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Abstract In this paper, we investigate the structure,

composition, magnetic, and mechanical properties of

stainless steel thin films formed by thermal evaporation

technique. These thin films reveal novel structural and

physical properties where they were found to consist of

nanocrystals that are *90 % body-centred cubic crystal

structure which holds ferromagnetic properties (a-phase),
and *10 % face-centred cubic crystal structure which is

paramagnetic at room temperature (c-phase). The presence
of the above phases was quantified by X-ray diffraction,

transmission electron microscopy, and conversion electron

Mössbauer spectroscopy. The magnetic properties were

evaluated by a superconducting quantum interference

device magnetometer, and they confirmed the dual-phase

crystal structure of the stainless thin films, where the

presence of c-phase reduced the magnetization of the

produced thin films. In addition, the fabricated stainless

steel thin films did not contain micro-cracks, and they

exhibit a tensile stress of about 1.7 GPa, hardness of 7.5

GPa, and elastic modulus of 104 GPa.

1 Introduction

Bulk 304 stainless steel is a highly demanded material in

industry due to its novel properties and wide range of

applications [1–3]. The main advantages of stainless steel

over other metals are: its resistance to corrosion in severe

environments, it holds outstanding mechanical properties at

widespread temperature range, and its low oxidation rate at

high temperatures [4–6]. The superior properties of bulk

304 stainless steel are assigned to its microstructure that

consists of a unique austenite phase [7, 8]. The austenite

phase is paramagnetic [9], while the ferrite phase is fer-

romagnetic when measured at room temperature [10].

Thin films of stainless steel exhibit a main advantage

over their bulk which is the formation of a protective

passive film on the surface of the sample [11, 12]. Different

morphology characterization techniques were used recently

to characterize the crystal structure, composition, and grain

size of stainless steel thin films [13, 14]. The combination

of X-ray diffraction (XRD) and transmission electron

microscopy (TEM) provides a powerful tool to quantify the

crystal structure of granular systems.

Bulk 304 stainless steel (AISI 304 type) is normally

non-ferromagnetic, and it exhibits FCC austenite structure

(c-phase) at ambient temperature [15]. On contrast, stain-

less steel thin films fabricated by the physical vapour

deposition (PVD) method are strongly ferromagnetic and

they exhibit BCC ferrite structure (a-phase) at ambient

temperature [16–19]. However, this is an unstable poly-

crystalline structure for thin films formed by PVD method

because of the ultra-quick cooling of the atomic vapour

when deposited on a substrate [16].

Previously, we presented results of a comparative study

of the microstructural stainless steel thin films fabricated

by two PVD methods: ion beam sputtering and the thermal
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evaporation [20]. The study demonstrated the existence of

two ferromagnetic iron sites in the ferrite BCC (a-phase) of
the stainless steel thin films fabricated by thermal evapo-

ration only [21]. The effects of annealing and addition of

titanium on the structural properties of these thin films

were investigated. Further investigation is needed to

address the crystal structure, structure size, composition,

magnetization, and mechanical properties.

In this study, stainless steel thin films are fabricated by

the thermal evaporation method which is, relatively, a

simple PVD technique. The structure, composition,

mechanical, and magnetic properties of the thin films are

investigated in details using: conversion electron Möss-

bauer spectroscopy (CEMS), XRD, TEM, scanning elec-

tronic microscope (SEM), and energy-dispersive X-ray

analysis (EDX). The magnetization is investigated using a

superconducting quantum interference device (SQUID),

while the mechanical properties are tested using a

nanoindenter. In the following section, the experimental

procedure used in this work is described. Next, the results

are presented followed by a detailed discussion.

2 Experimental

2.1 Thin film fabrication

Stainless steel thin films were prepared by thermal evap-

oration on substrates that were placed vertically above the

thermal evaporation source (vertical distance of *20 cm)

in a residual pressure of approximately 4 9 10-6 mbar.

The evaporation temperature of bulk stainless steel was

\1400 �C, and deposition speed was Vd = 103 Å/s. The

substrates were fixed on a non-rotating table that was kept

at room temperature (*25 �C). The bulk source material

was a commercial AISI 304 austenitic stainless steel. For

evaporation, a stainless steel plate was cut mechanically

into small chips (3 9 1.5 9 0.5 mm3). The chips and the

surface of the substrates were cleaned with alkaline

detergent and alcohol by means of ultrasonic bath before

deposition.

Thermal evaporation was used to produce stainless steel

thin films with thicknesses of 100–200 nm onto the fol-

lowing substrates: glass, quartz, and Si wafers (crystal

orientation [100]) with native oxide. A custom-designed

deposition chamber was employed in this work which

utilized a tungsten crucible, and a quartz crystal to monitor

and control the film thickness. The thicknesses of the

stainless steel thin films were confirmed by: (i) a Stylus

RM 600 laser profilometer at a resolution of 5 nm (non-

contact method) and (ii) mechanical Dektak IIA pro-

filometer using the scanning mode (contact method). In this

study, thin films of a thickness of 160 nm were used.

2.2 Characterization techniques

2.2.1 XRD

XRD analyses of the stainless steel thin films were per-

formed using a SIEMENS D500/501 diffractometer (Cu-

Ka radiation, k = 1.5406 Å) with a step size of 0.05�/s.
XRD data were collected over a 2h range of 40–130�. The
diffractometer was equipped with a graphite monochro-

mator placed before the detector to eliminate Kb radiation.

2.2.2 TEM

The structure of the prepared thin films was investigated

using a JEOL 200-CX TEM. Herein, bulk austenitic stain-

less steel was evaporated on TEM grids with a thickness of

about 100 nm. TEM was utilized in this work for electron

diffraction (that determines crystal structure) and imaging,

i.e. bright and dark field modes. The TEM was operated

under a pressure of *10-6 mbar using an accelerating

voltage of 200 kV with a resolution of 0.4 nm for imaging

and 0.0251 Å of the wavelength for electron diffraction.

2.2.3 CEMS

Room-temperature CEMS spectra were recorded using a

constant acceleration spectrometer, with a 57 Co/Rh source

(50 mCi) and a continuous gas flow proportional counter

(using He and 5 % CH4 gases at 293 K) [22]. The Möss-

bauer technique enables examining atomic coordination in

the neighbourhood of probe nuclei via hyperfine interaction

parameters. The spectra were computer fitted which yiel-

ded the hyperfine magnetic field (HMF) distribution, where

it was assumed that each spectrum is a superposition of a

number of sub-spectra having different hyperfine interac-

tions and relative contributions. In all cases, the isomer

shift at the 57 Fe nucleus is given relative to a-Fe at room

temperature.

2.2.4 SEM and EDX

A scanning electron microscope (JEOL 5600-2v) was uti-

lized to investigate the morphology of the produced thin

films using an accelerating voltage of 20 kV. The com-

position of the thin films was also determined by EDX

analysis inside the SEM chamber. The chemical compo-

sition of the bulk stainless steel and thin films was mea-

sured and shown in Table 1.

2.2.5 SQUID

Magnetization measurements were performed with a

magnetic field (H) in the plane of thin film surface, using a
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superconducting quantum interference device with an

MPMS-XL7 magnetometer (Quantum Design). The sur-

face area of each thin film specimen used for magnetization

measurements was 4 9 5 mm2.

2.2.6 Residual stress

Residual stress was determined for the thin films by the

(sin2 w) method using the obtained XRD results, where w is

the angle between the normal to sample surface and the

normal to diffraction plan (hkl). The sin2 w method is

appropriate for constraints measurement of thin films

because those thin films consist of homogenous fine crys-

tals with random orientations. This method is based on the

relation between the dhkl reticular distance and the varia-

tion in w angle (i.e. dw, dw=0, and d?w), where w changes

between -45� and ?45�. The relation between (ln (1/sin

h)) and (sin2 w) provides a linear relationship, and the slope
of the linear fit is m = � S2 ru. Here, S2 is an elastic

constant, r is the residual stress of the sample surface, and

u is an angle defining the direction of deformation and

strain chosen between the x and y directions relative to the

sample surface. The sin2 w method was applied for the

Bragg’s peak of the (211) a-phase, where w = 0 corre-

sponds to 2h = 82.696� with FWHM = 0.846�. For each
w angle value, we measured the new position of 2h angle

for peak (211) a-phase. The values of w angle used in this

study are shown in Table 2.

2.2.7 Nanoindentation

The experimental nanoindentation method allows studying

the elasto-plastic properties of nanometric scale of thin

films. A NHT100 (CSM Instruments of Suisse) nanoin-

denter with a displacement precision of 0.3 nm was used in

this study. The nanoindenter used a Berkovitch’s pyramidal

diamond penetration tool with e = 0.75 (geometrical

constant of indenter). The maximum load was 0.5 mN, and

it was applied on indenter which was sufficient to ensure a

penetration depth of around 10 % of film thickness (in

order to avoid substrate scratch/damage, or unrepresenta-

tive measurements that are influenced by the substrate).

The hardness and elastic modulus values were determined

using load and displacement results after treatment of the

nanoindentation results by the Oliver and Pharr method

[23].

3 Results and discussion

3.1 Crystal structure analysis

X-ray diffraction pattern of an as-deposited stainless steel

thin film is shown in Fig. 1a. The strong intensity observed

for the XRD pattern indicates a high crystallinity of the

nanocrystalline thin films. The formation of nanocrystal

can be assigned to the fast cooling of the hot atomic vapour

when deposited on a cooled substrate [16]. This process

can be compared to the formation of nanoclusters by inert

gas condensation, where cooling of the hot atoms was

achieved by cooled inert gas [24, 25]. Table 3 shows a

comparison between the diffraction peaks in the figure and

the reported values using JCPDS card number 6–696.

Those results demonstrate that the as-prepared stainless

steel thin films are primarily composed of ferrite with a-
phase of BCC. In addition, the experimental values of the

position of the diffraction peaks in Table 3 reveal a shift

towards higher 2h angles (dh = 0.034) compared to the

pure ferrite. This indicates that the ferrite network is dis-

torted, most probably because the ferrite is allied with other

elements (nickel, manganese, and chrome). It should be

noted here that the XRD results of the as-prepared stainless

steel thin films are reproducible regardless of the substrate

type; thus, the thin films are well crystallized.

A careful observation at the bottom of the broadening of

the (110) peak clearly shows a left asymmetry, indicating

the presence of another peak with low intensity that can be

attributed to the presence of a secondary phase. A decon-

volution of the (110) peak was performed using the Dif-

fract-Plus software with ‘‘pseudo-Voigt’’ function, and it

reveals the presence of additional peak (111) that belongs

to the c-phase of FCC structure, as shown in Fig. 1b. This

indicates that the as-prepared stainless steel thin films have

Table 1 Chemical compositions of the stainless steel nanocrystalline

thin film and the initial bulk material

Elements Chemical composition (weight %)

Bulk (304)

stainless steel

Nanocrystalline

stainless steel thin films

Fe 70.95 71.75

Cr 18.98 17.06

Ni 7.96 7.60

Mn 1.70 3.48

Si 0.41 –

C 0.05 –

Table 2 Values of w angle

used to determine the residual

stress

N� 1 2 2 4 5 6 7 8 9

w (�) -39.2 -33.2 -26.2 -18.4 0 ?18.4 ?26.2 33.2? ?39.2
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a crystalline structure with two phases: a-phase which is

the dominant phase and thus it represents the matrix, and c-
phase with low concentration. The parameters of both

diffraction peaks (110) a-phase and (111) c-phase are

presented in Table 4. Quantitative phase analysis can be

performed using the intensity ratio (Ic
Ia) which is propor-

tional to the volume fraction ratio of the corresponding

phase (Cc
Ca) and the ratio of the characteristic coefficients of

the considered phases (Rc
Ra), using Eq. (1) [26]:

Ic
Ia

¼ RcCc
RaCa

ð1Þ

The intensity of each phase in Table 4 is given in

arbitrary units (au). The quantitative microstructural anal-

ysis of the stainless steel thin films reveals that *94 % of

the thin films are of a-phase and *6 % are of c-phase, as

shown in Table 5. Moreover, the crystal size can be esti-

mated using Scherrer’s relation applied for the (110) a-
peak [10]:

D ¼ Kk
b cos h

ð2Þ

where D is the average diameter of a crystal, b is full width

at half maximum of the diffracted line (FWHM), h is Bragg
angle, k is the incidental wavelength of Cu anode, and K is

a constant that depends on the crystal shape. In the present

study, K = 1 is used since the thin films contain dual

crystal structures. The calculated values for the crystal size

are given in Table 6. The obtained values of nanocrystal

diameter (Da = 17 nm and Dc = 8 nm) confirm that the

as-prepared stainless steel thin films produced by thermal

evaporation consist of nanometre-sized crystals.

Fig. 1 a XRD pattern of stainless steel nanocrystalline thin film. b Separation of the two peaks: (110) a-phase and c-phase as obtained by

deconvolution using a Diffract-plus software

Table 3 Indexing the a-phase
using X-ray diffraction peaks

for stainless steel film using a

standard card (JCPDS number

6-696)

Diffraction peaks 1 2 3 4 5

Experimental XRD pattern 2h (�) 44.80 65.60 82.59 99.26 117.51

Reference: JCPDS number 6-696 a-phase BCC 2h (�) 44.674 65.023 82.335 98.948 116.390

(hkl) (110) (200) (211) (220) (310)

Table 4 Indexing the X-ray

diagram peaks for a and c
phases for the stainless steel

film

Diffraction peaks 2h (�) FWHM (�) I (au) Reference

(110) a-phase 44.8037 0.5506 510.14 JCPDS N� 6-696, phase: a-BCC
(111) c-phase 43.8545 1.2052 21.14 JCPDS N�33-397, phase: c-FCC

Table 5 Quantification of the a
and c phases using Eq. (1)

Intensities ratio (Ic/Ia) Coefficients ratio (Rc/Ra) Quantity of each phase

Cc Ca

*0.042 *0.693 *6 % *94 %
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3.2 Surface analysis

The surface morphology of the stainless steel nanocrystal

thin films is investigated by SEM and optical metallo-

graphic microscope (using a CCD camera coupled to a

computer equipped with ‘‘Visilog’’ software for image

processing). Figure 2 presents the surface morphology of a

nanocrystal thin film. The images show that the films are

free of apparent defects or microscopic cracks. The optical

micrograph in Fig. 2a shows a smooth and uniform surface,

with a homogeneous and regular texture. The SEM

micrograph in Fig. 2b shows a fine granular-shaped film

with the presence of small grown islands.

3.3 Chemical composition

The results of elemental chemical analysis carried out by

EDX are presented in Table 1. The table shows that the

chemical composition of the nanocrystal thin films is close

to that of the initial bulk material. The observed increase in

the concentration of Mn for thin films is due to its high

evaporation rate generated by the low vapour pressure of

this element and its low evaporation temperature (800 �C)
compared to that of the remaining metals under high vac-

uum (for Fe *1000 �C, Cr *1300 �C, and Ni *1100 �C)
[27]. However, concentrations of Cr and Ni in the stainless

steel thin films are almost identical to that of the bulk.

Herein, the high vacuum in the deposition chamber (10--

6 mbar) interrupts the oxidation reaction of iron

(FeO ? C = CO ? Fe) [28]; thereby, a decarburization

without oxidation of chromium occurs within the

nanocrystal stainless steel thin films [29]. Accordingly, Cr

and Ni concentrations are conserved in the thin films, while

carbon concentration is reduced [30]. It should be noted

here that the concentrations of Si and C in thin films could

not be quantified as their concentrations are below the

resolution of the EDX.

3.4 TEM analysis

The TEM observations of the stainless steel nanocrystal

thin films that include the micrographic structure and

diffraction patterns are shown in Figs. 3 and 4. Figure 3a

shows a TEM image in the bright field mode that reveals a

polycrystalline structure with nanocrystals of sizes

(25–28 nm) and random orientation. The nanocrystal sizes

have a normal distribution, and they are of the same order

of magnitude of the sizes obtained by the XRD analysis.

Nevertheless, size calculation by XRD analysis produces a

rough and qualitative estimation of nanocrystal size, while

TEM images produce accurate size within the accuracy of

the microscope.

The examination of the TEM electron diffraction pat-

terns (Figs. 3b, c, 4a, b) reveals the phases present in the

stainless steel thin films (by indexing the diffraction rings

and relating them to the phases, which allows determina-

tion of crystal parameters of the considered phase). Herein,

TEM was used in the dark field mode where only crystal

diffraction patterns appear in the figure. The diffraction

rings in Fig. 3b confirm all crystal planes associated with

stainless steel of a-phase, in agreement with Table 3. The

excessive width of the central ring diffraction diagrams in

Fig. 2 Representative surface aspects of stainless steel nanocrystalline thin films. a Optical micrograph; b SEM micrograph

Table 6 Crystallite size values a and c phases present in the stainless
steel nanocrystalline thin film calculated using the X-ray diffraction

pattern

Phases (hkl) 2h (�) B (rd) D (nm)

Ferrite (a) (110) BCC 44.8 0.0096 17

Austenite (c) (111) FCC 43.85 0.0209 8
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Figs. 3 and 4 reveals the presence of juxtaposition of rings

corresponding to (111) of c-phase and (110) of a-phase
(along with the other rings of a-phase). The dark field

image of Fig. 4a shows bright crystals that correspond to

the diffraction ring of a-phase for (211) electronic

diffraction pattern. In addition, the dark field image of

Fig. 3 a TEM image of a stainless steel thin film. b A diffraction pattern that reveals all atomic planes of a-phase. c A diffraction pattern that

reveals the existence of both phases: a and c. Right experimental rings. Left theoretical rings

Fig. 4 Micrographs in dark field of the stainless steel thin film structure revealing the (211) of a-phase (a), as well as (110) of a-phase and (111)
of c-phase (b).
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Fig. 4b shows more bright crystals that correspond to both

diffraction rings of c-phase and a-phase for (111) and (110)
electronic diffraction patterns, respectively. The crystal

parameter values are presented in Table 7, which confirm

the presence of the two phases: a and c. These results are

consistent with the results obtained by XRD and CEMS (as

below) methods.

3.5 CEMS analysis

CEMS spectrum of a stainless steel nanocrystal thin film

deposited on a Si substrate (166 nm thick) is presented in

Fig. 5. The figure reveals a ferromagnetic sextuplet com-

posed of six wide lines and a paramagnetic singlet in the

centre with variable intensities. The ferromagnetic and

paramagnetic components confirm the presence of a (fer-

romagnetic) and c (paramagnetic) phases. The values of

isomeric displacements (IS) of the ferromagnetic and

paramagnetic parts of the spectrum are 0.034 and

-0.14 mm/s, respectively. It should be noted here that the

IS values of the stainless steel film films are larger than that

of standard bulk iron due to the higher Ni concentration in

the BCC a-phase. Also, the IS values of the stainless steel

films are less than that of bulk 304 stainless steel due to the

higher Cr concentration in the FCC c-phase. The above

CEMS spectrum supports that stainless films obtained by

thermal evaporation process an unstable polycrystalline

structure that consists of FCC c-phase that is formed in

small quantity (about 10 % of iron atoms), and the majority

is BCC a-phase. Also, after deconvolution of the CEMS

spectrum, two local environment (ferromagnetic iron) sites

in the BCC a-phase ferromagnetic were revealed in Fig. 5:

(i) s1 that represents the spectrum that corresponds to local

environment site which is strongly ferromagnetic and rich

in Cr; and (ii) s2 that represents the spectrum corresponds

to local environment site that is weakly ferromagnetic and

rich in Ni and Mn.

3.6 Magnetism

The temperature dependence of the magnetization for the

fabricated stainless steel thin films measured at 50 Oe is

shown in Fig. 6. The figure reveals a direct increase in the

magnetization with temperature. The increase in magneti-

zation with temperature is assigned to the majority of the

ferrite phase within the thin films as illustrated above. In

contrary, for different systems with major concentration of

austenite, the magnetization was reported to either decrease

[31] or increase and then decrease [32]. The magnetization

curves at 5 and 300 K are shown in Fig. 7. The hysteresis

reveals strong magnetic properties which are consistent

with the domination of the ferrite phase with the thin films

[31]. As the temperature increases from 5 to 300 K, the

coercivity increases from about 50–90 Oe, and the satu-

ration remanence increases from 0.00085 to 0.00095 emu/

cm3. Those figures are consistent with the structural and

compositional results discussed above.

3.7 Residual stress

The residual stress was evaluated by the analysis of a single

Debye ring via the conventional sin2 w method. The sin2

w method was applied to the (211) diffraction line of the

ferrite (a-phase) stainless steel thin film, which corre-

sponds to the angle 2h = 82.696�. The peak position is

largely influenced by the value and direction of the residual

stress developed in these thin films. The results of the

residual stress analyses are represented in Fig. 8. The figure

shows the development of two groups of straight line fitting

for ln(1/sin h) as a function of (sin2 w). Only slight dif-

ference between the slopes of the two groups can be

observed. Both fittings define the intensity and the direction

of residual stresses developed in these stainless steel thin

films which proves that the residual stresses are biaxial

Fig. 5 CEMS spectra at ambient temperature for various nanocrys-

talline stainless steel thin films. The spectrum corresponding to first

environment site (s1) that is strongly ferromagnetic in BCC a-phase.
The s1 site is rich in Cr. The spectrum corresponding to second

environment site (s2) that is weakly ferromagnetic in BCC a-phase.
The s2 site is rich in Ni

Table 7 Experimental and theoretical parameters of (dhkl)

Parameters dhkl (Å)

Width of the central

ring for electron

diffraction pattern

Rings of reference

JCPDS files

Experimental

results from XRD

6–696 33–397

2.046 2.027 2.075 2.0205 2.0619

(110) a (111) c (110) a (111) c
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with out-of-plane normal stress; i.e. r3 = 0 (r3 is the

following constraint to the vertical z-axis on the surface).

Accordingly, no stress gradient is applied for the studied

thin films because of the minimal difference between the

two orientation branches (-w and ?w). The slope (m) of

the linear fit of ln(1/sin h) versus (sin2 w) is m = � S2 ru.
Here, � S2 = 5.71 9 10-3 (1/GPa), and m = 0.0103. This

permits the evaluation of the residual stress value, and it is

equal to ru = ?1.7 GPa. The residual stress calculated

here is of tension with low intensities.

3.8 Hardness and elastic modulus

Hardness and elastic modulus were determined by the

nanoindentation test. These mechanical properties at

nanometres scale can influence the behaviour and dura-

bility of stainless steel thin films in the environmental

industries. The test results are presented by the curves

tracing the relation between the force applied (F) and the

penetration depth (h) of the nanoindenter. This test reveals

the evolution of the penetration depth of indenter under the

effect of the increasing force applied, and it permits to

determine the hardness (H) and elastic modulus (E) of the

stainless steel thin films. The results of the nanoindentation

test are shown in Fig. 9. The figure shows clearly that the

stainless steel thin films have approximately a hardness

value of 7.5 MPa and an elastic modulus value of 104 GPa.

Evidently, the stainless steel nanocrystal thin films pre-

pared by the thermal evaporation technique exhibit hard-

ness and elastic modulus rather low relative to that of the

bulk 304 stainless steel (E = 200 MPa). Herein, the weak

impact energy of evaporated atoms introduces some faults

between nanocrystals, and it develops tensile stress in the

nanocrystal thin films; thus, it generates a low elastic

modulus and a low hardness and alters all the mechanical

properties. This phenomenon can be explained by the

atomic peening model, where surface modification is

assigned to the collision of many small solid objects with

the surface [33].

4 Conclusion

In this work, we optimized the fabrication conditions of

stainless steel thin films formed by thermal evaporation;

therefore, the crystal structure and chemical composition

were reproducible. The thin films exhibit good surface

aspect and dual crystal structure: BCC (a-phase) that is

ferromagnetic and FCC (c-phase) that is paramagnetic. The

c-phase was detected by conversion electron Mössbauer

spectroscopy (CEMS) and X-ray diffraction (XRD), and its

abundance was estimated to be 10 % using CEMS and 6 %

using XRD. The thin films exhibit nanocrystal structure

with crystal sizes of 17 nm for the a-phase, and 8 nm for

the c-phase. In addition, the thin films obtained by thermal

evaporation are not textured because they exhibit rather a
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Fig. 6 Magnetization as a function of temperature for a stainless steel

thin film

Fig. 7 Magnetization measurements as a function of applied magnetic field performed at (a) T = 300 K and (b) T = 5 K
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small disorientation as revealed by XRD. These stainless

steel thin films exhibit residual stress constraints of an

average value of 1.7 GPa, hardness of 7.5 MPa, and elastic

modulus of 104 GPa. Therefore, the prepared thin films can

be utilized for practical industrial applications such as

protective coating layers.
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