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Abstract. The paper discusses the examination of the thermal expansibility of a coating composed
of the austenitic steel 310S using the X-ray diffraction technique. Temperature measurements were
made in the temperature interval of T,yp+200°C, in which the transition of the metastable bce phase
forming the as-applied coating into an fcc-type phase occurred in the coating. The values of the
coefficients of thermal expansion of both phases were determined by using the weighted average of
the intensities of diffraction reflections recorded. The values of the coefficients of thermal
expansion of both phases within the entire examination range (T,mp+200°C), determined as the
weighed averages with the weight allowing for the intensities of individual reflections, were found
to be, respectively, 0.9-10° K' for the bee phase and 1.5-10° K™ for the fcc phase, and by approx.
0.1-10° K™ lower than the values typical of the phases of austenite and ferrite in conventional steels.

Introduction

The PVD methods offer wide possibilities for producing coatings of complex chemical
composition. In these methods, the atoms of components, being sputtered in the form of plasma, are
deposited simultaneously on the substrate to form a uniform chemical composition independent of
the individual melting points of the components involved [1]. Coatings deposited by these methods
are characterized by a specific structural construction and frequently a metastable phase
composition [2,3]. Phase metastability was found e.g. in coatings deposited by sputtering corrosion-
resisting chromium-nickel steels of the 304, 316 and 310 types [4-9]. After being deposited, PVD
coatings exhibit good adhesion to the substrate. However, similarly as for any other coatings, under
elevated temperature operation conditions their adhesion depends on the correlation between the
coefficients of thermal expansion of the coating itself and the substrate used. For the determination
of the coefficients of thermal expansion of coatings the X-ray diffraction method is useful. This
method enables the determination of temperature changes in phases, as related to individual
crystallographic plane families, which is important especially in the description of metastable
structures [10-12].

Experiment

Material. The subject of the investigation were coatings applied by sputtering the commercial
austenitic steel 310S and additionally pure Al and Ir. As a result, a coating of a thickness of 8.75um
and of the following chemical composition (at%) was obtained: Fe 50.3, Cr 26.6, Ni 16.5, Si 1.2,
Mn 1.2, Al 4.0, Ir 0.3. The coating was deposited on a substrate of steel 310S, which had been
polished on cloths and then ion etched in the chamber of a B-901 (Hoch Vakuum Dresden)
magnetron before deposition. In the deposition process, the argon pressure was 5Pa and the
polarization potential was equal to -50V.

Methodology. The coating in an as-coated condition was subjected to diffractometric
measurements on a Seifert 3003TT apparatus equipped with a heating device featuring electronic
temperature control, whose description and characterization is provided in work [13]. The
measurements were made in situ within the temperature interval of t,;,,+200°C. The measurement

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/SSP.163.247

248 Applied Crystallography XXI

temperature was varied with a step of 10°, after which the specimen was held at that temperature for
approx. 1 minute for the temperature to stabilize, and then the measurement was started. The
measurement duration at each soaking temperature was 30 minutes. Only for the measurement at
70°C did the soaking last 24 hrs. Diffractions were made in an angle range of 26=40+135° using the
radiation of KyCo (0.17902nm).

Results

Phase Composition. In the diffraction pattern of a coating in an as-deposited condition, the
occurrence of two strong reflections (110) and (211) from a bee-type phase different from the phase
of the steel used for the targets was found (Fig. 1). A reflection corresponding to an fcc-type phase
was also recorded. However, due to the fact that in the symmetrical XRD measurement geometry
used, starting from an 0 angle of approx. 9°, the radiation penetrates through the whole coating, this
reflection was assumed to have come from the austenitic substrate. Heating up of the specimen with
the coating to higher temperatures caused a steady increase in the intensity of reflection (111) from
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Fig. 1. Diffraction patterns of coatings as recorded at different
temperatures.
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the fcc phase. In addition, new reflections appeared — at 40°C, reflection (200), and starting from
70°C also reflection (220) occurred. As those reflections were not recorded on the initial specimen,
it can be assumed that themselves and reflection (111) are both the result of transition of the bbc
phase into the fcc phase. Reflection (220) occurred after a soaking time prolonged compared to the
other soaking times, which is indicative of the effect of both temperature and time on this transition.
After cooling the coating to room temperature the fcc reflections wasn’t recorded in the diffraction
pattern (Fig.2).
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Fig. 2. Diffraction patterns of coatings as recorded at temperatures.

Intensity of reflections. Figure 3 compares the integral intensities J,,, of all recorded reflections

from each phase, as determined after prior describing the reflections with the pseudo-Voight curve
using the Analyze software. A distinct, steady increase in the intensity of all reflections from the fcc
phase with temperature was found. Only in the case of reflection (220) did the intensity reach a
maximum at a temperature of approx. 130°C, upon which it progressively decreased. The integral
intensity of the bee phase reflections decreased with increasing temperature.
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Fig. 3. Intensities of X-ray reflections, as recorded at different temperatures from phase a) bbc and b) fcc.

Lattice parameters. From all of the reflections recorded, increasing interplanar distance in both
phases with increasing measurement temperature was noted (Fig. 4). The interplanar distance
increase coefficients are shown on the linear fit segments. It was found that the least coefficient
described the temperature dependence of the distance dpy of planes (211) in the metastable phase
bec.
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Based on the slopes of the linear fit d;, =b-T +d,, the coefficients of thermal expansion a"

of each of the phases in the directions perpendicular to particular lattice planes were calculated
according to Eq. 1. The first term in Eq. 1 corresponds to the linear fit slope 4 in Fig. 3.

_dy,—d b
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where: d|,, - interplanar distance at the temperature T [nm], d, - interplanar distance as determined
at ambient temperature [nm], AT - difference the measurement and ambient temperatures [K].
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Fig. 4. The interplanar distance dp as a function of temperature for a,b) bee phase and c¢,d) fcc phase.

Thus obtained values of the coefficient of thermal expansion in the direction perpendicular to
particular planes, ony, and their arithmetical mean, a,y, are given in Table 1.

Table 1. Coefficients of thermal expansion of the phases bcc and fee in the directions perpendicular
to the lattice planes (o), their arithmetical means (a,y), and the weighted averages of reflection
intensities (o).

Phase bee fce

Plane 110 211 220 111 200 220 311 222
okt [K'] | 0.99:10° | 0.69-107 | 1.14-10° | 1.43-10° | 0.63-10” | 2.32-10° | 1.82-10” | 1.21-107
Oy, [K''] 0.94-107 1.28-107
o, [K] 0.90-107 1.51-10°

Knowing the mean values of the linear thermal expansion coefficient and the intensity of reflections
coming from the reflection-generating planes, the averaged thermal expansibility of the ferritic and
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the austenitic phases was calculated as the weighted average, taking into account the integral
intensity of individual reflections, ZI e, in relation to the overall (total) intensity of all reflections
from a given phase, ZI et The calculations of the coefficients of corresponding to the overall

thermal expansibility of the crystalline lattice, as made according to Eq. 2, are also provided in
Table 1.

. ]Net
o = Z(Q'%[% Wi ) (2)

To illustrate the effect of the temperature range used for determining the thermal expansion
coefficients, calculations acc. to Eq. 1 were also performed for different temperature ranges in such
a manner that the origin of a temperature range always corresponded to ambient temperature (23°C),
with the temperature being increased up to the end of the range. A graphical representation of the
obtained coefficients as a function of the measurement range is shown in Fig. 5. It was found that
the coefficients of thermal expansion of the fcc phase, as determined for successive temperature
ranges, approached asymptotically from higher values to the standard value of the thermal
expansion coefficient for the solid austenitic steel AISI 310S (the broken line in Fig. 5). The values
of the linear coefficient of thermal expansion of the bcc phase remain below the level characteristic
of austenitic steel and are close to the thermal expansion coefficient for ferritic steels (o=1.0-10° K~
1. These values, after a small increase in the range of up to 70°C, show a slightly decreasing
tendency in broader temperature ranges.
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Fig. 5. Values of the thermal expansion coefficients for the: a,b) bee phase, and ¢,d) fcc phase, as a function
of the T=T,, temperature range. Each point in the diagrams represents the linear expansion
coefficient for a different temperature range, namely: the first point corresponds to the range of
23+40°C, the second point to the range of 23+50°C, etc.
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Summary

The PVD coating produced by magnetron sputtering of steel 310S and doped with additions of Al
and Ir is built of a bcc-type metastable phase which, at elevated temperature, undergoes phase
transition into the fcc phase, being typical of the conventional steel containing approx. 20%Ni. The
thermal expansibility of both phases varies with increasing temperature range adopted for the
investigation, in which the initial temperature is ambient temperature. For the fcc phase formed as a
result of the phase transition, the thermal expansion coefficient decreased with increasing
temperature range, approaching asymptotically the standard value for the conventional steel 310S
(1.6-10° K. The coefficient of thermal expansion of the metastable phase bec was close to that of
ferritic steel, and showed a slight decreasing tendency in the temperature range of Tony+=T(>70°C).
The values of the thermal expansion coefficients of both phases in the investigation range
(Tamb+200°C), determined as the weighted averages with the weight allowing for the intensity of
individual reflections, amounted to, respectively, 0.9-10° K™ for the bee phase and 1.5-10° K™ for
the fcc phase, being by 0.1-10” K lower than the values typical of the austenite and the ferrite
phases in conventional steels.
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