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A B S T R A C T   

The present study investigates the influence of laser shock peening (LSP) on surface energy (SE) of AZ31B 
Magnesium alloy and its resilience to corrosion and tribocorrosion. AZ31B alloy was treated at different laser 
intensities. The SE and its interfacial components of treated surfaces were analyzed. The SE was found to be least 
at low laser intensity LSP. Lower interfacial SE showed decreased wettability, providing enhanced tribocorrosion 
resistance with respect to untreated surface. However, higher laser intensities increased the surface roughening 
effect, causing an increase in the interfacial SE and wettability of the surfaces, decreasing the tribocorrosion 
resistance. The study finds LSP can enhance tribological properties and mitigate the effects of corrosion and 
tribocorrosion.   

1. Introduction 

Magnesium (Mg) alloy, specifically AZ31B, is an exceptionally 
ductile material that is 35% lighter than aluminum with high machin-
ability [1–4], which enables easy surface modifications [5–9]. Even 
though AZ31B has broad applicability as lightweight structural and 
mechanical parts for medical, aerospace, and automobile applications 
[10–15], it still has poor corrosion resistance and needs to be anodized 
to improve its durability for mechanochemical applications [16–19]. 
AZ31B has significant potential as biomedical implants due to its 
excellent biocompatibility as well as adequate mechanical properties 
[13,20,21]. However, the biocompatibility of this alloy is only signifi-
cant if it can provide considerable wear and corrosion resistance [17]. 
Generally, the surface properties of AZ31B are optimized by laser or 
mechanical treatments while fabricating the alloy. 

Considering the potential of Mg alloy, it is necessary to understand 
how the surface processing and surface modification techniques affect 
not just the wear and corrosion properties but also the tribocorrosion 
properties (wear-corrosion synergism). Wear-corrosion synergism re-
sults from the interaction of wear and corrosion in an aqueous envi-
ronment, which leads to a faster materials degradation rate as compared 
to wear or corrosion occurring separately. This degradation process is 

referred to as tribocorrosion. Recent studies on the tribological and 
tribocorrosive effects of laser shock peening (LSP) and other such sur-
face engineering processes have provided significant insight into the role 
of surface roughness, hardness, and residual stresses in defining the 
wear, corrosion, and tribocorrosion mechanisms [5,6,22]. The applica-
tion of AZ31B can be sustainable only if the tribological and tribo-
corrosive mechanisms are understood in various aqueous environments. 
In environments susceptible to corrosion, the surface roughness (SR) can 
drastically modify the wettability of the surface by affecting the surface 
energy (SE). The change in SR is more drastic in the case of Mg alloys due 
to their high ductility [6,22–24]. The change in SE and wettability alters 
how aqueous solutions interact with the surface, and thus results in 
altered wear, corrosion, and tribocorrosion behavior. 

The work required in order to hold a unit surface area intact is 
defined as SE in solids and liquids. In liquids, the mobility of the mole-
cules enables them to easily attain equilibrium. Whereas in a solid the 
molecules are not mobile enough to minimize the surface area and 
achieve equilibrium. The SE is a key parameter to define the wettability 
of the surface with a liquid of known surface tension. Even though it is 
possible to measure of wetting in terms of contact angle, it does not 
provide qualitative and quantitative information of the interfacial forces 
between the solid and liquid, the solid and vapor, and the liquid and 
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vapor interfaces. This makes it difficult to quantify the SE of the solids, 
especially when influenced by SR. Currently, the most effective method 
to calculate SE is the approach based on Lewis acid-base surface inter-
action components. The three-component approach was developed by 
Van Oss et al. [25,26] which can adequately separate the SE components 
and determine the interfacial SE as the indicator for solubility. It was 
shown that in polar systems the SE involves Lifshitz-van der Waals (LW) 
and polar acid-base (AB) interactions: 

γtot
s = γLW

s + γAB
s  

where γtot
s is the total SE of the solid (s). The acid-base component of SE is 

given by the geometric mean of γAB+
s , electron acceptor, and γAB−

s , 
electron donor given by: 

γAB
s = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γAB−
s γAB+

s

√

The van Oss theory discussed above focusses on separating the sur-
face energy of a solid into three main components as dispersive (LW), 
acid (AB+), and base (AB− ) components. The dispersive component will 
characterize the non-specific interactions such as van der Waals in-
teractions of the solid surface with the liquid while the acid-base com-
ponents dictate the polar nature of the surface. The acid component 
characterizes the propensity of a surface to interact via dipole-dipole, 
induced dipole-dipole, and hydrogen bonding. The base component 
characterizes the propensity of the solid surface to interact with a liquid 
having affinity of electrons. The interfacial energy between the solid (s) 
and liquid (l), γsl, can be expressed as: 

γsl = γs + γl − Wa  

where Wa is work due to adhesion that defines the work necessary to pull 
apart two surfaces in contact and γl is the liquid surface tension. Using 
the above equations, Wa is: 

Wa = 2
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
s γLW

l
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Considering the experimentally determined contact angle with probe 
liquid (θ) with γl of the probe liquid and γsl we get the Young equation for 
determining SE of the solid as: 

γs = γl cos θ + γsl 

Studies have shown that the surface energy of Mg alloys can vary 
drastically based on the basal plane orientation on the surface inter-
acting with liquids. It has been shown that Mg alloys with high basal 
plane textures exhibit better corrosion resistance compared to those 
with high prismatic planes on the surface [27]. Experiments have also 
shown that an increase in surface roughness increases the contact angle 
of liquid that in turn decreases corrosion on the solid surface [28]. 
Self-cleaning materials have also been used to address these issues as 
they minimize water contact angle and therefore, can potentially 
minimize crucial environmental degradation processes such as corro-
sion, scaling, biofouling, and accumulation of dirt on the components. 
Such studies have highlighted the need for investigating the interde-
pendency of surface energy and corrosion behaviors along with their 
tribological properties. 

Surface functionalization using laser-based techniques such as LSP 
has been studied to modify various properties such as surface hardness 
[29–32], wear and corrosion resistance [30,33–35], SR [6,36–39], and 
wettability [40,41]. Tailoring surfaces to have multiple functionalities 
requires experimental techniques to determine and optimize the process 
parameters based on the application [5,42–45]. However, without un-
derstanding the interactions between surface functionalization’s via 
LSP, it is not possible to understand the full potential of LSP. The present 
study investigates the influence of LSP on the SE interactions at the 
interface of the AZ31B surface and three probe liquids (corrosive and 
non-corrosive). The study furthers the understanding of surface 

functionalization using LSP by providing insight into the influence of SE 
on corrosion and tribocorrosion properties. The knowledge of SE 
changes due to LSP will allow better design AZ31B surface properties for 
sustainable and diverse applications, including applications in aqueous 
environments. 

2. Materials and methods 

An experimental procedure was developed to study the SE change 
due to tribocorrosion on LSP processed AZ31B. The AZ31B block (Al - 
3.0 wt%, Zn - 1.0 wt%, and 96 wt% Mg) were cut into six 25 × 25 × 12.5 
mm3 samples for the study. A mean SR value (Sa) of 0.3 ± 0.08 μm was 
achieved by polishing the samples. The polishing involved grinding the 
surfaces using sandpapers ranging from 320 to 1200 grit size. Further, a 
diamond suspension (3 μm) was used to polish the samples to achieve 
the desired roughness. Among the six polished samples, five surfaces 
underwent LSP at varying laser intensities and one surface was un-
treated. The SR, hardness, and contact angle measurements were made 
on each sample, followed by tribocorrosion testing. The experimental 
methodology is detailed below. 

2.1. LSP of AZ31B surfaces 

The laser treatment of the AZ31B surfaces was carried out with a Q- 
switched Nd-YAG laser (λ = 1064 nm, pulse = 7 ns, beam size = 2.5 ×
10− 3 m). The confinement layer was a BK7 glass which was layered with 
a black tape ablative coating of thickness of 130 μm [6]. The laser in-
tensity used to process a surface area of 17 × 7 mm2 is detailed in 
Table 1, along with the respective nomenclature. 

The AZ31B surfaces were LSP processed, as illustrated in Fig. 1a. 
Fig. 1b shows a 17 × 7 mm2 surface area that was processed on each 
sample. The influence of LSP on the SE and tribocorrosion performance 
were analyzed by exposing the laser treated area. 

2.2. SR and hardness 

A Wilson Hardness tester was used to assess the change in hardness 
due to LSP processing. A load of 500 g was applied with dwell time of 10 
s. The variation in SR due to LSP and tribocorrosion on AZ31B surface 
was analyzed by a 3D optical profilometer. Each surface roughness 
parameter and hardness measurement were repeated three times. The 
average of the parameter values is reported with error bars. The error 
bars for the reported roughness parameter and hardness values were 
obtained from the standard deviation considering a 90% confidence 
interval. 

2.3. Contact angle and SE measurements 

The total SE and the solid-liquid interfacial SE between the LSP 
processed AZ31B surface and three probe liquids were evaluated using 
rame-hart contact angle goniometer. Table 2 details the probe liquids 
used in the study in addition to their total surface tension and surface 
tension components. A sessile drop method was used to measure the 
contact angle according to ASTM D7334 - 08 (2013) standards for each 
LSP processed surface. The study uses a 3-component approach based on 

Table 1 
AZ31B Mg surface nomenclature and their respective laser intensity 
treatments.  

LSP - sample number Intensity (GW/cm2) 

0 (Untreated) 0 
1 0.47 
2 0.87 
3 1.36 
4 1.76 
5 2.22  
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Lewis acid-base surface interaction components. The probe liquids, 
specifically water and 0.6 M NaCl, simulate some of the atmospheric 
conditions that lead to corrosion on the real surface area exposed to the 
environment. Sessile drop technique was performed at 24 ◦C and 20% 
RH. The probe liquids were collected in a 2 ml syringe to dispense 
droplet diameters of 2.5–3 mm (6 μl) on the sample surfaces. The contact 
angle of the droplet for each surface are reported by averaging the 
observed values over ten trials. The difference in the left and right 
contact angle of each droplet was less than or equal to 2◦. These steps 
ensured the repeatability and reliability of the contact angle measure-
ments. The interfacial SE with each probe liquid is determined using the 
Van Oss [25,26] and Young’s equation [46]. 

2.4. Tribocorrosion tests 

The tribocorrosion test set-up involved a combination of recipro-
cating wear testing and a three-electrode electrochemical test configu-
ration as shown in Fig. 2 [22]. The cell is made up of AZ31B surface - 
working electrode and a graphite electrode was used as a counter elec-
trode. Whereas, a standard calomel electrode (SCE) was employed as the 

reference electrode. The equilibrium potential of the open circuit (OCP) 
was measured for each sample in 3.5% NaCl solution under static con-
ditions. The SCE used in the study has a potential of 0.241 V vs. SHE 
(standard hydrogen electrode). The reciprocating test on the AZ31B 
surface was conducted at a speed of 1 mm/s for a total distance of 4000 
mm and vertical load of 20 N. The counter material for the reciprocating 
test was alumina ball of 6.35 mm diameter. 

The tribocorrosion test procedure consisted of two stages. The first 
set of experiments was performed to determine the wear without 
corrosion by applying cathodic polarization to the AZ31B surface at 1 V 
below the observed OCP and sliding in 0.6 M (3.5% NaCl solution). The 
second set of experimentation involved monitoring the OCP of the 
samples under dynamic conditions to determine the wear-corrosion 
synergistic effect by sliding with corrosion in 3.5% NaCl solution. 
Cumulatively, the tribocorrosion test procedure provided the wear- 
corrosion synergistic effect on wear. 

The present study uses the corrosive conditions described in ASTM 
B895-99, where 0.6 M NaCl is used as the electrolyte. The temperature 
and humidity conditions during the test were 24 ◦C and 20% RH, 
respectively. The test involved in-situ measurement of wear, friction, 

Fig. 1. Illustration of (a) LSP process and (b) LSP processed area on AZ31B surface.  

Table 2 
Surface tension and its components.  

Probe liquid Total surface 
tension, γl  

Dispersive and Lifshitz der Waals 
component, γLW

l  

Positive polar acid-base 
component, γAB+

l  

Negative polar acid-base 
component, γAB−

l  

Viscosity @24 ◦C 
(mPa s) 

Water (W) 72.8 21.8 25.5 25.5 1.01 
Glycerol (G) 64 34 57.4 3.92 1069 
0.6 M NaCl 

(N) 
73.8 22.2 22 29.6 0.92  

Fig. 2. Representation of tribocorrosion test, and the worn - unworn region on the AZ31B surface during sliding.  
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surface potential, and current variation in the cell. The wear and friction 
data were collected through reciprocating test while the electrochemical 
cell was monitored using a potentiostat. Each test was repeated three 
times for the reproducibility of results. The reported wear behavior in 
the present study involves understanding the wear-corrosion effects on 
LSP processed AZ31B surface. The AZ31B surfaces (VHV 62 to 72) are 
relatively soft as compared to the chemically inert alumina, a ceramic 
counter body (VHV 1400 to1500). Moreover, due to the LSP on AZ31B, 
it is expected that subsurface material structural evolution may occur 
during tribocorrosion and corrosion testing, causing a change in hard-
ness. Hence to accurately interpret the wear loss due to tribocorrosion, 
the wear tracks for with and without corrosion conditions on AZ31B 
surfaces were profiled using a 3D optical profilometer. The profiles 
yielded an accurate estimate of the wear volume for each trail; the 

average value of wear volume is plotted in Fig. 4 with standard 
deviation. 

The expected worn and unworn regions on the working electrode 
(sample surface) during sliding is shown in Fig. 2. Following the tribo-
corrosion tests, the roughness of the exposed surface area was measured 
[22]. In addition to the SR, the wear track profiles due to sliding in 
tribocorrosive conditions were also recorded using the profilometer to 
calculate the wear. 

3. Results and discussion 

3.1. Influence of LSP on SR 

The variation in SR due to LSP on AZ31B surface was analyzed using 
a 3D optical profilometer. The SR of AZ31B was recorded after polishing 
the samples to the same mean roughness (Sa) of 0.3 ± 0.08 μm and after 
LSP at five laser intensities (Table- 1). All measurements were compared 
against the untreated surface condition of AZ31B (LSP-0, Untreated). 
The SR of the counter material – alumina ball-was found to have an 
average SR of 0.01 μm. After the tribocorrosion test, the ball was found 
to undergo a negligible change in SR as it remained 0.01 μm after 
completion of LSP and tribocorrosion tests. Additionally, the alumina 
material being chemically inert and high wear-resistant in such envi-
ronments, especially when considering the AZ31B as the sliding surface. 
Thus, the overall surface energy of the AZ31B surface was not expected 
to affect during the tribocorrosion tests due to the counter alumina 
material. The observed values of SR parameters for the LSP surfaces 
were - mean roughness (Sa), maximum peak height (Sp), maximum 
valley depth (Sv), maximum height (Sz), and change in surface area after 
LSP are reported in Table 3. These roughness parameters were chosen 
mainly due to their proven ability to help in perceiving the effect of LSP 
and tribocorrosion on surface roughness. The Sa parameter is the 
extension of Ra (arithmetical mean height of a 2D profile line) to a 
surface. It is expressed, as an absolute value, the difference in height of 
each point compared to the arithmetical mean of the surface. The Sp is 
the height of the highest asperity peak, Sv is the absolute value of the 
height of the largest pit within the defined area, and Sz is defined as the 
sum of the largest asperity peak height value and the largest pit depth 
value within the defined area [47]. 

The plot comparing the change in SR parameters and surface area of 
LSP processed AZ31B surfaces is shown in Fig. 3. The laser intensities 

Table 3 
Surface roughness measurements of LSP processed before and after tribocorro-
sion testing compared against their LSP processed condition.  

Test condition Surface roughness (μm) Change in 
surface area 

Sa Sp Sv Sz 

Untreated 0.3 ±
0.08 

0.32 ±
0.06 

0.18 ±
0.04 

0.74 ±
0.01 

0% 

After 
tribocorrosion 

3.2 ±
0.18 

1.7 ±
0.5 

6.0 ±
0.12 

7.8 ±
0.4 

31.9% 

LSP-1 0.35 ±
0.02 

0.3 ±
0.03 

0.19 ±
0.04 

0.92 ±
0.1 

1.9% 

After 
tribocorrosion 

1.36 ±
0.1 

0.8 ±
0.4 

1.8 ±
0.5 

1.8 ±
0.4 

9.0% 

LSP-2 0.45 ±
0.02 

0.33 ±
0.16 

0.2 ±
0.02 

1.2 ±
0.2 

2.34% 

After 
tribocorrosion 

1.7 ±
0.15 

1.2 ±
0.1 

2.0 ±
0.05 

3.3 ±
0.06 

23.4% 

LSP-3 0.5 ±
0.05 

0.65 ±
0.2 

0.41 ±
0.06 

1.5 ±
0.4 

3.1% 

After 
tribocorrosion 

2.21 ±
0.13 

1.6 ±
0.15 

3.33 ±
0.5 

4.9 ±
0.7 

30.5% 

LSP-4 0.6 ±
0.05 

0.8 ±
0.1 

0.4 ±
0.1 

2.2 ±
0.08 

6.8% 

After 
tribocorrosion 

2.7 ±
0.8 

1.4 ±
0.5 

1.3 ±
0.4 

2.8 ±
0.1 

27.8% 

LSP-5 0.9 ±
0.06 

0.8 ±
0.07 

0.9 ±
0.12 

2.8 ±
0.05 

10.1% 

After 
tribocorrosion 

1.5 ±
0.1 

1.08 ±
0.09 

1.3 ±
0.2 

2.4 ±
0.08 

24.45%  

Fig. 3. Surface roughness and area of LSP processed AZ31B alloy.  
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used for LSP were found to have a linear effect on the SR parameters 
where the SR is increases with laser intensity. This is due to the dimple 
effect (indents) generated by LSP on the surface, which modifies the 
surface morphology of the processed area [48]. During LSP, laser shock 
waves are generated, which induce residual stresses, increase the surface 
hardness, and generate a variation in the asperity peak heights and 
valley depths relative to the applied laser intensity. The increased 
variation in the asperity with laser intensity causes an increase the real 
surface area that may lead to increased susceptibility of the surface to 
corrosion. But, it has been shown that the observed change in surface 
area occurs after LSP is a combination of surface roughening and 
hardening effects [5,6], which can vary the corrosion inhibition prop-
erties of the surface [22,49]. 

Further, the results show that the change in SR after LSP can be best 
perceived using Sa, Sp, Sv, and Sz roughness parameters. The LSP is 

found to have a linear effect on the surface area, which necessitates the 
study of SE, especially when considering the application of AZ31B alloy 
in aqueous environments susceptible to both wear and corrosion. 

3.2. Influence of LSP on wear during corrosion 

The influence of LSP on tribocorrosion was experimentally studied in 
terms of wear volume as shown in Fig. 4. The wear after tribocorrosion 
on LSP processed AZ31B surfaces is observed to be drastic as compared 
to wear with no corrosion. The maximum wear volume is observed for 
the untreated surface whereas LSP-1 surface yields least wear volume 
after tribocorrosion. The untreated surface experienced nearly three 
times more wear due to tribocorrosion than LSP-1 surface. Also, the 
observed increase in hardness with laser intensity (LSP-1 to LSP-2) does 
translate into increased wear resistance, as shown by many studies [6, 

Fig. 4. Wear volume observed on LSP processed surfaces without the influence of corrosion, and after tribocorrosion.  

Fig. 5. The presence of wear and corrosion on wear track and its absence on alumina ball tip after tribocorrosion as observed for a) Untreated b) LSP treated AZ31B 
Mg alloy. 

A. Siddaiah et al.                                                                                                                                                                                                                               
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Fig. 6. Surface roughness and area of (a) LSP processed AZ31B,(b) LSP processed AZ31B after tribocorrosion testing, and (c) an Sz specific comparative plot to show the change in asperity height due to tribocorrosion.  
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29–32,36–39]. The hardness of the AZ31B surface (VHV 62 to 72) is ~23 
times less than the hardness of the counter body, alumina ball (VHV 
1400 to 1500). Considering this large difference in hardness between the 
surface and the counter body, the plowing effect of the counter body 
should lead to abrasive wear on the surface during sliding. Additionally, 
alumina being a ceramic material, has been well studied to be electro-
chemically inert with high wear resistance [50,51]. 

The presence of wear and corrosion products on the ball was verified 
under an SEM, as shown in Fig. 5. The figure shows that the effects of 
tribocorrosion on AZ31B surface and alumina ball for untreated and LSP 
treated conditions. The reaction products are fairly evident on the ball 
tip in Fig. 5. The particles adhered to the ball indicate the presence of a 
sub mechanism that participates in the wear and corrosion during tri-
bocorrosion [52,53]. The sub mechanism is expected to vary based on 
the surface processing conditions that tends to affect the particle 
generated during tribocorrosion [54,55]. Studies have shown that 
abrasive wear particles can vary in size based on the surface charac-
teristics [6,22,53]. The varying size of wear particles generated as a 
function of laser intensity (that dictates the surface characteristic) cau-
ses reaction products to be formed at different rates during tribocorro-
sion [56,57]. The adhered particles can include reaction products 
and/or wear particles (size depends on surface processing) from to the 
substrate that can lead to a third body abrasive wear, changes the wear 
behavior as result of wear and corrosion synergy [53]. Depending on the 
characteristics of the reaction products and wear particles interacting as 
a third -body, the wear behavior can vary drastically as observed from 
untreated AZ31B surface to the LSP treated. 

With increase in laser intensity, SR also increases (Fig. 3), which 

increases the exposed real surface area to corrosive environment during 
wear, initiating the wear-corrosion synergism. The dominant surface 
hardening effect of LSP at low laser intensities enhances the surfaces 
properties to have increased wear-corrosion synergistic resistance [6]. 
Whereas, an increase in wear accelerated corrosion is observed due to a 
dominant surface roughening effect at high laser intensities [6]. This 
behavior of LSP processed surface was clear from the results where, 
LSP-1 processing increased the hardness by 5.1% and reduced the wear 
volume by 66.4%. LSP-2 processing increased the hardness by 7% and 
reduced the wear volume by 61.7%. LSP-3 processing increased the 
hardness by 10% and reduced the wear volume by 58.7%. LSP-4 pro-
cessing increased the hardness by 11.8% and reduced the wear volume 
by 50%. LSP-5 processing increased the hardness by 15% and reduced 
the wear volume by 37.8%. Theoretically, the hardness is expected to 
increase with a decrease in the corresponding wear volume, as the laser 
intensity increases. But the results show that after LSP-3 the increase in 
hardness does not translate to decrease in wear volume [22]. 

Studies on the wear mechanism observed during tribocorrosion of 
LSP processed AZ31B surfaces have shown that the wear particles of 
micron to sub-micron size are generated during sliding [58]. The size 
and amount of the wear particles generated are dependent on the laser 
intensity used to process the AZ31B surfaces. The generated particles 
then define a three-body wear mechanism during sliding that is sus-
ceptible to corrosion and further accelerate the wear under the influence 
of tribocorrosion [22]. 

Fig. 7. Wear track profiles after reciprocating tests without corrosion on AZ31B surfaces processed at various laser intensities (a–f).  
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3.3. Influence of LSP and tribocorrosion on SR 

During the tribocorrosion set of experiments, sliding was initiated 
only after ensuring a stable OCP within the tribochemical system was 
achieved over 1 h. It was observed that all LSP processed surfaces (LSP-1 
to LSP-5) stabilized at a potential of − 1.59 ± 0.008 V except for the 
untreated surface, which stabilized at a slightly higher potential of 
− 1.538 ± 0.005 V. The cathodic potential was applied at 1 V below 
these OCP values to measure wear without corrosion during the tribo-
corrosion tests. To understand the influence of SR in defining the wear 
mechanism on LSP processed surfaces, the variation in SR and wear 
volume due to tribocorrosion was investigated. The SR, wear track, and 
area around the wear track was recorded post tribocorrosion testing on 
each LSP surface using 3D optical profilometer. All tribocorroded sur-
faces were compared against their respective SR and wear tracks on LSP 
processed (LSP-1 to LSP-5), and untreated surface (LSP-0, Untreated) of 
AZ31B. The observed values of SR parameters Sa, Sp, Sv, Sz, and change 
in surface area after tribocorrosion on LSP surfaces are reported in 
Table 3. Results show that the change in SR due to tribocorrosion on LSP 
processed surfaces can be best perceived using Sa and Sz roughness 
parameters [22]. 

The plots comparing the change in SR parameters and surface area of 
LSP processed and tribocorroded LSP surfaces are shown in Fig. 6. The 
linear trend of SR observed for LSP processing (Fig. 6a) on AZ31B did not 

hold true after the surfaces experienced tribocorrosion. It can be 
observed in Fig. 6b, that tribocorrosion has a drastic effect on SR, where 
LSP-1 surface underwent the least change (9.0%), and LSP-0 (untreated) 
surface underwent the highest change (31.9%) as compared to their 
respective conditions before tribocorrosion (Fig. 6a). The results show 
that the surface treated with LSP-1 could resist surface degradation 
better than any other surfaces tested in this study, indicating that low 
laser intensity treated surfaces can resist mechanochemical degradation 
effects of tribocorrosion better than untreated or surface treated with 
high laser intensities [6,22]. The variations in asperity height and sur-
face properties of LSP surfaces post tribocorrosion has been shown to be 
a combination of wear, corrosion, and wear-corrosion synergistic 
degradation [22]. 

In environments susceptible to corrosion and tribocorrosion, SR and 
SE play an important role. SE defines how easy or difficult it is for a 
surface to interact with various fluids on a molecular scale and thus 
defines the wettability of a solid surface. The SR can drastically modify 
the SE by affecting the surface area and wetting behavior. This effect of 
SR further translates into the modification of electrochemical in-
teractions at the interface of the surface and aqueous media that affects 
the tribocorrosion properties for AZ31B Mg alloy. 

The effect of SR in defining the wear mechanism on LSP processed 
surfaces can be further understood by studying the wear tracks and the 
area around the wear track. The wear tracks without the influence of 

Fig. 8. Wear track profiles after tribocorrosion testing on AZ31B treated at different laser intensities (a–f).  
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corrosion on LSP processed AZ31B surfaces (cathodically polarized) are 
shown in Fig. 7. It was observed that there was negligible change in the 
area around the wear track hence Fig. 7 depicts the wear track generated 
due to sliding without tribocorrosion. When sliding occurs on the LSP 
processed AZ31B surfaces under the influence of tribocorrosion, there 
was a drastic increase in the wear depth and SR around the wear tracks, 
as shown in Fig. 8. The mechanism of wear for AZ31B during tribo-
corrosion depends on pitting [59], and galvanic corrosion formed as a 
result of differential electrocatalytic mechanism [22,60,61]. The local-
ized corrosion on the unworn regions in combination with the worn area 
forms a galvanic couple due to the change in their galvanic potentials 
after the initiation of pitting corrosion. The surface morphology of these 
galvanic couples can be very distinctly depending on the applied laser 
intensity (Fig. 8) and wear under the influence of corrosion. The 
degradation effect of tribocorrosion on the SR of the unworn regions is 
also evident in Fig. 8. These mechanochemical degradations on the 
AZ31B Mg surface modify the SR based on laser intensity during LSP and 
their susceptibility to tribocorrosion. 

The start of corrosion on the unworn areas in the 0.6 M NaCl aqueous 
medium causes pits which result from the breakdown of oxide film 
during LSP [59]. A similar trend around the wear tracks in Fig. 8 was 
observed. The thin oxide film on the AZ31B surfaces was characterized 
using normal X-ray diffraction (XRD), and the X-ray diffractogram was 
obtained, as shown in Fig. 9. It was clear that a magnesium hydroxide 
(Mg (OH)2) layer was present on surfaces of LSP-1 to LSP-4. The layer 
was not detected in the case of the untreated surface and LSP-5. This 
indicates a weak oxide layer with respect to the pit propagation and that 
there is a limit to the resilience of the oxide film, which depends on the 
applied laser intensity. The untreated surface showed the most pitting 

due to the presence of a weak oxide layer followed by LSP-5 surface, 
where the high laser intensity is expected to have similar effects. The 
surface pit morphology and distribution were assessed using the 3D 
optical profilometer, as seen in Fig. 8. The LSP at low laser intensities, 
especially LSP-1, was found to strengthen the oxide layer increasing its 
resilience to pitting corrosion and hence tribocorrosion. At high laser 
intensity, it is expected that the high shock peening effect weakens the 
oxide layer making the surface susceptible to pitting. Additionally, 
pitting was also evident on the wear tracks of the untreated surface and 
surfaces treated at high laser intensity (LSP 3 to LSP 5), as seen in Fig. 8. 
Studies have indicated that laser-based surface treatments can result in 
the formation of a more stable Mg(OH)2 layer [62]. This is evident from 
the surface energy change in the present study involving LSP processed 
surfaces and the absence of the layer on untreated surface. 

These results indicate that LSP modifies the SR in addition to surface 
characteristics and thus, causes a change in the resilience of the surface 
to tribocorrosion. Since SE and wettability of a solid are driven by SR, it 
is necessary to understand the tribocorrosion behavior of LSP processed 
AZ31B Mg surfaces as a function of the SR and SE. Even though the in-
fluence of LSP processing on the tribocorrosion susceptibility of AZ31B 
has been investigated [22], the repercussions of tribocorrosion on the SE 
of LSP processed area has not been well understood. Investigating the 
influence of LSP on SE requires the wear after tribocorrosion to be 
studied considering the change in SR and SE due to LSP. 

3.4. Influence of LSP on contact angle and tribocorrosion 

The surface characteristics, such as SR and SE, define the interfacial 
area and wettability of a solid surface in aqueous environments. The 
interaction of the solid surface with the aqueous environment dictates 
the corrosion and tribocorrosion inhibition properties of surface treat-
ments such as LSP. In the present study, the total SE and the solid-liquid 
interfacial SE of LSP processed AZ31B Mg surface with probe liquids 
(Table 2) – water (W), 0.6 M NaCl (N), and glycerol (G) was calculated 
through sessile droplet contact angle measurement method (ASTM 
D7334 - 08 (2013)). The total SE was calculated based on the three- 
component approach developed by Van Oss et al. [25,26]. The change 
in contact angles due to tribocorrosion on the LSP processed AZ31B 
surface is shown in Table 4. The LSP processed surfaces had a high 
contact angle due to low SR as compared to the tribocorroded LSP sur-
faces. Low contact angles indicated easy wetting (liquid adhesion) of the 
surface that increases the contact area of the surface with liquids and 
thus its susceptibility to corrosion. 

Fig. 9. XRD of LSP processed surfaces after tribocorrosion.  

Table 4 
Contact angle measurements of LSP processed AZ31B surfaces before and after 
tribocorrosion.  

Test condition Contact angle (θ) Surface roughness 
(Sa, μm) 

Water 
(W) 

0.6 M NaCl 
(N) 

Glycerol 
(G) 

Untreated 74.5 87.06 75.25 0.3 ± 0.08 
After 

tribocorrosion 
53.31 54.41 73.78 3.2 ± 0.18 

LSP-1 72.24 69.16 78.6 0.35 ± 0.02 
After 

tribocorrosion 
74.12 59.89 64.93 1.36 ± 0.1 

LSP-2 77.8 74.78 74.16 0.45 ± 0.02 
After 

tribocorrosion 
58.5 37.42 38.61 1.7 ± 0.15 

LSP-3 85.22 83.15 80.39 0.5 ± 0.05 
After 

tribocorrosion 
63.45 32.55 35.12 2.21 ± 0.13 

LSP-4 85.54 80.68 75.05 0.6 ± 0.05 
After 

tribocorrosion 
68.77 39.65 52.06 2.7 ± 0.8 

LSP-5 78.19 72.03 65.9 0.9 ± 0.06 
After 

tribocorrosion 
76.53 70.53 66.06 1.5 ± 0.1  
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The tribocorroded surfaces had the lowest contact angles when in 
interface with 0.6 M NaCl as compared to the interfaces with water and 
glycerol. This is due to the high polar and corrosive nature of aq. NaCl 
that causes an increase in the liquid adhesion corresponding to the SE of 
the solid. It is this behavior of AZ31B surface, which makes its use 
limited in aqueous environments, and susceptible to corrosion and tri-
bocorrosion. However, the contact angle measurements indicate that 
LSP processing can modify the SR to increase the contact angle at the 
interface of AZ31B surface and aqueous mediums. Additionally, LSP is 
observed to increase the resilience of the surface to tribocorrosion, 
where it was observed that the surface could maintain a relatively high 
contact angle even after experiencing tribocorrosion. 

3.5. Influence of LSP on SE and tribocorrosion 

The contact angles (Table 4) and the surface tension data of the probe 
liquids (Table 2) were used to calculate the total SE and the solid-liquid 
interfacial SE of each LSP processed AZ31B surface. The total and the 
interfacial SE were calculated for LSP processed surfaces and compared 
with the resulting surface energies post tribocorrosion, as shown in 
Fig. 10. It can be observed that the total SE increases after tribocorrosion 
for all surfaces, indicative of the surface degradation and change in SR 
due to tribocorrosion. The increase in SE post tribocorrosion indicates an 
increased adhesion of the liquid to the surface. The surface processed at 
LSP-1 experiences the least change in total SE and has the lowest SE after 
tribocorrosion, while LSP-3 had the highest change in SE due to tribo-
corrosion. It can be observed in Fig. 10a that even though the total SE of 
the untreated and LSP processed surface is almost the same, within a 
range of 38–45 mJ/m2, the solid-liquid interfacial SE with various probe 
liquids varies considerably. The untreated surface exhibits minimal 
variation in the interfacial SE irrespective of the probe liquid, whereas 
the surfaces after LSP exhibit a considerable change in interfacial SE due 
to the evolution of physical attributes, specifically SR [42,63]. 

Fig. 10b shows the LSP processed surfaces under the influence of 
tribocorrosion experience an increase in total SE. This is due to the 
initiation and propagation of pitting corrosion that increases SR. The 
total SE is observed to increase with an increase in laser intensity, but at 
high laser intensity (LSP-4 and LSP-5), it has been shown that the shock 
peening influence of LSP is high enough to restructure (plastic defor-
mation) the surface asperities [6]. At high laser intensities, the asperities 
are plastically deformed to have small sharp asperities, results in lower 
mean SR. This decrease in SR due to LSP at high laser intensity increases 
the resilience to tribocorrosion as there is a decrease in the area prone to 
galvanic corrosion during wear. Hence, a decrease in SE is observed after 
tribocorrosion on high laser intensity processed surfaces (LSP-4 and 5). 
It has been shown that when a pitting form of corrosion initiates and 
degrades the surface, the SR increases, causing a decrease in SE and an 
increase in the adhesion of the liquid to the surface [42]. Hence, the 
change in SE of LSP processed surfaces after tribocorrosion is attributed 
to the evolution of mechanochemical degradation such as wear, corro-
sion, and tribocorrosion. 

The solid-liquid interfacial SE of the untreated and LSP processed 
surfaces with the probe liquids, observed in Fig. 10, decreases after 
tribocorrosion except for LSP-1. In the case of LSP-1, the interfacial SE 
with water increases after tribocorrosion due to pockets of air being 
trapped at the interface. The pockets of air trapped at the interface are 
because of relatively low surface degradation and minimal change in SR 
after tribocorrosion. However, when the LSP-1 is in contact with 0.6 M 
NaCl, the interfacial energy decreases due to the increased polar in-
teractions. This causes the air pockets to collapse. The decrease in 
interfacial energy in the case of remaining LSP surfaces is due to similar 
reasons (Fig. 10). The LSP increases the SR as a function of laser intensity 
that causes more air to be trapped at the interface, which increases the 
interfacial SE. The change in SR after LSP was found to be insufficient to 
cause a significant effect on the interfacial energies with the standard 
probe liquid-glycerol. 

Fig. 10. Surface energy of (a) LSP processed AZ31B surface and (b) tribocorroded LSP processed AZ31B surface. (c) Schematic representation of surface energy of 
solid (surface free energy), surface tension of liquid, the interfacial surface energy between the solid and liquid, and the resulting contact angle (θ). 
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Further, after tribocorrosion, the drastic increase in SR combined 
with the oxide layer break down causes the interfacial SE to decrease. 
This insight into the interfacial SE shows that even though the total SE of 
the LSP processed surfaces increase after tribocorrosion, their interfacial 
SE are defined by the SR and polar interactions at the solid-liquid 
interface. These results indicate that the observed surface degradation 
due to galvanic corrosion is accelerated by wear in a corrosive envi-
ronment such as 0.6 M NaCl and depends on the interfacial SE of solid 
with the aqueous environment. 

3.6. Effect of SR on interfacial SE and tribocorrosion 

The wetting behavior of a solid surface depend on the SR [64]. The 
SR affecting the wetting behavior is defined as the ratio of actual to 
geometric surface area and cannot be quantified by mapping the surface 
profiles. In order to correlate the variation of SR caused by the initiation 
of tribocorrosion to the SE, Wenzel wetting model was applied. Wenzel 
[65] defined a roughness factor r, which was the ratio of the actual 
surface area to geometric surface. This factor r can be considered in the 
Young’s equation as: 

r(γs − γsl)= γl cos θ  

where, r =
actual surface area

geometric surface area 

The r values were calculated as shown in Fig. 11, considering the 
actual surface area as the untreated surface (LSP-0, before tribocorro-
sion), and the geometric surface area as the surface area after LSP 
(Fig. 11a), and LSP surfaces undergoing tribocorrosion (Fig. 11b). These 
r values were calculated for each probe liquid to understand the effect of 
SR on the interfacial SE at the solid-liquid interface. The r value is an 
indicative of the resilience imbibed by LSP processing to tribocorrosion 
through the modification SR and surface characteristics. It can be 
observed in Fig. 11a that the referenced untreated surface (LSP-0, before 
tribocorrosion) has an r value of 1 with all probe liquids, indicating the 
ideal condition (actual surface area) of the SR. As the interfacial SE de-
creases, the r value increases, and vice versa, this indicates that influ-
ence of LSP on SR followed by effect of tribocorrosion on wetting 
behavior of the surfaces (Fig. 11c). Comparing the roughness ratio for 
LSP processed (Fig. 11a) and tribocorroded LSP surfaces (Fig. 11b), it 
can be observed that the least change in r was for LSP-1 surface. This 
characteristic of LSP-1 is an indicative of the optimum surface charac-
teristics obtained through LSP. A minimal change in r value shows that 
the surface characteristics are retained even after experiencing tribo-
corrosion. Hence, low SE was observed for LSP-1 even after tribocorro-
sion (Fig. 10b) indicative of enhanced corrosion and tribocorrosion 
resistance [6,22]. 

A large change in r value was observed for samples LSP-2, LSP-3 and 
LSP-4. It occurs because of an increase in SR after LSP, which causes an 

Fig. 11. Surface roughness factor calculated with respect to the untreated surface condition for (a) LSP processed AZ31B and (b) tribocorroded LSP processed AZ31B 
surface. (c) Schematic representation of the correlation between the roughness factor and wetting due to the interfacial SE. 
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increase in the surface area exposed to tribocorrosion. The increase in r 
value and decrease in solid-liquid interfacial SE after tribocorrosion for 
LSP-2 to LSP-4 indicates the high susceptibility of these surfaces to tri-
bocorrosion. Even though theoretically, the wetting should be poor 
when a high r value is observed, under the influence of tribocorrosion, 
the high r values can be detrimental since they indicate an increase in 
surface area. In the case of surface processed at LSP-5, due to the high 
laser intensity, the surface asperities undergo a large degree of plastic 
deformation during LSP processing, which results in small sharp as-
perities reducing the mean roughness [6]. Hence, a low gradient change 
in r value and interfacial SE is observed for LSP-5 after tribocorrosion. 
Even though this characteristic of LSP-5 is similar to the LSP-1 surface, 
the LSP-5 experiences a higher degree of surface degradation than LSP-1. 
This is due to the absence of an oxide layer (Fig. 9), which leads to a 
change in SE after tribocorrosion. 

4. Conclusions 

The influence of LSP on SE and the onset of tribocorrosion was 
investigated on the AZ31B surfaces. Contact angle measurements were 
made on LSP processed surfaces and tribocorroded LSP surfaces ac-
cording to the standard practice detailed under ASTM D7334 - 08 
(2013). The study uses a three-component approach based on Lewis 
acid-base surface interaction components to understand the SE in-
teractions. Liquids, namely, distilled water (W), Glycerol (G), and 0.6 M 
NaCl (N), were used in the contact angle measurements. These liquids, 
specifically water and 0.6 M NaCl, simulate some of the atmospheric 
conditions which dictate the corrosion properties of surfaces. The 
following are the conclusions resulting from this investigation:  

• Low laser LSP (LSP-1) reduced the wear under the influence of 
corrosion by more than three times as compared to the untreated 
surface.  

• Surface degradation due to corrosion is accelerated by wear in a 
corrosive environment and depends on the interfacial SE of solid with 
the aqueous environment.  

• LSP-1 experienced the least change (9.0%) in surface roughness after 
tribocorrosion, and the untreated surface experienced the highest 
change in surface roughness at 31.9%.  

• The change in surface roughness and liquid adhesion (wettability) 
due to LSP modifies the solid-liquid interfacial SE that depends on 
applied laser intensity. 

• A negligible change in the roughness factor (r) is observed after tri-
bocorrosion for low laser intensity treated surfaces which shows the 
resilience of LSP to tribocorrosion.  

• The solid-liquid interfacial SE of the untreated and LSP processed 
surface decreases after tribocorrosion except for LSP-1.  

• Magnesium hydroxide (Mg (OH)2) layer was present on surfaces 
treated from LSP-1 to LSP-4 in decreasing order of Mg (OH)2 peak 
intensity post tribocorrosion. The high peak intensity of Mg(OH)2 
indicated better tribocorroion resistance.  

• The Mg (OH)2 layer was not detected in the case of the untreated 
surface and LSP-5 post tribocorrosion.  

• LSP processed surfaces exhibit a high contact angle due to a decrease 
in interfacial SE.  

• The LSP processed surfaces have a relatively high contact angle (low 
wettability) in aqueous environments post tribocorrosion as 
compared to the untreated surface.  

• The total SE of the AZ31B increases after the LSP processed surface 
undergo tribocorrosion. 

• The increase in SE post tribocorrosion can be attributed to the evo-
lution of mechanochemical attributes. 
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