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Abstract

Nanocrystalline Cr–Fe–Ni thin films libraries are prepared by radio frequency magnetron sputter codeposition on Al2O3 substrates. The

variation in distance from different points on the substrate to the three sputter sources produces a spread in composition in the films.

Synchrotron radiation is used to analyze composition, crystallographic phase, and grain size as a function of sample position, both as-

deposited and after annealing. In addition to three equilibrium phases (bcc, fcc and j-FeCr), a fourth phase is observed which does not

correspond to any equilibrium phase in the Cr–Fe–Ni system, but which is consistent with the a-Mn structure. The films are initially

nanocrystalline; both equilibrium and nonequilibrium phases are observed. Ternary phase diagrams measured at annealing temperatures of

200–800 -C show that the stability of nanocrystalline material against thermal grain growth varies widely with composition, and that the

crystallographic phase can be selected to be an appropriate heat treatment. Thus, the approach used here is useful for technologies such as

magnetic recording media where understanding the stability of the nanograin structure is critical.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nanocrystalline materials promise to provide a variety of

improved properties. High-permeability nanocrystalline

Fe–Ni and Cr–Fe–Ni alloys are of particular interest for

reducing wear in magnetic recording heads [1,2]. Nano-

crystalline Cr–Fe–Ni alloys are potentially of more general

interest as structural materials because they form the basis of

stainless steels [3]. Here, we focus on nanocrystalline Cr–

Fe–Ni alloys made by the combinatorial thin film synthesis

technique.

An important issue in the application of nanocrystalline

materials is grain growth. Because properties are strongly

dependent on grain size, thermal treatment can be used to
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tailor properties, but the temperature at which materials can

be processed and used is limited, since grain growth can

quickly convert a nanocrystalline to a microcrystalline

structure. Careful studies have been made of the thermal

stability of Fe–Ni alloys, but only at a few compositions:

we are aware of reports only for Ni, Fe21Ni79, Fe33Ni67, and

Fe50Ni50 [3–5], and of no data at all for ternary Cr–Fe–Ni

alloys.

Another issue that must be considered in the growth and

thermal treatment of nanocrystalline materials is phase

stability. Three equilibrium phases are recognized in the

Cr–Fe–Ni ternary system: the a or bcc structure found in

Cr and low temperature Fe, the g or fcc structure found in

Ni and high-temperature Fe, and the intermetallic j-FeCr
structure [6]. A metastable structure has been reported in

Cr17.5Fe82.5 films grown by ion-assisted cosputter deposi-

tion. The structure is isomorphic to the a-Mn structure
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(Pearson group cI58), a distorted bcc structure with 58

atoms per unit cell [7,8]. The fcc phase field in the Fe–Ni

binary is expanded in nanocrystalline alloys [9]. We are not

aware of any report that shows how thermal treatment of

nanocrystalline material affects the phase boundaries of

binary or ternary alloys in the Cr–Fe–Ni system.

To determine the extent to which Cr–Fe–Ni nano-

crystalline alloys can be processed and used at elevated

temperatures, combinatorial libraries were deposited,

annealed, and characterized using synchrotron X-ray dif-

fraction to determine the grain size and phase distribution.

Films are grown using the composition–spread method by

simultaneously depositing from Cr, Fe, and Ni sputter

sources confocally arranged toward the receiving substrate;

the film’s composition varies continuously along the sample

with the relative distance to the sources. A limitation of this

technique is that the composition range cannot include the

pure elements or binary alloys; we choose a range which

includes the bcc, fcc, j-FeCr, and a-Mn phases. For most

compositions, the material grows with a grain size between

5 and 15 nm. Preliminary reports have been made of the

metastablity of thea-Mn phase and of the hardness of these

samples [10,11], but this paper is the first to examine the

behavior systematically and report grain growth as a

function of composition and annealing conditions.
2. Experimental details

Thin alloy films are grown on polished circular Al2O3

(sapphire) substrates, 102 mm in diameter with a (11̄02)

orientation. We avoid using Al2O3(0001), which leads to a

severe preferred orientation in the film [12], and Si

substrates which lead to delamination on annealing [10].

Films are deposited onto fixed substrates using simulta-

neous RF magnetron sputtering from 51 mm diameter Cr,

Fe, and Ni sources. The sputtering geometry is shown in

Fig. 1. Each source is surrounded by a 51 mm tall

cylindrical shield to minimize cross-contamination. Target

centers are 16.5 cm from the substrate center and are tilted at

32- relative to the substrate normal. The Fe and Ni sources

are 180- apart, with the Cr source 90- from both the Fe and

the Ni.
Fe Cr Ni

source

shield
100 mm 

Al2O3 substrate

Fig. 1. 3-source sputter deposition system.
The chamber base pressure is 9�10�5 Pa and the

deposition pressure is 1.3 Pa Ar. While the sputtering

conditions (such as temperature, pressure, and deposition

rate) can have a significant effect on the as-deposited film

properties, the goal of this study is to investigate the phase

evolution of the Cr–Fe–Ni films as a function of annealing

temperature. Consequently, a sputtering pressure is used that

yields an optimum deposition rate for this system. The

sputtering powers are 160 W for Fe and 60 W for Cr and Ni.

Deposition time is 3 h, yielding a film thickness of ¨2 Am.

Incidental heating from the sources raises the sample

temperature to ¨100 -C during deposition. After deposition,

the samples are annealed without breaking vacuum at 200,

400, 600 and 800 -C, each for 2 h. An as-deposited sample

is also studied.

The composition and structure are measured simulta-

neously by X-ray fluorescence and diffraction using

synchrotron radiation at beamline X33-BM at the Advanced

Photon Source. A double-crystal Si(111) monochromator

selects 12 keV bending magnet X rays, which are sagitally

focused by the monochromator and meridionally focused by

a pair of mirrors, which also provide harmonic rejection.

The focused beam size of 1.0�0.25 mm2 creates a 1.0�1.0

mm2 footprint on the sample when incident at a 15-
glancing angle. The sample is rastered in a square grid in 2

mm steps. Data is collected for 2 s at each point.

Fluorescence spectra are acquired with a Si drift detector

(165 eV resolution at 6.4 keV). The detector views the

sample at a 15- glancing angle. The integrated counts in the

Cr, Fe, and Ni K emission lines are measured by least-

squares fitting to Gaussian lineshapes. The composition at

each point is calculated from the ratio of these intensities

using a method described previously [12]. Because the

sample thickness is not constant, the thick-film limit is used

in calculating the composition. This introduces a negligible

error since incident X rays strike the sample at a glancing

angle and the fluorescence X rays which are measured are

emitted at the same glancing angle.

Diffraction patterns are collected with a 1024�1024

charge-coupled device detector. Instrumental resolution is

determined by the broadening of diffraction rings produced

by the beam size; increasing the distance from sample to

detector improves resolution, at the price of observing a

smaller range of 2h and a smaller section of each diffraction

ring. Diffraction patterns are integrated to give 2h scans, from

which phases are identified as described previously [12].

Assignment of diffraction peaks is illustrated in Fig. 2. Peak

width is measured by least-squares fitting to Pearson-7

lineshapes. Peak breadth beyond instrumental resolution is

generally caused by two factors. Microstrain, a distribution

Dd of plane spacings d, produces breadthD2h =2tan h Dd /d.

Particle size L produces breadth D2h =0.94k / (L cos h) [10].
Due to the effects of texture, overlapping peaks, and the low

scattering intensity from nanocrystalline materials, it is not

possible to comprehensively determine the nature of the

observed peak broadening, but the as-deposited fcc phase
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Fig. 2. Characteristic 2h scans for samples annealed for 2 h at indicated

temperatures; ‘‘none’’ indicates the as-deposited film. Intensities are offset

for clarity. 2h values have been converted to the equivalent values for Cu

Ka1 radiation for convenience.
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Fig. 3. Grain size and phase fields for j-FeCr structure. Hatch indicates

compositions where the j-FeCr phase is not observed.
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gives clear (111) and (200) reflections. The ratio of the

widths of these reflections is consistent with grain-size

broadening, indicating that grain size rather than strain

makes the dominant contribution to peak width [10]. The

average grain size at each composition is determined from

the Scherrer equation [13]. Because the films grow with a

strong preferred orientation, only one peak of each phase
could be used in the grain size analysis: bcc(110), fcc(111),

j-FeCr(002), and a-Mn(332). Instrumental resolution was

measured using a microcrystalline W sample and was

subtracted from the peak widths. Grain sizes greater than

¨30 nm cannot be reliably measured due to limited

instrumental resolution.
3. Results

Qualitative trends can be seen in 2h scans for three

characteristic compositions annealed at four temperatures,

shown in Fig. 2. Peaks are broadened for the as-deposited

samples, and sharpen on annealing. A dramatic phase

evolution occurs: a single-phase j-FeCr film [Cr35Fe25Ni40,

Fig. 2(a)] converts to bcc at 200 -C, and to mainly fcc at 800

-C, while a single phase fcc film [Cr15Fe15Ni70, Fig. 2(b)]

remains so, and a mainly a-Mn film [Cr18Fe51Ni31, Fig.

2(c)] converts to bcc at 200 -C and fcc at 600 -C. Cr2O3

peaks are visible at 600 and 800 -C; this is most likely a

result of residual gas in the annealing vacuum [11].

Ternary plots of grain size evolution are given in Figs.

3–6. The lighter black lines in each plot denote the edge of

the film, spanning a roughly triangular region of the ternary

section. A limitation of the ternary codeposition technique is

that the film cannot include pure elements or binary

compositions. Each sample spans a slightly different

composition due to temporal variations in sputter source

output. The j-FeCr structure occurs over a wide range of

compositions in the as-deposited film (Fig. 3). Annealing at
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even the lowest temperature (200 -C) contracts the phase

field greatly, perhaps because j-FeCr is metastable at low

temperatures. The as-deposited grain size of 10 to 13 nm

does not increase significantly until 600 -C, where

significant grain growth (>30 nm) occurs.
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Fig. 5. Grain size and phase fields for bcc structure. Hatch indicates

compositions where the bcc phase is not observed.
The fcc structure, on the other hand, spans a phase field

less than its equilibrium extent below 600 -C; at this

temperature and above it spans the entire film (Fig. 4). The

as-deposited fcc-structure film has a grain size which

depends strongly on composition: 5 nm nanocrystalline

crystallites occur in the Fe-rich region where fcc, bcc, and

j-Fe structures coexist, while 20 nm crystallites form in the

Ni-rich, single phase fcc field. As for j-FeCr, significant
grain growth occurs at 600 -C.

The bcc structure appears largely as a transitional phase

(Fig. 5). It occurs over a narrow compositional range in the

as-deposited film, it is found over a much wider range at

intermediate temperatures (200–600 -C) as j-FeCr trans-

forms to bcc, and becomes again less widespread at the

highest temperature (800 -C) as bcc transforms to fcc. The

as-deposited grain size distribution is again bimodal, with

12 nm crystallites in the four-phase coexistence field and

larger crystallites in the Fe-rich bcc+j-FeCr field.
The a-Mn structure occurs in significant quantity only in

the as-deposited sample (Fig. 6). The structure is barely

detectable in the annealed samples [Fig. 2(c)], so the

significance of the phase field and grain size in the sample

is uncertain. The grain size is 5–10 nm as-grown (Fig. 6).
4. Discussion

Simmonds et al. reported the formation of the a-Mn

structure in Cr17.5Fe82.5 grown by ion-assisted cosputter
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deposition; without the ion assistance, the film grows with

the bcc structure [8]. We find that compositions surrounding

Cr17Fe49Ni34 grow in a mixture of the a-Mn, fcc, and j-
FeCr structures, with no ion assist. This suggests that the

ternary compounds form the metastable a-Mn structure

more readily. Alternatively, if Simmonds et al. are correct in

concluding that growth stress stabilizes a-Mn, its increased

stability may be due to decreased stress relaxation in

nanocrystalline mixtures, caused by an increase in strength

with decreasing grain size. The yield strength of materials

generally varies as the inverse square root of grain size.

While strength may saturate or even decrease for grain sizes

below the ¨10 nm observed for as-deposited a-Mn, this

small grain size is associated with high strength in a variety

of metals [14].

As the samples are annealed at progressively higher

temperatures, the phase content evolves from largely j-
FeCr as-deposited, to more bcc, and finally to mainly fcc.

The phase fields at 800 -C are consistent with the

equilibrium values calculated by Rar et al. [11] (Fig. 7)

— differences of <5% may be caused by the formation of

Cr2O3, which leads to a difference between the compo-

sition measured by X-ray fluorescence and the actual

composition of the metal. The samples annealed at lower

temperatures are clearly out of equilibrium. The as-

deposited, 200 and 400 -C samples contain four-phase

fields, in violation of the Gibbs phase rule [15]. The

phase field for the 600 -C sample are far from the

equilibrium values (Fig. 7). The time and temperature

required for equilibration–2 h at 800 -C–is consistent
600°C

Fe Ni

Cr

bcc

fcc

σ

800°C

Fig. 7. Equilibrium phase fields calculated from thermodynamic data [11].
with reports of Rar et al. on the thermal equilibration of

Cr–Fe–Ni films [11].

In the as-deposited films, nanocrystalline material occurs

in the multiphase mixtures; grain growth occurs more

readily in single-phase compositions. Our results for ternary

compounds are consistent with those of Wang et al. for Fe–

Ni binaries: in mixed-phase material, the bcc phase has a

smaller grain size than the fcc phase [9].

Cheung et al. report a trend in electrodeposited fcc

nanocrystalline Fe–Ni films: the as-deposited grain size

decreases from 21 nm in pure Ni to 11 nm in Fe28Ni72 [2].

We observe the opposite trend in cosputtered films: the as-

deposited fcc grain size increases from 14 nm in Cr6Fe8Ni85
to 23 nm in Cr10Fe32Ni58. It is unclear whether the reversal

of this trend is due to the presence of Cr or to the different

film growth techniques.

Thuvander et al. report that nanocrystalline fcc Fe67Ni33
forms microcrystalline grains when aged at room temper-

ature, while Fe50Ni50 exhibits rapid grain growth only at

temperatures of 400 -C and above [4]. We find that this

trend holds in ternary Cr–Fe–Ni alloys. The fcc phase of

Fe-rich alloys forms large grains at 200 -C, while nano-

crystalline material growth appears in progressively more

Ni-rich compositions at 600 and 800 -C. The addition of Cr

restricts grain growth to higher temperatures.

Li and Ebrahimi find that significant grain growth in

nanocrystalline fcc Fe21Ni79 occurs at temperatures of 600

to 700 -C [3]. We observe the same behavior in Cr–Fe–Ni

ternaries with nearly the same composition; average grain

size remains at 8 nm up to 400 -C, grows to 15 nm at 600

-C, and is >30 nm at 800 -C.
More detailed study will be required to measure the rate

and activation energy of grain growth — a broader survey is

presented here. For some compositions and phases, grain

growth was not observed at all. In the Fe-rich region, for

example, the j-FeCr and fcc phases transform to bcc at the

lowest annealing temperature of 200 -C. The small

quantities of the a-Mn phase which remain after annealing

at 200 and 400 -C cannot be considered as representative of

the material — most if it has transformed to bcc as well. For

the other compositions and phases, grain growth occurs too

abruptly for a meaningful analysis of growth rate. Increased

grain size for j-FeCr, for example, was measured at a single

temperature of 600 -C; at 800 -C the grain size was too

large to measure due to limited instrumental resolution. In

future work, growth rates and activation energies may be

measured for a reduced number of compositions. With a

data collection time of 3 s/composition, an in situ annealing

study could measure a diffraction pattern from each of 200

compositions every 10 min.
5. Conclusion

Cr–Fe–Ni cosputtered films grow with grain sizes of

¨7–15 nm in multiphase regions of the phase diagram;
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grain sizes of >30 nm are observed where the films are

nearly single phase. The phase diagram for as-deposited

films is far from equilibrium, including a nonequilibrium a-

Mn phase. On annealing, the a-Mn phase disappears at

200–600 -C; a general evolution from j-FeCr to bcc to fcc

is observed in the phase fields of the ternary sections.

Substantial grain growth is observed in the bcc phase at 200

-C, while the fcc and j-FeCr phases grow significantly only

at 600 -C.
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