chrotron radiation can be found elsewhere.13 Briefly, experi-
ments were conducted at the 33 BM beam line of the A
vance Photon Source using 12 keV x rays focused to giv
1 mm2 footprint on the sample. The sample was rastered
the x-y plane of the sample with 1 mm steps to provi
composition and structural information at each sample po
Structure was determined using diffracted x rays collec
with a 102431024 pixel CCD camera. Chemical compos
tion was measured by x-ray fluorescence using a silicon
tector. The area under each peak of the fluorescence s
trum was found by least-squares fitting to Gaussian l
shapes. While the measurement is precise to within a
absolute variation in composition, the relative systematic
ror was estimated to be about 10%. The incident angle
diffraction and takeoff angle for fluorescence were about 7
from the sample normal.

III. RESULTS AND DISCUSSION

The most important requirement for the ternary alloy
brary specimens is complete through-thickness mixing of
metal layers. To achieve this, the temperature range sele
for annealing was 825– 875 °C. At higher temperatures,
evaporation was significant, and for lower temperatur
delamination of the film from the substrate became a pr
lem, as will be discussed below.

The time required for the layers to fully interdiffuse wa
first roughly estimated based on published diffusion data.14,15

For the temperature range 825– 875 °C, typical diffusion
efficients for the Ni–Fe–Cr system are of the order
10216 m2 s21, which suggests that times of about 10 h a
required for 1.7mm films. Studies to establish the annealin
conditions more precisely were conducted using specim
in which the Cr, Fe, and Ni layers were uniform. Each lay
had a thickness of 1.7mm, with the layer closest to the sub
strate being Cr followed by Fe and Ni. At this composition
homogeneous single fcc phase is expected at equilibrium

Figure 1 shows typical cross section SEM images of
‘‘as-deposited’’ sample@Fig. 1~a!# and the sample after an
nealing in vacuum at 825 °C for 2 h 10 min@Fig. 1~b!# and
19 h 30 min@Fig. 1~c!#. In Fig. 1~a!, all three as-deposited
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FIG. 2. Angular resolved x-ray fluorescence spectra for:~a! an as-deposited Cr/Fe/Ni sample, and after annealing at 825 °C for~b! 2 h 10 min;~c! 5 h, and
~d! 19 h 10 min.
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metal layers are distinguishable in the SEM image, and
interfaces between the layers are relatively flat. A gap
tween the substrate and film formed as a result of fi
delamination due to epoxy shrinkage during mounting.
crack in the film may be formed in the result of the intern
film stress. After 2 h 10 min of annealing@Fig. 1~b!#, the
appearance of the layers changes dramatically. Two diffe
areas separated by a gap are observed. Based on EDS
surements of the chemical constituents, the outerlayer
relatively uniform mixture of Ni–Fe–Cr, while the thin
rough innerlayer on the substrate consists mainly of ch
mium oxide. The oxide, which presumably originates fro
oxygen dissolved in the film, oxygen introduced during a
nealing, and/or oxygen in the substrate, ties up some of
chromium and therefore reduces the local chromium conc
tration in the outer alloyed layer. The chromium oxide
well-adhered to the substrate. The gap between alloy an
oxide formed again mainly as result of epoxy shrinka
Note, however, that although the innersurface of the a
layer is relatively flat, the Cr oxide surface is extreme
rough, suggesting some void formation during interdiffusio
Figure 1~c! shows that the roughness of and porosity of
outer Ni–Fe–Cr layer increase with annealing time. Thus
order to obtain alloy libraries of high structural quality, ve
long annealing times may not be desirable.

The through-thickness chemical uniformity of the inte
diffused layers was analyzed using angular resolved x
J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul ÕAug 2004
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fluorescence. Typical results are shown in Fig. 2, which p
sents fluorescence spectra for an as-deposited specimen@Fig.
2~a!# and three specimens annealed in vacuum at 825 °C
periods of 2 h 10 min@Fig. 2~b!, 5 h @Fig. 2~c!#, and 19 h 10
min @Fig. 2~d!#. Each plot includes spectra obtained at 2u
55°, 10°, and 70°. For the specimens in Figs. 2~b! and
2~d!, the pressure in the furnace prior to annealing was
31027 Torr. For the specimen in Fig. 2~c!, the pressure was
slightly higher at 631026 Torr.

The data in Fig. 2~a! illustrate the utility of the angular
resolved fluorescence technique. For 2u55° and 10°, no Cr
or FeKa peaks are observed because the Cr and Fe
buried beneath the Ni. A simple analysis shows that the de
of fluorescence signal is only about 0.07mm for 2u55° and
0.14 mm for 2u510°. Thus, only the NiKa peak is ob-
served, since the top Ni layer extends to a depth of about
mm. For 2u570°, the penetration depth increases enou
that both Cr and Fe peaks begin to emerge. In contrast,
2~b! shows that after 2 h 10 min, peaks from all three ele
ments appear at each 2u. How homogeneous the mixture i
then depends on the how the relative peak heights vary w
2u. In Fig. 2~b!, the ratio of the Fe to Ni peak heights doe
not change from 2u55° to 70°, but the ratio of Cr to Ni
signal increases by 20% when 2u changes from 5° to 10°.
Thus, the sample surface is deficient in Cr and full homo
enization has not been achieved. No changes in the rela
signal heights are observed after 19 h 10 min of annea
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1791 Rar et al. : Preparation of ternary alloy libraries 1791
@Fig. 2~d!#, indicating complete interdiffusion of the metal
The sample annealed 5 h@Fig. 2~c!# in the worse vacuum
conditions produced a higher Cr peak at 2u55° than at 10°
or 70°, suggesting preferential Cr segregation at the surf
This may be due to the formation of Cr oxide on the surfa
as the result of the poorer vacuum conditions.

Similar SEM and x-ray fluorescence analyses were p
formed on samples prepared at different temperatures
annealing times. It was found that annealing below 800
frequently led to film delamination and annealing abo
900 °C gave rise to unacceptable evaporation of Cr. In g
eral, the best specimens were produced in the tempera
range 850– 875 °C at an annealing time of about 5 h. In
attempt to reduce oxidation during annealing, we also p
formed interdiffusion using encapsulation of the sample
quartz tubes backfilled with high purity Ar or forming ga
and by pressing two specimen surfaces together. Howe
neither technique produced significant improvements. B
for the encapsulated and unencapsulated specimens AE
sputtering depth profiling showed that the sample surf
after annealing in high vacuum had an oxide surface la
with thickness of no more than a few nanometers. We m
speculate, therefore, that significant oxygen contamina
does not occur during the annealing step.

The structural and chemical quality of the ternary all
libraries was examined with scanning XRD. Results af
annealing for 5 h and 3 h 20 min at 875 °C, andafter 2 h 10
min at 825 °C are shown in Figs. 3~a!–3~c!, respectively.
Theoretically calculated ternary alloy phase diagrams at
and 700 °C are shown in Figs. 4~a! and 4~b!, respectively.
The calculations were performed using thePANDAT™ Soft-
ware Package16 and SSOL2–SGTE Solutions Database.17,18

The phase diagrams measured from the experimental lib
ies are in reasonably good agreement with the theore
behavior with all the relevant phases appearing and their
cations on the diagram being approximately correct. Th
are, however, a few notable differences. At compositio
near the Ni–Cr binary side of the diagram, all the measu
libraries give the correct location ofg ~fcc! anda1g (bcc
1fcc) phases, but the extent of thea ~bcc! phase is displaced
to higher Ni concentrations than what is predicted by
calculated diagram@see Fig. 4~a!#. For compositions near th
Fe–Ni binaries the extent ofa ~bcc! phase is also greate
than expected.

The most complex region in the ternary diagram@see Fig.
4~a!# is located between the Fe and Cr corners at Cr conc
trations from 20 to 70 at. % and Fe concentrations from 25
65 at. % due to the appearance of the tetragonal intermet
s phase. In this region, four different phase fields are
pected based on the calculated 875 °C diagram:s ~tetragonal
intermetallic! and combination ofs with a, g, and thea
1g phases. The position and size of these phase fields
not reproduced well from library to library@Figs. 3~a! and
3~b!# and deviate from the theoretical diagram. The insu
cient annealing time used for the library in Fig. 3~c! leads to
the complete absence of single phases region in the dia-
gram. However other regions in the phase diagram were
JVST A - Vacuum, Surfaces, and Films
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produced well for this annealing condition. We may spec
late, therefore, thats phase formation is relatively slow
compared to the other phase.

Many sources of error may contribute to the shifts in t
observed phase locations. One is the lateral extent of

FIG. 3. Ternary phase diagrams measured after annealing at 875 °C for~a! 5
h, ~b! 3 h 20 min, and at 825 °C at 2 h 10 min~c!.



1792 Rar et al. : Preparation of ternary alloy libraries 1792
FIG. 4. Theoretically predicted ternary
phase diagrams at~a! 875 °C, and~b!
700 °C.
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phase on the diagram and whether it is large enough to
experimentally measured by the XRD techniques. For
ample, the width of thes phase in the library must be abo
1–2 mm @Fig. 4~a!#, so that it is comparable to the later
resolution of the XRD measurements. This resolution co
be improved at the cost of longer experimental time. Anot
problem results from changes in equilibrium during sam
cooling. In this regard, it is instructive to compare the calc
lated ternary diagram at 875 °C@Fig. 4~a!# to that at 700 °C
@Fig. 4~b!#. Inspection shows that the phase field bounda
in problematic locations are indeed different. For examp
the phase changes from~fcc! to ~bcc! may occur during the
cooling period in the Fe rich corner. Thus, the slow rate
cooling used during the experiments probably limits our a
ity to recreate true equilibrium conditions. This problem m
be rectified by increasing the cooling rate. Impurities a
influences of the substrate on film orientation and epitaxy
other possible sources of difficulty.

IV. CONCLUSIONS

Ni–Fe–Cr alloy libraries were prepared by depositi
layers of Cr, Fe, and Ni on Al2OO3 substrates followed by
2–5 h of interdiffusion at 825– 875 °C in high vacuum. T
samples were examined with x-ray fluorescence, SEM, A
and XRD. The chromium oxide formed at the interface b
tween the deposited metals and the substrate, but the o
layer ~about 1mm! of the metal film can be used as a terna
alloy library for property characterization. The library co
ered all possible compositions and compared generally
with the known ternary phase diagram.
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