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ABSTRACT: The design and analysis of welded joints are very useful for the safety of steel-
based structures. The effect of welded joints meeting at one point on the resulting stress is a
critical factor in constructing steel joints. The main objective of this research is to analyze the
mechanical performance and microstructure of the welding process on diamond and circular
plate joints. The analysis was carried out through experiments and finite element simulations
to find out how much influence the addition of a diamond plate and circular plate had on the
plate connection. The method used is to analyze the strength, hardness, and micro and
macrostructure testing to determine the strength and structural changes of the metal after
welding. The results of the test are then used to create an inhomogeneous model of weld joint,
then the model is applied to the FEA software to be analyzed by the bending test simulation.
The experimentally bending testing was carried out to examine bending performance of the
test objects. From the simulation and experimental results, it is found that the shape of a
circular plate measuring a diameter of 60 mm with a thickness of 6 mm is appropriate for a
flat plate joint, and the flat-diamond plate measuring 60x60 mm with a thickness of 6 mm is
proper for application to un-flat (cornered) plate joints. The structural integrity of a flat plate
joint with a circular plate is greater than that of a diamond plate.

KEY WORDS: Welded joints, diamond plate, circular plate, and bending test.

1. INTRODUCTION

Welding is the process of joining two or more metal parts using heat energy. Welding can
also be defined as a metallurgical bond at a metal alloy joint that occurs in a melted or liquid
state, in other words welding is a local joining of two metals using heat energy [1]. Welding is
an integral part of the manufacturing process [2]. Welding can also be defined as a metal joining
technique by partially melting the base metal and filler metal with or without pressure and with
or without additional metal and produces a continuous connection [3]. Welding of low-carbon
steel is usually carried out using the SMAW (Shielded Metal Arc Welding) welding process
[4]. Low carbon steel, also called mild steel, is easy to weld steel, can be welded by all welding
methods available in practice, and the result will be good if the preparation is perfect and the
requirements are met [5]. Low-carbon steel has good weldability compared to medium-carbon
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steel and high-carbon steel [6]. Weld cracks that may occur in welding thick plates can be
avoided by preheating or by using low hydrogen electrodes [7,8].

Welding can be more precisely said to be an area that is affected by heat input during the
welding process [9]. Based on this definition, the weld consists of 3 main parts, namely the
Fused zone (weld Metal), Bonding zone (fusion line), heat affected zone (HAZ) [10]. An
important aspect of a welding that receives important attention from finite element simulation
analysis is metallurgical transformation or phase transformation. The purpose of metallurgical
calculations is to determine the percentage of individual phases exposed to heat in the zone
[11].

Research on the physical properties of a metal is very important to study the microstructure
of metals [12]. The physical properties of a metal include density, thermal properties, electrical
conductivity, and magnetic properties. Mechanical tests that are usually carried out, such as
tensile, hardness, impact, creep, and fatigue tests aim to check the quality of the resulting
product based on a standard specification. Mechanical properties include tensile strength,
hardness, ductility, toughness and yielding [13].

The mechanical properties of a welding result can be seen in the high energy density of
the weld beam, which has certain characteristics such as single-pass welding where the liquid
zone is narrow [14]. These characteristics will have an influence on the mechanical properties.
Regarding the tensile test, the test results show that the tensile specimen generally breaks or
breaks in the base metal area [15].

Hardness is a measure of a material's resistance to plastic deformation. Hardness generally
expresses resistance to deformation and measures a metal’s resistance to plastic deformation or
permanent deformation [16]. Inhomogenous deformation and failure of welded joints and
components is a problem for most manufacturing industries. There is a big difference between
the mechanical properties of the base material and the material that has undergone the welding
process, the evaluation of the mechanical properties of welded joints has become a hot topic in
the research world [17].

The properties and material characteristics of welded joints have been modeled by
evaluating the strength of the connection using a comparison function between the strength of
the material and the geometric size of the HAZ [18]. The method used is Finite Element Method
Analysis (FEM Analysis) on the tensile strength of the specimen by comparing the results of
the distribution of tensile strength on a plate, to identify an analytical approach for predicting
the tensile strength of the steel joint ratio [19].

In addition, research has been carried out on modeling inhomogeneous deformation and
damage to aluminum alloy welded joints [20]. The experiment is carried out based on existing
procedures, where there are two types of specimens to be tested: a homogeneous material and
inhomogenous material such as the butt joint plate connection [21].

Based on the existing research gap, there is still not much discussion about meeting welded
joints at one point to the generated stress. Applicative studies are needed that can be applied to
welding joints that meet at one point, namely diamond plates and circular plates.

The main objective of this research is to determine and study the mechanical performance
and microstructure change of the welding process on diamond and circular plate joints by
comparing the experimental results to the simulation results of Finite Element Analysis (FEA)
using commercial software. The results of this study provide benefits, namely knowing the
changes in the micro-structure and macro-structure that occur in the material due to the welding
process.
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2. METHODOLOGY

2.1. Research Stages

This research stage begins with collecting data and sources regarding the welding process,
testing the welding results and the material's characteristics before and after being welded. In
general, the stages of this research are shown in Fig. 1. In addition to data collection, the next
stage is material identification. In this study, ST42 material is used, then the welding process
is carried out. After welding, the welded areas are identified by means of metallography on the
cross-section of the existing specimens. Experiments were carried out by testing the weld
specimen by following the ASTM standard [22]. FEA modeling is done using commercial
software, which is then imported into ANSYS [23], then entering material data from the results
of material identification and test data as well as existing literature data. There are two case
studies used, namely diamond plate and circular plate.

Start
v
Material
identification
v | v
: : Finite Element
Experimental testing Analysis
Welding specimen Metallographic data
manufacture input
Welding test Weld joint
results according simulation &
to ASTM standard structural analysis

Experimental test

Simulation results
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validation
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Analysis of diamond
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v

End

Fig. 1. Research stages.

2.2. Specimen Preparation

In this research, the test material used is an ST42 steel plate with a thickness of 6 mm. The
electrodes used were ESAB, E 6013 with a diameter of 2.6 mm and 3.2 mm. The etching
material used is 96% alcohol, 5 ml HNOs (Nital). Preparation of the ST 42 steel plate specimen
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can be explained briefly as 1) the size of the material to be used for welding is 200 x 200 cm
with a thickness of 0.6 cm, and 2) at the ends of the specimen to be joined by welding was
machined to create a double V with an angle of 60° as shown in Fig. 2. The chamfer at the end
of the specimen by 30° was machined using a milling machine and proved that the angle size
is correct.
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Fig. 2. ST 42 steel plate dimension.

The test object to be carried out in the welding process consists of several shapes of plates
that have undergone a machining and preparation process. The test object is then arranged
according to the meeting area of the sides to be connected through the welding process. The
test objects can be seen in Fig. 3.

Fig. 3. Welding process on the test object material.

After preparing the test material, then the welding process using the SMAW method is
performed, where during the rooting stage, the electrode diameter of 2.6 mm and current of 95
amperes are used. Then during the filling stage, the electrode diameter of 3.2 mm and current
of 110 amperes are used. There are two types of welding routes on the test plate material,
namely diamond and circular plate welding routes as shown in Fig. 4.

(a) (b)
Fig. 4. Two types of welding routes on the test plate material: (a) Welding route for diamond
plate, and (b) Welding route for circular plate.

Welding Process Route:

A — 1: Welding the first stage,
B — 2: Welding the second stage,
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C — 3: Welding the third stage,
D — 4: Welding the fourth stage

2.3. Testing Tool

The equipment used in this test is a welding machine, a set of metallography test
equipment, tensile and bending test equipment as shown in Fig. 5. The welding machine used
in this study is an electric arc welding machine with a current of 60 — 300 A, type of BXI — 300
— 2 PRIM VOLTAGE 380/200 V. A set of metallography test equipment consists of an
Olympus Optical Microscope with type of MMB 2000, weight 17 kg, power supply 230 VAC,
and a Nikon MM-40 macro measuring microscope. The test equipment used is the Shenck
TREBEL universal testing machine.

Fig. 5. Equipment used micro and macro structure test equipment, tensile and bending test.

2.4. Metallography

The purpose of this test is to describe the microstructure change of the material due to the
welding process. The steps of metallography testing are as follows, i.e., the surface of cross-
section welded materials is gradually sanded with water-resistant sandpaper with flowing the
water through it. The sandpaper sizes used are 220, 400, 800, 1000, and 1500. Then, performing
the etching process which is carried out on the surface of test object according to the test
standard of ASTM E 407. The etching tools needed are test tubes, measuring cups and pipettes,
the etching material needed is Alcohol 96% HNO3z 5 ml.

The etched test object is placed on the anvil perpendicular to the microscope lens. After
focusing the test object to the lens, taking photographs was carried out several times using
magnification of 200 X to 500 X. Photographs were taken at four identified different locations
on cross section of weld joint, i.e., the base metal area, the transition area, the HAZ, and the
weld area.

Microhardness testing was also conducted in this research. This test aims to determine the
hardness value of the welded joint material in several essential areas. The micro hardness
testing was carried out based on Vickers method according to ASTM E92—17 hardness testing
standard. The test is carried out with several stages and several test samples. The testing stage
consists of taking microhardness data in areas that have been identified as HAZ, WELD, BASE
MATERIAL areas. The second stage is taking the micro-hardness data in the middle area of
the test specimen, where the data taken starts from the weld material area and is drawn in a
straight line to the base material with a distance of 0.25 microns taking the microhardness

61


https://doi.org/10.51630/ijes.v4i1.94

Indonesian Journal of Engineering and Science, Vol. 4, No. 1, 2023 Prayogo et al.
* https://doi.org/10.51630/ijes.v4i1.94

value. The hardness tested specimen can be seen in Fig. 13 and 14. Then the results of the
microhardness test were converted to tensile strength values.

In this testing, distance measurement is also carried out to measure the distance between
two very small points. In this measurement, it measured the distance between the HAZ region,
the HAZ region to the weld core, and the HAZ region to the transition region. This test uses a
Measuring Microscope with type MM-40 of Nikon.

2.5. Finite Element Analysis

Modeling of non-homogenous welding materials is carried out using CAD software,
namely SOLIDWORK 2009 with an academic license. The initial data used to model the non-
homogenous welding material was taken based on the results of distance measurements and
macroscopic photos of the cross-section of the ST.42 ship plate material. Non-homogeneous
modeling is done by idealizing macroscopic photo of cross-section of welding area and the test
results of distance measurements. The modeling results are then applied to model the geometry
of diamond, circular plate as well as butt joint model for the FEM simulation process using
CAE software, namely ANSYS.

The butt joint, circular and diamond plate modeling were carried out using CAD software,
namely Solidwork 2009. The butt joint model shown in Fig. 6 is welding flat plate material
with the dimensions of the base material plate being 200 x 200 mm and 6 mm thick. Modeling
is done by idealizing the existing butt joint welding results. The dimensions of the plate and
the dimensions of the weld seam are considered ideal, consist of two plates with dimensions of
200x200 with a thickness of 6 mm, assembled together, and a root height of 1 mm, and a
camper of 30°.

Fig. 6. Inhomogeneous of double V welded butt joint model.

Where: a is wed material, b is HAZ fine grained, ¢ is HAZ coarse grained, and d is base
material.

The diamond and circular plate models were shown in Fig. 7. The diamond plate model
has dimensions of 60 mm with a plate thickness of 6 mm. A circular plate model has with a
diameter of 60 mm and a thickness of 6 mm. The results of the modeling then proceed to the
FEM simulation process using CAE software, namely ANSYS 14, of an academic license.
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Fig. 7. Diamond and circular plate simulation models.

The geometry model that has been made into a solid model is then carried out in the FEM
simulation process. After being imported into ANSYS then discretization (meshing) is carried
out on the model as shown in Fig. 8. Then, inputing inhomogenesous material data based on
the results of microstructure analysis and test standards were carried out. The input material
data is as shown in Table 1.

Y
0,00 100,00 () p/L
— )

50,00

Fig. 8. Discretization (meshing) simulation model.
Table 1: Technical Properties of the welded area Material

Properties Weld Material Base Material HAZ Coarse HAZ Fine
os (Mpa) 581,035 502,491 570,826 497,878
oy (Mpa) 484,196 418,743 475,689 414,898
Poison ratio (J) 0,3 0,26 0,3 0,3
p (kg/mm3) 7,85 E-06 7,85 E-06 7,85 E-06 7,85 E-06
E (Pa) 2,016 E+11 2,016 E+11 2,016 E+11 2,016 E+11

The illustration of the boundary conditions given to the model can be seen in Fig. 9.

LOAD

SUPPORT
: 59

SUPPORT

Fig. 9. Boundary conditions simulation model.
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2.6. Verification and Validation

In order to ensure the simulation results delivered are valid, two stages called verification
and validation were performed during the FEM simulation. The first stage was verification of
the simulation model using the grid independence test to ensure that the number of meshes
used gave consistent results. The results of the grid independence tests in this FEM simulation
are shown in Fig. 10, Fig. 11, and Fig. 12. From these results, the mesh used in this simulation
was a fine mesh with a mesh count around of 500,000, where the independence test graph
shows that the maximum stress result was constant and that there was no significant change.
Based on these results, it can be determined that the number of meshes used was appropriate.
From the results of the tensile test and the simulation of the Butt Joint tensile test, the results
obtained are as shown in Fig. 13. The simulation results are taken by observing the area that
experiences the highest stress in the area that breaks during the tensile testing process so that
the percentage value from the simulation and experimental results is a maximum of 7.2% where
is at a maximum force of 51 kN consistent with the previous research [26].
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Fig. 10. Grid independence test of simulation model for plate welding joint with addition of
circular plate.
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Fig. 11. Grid independence test of simulation model for plate welding joint with addition of
diamond plate.
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Fig. 12. Grid independence test of simulation model for base plate only (without welding
joint).
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Fig. 13. Validation of FEA simulation with experimental test.

3. RESULT AND DISCUSSION

3.1. Microstructure Hardness Test Results

Hardness testing is carried out using the Vickers microhardness testing technique. Data
collection was carried out with a loading of 300 grams. The results of taking the hardness value
can be seen in Fig. 14 where referred four color in left side is denoted by A, B, C and D in right
side.

Hardness values are measured using the Vickers method, where the measurement process
begins at the weld core (in the middle) to the base material so that a straight line is formed. The
distance between the data retrieval traces is determined to be 0.25 microns. The data acquisition
results can be seen in Fig. 15 and Fig. 16.
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Fig. 14. Microhardness measurement results.

Fig. 15. Hardness testing result.
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Fig. 16. Micro hardness measurement results.

From the microstructure analysis results, it is found that several areas are generated due to
microstructure changes of the material caused by the welding process, which can be mapped
by referring to the hardness values of the different test results at the points that have been
observed. From these results, data was collected on the hardness value of the material starting
from the midpoint, namely the welding material passing through the HAZ area and
transitioning to the base material with a distance of 0.25 microns, so that several points formed
a straight line with different hardness values, which is consistent with other researcher results
[24]. The test results can be seen in the graph at Fig. 16, in which the smallest hardness value
is in the fine grain HAZ (Transition) area. The value of the test results is estimated based on
the mapped areas so that it can be converted to get the Tensile Strength value by using
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estimating formula of TS(Mpa) = 3.45 X HB. From these results, the largest tensile strength
value was found in the weld core area of 565.512 MPa, and the smallest Tensile strength area
is in the fine grain HAZ area of 497.878 MPa.

3.2. Macroscopic Examination

The macroscopic photos of the cross-section of welding joint can be seen in Fig. 16. It can
be seen that the microstructure changes of the welded material can then be mapped into several
areas based on the grain structures of the welded material. To make further observations, the
circle area is taken a photograph by magnification of 500x. From the picture, it can be seen that
the results of the welding process undergo changes in the microstructure caused by the heat
given to the welding process [25]. Changes in the microstructure can be seen clearly, so that it
can be mapped based on the observations, namely the weld area, coarse grain HAZ, fine grain
HAZ and basic material.

Fig. 17. Macro photos of the welding material.

From the results of distance measurements and macro photos of the welded test objects
above, it can be observed that the microstructure changes occurred in the welded specimens
which can be mapped into several result areas, namely the Weld Material, HAZ and Base
Material areas. In the area between the HAZ and the base material there is a transition region
or in other words the fine grain HAZ region which is a critical region. From the mapping of
the area resulting from the macro photo, the distance between the welded areas can be
measured. The results of the distance measurement can then be modeled into a modeling form
using CAD software so that it can be used as material for the next analysis process, namely
FEM analysis.

3.3. FEA Simulation Results

Butt Joint modeling is obtained by modeling on Solidworks software; the results can be
shown in Fig. 18. The simulation results show that the HAZ area experiences the highest stress
concentration compared to that at the base material and weld material areas. It is shown that
the stress value at the HAZ area is around 420 MPa, and stress in the Weld Material is around
190 MPa which is the lowest stress. The FEA simulation of the diamond plate model can be
seen in Fig. 19.

As shown in Fig. 19 and Fig. 20, the maximum stress of welding plate joint with addition
of diamond and circular plates are about 388,26 MPa and 172,67 MPa, respectively. Both
maximum stresses occur at the area of weld face reinforcement. However, those maximum
stresses do not happen at the predicted critical area, commonly produced by sharp or irregular
shapes of machine components which usually generate stress concentration. This indicated that
stress-concentration factors do not dominantly control the maximum stress. The bending stress
simulation result for base plate without the addition of diamond or circular plates can be seen
in Fig. 20. A brief description of bending stress simulation can be seen in Table 2.
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10,000 {rmm;

o
o
i

(7

Fig. 19. FEA simulation of the diamond plate model.

(i
T,
KA
RN
ORI
OB

%

Fig. 20. FEA simulation of the circular plate model.
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Fig. 21. FEA simulation of the base plate model.

Table 2: Simulation of bending testing using FEM for diamond and circular plates.

Dimension Mesh Additional

of diamond/  Plate Max material on the
No. . - Load Stress .
circular thickness Element Node meeting of plate
(MPa) Lo
plate welding joint
1. 60 x 60 mm 6 mm 25 kN 540053 807751 388,26  Diamond
2 @ =60 mm 6 mm 25 kN 520460 774043 172,67  Circular
Without additional
3 Base plate 6 mm 25 kN 526857 781629 106,77  materials/ base plate
only

3.4. Bending and Tension Tests Results

From the mechanical properties testings carried out, it can be analyzed that in the tensile
testing, as shown in Fig. 13, the comparison of the ultimate and yield strength is about of 470
MPa / 350 MPa, in other words Ts/Ty is about of 1.3. This is in accordance with ductility
requirement of the EN 1993 Eurocode 3 [27] approach, namely Ts/ Ty > 1,2. Where, Ts is the
ultimate tensile strength, and Ty is yield strength. How to use this document?

The results of bending testing for specimen with diamond and circular plate are shown in
Fig. 21. After visually examination on the surface of bending tested specimen, in which the
critical area is supposed at weld area, especially fine grain HAZ area. It was found that there
were no significant surface damages around welding area for both tested specimen of diamond
and circular plates. In other word, both specimens of diamond and circular plates were
sucsesfully tested by bending testing, as shown in Fig. 22. Bending test results for plate welding
joint with addition of diamond and circular plates as weel as for base plate materials can be
seen in Table 3.

Table 3: Bending testing of plate welding joint with an addition of diamond and circular

plates.
No Materia Shape of Specimen Thick F Visually surface
Is additional plate Dimension ness MAX examination
ST . 45,5 No significant
1 42 Diamond 140x240 mm 6 mm 0 kN surface damages,
ST . 53,7 No significant
2 42 Circular 140x240 mm 6 mm 5 kN surface damages.
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Fig. 22. Result of diamond Plate Bending Test.

In addition, maximum load applied to bending test for specimen with an addition of
circular plate is about 53,75 kN, and that for diamond plate is about 45,50 kN. This described
that maximum load for bending test of circular plate is about 18% greater than that of specimen
with a diamond plate, as shown in Table 3. This indicated that the specimen with the addition
of circular plate was able to withstand the bending load (bending force) which is about 18%
greater than that of the specimen with the addition of a diamond plate.

However, when applying the same load during simulations, the maximum stress of the
welding plate joint with the addition of a diamond plate is about 125% greater than that of
circular plate, as shown in Table 2. In addition, as shown in Fig. 19 and Fig. 20, the maximum
stresses do not occur at supposed critical areas, therefore this can be concluded that the
maximum stresses were not dominantly controlled by stress concentration factor, however the
maximum stress is strongly affected by the value of section modulus (Z=I/y) of the welding
joint structure.

It can be described based on the theory of bending stress in beam, as shown in Equation 1,
2 and 3. The total section modulus of welding joint with an addition of circular plate is greater
than that of diamond plate, therefore the maximum stress of welding joint with an addition of
circular plate is lower than that of diamond plate. Since, the value of the bending stress is
inversely proportional to the section modulus Z.

M=[, ydP = [, yodA =22 y2dA (1)
o=My/l (2)
o=M//y) =M/Z 3

Where: M = bending moment, ¢ = bending stress, | = moment inertia of area, and Z =1/y =
section modulus.
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4. CONCLUSIONS
From the analysis, it can be concluded as follows:

1. The structure of welded joint material can be mapped into several areas, namely fine grain
of HAZ, coarse grain of HAZ, weld material, and base material which is then called as
Inhomogeneous Welding Joint Material. The model of inhomogeneous welding materials
of double V butt joint was proposed, as shown in Fig. 5.

2. The value of hardness and strength of inhomogeneous material as a result of welding
process indicated that the lowest is in the fine grain of HAZ region, and the highest is in
the weld material area.

3. The structural integrity of the plate welding joint with the addition of circular plate is
greater than that of diamond plate, since it has maximum stress lower than that of diamond
plate, and particularly, it can also withstand the maximum bending load Fmax greater than
diamond plate.

4. In the viewpoint of application, it can be recommended that plate welding joint with an
addition of circular plate is very appropriate for flat deck of ship construction. However,
plate welding joints with the addition of diamond plate is mostly recommended for un-flat
(cornered) meeting of plate joint structure, because it can fitly joint to the un-flat (cornered)
plate joint [26].
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