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A B S T R A C T
Predictive maintenance techniques are developed to help determine the
condition of in-service equipment in order to predict when maintenance should be
performed. There is a need for cost-performance effective approaches and methods
for predictive maintenance that can make non-destructive on-site measurements to
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Residual Stress
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predict residual stress-induced critical faults in large metal structures, such as ships.
In this study, an optical method based on the calculation of the non-destructive
surface magnetic permeability coefficient is proposed for monitoring the residual
stress distribution in AISI4040 and DUPLEX materials. In our proposed new method
for determining theoretically the residual stress at the joint site of large plates in
ships, the Lorentz-Drude model and the Fresnel approximation were used. Our
results show that the new optical technique proposed in this study is sufficient and
thriving for the determination of residual stresses in large metal structures.
materials, such as strength, plasticity, and surface

INTRODUCTION

integrity (Guo et al., 2021). The related literature

Ships are massive metal structures built with the

features these factors affecting fatigue have been

assembly of many large metal plates. The joint sites of

discussed from various perspectives (e.g., on material,

metal plates can be subjected to enormous stress due to

structure, and environment) (Cui, 2002; Kozak &

waves, propulsion forces, steering forces, changing

Gorski, 2011). If the stress at the junctions of the metal

loading conditions and handling, during in duty

plates exceeds the threshold value determined by the

period. Cyclic load deformations or micro-fractures

Young’s Modulus of the metal, the metal fatigue

occur due to the strain and stress at the joints, which

process accelerates. Although there are various

leads to fatigue in the metal structure, i.e., ships

techniques and methods for the measurement of

(Leggatt et al., 1996; Totten, 2002; Kozak & Gorski,

residual stress in the literature, most of these

2011; Fricke, 2017). Residual stress is among the

techniques are complex and inapplicable in-situ (Song

primary factors affecting the mechanical properties of

et al., 2017; Gan et al., 2018; Moharrami & Sadri, 2018).
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These methods are divided into three main groups –

Huang et al., 2013; Yoshida et al., 2016). In this study, a

i.e., non-destructive, semi-destructive, and totally

new method based on optical principles is proposed to

destructive. Non-destructive methods incorporate X-

detect the stress and strain around the junction of metal

ray

and

plates in situ. The Lorentz-Drude model, which

and

neutron

electromagnetism.

diffraction,
Among

ultrasonics,

semi-destructive

establishes a relationship between the refractive index

methods are hole drilling, trepanning, and deep hole

the

and the dielectric coefficient of the conductors, is

drilling. Totally destructive methods include cutting,

known as the most useful model for determining the

slicing, and block removal and layering (Leggatt et al.,

optical properties of metals. According to the Lorentz-

1996; Ghaedamini et al., 2018; Magnier et al., 2018;

Drude model, any externally induced change, such as

Moharrami & Sadri, 2018; Vourna et al., 2018). Also,

strain or stress, in the plasma frequency of a conductor

conventional residual stress measurement techniques

causes a differential change in the actual refractive

are compared in the sense of applicability and cost in

index of the metal (Drude, 1900; Hecht, 2002). Also, we

Table 1 (Kurashkin et al., 2019; Dive & Lakade, 2021;

calculated the rate of reflection as a function of stress

Abdulkhadar et al., 2021; Grigorev & Nosov, 2022;

by solving Fresnel’s equations for laser radiation with

Sepsi et al., 2022).

S- and P-polarization at different angles of incidence
for AISI4140 and DUPLEX metals. Our theoretical

A new innovative technique being non-complex

results showed that the proposed method based on an

and effective is needed due to the costly methods and

optical method is suitable to determine the stress or

the difficulties in applying these measurement

strain rate around the junction of metal plates.

techniques to the overall structure (Nelson, 2010;

Table 1. Comparison of conventional residual stress measurements techniques
Parameter

Destructive and Semi-Destructive Methods
Mechanical Methods
Hole
Drilling

Chemical Methods

Slitting

Ring Core

Counter

Stripping

Qualitative Measurements

Cost

Mid

High

High

High

Mid

Low

Applicability

Low

Mid

Low

Mid

Low

Low

Preliminary

High

High

High

High

Mid

High

Reliability

High

High

High

Mid

Mid

Low

In-situ App.

Low

Low

Low

Low

Low

Low

High

High

High

High

Mid

Mid

Maintenance
Cost
Parameter

Non-Destructive Methods
Diffraction Methods
Neutron
Ray

X-Ray

Ultrasoni

Magnetic Methods

c Methods

Optic Methods

Ultra-

Magnetic

Magneto

Raman

Fresnel

sound

Strain

Mechanic

Spect.

Approx.

Cost

High

High

Mid

High

High

Mid

Low

Applicability

Low

Low

Mid

Mid

Low

Low

High

Preliminary

High

High

Mid

High

High

High

Low

Reliability

High

High

Mid

Low

Mid

Low

Mid

In-situ App.

Mid

Mid

Mid

Low

Low

Low

High

High

Mid

Mid

Mid

High

Mid

Low

Maintenance
Cost
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important role in determining the dielectric function.

MATERIAL AND METHODS

By using the model, the real refractive indices of metals

The dielectric and optical properties of metals

can be accurately calculated in the presence of an

change due to mechanical effects, such as stress or

external electromagnetic field (Eq. 3). The Lorentz-

strain (Hristoforou et al., 2018; Vourna et al., 2018).

Drude model is a combination of the terms of the

Thanks to these properties, the mechanical state of steel

Drude model and Lorentz oscillator terms, including

can be determined by measuring the dielectric and

both transitions Lorentz-Drude model (Markovic &

optical properties of metal structures. These properties

Rakic, 1990; Rakić, 1995);

are affected differently by applied stress that causes
𝜀𝑅 = 𝜀𝑖𝑛𝑡𝑟𝑎𝑏𝑎𝑛𝑑 + 𝜀𝑖𝑛𝑡𝑒𝑟𝑏𝑎𝑛𝑑

elastic or residual stress (plastic deformation). Thus,
these two effects can be distinguished from each other

𝜀𝑅 = 𝜀∞ − (𝜔2

using optical methods (Qiu et al., 2018). Although the

2
𝛺𝑝

+𝑖𝜔𝛤0 )

+ ∑𝑚
𝑗=1

(2)
2
𝑓𝑗 𝜔𝑝

((𝜔𝑗2 −𝜔2 )+𝑖𝜔𝛤𝑗 )

(3)

Drude model is quite simple, it is considered to be the
first

realistic

conductivity,

model
thermal

to

describe

conductivity,

the
and

For conductive media such as metals, the refractive

electrical

index consists of a real and an imaginary component.

optical

properties of metals (Drude, 1900). The optical
properties of metals can be identified more realistically

𝑛̃ = √

𝜀

𝜀0

using the Lorentz-Drude model. This is because the

= √1 + 𝑖 (

𝜎
𝜀0 𝜔

) = 𝑛𝑟 + 𝑖𝜅

(4)

Lorentz-Drude model includes free and bound

Here,  refers to the conductivity,  to the plasma

electrons (Drude term) and harmonically bound

frequency of the metal, and 𝜀0 to the electrical

particles (Lorentz oscillator). Rakić (1995) and Johnson

susceptibility coefficient of the free space (Eq. 4). If the

& Christy (1972) reorganized the Lorentz-Drude model

refractive index is complex;

for different plasma frequencies and binding energy
𝜀𝑚𝑒𝑑 = 𝜀0 𝑛̃2 = 𝜀0 (𝑛 + 𝑖𝜅)2

states and validated their model experimentally.
Experimental studies related to the optical properties

(5)

of metals have shown that it is more convenient to

Here, n refers to the real refractive index and  to

describe the optical transmittance of metals by adding

the absorption coefficient of conductive medium (Eq.

the Lorentz oscillation terms to the Drude model (Vial

5).

et al., 2005; Umeda et al., 2009). The free movement of
𝑛=√

electrons within the metal atoms causes a change in the

1

2𝜀0

(|𝜀| + 𝜀𝑅 ) 𝜅 = √

1
2𝜀0

(|𝜀| − 𝜀𝑅 )

(6)

electric potential distribution in the metal and leads to
the re-arrangements of the electrons under external

If the conductivity is high,  will be small since it

pressure. This restructuring in the electric potential

will be 𝜎/𝜀0 𝜔 >> 1 and the surface will exhibit high

within the metal creates small changes in the dielectric

reflectivity. The expression of dielectric function for

coefficient of that particular metal material. The

metals is as follows:

expression defining the relationship between the
electric field and polarization of the dielectric

𝜀(𝜔) = 𝜀0 (1 −

2
𝜔𝑝
2
𝜔 +𝑖2𝜔𝛤

)

(7)

displacement of the metal medium is as follows (Eq. 1):
Here, p refers to the plasma frequency of the metal,
𝐷 = 𝜀0 𝐸 + 𝑃 = 𝜀𝑟 𝜀0 𝐸

(1)

and  to the frequency of the external field (Eq. 7).
Since electrons are considered free for metals in the

In the Drude model, only the intraband transitions

Drude model, the plasma frequency will be large, and

are considered since the electrical permeability of

the imaginary part of the dielectric coefficient will

metal is characterized by free electrons (Eq. 2)

move to zero exempt from the vicinity of Brewster’s

(Ehrenreich & Philipp, 1962). However, the interband

Angle. The following is the familiar expression

transitions, which correspond to the transitions

between the dielectric constants and the real index of

between the valence and conduction bands, play an

refraction:
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𝑐

𝜇 𝜀

𝑛 = = 𝑐 √𝜇𝜀𝑟 = √ 𝑟 𝑟
𝑣
𝜇0 𝜀0

(8)

𝑅𝑃 =

𝐸𝑟
𝐸𝑖

=

−[(𝑛2 −𝜅2 )+𝑖(2𝑛𝜅)] 𝑐𝑜𝑠 𝜃𝑖 +√(𝑛2 −𝜅2 −𝑠𝑖𝑛2 𝜃𝑖 )+𝑖(2𝑛𝜅)

(12)

[(𝑛2 −𝜅2 )+𝑖(2𝑛𝜅)] 𝑐𝑜𝑠 𝜃𝑖 +√(𝑛2 −𝜅2 −𝑠𝑖𝑛2 𝜃𝑖 )+𝑖(2𝑛𝜅)

Here, c refers to the speed of light, v to the speed of

The reflectance at the interface of metals is a function

light in the conductive medium, μ to the magnetic

of the angle of incidence and the complex refractive

susceptibility (permeability) of the material, and ε to

index. Changes in the angle of incidence and complex

the electrical susceptibility (permittivity) of the

refractive index cause a change in the amplitude of the

material. The change between the interband transitions

EM wave reflected from the metal. In the case of an

under pressure or strain causes a change in electrical

incoming EM wave at the Brewster angle, the

susceptibility (permittivity). This appears as a change

absorption at the surface has a maximum value and

in the real refractive index of the material (Jiles, 1988).

partial reflection occurs. Metal surfaces generally

When the electromagnetic wave comes to an interface,

exhibit high reflectivity. On these surfaces, the

the transmission and reflection rates depend on the real

absorption at the angles of incidence other than the

and imaginary refractive indices on both sides of the

Brewster angle will be quite low. In this case, the

interface. The equations, whose refractive indices

contribution of the value κ in Eqs. 11 and 12 to the

determine the behavior of light at the interfaces of

function can be ignored. Therefore, the complex

different optical media, were derived by the French

refractive index was operationalized as the constant in

physicist Augustin-Jean Fresnel and named the Fresnel

the calculations. Eq. 8 was used to calculate the

equations (Eqs. 9, 10) (Hecht, 2002; Pedrotti et al., 2017).

refractive index caused by strain or stress.

Fresnel’s equations can be derived by solving
RESULTS AND DISCUSSION

Maxwell’s equations, assuming an ideal planar surface.
The reflection formula for a random polarization can

Lattice distortions, caused by stress or strain in

be expressed from two basic solutions when the

metal structures during production or their service

oscillation (polarization) of the EM Wave is parallel (S-

cycles, result in the rearrangement of both the metal

polarization) or perpendicular (P-polarization) to the

grains and the electric-magnetic fields within the metal

surface. Fresnel’s equations are used to determine the

(Iordache et al., 2003; Perevertov, 2007). Magnetization

amplitude of the reflected beam according to the

within the metal structure involves the nucleation and

polarization of the incident light and the angle of

movement

incidence (Pedrotti et al., 2017). According to the Spolarization

(parallel)

and

𝑅𝑃 =

𝐸𝑅
𝐸𝑖

𝑐𝑜𝑠 𝜃𝑖 −√𝑛̃2 −𝑠𝑖𝑛2 𝜃𝑖

=

𝐸𝑖

𝑐𝑜𝑠 𝜃𝑖 +√𝑛̃2 −𝑠𝑖𝑛2 𝜃𝑖

=

−𝑛̃2 𝑐𝑜𝑠 𝜃𝑖 +√𝑛̃2 −𝑠𝑖𝑛2 𝜃𝑖
𝑛̃2 𝑐𝑜𝑠 𝜃𝑖 +√𝑛̃2 −𝑠𝑖𝑛2 𝜃𝑖

magnetic

walls;

thus,

the

changes in grain size, stress state, and deformation
(Shea, 2005; Jiménez et al., 2017). In their study on the

is defined, respectively;
𝐸𝑅

the

microstructure in steel is strongly correlated with the

P-polarization

(perpendicular) of the incident light, the reflection ratio

𝑅𝑆 =

of

non-destructive

testing

of

metal

structures,

Hristoforou et al. (2018) experimentally measure the

(9)

surface magnetic susceptibility of AISI4140 and
DUPLEX metal under pressure. They experimentally

(10)

show that magnetic susceptibility changes as a
function of pressure between -300 MPa and +300 MPa.

Here, i refers to the angle of incidence of the light,

300 MPa corresponds to 3059 Kilogram-force/Square

ER to the amplitude of the reflected EM wave, E i to the

Centimeter (kg/cm²), this value corresponds to the load

amplitude of the incident EM wave, and 𝑛̃ = 𝑛 + 𝑖𝜅 to

values that can occur on ships due to loading and

the complex refractive index. When Eq. 4 is substituted

waves (Asmael et al., 2020).

for Eqs. 9 and 10, the Fresnel equations of both
𝜇(𝑃) = 𝑎0 + 𝑎1 𝑃 + 𝑎2 𝑃2

polarizations for metal surface with the complex

(13)

refractive index;
In this article, firstly, the experimental data found by
𝑅𝑆 =

𝐸𝑟
𝐸𝑖

=

𝑐𝑜𝑠 𝜃𝑖 −√(𝑛2 −𝜅 2 −𝑠𝑖𝑛2 𝜃𝑖 )+𝑖(2𝑛𝜅)
𝑐𝑜𝑠 𝜃𝑖 +√(𝑛2 −𝜅 2 −𝑠𝑖𝑛2 𝜃𝑖 )+𝑖(2𝑛𝜅)

Hristoforou et al. (2018) were fit to a 2nd-order
(11)

polynomial (Eq. 13) and calculated the magnetic
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susceptibility

as

a

function

of

pressure.

The

increase under pressure; as a result of these effects, the

experimental data and calculated values for the

refractive index also increases depending on the

magnetic susceptibility are shown in Figure 1.

pressure. The pressure-dependent values of the

Moreover, the iteration coefficients determined for

refractive index were calculated with Eq. 8 by

AISI4140 and DUPLEX are presented in Table 2. The

operationalizing the data in Eq. 13 and Table 3. It can

correlation coefficient (R2) for both materials is about 1

be seen that the refractive index of both AISI4140 and

which is the ideal value for an iteration.

DUPLEX material increases with pressure as expected.

The refractive index is mainly dependent on

Table 2. Coefficients of Eq. 13 fitted to experimental

temperature, pressure (or intensity of material), and

data for AISI 4040 and DUPLEX

frequency of incident light. The square of the refractive
AISI4140

801.09

1
𝑎1 (
)
𝑀𝑃𝑎
1.35

DUPLEX

457.11

0.39

𝑎0

index was found to be proportional to the product of
the intensity and the average polarizability (Malitson,
1965; Tan, 1999; Tan & Arndt, 2001). The density and
molecular arrangement of solid materials partially

1
)
𝑀𝑃𝑎2
9.49x10-4

0.99

1.53x10-4

0.92

𝑎2 (

Magnetic Permeability (A.U.)

1400

AISI 4140
DUPLEX
Calculated

1200

1000

800

600

400

200
-400

-200

0

200

400

Pressure (MPa)

Figure 1. Experimental and calculated values of pressure-dependent permeability

Calculated reel refractive index (n)

3.5

AISI4140
DUPLEX
3.0

n=2.75 (P=0 MPa)
2.5

2.0

-400

-300

-200

-100

0

100

200

300

400

Pressure (Mpa)

Figure 2. The calculated reel refractive index for AISI 4040 and DUPLEX as a function of pressure
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1.0

AISI4140
RS (-300 GPa)

0.8

RP (-300 GPa)

Reflection Ratio

RS (0 GPa)
RP (0 GPa)

0.6

RS (300 GPa)
RP (300 GPa)

0.4

0.2

0.0

20

40

60

80

Incident Angle (Deg.)

Figure 3. Reflection ratio for AISI4140 material depending on the angle of incident light with S- and P- polarization
1.0

DUPLEX
0.8

Reflection Ratio

RS (-300 GPa)
RP (-300 GPa)

0.6

RS (0 GPa)
RP (0 GPa)
RS (300 GPa)

0.4

RP (300 GPa)
0.2

0.0

20

40

60

80

Incident Angle (Deg.)

Figure 4. Reflection ratio for DUPLEX material as a function of the angle of incident light with S- and P- polarization
77
76

AISI4140
DUPLEX

Brewster Angle (Deg)

75
74
73
72
71
70
69
68
67
-300

-200

-100

0

100

200

300

Pressure (Mpa)

Figure 5. Brewster angle as a function of pressure for AISI4140 and DUPLEX material
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Table 3. Reel refractive indices of AISI4140 and

a better resolution. It was observed that the reflection

DUPLEX material at various pressure

ratio of the light with S- and P- polarization increased

Pressure

when the pressure was increased for a constant angle

Refractive Index (n)

(MPa)

AISI 4140

DUPLEX

of incidence in both materials. This behavior can be

-300

2.128

1.821

attributed to the behavior of the refractive index. The

-200

2.315

1.898

refractive index of AISI 4140 material varies more

-100

2.524

1.981

predominantly depending on the applied pressure

0

2.749

2.068

compared to DUPLEX material, as shown in Figure 1.

100

2.987

2.159

Therefore, the dependence of the reflection ratios on

200

3.236

2.254

the angle of incidence for both S- and P- polarization

300

3.492

2.352

was determined to get higher as the pressure increased
(Figures 3 and 4). One can see from Figures 3 and 4 that

Table 4. Pressure-dependent Brewster angle values for

the Brewster angle shifts slowly with the pressure

AISI4140 and DUPLEX material

increasing for both metals.

Pressure

It is known that metals are a function of the angle of

Brewster Angle (Degree)

(MPa)

AISI 4140

DUPLEX

incidence reflectivity for a P-polarized laser beam and

-300

69

67

they have a minimum value for a given wavelength

-200

71

67.5

and refractive index at the Brewster angle. Absorption

-100

72

68

at the Brewster angle is maximum, and this angle can

0

73

69

be much bigger than the normal angle of incidence

100

73.5

69

200

75

69.5

300

76

70

(Hüttner, 1995). Brewster’s angle is an important
parameter in applications of lasers for determining
linearly polarized light by reflections at the mirror like
metal surface. The Brewster angle is strongly

The reflection ratios for AISI4140 and DUPLEX

dependent on the photon energy and is not easy to

materials were calculated as a function of pressure for

measure experimentally, but it provides important

the single-wavelength laser light coming in S- and P-

information about the angle of incidence to be

polarization with Eqs. 12 and 13. Figures 3 and 4 show

measured. The Brewster angle values were calculated

the calculated reflection ratios for these materials. The

for both materials from the minimization of Eq. 13

calculated values were normalized to 1 in order to get

(Figure 5, Table 4).

60

AISI4140

50
55
60
65
70

50

Rs/Rp

40

30

20

10

0
-300

-200

-100

0

100

200

300

Pressure (Mpa)

Figure 6. Rs/Rp ratio for AISI4140 material at different angles of incidence depending on pressure
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80

50
55
60
62
65

DUPLEX
70
60

Rs/Rp

50
40
30
20
10
0
-300

-200

-100

0

100

200

300

Pressure (Mpa)

Figure 7. Rs/Rp ratio for DUPLEX material at different angles of incidence depending on pressure
Table 5. Rs/Rp ratios for AISI4140 and DUPLEX at different angles of incidence depending on pressure
Rs/Rp

Angle of
Incidence

AISI4140

DUPLEX

(Degree)

-300 Mpa

0 MPa

300 MPa

-300 MPa

0 MPa

300 MPa

50

2.97

2.62

2.26

2.99

2.99

2.85

52.5

3.79

3.13

2.60

3.99

3.84

3.54

55

5.03

3.86

3.04

5.68

5.16

4.55

57.5

7.13

4.93

3.65

8.79

7.42

6.15

60

11.04

6.63

4.54

15.59

11.73

8.93

62.5

19.76

9.60

5.89

35.49

21.73

14.44

65

46.78

15.58

8.18

151.47

55.22

28.19

67.5

239.83

31.06

12.55

22518

370.32

82.72

70

2399.42

99.43

23

-

-

-

The Brewster angle variation concerning the

It is difficult to determine the Brewster angle in

pressure of AISI4140 is differentially greater than that

experimental

of DUPLEX, and this behavior is attributed to the

Therefore, it would be a much more accurate approach

change in the refractive index under pressure, and also

to look at the reflection rate of the incident laser light

in the reflection ratios. The Brewster angle for AISI4140

with S- and P- polarization. Rs/Rp ratios for the

material was observed to change substantially at

different angles of incidence under the Brewster angle

pressures ranging from -300 MPa to +300 MPa and to

for both materials were calculated with Eqs. 12 and 13

be linearly dependent. This shows that stress or strain

as a function of pressure (Figures 6 and 7, Table 5). As

values can be determined from Brewster’s point of

expected, it was observed as regards both materials

view in structures with high load density – e.g., ships –

that this ratio became larger as it got closer to the

using this parameter.

Brewster angle. In order to determine strain or stress
66

measurements

(Hüttner,
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