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Abstract

of components and structures with surface damage.

Cracks and mechanical defects are very common in the service of engineering structures. In dynamic loading, the
defects and scratches may turn into propagating cracks owing to stress concentration around these areas. Surface
replica is applied to surface discontinuities for understanding the stress concentration factors. Replicated samples
have been transformed into CAD models through the Faro Arm. The CAD model was used in a finite element
model to evaluate the stress concentration factor (Kt) and the corresponding reduction of the factor of safety of
structural components. It was found that the technique is extremely powerful for the prediction of the residual life

Keywords—Replica; Finite Element Modelling; Corrosion; In-service damage; Stress Concentration Factor

1 Introduction

he finite element Analysis (FEA) is a problem-

solving approach to identify technical issues in
engineering to apply the simulation and mathematical
modelling|[1]. It involves the matrix in algebraic expres-
sions for finding out the exact values of variables in a
system of simultaneous linear equations and partial
differentiations for structural analysis of the mate-
rials[2]. Finite Element Analysis is a software-based
tool to investigate surface and subsurface defects and
discontinuities within components in design or in ser-
vices. Computer-Aided Design (CAD) is used to design
and scrutinise data; however, Finite Element Analysis
(FEA) applies numerical values to explore structural
damage identification of engineering structures un-
der loading conditions. Surface replica methods are
gaining importance in non-destructive examination to
monitor the initiation and propagation of cracks in
structural components [3, 4]. The replication technique
involves copying of areacific surfaces of the compo-
nents damaged, where destructive testing or sample
extraction is difficult to operate [5]. Nevertheless, no
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other technique can be utilized to investigate the
surface measurements of the area of interest, whereas
other similar destructive and nondestructive methods
use the specimen in the grip of the testing equipment.
The silicone-based rubber materials are relatively new
and are significantly used in the mechanical, materials,
and civil engineering structural appliances for finding
out the root cause of failure [6]. The RepliSet is
applied on the surface of the material and allowed
it time to set according to the target surface before
removing the replication from the surface of the struc-
tural material[7]. In the replication technique, an exact
mirror impression of the target material is copied on
the RepliSet for further laboratory inspections[8]. The
replica method is exceptionally straightforward, cheap,
and fast to operate for image analysis. [9]. The repli-
cation procedure provides significant advantages over
other conventional measurement techniques, such as a
permanent record of the specimens, better resolution,
higher magnification, no contamination of polishing,
and measurement opportunities in the laboratory[10].
The cracks and mechanical defects are common in the
service life of engineering structures[11]. In dynamic
loading, such as fatigue, these defects and scratches
may turn into propagating cracks owing to stress
concentration around these areas[12]. The fracture
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mechanics approach can be applied to identify the
crack initiation and to predict the endurance limit
of the ‘damages’ in structures[13]. However, not all
discontinuities within the materials initiate the cracks;
in many cases, damage observed without propagating
the cracks, such as scratches, dents, gouges, corrosion
pits, occurs on the surfaces of wind turbine blades,
high-rise towers, shafts, bearings, and many more [14].
Only those damages initiate the cracks in which the
associated stress concentration exceeds the maximum
allowable stress of the material and disagree with
safety factors[15]. The stress concentration around the
particular arena exceeds the theoretical strength of the
materials, causing catastrophic failure in early stages
of the components in service. However, identification
of the stress concentration factor around the specific
area is not very straightforward[16]. In many cases,
the damages are in very complex geometry, and the
empirical relationship does not originate from the area.
There are very few studies about this important area
of fractured mechanics. In this study, a demonstration
of the calculation of stress concentration factors from
complex shapes of damage and surfaces is presented.
Replica was used on the surface of different damage
regions to obtain the geometries[17]. The replica sam-
ples were transformed into a CAD model through the
Faro Arm[18]. The CAD model was used in the finite
element method to determine the stress concentration
factor (Kt) and corresponding reduction in the factor
of safety of structures[19].

2 Experimental Analysis in Detail

2.1 Replica Measurement

In the replication procedure, a silicone-based rubber
material of Zharmeck is used. The Zharmeck “ZETA
FLOW?” is a three-part silicone-based rubber material
that provides excellent surface finish and the possi-
bility of low shrinkage after curing. Replica materials
are widely applied in biomedical and engineering ap-
plications for the prediction of disorders in the human
body and the materials. The RepliSet is easy to apply,
possesses high viscosity, and is applicable in different
environmental conditions. The RepliSet is pasted on
stress concentration regions at standard temperature
and pressure, holding it for some period for curing pur-
poses. Afterwards, samples are collected and wrapped
in polythene bags to avoid any environmental contam-
ination, and they send them for further examination.
The flow chart diagram in Fig.1 clarifies the replication
processing operation.

2.2 CAD and FE-Modelling

The present research article introduces surface profiles
of the replication process that were made through
a 3D laser camera, shown in Fig. 3. A FARO arm-
based 3D laser scanner is used for the measurements.
The scanner for this purpose employed a 3D position
sensor with a laser pulse integrated on its tip. The
scanner can be used as a robotic arm with multiple
degrees of freedom. The scanner sets the intensity of
the laser automatically according to the target surface
and emits a laser beam, which is reflected from the
surface. The time required in the reflection process
is used to calculate the distance between the target
surface and the FARO arm. This distance is then
added to the position given by a 3D position sensor.
The resultant surface is then generated by using a
triangular mesh pattern. The surface obtained can be
exported in many formats like igs, iges , step, jpg
etc. with the software. In this study, the “iges” file
format was used, which generates the rectangular x, y,
z coordinates of each node of the surface. The finite
element model was established in the industrial finite
element code ABAQUSJ[20]. The data generated by
the laser camera was transferred to the finite element
model. The Python script of the finite element model
was modified with the data obtained from the CAD
model. 3. RESULTS and Discussion In this study, the
replica was used on fracture surfaces, corrosion pits,
and propagating cracks. The samples of corrosion pits
were used to calculate stress concentration. In frac-
ture surface analysis, ferrous and non-ferrous fractured
surfaces were used for replication. Fig. 2 (a) and (b)
show the Scanning Electron Microscope (SEM) image
of a broken part and its replica. There was almost no
difference in the fracture surface of the original sample
and the replica measurement. It was found that the
replication capability of the material was similar for
the ferrous and non-ferrous. A similar result was found
for polymer, glass, and ceramic materials.

Fig. 3 (a) and (b) show a metallic roller used in
the sugar industry and an SEM image of a replica
sample of its eroded region. The roller surface was
affected by corrosion, leading to surface erosion. The
functionality of the roller was affected due to this, and
some cracks also started to initiate from the erosions
in service life. However, some regions showed no such
cracking. Hence, replica measurements were carried
out on the surface to observe the geometric features of
these complex eroded regions. Several complex-shaped
sub geometries inside the eroded region. Some sub
geometries can be seen with very small but sharp
radii around their roots. It was practically impossible



QUEST RESEARCH JOURNAL, VOL. 23, NO. 02, PP. 10-14, JUL-DEC, 2025

Material Replication Process

Start Replica
Material

12

Start QOriginal
Material Part
(T ™
ORIGINAL MATHRIAL PROCESS
1 REPLICA PROCESS ¥
_ Replica
Prepare
Original
Apply Replica Material Part ]|. l
Material
/z
re |, | Origina
Check
Replication Agsess Fully I part
Surface
penelrale
replica
7 .‘1- < \l} Yes
& ‘ @ ’
Uneven Fully Penetrate

Replication Replica Crack Surface

Ready
\
L Uneven
replication

B

Fig. 1: Schematic illustration of the surface replication process

(a) original surface (b) replica surface

Fig. 2: SEM image of fracture surface

to calculate the stress concentration of such complex
shapes.

3 Corrosion Pitting and Finite Element Anal-
ysis

Here, we discuss the application of a replica on a
refinery vessel. The vessel was affected by corrosion
pitting, leading to severe erosion on the internal walls.
Replica material was applied on the inner wall of the
vessel as shown in Fig. 4 (a). The replica was then
taken to the laboratory, and a Faro arm was used to
obtain the CAD model of the replica surface. Fig. 4
(b) shows reconstructed images of the eroded surface.

(b) complex subgeometries

(a) Eroded surface of roller

Fig. 3: SEM image of replica surface

The CAD model was then transformed into the finite
element model of the vessel through a Python script.

The finite element model of the vessel was devel-
oped in the commercial finite element code ABAQUS.
The vessel was modelled as a quarter ring of height
300mm and 50mm thickness. A 3D deformable ma-
terial model was used in simulations. The Von-Mises
yield criterion was applied for the determination of the
plastic deformation. The material was modelled as an
8-node thermally coupled brick, trilinear displacement
and temperature element named C3D8T. The pressure
and temperature of 20 bars and 550 0C was applied on
the internal wall of the vessel. The mesh size was kept
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(a) Replica measurement on
the surface of the vessel

(b) CAD model of surface
profile obtained from replica

Fig. 4: Replica measurement and CAD model of resul-
tant surface profile

Fig. 5: Finite element model of vessel

small such that there were a total of 15000 elements
in the model. Displacement boundary conditions were
applied at the ends of the cylinder. A representation of
the model is shown in Fig. 5. The results generated
in terms of stress concentration around pitting and
its effect on the factor of safety of the vessel were
investigated.

Fig. 6 shows the Von-Mises stress obtained for the
vessel in the presence of corrosion pits. It was found
that each corrosion pit developed a very small field
around its region. Around the damage zone, a very
small area was affected by stress concentration. The
inner wall of the ring, outside this zone, was well under
those stress conditions obtained for the vessel when
pitting was not considered. The maximum stress in
these pits, present on the internal wall of the reactor,
reached around 120MPa, like those values found at the
outer wall of the vessel. It is emphasized here that
without corrosion, the maximum stress at the internal
wall was around 30MPa, and at the outer wall was
around 100 110MPa. With these pits, the maximum
stress was around 120MPa around the pits, like stress
values at the outer wall of the reactor. This showed
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Fig. 6: Finite element model of vessel showing stress
concentration around pits

that the stress concentration factor (Kt) for these pits
was around 4. In addition, the stress gradient from the
inner to the outer wall of the vessel was reduced. The
region affected by the pitting showed that the entire
50mm thickness of the affected region showed stress
of 100MPa. This showed that a safety factor of 3 was
obtained here, similar to the one obtained without the
corrosion pits condition.

4 Conclusion

A demonstration of a surface replica was presented to
calculate the stress concentration of extremely com-
plex shape damages. Replica samples were prepared
from numerous challenging small-scale damages and
observed under microscopes. The replica surfaces were
used to obtain the CAD data of surfaces through the
Faro Arm. The CAD data obtained from the Faro
Arm was imported into the finite element method
to calculate the stress concentration factor (Kt) and
corresponding reduction in the factor of safety of a
vessel. It was found that the technique is extremely
powerful yet very straightforward for the prediction
of the residual life of components and structures with
surface damage.
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