
Tuning substrate temperature for improved adhesion and mechanical
properties of magnetron sputtered high entropy alloy thin-films

Downloaded from: https://research.chalmers.se, 2025-11-29 07:46 UTC

Citation for the original published paper (version of record):
Subhakar, M., Pandey, L., Chaudhary, S. et al (2025). Tuning substrate temperature for improved
adhesion and mechanical properties of magnetron
sputtered high entropy alloy thin-films. Thin Solid Films, 832.
http://dx.doi.org/10.1016/j.tsf.2025.140817

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Tuning substrate temperature for improved adhesion and mechanical 
properties of magnetron sputtered high entropy alloy thin-films

M․ Subhakar a , L. Pandey b,e , S. Chaudhary b, S.P. Jaiswal c , S.S. Singh c , U. Mahmud d ,  
Y.L. Chiu d, I.P. Jones d, J. Jain a,*

a Department of Materials Science and Engineering, Indian Institute of Technology Delhi, New Delhi 110016, India
b Thin Film Laboratory, Department of Physics, Indian Institute of Technology Delhi, New Delhi 110016, India
c Department of Material Science and Engineering, Indian Institute of Technology Kanpur, Uttar Pradesh 208016, India
d School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
e Department of Microtechnology and Nanoscience, Chalmers University of Technology, SE-41296 Göteborg, Sweden
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A B S T R A C T

This work reports on the deposition of non-equiatomic CoCrFeNi high entropy alloy (HEA) thin films at various 
substrate temperatures (Room Temperature (RT), 200 ◦C, 300 ◦C, and 400 ◦C) on EN-24 steel substrates. The 
deposited films exhibited a preferred {111} crystallographic orientation and possessed a single-phase face 
centred cubic (FCC) crystal structure. The roughness of the film (Rrms) gradually increased from ~ 1 nm to ~ 4 
nm as the particle size grew from ~ 20 nm to ~ 37 nm simultaneously as the substrate temperature increased 
from 200 ◦C to 400 ◦C, indicating an enhancement in atomic mobility across intergranular interfaces. The 
hardness of the film reached to a maximum of ⁓ 17 GPa for the film fabricated at 400 ◦C. This increase is 
attributed to improved crystallinity, preferential growth orientation and higher columnar density. Notice that 
this hardness significantly exceeded that of steel substrate, nearly fourfold. The films deposited at 200 ◦C and 300 
◦C exhibited the exceptional adhesion in the incremental load scratch tests, with no signs of delamination. On the 
other hand, the films deposited at room temperature and 400 ◦C delaminated during the scratch test. The 
diffusion bond established between the film and the substrate contributed significantly towards the outstanding 
adhesion of the film, as evidenced by the cross-sectional Transmission Electron Microscopy (TEM) analysis.

1. Introduction

In conventional alloys, one or two elements typically form a matrix 
with minor solute amounts influencing their properties [1]. However, in 
2004, Yeh et al. [2] introduced the concept of high entropy alloys (HEA) 
and Cantor et al. [3] termed a similar class of alloys as multi-component 
principal element alloys that are particularly fascinating because of their 
excellent and unusual properties which arise from their unique 
compositional state where five or more primary elements added in 
equimolar or non-equimolar ratios, with each element’s content ranging 
from 5–35 % [2]. The basis for the name comes from the high config
urational entropy as they are claimed to favor the formation of simple 
solid solution phases like body centred cubic (BCC), face centred cubic 
(FCC), or Hexagonal closed packing (HCP) rather than any intermetallic 
phases [4,5]. These HEAs are known to have outstanding wear and 
corrosion resistance [6], high yield strength [7–9], large ductility [10], 

excellent fatigue resistance [11] and good fracture toughness [12,13]. 
Thus, these alloys are of special interest to researchers.

Over the last two decades, HEAs have been widely studied in the bulk 
form leading to significant advances in understanding their unique 
properties [14–16]. However, significant knowledge on HEA thin films 
remails relatively limited and many aspects of their behaviour are not 
fully understood [17,18]. It has been reported that HEAs when fabri
cated as thin films show high hardness [19] because of their nano
crystalline structure, and improved wear resistance [20]. This enhanced 
hardness and the associated mechanical properties make HEA thin films 
highly attractive as protective coatings.

The application of thin-film protective coatings is promising for 
increasing the lifespan of engineering components, especially in 
demanding fields of aerospace [21], mechanical components [22] and 
many other crucial engineering applications [23–25].

The common methods to deposit thin films are laser cladding, 
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magnetron sputtering, spraying and electro-deposition [26]. Among 
these, Magnetron sputtering is one of the most favoured fabrication 
techniques due to its ability to precisely control the microstructure, film 
chemistry and physical features through tweaking of deposition pa
rameters. These sputtered films possess the advantages of strong 
bonding force, dense and uniform structure, and enhanced strength
ening caused by homogeneous solid solution [19,27,28].

Khan et al. [29] deposited AlCoCrCu0.5FeNi films onto Si (100) 
substrates at varying radio frequency (RF) powers (200 W, 250 W and 
300 W). The resulting films were polycrystalline, exhibiting a mixture of 
FCC and BCC phases. Notably, the BCC fraction increased with an in
crease in the substrate power. The High-resolution transmission electron 
microscopy (HR-TEM) results revealed the presence of amorphous phase 
at the grain boundaries. Additionally, grain morphology evolved from 
equiaxed to columnar as the substrate power increased from 200 W to 
300 W. The highest achieved hardness of 13 GPa was attributed to the 
reduced particle size and increased Al content in the fabricated films. 
Alternatively, Zhao et al. [30] investigated the deposition of CoCrFeNi 
films under varying bias voltages. They found that the films displayed a 
columnar morphology with a combination of FCC and amorphous 
phases. The maximum hardness, approximately 12 GPa, was observed in 
the film produced at a bias voltage of − 200 V.

Similarly, Hu et al. [31] investigated the impact of substrate tem
perature on Fe-Co-Ni-Cr-Mn films deposited on Si substrates. They 
observed that the hardness initially increased with temperature due to a 
reduction in voids at the grain boundaries but then decreased as the 
particle size increased. Additionally, they noted a decrease in the frac
tion of amorphous phase within crystalline matrix as the substrate 
temperature increased, while the crystallinity of the films improved with 
higher substrate temperatures.

While most studies have been carried out utilizing Si substrates 
[29–31], there are limited number of studies focusing on using steel 
substrates. For instance, Zhao et al. [32] fabricated AlCrFeCoNiCu₀.₅ 
HEA thin films on stainless steel 304 substrates with varying bias volt
ages using filtered cathodic arc deposition. Their primary objective was 
to investigate both interface and surface chemistry. All films exhibited 
an FCC phase with predominantly equiaxed grains, and the maximum 
film hardness reached ⁓ 9 GPa at − 25 V. As the bias voltage was varied, 
a transition from Cr₂O₃ to Al₂O₃ was observed, which was attributed to 
the breaking of Cr–O bonds due to ion bombardment and the lower 
enthalpy of formation of aluminium oxide compared to Cr₂O₃. Further
more, a transition from incoherent to semi-coherent interfaces was 
observed as the bias voltage increased from 0 V to − 50 V.

Nonetheless, there is limited literature that quantifies adhesion 
strength and interface chemistry, particularly for films fabricated on 
steel substrates. In this context, we focus on the widely studied CoCrFeNi 
HEA, known for its promising bulk properties [27]. Given EN-24′s broad 
applications in gears, shafts, and structural elements, it is crucial to 

develop hard films with improved adhesion to enhance the overall 
performance. Also, based on the previous studies, it is suggested that 
varying substrate temperatures [31,33] can improve film properties, 
likely due to the enhanced ad-atomic mobility [34], which may also 
modify the interface chemistry and improve the adhesion.

In the current study, non-equiatomic CoCrFeNi thin films were 
fabricated on EN-24 alloy steel substrates using direct current (DC) 
magnetron sputtering at different substrate temperatures (RT, 200 ◦C, 
300 ◦C, and 400 ◦C). The goal was to produce films with improved 
mechanical properties and better substrate adhesion. For this a combi
nation of low deposition power and sufficient time for diffusion was 
chosen. While low deposition power increases fabrication time and al
lows atoms to diffuse more effectively, resulting in improved adhesion. 
The findings demonstrate how substrate temperature affects the films’ 
surface chemistry, which in turn influences both their mechanical 
properties and adhesion strength.

This research addresses the gap in literature regarding interface 
chemistry modification for improved adhesion of hard HEA thin films. It 
represents a systematic investigation towards the study the effect of 
substrate temperature on both surface and interface chemistry, 
contributing to the development of films with enhanced mechanical 
properties and excellent adhesion, suitable for protective coatings in 
various engineering applications.

2. Experimental procedure

2.1. Substrate preparation

The EN-24 alloy steel (⁓ 1.5 Ni, 1 Cr, 0.2 Mo, 0.9 C and Bal. Fe (wt. 
%)) was used as the substrate material for the thin film fabrication. The 
steel bulk were cut into several blocks of 30 mm × 30 mm × 5 mm in 
size. The pieces were then polished using SiC grinding papers up to 4000 
grit size and subsequently with silica suspension (0.05 µm). The polished 
steel pieces were cleaned with deionised water and subsequently dried. 
The surface of the substrates was smooth and flat with no scratches when 
observed under the optical microscope. No further surface treatment 
was performed on the substrate prior to deposition.

2.2. Characterization of CoCrFeNi thin-film coatings

Non equi-atomic CoCrFeNi high entropy alloy thin films were 
deposited on the polished steel substrates using the direct current (DC) 
magnetron sputter deposition system (Make: M/s Excel instruments, 
Mumbai, India). For this purpose, disc type HEA composite target of 
Co0.25Cr0.25Fe0.25Ni0.25 target, with 50 mm diameter, 3 mm thickness 
and 99.99 % purity, were utilized. The sputtering chamber was first 
pumped to a base pressure (~ 1.3 × 10− 5 Pa) using a combination of 
turbomolecular and rotary pumps. To spark the plasma, argon gas was 

Fig. 1. Cross-sectional SEM images of non-equiatomic CoCrFeNi thin films deposited at (a) RT, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C (The images show films 
exhibiting columnar growth morphology of thin films with a thickness of ~ 0.9 µm).
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supplied in a sputtering chamber at a flow rate of 15 sccm at working 
pressure of 0.15 Pa. The deposition was done with substrate-target 
distance of 15 cm at 45 ◦ substrate-target orientation. For estimating 
the deposition rate, the CoCrFeNi film was first deposited on a silicon 
(100) single-crystal substrate at a sputtering power of 20 W. The growth 
rate was found to be 2.6 nm/min, estimated using X-ray reflectivity 
(XRR) measurements. Based on this, the deposition was performed for 5 
h 46 min to achieve the desired 0.9 μm thick CoCrFeNi film on EN-24 
steel substrate. During deposition, the substrate assembly was rotated 
at around 2.5 RPM to achieve a uniform film. The film was fabricated at 
Room Temperature (~ 25 ◦C), 200 ◦C, 300 ◦C and 400 ◦C. The heating 
rate was 14–15 ◦C/min, with a 30-minute holding time to achieve 
temperature stability.

The growth morphology and the thickness of the film were examined 

using scanning electron microscopy (SEM) (JEOL 7800F) in secondary 
electron imaging mode and EDS at 15 keV voltage. To prepare the cross- 
sectional view of the film, mechanical polishing was performed at the 
edge of the sample using 4000-grit SiC paper under minimal pressure. 
Due to the extended deposition time, the film exhibited lateral diffusion 
and overgrowth beyond the substrate edges, which made it difficult to 
observe the film morphology in its as-deposited condition. Thus, local
ized polishing was employed at the edges of the sample which allows a 
slight chip-off of the film and thereby permitting imaging of the cross- 
section of the film. The elemental compositions of the films were eval
uated using an energy dispersive spectroscopy (EDS) detector attached 
to a tabletop HITACHI TM3000 SEM at 15 keV voltage in surface-normal 
direction.

X-ray diffraction (XRD) and XRR measurements were performed to 

Fig. 2. EDS maps of CoCrFeNi thin film deposited at room temperature. The corresponding secondary electron image and the colour maps of individual elements are 
shown (observed along surface-normal direction).
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estimate the structural quality and deposition rate of films using a 
Malvern PAN analytical manufactured X-ray diffractometer (Model: 
X’pert3) equipped with Cu-Kα X-ray source (λ = 1.5406 Å). The XRD 
measurements were performed in glancing incidence XRD (GIXRD) 
mode at an incident angle ω = 1.5◦.

The crystallite size of the CoCrFeNi thin films was calculated using 
the Debye-Scherrer equation: 

D =
kλ

βcosθ
(1) 

where k is the shape factor (0.9), λ is the wavelength of the CuKα X-rays 
(1.541 Å), β is the full-width half maximum and θ is the Bragg angle 

[35].
An atomic force microscope (AFM, Flex Axiom, and Drive AFM, 

Nanosurf, Switzerland) was used to measure the surface roughness and 
the particle size. This was carried out in the contact mode with a scan 
area of 1 µm × 1 µm. Gwyddion 2.60 software was used to analyze the 
surface roughness and ImageJ software was used to measure the particle 
size.

Nanoindentation (Hysitron/Bruker TI 750) tests were carried out 
using a Berkovich tip of radius 100 nm. A maximum load of 5 mN, 0.2 
mN/s loading and unloading rate and 10 s dwell time at the maximum 
load was used. It was ensured that the maximum indentation depth 
remained within 1/10th of the thickness of the film to eliminate any 
effect of the substrate on the measurements. A total of 15 indents were 
made at different locations and the average values of hardness and 
modulus were reported. The hardness (H) and elastic modulus are 
calculated using the Oliver-Pharr formula [36] 

H =
Pmax

A
(2) 

where A is the contact area between the indenter and the specimen,
The elastic modulus of the film (Es) can be calculated from the 

reduced modulus (Er) [36] as given below: 

1
Er

=
1 − ν2

i
Ei

+
1 − ν2

s
Es

(3) 

where νs and Es is the Poisson’s ratio and Modulus of the specimen (film 
in this case), Ei and νi are the Young’s modulus and Poisson’s ratio of the 
diamond indenter, respectively. It is reported that Ei and νi are 1140 GPa 
and 0.07 [37]. Furthermore, νs of CoCrFeNi was taken to be 0.25 [38].

The incremental load scratch tests were performed on ASMEC’s 
Universal Nanomechanical Tester (Bautzner Landstraβe 45, Germany) 
using a diamond cono-spherical tip of radius 10 µm. Indentation 
scratches under incremental load conditions were used to determine the 
critical load for delamination/failure of the film. The critical loads for 
crack initiation (Lc1) and complete delamination (Lc2) were estimated as 
per ASTM C1624–05 [39].

With the main objective to penetrate through the film and reach the 
bulk beneath. The scratch length, load, and scratching speed were 
carefully selected to ensure better resolution in terms of quantifying the 
critical load within the instrument’s limitations This was done over a 

Fig. 3. GI-XRD patterns from CoCrFeNi HEA thin films deposited at substrate 
temperatures of RT, 200 ◦C, 300 ◦C, 400 ◦C along with Gonio XRD pattern of 
un-coated bare EN-24 substrate.

Table 1 
Energy dispersive spectroscopy (EDS) elemental composition (in at. %) of the 
CoCrFeNi HEA thin film deposited at various substrate temperatures (observed 
in surface-normal direction).

Element RT 200 ◦C 300 ◦C 400 ◦C

Co 22 22 22 22
Cr 19 19 19 19
Fe 23 23 24 23
Ni 23 22 23 23
O 11 11 10 11

Fig. 4. Variation in particle size, crystallite size and surface roughness of the 
CoCrFeNi HEA films as a function of substrate temperature (the error bars here 
represent the standard deviation for the measured values of particle size, 
crystallite size and the surface roughness. The data points for RT are not con
nected intentionally to the 200 ◦C data points, as no direct comparison is 
intended. However, the points for 200 ◦C, 300 ◦C, and 400 ◦C have been joined 
to visually indicate the trend within the controlled temperature series.).
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Fig. 5. Two-dimensional AFM images (the corresponding root mean square roughness values of the films are mentioned inside the concerning micrographs) along 
with a statistical histogram of particle size for CoCrFeNi HEA thin films deposited at various substrate temperatures of (a, b) RT, (c, d) 200 ◦C, (e, f) 300 ◦C and (g, h) 
400 ◦C..
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scratch length of 250 µm under increasing load from 1–250 mN at 5 µm/ 
s scratch speed. A total of three scratches were performed in each case to 
ensure the repeatability.

After preparation of lamellae using focused ion beam scanning 
electron microscopy (FIB-SEM, Helios 5 Laser Hydra [Tri-Beam] Sys
tem), transmission electron microscope (TEM) and scanning trans
mission electron microscope (STEM) (Talos F200X G2 S/TEM) analysis 
was performed, incorporating energy dispersive x-ray spectroscopy 
(EDS) mapping and line-scans. The lamellae were approximately 20 µm 
x 10 µm, thinned using a 30 kV xenon ion beam to a thickness of near 
200 nm. This was polished with a lower voltage (0.5 kV - 5 kV) xenon or 
argon ion beam to remove irradiation damage caused through the high 
voltage ion beam. The TEM and STEM-EDS data were taken with the 
sample surfaces and protective platinum coating oriented vertically, 
ensuring that the line-scans provided depth-based data leading to ac
curate coating thickness measurements.

3. Results and discussion

3.1. Thin-film characterisation

Fig. 1 shows cross-sectional views of HEA thin films deposited onto 
EN-24 steel substrates at RT, 200 ◦C, 300 ◦C, and 400 ◦C. The thickness 
of films are 883 ± 2 nm, 871 ± 2 nm, 915 ± 10 nm, and 905 ± 6 nm for 
substrate temperatures of RT, 200 ◦C, 300 ◦C and 400 ◦C, respectively. 
Moreover, it can be noticed that the films exhibit a columnar grain 
structure (also confirmed by the TEM results presented later).

The EDS elemental distribution map obtained from the top surface of 
a representative film is presented in Fig. 2. The elemental maps indicate 
a uniform distribution of the individual elements without any visible 
segregation also supported by STEM- elemental analysis (Fig. 9). This 
uniformity, combined with the XRD results (shown in Fig. 3) showing 
the absence of any additional diffraction peaks confirm the formation of 
the single-phase solid solution. Table 1 shows the corresponding quan
titative analysis of various elements. It has been observed that the 
atomic percentages of all elements remained consistent with varying 
substrate temperatures showing no significant compositional changes. 
This observation is further supported by cross-sectional STEM maps 
(Fig. 9) and cross-sectional EDS line profile (Fig. 10), which will be 
discussed in detail later. Therefore, the impact of substrate temperature 
on the film composition is considered negligible. However, the presence 
of Oxygen and its effects are discussed in later sections of the paper.

Fig. 3 displays typical Grazing incidence X-Ray diffraction patterns of 
CoCrFeNi HEA thin films deposited at RT, 200 ◦C, 300 ◦C and 400 ◦C. A 
single common peak is observed at 2θ = 43.71◦ for the all the fabricated 
films. This is in good agreement with the (111) plane of the single-phase 
FCC in CoCrFeNi HEA [19,40,41]. The peaks that appear on the GI-XRD 
patterns of films fabricated were matched with all the possible peaks in 
the binary phase diagram of each pair of elements in the HEA and the 
reported phases in the bulk CoCrFeNi HEA. The analysis confirmed that 
the peaks HCP-Co [42], FCC–Ni [42], Rhombohedral-Cr2O3 [43] 
possible cubic intermetallic of FeNi3 [44], BCC–Cr [35] and Tetragonal 
σ-phase [45] did not match with the peaks of CoCrFeNi [19,40,41] 
further confirming the formation of single phase solid solution of FCC.

The broadening of the peaks visible for X-ray diffraction patterns for 
RT and 200 ◦C is attributed to the smaller crystallite sizes [31] and as the 
substrate temperature increased, there is a reduction in the broadness of 
the {111} peaks with increased intensity signifying the grain growth in 
preferred orientation. In addition, peaks corresponding to {200} and 
{220} planes also appear at higher substrate temperatures which ac
cording to Pelleg et al. [46] and Gao et al. [47], is attributed to the film’s 
tendency to minimize its total energy- a combination of surface and 
strain energy during its growth. At lower substrate temperatures where 
ad-atomic mobility is lower, crystals with an FCC structure tend to grow 
along the (111) plane because this results in the lowest surface energy, 
which helps maintain stability. However, with an increase in tempera
ture, the XRD spectrum exhibits a strong {111} and weak {200} and 
{220} reflections at 2θ = 43.71◦, 50.73◦ and 75.67◦, respectively. This is 
attributed to the increased ad-atomic mobility which favours the growth 
of the film in {200} and {220} directions. Moreover, the crystallite size 
is calculated via Debye-scherrer formula [35] and can be seen in Fig. 4.

Fig. 4 provides a summary of variation in particle size, crystallite size 
and roughness as a function of substrate temperature while the corre
sponding AFM images that show the two-dimensional and three- 
dimensional micrographs along with their statistical histograms are 
shown in Fig. 5. Particle size here refers to the overall dimensions of the 
surface features or grains observed (as seen in AFM micrographs, Fig. 5) 
which may consist of one or more crystallites. In contrast, crystallite size 
refers to the coherent diffracting domains within the material [48] -that 
is, regions over which the crystal lattice is continuous and free from 
defects or grain boundaries (as estimated from the X-ray diffraction 
patterns using the Scherrer equation [35]). The crystallite size increased 
from approximately 8 nm at 200 ◦C to 16 nm at 400 ◦C. The surface 
roughness exhibited a similar trend, increasing with particle size and 

Fig. 6. Nanoindentation (a) load-displacement (P-h) curves and (b) corresponding hardness (H) and modulus (E) of CoCrFeNi thin films deposited at different 
substrate temperatures (error bars in Figure (b) represent the standard deviation of the hardness and modulus values).
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reaching a maximum of 3.75 nm at 400 ◦C. Meanwhile, the mean par
ticle size remained relatively stable at RT (~ 22 nm) and 200 ◦C (~ 20 
nm), before increasing significantly to ~36 nm at 400 ◦C.

Here, the microstructural evolution corresponding to these fabri
cated films can be well explained by structure zone models (SZM) pro
posed by Thornton [49] which mainly consists of 3 zones and are a 
function of homologous temperature (θ = Ts /Tm) with unique features 
primarily influenced by processing parameters [50]. In the Zone 1, 
where the temperature is relatively low, the growth is predominantly 
governed by shadowing effect [33,34] with limited adatom mobility. 
These conditions result in a columnar structure with reduced grain di
mensions. However, in Zone 2, as the substrate temperature increases, 
surface diffusion [34] becomes the primary mechanism influencing the 
film growth. Though the columnar structure persists in Zone 2, the 
enhanced adatom mobility facilitates the formation of larger particle 
and a denser columnar structure [34].

The films fabricated at room temperature (RT) and 200 ◦C here 
exhibit microstructural features similar to Zone 1 of the SZM as evi
denced by the columnar morphology observed in the cross-sectional 
SEM images (Fig. 1). Additionally, the broadening of the X-ray 

diffraction (XRD) peaks at these temperatures (Fig. 3, for RT and 200 ◦C) 
indicates a reduction in crystallite size and poor crystallinity [29,34], 
which is consistent with limited adatom diffusion under 
low-temperature conditions. Furthermore, atomic force microscopy 
(AFM) analysis reveals smaller particle sizes and fine surface features for 
films deposited at RT and 200 ◦C (Fig. 4), further supporting the infer
ence of restricted adatom mobility. The observed poor crystallinity and 
limited particle coalescence can thus be attributed to the insufficient 
surface diffusion, aligning well with the predictions of Zone 1 behaviour 
in the SZM framework.

Moreover, the films fabricated at 300 ◦C and 400 ◦C also exhibited 
columnar structures, as confirmed by fractured cross-sectional SEM 
images (Fig. 1) and cross-sectional TEM bright-field images (Fig. 9). XRD 
analysis (Fig. 3) indicates improved crystallinity [29,34] at these tem
peratures, consistent with enhanced adatom mobility. Additionally, 
AFM measurements (Figs. 4 and 5) show an increase in particle size, 
further supporting the effect of elevated substrate temperatures on 
surface diffusion [34]. These microstructural and crystallographic fea
tures reflect the transition from Zone 1 to Zone 2 behaviour within the 
SZM, where increased thermal energy promotes adatom surface 

Fig. 7. Increasing load scratch profiles on films deposited at substrate temperature (a) RT, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C. The long yellow arrow represents 
the scratch direction (Lc1 and Lc2 here represent the critical load for crack initiation and critical load for delamination respectively).
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diffusion, leading to better crystallinity, larger particle size, and denser 
columnar growth [50].

3.2. Nano-mechanical tests

To investigate the effect of substrate temperature on the nano- 
mechanical properties of the thin films, including hardness (H) and 
Young’s modulus (E), nanoindentation tests were performed on the 
film’s top surface. Fig. 6(a) shows the typical load-displacement (P-h) 
curves of thin films deposited at different substrate temperatures. The 
corresponding hardness and modulus evolution are shown in Fig. 6(b). 
Note that both exhibit a similar trend of increase in value with 
increasing substrate temperature. The hardness and modulus of the films 
reach their peak values at 400 ◦C, measuring 17.28 ± 0.2 GPa and 261.5 
± 4 GPa, respectively. Notably, the hardness at this temperature is four 
times greater than that of the uncoated substrate (4.79 ± 0.2 GPa). 
While the increase in particle size may appear to contradict the con
ventional Hall-Petch relationship, such deviations are not uncommon in 
nanocrystalline thin films. Feng et al. [51] reported a similar discrep
ancy in Ni thin films, which possessed a FCC crystal structure. In their 
study, specific deposition conditions led to strong (111) preferential 
growth orientation and an associated increase in hardness, despite the 
presence of larger grains which aligns well with the results observed in 
this study. Therefore, the improved hardness for the film deposited at 
400 ◦C can be attributed to combined effects of improved crystallinity, 
enhanced columnar density (explained by the SZM model [50]) and 
preferential orientation of the film.

Here, the modulus of RT and 200 ◦C film is observed to be lower than 
the conventional CoCrFeNi alloy (~ 226 GPa [52]). The elastic modulus 
of crystalline materials is inherently anisotropic and varies significantly 
with crystallographic orientation. Particularly, in FCC metals, the elastic 

modulus attains its maximum value along the 〈111〉 direction, owing to 
the dense atomic packing of the (111) planes, which result from stronger 
interatomic bonding and enhanced resistance to elastic deformation.

The lower modulus observed in the RT and 200 ◦C can be attributed 
to their weak preferential orientation, as indicated by the low intensity 
of the (111) peak in the XRD. However, the 300 ◦C and 400 ◦C films 
exhibited higher modulus values which can be rationalised to the 
stronger preferential orientation along (111) crystallographic plane. 
This enhanced alignment increases the contribution of the stiffer 〈111〉
direction to the overall elastic response, thereby accounting for the 
increased elastic modulus observed at these temperatures.

3.3. Adhesion strength of thin films

It is envisaged that good adhesion is required between the substrate 
and film interface to avoid delamination when the film is subjected to 
stress. The scratch adhesion strength is determined using the scratch test 
performed with incremental loading conditions. The scratch adhesion 
strength is determined as the critical load at which the film is delami
nated (Lc2).

The results show that the film deposited at RT is observed to 
delaminate at a critical load (Lc2) of ~ 117 mN, although cracks started 
to initiate at a much lower load (Lc1 – load at which the crack initiated) 
of ~ 69 mN as shown in Fig. 7(a). In contrast, the critical load (Lc2 -load 
at which the film completely delaminated) for the film deposited at 400 
◦C was found to be much higher than that of the film deposited at RT 
which is ~180 mN (Fig. 7(d)). This can also be seen from the depth 
profiles extracted from the nanoindentation based scratch tests on the 
films deposited at various substrate temperatures (Fig. 7). Notably, the 
scratch depth for the films deposited at 200 ◦C and 300 ◦C has reached 
beyond the film thickness (~ 1 µm) (Figs. 7(b) and 7 (c)). Despite this, 

Fig. 8. The micrographs of the indents performed at 250 mN with varying substrate temperatures at (a) RT, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C. The yellow arrows 
point towards the cracks, while the yellow ellipse shows the band-like structure formed post-indentation.
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there is no evidence of delamination which suggests extremely good 
adhesion of the films to the substrate.

To further understand the fracture behavior of the film in static 
mode, a Quasi-continuous stiffness mode was used with a maximum 
load of 250 mN and Fig. 8 (a-d) shows micrographs of the indents cor
responding to them. The films fabricated at RT and 400 ◦C showed 
brittle fracture, whereas the films deposited at 200 ◦C and 300 ◦C 
showed no evidence of fracture. For the latter case, the indentation mark 
appeared to show a band-like structure, as indicated by the yellow el
lipse (Figs. 8(b) and (c)). These are likely formed due to localized plastic 
deformation in the film under applied load. During indentation, the 
stress field beneath the indenter induces slip and shear band formation 
[53], which appeared here as band-like features on the film surface. 

Their presence, without signs of interfacial delamination or spallation, 
indicates that the applied stresses were accommodated by the film 
without causing failure. Therefore, these results combined with the 
scratch results confirm the excellent adhesion of the substrate-film in the 
case of the films deposited at 200 ◦C and 300 ◦C.

The H
E ratio, recognised as an indicator of material toughness [54], 

suggests that, lower values correspond to reduced toughness and vice 
versa. Here, in the film deposited at room temperature (RT), the primary 
cracks observed in Fig. 8(a) correspond to the crack initiation load (~ 69 
mN) attributed to the films lowest HE ratio (0.04811), reflecting its poor 
toughness, while the secondary cracks indicate the critical load for 
delamination. Although, the film fabricated at 400 ◦C is observed to 
have maximum H

E ratio (0.0660) the cracks observed in the Fig. 8. (d) 

Fig. 9. Cross-sectional STEM elemental maps for films deposited at (a) 300 ◦C and (b) 400 ◦C. The elements are indicated at the top right corner of the map.
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correspond to the critical load for delamination. This behaviour is 
further discussed in later sections, particularly in the context of inter
facial chemistry revealed through cross-sectional analysis.

3.4. Cross-sectional analysis of thin films

To further understand the governing factors for adhesion, a section of 
the film is ion-milled using FIB and observed under TEM. The samples 
fabricated at room temperature (RT) and 200 ◦C were excluded from 
characterization, focussing on analysing each delaminated (400 ◦C) and 
non-delaminated (300 ◦C) cases. This should provide sufficient insights 
into the factors influencing interface bonding and delamination. Fig. 9
shows TEM-bright field images of two cross-sectional FIB-lamellae along 
with their STEM elemental maps. The bright field images (Fig. 9(a) and 
(b)) clearly reveal the columnar structure of the fabricated thin films. 
The thickness of the films measured from the below TEM micrographs 
are 899 ± 3 nm and 870 ± 3 nm which are also consistent with the 
thickness measured from SEM micrographs with no significant 
variation.

TEM images of selected conditions are shown in Fig. 10 along with 
their elemental concentration line profiles. Based on the oxygen 
elemental maps in Fig. 9 and the oxygen hump (region 2 in Fig. 10(c) 

and (d)) visible within dashed lines in the STEM-EDS elemental line 
profile (purple colour line profile, Fig. 10(c) & (d)), it confirms the 
formation of a dense oxide layer at the film-substrate interface. The 
evolution of the oxide at the interface at these temperatures is attributed 
to the naturally occuring FeOx [55]and CrOx [56] on the steel substrate 
after the sample polishing and prior to sputtering. This is evident from 
the concentration profiles (blue and purple) in Region 2(a) of Fig. 10, 
indicating the presence of FeOx, consistent with the STEM elemental 
maps shown in Fig. 9. Additionally, the Cr elemental line profile in 
Figure 10(d) in Region 2 (b). shows a higher concentration near the 
oxygen hump compared to other elements, suggesting the presence of 
minor fractions of CrOx. However, in the case of film deposited at 300 
◦C, although the oxide profiles are less distinct, the presence of inter
facial oxides is still considered likely-supported by the clear oxide for
mation at 400 ◦C and also being consistent with the findings of Zhao 
et al. [32]., which reports such naturally oxide formation are 
unavoidable.

Although, the width of the oxygen line profile that depict the 
thickness of the oxide layer were observed to be ~ 57 nm for 300 ◦C film 
and ~ 81 nm for 400 ◦C film. This increase here is predominantly due to 
the variation in time taken to attain the working temperature. The time 
taken here for the substrate to attain 300 ◦C was ~ 50 mins (15 ◦C/min 

Fig. 10. Bright field imaging and the corresponding STEM-EDS line profiles across the interface for (a, c) 300 ◦C and (b, d) 400 ◦C.

M. Subhakar et al.                                                                                                                                                                                                                              Thin Solid Films 832 (2025) 140817 

10 



heating rate + 30 mins holding to attain stability) and for 400 ◦C it was 
~ 58 mins (15 ◦C/min heating rate + 30 mins holding to attain stability) 
during which the oxide layer is grown owing to the increased oxidation 
kinetics [57,58] which promote faster growth of oxide layer. In the 
current work, it is possible that some residual oxygen may emanate 
owing to the use of turbo-molecular pump. This has been confirmed 
from the residual gas analysis (see Figure S5) performed at base pressure 
(~ 10− 4 Pa) that show the presence of oxygen with partial pressure of 
2.2 × 10− 5 Pa inside the vacuum chamber.

In Figures 10(c) and 10(d), Region 1 corresponds to the steel sub
strate, while Region 3 represents the thin film, with the elemental 
atomic percent distributions closely matching those obtained from the 
SEM-EDS analysis (Table 1). The variations in the atomic percent of Co, 
Cr, Fe, and Ni within Region 2 in both figures indicate a compositional 
gradient, suggesting that the process at the interface is governed by 
diffusion [59].

The atomic concentration profiles of Co, Cr, Fe, and Ni in Region 2 of 
Figure 10(c) indicate that diffusion extended up to the onset of the oxide 
hump on the substrate side. This suggests the formation of a diffusion 
bond at the interface, comprising a mixture of oxides and HEA alloying 
elements. Such interfacial chemistry can be attributed to the excellent 
adhesion observed in the film fabricated at 300 ◦C, which exhibited 
neither delamination nor cracking during scratch testing.

In contrast, for the film deposited at 400 ◦C, diffusion appears to be 
limited to a narrower region (as seen in region 2 (b) in Fig. 10(d)) 
leaving a thin FeOx interlayer (~30 nm) intact (as seen in region 2 (a) of 
Fig. 10(d)). This incomplete diffusion, along with the presence of FeOx 
and CrOx at the interface, accounts for the reduced adhesion and 
delamination observed in the 400 ◦C film.

4. Conclusions

This research reports on the effects of substrate temperature on the 
film characteristics, mechanical properties, and adhesion strength of 
magnetron sputtered HEA thin films. Non-equiatomic CoCrFeNi HEA 
was deposited onto EN-24 steel substrates up to a 0.9 µm thick layer at 
four different substrate temperatures: room temperature (RT), 200 ◦C, 
300 ◦C, and 400 ◦C. Based on XRD studies, all the films displayed single- 
phase FCC crystal structures with a preferred orientation of (111). AFM 
analysis revealed that particle size and surface roughness increased with 
substrate temperature, reaching their highest values at 400 ◦C. The film 
deposited at 400 ◦C exhibited the highest modulus (~261 GPa) and 
hardness (~17 GPa). In terms of adhesion, the critical load for delami
nation (LC2) was approximately 180 mN for the 400 ◦C film and 120 mN 
for the room temperature (RT) film. However, films deposited at 200 ◦C 
and 300 ◦C showed no signs of delamination, indicating strong interfa
cial adhesion between the substrate and film. The delamination 
observed in the 400 ◦C film is attributed to limited diffusion across a 
thicker oxide layer, whereas the 300 ◦C film demonstrated exceptional 
adhesion due to the formation of a diffusion bond with the substrate.

In conclusion, substrate temperature significantly influences the 
mechanical and adhesion properties of the films. Optimizing the com
bination of sputtering power and substrate temperature is essential to 
achieve desirable film characteristics. In our study, a setting of 20 W 
sputtering power and 300 ◦C substrate temperature showed great 
promise for applications requiring high adhesion, hardness, and 
modulus.
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