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A B S T R A C T   

Iron and its alloys have applications in diverse fields such as civil infrastructure, aerospace, and defense. 
Corrosion of these alloys in saline environments is a significant concern that causes huge environmental losses. 
The current study explores pulsed laser deposition technique to synthesize hexagonal boron nitride (hBN) films 
as protective coatings, directly on iron (Fe), to mitigate the corrosion. Microstructural, mechanical, wetting, and 
corrosion properties of hBN-coated Fe substrates were investigated at different deposition temperatures 
(25–800 ◦C) and varying thicknesses (35–115 nm). Raman spectra and transmission electron microscopy 
confirmed the presence of hBN in as-deposited films. Crystallinity and surface roughness of hBN coatings 
increased as deposition temperature increased. Electrochemical studies performed in 3.5 wt% NaCl solution 
showed that the 115 nm thick hBN coatings deposited at 600 ◦C resulted in lower corrosion rates and has ~6-fold 
higher corrosion resistance than bare Fe. Also, the corrosion rates decreased with an increase in hBN coating 
thickness. Overall results suggest that hBN nanocoatings reduced the corrosion activity and can potentially serve 
as a corrosion-resistant barrier coatings in saline environments.   

1. Introduction 

Owing to the ubiquitous use of iron alloys in diverse components 
related to aerospace, civil infrastructure (e.g., bridges, pipelines), de
fense, and medical applications [1], iron (Fe) alloys account for nearly 
95 % of metal production globally [2]. Although iron substrates remain 
stable under pristine and neutral pH conditions, they are vulnerable to 
corrosion when exposed to aggressive environments (e.g., acidic and 
salty conditions). Such corrosion issues cause structural failures and 
reduce service lifetime of iron components [3,4]. Furthermore, corro
sion issues have been attributed to leaks and spills in iron containers and 
pipelines that can result in negative environmental impacts [4]. Thus, 
corrosion management practices are critical to sustain the functions of 
any modern society. An effective way of protecting metallic components 
and structures is by applying protective coatings on surfaces, which can 
inhibit electrochemical reactions and mitigate corrosion processes. 
These coatings are typically based on polymers [5–9] and their com
posites [10–13] and ceramic material [14–17]. While these coatings 

offer certain benefits, they are not necessarily suitable for protecting 
iron substrates, especially when exposed to aggressive conditions (e.g., 
marine environment). Polymer coatings have been reported to be prone 
to wear and mechanical degradation in aggressive conditions [11]. Their 
high profile thickness (50–1000 μm) can disrupt functionalities of un
derlying metal surfaces. Furthermore, their inherent characteristics (e. 
g., porous microstructure and hydrophilicity) facilitate permeation of 
corrosive species (e.g., metal ions) onto underlying surfaces [11,18]. 

Thermochemical treatments such as carburizing, boriding, nitriding, 
titanizing, chromizing, vanadizing and niobizing has also been used to 
modify the surfaces for improving the tribological and corrosion prop
erties of steels [19]. These treatments form boride, nitride or carbide 
layers as coating on the material surface which alters their mechanical, 
wear and corrosion properties [19–22]. For example, Günen et al. [21] 
used three different thermochemical coatings on steel and showed that 
boride coated steel can be used as an alternative to expensive alloys such 
as Monel, Inconel, and Hastealloy in nuclear power plants. Though it is 
proven that corrosion resistance of steels improved by these coatings, 
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they have limitations in terms of requirements for higher process tem
peratures, surface preparation, hazardous gas generation, and long 
processing times [19,23]. Some thermochemical coatings can also 
degrade at higher temperatures due to diffusion of coating elements into 
the substrate resulting in undesired phase formation. Moreover, the 
sensitization might arise in stainless steels resulting in the precipitation 
of chromium carbides or nitrides which deteriorate the corrosion 
properties [24]. 

A new class of nanometer thick, protective coatings based on 
building blocks of two-dimensional (2D) materials can alleviate some of 
the above challenges. Graphene materials have been widely explored for 
corrosion applications in the last decade [25–28], and demonstrated 
outstanding barrier properties and resistance to both biotic and abiotic 
forms of corrosion. However, if improperly designed, graphene coatings 
can aggravate corrosion of underlying metals. Their high electrical 
conductivity and presence of any inherent defects in graphene coatings 
can promote galvanic corrosion of underlying metals [29–31]. In our 
earlier studies, we demonstrated the use of single and multiple layers of 
2D hexagonal boron nitride (hBN) as the thinnest insulating barriers to 
protect metals under both biotic and abiotic conditions [32,33]. Such 
hBN coatings offer excellent oxidation resistance in presence of harsh 
chemicals, high temperatures, and detrimental microorganisms 
[32–39]. Furthermore, it is a compelling choice for electronic industries 
[40–44] because of its insulating properties (wide bandgap of 6–6.5 eV), 
and thermal conductivity. 

Majority of the recently explored hBN coatings have been obtained 
using chemical vapor deposition (CVD) [34,45–49] and physical vapor 
deposition (PVD) [3,36–38,50–53] techniques. CVD and PVD methods 
also showed an ability to produce large-area, continuous hBN films with 
better uniformity, and they proved to be effective long-term durable 
coatings for corrosion resistance applications [38,45,49–51]. The dis
advantages of CVD methods lie in terms of use of higher temperatures, 
toxic gases, slower growth rates, and limited to few substrates. Whereas 
physical vapor deposition (PVD) techniques use plasma to produce hBN 
films on diverse range of substrates at lower temperatures with higher 
deposition rates without the use of toxic gases. Therefore, this study uses 
the pulsed laser deposition (PLD) technique (one of the PVD methods) to 
deposit hBN thin films. In the PLD technique, a high-energy laser beam is 
directed at target, where atoms from surface of the target evaporate in 
the form of a plume and condense onto substrates, where subsequent 
film growth occurs [54]. PLD technique has been successfully employed 
to deposit a wide range of thin films for various applications at relatively 
lower temperatures [55–60]. 

Nanocoatings of hBN were successfully synthesized using PVD 
techniques and the results showed an improvement in the corrosion 
properties when deposited on stainless steel (SS) substrates 
[3,36–38,50–53]. For example, Kumar et al. [36] have demonstrated the 
use of PLD process for obtaining micron-thick hBN films on SS sub
strates. Magnetron sputtering (a method of PVD) technique was used by 
Tang et al. [38] and Singh et al. [37] for depositing 200 nm and 750 nm 
thick hBN thin films on SS substrates. While hBN nanocoatings on SS 
substrates showed improved corrosion resistance, the effectiveness of 
these coatings on pure Fe substrates has not been explored. Additionally, 
a knowledge gap exists regarding the impact of deposition temperature 
and thickness of hBN coatings on their microstructure, mechanical, and 
corrosion properties. So, in this work, broad temperature range was 
selected from room temperature 25 ◦C to 800 ◦C, which is below the 
temperature range of hBN synthesis using CVD, to assess the quality of 
hBN coatings on microstructure and the resultant corrosion properties. 

The current study focuses on using PLD as a nanoscale manufacturing 
method for obtaining protective corrosion resistant hBN coatings 
directly on Fe substrates. The primary goal of this research is to inves
tigate the effects of deposition temperatures on the film microstructure 
and its related corrosion properties of hBN coatings on Fe substrates. 
Microstructural characterization was carried out, as well as the effects of 
deposition temperature (25 ◦C, 300 ◦C, 600 ◦C, and 800 ◦C) on wetting, 

corrosion, and mechanical properties were explored. Moreover, the in
fluence of hBN coating thickness (35 nm, 65 nm, and 115 nm) on 
corrosion properties of Fe substrates was also examined. 

2. Experimental procedure 

2.1. Synthesis of hBN nanocoatings 

The substrates used for hBN deposition were double-sided mirror- 
finished 99.5 % pure Fe discs (50 mm diameter and 0.9 mm thickness). 
These substrates were ultrasonically cleaned in acetone, followed by 
methanol for 15 min. The chemical composition of Fe substrates was 
determined using X-ray fluorescence (XRF), which is shown in the 
supplementary information, Table S1. A PLD system (248 nm Krypton 
Fluoride (KrF) excimer laser) was used to synthesize hBN nanocoatings 
on cleaned Fe substrates. The target used for the deposition was 99.5 % 
pure hBN with dimensions of 50.8 mm in diameter and 6.35 mm in 
thickness. The target was rotated at 30 RPM, and substrate was rotated 
at 10 RPM during the hBN deposition. The target was pre-ablated for 15 
min before each deposition to remove unwanted impurities from the 
surface. Substrate was then heated to the preferred deposition temper
ature, such as 25 ◦C, 300 ◦C, 600 ◦C, and 800 ◦C. In the first set of 
samples, hBN deposition onto Fe substrates was carried out for 90 min at 
the temperatures mentioned above. In the second set of samples, the 
deposition temperature was maintained at 600 ◦C, and depositions were 
performed for 15 min, 45 min, and 90 min to achieve a thickness of 35 
nm, 65 nm and 115 nm. Table 1 lists the process parameters for hBN thin 
film deposition on Fe substrates. The schematic representation of the 
PLD process and deposition of hBN thin films on Fe substrate are shown 
in Fig. 1a and b. 

2.2. Characterization of hBN nanocoatings 

In-situ ellipsometry was used to measure the thickness of deposited 
hBN thin films. Optical parameters of the Fe substrate (prior to hBN 
deposition) were measured, and a suitable model was constructed using 
FS-1 software, which was later used for measuring final thickness of 
deposited hBN coatings. Raman Microscope (XploRA plus) was 
employed to determine the phases in as-deposited coatings. Five spectra 
from each sample were collected, and the mean Raman peak frequency 
with standard deviation was reported. Crystallinity and interplanar 
spacing of deposited hBN nanocoatings were examined using selective 
area electron diffraction (SAED) patterns and imaging using a trans
mission electron microscope (TEM) (JEM-2100 LaB6). 

A scanning electron microscope (SEM) (ThermoScientific Helios 5 
CX) was utilized to evaluate the microstructure of as-deposited hBN 
nanocoatings. The focused ion beam (FIB, source-Gallium), equipped 
with SEM, was utilized for two purposes: one was to prepare TEM 
samples by performing a FIB lift-out process, and the other was to mill 
the sample to view cross-sections of the hBN/Fe to measure film thick
ness and compare with ellipsometry data. Before using FIB, a tungsten 

Table 1 
PLD process parameters used for hBN thin film deposition.  

Process parameter Value 

Target hBN 
Substrate Fe 
Substrate to Target distance 96 mm 
Laser source KrF (248 nm) 
Laser Energy 350 mJ 
Laser frequency 10 Hz 
Background pressure 1.3 × 10−5 mT 
Deposition pressure 5 mT 
Atmosphere (gas) Ar:N2 (1:1) 
Deposition time 15 min, 45 min, 90 min 
Deposition temperature 25 ◦C, 300 ◦C, 600 ◦C, 800 ◦C  
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cap was applied in-situ to the area of interest to prevent FIB damage to 
the film during milling. Compositional analysis of hBN coatings in as- 
deposited and post-corrosion conditions was performed using energy 
dispersive spectroscopy (EDS) using an Oxford Ultim Max EDS detector 
and Aztec 5.1 analysis software. Grazing incidence X-ray Diffraction 
(GIXRD) analysis was performed to identify the phases present in the 
thin films. GIXRD analysis was performed at an incident angle of 2◦, and 
the JADE 8.5 program was utilized to analyze the diffraction data. MTS 
nanoindenter XP system was employed to assess the mechanical prop
erties of deposited films with a Bercovich indenter tip. A minimum of 
thirty nanoindenter measurements per sample were measured. These 
were produced as load vs. displacement curves, from which the hardness 
and modulus were calculated using the Oliver-Pharr method [61,62]. 
For the indentation measurements, a depth limit of 15 nm, strain rate of 
0.04 s−1, a peak hold time of 15 s, and Poisson's ratio of 0.211 [63,64] 
were used for hBN nano coatings. Whereas for bare Fe substrate, a 
maximum load of 5 mN, time to load of 15 s, a peak hold time of 10 s, 
and Poisson's ratio of 0.291 [65] were used. The hardness and modulus 
were determined using the Testworks4 application. 

Surface roughness of hBN coatings was evaluated using a Bruker 
MultiMode 8 atomic force microscope (AFM) with a ScanAsyst-Air 
cantilever with a tip radius of ~2 nm. Nanoscopeanalysis V1.6 soft
ware was used to estimate surface roughness of coatings in terms of root 
mean square height (Rq). The rougher surface of the Fe substrate made it 
challenging to measure surface roughness of hBN coatings. Therefore, 
hBN was deposited on polished silicon substrates (referred to as hBN/Si) 
to measure the roughness of as-deposited thin films at different depo
sition temperatures. Wettability of thin films was evaluated using a 
goniometer (Rame-Hart Model 500 goniometer/tensiometer). 10 μL 
water drops were used to measure contact angle. Five contact angle 
measurements (or drops) were made on each sample, and each drop was 
measured ten times. Mean values of the contact angle of hBN coated and 
uncoated Fe substrates with standard deviation were presented. The 
corrosion behavior of the prepared coatings and the Fe substrate was 
examined by potentiodynamic polarization and electrochemical 
impedance spectroscopy (EIS) using a Gamry potentiostat Reference 
600+. The electrochemical cell (Ametek K0235-flat cell) with a three- 
electrode system was used, where the reference electrode is Ag/AgCl, 
the counter electrode is platinized aluminum mesh, and the working 
electrode is either hBN/Fe or Fe substrate. The electrolyte used for 
measurements was 3.5 wt% NaCl solution, and all measurements were 

performed at room temperature. 1 cm2 sample area was exposed to the 
electrolyte solution, and four measurements per sample were collected. 
Open circuit potential (OCP) was recorded for 60 min for all samples 
prior to EIS and Tafel tests to attain equilibrium potential. EIS tests were 
performed at the OCP in the frequency range of 10,000 Hz to 0.01 Hz 
using an AC signal amplitude of ±10 mV. Following EIS, Tafel tests were 
performed and recorded with a potential sweep of ±250 mV vs. OCP 
with a scan rate of 0.167 mV/s. Gamry Echem Analyst software was 
utilized to analyze Tafel and EIS plots to determine corrosion parameters 
of the samples. 

3. Results and discussion 

3.1. Thickness measurements of hBN thin films 

The thickness of hBN thin films at different deposition temperatures 
and deposition times were determined using in-situ ellipsometer. The 
final thickness of hBN films was measured for 120 s by rotating the 
substrate, as shown in Fig. 2a (raw ellipsometric data), and the average 
thickness with standard deviation was reported. Raw ellipsometric data 
of all deposited coatings were represented in the supplementary infor
mation, Fig. S1. Fig. 2b shows the final thickness of hBN/Fe deposited at 
various deposition temperatures with 90 min deposition period. The 
results showed that the average thickness of hBN films was found to be 
114–124 nm. There has been a slight decrease in film thickness (~5–10 
nm) observed with increase in deposition temperature from 25 ◦C to 
300 ◦C and higher, which can be attributed to thermal energy causing 
increased mobility of adatoms at higher temperatures resulting in films 
with compact, denser and fewer defects [66,67]. Fig. 2c shows the 
thickness of hBN coatings deposited at 600 ◦C as a function of deposition 
time. Results suggested that with the increase in deposition time, the 
thickness of hBN films increased from 35 nm for 15 min to 65 nm for 45 
min and 115 nm for 90 min, respectively. 

Cross-sectional image analysis of as-deposited hBN nanocoatings was 
performed by milling the sample using FIB to confirm ellipsometric 
thickness measurements. SEM cross-section micrographs (post FIB 
milling) of hBN coatings deposited at 600 ◦C for 90 and 45 min depo
sition times are shown in Fig. 3 and micrographs for 15 min deposition 
time are shown in supplementary information, Fig. S2. The thickness 
measured from cross-sectional image analysis of hBN/Fe deposited at 
600 ◦C for 90 min is ~110 nm, and for 45 min is ~62 nm (as shown in 

Fig. 1. Schematic representation of the thin film deposition process showing: (a) PLD technique to deposit hBN nanocoating; and (b) a layer of hBN and hBN 
nanocoating deposited on Fe substrate (hBN/Fe). 
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Fig. 3a,b). Therefore, thickness measured from FIB/SEM cross-section 
images showed an excellent consistency with the measurements deter
mined using in-situ ellipsometry data shown in Fig. 2b,c. 

3.2. Characterization of hBN nanocoatings 

The phases present in as-deposited coatings were detected using 
Raman spectroscopy. The Raman signatures reported for crystalline hBN 
is ~1366 cm−1 [68], a first-order Raman peak (arising from E2g 

symmetry vibrational phonon mode). This peak frequency is observed in 
all the deposited coatings investigated in this study, confirming the 
presence of a hexagonal crystallographic structure of boron nitride. The 
Raman spectral data of all deposited coatings are shown in the supple
mentary information, Fig. S3. Using the OriginPro 2023 (64-bit), the 
Lorentzian function is utilized to fit the raw Raman spectra (as shown in 
Fig. 4a), which provides the peak center location. Fig. 4b shows the 
Raman signatures of hBN phase in coatings deposited for 90 min at 
various deposition temperatures. It is evident from Fig. 4b that the mean 

Fig. 2. Thickness measurements of hBN coatings using in-situ ellipsometry showing: (a) raw data of hBN/Fe deposited at 600 ◦C; (b) thickness of hBN films deposited 
for 90 min at different deposition temperatures; and (c) thickness of hBN films deposited at 600 ◦C for different deposition times. 

Fig. 3. Post-FIB SEM cross-section micrographs showing thickness of hBN nanocoatings deposited at 600 ◦C: (a) hBN/Fe deposited for 90 min; and (b) hBN/Fe 
deposited for 45 min. 

Fig. 4. Raman spectra of hBN nanocoatings showing: (a) Raw Raman spectrum fitted with Lorentzian function of hBN/Fe deposited at 600 ◦C for 90 min; (b) Raman 
shifts of hBN/Fe deposited for 90 min at various deposition temperatures; and (c) Raman shifts of hBN/Fe deposited at 600 ◦C as a function of thickness. 
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Raman peak frequencies in the range of 1362–1367 cm−1 confirmed the 
presence of hexagonal phase BN in all the depositions. The reported 
literature [38,50–53,69,70] of Raman analysis of hBN thin films also 
shows peak frequencies in the range of 1363–1374 cm−1, which is 
consistent with our data. 

Fig. 4c indicates the Raman shifts of hBN coatings deposited at 
600 ◦C as a function of thickness. The results also confirm the presence 
of hexagonal BN as Raman shifts of these thin films were in the range of 
1364–1366 cm−1, closely matching the crystalline hBN Raman signa
ture. The overall results suggest that hBN films deposited at 600 ◦C show 
a close match of Raman peak frequency with crystalline hBN compared 
to other thin films made at different deposition temperatures. Also, 
almost no considerable change in Raman shifts was observed for hBN 
coatings of various thicknesses deposited at 600 ◦C. 

The crystallinity of hBN coatings deposited on Fe substrates was 
examined using high resolution TEM (HRTEM) images and SAED pat
terns. The FIB lift-out sample used for TEM analysis is shown in Sup
plementary information, Fig. S4. Fig. 5 shows HRTEM images and SAED 
patterns (shown as an inset at the top right corner) of hBN/Fe de
positions at different deposition temperatures. The HRTEM micro
structures in Fig. 5 confirms the nanosheets/nanocrystals of hBN, with 
an interplanar spacing of 0.30–0.35 nm, and is consistent with the 
literature [36,71]. The hBN films grown on these substrates have shown 
polycrystalline nature, exhibiting different crystallographic orientations 
at all deposition temperatures, as evident from diffraction rings in SAED 
patterns in Fig. 5. The crystallinity of hBN coatings increased with 

deposition temperature as the nanocrystallites of hBN are more uniform 
at deposition temperatures ≥600 ◦C. At the deposition temperatures of 
25 ◦C and 300 ◦C, hBN coatings consisted of nanocrystallites (yellow 
circles in Fig. 5a, b) with amorphous regions (red circles in Fig. 5a, b). 
Deposition temperatures of 600 ◦C and above resulted in a homogeneous 
distribution of hBN nanocrystallites with fewer amorphous regions due 
to increased surface diffusion and mobility of adatoms. 

The SAED pattern of the hBN thin film deposited at 25 ◦C showed a 
highly textured (001) and (100) planes. As deposition temperature 
increased to 300 ◦C, the (112) oriented grains started to grow with the 
addition of strong textured (001) and (100) planes. At higher deposition 
temperatures of 600 ◦C and 800 ◦C, texture diminished; the nano
crystallites uniformly started to grow, and hBN thin films consisted of 
(002), (100), and (110) planes. Raman spectra results (shown in Fig. 4) 
are consistent with TEM analysis, which showed the hexagonal crys
tallographic orientation of as-deposited BN thin films. Therefore, the 
overall TEM analysis suggested that thin films deposited at temperatures 
≥600 ◦C showed a uniform distribution of nanocrystallites of hBN with 
small fractions of amorphous regions. 

Grazing incidence X-ray diffraction (GIXRD) was also carried out to 
identify the phases present in the deposited coatings. GIXRD analysis 
was performed on Si (100) substrates because the high-intensity peak of 
iron substrate at 2θ of 55◦ was observed, which diminished the other 
hBN peaks. GIXRD pattern of hBN coatings deposited on Si substrates as 
a function of deposition temperature are shown in supplementary in
formation, Fig. S6 and confirms the presence of hBN phase in all the 

Fig. 5. HRTEM micrographs of hBN nanocoatings showing hBN/Fe deposited at: (a) 25 ◦C; (b) 300 ◦C; (c) 600 ◦C; and (d) 800 ◦C. The inset at the top right corner of 
micrographs shows the SAED patterns of respective hBN thin films. 
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coatings. However, at low deposition temperatures of 25 ◦C and 300 ◦C, 
multiple diffraction peaks (one diffraction peak observed at ~65◦) are 
not observed due to amorphous nature of coatings (as shown in Fig. 5a, 
b). With the increase in deposition temperature, the intensity of 65◦

peak increased and additional peaks started to show for hBN/Fe at 
600 ◦C and 800 ◦C at 2θ of ~35◦ and ~48◦, respectively. This again can 
be attributed to increased nanocrystallite distribution with less amor
phous regions, as evident from TEM results, Fig. 5c,d. GIXRD data 
confirm the presence of polycrystalline hBN, which also matches with 
the TEM analysis. The overall characterization with Raman spectros
copy, TEM and GIXRD analysis confirms the presence of hexagonal BN 
phase in the deposited coatings. 

SEM analysis was performed to observe the surface morphology of 
hBN coated and uncoated Fe substrates. Fig. 6 shows SEM microstruc
ture of hBN/Fe substrates deposited for 90 min at various deposition 
temperatures. Fig. 7 shows SEM micrographs of hBN/Fe deposited at 
600 ◦C with different thicknesses. As shown in Figs. 6 and 7, the 
microstructure of hBN coatings clearly depends on the deposition tem
perature and thickness. Large hBN particulates ranging from 30 to 200 
nm are found in the microstructures (indicated by yellow arrows in 
Figs. 6b-e and Figs. 7a-c) of all deposited thin films, and EDS analysis 
(shown in supplementary information Fig. S7) confirmed these partic
ulates as BN with a few particulates being slightly B rich. These partic
ulate formations are frequently observed and regarded as one of the 
drawbacks of PLD process [52,72]. Fig. 6a shows the micrograph of an 
Fe substrate before hBN film deposition. The surface of the Fe substrate 
appears to be slightly rough (most likely from the polishing process), and 
the microstructure of the hBN nanocoatings at all deposition tempera
tures and thicknesses almost mirrored the surface of the Fe substrate, as 
evident from Figs. 6b-e and Figs. 7a-c. 

The microstructure of hBN/Fe made at 25 ◦C (shown in Fig. 6b) 
seems to exhibit layer-by-layer growth. This is because the poor surface 
adatom mobility causes a layered growth structure when Ts < (10 %) Tm 
(Ts is substrate temperature, Tm is melting point of the film), which is 
explained by the structure zone models (SZM) [73,74]. The primary 
mode of thin film growth of hBN/Fe depositions made at ≥300 ◦C seems 
to be layer plus island growth. As deposition temperature increased to 
300 ◦C, as shown in Fig. 6c, hBN nanoislands began to form. This is due 

to improved surface mobility and diffusion of adatoms when Ts <

(10–30 %) Tm, again can be explained by SZM [73,74], leading to 
nanoisland formation. The nanoisland formation was further increased 
with rise in the deposition temperature to 600 ◦C, and the microstruc
ture now appears to be a little coarser, as evident from Fig. 6d, due to 
enhanced surface adatom mobility and diffusion. At a deposition tem
perature of 800 ◦C, the microstructure appears to be similar to that of 
hBN/Fe made at 600 ◦C, with the exception that the nanoislands seem to 
be packed closer together. 

The hBN coatings deposited at 25 ◦C and 300 ◦C experienced 
cracking and delamination in some locations on the substrates, as shown 
in supplementary information Figs. S8, S9. This interfacial delamination 
of hBN films can be attributed to the thermal stresses [75] developed due 
to variations in the coefficients of thermal expansion of substrate and 
film. Though the deposition is carried out at 25 ◦C and 300 ◦C, the 
radiative heating (caused due to plasma and condensation of plasma 
material on the substrate) developed inside the chamber, and rapid 
cooling of the substrate (at the rate of 30–40 ◦C/min during the cooling 
cycle) might have resulted in thermal stresses at the film/substrate 
interface [52,76,77]. The hBN depositions made at 600 ◦C showed good 
bonding with no delamination or cracking of the films. However, hBN/ 
Fe deposited at 800 ◦C showed some cracking tendencies in selected 
locations (supplementary information, Fig. S10). This could be attrib
uted to lattice strains developed due to lattice mismatch between the 
hBN film and Fe substrate [33,76–78]. The lattice strains developed due 
to coarsening of Fe grains at 800 ◦C may have caused lattice misfit with 
the hBN film. However, a more detailed TEM analysis is needed to fully 
understand the growth of hBN films on Fe, and the influence of Fe grain 
orientation and size. 

From Fig. 7, it is evident that with the increase in the thickness of 
hBN films deposited at 600 ◦C from 35 nm to 115 nm, the hBN nano
island formation increases, and the surface appears to be rougher. 
Almost no nanoisland formation was observed for hBN/Fe deposited 
with a thickness of 35 nm, which can be attributed to a shorter depo
sition time. A shorter deposition time means insufficient time for surface 
diffusion, nucleation, and coalescence of adatoms; hence, nanoisland 
formation is delayed [76]. The hBN film thicknesses of 65 nm and 115 
nm correspond to longer deposition times, 45 min and 90 min, respec
tively, which resulted in increased surface diffusion of adatoms and 
subsequent coalescence of nanoislands. Therefore, the hBN/Fe with a 
thickness of 115 nm (longer deposition time of 90 min) showed higher 
nanoisland formation, and the microstructure (shown in Fig. 7c) 
appeared coarser than others (Fig. 7a,b). In the end, the microstructural 
characterization of hBN nanocoatings seems to mirror the surface 
morphology of the Fe substrate. Also, the growth of hBN films showed a 
dependence on deposition temperature and time. 

3.3. Mechanical properties evaluation of hBN nanocoatings 

The mechanical properties of hBN coatings deposited for 90 min at 
different deposition temperatures were determined from load vs. 
displacement curves collected by nanoindentation. The load vs. 
displacement curves of bare Fe substrate and hBN coatings deposited at 
various deposition temperatures are shown in the supplementary in
formation, Fig. S11. Fig. 8 shows the mechanical properties of bare Fe 
substrate and hBN/Fe deposited at various temperatures. The results 
suggested that hBN thin films had a relatively higher hardness and lower 
modulus compared to bare Fe substrate. The hardness and modulus of 
the Fe substrate were 3.5 GPa and 200 GPa, respectively, with an 
average maximum indentation depth of 250 nm. These values are 
consistent with the mechanical properties reported in literature by 
Tomita et al. [79], with a hardness of cold rolled pure iron being 3 GPa, 
and Cleaves et al. [80] with an elastic modulus of 200 GPa. The in
dentations were performed with a maximum depth of 13–16 nm 
(roughly 13 % of the film thickness) to reduce substrate influences on 
indentation measurements. There were no considerable differences in 

Fig. 6. SEM micrographs of (a) bare Fe; and hBN coated Fe substrates deposited 
for 90 min at: (b) 25 ◦C; (c) 300 ◦C; (d) 600 ◦C; and (e) 800 ◦C. 
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hardness and modulus of hBN coatings made at different deposition 
temperatures, and the values were 7–8 ±1 GPa and 100–125 ± 35 GPa, 
respectively. These values are consistent and similar to previously re
ported literature [52] of hBN films on silicon substrates by PLD with 
average hardness and modulus of 10 GPa and 140 GPa. Also, Gocman 
et al. [81] reported similar results of pulsed laser-deposited hBN coat
ings on steel substrates with a hardness range of 5–10 GPa and elastic 
modulus of 95 GPa. 

3.4. Surface roughness measurements of hBN nanocoatings 

2-dimensional (2D) and 3-dimensional (3D) AFM micrographs of 
hBN/Si, deposited for 90 min at various deposition temperatures, are 
presented in Fig. 9. SEM micrographs of hBN/Si are provided in the 
supplementary information, Fig. S12, and are in good agreement with 
the surface morphology of hBN on Fe substrates (shown in Fig. 6). The 
surface roughness of hBN coatings expressed as root mean square height 
(Rq), which was determined from AFM topography data. The Rq values 

of hBN coatings increased as deposition temperature increased. At a 
deposition temperature of 25 ◦C, the hBN/Si showed an Rq of 4.0±0.5 
nm, which is lower among the deposited thin films. This lower rough
ness can be attributed to a smoother surface due to the layered growth of 
hBN films, as shown in Fig. 6b. However, for comparing the roughness 
data with other deposited films, it was challenging to locate 5 μm × 5 μm 
crack-free regions (indicated by black arrows in Fig. 9a) of hBN/Si at 
25 ◦C. The delamination of the hBN coating (indicated by white arrows 
in 9a) increased the roughness of the coatings. Hence, the roughness 
values of hBN/Si made at 25 ◦C can still be lower. The Rq increased from 
4.0±0.5 nm at 25 ◦C to 4.8±1.1 nm at 300 ◦C. This increase in the 
roughness can be attributed to hBN nanoislands formation starting to 
begin (as shown in Fig. 6c), making the surface rougher. With further 
increase in the deposition temperature, Rq increased to 6.0±1.5 nm at 
600 ◦C and 6.7±0.5 nm at 800 ◦C. This is due to enhanced mobility and 
diffusion of surface adatoms at higher temperatures, leading to more 
hBN nanoisland formations (as shown in Fig. 6d,e); thus making the 
surface rougher for the depositions made at 600 ◦C and 800 ◦C. 

Fig. 7. SEM micrographs of hBN nanocoatings deposited on Fe substrate at 600 ◦C with different thicknesses of: (a) 35 nm; (b) 65 nm; and (c)115 nm.  

Fig. 8. Mechanical properties (a) hardness and (b) modulus of hBN nanocoatings deposited for 90 min at various deposition temperatures.  
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Fig. 10 shows the AFM micrographs of hBN/Si samples deposited at 
600 ◦C with different deposition times. hBN deposition times 15, 45 and 
90 min represents coating thickness of 35, 65 and 115 nm respectively. 
The results clearly show that the Rq values of hBN coatings increased 
with the increase in deposition time. At a deposition time of 15 min, the 
hBN/Si showed an Rq of 2.3±0.2 nm and increased to 5.1±0.2 nm at 45 
min and 6.0±1.5 nm at 90 min. This increase in surface roughness 
matched with the SEM micrographs (shown in Fig. 7) and can be 
attributed to nanoisland formation. Literature on surface roughness of 
hBN coatings deposited using PLD have been very limited. Melaibari and 
Eltaher [82] used femtosecond PLD to deposit BN films on Si substrates 
(substrate average roughness Ra of 2–3 nm) of thickness 500 nm and 
showed Ra of 150 nm. Kumar et al. [36] used PLD to deposit 1 μm hBN 
films on SS substrates (substrate Rq of 13 nm) and showed Rq of 28 nm. 
And, literature on the surface roughness of approximately 100 nm thick 

hBN coatings was not available to compare our results. Overall, the AFM 
results suggest that the roughness Rq of as-deposited hBN coatings was in 
the range of 4–7 nm and the roughness increased with the increase in 
deposition temperature and thickness. 

3.5. Contact angle and wetting properties 

The contact angle of hBN coatings at various deposition tempera
tures and thicknesses is shown in Fig. 11. The results indicate that hBN 
deposition on Fe substrates increased the wettability compared to bare 
Fe substrate. The mean contact angle of the bare Fe substrate was 85◦, 
and it was decreased to the range of 54–69◦ with the deposition of hBN 
coatings at different deposition temperatures. The contact angle of hBN 
nanocoatings (deposited for 90 min) deposited on Fe substrates 
increased as deposition temperature increased, as shown in Fig. 11a. 

Fig. 9. 2D AFM micrographs and their corresponding 3D images of hBN nanocoatings on Si substrates deposited at: (a) 25 ◦C; (b) 300 ◦C; (c) 600 ◦C; and (d) 800 ◦C. 
All images represent the area of 5 μm × 5 μm. The scale bar 0–100 nm is a representation for all the samples. 
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Fig. 10. 2D AFM micrographs and their corresponding 3D images of hBN nanocoatings on Si substrates deposited at 600 ◦C for various deposition times: (a) 15 min; 
(b) 45 min; and (c) 90 min. All images represent the area of 5 μm × 5 μm. The scale bar 0–100 nm is a representation for all the samples. 

Fig. 11. Comparison of contact angles of bare Fe substrate and hBN nanocoatings: (a) hBN coatings deposited for 90 min at different deposition temperatures; and 
(b) hBN coatings deposited at 600 ◦C to various thicknesses. The inset shows water droplet on the respective samples. 
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This change in the contact angle can be correlated to the surface mor
phologies of hBN coatings at different deposition temperatures. The 
Wenzel relation [83] explains the relationship between contact angle 
and surface roughness: where contact angle scales with surface rough
ness. Contact angle of hBN/Fe made at 25 ◦C was 54±3◦, lowest of all the 
thin films produced, which can be attributed to lower surface roughness 
Rq of 4.0 nm. When deposition temperature increased to 300 ◦C, there is 
a rise in the Rq of 4.8 nm; hence, the contact angle increased to 62±2◦. 
The contact angle of coatings was further increased to 67±2◦ at 600 ◦C 
and 69±1◦ at 800 ◦C with an increase in their Rq of 6.0 nm and 6.7 nm, 
respectively. 

Wettability of hBN/Fe deposited at 600 ◦C increased with the in
crease in film thickness, as evident in Fig. 11b. The mean contact angle 
of the bare Fe substrate was 85◦, and it was reduced to 65–74◦ with the 
different thicknesses of hBN coatings. The thinnest hBN film (35 nm) on 

the Fe substrate showed a relatively higher contact angle (74±2◦) when 
compared with thicker hBN coatings. At the deposition time of 15 min, 
the hBN coating is very thin (~35 nm), and this might not completely 
cover the grooves/rougher Fe substrate; hence, the contact angle was 
only dropped to 74±2◦. However, with the increase in deposition times, 
the coatings are thicker, and the contact angle was further reduced to 
65–67±2◦, and it is most likely that the grooves/rougher Fe substrate is 
completely covered, and the substrate roughness effect is minimized. 
The contact angle of hBN nanocoatings reported in the literature was 
61–73◦ [84–87] and 44–52◦ for PLD hBN thin films with average 
roughness Ra of 15 nm [88]. hBN thin films deposited in this study 
showed a contact angle of 54–74◦, which was in agreement with re
ported literature. Therefore, the overall results suggest that wettability 
of hBN films can be correlated to their microstructure and surface 
roughness. Similar trends have been reported for other thin films 

Fig. 12. Electrochemical measurements of coated and uncoated Fe substrates with exposure to 3.5 wt% NaCl solution showing: (a) Nyquist plots of bare and coated 
Fe substrates as a function of deposition temperature; (b) EEC model used to fit all the samples; (c) Nyquist plot and fitted data of hBN/Fe deposited at 800 ◦C; and (d) 
corrosion resistance of hBN coated and uncoated Fe substrates at different deposition temperatures. 
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systems as well in the literature [89,90]. 

3.6. Corrosion behavior of hBN nanocoatings deposited on Fe substrates 

Corrosion behavior of bare Fe and hBN coated Fe substrates was 
evaluated in 3.5 wt% NaCl solution. Open circuit potential (OCP) is 
considered as a preliminary step to understand the corrosion resistance 
of a material. The relative differences in the potentials between the 
materials will provide an understanding of the stability of the materials 
in the corrosion environments. Material with relatively higher potential 
is considered more noble and thermodynamically stable than material 
with lower potential. Fig. S13 shows the results of OCP analysis per
formed, before EIS and Tafel analysis, on bare and hBN/Fe substrates for 
60 min. The results indicate that the hBN/Fe deposited at 600 ◦C with a 
thickness of ~115 nm shows a more noble potential of −420 mV 
compared to all the samples. Fig. 12a shows the EIS response (Nyquist 
plots) of hBN coated and uncoated Fe substrates at room temperature. 
The Bode plots of bare and hBN coated Fe substrates are shown in the 
supplementary information, Fig. S14. The magnitude of Nyquist loops (i. 
e., polarization resistance Rp) provides information on the corrosion 
resistance of the samples. The higher the loop radii, the higher the Rp; 
hence, corrosion resistance is higher. The hBN coated Fe substrates show 
higher loop radii than bare Fe substrates. Therefore, hBN coated sub
strates have higher corrosion resistance than bare Fe. Among the hBN 
coated substrates, hBN/Fe deposited at 600 ◦C showed higher corrosion 
resistance as loop radii were almost ~3 times higher than others (and 
also ~8 times higher than bare Fe). Table 2 shows the EIS parameters 
fitted with the simulated EEC model constructed by the response from 
EIS plots. As observed from Nyquist plots, a semicircle is well-defined at 
higher and medium frequencies corresponding to the capacitive loops, 
and an inductive loop is found at low-frequency regions. Capacitive 
loops represent the resistance-capacitance behavior at the metal elec
trolyte interface (double layer). Inductive loops correspond to the 
relaxation of intermediate species (adsorption of corrosion products) 
formed on the surface of the electrode as a result of dissolution, 
frequently observed in steels undergoing rapid corrosion processes 
[91–94]. Impedance spectra follow a one-time constant, and an inductor 
connected in series with solution resistance, as depicted in Fig. 12b. In 
the EEC model, shown in Fig. 12b, Rs represents the solution resistance, 
Rct represents the charge transfer resistance of the double layer, CPEdl 
represents the time constant of the double layer, L represents the 
inductive behavior, and RL represents the resistance due to inductance. 
A similar EEC model was used in previously reported literature on steels 
[91,92,94] with or without corrosion inhibitors. EEC fitted Nyquist plots 
of hBN/Fe at different deposition temperatures were shown in supple
mentary information, Fig. S15. 

Fig. 12d represents the corrosion resistance Rcorr of bare Fe and hBN/ 
Fe deposited at different deposition temperatures. Rcorr = Rct + RL gives 
the overall corrosion resistance, as resistances RL and Rct are connected 
in series. The hBN coatings on Fe provided improved Rcorr compared to 
bare Fe substrate at all deposition temperatures. The hBN/Fe coatings 
deposited at 25 ◦C, 300 ◦C, and 800 ◦C showed higher Rcorr of at least 
~1.6–2.5 times that of bare Fe. Of all the samples, the hBN/Fe deposited 
at 600 ◦C showed the highest Rcorr of 9.03±1.31 kΩ.cm2, which is at 
least ~5.6 times higher than the bare Fe (1.61±0.64 kΩ.cm2). These 

differences in Rcorr of hBN thin films can be attributed to poor adhesion, 
resulting in defects and pores in the deposited hBN films (except at 
600 ◦C), providing a pathway for the diffusion of corrosive ions reaching 
the Fe surface (as shown in Figs. S8, S9, S10). 

The double-layer capacitance (Cdl) is determined from the time 
constant CPEdl using Eq. (1) [95,96]. 

Cdl = Q
/

(
Rct

−1)1−α (1) 

Where Q is the constant phase element (CPE), and α is the CPE 
exponent. The parameters Q and α are determined by fitting EEC models 
to Nyquist plots. hBN coated Fe substrate show lower Cdl than bare Fe 
(Table 2). The lowest value of Cdl of 225±46 μF/cm2 is observed for 
hBN/Fe deposited at 600 ◦C, which is almost ~5 times lower than the 
bare ones (1225±357 μF/cm2), indicating that hBN film impeding the 
pathway of aggressive ions from contacting the Fe substrate. The inhi
bition efficiency (IE) of hBN-coated substrates was calculated from Rcorr 
values determined from EIS analysis using Eq. (2) and is listed in Table 2. 
The results showed that IE of hBN/Fe made at 600 ◦C was as high as 82 
%, followed by 59 % at 25 ◦C, 55 % at 800 ◦C and 38 % at 300 ◦C. 
Therefore, the overall EIS results suggest that hBN/Fe deposited at 
600 ◦C exhibited higher corrosion resistance, lower double-layer 
capacitance, and an IE of 82 %, indicating the strong barrier coating 
ability to inhibit the corrosion activity of Fe substrate. 

IE =
Rcorr,coated − Rcorr,bare

Rcorr,coated
*100 (2) 

Where Rcorr,coated is corrosion resistance of hBN coated Fe substrate 
and Rcorr,bare is corrosion resistance of bare/uncoated Fe substrate. 

Additionally, electrochemical activity of hBN coated and bare Fe 
substrates was analyzed using potentiodynamic polarization curves 
(Tafel plots), and the relative comparison is shown in Fig. 13a,b. The 
corrosion parameters (corrosion rate (CR) along with Ecorr and Icorr) 
determined from Tafel plots are summarized in Tables 3 and 4. Fig. 13c, 
d shows the corrosion rates of hBN coated/uncoated Fe substrates at 
different deposition temperatures and coating thicknesses. Of all the 
samples, hBN/Fe deposited at 600 ◦C with a thickness of 115 nm 
comparably showed lower corrosion rates (and showed lower Icorr and 
noble Ecorr). 

There is clear evidence from Table 3 that hBN/Fe deposited at 
temperatures ≥600 ◦C showed reduced Icorr than others. Almost no 
significant differences in the Icorr of 3.27–3.33 μA/cm2 were observed for 
bare Fe, and hBN/Fe deposited at 25 ◦C, and 300 ◦C. This indicates the 
presence of defects (e.g., cracking, delamination) in hBN films (depos
ited at 25 ◦C, and 300 ◦C) could have created diffusion pathways for 
ions/molecules through the hBN nanocoating reaching the substrate, 
resulting in a subsequent electrochemical activity. As deposition tem
peratures increased to ≥600 ◦C, the Icorr significantly reduced to 0.72 
±0.10 μA/cm2 at 600 ◦C and 1.03±0.51 μA/cm2 at 800 ◦C. This drop in 
Icorr suggests that the hBN coating is comparably intact and providing a 
corrosion barrier for the Fe substrate. It is well known that current 
density is directly proportional to corrosion rates, and current density 
and corrosion rates follow a similar trend, as evident from Table 3. 

No significant changes in the CR were observed for bare Fe, hBN/Fe 
deposited at 25 ◦C and 300 ◦C, as shown in Fig. 13c. The average 
corrosion rates were in the range of 38.91–39.59 μm/y. The hBN/Fe 

Table 2 
Corrosion parameters, determined from EIS plots of 115 nm thick hBN coated/uncoated substrates at different deposition temperatures.  

Samples Rs (Ω.cm2) Rct (kΩ.cm2) RL (kΩ.cm2) Rcorr (kΩ.cm2) 
(Rct + RL) 

Cdl (μF/cm2) Inhibition efficiency (%) 

bare Fe  27 ± 8  1.27 ± 0.51  0.35 ± 0.15  1.61 ± 0.64  1225 ± 357  
hBN/Fe 25 ◦C  26 ± 9  3.00 ± 0.66  0.99 ± 0.48  3.99 ± 0.96  323 ± 79  59.5 
hBN/Fe 300 ◦C  19 ± 2  1.63 ± 0.54  0.99 ± 0.42  2.62 ± 0.96  521 ± 72  38.4 
hBN/Fe 600 ◦C  37 ± 7  6.85 ± 1.07  2.18 ± 0.40  9.03 ± 1.31  225 ± 46  82.1 
hBN/Fe 800 ◦C  23 ± 3  2.71 ± 0.33  0.86 ± 0.30  3.56 ± 0.22  615 ± 172  54.7  
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made at 600 ◦C shows a lower CR of 8.58±1.23 μm/y, a reduction of 
~4.6 times, followed by hBN/Fe at 800 ◦C with 12.24±6.08 μm/y, a 
reduction of ~3.3 times compared to that of bare Fe. Though the hBN/Fe 
made at 800 ◦C reported lower Icorr and CR compared to bare Fe, the 
coatings showed indications of cracking in a few locations, as shown in 
supplementary information Fig. S10, which resulted in non-uniform 
coatings, and hence, high standard deviations of current densities and 
corrosion rates were observed. The overall corrosion testing showed that 
the hBN thin films deposited at 600 ◦C had a more noble electrochemical 
potential, and lower corrosion rates. These results were also in excellent 
agreement with the EIS data, which showed higher corrosion resistance 
and lower double-layer capacitance for hBN/Fe thin films deposited at 
600 ◦C. 

As the deposition temperature of 600 ◦C yielded higher corrosion 
resistance (from EIS) and lower corrosion rates (from Tafel), the effect of 
hBN film thickness on corrosion properties was investigated at the same 
temperature. The Ecorr of hBN/Fe deposited at 600 ◦C with varying 
thicknesses showed noble potentials compared to bare Fe, as evident 
from Table 4. The Ecorr of hBN/Fe made at 600 ◦C increased from −493 
±28 mV with 35 nm thickness to −488±24 mV with a thickness of 65 
nm and −444±10 mV with a thickness of 115 nm. And the Icorr of hBN/ 
Fe decreased with various thicknesses compared to bare Fe. The Icorr of 

Fig. 13. Potentiodynamic polarization measurements of hBN nanocoatings showing: (a, b) comparison of Tafel plots of bare Fe and hBN coated Fe at various 
deposition temperatures and coating thicknesses; (c, d) corrosion rates of bare and hBN coated Fe deposited at different deposition temperatures and thicknesses, 
respectively. 

Table 3 
Corrosion parameters, determined from Tafel plots, of hBN coated/uncoated 
substrates with thickness 115 nm at different deposition temperatures.  

Samples Ecorr (mV) Icorr (μA/cm2) CR (μm/y) 

bare Fe  −537 ± 30  3.33 ± 1.33  39.59 ± 13.46 
hBN/Fe 25 ◦C  −481 ± 6  3.27 ± 0.35  38.91 ± 4.17 
hBN/Fe 300 ◦C  −550 ± 19  3.28 ± 1.13  38.96 ± 13.54 
hBN/Fe 600 ◦C  −444 ± 10  0.72 ± 0.10  8.58 ± 1.23 
hBN/Fe 800 ◦C  −612 ± 21  1.03 ± 0.51  12.24 ± 6.08  

Table 4 
Corrosion parameters, determined from Tafel plots, of hBN coated/uncoated 
substrates deposited at 600 ◦C with different thicknesses.  

Samples Ecorr (mV) Icorr (μA/cm2) CR (μm/y) 

bare Fe −537 ± 30 3.33 ± 1.33 38.59 ± 13.46 
hBN/Fe 35 nm −493 ± 28 2.10 ± 1.33 24.89 ± 4.49 
hBN/Fe 65 nm −488 ± 24 1.47 ± 0.40 17.44 ± 4.70 
hBN/Fe 115 nm −444 ± 10 0.72 ± 0.10 8.58 ± 1.23  
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hBN films decreased from 2.10±1.33 μA/cm2 with a thickness of 35 nm 
to 1.47±0.40 μA/cm2 with a thickness of 65 nm and 0.72±0.10 μA/cm2 

with a thickness of 115 nm. With the increase in the hBN film thickness 
on the Fe substrate, an increase in Ecorr and a decrease in Icorr of the 
coatings were observed, implying a thicker barrier coating is needed for 
better corrosion protection. Fig. 13d shows that the hBN coatings 
deposited at 600 ◦C, irrespective of thickness, showed lower corrosion 
rates than bare Fe. However, the corrosion rates decreased with an in
crease in the thickness of hBN coatings, from 24.89±4.49 μm/y (a 
reduction of ~1.6 times) for 35 nm thickness to 17.44±4.70 μm/y (a 
reduction of ~2.3 times) for 65 nm thickness and 8.58±1.23 μm/y (a 
reduction of ~4.6 times) for 115 nm thickness. In the end, the hBN/Fe 
deposited at 600 ◦C with a thickness of 115 nm showed the lowest 
corrosion rates among all samples, indicating a promising candidate for 
strong corrosion resistance coating for inhibiting corrosion in aggressive 
saline environments. 

Additional SEM/EDS analysis was performed to analyze corrosion 
products formed on the samples after Tafel analysis, shown in supple
mentary information Fig. S16. The results (of bare Fe and hBN/Fe 
deposited at 25 ◦C) indicate the presence of an oxygen peak after elec
trochemical measurements due to the corrosion activity of Fe. Similar 
results are observed in all the post-corrosion samples. The published 
literature on corrosion properties of hBN thin films developed by 
physical vapor deposition processes has been very limited. Tang et al. 
[38] reported ~3 times reduction in the corrosion rate of 200 nm thick 
hBN films on stainless steel (SS) substrates (hBN/SS −0.05 μm/y, and 
bare SS −0.14 μm/y). Kumar et al. [36] showed that the corrosion rate of 
~1 μm thick pulsed laser deposited hBN film on SS (11.68 μm/y) was 
reduced by ~23 times compared to bare SS (279.40 μm/y). Compared to 
the reported literature, in this study, the corrosion rate of the underlying 
Fe substrate was decreased by ~4.6 times with a hBN coating thickness 
of 115 nm. 

This study successfully demonstrated the growth of hBN nano
coatings on Fe substrates using the PLD technique. We found that 115 
nm thick hBN coatings deposited at 600 ◦C showed the best corrosion 
protection by providing excellent chemical stability in salt solutions, and 
significantly lower corrosion rates. Lower corrosion rates of hBN coat
ings indicated longer protection life of underlying Fe substrate. Based on 
the results from electrochemical studies, the schematic illustration of the 
corrosive mechanism involved in the bare and hBN coated Fe substrates 
was presented (as shown in Fig. 14). The corrosion of Fe substrate 
exposed to aggressive NaCl solution involves a few steps [36,97]: 
initially, Cl− ions dissolved in the electrolyte reacts with the surface of 
the Fe substrate and form iron chloride FeCl2, and next, this FeCl2 reacts 
with water and forms Fe(OH)2 and hydrochloric acid. However, in the 
case of hBN nanocoatings, hBN layers act as a barrier coating and limit 
the direct contact between the aggressive Cl− ions and the surface of the 
Fe substrate, hindering the diffusion pathways of ions and molecules, 
and thereby slowing down the corrosion process. Therefore, the crack- 
free hBN thin films can be considered as an effective coating material 
for enhanced corrosion resistance of underlying substrates. Finally, the 
electrochemical studies confirm that hBN thin films can act as barrier 
coatings and lowers the corrosion rate of Fe substrates in aggressive 
saline environments. 

4. Conclusions 

Developing protective barrier coatings on Fe is essential to minimize 
the corrosion related environmental impacts. Here, we demonstrated 
the use of PLD as a nanomanufacturing method to synthesize corrosion 
resistant hBN nanocoatings directly on iron substrates at different 
deposition temperatures and thicknesses. Results suggest that deposition 
temperature and thickness of hBN coatings can greatly influence the film 
microstructure and corrosion properties. The presence of hBN phase in 
the deposited coatings was confirmed by Raman, GIXRD and TEM 
analysis. hBN depositions above 600 ◦C showed uniform distribution of 

hBN nanocrystallites and improved crystallinity. Surface roughness 
increased with the deposition temperature and thickness; hence, the 
contact angle followed the same trend. hBN thin films showed relatively 
higher hardness and lower modulus compared to bare Fe. Electro
chemical studies revealed that the hBN coated Fe substrates made at 
600 ◦C showed better barrier properties with lower corrosion rates, and 
the corrosion rates decreased with an increase in hBN coating thickness 
from 35 nm to 115 nm. Corrosion inhibition efficiency of Fe was 
improved by 82 % with deposition of 115 nm thick hBN. Therefore, the 
hBN nanocoatings can serve as protective barrier coatings in aggressive 
environments and can potentially be used for various material coating 
applications. 
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Fig. 14. Schematic illustration of bare and hBN coated Fe substrates exposed to 
the aggressive corrosive electrolyte (3.5 wt% NaCl solution) showing: (a) 
corrosion behavior of bare Fe; and (b) anti-corrosion behavior of hBN nano
coating on Fe substrate. 
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