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Abstract

In order to investigate the martensitic phase mechanism of the ternary FeCrMn thin films sputtered
under the effect of substrate rotation speeds, the structural and related magnetic properties were
studied. A range of thin films were deposited at varying rotational speeds of 0, 15, 30, and 45 rpm on
flexible amorphous polymer substrates through the use of DC magnetron sputtering. The films were
50 nm thick and were produced at 0.09 nm s~ '. The crystal structures showed that all films have a
mixture of the body-centred tetragonal (bct) and tetragonal structure. The peak intensity of bet (110)
martensitic o’phase increased with the increase of the rotation speeds whereas the tetragonal (430)
and (333) peaks stayed almost stable. And, the morphologic surface analysis displayed that the smooth
surface turned into a rough surface with the increase of the rotation speeds. After the measurements of
hysteresis loops, the films obtained by sputtering of austenitic target have ferromagnetic character
with increasing saturation magnetization, Mg and coercivity, Hc as the substrate rotation speeds
increase. With increasing rotation speeds, the increase of the Mg from 148 to 242 emu cm > and the
rise of the Hc of the films from 21 to 185 Oe might be explained by the increase of the grain sizes with
the increase of % martensitic a’phase caused by increasing rotation speeds. The ternary FeCrMn thin
films exhibit increasing % martensitic o’phase and corresponding ferromagnetic properties with
increasing substrate rotation speeds. It is concluded that the nanostructured films of FeCrMn have
different properties from those of their bulk counterparts under the influence of substrate rotation
speeds. Therefore, the martensitic mechanism of the films can easily be controlled by changing
rotation speed for potentially flexible new device applications such as spintronics, magnetic hetero-
structures, magnetic separators, etc.

1. Introduction

Only some studies [ 1-7] have examined the mechanical, magnetic, and structural characteristics of the
austenitic bulk FeCrMn-based stainless steels. And, the investigations looked into how their structural qualities
of the bulk FeCrMn were affected by formability, phase transitions, and thermal aging [2—7]. As is well-known
that the characteristics of nanostructured materials differ significantly from those of their bulk counterparts.
And therefore, these differences could be advantageous in high-tech applications such as data storage devices,
magnetic sensors, and micro electro-mechanical systems [8, 9].

In the vacuum methods, DC magnetron sputtering [10—15] is a viable option for producing magnetic thin
films that are both reasonably low-cost and high quality. The films can be obtained by using a single target with
the necessary concentration. However, the deposition parameters, such as deposition rate [10, 12, 13, 15] and
rotation speeds [11, 13, 14] determine the quality and characteristics of the magnetic alloy films. In particular, it
is recognized that the speed at which the substrate rotates is an effective parameter for a standard sputtering
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procedure. Additionally, the flexible substrate offers a variety of options for the potential uses of the sputtered
thin films in numerous industries [10—15].

In our previous studies [12—15], the ferromagnetic alloy films sputtered from iron-based commercial
austenitic bulk stainless steels under the variation of the deposition parameters showed the martensitic phase of
structural and related magnetic properties. From these studies, it is observed that the substrate rotation speed is
the most effective parameter on the occurrence of the martensitic phases. And, martensitic FeCr films were
deposited from a target made of the austenitic bulk AISI 430 stainless steel on the flexible substrate under the
rotation speeds and their structural and magnetic properties were studied [13]. Also, martensitic FeCrNi films
were also produced from the austenitic bulk AIST 304 stainless steel on the flexible substrate under the substrate
rotation speeds [14] and their properties of structural and magnetic properties were investigated. Under the
deposition rates, the FeCrMn thin films were sputtered from the austenitic bulk AISI 202 stainless steel on the
flexible substrate under the effect of deposition rates [15]. The FeCrMn thin films need investigations of the
influence of the substrate rotation speeds on the phase mechanism. Therefore, under study, as far as concerned,
itis the first time that the martensitic mechanism of the ternary FeCrMn thin films sputtered from the
commercial austenitic bulk AISI 202 stainless steel on the flexible substrate under the effect of substrate rotation
speeds were investigated, and accordingly the structural and corresponding magnetic properties were presented.
It is well known that nanostructure materials have distinct properties from those of their bulk equivalents [16].
Thus, under study, it is seen that the FeCrMn thin films have different structural and magnetic properties than
its bulk form of commercial AISI 202 (FeCrMn) stainless steels under the changes of the substrate rotation
speeds. By increasing the speeds, sputtering of the austenitic bulk FeCrMn target resulted in the thin films with
the structural and magnetic properties of the increase of the martensitic o phase. These films may open up
flexible new device applications, such as advancing the development of electronic and data storage devices.

2. Experimental

A serious of Ternary FeCrMn thin films were deposited with different substrate rotation speeds on
commercially available flexible polymer substrates (acrylic acetate) using a DC magnetron sputtering system
(MANTIS, Q-PREP 500, UK). As the target, a commercial bulk AISI 202 stainless steel with a diameter of

5.08 cm and a thickness of 1 mm was used. To investigate the effect of substrate rotation speed on the structural
and magnetic properties of the films, the rotation speeds were chosen as 0, 15, 30, and 45 rpm with the steps of
15 rpm. The films were produced sequentially at chosen speeds while monitored in real-time with a hand-made
tachometer accurate to £0.1 rpm. Before deposition, all substrates and the target source underwent a two-step
cleaning process. For thorough cleaning, they were firstly bathed in distilled water followed by isopropyl alcohol,
both within an ultrasonic bath (KUDOS, SK3310HP, China) for 10 min each process. After cleaning, these
spontaneously stayed for drying at room temperature. Then, this cleaning process was repeated for each
substrate. The target source and substrate were placed in the vacuum chamber on a DC magnetron and sample
holder. Inside the vacuum chamber, the target-to-substrate distance was 12.5 cm. The vacuum chamber
pressure was also dropped in the two-step evacuating process. The pressure was reduced to 5.00 x 10> mbar
with a rotary pump. Then, it was evacuated to a base pressure of 5.00 x 10~ ° mbar using a turbo molecular
pump. Subsequently, argon gas was dispatched into the vacuum chamber to create a pure argon deposition
environment in the pressure range of 3.00-4.00 x 10> mbar. Throughout the sputtering process, the
deposition rate was kept constant at 0.09 nm s~ ', and the environment temperature followed as 23 + 1 °C. And,
the total film thicknesses were monitored in real-time using a quartz crystal microbalance thickness monitor
(Sycon, STM-100/MF, USA), and kept at 50 nm. After depositing, all films were stored in a glass desiccator
containing silica gel to protect them from oxidation.

Following the deposition of the films, the elemental analysis was conducted using energy-dispersive x-ray
spectroscopy (EDX; Bruker Quantax EDS XFlash” 6130 system, USA). The EDX analysis focused on determining
the atomic contents of only Fe, Cr and Mn within the films. To identify the crystal structures of the films were
employed an x-ray diffractometer (XRD; Bruker D8 Advance diffractometer with Davinci Design for XRD*
software, UK). Cu-K,, radiation (A = 0.15406 nm) was utilized for the XRD analysis. XRD scans were conducted
at room temperature across a 26 range of 30° to 80° with a step size 0of 0.005° and obtained diffraction patterns
for all films. Scanning electron microscopy (SEM; ZEISS EVO LS 10, Germany) was used to examine the surface
morphologies of the films. Further characterization of the film surfaces was achieved using an atomic force
microscopy (AFM; NanoMagnetics Instruments Inc., hpAFM, Turkey) over a 10 pm x 10 pum scan area. The
root mean square, Rms roughness and average roughness, Ra values were subsequently extracted from the AFM
micrographs using Image Analyzer V4 software (developed by NanoMagnetics Instruments Inc.). Notably, the
analyses of the substrates were performed without prior to any sample coating for all films. Finally, magnetic
characterization was carried out using a Vibrating Sample Magnetometer (VSM, ADE TECHNOLOGIES DMS-
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Figure 1. XRD patterns of (a) substrate and martensitic FeCrMn thin films sputtered at different substrate rotation speeds of (b) 0,
()15, (d) 30 and (e) 45 rpm.

Table 1. Elemental, structural and magnetic data of FeCrMn thin films sputtered at different rotation speeds of the substrate.

Elemental analysis Crystalline properties Surface Magnetic properties
Rotation bct (110)
speeds thee(110)  Martensitic Rms
(rpm) Fe (at. %) Cr (at. %) Mn (at. %) (nm) phase (%) (nm) Ra(nm) Mg(emu/cm’®) Hc(Oe)
0 70.32 +0.02 15.74 +0.01 13.944+0.01 6.9 84.03 7.99 7.04 148 21
15 71.30£0.03 16.33 +0.01 12.37 +0.01 8.2 86.42 9.45 7.28 185 63
30 71.78 £0.02 15.89+0.01 12.33 £0.01 10.2 90.12 9.83 7.35 217 131
45 73.30 +0.02 15.37 +0.01 11.334+0.01 13.3 94.05 14.16 7.42 242 185

EV9, USA). Hysteresis loops were obtained at room temperature with an applied magnetic field of 20 kOe
intervals in 1 Oe steps. To avoid the shape anisotropy, the films were circularly prepared.

3. Results and discussion

Based on EDX measurements, elemental analysis findings of the FeCrMn thin films were obtained and are
shown in table 1. The atomic composition of commercial bulk AISI 202 stainless steels were 76.9% Fe, 12.1% Cr,
and 10.0% Mn with 0.9% additional elements of Cu, Ni, Co, and V [15]. A small deviation exists between the
target contents and the atomic percentage of Fe, Cr, and Mn in the films. All of the Fe levels of the films were
lower than that of the target material but their Cr and Mn contents were higher. Since Fe has a rather high
melting point, it is known to sputter it hard [17]. This is most likely the case. However, the variation of the
substrate speeds causes a change in the atomic fraction of the elements in the films. When the rotation speed
increases from 0 to 45 rpm, the atomic percentage of Fe in the film increases from 70.32 + 0.02% to
73.30 + 0.02% and the Mn in the films slightly decreases from 13.94 + 0.01% to 11.33 + 0.01%. And, the atomic
percentage of Cr stays between 15.37 - 0.01% and 16.33 4 0.01%.

Figures 1(a)—(e) shows the XRD patterns of the substrate and FeCrMn films sputtered at different rotation
speeds. Due to the amorphous structure of the substrate, no peak is seen; see figure 1(a). As shown in
figures 1(b)—(e), three distinct peaks emerged, designated as 1, 2 and 3, respectively: the body-centred tetragonal
bet (110) martensitic o’ -phase, tetragonal (430), and tetragonal (333) [15]. As the rotation speeds in figures 1(b)—
(e) increase, the bet(110) martensitic a‘-phase increased while the tetragonal (430) and (333) phases almost
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Figure 2. Plots of average grain size, tpey(110) and % martensitic phase against the substrate rotation speeds of the films.

unchanged. By calculating the ratio of all peaks throughout the area of the bet (110) plane, the volume fraction of
the martensite percentage of the bct (110) peak was determined as calculated from the [17]. For the rotation
speeds of 0, 15, 30, and 45 rpm, respectively, the percentages are found to be 84.03, 86.42, 90.12 and 94.05%, as
indicated in table 1. Using the full width at half maximum (FWHM) value of the bct(110) peak, the Scherrer
formula [18] was used to calculate the average grain size, t,(110), which is shown in table 1. The table illustrates
that the films sputtered at the rotation speeds of 0, 15, 30, and 45 rpm yielded the t;,(110) values of
approximately 6.9, 8.2, 10.2 and 13.3 nm, respectively,. It has been noted that when the rotation speed increases,
the tp(110) values of the films increases. Plotting the average grain size, t,.(110) and martensite phase
percentage against rotation speeds produced the results shown in figure 2. As seen in the figure, the t,.(110)
values and martensitic phase percentage increased with the increase of the rotation speeds. Nanostructure
materials are known to possess different characteristics from their bulk counterparts [16]. Hence, it is
demonstrated in this study that, as substrate rotation speeds rise, the structural characteristics of FeCrMn in thin
film form diverge from those of the bulk form in bulk AISI 202 (FeCrMn) stainless steels. It should also be noted
that the t,(110) values under study are also slightly higher than the thin film form of FeCrMn study due to the
effect of using different production parameter from the study [15]. The production parameters affect the
properties of the thin films [10-15] and some of them [12—15] displayed that the films have martensitic
properties. And therefore, the main aim of the study was to investigate the effect of the variations of the substrate
rotation speeds on the martensitic phase mechanism of the FeCrMn thin films. The calculations from the peak
intensities of bct (110) martensitic o’ phase of the thin films showed that the fraction of martensitic phase
increased as the substrate rotation speed increased This means that when rotation speeds increased, the
martensitic phase percentage is responsible for the increase in grain sizes. Besides, using the Bragg formula [18],
the interplanar spacing for bet (110) planes, dyc(110) was determined to be around 0.2019 regardless of the
rotation speeds. For lattice constant for bet (110) planes, ay,, values, they were calculated as approximately
0.2895 nm. Based on the calculations, the ay, values lie between those of bulk Fe (ap. = 0.2866 nm) and Cr
(acy=0.2979 nm) and are close to bulk Mn (ayy, = 0.3782 nm) [18-20]. It is obtained from the XRD patterns
that the ternary FeCrMn films displayed the increase of martensitic phase percentage with increasing ty,(110)
values caused by the increase of the substrate rotation speeds It is well known that materials having
nanostructures have unique properties different from their bulk counterparts [16]. For this reason, due to the
sputtering of bulk AISI 202 (FeCrMn) stainless steels under the variations of substrate rotation speeds, it is
thought that the austenite phase is transformed to martensitic FeCrMn thin films.

SEM images of the substrate and the films sputtered at various substrate rotation speeds were displayed in
figure 3. The smooth and deformation-free surface of the substrate is visible in figure 3(a). As seen in figure 3(b),
the film sputtered at the stationary (0 rpm) case has a comparatively flat surface. And, in figure 3(c), the film
sputtered at 15 rpm has a comparatively homogeneous surface with small narrow strip-like areas in the image. A
work concerning sputtered FeCrMn films [15] has SEM images that clearly display areas with varying crystal
structures depending on deposition rates. In our study, images captured by SEM revealed morphological results
that pointed to the locations of distinct crystal formations. Depending on the contrast, the image in figure 3(d)
displays separate regions with dark and light sides at the rotation speed of 30 rpm. The darker and lighter areas in
the film deposited at 45 rpm of figure 3(e) are easily distinguishable from one another, which may indicate a
difference in the crystal structure. The XRD patterns of the films appear to be compatible with the SEM images,
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Figure 3. SEM images displaying the (a) substrate and martensitic FeCrMn thin films sputtered at (b) 0, (¢) 15, (d) 30 and (e) 45 rpm of
the substrate rotation speeds.

displaying a mixed body-centred tetragonal bct (110) martensitic o’-phase, tetragonal (430), and tetragonal
(333) structure. Although studies [21-23] have shown that a comparatively higher iron content in the films may
be the cause of the increased surface inhomogeneity, under study this may have come from the increase of
martensitic phase percentage under the increase of the rotation speeds. In order to examine the compositional
homogeneity of the films, local EDX analysis was also carried out on the films. It was found that all films have a
consistent composition throughout their surface (data not shown). It is observed that the smooth surface of the
films turned into the inhomogeneity shaped morphology with the rise of the martensitic phase percentage
caused by the increase of the substrate rotation speeds.

AFM image of the substrate was taken and shown in figure 4(a). Figures 4(b)—(e) presents the AFM images
that were acquired from the films sputtered at substrate rotation speeds of 0, 15, 30, and 45 rpm, respectively.
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Figure 4. AFM images demonstrating (a) substrate and martensitic FeCrMn thin films sputtered at (b) 0, (c) 15, (d) 30 and (e) 45 rpm
of the substrate rotation speeds.

The surfaces are described using the root mean square, Rms and the average roughness, Ra acquired from AFM
images. In table 1, these values are displayed. According to calculations, the Rms values, which show the average
of surface roughness, for the films increased from 7.99 to 14.16 nm with the increase of rotation speeds from 0 to
45 rpm. And, the Ra values, increased from 7.04 to 7.42 nm for the films sputtered from 0 to 45 rpm. For the
FeCrNi films sputtered from austenitic AISI 304 stainless steels [14], the order of these values was found to be
vice versa to the current study under the increase of substrate rotation speeds. Under study, it is possible to draw
the conclusion that raising the rotation speed could raise the Ra and Rms values of the FeCrMn films sputtered
from austenitic AISI 202 stainless steels. It was also discovered that when the martensitic phase percentage
increased under the speed of the substrate rotation, the homogeneous film surface transferred into a rougher
structure, as seen in AFM images in figure 4. It is evident that the SEM and AFM observed surface properties of
the films were consistent under study.

For magnetic analysis of the FeCrMn thin films, the hysteresis loops of the films were plotted at £3 kOe as
displayed in figure 5. The data obtained from the loops are shown in table 1. The magnetic measurement of
austenitic bulk AISI 202 stainless steels, in contrast to prior investigations of showing paramagnetic behaviour
[5-7,24], exhibits paramagnetic and weak ferromagnetic components in our previous study [15]. After
sputtering of bulk AISI 202 stainless steels under the increase of the substrate rotation speeds, the ferromagnetic
nature of the FeCrMn thin films occurred due to the martensitic phase as obtained from XRD measurements,
see table 1, figurel and figure 5. With the increase of rotation speeds, the saturation magnetisation, Mg of the
films increased from 148 to 242 emu cm ° and, the coercivity, Hc values of the films increases from 21 to 185
Oe. In figure 6 and figure 7, the variations of Mg and H values against % martensitic phase under the substrate
rotation speeds were plotted, respectively. Mn is paramagnetic and Cr is antiferromagnetic while Fe is
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Figure 7. Plot of the coercivity, Hc and % martensite versus the substrate rotation speeds of 0, 15, 30 and 45 rpm.
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Figure 8. The parallel and perpendicular hysteresis loops of the martensitic FeCrMn thin film sputtered at 45 rpm are plotted at
+ 10kOe.

ferromagnetic at room temperature in nature [8]. The relationships between these three elements might be
ignorable since they have different magnetic characteristics. There is only Fe as an element to consider for the
change of the magnetisation. As seen in figure 6, the main contribution to the Mg values of the films may come
from the increase of martensitic percentage since the rise in Fe content (around 3%) may be insufficient to
explain the increase of Mg values (approximately 39%) under increasing rotation speeds. As in the investigations
[14, 15], although the slight variations of iron content in the films are expected to be the cause of the Mg values,
the reason under study is thought to be coming from the martensitic phase mechanism of the films. In the case of
the Hc values, it increased with the increase of the ty,(110) values as the martensitic percentage increased, which
caused by the increase of the rotation speeds. In figure 6 and figure 7, the % martensitic phase steadily increases
and strengthens the ferromagnetic character with the increase of substrate rotation speeds. Therefore, it can be
said that when rotation speeds increased, the martensitic phase percentage which is responsible for the rise in
grain size, caused an increase in the Mg and Hc values. Besides, figure 8 provides an example of the parallel and
perpendicular hysteresis loops of the film sputtered at 45 rpm rotation speed. Perpendicular loop refers to
exactly 90 degrees to the film plane. Because of the shape anisotropy, the magnetic easy-axis is observed to be in
the film plane. Similar results of the loops for the in-plane easy-axis were seen in the remaining films of the
investigation.

4, Conclusions

Under varying substrate rotation speeds, martensitic FeCrMn thin films sputtered onto a flexible amorphous
polymer substrate from a single target composed of commercial austenitic bulk AISI 202 stainless steels using a
DC magnetron sputtering technique were examined. The compositional analyses of the films revealed that when
rotation speeds increased, the Fe content of the films rose, and their Mn content fell. And, x-ray diffraction
technique displayed that the peak intensity of bet (110) martensitic o’phase increased with the increase of the
rotation speeds whereas the tetragonal (430) and (333) peaks stayed nearly constant. With a further
investigation, grain size and martensitic percentage of the films increased with increasing rotation speeds. Also,
the morphological analysis of the film surfaces, performed by a scanning electron microscope and atomic force
microscope, presented that the homogeneous surfaces of the films changed into rough structure with increasing
rotation speeds. In the case of magnetic analysis, the increase of the ferromagnetic nature of the FeCrMn thin
films were obtained under the increase of the rotation speeds. And, the increase of the saturation magnetisation
from 148 to 242 emu cm " and the coercivity of the films from 21 to 185 Oe may be explained by the increase of
the grain sizes with the increase of the martensitic phase percentage caused by increasing rotation speeds.
Therefore, the martensitic phase occurred in ternary FeCrMn thin films can be controlled by changing substrate
rotation speeds for potential data storage and micro electric-electronic devices on flexible substrates.
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