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Abstract

The aim of this study is to investigate the corrosion behavior and mechanical properties
of welded steel exposed to gases emitted from crude oil reservoirs. In this study, two types of
nanoparticles were used as fillers during welding to improve corrosion and mechanical
properties. TiO2 and SiO2 nanoparticles were mixed with soldering oil in four mass
concentrations of 0, 1, 2.5 and 5% by ultrasonic bath method and used as filler during the
welding process. In order to prepare the samples, plain carbon steel with a thickness of 3 mm
was used and they were welded together by electric arc welding. Then, characteristics such as
mass loss percentage, optical microscope and SEM imaging, polarization corrosion test and
tensile and bending test were performed on the samples. Also, this test was used as finite
element modeling by Abaqus software. The results of microstructure examination showed
that in the weld button, the grain size was smaller due to recrystallization and the grains grew
in the longitudinal direction, but the grain size in the base metal area was uniform. The results
of the weight loss percentage study showed that the effect of TiO2 nanoparticles in preventing
mass loss of the samples was better and the lowest mass loss was observed at a mass
percentage of 2.5%. Overall, the results of this study showed that for the use of 2.5% TiO2
nanoparticles as a filler material during welding of plain carbon steel, the corrosion resistance,
tensile and flexural strength of the samples improved by 97.38%, 16.67% and 24.19%. The
results of the tensile and bending tests showed that the addition of TiO2 nanoparticles during
the welding process increased the maximum flexural and tensile strength of the welded
samples, so that for the sample with 2.5% nanoparticles, the maximum flexural and tensile
strength increased by 10.74% and 9.93%, respectively. Comparison of numerical and
experimental modeling results showed that the error of numerical modeling by finite element
method in measuring tensile and flexural strength was 13.19% and 9.07%, respectively.

Keywords: Nanofiller, Welding, Microstructure, Mechanical Properties, Corrosion.
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1-Introduction
Steel is one of the most important materials used in industry. Properties such

as strength, corrosion resistance and weldability of steel are very important in the
design and manufacture of industrial parts. These capabilities have made the role of
steel in industry very prominent. The weldability of steel has led to many important
industrial equipment being made by welding steel parts. However, most welded
joints have weaker properties than unwelded areas due to defects caused by the
high temperature of this process. The mechanical properties and microstructure of
the weld are of great importance, which is why extensive research has been
conducted today in the fields of inventing new welding processes and improving the
performance and service life of welded parts (Baddoo 2008). Research results have
shown that the presence of metal oxide nanoparticles of some elements such as
zirconium, nickel molybdenum and titanium can cause the formation of a ferrite
core (Lucas 1996). Studies by Vimalraj et al. (2016) show that nanoparticles in
GMAW and TIG welding have improved the microstructure, mechanical properties
and welding physics in plain carbon steel (St37). Abdollahzadeh et al. (2016) studied
the effect of adding silicon carbide nanoparticles on the mechanical properties of
AZ31 magnesium alloy welded by friction stir welding. In this study, the friction stir
welding process was used to perform butt jointing of AZ31 magnesium alloy and
simultaneously produce Mg/Sic nanocomposite at the joint. The main reason for
these changes is related to the presence of silicon carbide nanoparticles, which
contribute to the fineness of the structure by creating a locking effect on grain
boundaries, helping to nucleate recrystallized grains, and affecting the fracture of
primary grains. Ahmadifard et al. (2018) studied the effect of pass number and ZrO2
nanoparticles on microstructure, mechanical properties, and wear behavior in

friction stir welding of Al-5083. In this study, friction stir welding process was used
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to perform butt joint of 5083 aluminum alloy and simultaneously produce Al-ZrO2
nanocomposite at the joint. Behzadinezhad et al. (2021) studied the modification of
mechanical properties of friction stir welding of AM60 magnesium alloy by changing the
rotation speed and adding alumina nanoparticles. In this study, mechanical properties of
friction stir welding of AM60 alloy were investigated in two cases: without alumina nano-
reinforcing particles and with alumina nano-reinforcing particles. Zhao et al. (2017) first
produced an Al-Cu-Mg alloy nanocomposite with carbon nanotubes ] 1[and then welded
the sheets together using a friction stir welding process and reported that by welding,
carbon nanotubes were uniformly distributed in the stirring zone, which improved the
properties. The aim of this research is to improve the corrosion and mechanical properties
of the weld in plain carbon steel by making nanofillers. One of the main problems in the
oil and reservoir fields is corrosion caused by various gases inside the reservoirs at the
weld. This research aims to increase the corrosion resistance of the weld and also improve
the mechanical properties of the weld, and the innovative aspect of this research is the

use of nanofillers for this purpose.

2-Materials and Methods
2-1-Samples Created

In this study, the corrosion and mechanical behavior of welded plain carbon
steel in the interior of a crude oil tank was investigated. Each sample was cut from

a 3 mm steel sheet with dimensions of 2x10 cm?2.

2-2-Cleaning operations of steel parts
Before welding, the surface of all samples must be cleaned of any
contamination. There are excess particles, grease, soot, etc. on the surface of steel

sheets. The purpose of any cleaning operation is to remove these unwanted
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materials from the surface of the steel sheet. Table 1 describes the methods used in

this study to clean the surface of the samples before welding. In the first stage,

mechanical cleaning was performed. Then, to remove grease, a cleaning method

with chemicals was used. In the last stage, combined mechanical and chemical

cleaning was performed to remove additional materials such as paint, etc.

2-3-Welding Method

Using the electric arc welding method, the samples were welded together in

a butt joint with and without the presence of nanoparticles. Figure 1 shows a

schematic of the process of preparing the samples for welding. In order to butt-join

the steel sheets, a V-shaped groove was created as shown in Figure 1. The standard

defined for butt-joining is AWS B2.1.

Table 1-Methods used to clean the surface of the samples before welding

Removal and cleaning method Destructive effect on the weld

Type of disturbing layer

Mechanical cleaning such as brushing | Stick of the electrode to the part
or sanding

Surface oxide

Cleaning with a cleaning cloth and Creation of bubbles in the weld Grease
cleaning with permitted chemicals
Chemical and mechanical cleaning Weak weld point and improper Paint

appearance of the weld

70 deg

—

\/"_ \/

N/

Emm—’ =

‘—5UI'I‘II'H

Figure 1- Schematic of butt welding used in this thesis
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To connect the created samples, the arc welding method with 110 amps and

a voltage of 220 volts was used. The electrode used for connection was E6013.

2-4- Nanoparticles used during the welding process

A review of the research background showed that various nanoparticles have
been investigated in the field of welding and improving its properties, but titanium
dioxide and silicon dioxide nanoparticles were among the nanoparticles affecting
mechanical properties, which were investigated by researchers such as (Golbabaei
et al. 2007; Rajeswari et al. 2020; Sabokrouh and Khoshsima 2018; Balos et al. 2019;
Giridharan et al. 2022)] 2[ . Therefore, in this study, these two nanoparticle models
were also used to improve the properties of the weld line. Table 2 presents the
technical and physical characteristics of the nanoparticles used in this study. These

nanoparticles were obtained from Nanosani Company, Mashhad, Iran.

Table 2- Characteristics of titanium dioxide and silicon dioxide nanoparticles

Chemical formula TiO2 Si02
Structure Powder Amorphous
Color White White
Density 79.87 gr/mol Hydrophilic
Molecular mass 4.62 gr/cm3 2.4 gr/cm3
Particle size 20 nm 20-30 nm
Percent purity 10-45 m2/gr above 99%
Country of manufacture America America
Chemical formula Ti0o2 Sio2

2-5- Method of making nanofiller
Given that the aim of this research is to investigate the effect of adding

nanoparticles to the joint area during the welding process, an oil-based filler
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containing nanoparticles was made for this purpose. The filler in question was made
in such a way that it was rubbed into the weld line and the oil quickly evaporated
during welding, and the nanoparticles entered the molten weld seam. The base oil
used in this research was UST222 industrial soldering oil from Olsols. Given the high
specific surface area of nanoparticles, if these nanoparticles are mixed in liquids,
they will be strongly absorbed, which will cause the nanoparticles to form clumps
and have negative effects on welding. For this purpose, the nanoparticles must be
dispersed in the soldering oil under the influence of ultrasonic waves. Given that
soldering oil is solid at ambient temperature, it must be converted to a liquid so that
the nanoparticles can be easily dispersed in it.

Using a hair dryer, the oil was slowly heated so that it all turned into a liquid.
Then, the nanoparticles were added to the melted oil and the dispersion operation was
performed using ultrasonic waves and an ultrasonic bath. First, the ultrasonic bath tank
was filled with water up to % of its volume. Then, according to Figure 2, the nanoparticles
and soldering oil were weighed in the required amount. After the solder oil changed
phase from solid to liquid, the nanoparticles were added to the solder oil and placed
inside the ultrasonic bath for one hour. The purpose of this work is to evenly distribute
the nanoparticles in the solder oil without clumping. After the process of dispersing the
nanoparticlesin the solder oil was completed, the manufactured sample wasimmediately
transferred to a freezer at a temperature of -19 degrees Celsius and kept there until the
test was performed. The purpose of quickly transferring the nanoparticle solution and
soldering oil is to prevent the nanoparticles from clumping again.

Before any welding operation, the surface of the joint of two steel sheets was
stirred with this nanofiller and then the welding operation was performed. Considering
that the soldering oil evaporates quickly during the welding process, the nanoparticles

in the nanofiller remain on the weld surface and will be combined with the weld melt.
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Figure 2- Top: Method of making nanofiller with ultrasonic bath. Bottom: Made
nanofiller
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2-6- Different mass concentrations of nanoparticles in the filler
Baridula et al2017)] 1 [) and Fattahi ] 6[et al. (2015) showed in their research
conducted in the last decade that the mass of nanoparticles consumed during the
welding process has a significant effect on the mechanical properties and
microstructure of the weld, so in this research, several different mass levels of
nanoparticles were used. The filler made contains a combination of nanoparticles
and soldering oil, and the different amounts used for each nanofiller sample are
shown in Table 3. A total of 4 different levels of nanoparticles were used for each
type of nanoparticles, including 0%, 1%, 2.5% and 5%. 5% nanoparticles means that

in every 10 grams of filler of this nanoparticle, there are 0.5 grams of nanoparticles.

Table 3-Weight composition of different nanofillers made in this research

Label Mass Precent (%) Nanoparticle weight (g) Oil Weight (g)
NanofFiller-0.0% 0 0 10
NanofFiller-1.0% 1 0.1 10
NanoFiller-2.5% 2.5 0.25 10
NanofFiller-5.0% 5 0.50 10

2-7- Placing various welded samples inside the crude oil tank

As is clear from the title of this research, the aim of this thesis is to investigate
the effects of gases inside the crude oil tank on the properties of the welded steel
plate. For this purpose, the welded samples were placed inside a container and
placed inside the crude oil tank. Each sample was placed inside the tank for a period
of six hours. Figure 3 shows the chamber intended for installing the welded samples
inside it. In fact, this chamber is designed to be installed on the roof of the crude oil
tank and the samples inside the chamber are located inside that chamber through

adrain. The gases emitted from the crude oil are directly in contact with the samples.
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2-8- Experimental tests

In this study, four or five experiments were conducted on each sample. First,
the chemical composition of the steel samples was determined. Then, the change
in weight of each sample during the time it was placed inside the tank was calculated.
Then, their tensile, bending, microstructure, and corrosion resistance were also

measured.

Figure 3-Designed chamber for mounting samples

2-9- Determining the change in sample weight
It should be noted that during the time the samples were inside the tank,
they lost weight due to corrosion, so this weight loss was measured using a digital

scale model S1202. In order to calculate the percentage of weight loss of the
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samples, equation 1 was used, in which W1, W2, and RW are the initial weight of
the sample, the secondary weight of the sample, and finally the percentage of
weight loss, respectively:

W, - W
RW = ———2 x100
(2] W

1

2-10- Investigation of the microstructure of the weld

In order to investigate the microstructure of the weld, two imaging methods
were used, with an optical microscope and a scanning electron microscope (SEM).
These two imaging methods were used to determine the presence of impurities at

the weld line junction in different areas of the weld line.

2-11- Tensile and flexural tests

The two main mechanical properties for each part include flexural and tensile
strength. In this study, these two properties were measured for different samples8[
]. The standards for performing tensile and flexural tests are ASTM E290 and ASTM
E858, respectively. Figure 4 shows the device for performing tensile and flexural
tests. The Centam STM-50 is the device that was used for this purpose, and by

changing the jaws of the device, both tests were performed by it.

2-12-Polarization corrosion test

The polarization test is used to investigate corrosion behavior, find corrosion
rates, investigate active-passive behavior, corrosion potential, protection potential
and pitting potential of different welding areas] 9[. The contact surface includes the
weld areas, HAZ and base metal. All these surfaces are sanded with sandpaper up

to 1200 grit before the corrosion test and then degreased with acetone solution
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and the remaining surfaces that should not be in the vicinity of the electrolyte

solution are insulated with a special varnish.

Figure 4- Centam STM 50 device

2-13- Numerical modeling of tensile and bending tests

In this study, two tensile and bending tests were numerically modeled based
on the finite element method. For this purpose, Abaqus 2022 software was used. In
order to model a problem in the Abaqus environment, different modules have been
considered, each part of the modeling is defined separately in its own module and
the modeling is completed based on that.

1- Part module: In this section, the schematic of the steel and the weld area
are designed as two separate parts. For this purpose, and based on the exact
dimensions and sizes of the welded samples, the weld area and the base metal

were designed.
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2- Property module: In this module, all the physical and mechanical properties of
the components of the model under study will be defined. Considering that the weld
material and the base metal material are different, the aforementioned properties were
defined for both designed parts in this section. In this study, since each base metal and
weld metal are fractured during tensile and bending tests, and this is a deformation in
the plastic region, in addition to defining the elastic properties, the plastic properties of
the studied materials must also be defined. In order to define these properties, these
properties are defined in the Property module from the New option.

3- Assembly module: In this module, the parts designed in the previous
section are connected together and show the overall structure of the designed

weld. In Figure 5, the final model of the designed weld is shown.

Figure 5-Final designed weld model and its components

4-Step module: In this module, the problem solving method will be defined.
The problem under study is of a dynamic type, so for this purpose, the Dynamic

Explicit solution method was selected. Due to the high volume of calculations in this
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modeling, it is necessary to define the method in the Edit section and select the
Factor index as 1000 from the Mass Scaling sub-category. This number was selected
as a trial and error method so that convergence in solving the problem can be
observed in the shortest possible time.

5-Interaction module: In this section, the connection between different surfaces
in the designed weld model must be defined. Given that in this research, two steel base
metals must be fixed around the designed weld model, in this case, two constraints called
Tie must be defined to connect the surfaces of the weld model together. This definition
is the same for both tensile and bending tests] 3[, as shown in Figure 6, the process of
defining the connection between the base metal and weld surfaces.

On the other hand, for the tensile and bending tests, the load application
constraints must be defined separately. In the tensile test, one side of the part is
fixed and the other side is under the influence of the tensile force. In order to apply
the tensile force to the part, a reference point was defined from the Tools menu and

the reference point was connected to the cross-section of the welded part.

4 Edit Constraint X
Name: Constraint-2
Type:  Tie

§ Main surface: Steel-2.Steel Surf [

P Secondary surface: Weld-1.Weld Surf-2 [
Discretization method: | Analysis default ~
[] Exclude shell element thickness

Position Tolerance

(® Use computed default

O Specify distance:

Note: Nodes on the secondary surface that are
considered to be outside the position
tolerance will NOT be tied.

4 Adjust secondary surface initial position
[ Tie rotational DOFs if applicable

oK Cancel

Figure 6-Definition of the relationship between weld plates and base metal with the Tie constraint
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In Figure 7, the relationship between the reference point and the cross-
section in the tensile test is shown. However, in the bending test, a third part was
designed and the force application operation was performed by this part. In Figure
8, the relationship between the bending part and the weld is shown. For this case,
a reference point was also defined and the reference point was connected to the

effect surface of the bending part.

& Edit Constraint x
Name: Constraint-1
Type:  Coupling
§ Control points: m_Set-2 [3
f Surface: s Surf-1 [y
Coupling type: @ Kinematic
O Continuum distributing
O Structural distributing
Constrained degrees of freedom:
Mut Fuz 403 Rt [ UR2 B UR3

Influence radius: @ To outermost point on the region
O specify:

[ Adjust control points to lie on surface

CSYS (Global) [3 A

OK Cancel

Figure 7-Definition of the relationship between tensile force and weld sample with the
Coupling constraint

4 Edit Constraint X
Name: Constraint-4
Type:  Coupling
§ Control points: m_Set-6 [y
P Surface: sSurf2 [y
Coupling type: @ Kinematic
O Continuum distributing
O Structural distributing
Constrained degrees of freedom:

HMu Fu2 Fu3 Furt (FUr2 [ uR3

Influence radius: @) To outermost point on the region
O Specify:
[J Adjust control points to lie on surface
CSYS (Global) [y A

oK Cancel

Figure 8-Definition of the relationship between bending force and weld sample with the
Coupling constraint
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6- Load Module: In this section, only the supports of the weld model are defined.
In the tensile test mode, the support was welded with zero degrees of freedom on one
side of the specimen. To define the support in the bending test, the supports were
defined as zero degrees of freedom on both sides of the weld specimen.

7- Mesh Module: In this module, the research problem is divided into fine
components, which is called meshing. In this mode, first select the designed part, then
select the selected mesh type as Explicit Mesh. In the meshing settings section, the
mesh size can be adjusted, and in this study, the mesh size for the weld area was
considered finer than the base metal area. In Figure 9, the final meshed model for the
bending test is shown. The meshed models for the bending and tensile tests are similar,

and the only difference is the bending element, which is absent in the tensile model.
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Figure 9-Final meshed model

8-Job and Visualization module: In the Job module, a new problem will be
defined and by submitting it, the software will start solving the problem. Then, after
solving the problem and completing the solution process, the results of the problem

and modeling can be seen in the Visualization module.
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2-14- Final analysis

In order to investigate the effect of the type of nanoparticle and its
concentration on the mechanical properties, corrosion and percentage of weight loss of the
samples, the analysis of variance test with a randomized factorial design with three
replications was used. Also, to compare the average effect of the type and concentration of
nanoparticles on the above properties, the mean comparison method using the Duncan

multiple range test was used. SPSS software was used to analyze the data in this section.

3-Results and Discussion
3-1- Examination of the microstructure of different weld areas
The microstructure of the welded sample without the presence of nanoparticles
and with the presence of nanoparticles was examined in this section. Optical and
electron microscope images were prepared from different weld areas, including the
weld button, the weld-affected area, and the base metal area. Figure 10 shows optical
microscope images and electron microscope images for different weld areas without
the presence of nanoparticles. Examination of the optical microscope images shows
that the average grain size of the base metal is about 10 microns, which is ferrite. The
results also show that the grain size in the base metal is larger than the weld button,
but the shape of the grains in the weld button is more elongated than the base metal.
The increase in temperature in the weld button area causes the grain size to become
smaller, and for this reason the grain size in the weld button is larger than the base
metal. In simpler terms, in the weld button, due to the high temperature of the molten
area, the grains have recrystallized and their size has been elongated, while in the base
metal, the recrystallization process has not been performed. Comparison and
examination of the light microscope and SEM images showed that there is not much

difference in the weld-affected area with the base metal, but in the weld-affected area,
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the grain size was smaller than the base metal and the grains were more elongated in
this area. Examination of the images showed that the grain size in the base metal is
more uniform and almost the size of most grains is the same, while moving towards the
weld button, this uniformity decreases and the grain size is non-uniform, which is due

to the high temperature in the weld button and recrystallization] 10[.

Figure 10- Right: Light microscope images. Left: SEM images of different weld areas (a-
base metal, b- weld affected area, c- weld button)

\E1019 /



‘ Al-Esraa University College Journal for Engineering Sciences Vol.(8), No.(13)-2026

3-2-Study of sample weight loss

In this study, the effect of nanoparticles and their concentration on the
percentage of weight loss of the samples was studied. Each sample was weighed
before the start of the test. Then, after leaving the tank, it was cleaned by
sandblasting and washed with ethanol, and then its final weight was recorded.
Then, the percentage of weight loss of the samples was calculated. The percentage
of weight loss in this study was calculated for different welded samples with different
weight percentages and types of nanoparticles. Table 4 presents the results of the
analysis of variance of the effect of nanoparticle type, nanoparticle concentration,
and their interaction effects on the percentage of weight loss of the samples. The
results showed that firstly, the effect of repetition on the percentage of weight loss
had no significant effect, and secondly, both the type of nanoparticle and the
concentration, as well as their interaction effects, had an effect on the percentage
of weight loss of the samples at the 99% probability level.] 11]

Table 4- Comparison of the average effect of nanoparticle type and concentration on the
percentage of weight loss of welded samples

Dependent Variable: WR

Source Type Il Sum of Squares df | Mean Square F Sig.
Corrected Model 34.978° 7 4.997 146.852 .000
Intercept 110.113 1 110.113 3236.074 .000
Rep .054 2 .027 .790 .480
NanoType 474 1 474 13.921 .004
NanoCon 29.664 2 14.832 435.899 .000
NanoType * NanoCon 4.786 2 2.393 70.332 .000
Error .340 10 | .034
Total 145.431 18
Corrected Total 35.318 17

a. R Squared =.990 (Adjusted R Squared = .984)
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Table 5 presents the results of the comparison of the means to select the best
method for having the minimum weight loss based on the Duncan method .] 5[The
lowest percentage of weight loss was observed for the sample welded with 2.5%
titanium dioxide nanoparticles. The weight loss rate in this case was 0.23%. For both
nanoparticle samples, with increasing nanoparticle concentration, the percentage
of weight loss decreased and then increased. The weight loss rate for both
nanoparticles was the highest weight loss in the sample with 1% nanoparticles.
Examining the effect of the type of nanoparticle also showed that the effect of TiO2
nanoparticles on reducing corrosion and reducing the percentage of weight loss
was greater than that of SiO2 nanoparticles. By changing the concentration of Si02
nanoparticles to more than 1%, the difference between the percentage of weight
loss was not significant. The highest weight loss was observed in the sample
containing 1% TiO2 nanoparticles at 54.4%. With increasing nanoparticle
concentration, initially the presence of nanoparticles between the grain boundaries
prevented corrosion from intensifying, but for higher amounts of nanoparticles,
they became clumped and caused holes between the grains, which was the reason
for the greater weight loss of the samples.

Table 5- Comparison of the average effect of nanoparticle type and concentration
on the percentage of weight loss of each sample

NanoType | Nano Concentration (w%) Weight Reduction (%)
1.0 4.5400°
Tio2 2.5 0.2300¢
5.0 2.1633¢
Si02 1.0 3.8333"
25 1.9633¢
5.0 2.1100¢

Common letters in each column indicate no significant difference between them.

E1021



‘ Al-Esraa University College Journal for Engineering Sciences Vol.(8), No.(13)-2026

Figure 11 shows the difference in weight loss for samples containing
nanoparticles compared to samples without nanoparticles. An examination of these
results shows that using nanoparticles can greatly improve the weight loss rate, so
that when using 2.5% TiO2 nanoparticles, the percentage of sample mass loss has
improved by about 97.8% compared to the sample without nanoparticles. In
general, an examination of the results of this section showed that due to the
presence of nanoparticles in the welding process, the weight loss rate of the samples
has decreased, which shows the role of nanoparticles as a protective factor against
corrosion by gases inside the tank. According to the examination of the weight loss
results, the effects of adding TiO2 nanoparticles were more significant compared to
SiO2 nanoparticles; therefore, the effect of titanium dioxide nanoparticles on the

corrosion and mechanical properties of the weld was investigated.
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Figure 11-Difference between percentage weight loss for samples containing
nanoparticles and samples without nanoparticles
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3-3- Investigation of corrosion rates of samples

In this section, the results of the polarization corrosion test for 4 different
samples are reported. Table 6 presents the results of the TOEFL corrosion test for
potential values and corrosion current intensity. Examination of the results of this
table showed that the highest corrosion rate, which is also described by corrosion
current intensity, is related to the welded sample without nanoparticles. The
corrosion current intensity in this case is 1.03 mA/cm2, which is a significant
difference compared to the welded samples with the presence of nanoparticles.
With increasing the concentration of titanium dioxide nanoparticles in the welding
process, the corrosion current intensity decreased and increased. The lowest
corrosion currentintensity was observed when using 2.5% nanoparticles. Comparing
the corrosion current intensity for concentrations of 1%, 2.5% and 5% with the
sample without nanoparticles showed that the corrosion rate decreased by 87.38%,
97.38% and 95.92%. The difference between the percentage of corrosion rate
reduction for the 2.5% and 5% samples was not significant. Overall, the results of
this section showed that the presence of nanoparticles in the welding process
improved the corrosion properties of welded joints, which was also proven in the
previous section. The best case in this section for recommending welding is the use
of a filler containing 2.5% titanium oxide nanoparticles, which had a significant

effect on reducing the corrosion intensity in the samples.

Table 6- Results of the polarization corrosion test for different samples

Label Corrosion potential E_ (V) Corrosion current density |__(mA/cm?)
Without Nano -0.454 1.03
1.0 % TiO2 -0.321 0.13
2.5%TiO2 -0.326 0.027
5.0 % TiO2 -0.331 0.042
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Figure 12- Corrosion test results for different samples containing TiO2 nanoparticles
(from top to bottom for samples containing 0%, 1%, 2.5% and 5%, respectively)
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3-4- Tensile and bending test results

Figure 13 shows the results of the three-point bending test in the form of
stress-strain curves for different welded samples for different concentrations of
TiO2 nanoparticles. Examination of the stress-strain curves showed that with the
addition of TiO2 nanoparticles, the flexural strength and lateral strain of the samples
underwent significant changes. As also shown in the metallographic image analysis
section, with the addition of 2.5% TiO2 nanoparticles to the weld, the grain size
became finer, which improved the mechanical properties of the studied samples.
The results show that in the absence of TiO2 nanoparticles, the maximum flexural
strength of the samples was 35.86 MPa, and with the addition of 1%, 2.5%, and 5%
TiO2 nanoparticles, the flexural strength was 38.73 MPa, 40.33 MPa, and 40.02
MPa, respectively. The results of the flexural test showed that the addition of 1%,
2.5%, and 5% TiO2 nanoparticles during welding improved the maximum flexural
strength of the samples by 8%, 11.17%, and 10.74%.

The results of the uniaxial tensile test are presented in the form of stress-
strain curves in Figure 14. Examination of the stress-strain curves showed that by
adding different concentrations of nanoparticles to the weld, the ultimate tensile
stress increased, while the axial strain decreased. A comparison of the average
maximum tensile stress of the samples showed that in the absence of nanoparticles,
the maximum tensile strength of the sample was 15.534 MPa, which increased by
6.86%, 9.93%, and 8.80% with the addition of 1%, 2.5%, and 5% TiO2 nanoparticles,

respectively.

E1025



‘ Al-Esraa University College Journal for Engineering Sciences Vol.(8), No.(13)-2026

45 T T T T T T T T T
40 r D VTl 7
panannrene e,
Lannet o Il
e e :
sl || e v - —— |
30r u
= ——— Without TiO2 =-
a | ithout Ti i |
E 25 —-——— 0 TiO2 i
g 2.5% TiD2 i
& 20l e 59 TiO2 : |
=
L2]
15 H
10 7
5 - -
0 I 1 I 1 I I I I 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Strain

Figure 13- Three-point bending stress-strain curve for samples reinforced with different
concentrations of TiO2 nanoparticles

600

500

400 .
= ———Without Ti02
e - = =19 TiO2
S o 25% Ti02 |
a 5% tio2
£
wn

200 e

100 e

D 1 1
0.15 0.2 0.25

Strain

Figure 14-Tensile test stress-strain curve for specimens reinforced with different
concentrations of TiO2 nanoparticles
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3-5- Numerical modeling results of tensile and bending tests
Figure 15 shows the results of finite element modeling of the bending test for

the welded specimen. As can be seen in the figure, the modeled specimen was bent

by moving the mandrel downwards and the modeled part did not break during the

bending process.

S, Mises

(Avg: 75%)
+41.31e+06
+ 37.64e+06
+16.98e+06
+ 66.31e+05
+ 35.64e+05
+ 84,98e+04
+ 44,31e+404
+93.65e+03
+ 52,98e+03
+82.31e+02
+ 31.65e+02
+89.86e+01

+23.20e+01

Figure 15- Numerical modeling results of bending test

Figure 16 also shows the experimental bending test result for the specimen.
As can be seen in the figure, the bent model and the experimental model were
similar and in both models, the failure process did not occur in the part. Examination
of Figure 16 showed that in the three-point bending test, the maximum stress
occurred at the weld and steel plate junction, or the area affected by the weld, and
also at the supports. The maximum bending stress in the modeled sample was

41.31 MPa, while the maximum stress in the experimental sample was 35.86 MPa.
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An examination of the numerical and experimental results shows that 13.19% error
was observed between the finite element model and the experimental model, and
Figure 17 also presents the stress-strain curve of the bending test for the
experimental and numerical models. An examination of this figure shows that the
trend of changes in the stress-strain curve for the numerical and experimental
models in the bending test is similar, but the stress values in the numerical model
are higher than in the experimental model. Overall, a good correlation was observed

between the experimental and numerical results for the three-point bending test.

Figure 16- Laboratory sample after bending test
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Figure 17- Comparison of stress-strain curve of bending test for experimental and
modeled sample by Abaqus
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In Figure 18, the modeled finite element model is shown under uniaxial
tensile test. Examination of this figure shows that the maximum tensile stress was
observed in the weld area and its value was 582.61 MPa, while the actual maximum
tensile stress of the experimental sample was 534.15 MPa. The maximum tensile

strength for the modeled sample was 9.07% higher than the experimental sample.
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Figure 18-Numerical modeling results of tensile test

In Figure 19, the stress-strain curve for the experimental model and the finite
element model under tensile test is shown. In this case, as in the results of the
bending test section, the amount of stress that occurred in the modeled sample
was higher than the real and experimental model. As in the results shown in the
previous sections, some intergranular deposits are formed during welding during
welding, and these deposits are important factors in reducing the mechanical
properties of the weld. Therefore, the effects of these deposits were ignored during
the modeling process, so the final stress value obtained from the numerical models

was higher than the real model.
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Figure 20 shows the experimental specimen after the tensile test. In this case,
the specimen failed near the weld line, which was also the case in the numerical
model, but in the numerical model, the failure location was exactly in the middle of
the weld line, while in the experimental specimen, the failure location was in the

weld-affected area on the tensile force side of the tensioning device.
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Figure 19-Comparison of tensile test stress-strain curve for experimental and Abaqus
modeled samples

Figure 20-Laboratory sample after tensile test
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4- Conclusion

In this thesis, the following results were observed:

1.

Examination of the microstructure of different parts of the weld line
showed that the grain size, grain distribution and uniformity in grain
distribution were greater in the base metal area than in the weld-affected
area and the weld-affected area than in the weld button area. In the
weld button area, the grain size was smaller and the grains were more
elongated than in the base metal and weld-affected area.

Examination of the weight loss of the welded samples showed that
adding nanoparticles during the welding process caused a decrease in
the percentage of weight loss. So that for a sample containing 2.5%
titanium dioxide nanoparticles, the lowest percentage of weight loss was
observed at 0.23%. The results also showed that the effect of titanium
dioxide nanoparticles is more effective than silicon dioxide in reducing
the weight loss rate.

Examination of the corrosion test of the samples showed that with
increasing the concentration of nanoparticles in the nanofiller, the
corrosion current intensity at the weld site first decreased and then
increased. The minimum corrosion current intensity was observed when
using nanofiller with 2.5% titanium dioxide nanoparticles. By using
nanofillers containing 1%, 2.5% and 5% nanoparticles, the corrosion
current intensity at the weld site can be reduced by 87.38%, 97.38% and
95.92%, respectively.

Examination of the tensile and bending test results showed that adding

TiO2 nanoparticles during the welding process increased the maximum
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(1]

(2]

(3]
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flexural and tensile strength of the welded samples, so that for the
sample with 2.5% nanoparticles, the maximum flexural and tensile
strength increased by 10.74% and 9.93%, respectively.

5. Comparison of numerical and experimental modeling results showed
that the error of numerical modeling using the finite element method in
measuring tensile and flexural strength was 13.19% and 9.07%,

respectively.
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