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Experimental and numerical evaluation of
resilience and toughness in AISI 1015 steel
welded plates
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ABSTRACT: The mechanical characterization of the engineering materials is always a topic of
interest to engineers and researchers. The objective of this work is to study the butt welded
joint resilience and toughness by means of the tensile test and the numerical simulation.

ARTICLE INFO: The specimens were fabricated by welding two plates of AISI 1015 steel with an E6013
Received: September 04, electrode. An algorithm of the numerical integration based on the trapezoid method that
2018 allowed calculating the resilience and toughness as the area under the stress - strain curve

Accepted: January 31, 2019 was implemented. The algorithm was validated by comparing the numerical results of the
resilience with those obtained by the analytical method. The results show that the resilience

AVAILABLE ONLINE: and the toughness. values computed with the exper.|mental stres§ - straln cu.rve, they have
correspondence with the same values calculated with the numerical simulation.
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RESUMEN: La caracterizacion mecénica de los materiales ingenieriles es siempre un tema de

interés de ingenieros e investigadores. El objetivo de este trabajo es estudiar la resiliencia

KEYWORDS: y la tenacidad de uniones soldadas mediante el ensayo a traccién y la simulacion numérica.
Metallurgy, numerical Las probetas fueron fabricadas mediante la soldadura de dos placas de acero AISI 1015
analysis, test con electrodo E6013. Se implementd un algoritmo de integracion numérica basado en el
Metalurgia, analisis método de los trapecios que permitié calcular la resiliencia y la tenacidad como el area bajo
numérico, ensayo la curva de tension - deformacidn. El algoritmo fue validado mediante la comparacion de

los resultados numéricos del calculo de la resiliencia con los obtenidos mediante métodos
analiticos. Los resultados mostraron que los valores de la resiliencia y la tenacidad
calculados con la curva tension - deformacidn experimental tienen correspondencia con
los mismos valores calculados mediante la simulacién numérica.

1. Introduction Therefore, the mechanical properties are those

characteristics of a material, which are associated
Engineering materials are generally subjected to different With an elastic or inelastic reaction when a force is
types of stress or loads. In these cases, it is necessary applied, or relating the relationship between stresses and
to know the technological characteristics of the material, strains. In the process of product development, the design
in order to calculate and evaluate in the design process, Stage requires thorough understanding of the mechanical

the stresses, and strains to ensure the functionality of the ~Properties. At this stage, from the service destination
parts. of the part, the most suitable materials for different

applications are selected, considering the mechanical
The mechanical behaviour of a particular material Properties thatallow them to respond to different stresses.
reflects its response to the application of a load. In this design process, the behaviour of machine elements
and structures are predicted, determining general and
specific dimensioning. As important considerations, it
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resilience and toughness are currently not explicitly taken
into account in the design and construction of welded thick
plate joints under high loads or dynamic behaviour.

Therefore, this area of research has recently received
attention from the research community. In the most
recent studies, it is appreciated a strong interest in
finite element modelling as an alternative tool for effective
behaviour analysis of welded joints. The numerical method
has the advantage of complementing the experimental
method, in reducing costs and ease to perform the
parametric studies attached to the CAD-CAE systems.

Several authors have explored the determination of
the toughness of the materials by different methods.
Noguera and Miré [1] determined an asphalts toughness
by means of tensile test to relate it with the fatigue test
results. Garcia et al., [2] used the fracture toughness of
advanced high strength steels (AHSS) to optimize the crash
behaviour of structural components. In [3], Gutierrez et al.,
proposed a new methodology for estimating the fracture
toughness by means of Small Punch Test specimens
with a longitudinal non-trough notch, which was tested
on a 2.25Cr1Mo0.25V steel. The results show that
the test requirements are met and they also show the
clear influence of notch radii on the measured values.
Meanwhile, El-Hassouni, Plumier and Cherrabia [4]
presented experimental and numerical results of dynamic
cyclic tests carried out on two specimens of welded
beam-to-column connections.  The analytical results
obtained from the numerical simulation predict well the
structural dynamic behaviour up to failure of welded
connections, compared with the experimental data.

Recently, Tong et al., [5] focused on the fatigue failure
behaviour by means of experimental study and finite
element analysis, in beam-to-column welded joints under
earthquake action. The predicted load displacement
response agrees well with the test results.

In a research conducted by Zhang, Xia and Yuan [6],
the researcher carried out a series of tensile tests, and
used the 3-D finite element models of tensile specimens
to analyze the influences of different yield functions
upon evaluating several engineering relationships.
The comparisons between the simulations and the
experimental results show a good solution to found
predictive models. Tawfik et al., Islam et al., Chin-Hyung
et al. and Wang et al., [7-10] obtained similar findings.
In another research, Se-Yun et al, [11] predicted the
residual stress distribution produced by electrogas
welding (EGW) joints, through a computational approach
considering moving heat sources. The residual stress
profiles determined by the FEA and the measurement
showed quite a good agreement. A nanoindentation,

tensile test, finite element analysis, and an optical
microscopy was used by Thai-Hoan and Seung-Eock
[12] to investigate the mechanical properties in an
SM490 steel welded zone. The study concluded that the
nanoindentation with the aid of finite element analysis
provides an appropriate approach for determining the
basic mechanical properties of a structural steel welded
zone. The plasticity-based distortion prediction method to
address the computationally intensive nature of welding
simulations was improved by Yu-Ping and Badrinarayan
[13]. To enhance a welding sequence to control distortion,
the authors proposed a new theory to consider the effect
of welded interactions on plastic strains. The method
was validated with experimental work and tested on
welded structures, showing that this method can predict
distortions fairly accurately. In the same way, Yooil,
Jung-Sik and Seock-Hee [14] present a novel numerical
method through which less mesh-sensitive local stress
calculations can be achieved based on the 3D solid finite
element method.

Diverse authors have used the numerical simulation
intensively for the study of the thermo-mechanical
behaviour of welded joints. In this direction, Pozo-Morejon
et al., [15] described the thermal modelling of the GTAW
welding on an AISI 316L stainless steel plate, using
a previously developed methodology for 3D nonlinear
transient modelling of the welding process. The good
correlation obtained among the results calculated by
means of the model and the experimental data validates
the improved methodology. On the other hand, Damale
and Nandurkar [16] conducted a 3-dimensional coupled
transient thermal analysis for simulating the arc-welding
phenomenon. The thermal model was verified by
comparing the macro-graph of Finite Element Analysis
model and the weld.

Lee, Chiew and Jiang [17] carried out a numerical
investigation on the residual stress distributions near the
weld toe of plate-to-plate Y-joints, and Fua et al., [18]
investigate the welding residual stress and distortion
in T-joint welds under various mechanical boundary
conditions, using an experimentally calibrated and
sequentially coupled thermal and mechanical 3D finite
element (FE) model.

In this paper, in order to obtain a better understanding of
the stress resilience and the toughness in welded plates,
an experimental and numerical evaluation is carried out.
The process used to build the joint was Shield Metal Arc
Welding. The material base of the specimens was AIS|
1015 steel, the filler was E6013 electrode and the butt
welding of plates was carried out by the manual method.
The experimental evaluation of the tensile test of the
welded joint was accomplished, and subsequently was
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Table 1 Chemical composition of steel AISI 1015 [19]

Composition Carbon (%) Manganese (%) Silicon (%) Shulphur (%) Phosphorous (%)
Typical 0.13-0.18 0.30-0.60 0.17-0.37 <0.05 <0.04
Measured 0.166 0.504 0.027 0.006 0.014

Table 2 Mechanical properties of the weld deposit [20]
Property Ultimate Yield stress Young'’s Poisson’s Elongation Extriction
stress o, (MPa) o, (MPa) modulus £ (MPa) coefficient 0 (%) U (%)
Value 420 315 200,000 0.29 39 61
simulated by the finite element method. Four specimens 2.2 Tensile test

(two notched) were used. An algorithm that calculates the
resilience and toughness is implemented. The algorithm
was validated by calculating the resilience by the analytical
method and the empirical method. For both cases, the
obtained percentage errors are considered allowable.

2. Materials and methods

2.1 Characteristics of materials used to
manufacture the welded joint

To make the welded joints, the Shield Metal Arc Welding
process was used. The electrode utilized was E6013.

Base material

For the welded specimens, it was used as the base
material the AISI 1015 steel, which has good weldability.
Chemical analysis was performed on an ARL 3460
quantometer to an square sample (50 mm of side and 4
mm of thickness) taken from the base material. In Table
1, the chemical composition obtained is shown.

Table 2 presents the mechanical properties of the
material. [19]

Filler material

The electrode used was AWS E6013. Table 3 shows the
mechanical properties of the weld deposit. In the first
column, we can observe the ultimate tensile strength of
the weld deposit, which is superior to the base material
(referred to in Table 2). Therefore, the selecting of this
electrode was feasible.

Electrode diameter of 3.2 mm was selected and one
pass is made for each side of the welded joint. Due to the
metallurgical characteristics of the base material, it was
not necessary to apply the pre-heating to the plates.

The tensile tests were performed on a universal testing
machine MTS810 US-made. The specimen was fixed
on the headstock of the machine, while the tailstock
displacement was applied at a rate of 0.1 mm/s.

The specimens were made from two steel plates of
AISI 1015, abutted by the method of Shield Metal Arc
Welding, (SMAW)] without edge preparation and welding
beams on both sides (Figure 1). The dimensions of
the specimen were determined according to [21]. To
determine the parameters of the welding process, a
macro called WeldParam was created, employing the
Visual Basic for Applications in Microsoft Excel 2003.
With this macro, it is possible to calculate the equivalent
carbon according to dillerent criteria, the preheating
temperature, the welding process parameters as well as
other kinds of energy which are important in conducting
this investigation. In Table 4, the values of the various
parameters of the welding process are disclosed.

2.3 Simulation of tensile test

After carrying out tests to evaluate the tensile behaviour of
the specimens, they were simulated through a nonlinear
dynamic study using the finite element method. In
this model, the definition of constitutive material model
and its characteristics is important. The study was
developed using the criterion of Von Mises plasticity. They
were defined in the software in addition to the material
characteristics (Tables 2 and 3], the strain hardening
coelcient (n) determined experimentally (Table 7), and the
tangent modulus FE; (according to Equation (1)), [23]

Oy — 0O
E, = Ty (1)

Where:

o : Ultimate stress.

oy : Yield stress.

) : Elongation.
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Table 3 Mechanical properties of the weld deposit [20]

Property Ultimate stress o, (MPa)

Yield stress o, (MPa)

Elongation ¢ (%)  Extriction ¢ (%)

Value 431 392 20 - 28 35-60
8 mm § g |
%////////\\\ﬁ\k\
‘ a. L 7 | b.

C.

Figure 1 Geometry of the welded specimen: a) Weld bead
profile, b) Welded specimen dimensions, c] Specimen welded for
tensile tests [22]

In this way, the tangent modulus E; equals 269 MPa and
195 MPa for the base material and the filler, respectively.

Table 4 Parameters of the welding process

Parameters Unit Value
Amperage A 90-120
Voltage \% 24 - 26
Number of welding beams - 2
Welding speed mm/min  59.57 - 79.42

Geometric model to simulate the tensile test

Geometric models used to perform numerical simulations
of tensile test are shown in the Figure 2. The geometric
modelling was performed in the SolidWorks software, and
to develop numerical simulations complement Simulation
was used. The notch shown in Figure 2a was developed to
induce the fail in the filler material.

Figure 2 Geometric model used for numerical studies, a) With
notch, b) Unnotched.

Loads and constraints applied to the model

MTS810 machines tensile test, facilitate fixing one end of
the specimen and at the other end, apply a load gradually
that increases over time. This increased load causes a
displacement at the end where the load is applied. To
numerically simulate this behaviour, in this study the
tensile behaviour of the samples requested was simulated
by a static load. This load increased from zero to a
final value, the latter corresponding to the final value
determined in experimental test.

In Figure 3a, time curve associated with the displacement
in the TO1S test specimen is shown.

According to the points above, it was decided to simulate
this test specimen applying the constraints and loads
shown in Figure 3b. At the right end fixed restrictions
were applied, considering that the fixed head of the testing
machine is on that side. To simulate the tailstock of the
machine, it was decided to apply at the left end of the
specimen a variable displacement in time from zero to
its final value (Figure 3a). For simulated specimens,
the final value of displacement is shown in Table 5 (at
each simulated specimen, it was added a letter S for the
nomenclature).

Table 5 Final displacement value for each simulated specimen

Specimen Displacement (mm)
T01S 8.6
T02S 9.9
T03S 13.0
T04S 10.98
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Time curve

4

Displacement (mm)
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[S]

0 17.3 346 519 69.2 86.5
Time (s)
a.
Variable displacement Fixed constraints
b.

Figure 3 a) Time curve associated with the displacement of the
tailstock in the tensile test of the specimen T01S. b) Loads and
constraints applied to the specimen

Meshing the model

To perform numerical simulations, a solid mesh was
used with quadratic high order finite elements, for best
mathematical approximations. Each element was defined
with 10 nodes, each with three degrees of freedom,
corresponding to each displacement of the coordinate
axes.

After conducting a mesh convergence study, it was
decided to use an element of size 1.4 mm with a tolerance
of 0.07 mm. The static numerical study was conducted
with a load of 28.5 kN, corresponding to the value of the
load in the yield limit of the material. The study results of
convergence of the mesh are set forth in Table 6.

Table 6 Mesh convergence study results

Study Element Maximum Error
number size [mm) stress (MPa) (%)
1 2.2 353 -
2 1.8 363 2.763
3 1.4 366 0.712

With the size of the finite element used in the studies that
was obtained for specimens T01S and T02S, the numerical
model has 34,322 elements with 54,488 nodes. For T03S
and TO4S specimens, the numerical model consists of
34,895 elements and 55,246 nodes. The final shape of the

mesh for the different configurations of the specimens are
shown in Figure 4.

,...‘: X5y R
333 m-.s.,:m.c,
33 £ uv 2 224222
S
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S
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%

Figure 4 Meshing of simulated specimens, a) Specimen T01S
and T02, b) Specimen T03S and T04S

2.4 Calculation of resilience and toughness
for actual tests and simulation

To perform the calculation of the toughness of the tested
and simulated specimens, the criterion that the toughness
is the area under the stress versus the strain curve to
the point where the rupture stress occurs was assumed.
Similarly, it was assumed that resilience is the area
under the stress versus the strain curve, but only in the
domain of elastic strain. [24] Therefore, it is possible to
calculate both the resilience (R) and toughness (7] solving
the definite integral of the stress versus strain curve
(Equations (2) and (3)).

R:/ya(s)ds (2)
0

T:/Eua(a)ds (3)
0

Where:

€y: Strain atyield point,
€y: Strain to failure

To develop the calculation of the definite integral, an
algorithm (Figure 5) which allowed both the toughness and
the resilience to be determined using numerical methods
was proposed. The trapezoids method [25] was used
through the Equation (4] to calculate the area under the
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Figure 5 Block algorithm to calculate the resilience and toughness by numerical integration

stress versus strain curve. In addition, an algorithm also
calculate the error occurring in the computation (Equation

(5)).
1=n—1
=2
Error = In = Ion (5)
3
Where:
Ip: Integral value with step h,
Lop: Integral value with step 2h,
h: Step,
Ys: Ordinate value,
FError:  Error method of trapezoids

In the proposed algorithm, the terms R1 and T'1 are
the resilience and toughness respectively when those
parameters are calculated with step 2h.

3. Results and discussion

3.1 Tensile test

Four welded tensile specimens were tested, in order
to know the mechanical properties of the joint. To
determine the quality of the joint, it was used as a criterion
that the failure of the welded specimen must occur
in the heat affected zone (HAZ) and not in the welded
metal, demonstrating in this way that the welded joint is
well-built. Two of the specimens studied underwent a
notch, to assess whether the break occurred in the filler
material, which did not happen in any case. In Figure 6,
the broken specimens are observed. A specimen on which
a notch was performed (Figure 6a), the break occurred in
the HAZ adjacent to the change section between the filler
and the coarse grain zone of the HAZ. For the unnotched
specimen (Figure 6b), the rupture started in the coarse
grained HAZ and came after a tear of the specimen that
reached the base material. In both cases, it was shown
that the welded joint did not fail in the filler, but in the base
material.

In Figure 7a, it is shown the graphs of stress o versus

81



82

P. M. Almaguer-Zaldiva et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 90, pp. 76-86, 2019

b.

Figure 6 Form of the breakage of the specimens under tensile
loads. a) with notch and b) without notch

the strain € obtained from the tests performed at the
four specimens, which are denoted as T01, T02, T03
and TO04, respectively. It is observed that T01 and T02
specimens (those with indentations) failed before T03
and T04 specimens. Considering that the area under the
curve stress versus strain is a measure of the toughness,
and then it is possible to argue that the notch applied to
the welded joint decreased the toughness. In other way,
in Figure 7b are the stress-strain curves for simulated
specimens.

Table 7 shows the values of dillerent parameters
determined in tensile tests at welded joints. EOciency is
defined as the ratio of the property of the welded joint and
the base material, thereby the efficiencies at yield and the
efficiencies at rupture are determined from Equations (6]
and (7) respectively. Subscripts bm and wj make reference
to the base material and the welded joint, in that order.

ag. .

ny = “Ywi (6)
Oybm
g .

Ny = ZYwj (7)
Jubm

Where:

ny:  Yield efficiency,
n,: Break efficiency.

In the same table, the plasticity row refers to the
resistance coellcient (K) parameters and the exponent
strain hardening (n), to adjust the relationship between the
stress and strain in the plastic zone, through a Hollomon
type equation (Equation. (8)). [26]

o= Ke" (8)

Real specimens stress-strain curves

0
0 005 010 015 020 025
Strain (mm/mm)
a.
Simulated specimens stress-strain curves
450

Stress (MPa)
P — (3]
2.8 38 8

(=]
O -

0,15
Strain (mm/mm)

b.

0,05 0,10 0.20 0.25

Figure 7 Stress - strain curves obtained for a) real welded (T0x)
and b) simulated specimens (T0xS)

3.2 Simulation results of tensile test

Numerical simulations allowed us to evaluate the tensile
behaviour of welded joints. In Figures 8a and 8b, they
are displayed at the time of the break (in the last time
step), the numerical results of the stress state of the T01S
and TO03S specimens. In the case of the specimen T01S,
the first plastic stresses occur when the displacement
is equal to 0.05 mm, and are found in very small zones
located in the notch (Figure 9). The final stress state in
this simulated test showed that areas with higher stresses
are in the HAZ, precisely in the area where the actual
specimen rupture occurred. Hence, the failure occurs in
the base metal and not in the weld.

In the case of the specimen T03S, the first plastic
deformations occur when the displacement reaches
the value of 1.1 mm. These occur in areas situated in
the fusion line and parts of the base metal, but mainly
in the HAZ. As seen in Figure 8, in the specimen the
high values of stress arise. These take place on the
transition line and in very small areas. This means that

---TO1S

—T028

v TO3S

- --T048
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Table 7 Experimental parameters of the welded tensile tested specimens

Specimen TO1 T02 T03 T04
Notched Yes Yes No No
oy (MPa) 318 322 320 319
o, (MPa) 419 426 442 433
Young modulus E (MPa) 203,165 203,566 203,502 204,885
Efficiency Ny 1.0 1.013 1.006 1.003
Ty 0.907 0.922 0.957 0.937
Plasticity K(MPa)  601.17 615.65 657.43 633.57
n 0.161 0.1633 0.2215 0.1354

Table 8 Values of resilience and toughness computed for the different specimens

No Resilience (kJ/m?) Toughness (kJ/m?)
" Step0.00005 Step0.0001 Error Step0.00005 Step 0.0001 Error
T01 277 147 43.33 36,510 18,260 6,083.33
T01S 392 206 62.00 37,880 19,480 6,133.33
T02 278 139 46.33 40,810 20,420 6,586.33
T02S 279 137 47.33 37,080 18,920 6,053.33
T03 902 2966 688.0 69,270 35,250 11,340.00
T03S 280 134 48.66 62,450 32,190 10,086.66
T04 248 129 39.66 70,290 35,390 11,633.33
T04S 293 142 50.33 49,190 25,420 7,923.33
the welded joint failure will occur precisely in the area
of HAZ, which is what happened in the actual welded joints. 1 o2
R= §fy (9)

Measuring the stress and the displacement was conducted
in a node located on the fusion line, from the stress versus
strain curves obtained by numerical simulation (Figure
7). As it can be seen, the slope of the elastic portion
(Young modulus or modulus of elasticity of the first order)
is similar in the simulated curves and in those obtained
by experimental tests. In the case of the section of
plastic deformation, there are differences in the curves
attributable to the fact that the simulation does not occur
the plasticity process, the development of micro holes that
take place in the tensile test specimens and of course due
to the assumed constitutive model of materials.

3.3 Validation of the proposed algorithm

In order to validate the algorithm developed, the resilience
was calculated by other methods for TO1 specimen. Given
the nature of the tensile behaviour of materials, where it
is true that in the elastic section the relationship between
stress and deformation follows a linear behaviour, it is
possible to determine the definite integral as the area of a
triangle. The height of the triangle would be the yield limit
and the base of the triangle would be the strain up to this
limit.

Another way to determine the resilience is by Equation (9).
[25]

The resilience values obtained using three different
methods from the specimen T01, are shown in Table 9.
The determined maximum error is 10.12%, which can be
considered permissible.

Table 9 Calculus of resilience to the specimen T01

Method Resilience (kJ/m3)  Error (%)
Equation 9 249 -
Triangle area 254 20°

. 10.12°
Proposed algorithm 277 g.3b

@ Regarding the Equation 9
b Regarding the area of the triangle

In Figure 10, the percentage error between the samples
T01 and TO1S is exposed. As shown, the value of the
percentage error between the actual specimen and the
numerical simulation is never greater than 15%, which can
be considered allowable.
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Figure 8 Tensional state in simulated specimens at the time of breaking. a) T01S and b) T03S

3.4 Calculation of the toughness

To determine the toughness, the developed algorithm
(Figure 5) is applied to all samples studied, both real
and simulated. In Table 8, the results obtained for the
resilience and toughness in each of the samples are shown.

The above table shows that resilience is similar for
almost all samples, that is, they all have the similar

ability to recover their original dimensions after removing
the load causing the deformation, except for the TO03
specimen (the deviation is due to the slope of the elastic
portion of the stress versus strain curve]. The value of
the resilience between real and simulated samples is
similar. The biggest difference between the T03 and
the TO3S specimens occurs because the deviation in
the second gradient elastic section of the stress versus
strain curve does not occur. The difference can also be
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Figure 9 First plastic deformation in the specimen T01S
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Figure 10 Percentage error between test specimens T01 and T01S

appreciated between samples T01 and T01S, because
in the simulation, the elastic limit is greater than the
actual test. The error calculated by the trapezoids method
in the case of calculating the resilience ranges from
14.92% (specimen T03S) and 17.14% (specimen T04). It is
observed that in the notched test pieces the toughness is
lower than in those where there is no stress concentrator.
It can also be noted that the values of toughness between
the simulated and the actual samples are similar, except
between specimens T04 and T04S.

Noguera and Miré [1] determined the toughness as
the area under the force-displacement curve obtained

from the tensile test of asphalt mixtures. The results
obtained showed that the samples with greater tenacity
also had a better fatigue behaviour. It shows the capability
to use the tensile test to determine the toughness.

4. Conclusions

This paper presented an experimental and numerical
evaluation of resilience and toughness in AISI 1015 steel
welded plates joined with SMAW process. By comparing
the numerical results which are obtained by simulations
versus the experimental results, the following general
conclusions can be drawn:
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The tensile test of a welded joint butt, using as the
base material steel plates AISI 1015 was performed, and
as the electrode E6013. The test results provided values
concerning the mechanical properties of the welded joint,
which were used in the numerical simulation. To perform
the numerical simulation a study of mesh convergence
was done. It was obtained as a result, a finite element
size 1.2 mm a with maximum stress of 366 MPa, with a
0.712 % error percentage. Resilience and toughness for
welded joints from experimental and numerical results
are calculated. In order to calculate it, an algorithm
that allowed us to determine the area under the curve of
the stress versus strain curve by the trapezoids method
(numerical integration]) was implemented. This algorithm
was validated by calculating the resilience by analytical
methods, obtaining an error percentage of 10.1% with
respect to the Equation (4).
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