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In this work we report on phase transformation of 304 stainless steel thin films due to heat treatment. Ex-situ an-
nealing was applied for evaporated 304 stainless steel thin films inside an ultra-high vacuum chamber with a pres-
sure of 3 x 10~ Pa at temperatures of 500 °C and 600 °C. The structure of thin films was studied by X-ray diffraction
(XRD) and conversion electron Mossbauer spectroscopy (CEMS) techniques. The results revealed a transformation
from a-phase that exhibits a body-centered cubic structure (BCC) to y-phase that exhibits a face-centered cubic
(FCC) due to annealing. In addition, the percentage of 'y-phase structure increased with the increase of annealing
temperature. Annealing thin films increased the crystal size of both phases (o and vy), however, the increase was
nonlinear. The results also showed that phase transformation was produced by recrystallization of o and y crystals
with a temporal evolution at each annealing temperature. The texture degree of thin films was investigated by XRD
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rocking curve method, while residual stress was evaluated using curvature method.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Stainless steel is a highly demanded material in different fields due
to its wide range of industrial applications in fields such as chemical
processing, oil and gas, food production, and power generation [1-3]
due to its outstanding mechanical properties as well as resistance to cor-
rosion [4-6]. In the last decades, many investigations were carried out
to study structural modification of 304 stainless steel films fabricated
by sputtering technique, where the sputtering target is normally made
of 304 stainless steel of y-phase [7-9]. It was reported that the structure
of these sputtered films contains both phases: «y and o [10]. Herein, if
stainless steel films are generated by sputtering at a substrate tempera-
ture between 375 °C and 500 °C, they are likely to develop a structure
that contains both phases [11-13]. If the sputtered 304 stainless steel
films are formed on substrates at room temperature, they can develop
a structure constitute by both phases. The a-phase in those films is an
unstable phase, due to rapid quenching of the sputtered atoms and
small clusters when they are deposited on a substrate at room temper-
ature [14].

a-Phase in sputtered stainless steel thin films was reported to un-
dergo a transformation to y-phase at 477 °C [15] because a-phase is un-
stable at 477 °C or above. In addition, it was also observed that a full
o — y phase transformation occurs at 677 °C for the above thin films.
It should be noted here that sputtered 304 stainless steel thin films
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that are fabricated at room temperature are ferromagnetic due to the
majority of a-phase [7] unlike bulk 304 stainless steel which is a non-
magnetic material [16]. In addition, the transformation temperature of
sputtered stainless steel thin films from a-phase to y-phase is defined
as Curie temperature, which is about 600 °C [7]. Beyond this tempera-
ture sputtered thin films would have a full phase transformation to
y-phase and they become non-magnetic similar to bulk 304 stainless
steel [16].

Recently, we used the thermal evaporation method to prepare 304
stainless steel thin films [17,18]. It was demonstrated that the evaporat-
ed 304 stainless steel thin films exhibit nanocrystals ferrite-austenite
mixture structure with a ratio of 6% for the «y-phase. In this work, the
structural modification of ferrite-austenite mixture of 304 stainless
steel thin films fabricated by thermal evaporation due to heat treatment
is investigated by XRD and CEMS. Thin film stress is determined using
the curvature method.

2. Experimental
2.1. Thin film preparation

Stainless steel thin films were deposited on quartz substrates with a
thickness of 166 nm inside a high vacuum chamber by thermal evapora-
tion, and used to investigate phase transformation. The thickness of the
films was measured using a quartz crystal monitor placed close to the
substrates. The details of the fabrication method were described else-
where [17]. Table 1 presents the fabrication conditions. Thin films of
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Table 1
Conditions of thin film preparation.

Table 3
Chemical composition of stainless steel thin film and the initial bulk material.

Thin film fabrication conditions

Chemical composition (wt.%)

Distance between substrate and crucible 20 cm
Residual pressure in deposition chamber 10~4Pa
Evaporation temperature of 304 SS bulk 1400 °C

Substrate temperature during deposition 25°C

Deposition speed of 304 SS thin films 10.3 nm/s
A% i
Tubular Founace * Acuum Tube in Quartz
4 ohe | Turbomolecular
[e— " p— n :
VA - N H | Vacuum Pump

Specimen Metallic Seal Stainless Steel Fittings

Fig. 1. Description of annealing system and its components.

different thicknesses were also prepared on silicon substrates and used
to study residual stress of thin films.

2.2. Thin film annealing

Ex-situ annealing for thin films was carried out at 500 °C and 600 °C
in an ultra-high vacuum chamber at 3 x 10~ 7 Pa placed inside a tube
furnace for 1 h at each temperature. Figure 1 shows a schematic diagram
of the annealing system that employed a turbo-molecular pump to
achieve such a high vacuum. The annealing temperatures were chosen
to cover the temperature range of phase transition. Quartz substrates
were utilized since they are mechanically adequate for heat treatments,
and they permit realization of annealing without atomic diffusion at the
interface between thin films and substrate. The ultra-high vacuum en-
sured avoiding sample contamination or oxidation during the anneal-
ing. Furthermore, annealing and cooling rates of thin films were
sufficiently slow to prevent their deterioration due to temperature gra-
dient effect.

2.3. Characterization

2.3.1. XRD

X-ray diffraction (XRD) analyses of stainless steel thin films were
performed using a SIEMENS D500/501 diffractometer using Cu-K,, radi-
ation (N = 1.5406 A). XRD data were collected for 26 in the range of
40°-140°. The diffractometer was equipped with a graphite monochro-
mator placed before the detector to eliminate K radiation.

2.3.2. X-ray diffraction rocking curve method

The texture degree of thin films annealed at 500 °C for 1 h has been
determined by X-ray diffraction rocking curve method [19-21]. Herein,
the rocking curve method was applied to the (110) peak of a-phase
taken from the X-ray diagram. A Lorentzian fit was applied to the
(110) peak and the parameters are given in Table 2, where it is noted
that the (110) peak corresponds to 20 = 44.80° (i.e. 6 = 22.40°).

In X-ray diffraction rocking curve method, X-ray source and detector
were fixed in a position that corresponds to 26 of Bragg's peak (110).

Table 2
Parameters of the fitting for the peaks: (110) a-phase and (111) y-phase.

Elements Fe Cr Ni Mn Si C
304 SS thin films 71.75 17.06 7.60

3.48 - -

The sample was rotated with an angle (Q) about an axis perpendicular
to the focal plane crossing an adjusted angular space at 6. In this exper-
iment, Q was varied from 2° to 42° with a step size of 0.5°, where this
step size permitted to define the disorientation degree of diffraction
planes relative to thin films surface. The maximum of the peak her is
0. The full-width at half maximum (FWHM) of the rocking curve peak
was determined after the Lorentzian fit which permits to estimate the
texture degree of the produced thin films.

2.3.3. Residual stress

The curvature method was utilized for determination of thin film's
stress based on the change of curvature of silicon substrate (Si-(100))
of deposited thin film. Silicon substrate of high elasticity of 180.5 GPa
[22], and dimensions of 200 um (thickness) x 0.3 mm (width) were
used for this study.

304 stainless steel thin films with thicknesses of 110, 120, 133, and
166 nm, were deposited on the substrates and used to study the influ-
ence of thickness and annealing on stress. The 166 nm thick film was
annealed at 500 °C for 1 h and used to study the effect of annealing on
stress. Fabrication and annealing conditions of thin films deposited on
silicon substrate were similar to those deposited on quartz substrates
above.

The application of curvature method is based on the measurement of
the curvature size (R) that results from substrate bend (f) and the sub-
strate length (L). The radius of curvature can be calculated using [23]:

2
R- (§+§f) 0

Eq. (1) expresses the geometrical relationship between R, L, and f of
the curvature for a silicon substrate. It should be noted her that (f/2) is
very small compared with (%), thus, it can be ignored.

L and fwere measured in this work using a mechanical profilometer:
DEKTAK II. The measurements of both quantities were carried out be-
fore and after thin film deposition and treatment. L was 8 mm for all
samples. Furthermore, measurements were carried out in both direc-
tions along the length of each substrate eight times per sample to reduce
the error of manipulation. The stress can be calculated for a thin film by
Stoney's relation [24]:

o (5, () G- 3

where E and v are substrate's Young's modulus and Poisson's ratio, re-
spectively, (E/(1 — v)); is the term that expresses the elasticity of the
substrate and it is equal to 180.5 GPa, and H, and hyare the thicknesses
of substrate and thin film, respectively.

Diffraction peaks Non-annealing

Annealing: 1 h—500 °C

Annealing: 1 h—600 °C

FWHM (°) Intensities ratios I/l FWHM (°) Intensities ratios I/l FWHM (°) Intensities ratios I/l
(111)-y 26 = 43.85° 1.13 0.0424 0.2447 0.5125 0.2502 0.7015
(110)-a 26 = 44.80° 0.55 0.2787 0.3033
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2.34. CEMS

Conversion electron Mossbauer spectroscopy (CEMS) was recorded
using a constant acceleration spectrometer at room-temperature with a
57-Co/Rh source (50 mCi) and a continuous gas flow proportional coun-
ter (using He and 5% CH,4 gases at 293 K). The Mossbauer technique en-
abled examining atomic coordination in the neighborhood of probe
nuclei via hyperfine interaction parameters. The spectra were computer
fitted which yielded the hyperfine magnetic field (HMF) distribution,
where it was assumed that each spectrum is superposition of number
of sub-spectra having different hyperfine interactions and relative con-
tributions. In all cases, the isomer shift at the 57-Fe, nucleus is given rel-
ative to a-Fe at room temperature.

2.3.5. SEM/EDX

A JEOL 5600-2v scanning electron microscope (SEM) was utilized to
investigate the morphology of the produced thin films using an acceler-
ating voltage of 20 kV. The composition of thin films was also deter-
mined by an energy-dispersive X-ray spectroscopy (EDX) system
attached to the SEM. Table 3 shows the composition of the fabricated
thin films. The table reveals a relativly high concentration of Mn
which can be assigned to its high evaporation rate [25].

3. Results and discussion
3.1. Surface analysis

The surface morphology of annealed thin films is investigated by
SEM as shown in Fig. 2. The image reveals that the film is free of appar-
ent defects or microscopic cracks, and it exhibits a homogeneous and
regular texture. In addition, the micrograph shows that the annealed
thin film is clean which indicates that annealing under vacuum is suit-
able to prevent contamination during annealing process.

3.2. Structure analysis

3.2.1. XRD analysis

Structural modifications of thin films due to heat treatments are in-
vestigated using XRD analysis and presented in Fig. 3. The figure reveals
the XRD measurements of three thin films: as-grown, annealed at
500 °C, and annealed at 600 °C. The results are analyzed using PDF-
JCPDS cards 6-696 and 33-397, and the (110) a-phase of body-
centered cubic structure (BCC) as well as the (111) y-phase of face-
centered cubic (FCC) are identified. XRD results of as-grown thin film
show the peaks of ai-phase: (110) and (211), where the (110) peak
has high intensity which indicates that the as-grown thin films exhibit
good crystallinity. The (111) peak of y-phase appears with very low

Fig. 2. SEM micrograph of annealed 304 stainless steel thin film (1 h at 600 °C).

intensity which indicates the low percentage of y-phase within the
as-grown thin films. XRD measurements of the thin film annealed at
500 °C show two peaks that belong to 'y-phase: (111) and (200), with
a clear increase in the intensity of the (111) peak (compared to that of
the as-grown film). Furthermore, an increase in the intensity of
a-phase peak (110) compared to that of the as-grown film is observed.
XRD results of thin films annealed at 600 °C show the disappearance of
the (211) peak of a-phase, increase in the intensities of the (111) and
(200) peaks of y-phase, and a decrease in the intensity of the (110)
peak of a-phase. It is well established that the increase in the intensity
of XRD peaks that corresponds to a particular crystal structure is due to
the increase in the percentage of that structure [26]. The above XRD re-
sults reveal the evolution of the minority 'y-phase due to annealing of
the thin films. This also demonstrates that the percentage of the minor-
ity y-phase crystals increases compared to the majority a-phase

600 . T . T - T v T v
(110)-a

5001 (a) .
S 400+ 110)- -
2 (110)-y
> 300 - -
B (211)-a
c
3 200 ]
= W‘I

1001 Whom¥iainiuniy -

WMW
0 - T v - - T T T T
40 60 80 100 120 140
o o

Yuu T T |~e'() T T

8001110)-a (b) -
= 700 - ‘ (110)'_\; -
3 600 .
< 500 ’ J
2 400
— 4 o .
e (200)-y (211)-a
3 300 !
= 200 | h

100_“‘“ . p I " A Lis “"

0 L] T - ‘I'r F L
40 60 80 100 120 140
20 (l!)

5004(110)-a (110)-y (C) 1
400~ 9
3
=~ 300 | .
> (200)- v
- p
5} 200 - 1 E
£ U g

100 ¥ %W 1

0 L L] T L 1
40 60 80 100 120 140
20 ()

Fig. 3. XRD diagrams of the 304 stainless steel thin films on quartz. (a) As-grown,
(b) annealed at 500 °C, and (c) annealing at 600 °C. Annealing time is 1 h.
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Fig. 4. Fitting by Pseudo-Voigt model of (110) o-phase and (111) y-phase taken from the XRD patterns of Fig. 4(b) and 4(c) that are annealed for 1 h at 500 °C and 600 °C, respectively.

crystals with temperature. Therefore, it can be concluded that the as-
grown stainless steel thin films fabricated by thermal evaporation ex-
hibit a metastable structure that contains both phases: o and y phases,
and the a-phase undergoes a partial transformation into 'y-phase due to
annealing [27].

3.2.1.1. Quantifying phase transformation. The main peaks in the XRD pat-
terns ((111) for y-phase and (110) for a-phase) are fitted by means of
Pseudo-Voigt model to quantify the ratio of both phases. Figure 4 shows
the fit result of both peaks. The fitting parameters and results are
presented in Table 2.

Quantitative phases analysis can be performed using the intensity
ratio (I,/I,) which is proportional to the volume fraction ratio of the cor-
responding phase (C,/C,) and the ratio of the characteristic coefficient
of the considered phases (R,/R) using [26,28]:

IY _ C’Y R’Y
o CaRa ”

where, R depends on the angle 6 and type of material, and its calculation
requires knowledge of the crystal structure and lattice parameters of
both phases. The calculation results that correspond to both diffraction
peaks: (111) of y-phase and (110) of a-phase are presented in
Tables 2 and 4. Table 4 reveals that as-grown thin films contain 94% of
a-phase and 6% of y-phase, thin films that are annealed at 500 °C con-
tain 59% of a-phase and 41% of y-phase, and thin films that are annealed
at 600 °C contain 51% of a-phase and 49% y-phase. These results are in
good agreement with those obtained for sputtered 304 stainless steel
thin films after annealing at 700 °C which present a complete transfor-
mation of a-phase to y-phase [29].

3.2.1.2. Crystal size. The crystal size can be estimated from XRD measure-
ments using Scherrer's equation [26]:

KN
- 3 cos 6 “)
where D is the average diameter of a crystal, 6 is Bragg's angle, [ is
FWHM of the diffracted peak at 26, \ is the incidental wavelength of

Table 4

Abundance of o and y phases.
304 SS thin films state Intensities Coefficients Quantity of each

ratios I/l ratio Ry/Rq phase C, and Cy
C(%)  Cal%)

Non-annealing 0.042 0.693 6 94
Annealing: 1 h—500 °C 0.5125 1.25 41 59
Annealing: 1 h—600 °C 0.7015 143 49 51

Cu-K, = 1.54056 A, and K is a constant that depends on crystal shape.
In the present study K = 1 was used because the grains do not have a
specific shape.

Eq. (4) was used to calculate the crystal size using the (110) of o-
phase and (111) of y-phase, and the results are shown in Table 5. The
table reveals that for as-grown thin films, « crystals are twice as large
as vy crystals. Annealing thin films at 500 °C causes a sharp increase in
the crystal size of both e and y phases. However, increasing the anneal-
ing temperature to 600 °C causes a slight decrease in the crystal size of
a-phase while the size of y-phase crystals remains unchanged.

Nevertheless, crystals of annealed thin films for a and -y phases are

almost analogous in size. In addition, the growth rate of crystal size is
greater for y-phase compared with that of a-phase when thin films
are annealed at 500 °C. Therefore, annealing those stainless steel thin
films causes nonlinear growth of crystal size for both o and vy crystals.
The obtained results demonstrate that & — -y phase transformation is
produced by the recrystallization phenomena (germination and germ
growth) with temporal evolution at each annealing temperature
which is given by the Johnson-Mehl-Avrami (JMA) law [30]:
c = 1— e O (5)
where c is the phase fraction, n is the Avrami exponent, t is the annealing
time, and 6 is the kinetics constant. This equation describes heteroge-
neous germination, where o and <y crystals develop simultaneously
with time during annealing. In addition, the germination rates of e and
7y crystals, are inversely proportional. Those results are in agreement
with results published for stainless steel thin films fabricated by
sputtering [10,31].

3.2.2. X-ray diffraction rocking curve method

The (110) diffraction peak of ci-phase in Fig. 3(b) was chosen to es-
timate the texture degree because it corresponds to the majority phase
in the films. The results of the rocking curve peak fitted by Lorentzian
distribution are presented in Fig. 5. The figure shows the pattern obtain-
ed by Q-scan around 6 = 22.4° that corresponds to the peak edge which
is considered as the axis of the peak. The FWHM is 15.65°, and it is dom-
inated by the disorientation of the majority ai-phase crystals of the

Table 5
Values of crystal size for aw and <y phases.
Specimens Peaks FWHM Crystal size
(hkl) B (rad) D (nm)
Non-annealed (111) vy 0.0197 9
(110) o 0.0096 17
Annealed (111) vy 0.0042 40
1h—-500 °C (110) 0.0048 35
Annealed (111) vy 0.0043 39
1 h—600 °C (110) @ 0.0053 32
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Fig. 5. Plot of the Q-scan for the rocking curve peak of the (110) line of o- phase which is
the majority in the annealed 304 stainless steel thin films. Solid line is the experimental
curve, while dashed line is the Lorentzian fit curve.

annealed thin films, where the FWHM corresponds to the variation of Q
(AQ). Since AQ is relatively large, it indicates small disorientation of
crystals with respect to the normal at the surface of the annealed thin
film (OZ-axis). Therefore, the annealed thin films do not exhibit a pref-
erential orientation of crystals, and a-phase grains are randomly dis-
tributed in thin film which can be considered as non-textured. The
absence of texture has been also observed for all thin films regardless
of their thicknesses, which might be due to the ultra-fine structure of
thin films. In addition, annealing does not modify the texture of the ini-
tial a-phase, but it may influence the texture of the newly developed -y-
phase that grows during annealing.

3.2.3. Residual stress

In a previous work, the residual stress was measured using the sin(s
method of XRD for as-grown 304 stainless steel thin films, where they
were found to exhibit low tensile stress [17]. The sin{s method ignores
the thickness effect on stress due to their low thickness and since the
penetration depth of X-ray is undefined [26]. In addition, the sin*{s
method was used to estimate the stress of the majority ac-phase. In con-
trary, the curvature method can be used to determine the stress of the
mixture of o and vy phases for 304 stainless steel thin films. Herein,
the curvature method may be used to study the influence of thin film
thickness on residual stress value, because Stoney's relation takes into
account the ratio Hs/hy In addition, the curvature method can also be
used to study annealing effect on residual stress developed in the 304
stainless steel thin films.

When the stress (0) is isotropic along the surface of a thin film, it im-
poses a curvature defined by the radius (R) on the substrate. Figure 6
demonstrates two curvature directions for silicon substrates and the
types of stresses that correspond to them. Uncoated silicon substrate ex-
hibits a pseudo-flat shape with a curvature radius (Rp), as shown in
Fig. 6(a). In contrary, Fig. 6(b) reveals that coated silicon substrate con-
tains tensile stress which tends to contract the film. In this case, silicon
substrate exhibits a concave curvature shape described by o(+).

I L |

| Silicon Substrate
@) [ ]

Ro

(b) Eﬁ ©

0.5
£ 001 -
=
“= .05

-1.0 1 1 1 1

2.0 4.0 6.0 80 L(mm)

Fig. 7. The bend of silicon substrates: uncoated (Cy), and coated (C) as a function of
substrate length (L). Thin film thickness is 120 nm (sample number 2 in Table 7). The
sizes of the bowing are measured at the locations of the arrows.

Nevertheless, Fig. 6(c) shows coated silicon substrate with a compres-
sive stress which tends to extend the thin film. Herein, silicon substrate
takes a convex curvature shape described by o(—). It should be noted
here that the curvature method considers the elasticity of silicon sub-
strate, but it ignores the elasticity of the thin film.

Figure 7 shows the two curvatures Co and C which correspond to the
curvatures of the uncoated and coated silicon substrates, respectively.
They are obtained by mechanically sliding of stylus along of length of
the substrate. The thickness of the presented thin film is 120 nm. The
uncoated substrate exhibits low convex curvature while the coated sub-
strate exhibits high concave curvature. fvalue of each curve in the figure
can be used to calculate the curvature radius by Eq. (1), then the resid-
ual stress can be calculated using Eq. (2). The measured bowing values
are estimated with a systematic error of ~5% due to the holder of the
mechanical profilometer. The calculated stress and curvature radii of
the substrates coated with thin films with different thicknesses are
shown in Table 6, R; and 0y are before annealing while R, and o5 are
after annealing.

The results presented in Table 6 reveal that the residual stresses de-
veloped in the 304 stainless steel thin films are tensile stresses (+ 0), i.e.
concave curvature of the substrates. The stress level does not depend on
the thin film thickness, i.e. 0 = +1.12 4 0.04 GPa in average. This is
due to the low thickness of the films (nanometer scale).

It is well established that residual stress is associated to defect den-
sity in crystal lattice [32]. In addition, the broadening of XRD peaks is
caused mainly by the increase in defect density and residual stress of
the material. Thus, the low tensile stress of the present thin films dem-
onstrates that the grains of those thin film contains low concentration of
defects.

Small disruption of the crystal lattice is responsible for the develop-
ment of elastic stress field that corresponds to 0; = +1.12 + 0.04 GPa.
In addition, small difference can be observed when comparing the cur-
rent average stress value with that calculated using the sin®}s method
for similar thin films (0 = + 1.7 GPa) [17]. This difference can be attrib-
uted to the fact that the sin*y method determines the stress only for the
majority a-phase. However, the curvature method allows stress mea-
surement of both o and +y phases. Therefore, the small difference in
stress values can be assigned to the minority 'y-phase that causes
diminishing the stress of thin films.

Table 6 also shows that stress level is greatly reduced after annealing
thin films (0 = +0.0005 GPa). Thus, it can be concluded that annealing
of a stainless steel thin film increases the relaxation of the thin film due

—hf

—Hs
e

Fig. 6. Schematic representation for three types of curvatures for silicon substrates with different stress types: (a) uncoated silicon substrate, (b) coated silicon substrate under tensile
stress (concave curvature), and (c) coated silicon under compressive stress (convex curvature).
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Table 6
Calculated values of curve radius, and stress level by mean of curvature method.
Silicon substrate No Thin film thickness As-grown Annealed
hy (nm
s (oen) (1/R1) — (1/Ro) o (1/R;) — (1/Ry) o
(107 mm) (GPa) (10~7 mm) (GPa)
1 110 +1057.25 + 1.15 - -
Hs; = 200 pm 2 120 +1063.75 +1.06 — —
3 133 +1287.35 +1.16 — —
L=8mm 4 166 +1544.50 +1.12 +0.625 +0.0005

to self-diffusion of atoms in the crystal lattice of ai-phase caused by ther-
mal agitation of atoms initiated by the increase in temperature. These
processes are similar to the restoration process [33] or thermally acti-
vated process [34] where the diminish of defects eliminates elastic
stress field in crystal lattice. In addition, those results suggest that y-
phase grains grow in the mixture structure of o and vy phases with min-
imal defects.

3.2.4. CEMS analysis

Figure 8 shows the CEMS spectra measured at room temperature for
304 stainless steel thin films: (a) as-grown, and (b) annealed at 600 °C.
The CEMS spectrum of as-grown thin film reveals a paramagnetic singlet
line at the center of the spectrum and ferromagnetic sextuplet composed
of six wide lines. The ferromagnetic and paramagnetic components con-
firm the presence of o (ferromagnetic) and -y (paramagnetic) phases.
The paramagnetic singlet line at the center of the spectrum (indicated

+8.25

mission ( % )

5
7

E

o

-8.25 0 +8.25

mission ( %)

1

E

Velocity (mm /s)

Fig. 8. CEMS spectra obtained at room temperature for non-annealed (A) and annealed at
600 °C (B) 304 stainless steel thin films on quartz substrates. In this figure, the single
central paramagnetic line is indicated by the letter “O”.

by O in both spectra) corresponds to y-phase, and the ferromagnetic sex-
tuplet lines correspond to a-phase [17]. Deconvolution of the CEMS spec-
trum in Fig. 8(a) demonstrates that the first environment site (S1) is
strongly ferromagnetic which belongs to a-phase which is rich in Cr.
Hence, the second environment site (S2) is feebly ferromagnetic that
also belongs to ai-phase, and it is rich in Ni and Mn. The CEMS spectrum
obtained for annealed thin films can be decomposed into two ferromag-
netic sub-spectra sextuplet noted by S1 and S2, and paramagnetic single
central line of y-phase indicated by O. Figure 8(b) reveals that the inten-
sity of the single central line that corresponds to the paramagnetic -
phase increases while of the intensity of the sextuplet that corresponds
to a-phase decreases significantly which confirms the o — vy transforma-
tion. In addition, the intensity modification of the spectrum is caused by
the increase in the quantity of -y -phase due to phase transformation
and the intensity of ai-phase [35]. These results are in agreement with
previous work performed for stainless steel thin films fabricated by
sputtering and reveal that the 600 °C belongs to the temperatures range
that correspond to the phases transformation [15]. Figure 8(b) also re-
veals an interesting feature where the ferromagnetic contribution of the
spectrum is divided into two sub-spectra sextuplets which indicates the
presence of two ferromagnetic sites of Fe that are not equivalent.

The Mdssbauer parameters obtained from the single central line and
the two ferromagnetic sextuplets of deconvoluted CEMS spectrum are
shown in Table 7. The table shows that the single central line of y-phase
has an isomeric shift of the annealed (A) film is IS = —0.08 mm/s with
arelative area of 37.4%. Whereas, the external S1 and the internal S2 sex-
tuplets of ferromagnetic spectra have average hyperfine magnetic
fields of Hy(a) = 33.8 T and Hy(a) = 30.4 T with the relative areas of
A; = 31.4%and A, = 30.4%.

Unlike the previous work [36], it was shown that the CEMS spectrum
of as-grown (NA) thin films exhibits a single central line that corre-
sponds to 'y-phase with isomeric shift of IS = —0.14 mm/s and a rela-
tive area of 11%. The average hyperfine magnetic fields that
correspond to the S1 and S2 sextuplets of magnetic spectrum are
Hinay = 33.4 T and Hynay = 27.5 T with relative areas of A; = 59%
and A, = 30%. Those results reveal that Hya) of annealed thin films is
slightly higher than that of as-grown thin films Hqna). H1(a) corre-
sponds to the average hyperfine field of bulk alloy of FeggNi; o, composi-
tion [37] which indicates that S1 is more rich in Ni of annealed thin films
than the as-grown. For the internal S2 sextuplet, Hy(a) of annealed thin
films is significantly larger than that of H,(na) of non-annealed thin
films. Hy(a) corresponds to the average hyperfine field for bulk alloy of
FegoCry1 composition [38], which indicates that S2 is more poor in Cr
for annealed thin films compared with non-annealed thin films. This in-
dicates that annealing of the thin films at 600 °C for 1 h causes the Cr
rich precipitates to be formed between crystals, causing the depletion
of Crin the crystal center [39-41]. These phenomena have been also ob-
served for stainless steel thin films prepared by ion beam deposition and
annealed at temperatures higher than 500 °C [10]. Table 7 also reveals
that both isometric shifts values are for annealed and as-grown thin
films are close to zero. In addition, annealing thin films led to a slight de-
crease of the angle, here 6a) = 73° and 6(na) = 78°. This indicates that
the direction of the average magnetic moment is slightly deflected due
to annealing effect.
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Table 7
Parameters of CEMS sub-spectra.

304 SS Sub-spectra Magnetic hyperfine field Angle ‘0’ Isomeric shift Relative area A (%)
thin films (T) ) IS (mm/s)
Non-annealed External Sextuplet (S1) 334 78 0.03 59
Internal Sextuplet (S2) 27.5 78 —0.007 30
Central single line (paramagnetic) - - —0.14 11
Annealed External Sextuplet (S1) 338 73 0.01 314
1h —600°C Internal Sextuplet (S2) 304 73 ~0 31.1
Central single line (paramagnetic) - - —0.08 374

4. Conclusion

Stainless steel thin films were fabricated by thermal evaporation on
quartz substrates and annealed under ultra-high vacuum at 500 °C and
600 °C for 1 h at each temperature. Conversion electron Mdssbauer
spectroscopy and X-ray diffraction analyses revealed the presence of
both phases of stainless steel: a-phase of body-centered cubic structure
(BCC), and vy-phase of face-centered cubic (FCC). Annealing of 304
stainless steel thin films ensures the oc — vy transformation of the struc-
ture and causes reduction of disruption in crystal lattice of o, and the
growth of a new y-phase with minimal defects. Crystal sizes of annealed
thin films for o and +y phases are almost identical. The development in
crystal size of both phases with annealing could be described by hetero-
geneous germination, where the germination rates of o and vy crystals,
are inversely proportional. X-ray diffraction rocking curve method was
used to determine the texture degree of the thin films and it showed
that annealed thin films do not exhibit a preferential orientation of crys-
tals. The stress of as-grown thin films was found to be independent on
the thin film thickness, and it is equal to 4+ 1.12 &+ 0.04 GPa in average
as determined by the curvature method. Nevertheless, the stress of
the thin films was reduced after annealing to + 0.0005 GPa due to relax-
ation of the thin films that was caused by reduction of disruption initi-
ated by self-diffusion of atoms in the crystal lattice. Overall, the
present study introduces a procedure for o — -y phase transformation
of stainless steel thin films, produced by thermal evaporation, that
might be utilized for practical applications including, but not limited
to, medical production, chemical processing, food production, oil and
gas, and power generation.
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