Scripta METALLURGICA Vol. 28, pp. 1201-1206, 1993 Pergamon Press Ltd.
et MATERIALIA Printed in the U.S.A. All rights reserved

THE CRYSTAL STRUCTURES OF STAINLESS STEEL FILMS SPUTTER-DEPOSITED
ON AUSTENITIC STAINLESS STEEL SUBSTRATES

M. J. Godbole*, A. J. Pedraza*, J. W. Park* and G. Geesey**

* Materials Science & Engineering, University of Tennessee, Knoxville, TN 37996-2200
g
** College of Engineering, Montana State University, Bozeman, MT 59717-0398

(Received January 12, 1993)
(Revised February 26, 1993)

Introduction
Sputter deposited austenitic stainless steels, AISI 304 and 316 (304-SS and 316-

SS), almost always result in films having crystalline structures different from the
parent material when the deposition temperature is below 648 K. For instance, 304-
SS and 316-SS films sputter-deposited on polished and ion-cleaned steel or on glass
slide substrates are body centered cubic (bcc) while the target material itself is face
centered cubic (fcc). [1] Similarly, a bee structure is obtained in the film when 304L-
SS is deposited on oxygen-free high-conductivity copper, in the temperature range
between 274 and 648 K. [2] Our earlier investigation showed when 316L-SS films
were sputter-deposited on glass substrates at room temperature, they contained a
mixture of two phases, a ferrite like bce phase and a hexagonal phase bearing a
resemblance to €-martensite. [3] Sputter deposition of 304-SS performed at 77 K on
rock salt resulted in an amorphous structure; however, when deposited at room
temperature, it yielded a structure that could not be indexed either as bcc or as fcc.
[4] The deposited films exhibited an fcc structure only when the deposition was
performed at temperatures above 773 K [2] or when the target was richer in nickel. [1]
In the latter case, the deposited film consisted of a mixture of fcc and bcc phases.
Thus, in general for AISI 304 or 316 compositions, low temperature depositions result
in films with bcc crystal structure, whereas high temperature depositions yield fce
films. The sputtering yield of the three main species, viz. iron, nickel and chromium,
is about the same and hence the composition of the film is found to be very similar to
that of the target. [3] In addition to the temperature dependence, it is also relevant to
question whether the substrate can influence the nature of the phases present in the
films. In this paper, we address this question by changing the surface condition of the
substrate. With this purpose we have selected a substrate of a similar nature to the
target to be sputtered, 316L-SS, and varied the surface preparation.

Experimental Procedure
Films of 316L stainless steel (316L-SS) were sputter-deposited on 316L-SS and

on glass substrates in a magnetron sputter-deposition module. The 316L-SS
substrates were used in the following conditions: i} as-polished, ii) as-polished and
acid-cleaned, iil) annealed, and iv) annealed and acid-cleaned. Vacuum annealing of
well polished substrates (1 um-finish) was carried out for 1 ks at 1323 K. Cleaning
with a 10%HCIl-aqueous solution appeared to remove the oxide layer otherwise present
on the substrates exposed to air. After cleaning, the substrates were promptly
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transferred to the deposition chamber. Deposited film thickness varied between 0.5 to
2.0 um. Phase determination in the film was done using a Rigaku x-ray diffractometer
by scanning in the 28 range from 10° to 150°. Once the peaks were detected, slower
and shorter range scans were done to precisely determine the peak positions for
accurate determination of the phases.

Magnetron sputter depositions were carried out in a constant current mode,
adjusting the sample-to-target distance to attain a deposition rate of 150 nm/ks. The
base pressure attained was usually in the low 103 Pa range. A potential of about 400
V was required to maintain a current of 100 mA at the argon pressure of 4 Pa. The
substrates were covered until surface contamination on the target had been sputtered
off and the plasma had become stable. The depositions were performed at ambient
temperature without substrate cooling, but temperature was never higher than 300 K.

Results

Film thickness varied from 0.5 pm to 2.0 um depending on the experimental
conditions and deposition time. Since the x-rays penetrate through the entire
thickness of the film in this range of thicknesses, the diffraction pattern contains
information from both the substrate and the film. In order to clearly separate these
effects, x-ray diffraction patterns were obtained from the substrate before and after
deposition. No difference is to be expected from the presence of a very thin oxide
layer on the substrate. The post-deposition patterns could then be analyzed and
compared with the substrate pattern.

Figure 1 shows both the diffraction patterns, before and after deposition on as-
polished 316L-SS substrate. The substrate diffraction pattern, figure la, shows an fcc
structure with near-random orientation. After film deposition, additional becc peaks
appeared in the diffraction pattern as seen in figure 1b. The [200] bce peak is broader
than the substrate fcc peaks. Careful analysis also revealed additional peaks that
correspond to a hexagonal phase. This phase has been identified and explained
elsewhere. [3] The broadening of the [200] peak suggests two possible causes:
microstresses in the film, or a fine grain size.

The films deposited on polished and acid-cleaned substrate were highly textured
and had a bcc structure. The texture, predominantly [200]., was independently
verified by a grazing angle technique. Figure 2a shows the intense [200] peak in the
diffraction pattern. The peak was broader compared to the substrate peaks suggesting
either fine grain size or residual stresses in the film. The grazing angle diffraction
pattern is shown in figure 2b. All other peaks, except [200], appear in the pattern
when the grazing angle of incidence 8 was kept at 5°, which supports the existence of
preferred texture. The deposition performed on the as-annealed (uncleaned) substrate
resulted in a film with a bee structure.

The diffraction pattern from the annealed substrate clearly reveals an fcc
structure, as illustrated in figure 3a. The peaks are much sharper and better resolved
than those obtained from mechanically polished substrate (figure 1a). No bcc peaks
were detected in the diffraction pattern from the film/acid-cleaned substrate couple,
as seen in figure 3b. Figure 4a shows a scanning electron microscope image of the
film-substrate couple. The film is seen to perfectly match the substrate grain
structure suggesting that it has grown epitaxially. There are no distinguishing features

between the film and the substrate. In order to ensure that a film had actually been-

deposited, the surface was etched with an acid to remove part of the film. Figure 4b
shows an optical photomicrograph of a partially removed film, thus confirming that the
film was epitaxiallv grown on the substrate. Table I summarizes all the results.
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Table I: Structure of 316L-SS films on 316L-SS substrates.

Structure of
Condition of the substrate phases present in the
deposited film
Mechanically polished * bce + hexagonal
Mechanically polished and HCI cleaned bee (textured)
Annealed* bee
Annealed and HCI cleaned fce (textured) + trace bec

* The surface is covered with a thin native oxide layer.

Discussion
The most significant result of these experiments is that this is the first time that

a film with an fcc structure was sputter-deposited from a 316L-SS target material at
room temperature. Earlier investigations reported an fcc structure in as-deposited
films only when deposition, of a similar composition, was performed at temperatures
above 773 K [2], or when the target material was made of compositions richer in nickel
(20 to 30%) which is an austenite stabilizer. [1] Stainless steels are generally covered
with a tenacious oxide film on the surface. This film usually forms when a freshly
polished surface is exposed to air even for a short period of time. The annealed 316L-
SS substrate in our case was chemically cleaned to remove the surface oxide film and
rapidly transferred to the deposition chamber so as to expose the fcc substrate to the
incoming atoms. This was apparently accomplished since the film grew epitaxially.
Thus, the atoms coming off of the target had natural sites to occupy, provided by the
oxide-free fcc substrate surface. Though bcc is the thermodynamically stable phase at
room temperature for similar compositions [5], fcc film formation occurs in this case
since fce nucleation is not necessary.

The formation of a bee film on annealed surface that had not been acid-cleaned
can then be explained by the presence of an oxide layer on the surface which prohibits
epitaxial regrowth. In this case, the depositing atoms must nucleate the lowest energy
solid phase and thus the more stable bce structure develops. X-ray diffraction
patterns obtained from the annealed substrate showed that this substrate had no
residual stresses. The epitaxially grown fcc film and its annealed and acid-cleaned
substrate did not contain any residual stresses either, as seen from the sharp peaks
obtained from the film/substrate couple. The bcce film formed on the plain annealed
substrate (not acid-cleaned), however, did show evidence of residual stresses in the
film.

For acid-cleaned mechanically polished substrates, we obtained a textured bcc
film rather than an fcc film as was the case with the annealed and acid-cleaned
substrate. It is known that mechanical polishing results in extensive damage to the
near-surface region. Transmission electron microscopy of a 304-SS disk, polished to a
3 um diamond finish, revealed that polishing produced an o’-martensite layer in the
austenitic surface. [6] A 10 nm-thick layer of o’-martensite was also detected by
grazing angle x-ray diffractometry on a mechanically polished 304-SS disk. [7]
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Although we could not detect the presence of such a thin martensitic layer, it may be
speculated that an fcc film did not form since the required fcc surface was not
produced when the mechanically polished substrate was acid-cleaned. The texture of
the bee film may hence have been caused by epitaxial growth from the textured o'-
martensite, formed by polishing.

Dahlgren also studied the effect off the substrate condition on deposited film
structure. [2] He sputter cleaned the copper substrates prior to deposition. The
choice of copper substrate is relevant because it is an fcc material and has a lattice
constant almost the same as that for 316L-SS. Since epitaxial growth was possible, it
should have occurred on a copper substrate as well. However, Dahlgren did not obtain
an fcc film from depositions performed at room temperature. There are two probable
explanations: (1) epitaxial growth was not possible because of the difference in the
chemical nature of the film and the substrate, or (2) ion-cleaning damaged the surface
enough to prohibit epitaxial regrowth. This last hypothesis would be consistent with
our results that bee films are grown in acid-cleaned substrates that are damaged by
mechanical polishing. In other instances where austenitic stainless steel substrates
were used, we believe that the surfaces were always covered with oxide, which
prevented the occurrence of epitaxial growth.

The competitive nature of the two processes, viz. epitaxial regrowth vs.
nucleation and growth, becomes clear when the results from the sputter deposition on
oxidized and oxide-free surfaces are considered. A bcc film grows on an oxidized
austenitic substrate when the structure of the austenite has no influence on the film
growth due to the presence of an intermediate layer. It may be concluded that when
the film forms by nucleation and growth, the thermodynamically stable bee phase
develops. By contrast, when the intermediate layer is removed, the metastable fcc
phase develops from epitaxial growth of the film on austenitic substrate because the
nucleation stage can be circumvented.
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Figure 1: X-ray diffraction pattern from a) 316L-SS mechanically polished substrate and
b) sputter-deposited 316L-SS film-substrate couple.
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Figure 2: X-ray diffra t1npttmfrma316LSS sputter deposited film-oxide fre
substrate couple in a) parafocusing geometry and b) grazing angle ge rnetry
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Figure 3: X-ray diffraction pattern from a) 316L-SS acid-cleaned annealed substrate and
b) sputter-deposited 316L-SS film-substrate couple.

Figure 4: a) Scanning electron micrograph of the 316L-SS film sputter-deposited on
acid-cleaned annealed substrate showing perfect reproduction of the substrate
grain structure, b) Optical micrograph of the partially removed film from the
substrate after slight etching of the surface.
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