
Vol.:(0123456789)

International Journal of Precision Engineering and Manufacturing (2024) 25:453–485 
https://doi.org/10.1007/s12541-023-00870-z

1 3

REVIEW

Online ISSN 2005-4602
Print ISSN 2234-7593

Advanced Surface Engineering Approaches for Exotic Applications

Sutanuka Mohanty1 · Soumyabrata Basak2,4 · Debasis Saran1 · Kajari Chatterjee1 · Turin Datta3 · Atul Kumar1 · 
Chandra Prakash1 · Doo‑Man Chun2 · Sung‑Tae Hong2   · Kisor Kumar Sahu1

Received: 1 February 2023 / Revised: 30 July 2023 / Accepted: 31 July 2023 / Published online: 9 August 2023 
© The Author(s), under exclusive licence to Korean Society for Precision Engineering 2023

Abstract
Selection and classification of suitable materials for exotic applications, including aviation/space, nuclear, oil &gas industries, 
are still challenging since these applications are typically very demanding in terms of microstructural, mechanical, and elec-
trochemical properties. Surface engineering plays an important role in controlling the properties of the exposed surface, which 
play key roles in interfacing with another material or exposure to the environment, promoting desirable chemical reactions, 
and suppression of corrosion. Hence, modification of the surface characteristics of desired materials to the desired depth 
without altering their bulk properties is essential. The present review focuses on using some of the latest and most advanced 
surface engineering tool sets such as laser, electron beam (EB), friction stir processing (FSP), ion beam, and plasma immer-
sion ion implantation (PIII). Such techniques provide substantial improvements in wear and corrosion resistance, reduction 
in frictional losses, increased fatigue life, and enhanced chemical stability at high temperatures for exotic applications.

Keywords  Surface engineering · Laser · Electron beam · Friction stir processing · Ion beam · Plasma immersion ion 
implantation

1  Introduction

The aviation and global space industries have been pro-
jected to grow rapidly in the coming decades. For instance, 
a recent study by Morgan Stanley suggests that the global 
space industry has been projected to create a revenue of 

$1 trillion by 2040 [1]. Similarly, in the next two decades, 
the aerospace sector is estimated to grow at a compounded 
annual rate of 4.3% [2]. In addition, demand for petroleum 
products, clean electricity and a booming world economy 
will positively contribute to old economy sectors such as oil 
& gas and nuclear industries [3, 4]. According to an Inter-
national Atomic Energy Agency report, the global nuclear-
generating capacity will increase from the current level of 
392 GW (2019) to 715 GW by 2050 [5]. Undoubtedly, these 
demand-related developments will come with both signifi-
cant challenges and growth opportunities for exotic applica-
tions in aviation, oil & gas, nuclear, and space industries. 
Furthermore, the operating environment for these sectors is 
harsh and requires constant improvements in materials selec-
tions, design and development of components, robust safety 
standards compliance, surface modification for enhanced 
performance, low wear and high corrosion resistance, etc. 
As a perspective, corrosion and related surface engineering 
challenges alone have led to a loss of roughly 3.4% of the 
world’s GDP in 2013, according to a National Association 
of Corrosion Engineers (NACE) study [6].

The material surface has intrinsically higher free 
energy when compared with the bulk, which facili-
tates the initiation and progression of physicochemical 
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processes such as catalysis, adsorption, adhesion, and dif-
fusion from the surface [7]. Apart from the physicochemi-
cal processes, the failure of any material in service due to 
environmental degradation also initiates from a surface 
[8]. Components involved in the structural and functional 
parts of these exotic industries undergo severe degrada-
tion due to wear, corrosion, oxidation, fatigue, hydrogen 
embrittlement, and erosion caused by their challenging 
working environment, like extreme radiation and temper-
ature, severe weather, saltwater exposure, etc. [10–14]. 
This leads to failure of the components that cause cata-
strophic accidents resulting in loss of time, production 
cost, and most importantly, loss of human lives and 
other living beings [9–14]. Traditional metals and alloys, 
which are generally developed for applications in benign 
conditions, typically struggle to meet the performance 
requirements for extreme exotic conditions. Some widely 
used surface treatment methods for improving the sur-
face properties are energy beam processes (laser, electron, 
and ion beam), plasma immersion ion implantation (PIII), 
friction stir processing (FSP), nitriding, carburizing, coat-
ings, shot peening, rolling, and many more. These surface 
treatment technologies are mainly classified into conven-
tional and advanced techniques, as mentioned in Fig. 1.

Out of these, applications of advanced surface engi-
neering approaches (laser, electron and ion beam, PIII, 
and FSP) often can turn out to be a more economically 
feasible solution than designing a completely new mate-
rial for such specialized purposes. These techniques mod-
ify the microstructure and/or composition, thus altering 
the chemistry, mechanical and tribological properties 
of the near-surface region of a component to improve 
surface-dependent engineering properties [9]. They also 
have some major advantages, for example, high precision, 
uniform distribution of energy, shorter processing time, 
and lower energy consumption. This paper will cover only 
the advanced surface engineering techniques that have a 
high potential for use in the previously mentioned exotic 
applications.

2 � Surface Engineering Challenges in Exotic 
Applications

Various types of surface challenges are faced by the materi-
als/components used in exotic applications because of their 
continuous exposure to harsh and unforgiving working con-
ditions like high doses of radiation and temperature, high 
pressure, and corrosive environments. This section provides 
a summary of various challenges faced by the materials/
components used in these exotic applications.

2.1 � Nuclear

This section starts with some popular structural materials 
used in the nuclear industry. The challenges faced are dis-
cussed as are research targeted at addressing them. Some 
important candidate materials include but are not limited to, 
316L stainless steel, Duplex stainless steel (DSS), Inconel 
alloys like Alloy 690 and Alloy 625, Austenitic A709, 
and Hastelloy C-276. These materials possess very good 
mechanical properties like high hardness, strength, fatigue, 
and ductility. They also have exceptionally good tribological 
properties and enhanced corrosion resistance. When these 
materials are exposed to the harsh environments of reactors 
receiving a high dosage of nuclear radiation, deterioration 
of the tribological properties is usually observed, and these 
materials face surface-related problems like irradiation-
induced hardening/segregation, swelling of the surface, and 
phase transition. Other environmental degradation processes 
commonly observed in nuclear power plants include inter-
granular stress corrosion cracking (IGSCC), irradiation-
assisted stress corrosion cracking (IASCC), and the release 
of metal ions from the surface. Material degradation in a 
nuclear power plant is a phenomenon involving various 
aspects of materials, environment, and stress states, which 
progressively reduces the performance of the components 
used in the nuclear industry, causing sudden failure [15]. 
Figure 2 shows different stress corrosion cracking (SCC) 
phenomena in light water reactor (LWR) power plants, 

Fig. 1   Classification of various surface treatment technologies
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which reveal complex materials degradation in the nuclear 
industry.

Uranium is the most common fuel used to power com-
mercial nuclear reactors that produce electricity. It is also 
used to produce isotopes for medical and industrial usage. 
Uranium metal is highly reactive and pyrophoric, and it 
is oxidized easily in hot and humid environments, which 
has detrimental effects for both future storage and disposal 
[16]. Additionally, zirconium alloys (Zr alloys) are utilized 
as important structural materials for water-cooled nuclear 
reactors. Zr alloys such as Zr-1Nb, Zr-2.5Nb are widely used 
for cladding/protection tubes for nuclear fuel rods (i.e., pel-
lets of uranium dioxide or other fissionable materials that 
power a nuclear reaction). Zr-alloys are typically used in 
nuclear plants due to their low neutron (produced during fis-
sion reaction) absorption cross-section, high-in-service heat 
and chemical corrosion resistance, adequate high-tempera-
ture mechanical properties and dimensional stability in the 
presence of radiation [17–19]. However, the major concern 
in the use of Zr-alloys is its interaction with hydrogen. Dur-
ing service under irradiation flux, Zr-alloys are exposed to 
elevated temperature and high-pressure cooling water, which 
releases hydrogen by water hydrolysis or by oxidation of Zr 
fuel claddings under the “loss of coolant accident” (LOCA) 
conditions. The absorption of hydrogen leads to the pre-
cipitation of hydrides in the alloy. The mechanical integrity 
of the cladding undergoes embrittlement due to the pres-
ence of brittle hydrides [17, 18]. Zirconium alloy claddings 
act against the release of fission products into the coolant, 
providing mechanical integrity to the cladding, which is of 
utmost importance in nuclear plants and forms the first line 
of defense against any nuclear disaster.

2.2 � Offshore Oil and Gas

Oil and gas are key sources of primary energy for human 
progress. They are also used as essential ingredients for 
other engineering materials such as plastics, paints, chemi-
cals, and much more. Oil and natural gas are most often 
found in large quantities at the bottoms of seas, lakes, and 
swamps formed over hundreds of millions of years from 
dead organic materials. Giant platforms and sophisticated 

drilling techniques are presently used to extract crude oil 
and gas from the immense depths of the ocean.

Valves, pipes, and pumps used in the oil & gas industry 
are mostly made from austenitic stainless steel (ASS), high-
strength low-alloy steel (HSLA), DSS, and Inconel alloys. 
These are employed for subsea extraction and transporta-
tion of oil and gas because of their high strength, toughness, 
ductility, and, most importantly, high corrosion resistance in 
corrosive environments [20]. Offshore oil and gas environ-
ments contain highly reactive chemical species like chloride, 
bromide, and iodide salts, hydrogen sulfide (H2S), CO2, and 
organic acids [21, 22]. The presence of these deleterious 
species in oil and gas wells poses surface-related problems 
to the material like galvanic and crevice corrosion, sulfide 
stress corrosion cracking (SSC), IGSCC, and hydrogen 
embrittlement (HE) (Fig. 3). IGSCC and HE are reviewed 
below in Sects. 3.1.4 and 3.2.3.2, respectively.

Erosion of the materials from the surface due to the flow 
of fluids also leads to the problem of crevice corrosion. 
Chloride ions in seawater, liquefied natural gas, sand and 
other abrasive substances carried by the fluid in pipelines, 
along with the presence of defects due to poor surface finish, 
reduce the lifespan of the equipment. This further aggravates 
leaks and other problems by inducing wear and corrosion. 
In addition, the high extraction pressure also accelerates the 
breakdown of the components used in these extraction pro-
cesses [6, 7]. Bacterial activity inside the pipeline increases 
the toxicity of the flowing fluids by producing waste prod-
ucts like H2S, CO2, and organic acids, causing corrosion 
inside the pipeline [21].

2.3 � Aviation and Space

Since the first artificial earth satellite in 1957, the space 
industry has progressively emerged as one of the most rap-
idly expanding and lucrative industries. The data obtained 
from the satellites improve our life on earth by offering many 
applications, starting from precise navigation, land/forest/sea 
surveillance to environmental tracking of the earth [23]. The 
progress in this sector has resulted in extraordinary achieve-
ments such as the moon landing, exploration of other planets 
(such as Mars and Venus), celestial bodies (moon, comet, 

Fig. 2   a Primary water SCC in 
steam generator tubing in LWR 
power plants and b irradiation-
assisted SCC in a pressurized 
water reactor baffle bolts. 
Reproduced with permission 
from [15]
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asteroids) and the development of the international space 
station, which creates new opportunities for researchers to 
extend the frontiers of knowledge. Other than space explo-
ration, the aviation industry is also a key contributor to the 
global economy by connecting different continents, coun-
tries, and cultures, benefiting the entire human race.

The structural and engine components used in space-
craft and aircraft are generally made of metal alloys and 
polymer-based composites, which suffer from cyclic loads 
during take-off, flight, and landing [24–26]. This causes 
fatigue cracking, stress corrosion cracking, and fretting 
wear in the components. The bearings used in the main 
shafts of aircraft and spacecraft typically carry heavy 
loads and are very important for prolonging their life dur-
ing their operation in unforgiving conditions. Under such 
harsh conditions, the bearing suffers failure due to contact 
fatigue, wear, corrosion, plastic deformation, and frac-
ture, which lead to premature failure of space and aircraft 
engines [27]. Al-based alloys (AA) are extensively used 
in the aviation and space industry. For example, AA2024 

is used in the seat ejectors of commercial airplanes, and 
AA7075 is used for wing skins, fuselage skins, panels and 
covers. Apart from that, Mg-based alloys are currently 
used in Boeing 737  s and 747  s. However, Mg-alloys 
are highly susceptible to corrosion, and pose a serious 
challenge for its usage in the outer shells of the aircraft 
[28]. Accelerated erosion is another serious concern for 
long-life satellites and space stations orbiting in low earth 
orbit (LEO; 200–2000 km above the earth’s surface). At 
this altitude, the materials suffer degradation due to the 
attack of highly reactive atomic oxygen (AO), high energy 
vacuum ultraviolet (UV) radiation emitted from the sun, 
extreme temperature conditions (175 to 160 °C), ionizing 
radiation and collision impacts from space debris [29–33]. 
AO is mainly responsible for the degradation of spacecraft 
materials. Kapton® is a preferred material used on the 
surfaces of spacecraft in LEO because of its resistance to 
UV radiation and thermal stability ranging from – 269 to 
400 °C. Prolonged exposure of Kapton® to LEO results 
in degradation of material as depicted in Fig. 4b and c.

Fig. 3   Different types of corro-
sion in the oil & gas industry. 
Open source: https://​prog.​lmu.​
edu.​ng/​colle​ges_​CMS/​docum​
ent/​books/​CHE431%​20%​20Typ​
es%​20of%​20cor​rosion%​20in%​
20Oil%​20and%​20Gas%​20Ind​
sutry%​20.​pdf)

Fig. 4   a Engine failure in Boeing 777 triggered by metal fatigue; Kapton® b before and c after six years exposure to LEO. Reproduced with 
permission from [33]

https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
https://prog.lmu.edu.ng/colleges_CMS/document/books/CHE431%20%20Types%20of%20corrosion%20in%20Oil%20and%20Gas%20Indsutry%20.pdf
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3 � Advanced Approaches in Surface 
Engineering for Exotic Applications

3.1 � Laser

The use of laser as a source of heat is a non-equilibrium 
processing technique for surface modification of mate-
rials that deposits large amounts of energy in an alloy 
over a short time and can spatially be limited near the 
surface [34]. Laser processing is typically characterized 
by an exponential energy deposition profile with con-
trolled energy (1–30 J/cm2) and power (104–107 W/cm2) 
inputs either in the form of short pulses (10–3–10–12 s) or 
continuous waves [35, 36]. The main advantages of laser 
lie in the formation of its very rapid heating and cool-
ing rate (104–1011 K/s), extremely high thermal gradient 
(106–108 K/m) and ultra-rapid re-solidification velocity 
(1–30 m/s) that can significantly alter the microstructure 
and composition in the near-surface region without affect-
ing the bulk properties [36]. As our focus in this paper lies 
in the improvement of only surface properties of structural 
materials for exotic applications, we have briefly reviewed 
two techniques, i.e., laser surface melting and laser surface 
texturing, which require minimal energy for altering the 
near-surface region without any phase transformation in 
the surface and bulk. Unlike laser alloying and cladding, 
which alters the microstructure and composition in near-
surface regions, laser surface melting and laser surface 
texturing alter only the microstructure without changing 
the composition.

3.1.1 � Laser Surface Melting (LSM)

Laser surface melting (LSM) is one of the most popular laser-
based surface modification techniques whereby the surface of 
the material is locally melted using high-power continuous 
waves [37–40]. Popular laser sources include Nd: YAG and 
CO2 lasers [41]. After localized surface melting, microstruc-
tural modifications are usually observed on the melted sur-
face due to rapid re-solidification [42–46]. Such local interac-
tions (melting and re-solidification) occur over a very short 
time interval, which significantly improves the mechanical 
properties of the near-surface region. A schematic represen-
tation of the process of LSM is shown in Fig. 5. The entire 
surface can be scanned to produce overlapping parallel tracks 
for modification of the larger area of the substrate. Typically, 
the important process parameters of LSM are wavelength, 
laser power, scan speed and shielding gas pressure.

A continuous-wave CO2 laser has been used for improv-
ing the hardness and wear resistance of Hastelloy C-276 
with LSM process parameters: 2  mm spot diameter, 

0.6  MPa argon gas pressure, process power between 
1.25 kW to 1.75 kW, and scan speed of 300 mm/min [47]. 
In another investigation by Cui [48], the depth of the metal 
pool of AZ31B Mg alloy processed by LSM increased 
with an increase in laser power, which is schematically 
represented in Fig. 6. Charee and Tangwarodomnukun 
[49] also observed deeper case depth (210 μm) in AISI 
9254 high silicon spring steel when processed using higher 
laser power (10 W) and a slower scan speed (5 mm/s) as 
compared with other processing conditions (laser power 
4 W, 6 W, 8 W and scan speeds of 10 mm/s and 15 mm/s).

3.1.2 � Laser Surface Texturing (LST)

LST uses high-power single-mode pulsed lasers, which 
ablate the surface of a material and produce a desired texture 

Fig. 5   Schematic representation of laser surface melting. Reproduced 
with permission from [41]

Fig. 6   Schematic representation of a microstructure of AZ31B Mg-
alloy substrate showing the grain structure. Schematic microstruc-
tural representation of the depth of the laser melted zone for the laser 
power of b 1600 W, c 1800 W, d 2000 W, and e 2200 W [48]
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or patterns on the surface [50–55]. Typically, the patterns 
that are formed on the surface after LST can be dimples, 
grooves, and free forms [50, 56]. LST works on the principle 
of the laser ablation process, where focused beam irradiation 
on the surface leads to the melting and vaporization of the 
irradiated zone [57, 58]. Local heating of the irradiated zone 
removes material and subsequently changes the texture, cre-
ating micro-patterns on the surface, which is schematically 
represented in Fig. 7.

LST can also be accomplished by two other approaches, 
i.e., (a) laser interference and (b) laser shock peening. In 
the laser interference technique to obtain LST, the periodic 
patterns are obtained by interference of the coherent laser 
beams [59–65]. Local melting of the surface is observed due 
to maximum interference, which corresponds to the high-
est laser intensity [66]. With this technique, some patterns 
like lines, dots, and cross-like patterns can be produced on 
the surface. This technique has recently gained significant 
momentum in electronics and semiconductor device fabri-
cation for data storage and integrated circuits, optical tel-
ecommunications, and photonic crystal science [67]. In-situ 
laser interference patterning has been used for the epitaxial 
growth of precise InAs quantum dots on nano-island GaAs 
(100) surfaces [68].

Laser shock peening (LSP) is a very recent and advanced 
technique that induces shock waves and generates texture 
based on plastic deformation without introducing any ther-
mal event [69–75]. This technique can improve the tribo-
logical properties of engineering materials as it induces 
compressive residual stress and improves hardness on the 
surface [60, 71–78].

For LST, the laser parameters that must be precisely con-
trolled for successfully obtaining the desired surface mor-
phology and feature sizes are laser power intensity, laser 
spot size, and pulse repetition frequency [32]. For ablation 

and interference-based LST, the laser power determines the 
overall morphology of the texture feature and the area of the 
heat-affected zone [69]. The amount of plastic deformation 
in LSP depends on the shockwave pressure, which is largely 
controlled by the laser power intensity [69, 79–82].

The laser pulse duration can be distinguished for milli-
second, nano-second, pico-second and femto-second lasers 
[83–85]. Bathe et al. [86] studied the effect of laser pulse 
duration on grey cast iron processed using ablation-based 
LST. Their investigation revealed an improved coefficient 
of friction (CoF) when processed using a millisecond laser 
(~ 0.31) as compared to a nanosecond laser (~ 0.02) and a 
femtosecond laser (~ 0.01). Figure 8 reveals the textured sur-
face morphologies of the cast iron obtained using scanning 
electron microscopy (SEM).

The dimple formed like a bulge due to the ejection of 
the molten material and deposition on it after processing by 
a millisecond laser (Fig. 8b). However, as compared with 
the surface obtained after processing by the millisecond and 
nanosecond laser, the smoothest surface characterized by 
sharper dimple profile was obtained using a femtosecond 
laser (Figs. 8e and f).

Apart from the laser power and pulse duration, the num-
ber of pulses can control the size, depth, and shape of the 
surface texturing [60]. Yang et al. [87] found the mean radii 
of the textured surface increased from 12.72 μm to 13.37 μm 
when the number of pulses increased from 10 to 90 in alu-
minum AA 2024-T3 alloy at the same laser power intensity.

3.1.3 � LSM in Nuclear and Oil & Gas Industries

316L ASS, which is widely used in the nuclear industry, 
is susceptible to phase transition due to radiation-induced 
segregation, misorientation of the grain boundaries (SGBs), 
and changes in the lattice parameter. Lin et al. [88] reported 
that when 80 keV Ar ions with a fluence of 2.96 × 1015 ions/
cm2 (3.7 dpa) at room temperature were irradiated on the 
cold-rolled 316L, the phase transition from γ (FCC) → α′ 
(BCC) was observed, which led to an increase in the lat-
tice parameter from 3.5989 Å to 3.6005 Å after irradiation. 
After treating the surface with LSM, it was observed that 
316L ASS maintains its austenite phase (which was stable 
after LSM treatment), making the material surface immune 
to radiation. ASS and DSS (e.g., 304SS and UNS 32750) 
are very susceptible to sensitization, where the carbides of 
chromium form along the grain boundaries of the material. 
The chromium-depleted regions result in the formation of 
less stable passive layers, which ultimately causes IGSCC 
in these alloys [89, 90]. LSM is an effective processing tech-
nique to eliminate sensitization in aged ASSs (UNS S30400, 
S31603, S32100, and S34700) and aged DSSs (UNS S31803 
and S32950) [90]. The degree of sensitization (DOS) of the 
alloys ranged from 15.6% to 36.6% before LSM and reduced 

Fig. 7   Schematic representation of laser surface texturing. Repro-
duced with permission from [60]
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in the range varying from 1.2% to 1.46% after LSM. This 
was due to the dissolution of carbides (or sigma phase), 
which reduced Cr-depleted regions in the microstructure 
and enhanced the intergranular corrosion resistance of the 
aged alloys, as shown in Fig. 9 [90].

A study by Lim et al. [91] shows the value of DOS was 
reduced from 16.5 to 3.42% after LSM on Inconel 600, 
which is used for making steam generator tubing material 
in nuclear power plants. Suh and co-workers observed the 
mode of fracture as brittle intergranular in sensitized alloys, 
whereas the fracture mode was ductile trans-granular after 
LSM [41]. Pacquentin et al. [92] carried out LSM treatment 
on the surface of Alloy 690 (~ laser density of 3.6 J/cm2 , 
70% overlap) and observed a continuous layer of Cr2O3 
formed on the surface of an alloy having a thickness of 8 nm. 
It was also noted that the rate of release of Ni ions from 
Alloy 690 was reduced by seven times in the heating phase 
of the generator and 3.7 times in the overall process, which 
is a significant improvement over the conventional surface. 

Hashim et al. [93] studied the effect of LSM on Hastelloy 
C-276 (used in nuclear and petrochemical industries) and 
reported that the surface hardness of LSM treated Hastelloy 
C-276 increased by roughly 60%. They found that the wear 
resistance of the LSM treated specimen also increased by 
approximately four times.

Tang et al. [94] reported an improvement in the cavi-
tation erosion resistance by LSM in manganese-nickel-
aluminum-bronze (MAB) alloys, which are generally used 
in marine propellers. The cavitation erosion resistance was 
significantly improved (by 5.8 times) as compared to that of 
as-received MAB due to the formation of a homogeneous 
and refined microstructure as well as improvement in hard-
ness after LSM treatment. Cottam et al. [95] investigated 
the cavitation erosion resistance in nickel-aluminum-bronze 
(NAB) with LSM and observed that the weight loss was 
0.002 g after the cavitation erosion test for 4 h, which was 
approximately 13 times lower than the as-received NAB 
sample. Kwok et al. [96] reported significant improvement 

Fig. 8   Surface morphology of 
grey cast iron obtained after 
ablation-based LST using a 
millisecond laser (0.5 ms), c 
nanosecond laser (40 ns), and 
e femtosecond laser (120 fs). 
The individual dimples are 
magnified and shown for each 
pulse duration in (b), (d) and 
(f). Reproduced with permission 
from [60]
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in cavitation erosion resistance in LSM treated UNS S42000 
martensitic stainless steel, which was nearly 70 times lower 
than that of as-received and annealed specimens and 1.8 
times lower than that of heat-treated specimens.

3.1.4 � LSM in Aviation and Space Industries

Mg alloys are favorable materials for making components 
in the aerospace industry mostly because of their high 
strength-to-weight ratio. Cast Mg alloys generally consist 
of coarse microstructures having grain sizes in the range of 
50–250 µm. LSM treatment of Mg alloys resulted in a sig-
nificant reduction in grain sizes (1–10 µm) due to the rapid 
solidification rate, which favors grain refinement as well as 
the formation of dendritic networks. Grain refinement results 
in an increase in surface hardness of approximately two to 
four times as compared to cast alloy [97].

Abbas et  al. [98, 99] reported that improvement in 
wear resistance of AZ31 and AZ61 Mg alloy was noted 
due to the formation of intermetallic ꞵ-Mg17Al12 during 
LSM, which hindered the propagation of micro-cracks 
and increased the resistance to plastic deformation during 
wear. Dutta Majumdar et al. [100] reported improvement 
in the corrosion resistance of Mg alloys after LSM treat-
ment due to significant grain refinement and redistribution 
of the precipitates along the grain boundaries. Selective 
evaporation of Mg alloys during LSM resulted in enrich-
ment of Al, Zn and Ce on the surface, which resists further 
corrosion of the Mg alloys. Mondal et al. [101] observed 
the corrosion resistance of ACM720 Mg alloys after LSM 
treatment and reported that there was a slight improve-
ment in corrosion due to the formation of the continuous 

layer of Mg(OH)2 on the treated surface. Dissolution of 
the Al2Ca phase and enrichment of Al on the surface also 
enhanced the corrosion resistance.

Ti alloys usually have low hardness, low wear resistance 
and a higher CoF, which restricts its usage in some appli-
cations due to fretting wear and reduced fatigue life [102]. 
When the surface of Ti was treated with LSM, a fine layer 
of martensite formed, which increased the surface hard-
ness and also showed excellent wear and corrosion resist-
ance due to the formation of a thin film of TiO2 [102]. 
Langlade et al. [103] reported that by varying the laser 
treatment parameters, titanium layers of TiO, TiO2 and 
TiO3 formed, which significantly improved the corrosion 
resistance. It was also reported that the pitting potential 
of the Ti alloy increased from 3.51 to 5.56 V after LSM 
treatment [104].

Although the tribological properties of Al alloys are 
significantly improved when the surface was treated with 
LSM, there are some difficulties associated with LSM. For 
example, it’s high oxidation potential and surface reflectiv-
ity lead to low energy absorption, which enhances the for-
mation of microstructural defects like porosities and crack 
formation. Rodríguez et al. [105] reported that when the 
surface of a 6061 Al alloy substrate (used in the fuel tank 
of aircraft) was reinforced with Al-multi walled carbon 
nanotubes (Al-MWCNTs) and treated with LSM, the sur-
face hardness was increased up to 43% when compared to 
the 6061- aluminum alloy substrate. In contrast, the LSM 
of pure aluminum increased the hardness by about 28%. 
The presence of Al-MWCNT powder also increased the 
energy absorption of the laser, which resulted in deeper 
modification of the surface.

Fig. 9   Corrosion morphologies 
after double-loop electrochemi-
cal potentio-kinetic reactiva-
tion (DL-EPR) test for a aged 
S31603 ASS before LSM, b 
aged S31603 ASS after LSM, c 
aged S31803 DSS before LSM 
and d aged S31803 DSS after 
LSM. Reproduced with permis-
sion from [90]
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3.1.5 � LST in Aviation and Oil & Gas Industries

A case study by Gadiv Petrochemical Industries Ltd. 
revealed that the lifespan of LST mechanical seals (used 
in pumps) increased significantly [106]. It was noticed that 
the laser textured seal operated for more than 10,000 h 
over a period of 38 months, whereas the non-textured seal 
was replaced four times during the same period. Texture 
density, which is defined as the ratio of textured surface 
area to the total surface area, is a critical parameter for 
determining the tribological properties of a surface. Opti-
mal texture density reduces the CoF and increases the wear 
resistance of the surface. Li et al. [107] investigated the 
effect of texture feature density on the tribological behav-
ior of AISI 52100 bearing steels (used to manufacture air-
craft bearings). They observed that improvement in wear 
resistance was noted by texturing the surface through laser 
interference, and the highest wear resistance was obtained 
at 15% texture density. Sasi et al. [108] reported the effect 
of LST on the HSS tool for machining AA7075-T6 aero-
space alloys. In this study, the authors made uniform cir-
cular-shaped dimples on the surface of the tool. The use of 
textured tools reduced the cutting force up to 9% and the 
thrust force by 19% (operating at 30 m/s).

LST produces a hydrophobic surface, which provides 
excellent corrosion resistance due to its anti-biofouling prop-
erty. Hydrophobicity can be readily achieved by creating a 
periodic, 3D micro and nano-patterned topography on the 
surface of the material. In most cases, it was observed that 
the surface turned from hydrophilic to hydrophobic after 
the LST when exposed to airborne organic contaminants 
(fluoroalkyl silanes, silicone sol, and other surface modi-
fiers) for a longer period of time [109]. In addition, stud-
ies revealed that the corrosion resistance of the surface was 
enhanced in marine water due to anti-biofouling and super-
hydrophobicity [110].

In recent years, picosecond laser texturing (PLT) has been 
used for creating various types of textures on the surface 
of titanium, stainless steel, copper, and aluminum alloys, 
which are mostly used in nuclear, aviation, and oil & gas 
industries. Yang et al. [111] developed a super-hydrophobic/
super-hydrophilic (SH/SHL) surface via PLT and chemical 
modification to control drop splashing on AA7075 alloys. 
It was observed that after PLT, the surface was initially 
super-hydrophilic. It became hydrophobic after immersion 
in ethanol and stearic acid for 60 min, followed by exposure 
to organic contaminants, which ultimately improved the cor-
rosion resistance of the surface. Sun et al. [112] investigated 
the role of PLT on AISI 304 ASS and chemically modified 
the surface with silicon-sol after the PLT treatment. Thus, 
hydrophobicity was achieved, which resulted in a surface 
with anti-biofouling properties. Super-hydrophobic surfaces 
possessing micro-groove arrays and micro pits reduced the 

mean microbe attachment area ratio (MAAR) from 92 to 
57% [112].

CrMnFeCoNi is a high entropy alloy (HEA) and is widely 
used in both nuclear and aviation industries due to its supe-
rior mechanical properties like high strength, ductility at 
cryogenic temperature, superior fatigue life and tribologi-
cal properties. Tong et al. [113] studied the LSP process 
on CrMnFeCoNi HEA with laser parameters (wavelength 
1064 nm, pulse width 10 ns, working frequency 5 Hz, spot 
diameter 3 mm, and overlap rate 70% with different laser 
energies of 2 J, 4 J, and 6 J). The authors found that the 
highest surface roughness (Ra = 1.61 μm) and compressive 
residual stress (131 MPa) were obtained with a laser energy 
input of 6 J. A challenge in the space industry is increasing 
the efficiency of solar panels that are used in satellites. The 
main factor that improves efficiency is reducing the reflectiv-
ity of light from the solar panel, and the reflectivity of the 
light could be lowered by texturing the surface of the solar 
panel, as shown in Fig. 10 [114]. Horn et al. [115] reported 
that the reflectivity of the surface could be reduced to 11% 
using a laser influence of 4 J/cm2 when compared to the 
standard multi-crystalline Si solar cell textured surface.

Increasing the joining strength of Ti–6Al–4V alloy 
(TC4) and carbon fiber reinforced thermoplastic compos-
ites (CFRTPs), i.e., CFRTP/TC4, is challenging due to the 
low shear strength between the joints [116]. Caiwang et al. 
[117] reported laser joining of CFRTP/TC4 by inducing a 
texture depth of 100 µm by LST on a Ti alloy. The shear 
strength of the joined material was 2618 N, which was 
approximately 156% higher than the un-textured alloy. Ge 
et al. [118] reported that LSP treatment of AZ31 Mg alloy 
increased the fatigue life of the material due to a reduction 
in the rate of crack length with respect to the number of 
cycles. The primary cause for the decrease in crack length 

Fig. 10   Path traced by optical light incident on laser-textured silicon 
surfaces. Reproduced with permission from [114]
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was the presence of fine grains and compressive residual 
stress, which increased the number of grain boundaries that 
acted as a barrier for crack propagation and small planar slip 
distance. The grain size before LSP was 16.4 µm, and it was 
17.5 nm after LSP.

3.2 � Ion Beam

Ion beam technique offers a sensitive, rapid, and non-
destructive tool for altering properties (e.g., structural, 
physicochemical and interface properties) in a controlled 
manner. It consists of charged particle ions (mainly, gallium 
or argon), typically generated from a liquid metal ion source 
(LMIS) in the presence of a strong electric field. This is 
also a valuable technique to estimate the engineered material 
properties up to a superficial depth. Ion beam technology 
is widely used in electronics, manufacturing, nuclear, avia-
tion and space industries. The process mechanism of the 
ion beam techniques is schematically represented in Fig. 11.

3.2.1 � Ion Beam Processing

Ion beam processing provides new avenues of sample char-
acterization and analysis and the ability to develop smart 
materials by modifying their properties. There are three 

major aspects in the ion beam processing of materials: the 
science behind ion beam irradiation, material selection, and 
surface engineering (schematically shown in Fig. 12) [119]. 
These can be fairly addressed in terms of the commonly 
available ion beam analysis techniques and the task-specific 
modification using ion beams.

3.2.1.1  Modification of Materials by Ion Beam 

(i)	 Ion beam mixing In this technique, mixing of inter-
faces, highly adherent coated layers, or growing layers 
is accomplished by recoiled ion collisions with target 
atoms. Ion beam mixing improves various properties at 
the target interface by inter-diffusivity [120], relieving 
stresses [121], and the formation of advanced alloy lay-
ers [122]. These modifications depend on the mass of 
the incident ion, ion dose and irradiation temperature. 
These coated layers are useful in nuclear reactors where 
the environment is very corrosive and exposed to very 
high temperatures.

(ii)	 Ion beam assisted deposition Ion beam assisted depo-
sition (IBAD), commonly known as double ion beam 
sputtering deposition (DIBS), is another surface modi-
fication technique where the physical vapor deposi-
tion (PVD) method is combined with ion implantation 

Fig. 11   Schematic representa-
tion of the ion beam technique

Fig. 12   Schematic representa-
tion of ion beam processing
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[123]. Here, implantation is done by inert or reactive 
ions. The sputtering process and ion beam bombard-
ment are conducted simultaneously. As a result, a series 
of physicochemical reactions occur between the bom-
barded ions and deposited atoms. This dynamic mix-
ing strengthens the properties of modified films [124]. 
Thus, a number of high-quality films can be made at 
ambient temperature using this technique [125].

(iii)	 Ion beam induced crystallization and amorphization 
Epitaxial crystallization of the layers may occur under 
specific implant conditions of ion bombardment. With 
high temperature and small ion fluxes, the crystal 
spreads into the amorphous phase and vice versa. There 
is a decisive balance between damage generation and 
its disintegration during amorphous Si formation [126]. 
The theoretical models provide a better realization of 
crystal-to-amorphous transition mechanisms [127].

(iv)	 Ion implantation Ion implantation is an ambient tem-
perature surface treatment tool where low doses of 
impurities (dopants) are implanted to enhance the prop-
erties of materials such as semiconductors [128, 129]. 
In this process, dopant atoms are first volatilized, ion-
ized then subsequently accelerated. They are separated 
by the mass-to-charge ratios and finally bombarded 
onto the target. Thus, dopants implant into the crystal 
lattice of the host atoms, and the average penetration 
depth is governed by the nature of the dopants, proper-
ties of target materials, and acceleration energy.

(v)	 Ion beam irradiation This is a commonly used tech-
nique for fabricating nanostructured thin films in indus-
trial, technological, and medical applications [130]. 
Ion beam irradiation gives rise to new phases around 
the interfaces, which can improve its physicochemi-

cal properties. Irradiated ethylene tetrafluoroethylene 
(ETFE) films are used mainly in the technological and 
medical domains [131].

3.2.1.2  Analysis of  Materials by  Ion Beam  The proper-
ties and performances of the surface-engineered materials 
are strongly governed by their structures and composition. 
When an energetic ion beam hits a target, numerous col-
lisions happen. During those collisions, the incident parti-
cle loses energy. These energy loss processes capture depth 
information of the target from a few tens of nanometers to 
micrometers, which can be measured by ion beam analy-
sis. The emission products from these ion–solid interactions 
play an intrinsic role in describing the surfaces and inter-
faces of the material composition and structure. These inter
particle interactions, e.g., scattering, inner-shell ionization, 
and nuclear reactions, usually depend on innumerable vari-
ables, which include ion velocity and energy, size, atomic 
number, and mass of the solid. There are several ion beam 
analysis techniques available, as summarized in Fig. 13.

3.2.2 � Advantages of Ion Beam Processing

The flexible nature of ion beams makes them suitable for 
quick down-selection of materials. The ion beam is gener-
ally used for etching, sputtering, irradiation, implantation, 
and analysis, depending upon the needs of targeted applica-
tions. As it is a low-temperature treatment process, it does 
not cause any thermal distortion in the material. All types of 
materials ranging from metals to biomaterials, can be modi-
fied or analyzed using an ion beam source. It gives outstand-
ing uniformity, versatility, independent ion beam energy, and 
flexibility as achieved by precise current control, accuracy, 

Fig. 13   Ion beam analysis 
techniques
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and repeatability. This provides a facile and consistent etch-
ing process. Sputtering ion beam sources are becoming more 
attractive in the etching process. Ion beam analysis tech-
niques remain unparalleled in three areas: (i) light element 
analysis using particle-induced gamma emission (PIGE), 
nuclear reaction analysis (NRA), or elastic recoil detection 
analysis (ERDA) techniques, (ii) elemental depth profiling 
via Rutherford backscattering spectrometry (RBS), NRA or 
ERDA techniques and (iii) large-scale elemental imaging 
mainly based on particle-induced X-ray emission (PIXE) 
[132]. This flexible and highly configurable technology has 
numerous industrial applications [133].

3.2.3 � Exotic Applications of Ion Beam Technology

Innovative research for advanced surface-engineered mate-
rial in exotic applications such as nuclear, offshore oil & gas 
and space industries is essential for smooth and safe opera-
tions. Ion beam techniques are promising and are extensively 
used to enhance the tribological properties of such materials. 
Some of the relevant research related to the applications is 
described in this section.

3.2.3.1  Nuclear Industry  Nuclear energy is a promising 
prime source of energy as it is environmentally less damag-
ing than fossil fuels and can supply stable baseline energy. 
Next-generation high-temperature gas-cooled reactor 
(HTGR) may be a potential candidate for hydrogen produc-
tion [134] as it can withstand the high temperature (1223 K) 
needed in the sulfur-iodine cycle. Park et al. [135] showed 
the effects of ion beam mixing of a ceramic film (SiC) onto 
a metallic material (stainless steel and Ni-based alloys) for 
nuclear hydrogen production above 1173 K in a SO3/SO2 
ambient. An approximately 50 nm thick SiC ceramic film 
was deposited by the e-beam evaporation method on 316L 
ASS, Inconel 800 H, 690, and Hastelloy-X substrates. After 
that, 100 keV (Ar and N) ion bombardment was used to mix 
the interfacial region. An additional 500 nm thick SiC film 
was deposited on the ion bombarded SiC film. A corrosion 
resistance evaluation was performed on samples with/with-
out ion beam mixing by immersing in a 50% H2SO4 solu-
tion for 1 h at 573 K. It was observed that the film without 
mixing was completely removed, while the ion beam treated 
sample showed no detachment. The optical micrographs of 
etched SiC/Hastelloy-X surfaces revealed that non-ion beam 
surfaces had film flakes at the edge of the film, whereas no 
such observation was made in ion beam modified surfaces. 
This means the modified interface was protective against a 
corrosive environment.

The materials used in nuclear reactors are irradiated 
with high (fission fragments) and low (alpha particle and 
neutrons) energy particles. Uranium is a highly active and 
corrosive metal when it comes in contact with H2, O2, or 

H2O. This diminishes its performance, lifetime and also its 
efficiency [136–138]. Cerium (Ce) can be used as an attrac-
tive reference metal for simulating uranium due to its similar 
electronic configuration. Liang et al. [139] investigated the 
improvement in corrosion resistance of Ce (simulating ura-
nium) by deposition of TiN/CeN as well as CeN/TiN bilayer 
composite films using the DIBS method. The results indi-
cated that the CeN/TiN bilayer composite film had superior 
resistance to corrosion. Therefore, this might be a useful 
shield for uranium in a corrosive environment.

Another crucial nuclear reactor material, yttria-stabilized 
zirconia (YSZ), is commonly used for the partitioning and 
transmutation of radiotoxic actinides as an inert matrix fuel 
[16, 17]. There is a need to understand the structural changes 
under the influence of radiation at an atomic level and the 
consequent effect on radionuclide liberation rates during 
corrosion. Investigation revealed that YSZ is a strongly 
radiation-resistant ceramic material [140]. When exposed 
to ion beam irradiation, it experiences atomic displacement 
damage and accumulates many gas atoms [129]. Zhang et al. 
[141] investigated the irradiation effects of ion-induced dam-
age by Rutherford backscattering spectrometry (RBS) using 
a 2.022 MeV helium ion beam with 15 keV energy resolu-
tion. The results showed that displacement damage can be 
decreased by sequential ion beam irradiation. Additionally, 
a reduction of interstitial He atoms was observed, which led 
to a decrease in displacement damage, which is helpful for 
real industrial applications in nuclear reactors.

3.2.3.2  Oil & Gas Industry  The oil & gas industry has been 
facing many challenges due to aggressive and extreme 
weather conditions. The major issues in this industry are 
flow-accelerated corrosion and environment-assisted crack-
ing, as mentioned in Sect. 2. The analysis of the corrosion 
behavior of structural materials is necessary to avoid cata-
strophic failure in marine environments. Three major types 
of environment-assisted cracking (HE cracking, sulfide 
stress corrosion (SSC) and SCC) can be modified or ana-
lyzed using ion beam technology. A site-specific cracking 
analysis is generally done by fractography using advanced 
ion beam technology. This provides thorough characteriza-
tion and aids in the selection of a material for such applica-
tions. The HE of steels and other metallic alloys is a major 
technological concern in the integrity of operating equip-
ment (e.g., pipelines and subsea manifolds) in the oil & gas 
industry [142–144]. Hydrocarbon production from sour 
wells (i.e., H2S containing) is an ever-increasing challenge, 
which gives rise to the SSC of ferritic steels [145, 146]. 
In aqueous corrosion, hydrogen is generated during the 
cathodic reaction, which is diffused through the lattice and 
transmitted to regions of high-stress concentration, such as 
advancing crack tips, causing failure in the material [147]. 
This is further aggravated by the presence of H2S. Various 
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mechanisms have been proposed in the past regarding the 
actual micromechanical pathways of failure. They can be 
grouped into three major mechanisms: hydrogen-enhanced 
localized plasticity (HELP) [148, 149], hydrogen-enhanced 
strain-induced vacancy (HESIV) mechanisms [150, 151] 
and hydrogen-enhanced de-cohesion (HEDE) [152, 153]. 
However, no mechanism conclusively addresses the exact 
science behind premature failure in the presence of H2. To 
understand the role of hydrogen relevant to plasticity and 
damage, Srinivasan et al. [154] did detailed fractography of 
Ferritic steel using crack-tip focused ion beam transmission 
electron microscopy (FIB-TEM) coupled with high-resolu-
tion SEM and compared the mechanisms associated with 
deformation. This investigation provided possible damage 
evolution mechanisms in the presence of hydrogen. They 
proposed a unique micro mechanism method (nano-void 
coalescence mechanism or NVC) consisting of three stages: 
(i) nano-void nucleation, (ii) growth and (iii) coalescence of 
HE, as schematically represented in Fig. 14.

A comprehensive understanding of the proposed 
mechanism(s) related to HE helps to down-select a mate-
rial and service condition in oil & gas industry applications 
[155]. DSS provides excellent resistance to intergranular 
degradation and excellent stress and crevice corrosion resist-
ance along with moderate mechanical strength as compared 
to standard austenitic stainless steels [156]. However, it 
loses toughness and corrosion resistance during forging and 
heat treatment. Detailed failure analyses have been done by 
Bruch et al. [157] using a FIB device. They found that high 
forging ratios and strict temperature control can give excel-
lent corrosion resistance along with high impact strength and 
precipitation-free microstructures in DSS.

HE can also be reduced by adding noble metals (such 
as copper, silver, palladium, and platinum) in H2S environ-
ments [158, 159]. Wilde et al. [160] performed palladium 
(Pd) ion beam mixing for surface modification and found 
that it significantly reduced the hydrogen absorbed fraction 
(HAF) as compared to non-modified surfaces. An acceler-
ated hydrogen embrittlement test was conducted using a 
slow-strain rate procedure [161] to determine the HE resist-
ance improvement in modified surfaces. Severe intergranular 
fracture was observed from micrographs of a non-surface 

treated specimen than Pd ion-beam mixed surface, which 
was less susceptible to HE and was fully ductile in nature. 
Thus, surface modification by Pd-ion beam mixing signifi-
cantly reduced the hydrogen absorption and HE of steels.

3.2.3.3  Space and  Aviation Industries  Complex-shaped 
components in the aerospace industry are often made from 
materials that feature poor machinability. Surface engineer-
ing of those components demands the use of concentrated 
energy fluxes [162] to form a composite material with a 
gradient of properties. Surface coatings by ion implantation 
followed by ion deposition improved the quality parameters 
of those processes [163, 164]. Vityaz et al. [163] performed 
surface modification of the high-speed tool steel R6M5 
using ion implantation followed by ion deposition. They 
observed that microhardness was increased by four times 
after chromium ion implantation, followed by deposition, 
indicating the strengthening of the material. The micro-
structural analysis also revealed fewer micro-cracks in the 
surface layers without much change in the phase distribution 
pattern. Hence, the surface self-organization process helps 
to build outer layers of required thickness over a complex-
shape structure during ion beam modification.

To improve the fretting fatigue resistance of Ti–6Al–4V 
titanium alloy, Tang et al. [165] used ion beam enhanced 
magnetron sputtering deposition for preparing Ti/Mo metal-
lic multi-layer films with different periodicities. The fretting 
fatigue resistance and mechanical properties (such as tri-
bological properties, hardness, and toughness) of the opti-
mized film were investigated. They observed that high den-
sity, small grain size, and high bonding strength films were 
deposited after modification. In short, the formation of Ti/
Mo metallic multi-layer films using an ion beam enhanced 
magnetron sputtering deposition improved the toughness, 
hardness, adhesion, and wear resistance of titanium alloys.

Polyimides and carbon coatings commonly used in space 
stations require durability in space environments. They 
gradually erode and experience changes in their properties 
when exposed in LEO [33, 166, 167]. Protective coatings 
are required to prevent oxidation of those materials. Banks 
et al. [168] reported a thin film coating on polymer (Kap-
ton®) by ion beam sputtering followed by deposition as the 

Fig. 14   Schematic representa-
tion of stages associated with 
the NVC mechanism. Repro-
duced with permission from 
[154]
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protection of the spacecraft in LEO. The thin films consist 
of Al2O3, SiO2, and a mixture of co-deposited SiO2 with 
small amounts of a fluoropolymer. The investigation of the 
space flight (STS-8) exposed samples revealed an effective 
and protective coating had been achieved using an ion beam 
over polyimide Kapton®.

3.3 � Electron Beam (EB)

EB surface modification is a well-established methodology 
among the various surface engineering techniques due to its 
higher energy efficiency and precision control mechanism 
inside the vacuum chamber [169]. In this technique, the elec-
trons are emitted and accelerated by electrical potentials and 
follow a path through the focusing lens and deflecting coils. 
Here, the electrons are electromagnetically deflected and 
further guided on the focused region of the selected mate-
rial. The kinetic energy of the electrons gets transformed 
into heat while striking the material surface with a very high 
velocity, leading to the formation of thermal gradients from 
the surface to the bulk. The whole process is carried out in 
a vacuum chamber, which helps to avoid the dispersion of 
electron beams [170]. There are two types of EB processing 
techniques: continuous and pulsed. The major differences 
between them are the heating and cooling rates. For pulsed 
EBT, the cooling rate can extend up to 109 K/s [171], while 
in the continuous mode, it is about 105 K/s [142], leading to 
various properties of materials.

3.3.1 � Advantages of EB Surface Treatment

Electron beams (EBs) have been extensively studied as sur-
face engineering tools in various industries, especially exotic 
applications, where improved surface properties are desir-
able. Some of the most convenient aspects of this technology 
are mentioned below [170–173]:

(I)	 EB produces very high surface temperature without 
consuming much energy compared to conventional 
methods. The process is very effective for large-scale 
processing and may save up to 40% of the total energy 
consumption.

(II)	 EB processing takes a comparatively shorter processing 
time than the other surface engineering techniques.

(III)	Better surface finish, higher-order dimensional accu-
racy, and contamination-free surfaces are the most 
advantageous features of EB surface engineering.

(IV)	This technology can be used for highly reactive materi-
als, as the entire process is executed inside a vacuum 
chamber.

(V)	 EB has high precision and uniform distribution of 
energy throughout the surface of the material.

3.3.2 � EB Techniques

EB surface engineering techniques include EB-induced 
surface hardening, alloying, melting, and cladding. Some 
structural changes and phase transformation might occur if 
the workpiece surface temperature reaches its melting point. 
The EB processing technique is schematically represented in 
Fig. 15. Among the numerous EB processing/surface engi-
neering techniques, some essential procedures are discussed 
below.

3.3.2.1  EB Surface Hardening  EB surface hardening is used 
to improve the surface properties of the materials, primarily 
the surface hardness. Here, the specimen is heated above the 
plasticization temperature (lower than the melting point), 
followed by rapid cooling resulting in a fine crystalline 
microstructure related to the higher surface hardness. This 
method is widely used in industries where hardened materi-
als are required [173].

3.3.2.2  EB Alloying  This method can be exploited to form a 
distinct surface alloy when compared to the base material, 
leading to superior functional properties. Due to the high 
energy of electrons, the EB exposed area quickly reaches the 
material’s melting point, causing localized melting in a con-
taminant-free environment. This ensures a proper distribu-
tion of alloying elements in the melt pool, which forms the 
surface alloy upon solidification. The EB alloying technique 

Fig. 15   Schematic representation of EB processing on the structural 
material
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is a rapid surface engineering tool that could be used in 
many exotic applications. Still, this method is significantly 
more appropriate for improving surface properties of lighter 
metals and alloys like Ti and Al [174].

3.3.2.3  EB Melting  In this process, high velocity electrons 
are generated by applying high electrical potential. These 
electrons are tightly focused using magnetic fields. When 
the electrons strike the sample material during EBM, the 
kinetic energy is converted into heat or thermal energy. 
Thus, this procedure occurs above the melting temperature 
and melts the surface layer [174].

3.3.2.4  EB cladding  EB cladding is essentially powder 
freezing in the liquid metal pool induced by EB. In this pro-
cess, a feeder is used for feeding the cladding powder inside 
the molten pool of the substrate materials. Under the influ-
ence of EB, the cladding powder is melted and solidified, 
forming a good metallurgical bond. During this process, 
EB parameters and other conditions must be precisely opti-
mized. Some of the industrial applications of the EB clad-
ding procedure are surface hardening, crack/porosity filling 
and tool repair [175].

3.3.3 � EB in Exotic Applications

Surface engineering technologies related to EB are used in 
exotic applications to enhance the mechanical and surface-
mechanical properties of the desired materials. Different 
EB treatment procedures, such as EB surface hardening and 
EB alloying, are used to address surface-related challenges 
in harsh environments. This section primarily focuses on 
some of the recent developments in EB surface treatment 
techniques for aerospace and nuclear applications.

3.3.3.1  Aviation Industry  Ti, Al–Si, and Mg alloys are 
materials widely used in aviation industries to manufacture 
various components such as airframes, landing gears, blades, 
tubes of fuel tanks, and engine parts. However, these materi-
als have some drawbacks, like low hardness and poor corro-
sion/wear resistance. These could be effectively addressed 
through advanced surface modification techniques such as 
EB treatment technologies. Recent works related to EB sur-
face treatment for Ti, Al–Si, and Mg alloys are discussed 
below.

Hao et al. [176] performed a high-current pulsed electron 
beam (HCPEB) technique on Mg alloy (AZ91) to examine 
the improvement in microhardness and corrosion resistance 
as a function of electron pulses. They reported that after 
three pulses of HCPEB, the β-Mg17Al12 phase melted and 
dissolved into the surrounding matrix. After fifteen pulses of 
HCPEB, a very flat surface (depth ~ 8 μm) was obtained with 
the complete disappearance of the β-Mg17Al12 phase. They 

concluded that rapid solidification inside the melt pool was 
the primary reason for the changes in microstructures, which 
resulted in improved strength and surface hardness after 30 
pulses of HCPEB. Furthermore, they found that the mechan-
ical properties of the treated alloy increased proportionally 
with the number of pulses. Still, the corrosion resistance was 
maximum only after 15 pulses of HCPEB treatment.

Walker et al. [177] studied large-area pulsed electron 
beam melting (LAEBM) on the surface morphology and 
electrochemical behavior of Ti–6Al–4V alloy. The alpha 
prime martensitic phase appeared after rapid cooling 
induced by this treatment. The corrosion rates of LAEBM 
treated samples are significantly lower (by order of approx-
imately 150 times during a 15 pulse treatment) than the 
untreated samples. Such considerable improvement in cor-
rosion behavior can be attributed to a homogeneous marten-
sitic layer that facilitates a dense passive oxide layer during 
electrochemical testing.

Gao et al. [178] examined the impact of the pulsed EB-
technique on the titanium (TA15) alloy surface and investi-
gated the hardness distribution on the treated surface. The 
authors reported that the hardness on the surface melt layer 
(~ 25 µm) was significantly higher due to the fine grain 
microstructure and lower heat effect. Zagulyaev et al. [179] 
examined the EB-pulsed technique on the microhardness and 
the tribological behavior of a Si-rich Al alloy (silumin). The 
maximum drop in wear properties and maximum increase 
in microhardness were found at energy densities of 35 J/
cm2 and 30 J/cm2, respectively. Post-treatment SEM stud-
ies revealed that the silumin surface layer was homogene-
ous. The surface layer thickness varied from 35 to 80 µm 
depending on the input energy densities, and inclusions of 
dimensions between 150 and 175 nm were homogeneously 
dispersed throughout the surface layer. Guo et al. [180] 
examined the wear and corrosion resistance of Ti–6Al–4V 
alloy irradiated by HCPEB. The surface roughness of 
the irradiated samples decreased as the number of pulses 
increased due to the disappearance of crater-like morpholo-
gies. However, the surface roughness was still approximately 
ten times higher compared with the untreated samples. The 
corrosion potential (Ecorr) of treated samples increased from 
– 709 mV (N = 0) to − 202 mV (N = 5), demonstrating an 
increase in corrosion resistance.

3.3.3.2  Nuclear Industry  Inconel 617 and 316L ASS are 
extensively used materials in nuclear applications due to 
their high-temperature mechanical and tribological proper-
ties, including wear and corrosion resistance. These materi-
als are candidate structural materials for fuel-cladding tubes, 
steam-generator tubes, and various nuclear reactors like 
pressurized water reactors (PWR) and very high-tempera-
ture reactors (VHTR) in nuclear energy applications [181]. 
Irrespective of their performance, high stress (residual, ten-
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sile, or both), temperature, pressure, and very aggressive 
(toxic) environments for nuclear power generation demand 
compulsory enhancement of the surface properties of these 
service materials.

In pursuit of nuclear energy applications, Basak et al. 
[182, 183] conducted EB melting/surface treatments on 
Inconel 617 superalloys and 316L ASS. In the case of 
Inconel 617, they reported that the processed region was 
separated from the substrate with a solid–liquid interface 
boundary. The columnar dendritic microstructure revealed 
inside the melt pool resulted in higher surface hardness 
than the base material condition. Post EB-treated material 
showed higher corrosion resistance than the base mate-
rial. The development of the properties was mainly due to 
homogenized microstructures, grain size reduction and puri-
fication of the surface layer by EB irradiation [183].

For the 316L ASS substrate, the same research team 
clarified some specific reasons for the improved tribologi-
cal properties observed in the EB-treated sample. The higher 
amounts of thermal stress and the formation of fine dendrites 
inside the EB-treated region enhanced dislocation density 
and hindered its movements. The fretting wear rate was also 
observed to be very low in EB-treated samples due to the 
development of fine microstructural properties and increased 
microhardness. The dendritic microstructures with signifi-
cant grain refinement showed improved corrosion resistance 
in passive electrolytic solution compared to the unprocessed 
region coarse-grained microstructures [182].

3.4 � Plasma Immersion Ion Implantation (PIII)

PIII is another promising and versatile surface engineering 
method for various substances, including semiconductors, 
metals, insulating materials (polymers, ceramics, and rub-
ber) and dielectric materials [184]. In the mid-1980s, PIII 
was first demonstrated by Conrad et al. [185] and Tendys 
et  al. [186], who enhanced the capabilities of the con-
ventional ion implantation (CII) technique by addressing 

technical complexities, non-uniform implantation on com-
plex-shaped three-dimensional (3D) targets (tools, dies, and 
mechanical parts), and higher cost. The technical advance-
ment of the PIII technique compared to the CII method is 
discussed below.

3.4.1 � Working Principle of Conventional ion Implantation 
(CII)

The CII technique used to be a preferred choice for enhanc-
ing surface properties like wear, corrosion, fatigue perfor-
mance of materials, and selective doping of silicon wafers 
for semiconductor applications [187]. As shown in Fig. 16a, 
ions of desired materials are extracted effectively from the 
plasma of ions source in CII and are focused to form a col-
limated beam using a set of extraction grids. The ions in 
the collimated beam are accelerated to achieve the desired 
energy after passing through the beam rastering system. 
They are then scanned across the target surface for uniform 
implantation. As CII is a line-of-sight technique, a manipu-
lator stage with a sophisticated computer-controlled system 
is also required for a non-planar target to rotate, which uni-
formly implants all sides of the target in the presence of an 
adequate heat sink.

Target manipulation is an additional complex and costly 
aspect that also imposes target size constraints making it 
more difficult to achieve uniform implantation. In addition, 
target masking (Fig. 16c) in CII is required to maximize the 
retained dose by minimizing the ion beam incidence angle 
(Fig. 16b) to less than 20°–30°, which otherwise causes 
undesired excessive sputtering that further aggravates the 
design complexity and increases the cost of the system. 
Additionally, sputtering of the mask might lead to contami-
nation of the target [185, 188, 189]. An advanced PIII tech-
nique can address those issues and, therefore, can comple-
ment the CII for the surface treatment of large, complex 3D 
parts or samples.

Fig. 16   Schematic presentation showing a the principle of the CII technique, b retained dose issues due to the incidence angle of the beam. c 
Masking of convex targets in CII to minimize the sputtering of ions and to maximize the retained dose. Adapted from [187]
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3.4.2 � Working Principle of Plasma Immersion Ion 
Implantation (PIII)

In the PIII technique [185, 188, 189], target materials/com-
ponents are placed directly inside a vacuum chamber where 
the targets are subjected to plasma ions to be implanted 
(Fig. 17). The targets are then negatively pulse biased (~ KV) 
while the chamber wall is grounded. As a result, the enforced 
negative potential repels the electrons further from the target 
towards the chamber walls, forming a positive ion plasma 
sheath surrounding the target. Therefore, ions are acceler-
ated in all directions normal to the target surface due to the 
potential difference across the plasma sheath. This leads to 
uniform implantation from all sides (Fig. 17b). Thus, PIII 
addresses the line-of-sight and “retained dose” requirement 
of CII. Additionally, PIII achieves the same goals without 
using complicated and sophisticated mechanisms, i.e., the 
ion accelerator stage, raster-scan apparatus and target-
manipulator hardware, leading to a simpler, smaller, and 
less expensive “in-house” operation technology. Some of 
the advantages of PIII are:

	 (i)	 A large number of parts, irrespective of shape, size 
and weight, can be processed effectively at the same 
time and at significantly lower processing tempera-
tures than other techniques. This makes PIII a batch-
processable technique that is also beneficial for parts 
where an increase in temperature causes distortion of 
parts or degradation of microstructure and properties. 
The dose uniformity is also sufficiently good in batch 
processing or in implanting non-planar targets [190].

	 (ii)	 Surface properties (like microhardness and wear) are 
improved by efficiently inserting ions to the desired 
concentrations and depths for modifying the surface 
without affecting the microstructure, elemental com-

position and mechanical properties of the substrate 
materials [188].

	 (iii)	 By altering the implantation energy and the time of 
implantation, the concentration of the implanted ions 
on the target material can be changed very easily. 
This process generates intermetallic compounds and 
high concentration solid solutions, which substan-
tially enhance the strength of the material by solid 
solution strengthening mechanisms [191].

	 (iv)	 Use of metal mesh-assisted PIII in insulating mate-
rials boosts the energy and the dosage of implan-
tation by accelerating ions from the plasma, and it 
also eliminates the surface deformation in insulating 
materials [192].

PIII is also used as a hybrid technology that offers the 
combined benefit of PIII with deposition (PIII&D) for 
various coating-related applications like massive diamond-
like carbon (DLC) film coatings inside cavities or holes, 
the inner surface of metallic pipes and tubes used in oil 
& gas industries, in rocket engines to be used in space 
exploration, in the aerospace industry as fuel feeding and 
refrigeration tubes, and in the nuclear industry as liquid 
transporting pipes in fission and fusion devices [193, 194]. 
The PIII process is also used in an ion beam enhanced 
deposition (IBED) mode to develop metal alloys or vari-
ous coatings such as metal nitride coatings [190]. PIII 
with a metal plasma and cathodic arc deposition repre-
sents another method for ion implantation with film dep-
osition protocol, referred to as metal plasma immersion 
ion implantation and deposition (MePIID). Metal plasma 
also includes plasmas of semi-metallic and semiconductor 
materials (C, Si and Ge), which can be used in the deposi-
tion of non-crystalline carbon in magnetic recording heads 
[195, 196].

Fig. 17   Schematic diagram depicting a PIII technique, showing 
plasma sheath surrounding the target followed by the plasma ion 
bombardment. This eliminates the requirements of rastering of the 

beam or specific target adaptations. Reproduced with permission 
from [189]. b Normal incidence of plasma ions over the target sur-
faces in PIII eliminates the need for masking. Adapted from [187]
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Despite having few drawbacks (like no mass separa-
tion, which causes implantation of contaminants present in 
the plasma, the secondary electron problem, generation of 
X-rays, inaccurate monitoring of in situ dose, inhomoge-
neous distribution of implantation energy) [193, 194], PIII 
has attracted greater attention as a promising technique for 
surface engineering from both researchers and industries.

3.4.3 � Application of PIII in Exotic Applications

There is always demand for advanced surface modification 
techniques with higher performance in many exotic appli-
cations like nuclear, space, aviation, oil, and gas industries. 
Various requirements like less capital investment, easy oper-
ation and maintenance of the system, high throughput, and 
longer lifetimes of manufacturing tools push adoption of the 
PIII technique for exotic applications.

3.4.3.1  Nuclear Industry  Advanced applications in the 
nuclear industry demand new materials/alloys or surface 
modification of existing materials/alloys to improve their 
performances to (i) protect products against HE in water-
cooled nuclear reactors, (ii) provide more complete fuel 
burn up and (iii) improve the safety of nuclear reactors.

Long et al. [197] reported that the nitrogen implantation 
of uranium metal by the PIII process increases the lifespan 
of uranium as it can significantly improve corrosion resist-
ance and can effectively prevent surface oxidation for longer 
durations, even in adverse environments. Severe corrosion 
on the untreated sample after 3 months of exposure to chal-
lenging environments was reported, whereas the implanta-
tion sample revealed only the emergence of micro-pits on the 
surface and occurrence of dot-corrosion around the edge of 
these pits. The depth profile analysis of the sample kept in a 
hot and humid atmosphere using auger electron spectroscopy 
(AES) showed that the untreated uranium undergoes acute 
corrosion only after one month due to continuous diffusion 
of oxygen to the uranium substrate. However, the implan-
tation sample indicated a very weak oxygen and nitrogen 
diffusion in the modified layer even after three months in an 
adverse environment. A nitride layer formed on the surface, 
preventing oxygen diffusion. Thus, the original morphology 
of the modified layer remained unchanged.

Kashkarov et al. [191, 198–200] conducted a few stud-
ies regarding the protection of Zr-alloys (Zr-1Nb, Zr-2.5Nb) 
using cladding (as mentioned in Sect. 2.1) against HE by 
Ti-implantation using the PIII process. After hydrogena-
tion of the treated Zr-alloys for 60 min under a hydrogen 
atmosphere at 673 K and 2 atm hydrogen pressure, they 
observed a decrease in hydrogen sorption rate and improved 
mechanical properties of the Ti-implanted Zr layer at higher 
bias voltage (1000 and 1500 V) because the Ti had a mini-
mal neutron capture cross-section, increased melting point 

and substantially higher resistance to corrosion [191, 199]. 
The structural analysis of the samples after hydrogenation 
revealed only the presence of hexagonal α-Zr phase without 
any Zr hydride phase in the Ti-modified samples treated at 
1000 V and 1500 V. This was in contrast to the unmodi-
fied sample and sample modified at 500 V, which showed 
the existence of a minimum amount of titanium hydride 
(TiH2) and δ-zirconium hydride (ZrH1.66) phases. The 
glow-discharge optical emission spectroscopy depth distri-
bution study of elements after hydrogenation also indicated 
less penetration of hydrogen into the Ti-implanted sample 
at higher bias voltages than the initial and 500 V bias Ti-
implanted sample. The modified surface layer at higher bias 
voltage trapped the hydrogen due to interactions between 
vacancy-type defects, which were created by the bombard-
ment of the initial surface with accelerated ionized clusters. 
The Ti-implantation formed a barrier layer against the pen-
etration of hydrogen into Zr-1Nb alloy. This significantly 
enhanced the corrosion-resistance and mechanical and tri-
bological properties of the treated alloy, which prevented 
embrittlement of Zr-alloys cladding in nuclear reactors to a 
greater extent. Kashkarov et al. [198] also reported improved 
mechanical properties of Zr-2.5Nb alloy by Ti ion implanta-
tion using PIII.

3.4.3.2  Offshore Oil & Gas Industry  A few studies about 
surface modification of large complex-shaped industrial 
components (e.g., pistons, rings, and pipes) using PIII were 
reported that illustrate the long-term application of the com-
ponents in the hostile environment (discussed in Sect. 2.2) 
relevant to the oil & gas industries.

Wang et al. [201] investigated the surface modification 
of a steel piston column of irregular shape and large dimen-
sions typically utilized in oil pumps to extract crude oil. The 
lifetime of the oil column was increased by radio frequency 
(RF) plasma nitriding treatment using a RF plasma source 
in combination with IBED, followed by nitrogen immer-
sion ion implantation. The RF plasma source diffused the 
implanted nitrogen ions deeper into the substrate to form a 
thicker modified layer. The subsequent sputter deposition of 
Ti and nitrogen PIII formed a passivation layer on the treated 
sample that tremendously increased the microhardness of the 
treated sample. Along with microhardness, the mass loss due 
to wear and the coefficient of friction of the treated sample 
decreased drastically compared to the untreated sample. The 
untreated sample indicates severe rusting after only 30 min 
of the salt fog test, while the treated sample shows only 4% 
rust after 8 h of the test (Fig. 18).

Austenitic UNS S31254 and Duplex UNS S32205 SS 
are extensively used in components exposed to seawater as 
the presence of nitrogen and high contents of Cr, Mo, and 
Ni increase their resistance to pitting corrosion. Martensi-
tic UNS S41426 SS is highly recommended in ‘oil country 
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tubular goods,’ i.e., drill pipes (used in drilling), casing (sta-
bilizes the wellbore) and tubing (production and delivery 
tubes used for the transportation of the oil/gas to the sur-
face) utilized in oil/gas production. Ferritic UNS S44400 
SS is primarily used in heat exchangers, valves, and piping 
systems. Luiz et al. [20] performed nitrogen implantation 
using PIII to improve the corrosion and wear resistance of 
these four types of structural materials. After nitriding, all 
the SS samples exhibited enhanced properties such as high 
hardness (> 1000 HV0.01) and excellent corrosion resistance 
during 30 days of immersion in 3.5% NaCl. The passive 
film polarization resistance (RP30) and trans-passive poten-
tial (Etr) also increased by 770% and 200%, respectively. It 
was observed that nitrogen implantation did not change the 
inherent corrosion resistance of these materials. Instead, it 
enhanced the protection mechanism of the already present 
passive film by improving the diffusion and charge trans-
fer process. Mariano et al. [194] demonstrated the effective 
deposition of DLC films (remarkable corrosion and wear 
resistance, high hardness, very low friction coefficient and 
roughness) inside hollow AISI SS304 cylindrical tubes used 
for the transportation of fluids. This was achieved in the 
presence of a magnetic field that enhanced the confinement 
of plasma within the metallic tube in a PIII&D system. The 
inner surface needed modification against corrosive wear 
caused by the deposition of salt scales, and the coating of a 
DLC film boosted the tribological properties of the sample. 
Ueda et al. [193] and Kurelo et al. [202] modified the inter-
nal surfaces of metallic tubes of SS304 and super martensitic 
stainless steel by forming a nitride coating using PIII. These 
components have applications in the extraction of subsea oil. 
The nitride-rich coating obtained by a nitrogen solid solution 
improved the mechanical, tribological properties and surface 
resistance against abrasion.

3.4.3.3  Space and Aviation Industries  The space and avia-
tion industries benefit from cost-effective, rapidly advanc-
ing surface modification treatment using the PIII technique, 
which can increase the operating life of components without 
compromising safety.

Wang et al. [27] observed improved corrosion proper-
ties of Cr4Mo4V bearing steel used as engine bearings in 
the space and aviation industries by introducing Cr, Mo, 
and/or N using the PIII technique. Figure 19 indicates 
that the untreated sample undergoes severe rusting after 
only 30 min in 0.1 M NaCl solution, whereas the rust 
(corrosion) resistant properties in treated samples were 
significantly better even after 10 h. Nitrogen implanta-
tion improved the material wear and corrosion resistance 
by enhancing the formation of a super hard phase in the 
near-surface region, Cr implantation forms Cr2O3 and 
Cr(OH)3 phases to protect the materials, and Mo forms 
molybdic acid radicals and molybdenites to stop the pen-
etration of Cl by tying up the free chlorine atoms. Also, 
the coefficient of friction of the treated sample decreased 
from ~ 0.7 to ~ 0.2.

Uda et al. [29, 30] and Tan et al. [32] investigated the 
treatment of polymeric materials, i.e., Kapton® (poly-
imide), Mylar (polyethylene terephthalate), propylene, 
polyethylene and silicon, used as spacecraft components 
in satellites/space stations orbiting in LEO. A protective 
coating of a fine metal oxide layer was applied over the 
polymers surfaces by implanting aluminum using the PIII 
technique for enhanced protection of the polymer samples 
from highly reactive atomic oxygen and vacuum ultra-
violet radiation from the sun. This was achieved with a 
straight magnetic filter without altering the morphology 

Fig. 18   Comparison of microhardness, mass loss due to wear, coeffi-
cient of friction and salt fog test results of untreated and treated sam-
ples [201]
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and without any contamination. The surface modification 
resulted in negligible mass loss during the exposure of the 
surface modified polymers to RF oxygen plasmas.

3.5 � Friction Stir Processing (FSP)

3.5.1 � Overview of FSP

FSP is an emerging solid-state surface modification 
technique adapted from friction-stir welding, where the 
revolving tool plunges and travels inside the material to 
achieve local microstructural changes to improve material 
properties, including strength, ductility, and toughness 
[203–206]. Shortly after its invention, FSP emerged as 
a preferred facile surface engineering method for light-
weight structural alloys, where heating to an elevated 
temperature is a significant concern. FSP is used for vari-
ous purposes, such as achieving microstructural homoge-
neity, modifying surface hardness, fabricating hybrid and 
in-situ surfaces and bulk metal matrix composites of Al, 
Mg, Cu, and other materials like high entropy alloys. In 
many cases, it has been used as a surface repairing tech-
nology for defective fusion weld joints. The occurrence 
of fusion defects could easily be avoided/filled due to the 
apparent flow of the materials during FSP [204, 207].

3.5.2 � Working Principle of FSP

The tool used in FSP has two significant parts: (i) a tool 
pin and (ii) a tool shoulder. During the process, the tool pin 
plunges inside the material until the tool shoulder touches the 
desired facial plane of the working material and then it trav-
erses farther to the desired path. Frictional heat is generated 
between the workpiece and the tool, which causes plasticiza-
tion of the target material around the pin without reaching 
its melting point [208–210]. The rotational and translational 
motions of the tool control materials flow from the front of 
the pin to its back. The materials undergo significant plastic 
deformation at elevated temperatures, leading to dynamically 
recrystallized (DRx) refined grain structures [211–213]. The 
details of this solid-state surface engineering/processing tech-
nique are schematically represented in Fig. 20. After per-
forming FSP, three different regions have formed, which are 
distinctly identified as a base metal (BM), thermo-mechani-
cally affected zone (TMAZ) and stir zone (SZ).

3.5.3 � Factors Affecting FSP and its Advantages

A few factors that affect FSP results are mentioned in the 
flow chart in Fig. 21. Tool geometries, particularly those 
of the shoulder and pin, influence process development by 
controlling the localized heating and material flow.

Fig. 20   Schematic represen-
tation of FSP technology. 
Reproduced with permission 
from [213]

Fig. 21   Flow chart of the fac-
tors affecting FSP
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Processing parameters (such as tool-rotational speed 
and tool-traverse speed along the pre-specified line) also 
produce sound surface modifications. The amount of fric-
tional heating increases with increasing tool-rotational 
speed, which results in severe stirring and a significant 
amount of material mixing inside the material. However, 
the frictional coefficient at the interface varies with tool 
rotational speed and its linear velocity [214]. In FSP, 
higher tool rotational speed caused more frictional heat-
ing than lower tool rotation while keeping the travel speed 
constant. Similarly, a higher tool traveling speed causes 
less heating than a lower travel speed in a fixed tool rota-
tion. Selecting suitable processing parameters is crucial 
for determining the changes in the as-received material. 
Factors like the tool tilt angle and depth of penetration 
of the pin into the workpiece are also crucial for excel-
lent processing outcomes. If the tool penetration is low, 
the tool shoulder will not meet with the exposed facial 
plane of the workpiece, and if it is too large, the shoulder 
plunges into the workpiece, resulting in a high degree of 
material removal [215].

Some general advantages of FSPs are [203, 207, 216]:

	 (I)	 FSP is easily performed in the case of structural 
materials with lower melting points.

	 (II)	 Processing temperatures near the plasticization 
temperature of the materials require less energy 
consumption during processing.

	 (III)	 Grain refinement is significant through dynamic 
recrystallization.

	 (IV)	 FSPs result in fewer chances of finding macro-
scopic defects and the porosities are almost nil.

	 (V)	 FSP provides excellent control of the system while 
plunging inside the material surface. Slow and fast 
processing could be possible based on the desired 
properties requirements.

	 (VI)	 Multiple types of reinforcements can be mixed with 
ease to produce hybrid composites.

3.5.4 � Applications of FSP in Exotic Applications

In space and aviation industries, aluminum alloys are prom-
ising candidate materials because of their desirable and 
superior properties like low density, recyclability, ductility, 
formability, and corrosion resistance [216–219]. However, 
their relatively low strength restricts the use of aluminum 
alloys in various fields. Also, defects like porosity inside cast 
aluminum alloys restrict their direct use in industries. FSP 
is preferred for low-melting alloy applications in aviation 
and space industries because it is a well-controlled surface 
engineering technique [213].

Wang et al. [220] reported the microstructural evolu-
tion of as-cast 2A14AA by applying multi-pass friction 
stir processing (MP-FSP) with 100% overlap with each 
other. Due to severe heat and strain generation in the 
MP-FSP, the microstructure of the substrate material was 
modified with profound plastic deformation. This process 
effectively produced dynamically recrystallized fine equi-
axed grain structures in the SZ. As shown in Fig. 22, the 
average grain sizes after one-pass and two-pass remained 
similar while slightly increasing after the third-pass. 
Although the amount of dynamic recrystallization var-
ied with the number of passes, it was mainly related to 
the heat generated during the processing. Additionally, 
they observed that the two-pass FSP processed surface 
achieved better strength, hardness, and ductility than the 
base material and other processing conditions because 
the combination of grain refinements and a significant 
amount of dynamic recrystallization effectively worked 
together.

Karthikeyan et al. [221] performed FSP on cast 2285AA 
with varying tool rotation and travel speeds. Their efforts 
resulted in minimizing common types of casting defects 
(like porosity, cavity, and small holes) due to continuous 
interactions between the rotational tool and the material 
surface through FSP, as shown in Fig. 23. They reported 
that the average grain size of 350 nm was changed to 
400 nm as the tool rotation was reduced from 1800 to 
1400 rpm with a constant tool traveling speed of 15 mm/
min. However, they found better mechanical and surface 
properties over the parent material when processing with 
a lower tool travel speed (12 mm/min) at 1800 rpm. It was 
revealed that higher tool rotational speed ensured profound 
material deformation, inducing recrystallized grains inside 
the SZ during FSP. The temperature increase also played 
a vital role in material mixing and homogenization of the 
grain structure. The significant grain refinement of the pro-
cessed materials finally improved mechanical properties 
over the parent material.

Sutton et al. [222] used FSP differently for nuclear-
fuel storage systems. The ASS (304 or 316) made DCSS 
was identified with chloride stress corrosion cracking 
(CSCC) in-service conditions. They explained that the 
massive amount of residual stress present inside the 
fusion-welded joints of DCSS during its fabrication 
was primarily responsible for this cracking when it was 
installed near a salt-bearing environment. Chromium-
carbide precipitation within the HAZ of the ASS was 
another reason for the observed cracking. Here, FSP was 
employed after the fusion weld joints of ASSs to remove 
the effect of sensitization at HAZ along with mitiga-
tion of DCSS surface cracking. Temperature-controlled 
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FSP was applied to furnace sensitized and laboratory-
generated CSCC containing 304 ASS, which was 
inspected after processing. This study recommended 
FSP as an option for repairing SCC cracking and further 

sensitization remediation for ASS, as the crack was fully 
consumed in (Fig. 24) after a single pass of FSP on the 
cracked materials (304 ASS).

Fig. 22   EBSD generated inverse 
pole figure maps represent-
ing grain sizes of 2A14AA for 
cases of a BM, b 1 pass FSP, c 
2 pass FSP, and d 3 pass FSP. 
Reproduced with permission 
from [220]

Fig. 23   Optical microscopic 
images of 2285AA: a after 
FSP with refined, b apparent 
defects in as-cast condition. 
Reproduced with permission 
from [221]
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4 � Conclusions

This paper provides an overview of some of the most 
advanced surface engineering techniques that deal with 
exotic applications (e.g., nuclear, oil and gas, aviation, 
and space industries). The following conclusion can be 
drawn based on the comprehensive review of the technolo-
gies discussed in this article. Along with that, for ease of 
understanding of the technologies discussed in this article, 
Table 1 lists the most promising factors regarding these 
surface treatment technologies briefly.

(1)	 Laser is an economical process to alter the tribological 
properties of the materials without affecting their bulk. 
It decreases the DOS through LSM and enhances the 
corrosion and cavitation resistance by homogenizing 
surface composition. Due to the formation of a high-
density surface and compressive residual stress along 
with grain refinement, it enhances the wear, hardness, 
and fatigue life of the materials, properties which deter-
mine the lifetimes of components. LST decreases the 
CoF by decreasing the reflectivity of light through tex-
turing onto LST-treated solar panels to enhance effi-
ciency.

(2)	 Ion beam treatment is a rapid, non-destructive, and 
low-temperature process that improves the mechanical 
and tribological properties and helps to down-select 
the materials for industrial equipment by fractography 
and failure analysis. HE of steel can be reduced by ion 
beam mixing. Ion implantation followed by ion deposi-
tion can increase hardness and reduce micro-cracks in 
high-speed tool steel. It is also used to make a protec-
tive coating that can reduce the oxidative degradation 
of spacecraft polymers.

(3)	 The surface properties of EB processes structural mate-
rials are far superior to its pre-treatment condition by 
processing under a controlled environment. It can also 
modify the surface properties of highly reactive materi-
als, as the entire process occurs inside a vacuum envi-
ronment.

(4)	 PIII uniformly implants ions on a complex 3D target 
to the desired concentration and depth, improving the 
mechanical and tribological properties of materials/
components. PIII increases the lifespan of uranium 
metal and efficiently protects the Zr-cladding against 
HE, which limits hydrogen generation, significantly 
reducing the chance of accidents in nuclear power 
plants. It also enhances the wear and corrosion resist-

Fig. 24   a Microstructure of 
laboratory-generated CSCC 
cracking inside 304 ASS, b 
macrograph of entirely con-
sumed CSCC cracking after 
1 pass FSP. Reproduced with 
permission from [222]

Table 1   Summary in brief of the discussed surface treatment techniques

Surface treatment techniques Promising characteristics

Laser processing A very economical precision technique, altering surface phenomena without changing the bulk properties 
of materials

Ion beam processing A high-speed, non-destructive low-temperature surface engineering technique helps down-select materials 
for industrial equipment

Electron beam processing An efficient surface engineering technique helps to process all kinds of materials inside a vacuum chamber
Plasma immersion ion implantation A cost-effective technique can evenly implant ions on a complex 3D target for required changes in material 

characteristics
Friction stir processing A solid-state surface processing technology helps to get microstructural homogenization (DRx) associated 

with mechanical properties developments
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ance of the various components used in the oil & gas, 
aviation, and space industries. PIII was also used to 
develop a protective metal oxide coating over the satel-
lites and spacecraft operating in LEO to prevent degra-
dation of the components by reactive atomic oxygen.

(5)	 FSP, a novel solid-state surface engineering technol-
ogy adapted from friction stir welding, deals with 
forming DRx fine-grain structures due to the extent of 
the plastic deformation. The fusion defects can easily 
be avoided, as the processing is performed under the 
melting temperature of the material. This allows micro-
structural changes of the processed region leading to 
significant enhancement of mechanical properties as 
compared to substrate materials.
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