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Abstract
In order to investigate themartensitic phasemechanismof the ternary FeCrMn thinfilms sputtered
under the effect of substrate rotation speeds, the structural and relatedmagnetic properties were
studied. A range of thinfilmswere deposited at varying rotational speeds of 0, 15, 30, and 45 rpmon
flexible amorphous polymer substrates through the use ofDCmagnetron sputtering. Thefilmswere
50 nm thick andwere produced at 0.09 nm s−1. The crystal structures showed that all films have a
mixture of the body-centred tetragonal (bct) and tetragonal structure. The peak intensity of bct (110)
martensiticα’phase increasedwith the increase of the rotation speedswhereas the tetragonal (430)
and (333) peaks stayed almost stable. And, themorphologic surface analysis displayed that the smooth
surface turned into a rough surface with the increase of the rotation speeds. After themeasurements of
hysteresis loops, thefilms obtained by sputtering of austenitic target have ferromagnetic character
with increasing saturationmagnetization,MS and coercivity, HC as the substrate rotation speeds
increase.With increasing rotation speeds, the increase of theMS from148 to 242 emu cm−3 and the
rise of theHC of the films from21 to 185Oemight be explained by the increase of the grain sizes with
the increase of%martensiticα’phase caused by increasing rotation speeds. The ternary FeCrMn thin
films exhibit increasing%martensiticα’phase and corresponding ferromagnetic properties with
increasing substrate rotation speeds. It is concluded that the nanostructuredfilms of FeCrMnhave
different properties from those of their bulk counterparts under the influence of substrate rotation
speeds. Therefore, themartensiticmechanismof thefilms can easily be controlled by changing
rotation speed for potentially flexible newdevice applications such as spintronics,magnetic hetero-
structures,magnetic separators, etc.

1. Introduction

Only some studies [1–7] have examined themechanical,magnetic, and structural characteristics of the
austenitic bulk FeCrMn-based stainless steels. And, the investigations looked into how their structural qualities
of the bulk FeCrMnwere affected by formability, phase transitions, and thermal aging [2–7]. As is well-known
that the characteristics of nanostructuredmaterials 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, andmicro electro-mechanical systems [8, 9].

In the vacuummethods, DCmagnetron sputtering [10–15] is a viable option for producingmagnetic thin
films that are both reasonably low-cost and high quality. Thefilms 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 themagnetic 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
thinfilms 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 themartensitic phase of
structural and relatedmagnetic properties. From these studies, it is observed that the substrate rotation speed is
themost effective parameter on the occurrence of themartensitic phases. And,martensitic FeCrfilmswere
deposited froma targetmade of the austenitic bulk AISI 430 stainless steel on the flexible substrate under the
rotation speeds and their structural andmagnetic properties were studied [13]. Also,martensitic FeCrNifilms
were also produced from the austenitic bulk AISI 304 stainless steel on the flexible substrate under the substrate
rotation speeds [14] and their properties of structural andmagnetic properties were investigated. Under the
deposition rates, the FeCrMn thin filmswere sputtered from the austenitic bulk AISI 202 stainless steel on the
flexible substrate under the effect of deposition rates [15]. The FeCrMn thinfilms need investigations of the
influence of the substrate rotation speeds on the phasemechanism. Therefore, under study, as far as concerned,
it is thefirst time that themartensiticmechanismof 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
speedswere investigated, and accordingly the structural and correspondingmagnetic properties were presented.
It is well known that nanostructurematerials have distinct properties from those of their bulk equivalents [16].
Thus, under study, it is seen that the FeCrMn thinfilms have different structural andmagnetic properties than
its bulk formof 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 filmswith
the structural andmagnetic properties of the increase of themartensiticα‘ phase. Thesefilmsmay open up
flexible new device applications, such as advancing the development of electronic and data storage devices.

2. Experimental

A serious of Ternary FeCrMn thinfilmswere depositedwith different substrate rotation speeds on
commercially available flexible polymer substrates (acrylic acetate) using aDCmagnetron 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 1mmwas used. To investigate the effect of substrate rotation speed on the structural
andmagnetic properties of the films, the rotation speedswere chosen as 0, 15, 30, and 45 rpmwith the steps of
15 rpm. Thefilmswere produced sequentially at chosen speeds whilemonitored in real-timewith 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, theywerefirstly bathed in distilledwater followed by isopropyl alcohol,
bothwithin 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 aDCmagnetron and sample
holder. Inside the vacuum chamber, the target-to-substrate distancewas 12.5 cm. The vacuumchamber
pressure was also dropped in the two-step evacuating process. The pressure was reduced to 5.00× 10−3mbar
with a rotary pump. Then, it was evacuated to a base pressure of 5.00× 10−6mbar using a turbomolecular
pump. Subsequently, argon gaswas dispatched into the vacuumchamber to create a pure argon deposition
environment in the pressure range of 3.00–4.00× 10−3mbar. Throughout the sputtering process, the
deposition ratewas kept constant at 0.09 nm s−1, and the environment temperature followed as 23± 1 °C.And,
the totalfilm thicknesses weremonitored in real-time using a quartz crystalmicrobalance thicknessmonitor
(Sycon, STM-100/MF,USA), and kept at 50 nm.After depositing, allfilmswere stored in a glass desiccator
containing silica gel to protect them fromoxidation.

Following the deposition of thefilms, the elemental analysis was conducted using energy-dispersive x-ray
spectroscopy (EDX; BrukerQuantax EDSXFlash® 6|30 system,USA). The EDX analysis focused on determining
the atomic contents of only Fe, Cr andMnwithin thefilms. To identify the crystal structures of the filmswere
employed an x-ray diffractometer (XRD; BrukerD8Advance diffractometer withDavinci Design for XRD2

software, UK). Cu-Kα radiation (λ= 0.15406 nm)was utilized for the XRD analysis. XRD scans were conducted
at room temperature across a 2θ range of 30° to 80°with a step size of 0.005° and obtained diffraction patterns
for allfilms. Scanning electronmicroscopy (SEM; ZEISS EVOLS 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 μm× 10 μmscan area. The
rootmean square, Rms roughness and average roughness, Ra values were subsequently extracted from theAFM
micrographs using ImageAnalyzer V4 software (developed byNanoMagnetics Instruments Inc.). Notably, the
analyses of the substrates were performedwithout prior to any sample coating for allfilms. Finally,magnetic
characterizationwas carried out using aVibrating SampleMagnetometer (VSM,ADETECHNOLOGIESDMS-
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EV9,USA). Hysteresis loops were obtained at room temperature with an appliedmagnetic field of±20 kOe
intervals in 1Oe steps. To avoid the shape anisotropy, the filmswere circularly prepared.

3. Results and discussion

Based on EDXmeasurements, elemental analysis findings of the FeCrMn thinfilmswere 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%Mnwith 0.9% additional elements of Cu,Ni, Co, andV [15]. A small deviation exists between the
target contents and the atomic percentage of Fe, Cr, andMn in thefilms. All of the Fe levels of the filmswere
lower than that of the targetmaterial but their Cr andMn contents were higher. Since Fe has a rather high
melting point, it is known to sputter it hard [17]. This ismost 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 from0 to 45 rpm, the atomic percentage of Fe in the film increases from70.32± 0.02% to
73.30± 0.02% and theMn in the films slightly decreases from13.94± 0.01% to 11.33± 0.01%.And, the atomic
percentage of Cr stays between 15.37± 0.01% and 16.33± 0.01%.

Figures 1(a)–(e) shows theXRDpatterns of the substrate and FeCrMnfilms 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
bct (110)martensiticα’-phase, tetragonal (430), and tetragonal (333) [15]. As the rotation speeds in figures 1(b)–
(e) increase, the bct(110)martensiticα‘-phase increasedwhile the tetragonal (430) and (333) phases almost

Figure 1.XRDpatterns of (a) substrate andmartensitic FeCrMn thinfilms sputtered at different substrate rotation speeds of (b) 0,
(c) 15, (d) 30 and (e) 45 rpm.

Table 1.Elemental, structural andmagnetic data of FeCrMn thinfilms sputtered at different rotation speeds of the substrate.

Elemental analysis Crystalline properties Surface Magnetic properties

Rotation

speeds

(rpm) Fe (at.%) Cr (at.%) Mn (at.%)
tbct(110)
(nm)

bct (110)
martensitic

phase (%)
Rms

(nm) Ra (nm) MS (emu/cm3) HC (Oe)

0 70.32± 0.02 15.74± 0.01 13.94± 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 11.33± 0.01 13.3 94.05 14.16 7.42 242 185
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unchanged. By calculating the ratio of all peaks throughout the area of the bct (110) plane, the volume fraction of
themartensite percentage of the bct (110) peakwas 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 halfmaximum (FWHM) value of the bct(110)peak, the Scherrer
formula [18]was used to calculate the average grain size, tbct(110), which is shown in table 1. The table illustrates
that the films sputtered at the rotation speeds of 0, 15, 30, and 45 rpmyielded the tbct(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 tbct(110) values of thefilms increases. Plotting the average grain size, tbct(110) andmartensite phase
percentage against rotation speeds produced the results shown infigure 2. As seen in thefigure, the tbct(110)
values andmartensitic phase percentage increasedwith 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 formdiverge from those of the bulk form in bulkAISI 202 (FeCrMn) stainless steels. It should also be noted
that the tbct(110) values under study are also slightly higher than the thin film formof 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 havemartensitic
properties. And therefore, themain aimof the studywas to investigate the effect of the variations of the substrate
rotation speeds on themartensitic phasemechanism of the FeCrMn thinfilms. The calculations from the peak
intensities of bct (110)martensiticα’phase of the thinfilms showed that the fraction ofmartensitic phase
increased as the substrate rotation speed increased Thismeans 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 bct (110) planes, dbct(110)was determined to be around 0.2019 regardless of the
rotation speeds. For lattice constant for bct (110) planes, abct values, theywere calculated as approximately
0.2895 nm. Based on the calculations, the abct values lie between those of bulk Fe (aFe= 0.2866 nm) andCr
(aCr= 0.2979 nm) and are close to bulkMn (aMn= 0.3782 nm) [18–20]. It is obtained from theXRDpatterns
that the ternary FeCrMnfilms displayed the increase ofmartensitic phase percentagewith increasing tbct(110)
values caused by the increase of the substrate rotation speeds It is well known thatmaterials 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 tomartensitic FeCrMn thinfilms.

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 infigure 3(a). As seen infigure 3(b),
thefilm sputtered at the stationary (0 rpm) case has a comparatively flat surface. And, infigure 3(c), thefilm
sputtered at 15 rpmhas a comparatively homogeneous surface with small narrow strip-like areas in the image. A
work concerning sputtered FeCrMnfilms [15] has SEM images that clearly display areaswith varying crystal
structures depending on deposition rates. In our study, images captured by SEM revealedmorphological results
that pointed to the locations of distinct crystal formations. Depending on the contrast, the image infigure 3(d)
displays separate regionswith dark and light sides at the rotation speed of 30 rpm. The darker and lighter areas in
thefilmdeposited at 45 rpmoffigure 3(e) are easily distinguishable fromone another, whichmay indicate a
difference in the crystal structure. TheXRDpatterns of thefilms appear to be compatible with the SEM images,

Figure 2.Plots of average grain size, tbct(110) and%martensitic phase against the substrate rotation speeds of the films.
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displaying amixed body-centred tetragonal bct (110)martensiticα’-phase, tetragonal (430), and tetragonal
(333) structure. Although studies [21–23] have shown that a comparatively higher iron content in the filmsmay
be the cause of the increased surface inhomogeneity, under study thismay 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 allfilms have a
consistent composition throughout their surface (data not shown). It is observed that the smooth surface of the
films turned into the inhomogeneity shapedmorphologywith the rise of themartensitic phase percentage
caused by the increase of the substrate rotation speeds.

AFM image of the substrate was taken and shown infigure 4(a). Figures 4(b)–(e) presents the AFM images
thatwere acquired from the films sputtered at substrate rotation speeds of 0, 15, 30, and 45 rpm, respectively.

Figure 3. SEM images displaying the (a) substrate andmartensitic FeCrMn thin films sputtered at (b) 0, (c) 15, (d) 30 and (e) 45 rpmof
the substrate rotation speeds.
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The surfaces are described using the rootmean square, Rms and the average roughness, Ra acquired fromAFM
images. In table 1, these values are displayed. According to calculations, the Rms values, which show the average
of surface roughness, for thefilms increased from7.99 to 14.16 nmwith the increase of rotation speeds from0 to
45 rpm. And, the Ra values, increased from7.04 to 7.42 nm for the films sputtered from0 to 45 rpm. For the
FeCrNifilms 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 andRms values of the FeCrMn films sputtered
fromaustenitic AISI 202 stainless steels. It was also discovered that when themartensitic phase percentage
increased under the speed of the substrate rotation, the homogeneous film surface transferred into a rougher
structure, as seen inAFM images infigure 4. It is evident that the SEMandAFMobserved surface properties of
thefilmswere consistent under study.

Formagnetic analysis of the FeCrMn thin films, the hysteresis loops of thefilmswere plotted at±3 kOe as
displayed infigure 5. The data obtained from the loops are shown in table 1. Themagneticmeasurement of
austenitic bulk AISI 202 stainless steels, in contrast to prior investigations of showing paramagnetic behaviour
[5–7, 24], exhibits paramagnetic andweak 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 thinfilms occurred due to themartensitic phase as obtained fromXRDmeasurements,
see table 1,figure1 andfigure 5.With the increase of rotation speeds, the saturationmagnetisation,MS of the
films increased from148 to 242 emu cm−3 and, the coercivity, HC values of thefilms increases from21 to 185
Oe. Infigure 6 andfigure 7, the variations ofMS andHC values against%martensitic phase under the substrate
rotation speeds were plotted, respectively.Mn is paramagnetic andCr is antiferromagnetic while Fe is

Figure 4.AFM images demonstrating (a) substrate andmartensitic FeCrMn thin films sputtered at (b) 0, (c) 15, (d) 30 and (e) 45 rpm
of the substrate rotation speeds.
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Figure 5.Magnetic hysteresis loops ofmartensitic FeCrMn thin films at the substrate rotation speeds of 0, 15, 30 and 45 rpm are
plotted at± 3 kOe.

Figure 6.The saturationmagnetisation,MS and%martensitic phase against the substrate rotation speeds of 0, 15, 30 and 45 rpm.

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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ferromagnetic at room temperature in nature [8]. The relationships between these three elementsmight be
ignorable since they have differentmagnetic characteristics. There is only Fe as an element to consider for the
change of themagnetisation. As seen infigure 6, themain contribution to theMS values of thefilmsmay come
from the increase ofmartensitic percentage since the rise in Fe content (around 3%)may be insufficient to
explain the increase ofMS values (approximately 39%) under increasing rotation speeds. As in the investigations
[14, 15], although the slight variations of iron content in thefilms are expected to be the cause of theMS values,
the reason under study is thought to be coming from themartensitic phasemechanism of thefilms. In the case of
theHC values, it increasedwith the increase of the tbct(110) values as themartensitic percentage increased, which
caused by the increase of the rotation speeds. Infigure 6 andfigure 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, themartensitic phase percentage which is responsible for the rise in
grain size, caused an increase in theMS andHC 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, themagnetic easy-axis is observed to be in
thefilmplane. 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 aflexible amorphous
polymer substrate from a single target composed of commercial austenitic bulk AISI 202 stainless steels using a
DCmagnetron sputtering techniquewere examined. The compositional analyses of the films revealed that when
rotation speeds increased, the Fe content of the films rose, and theirMn content fell. And, x-ray diffraction
technique displayed that the peak intensity of bct (110)martensiticα’phase increasedwith the increase of the
rotation speeds whereas the tetragonal (430) and (333) peaks stayed nearly constant.With a further
investigation, grain size andmartensitic percentage of the films increasedwith increasing rotation speeds. Also,
themorphological analysis of the film surfaces, performed by a scanning electronmicroscope and atomic force
microscope, presented that the homogeneous surfaces of the films changed into rough structure with increasing
rotation speeds. In the case ofmagnetic analysis, the increase of the ferromagnetic nature of the FeCrMn thin
filmswere obtained under the increase of the rotation speeds. And, the increase of the saturationmagnetisation
from148 to 242 emu cm−3 and the coercivity of the films from21 to 185Oemay be explained by the increase of
the grain sizes with the increase of themartensitic phase percentage caused by increasing rotation speeds.
Therefore, themartensitic phase occurred in ternary FeCrMn thin films can be controlled by changing substrate
rotation speeds for potential data storage andmicro electric-electronic devices onflexible substrates.

Figure 8.The parallel and perpendicular hysteresis loops of themartensitic FeCrMn thinfilm sputtered at 45 rpmare plotted at
± 10 kOe.
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