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Abstract: Fracture toughness is a key parameter for assessing structural integrity in welded
joints, particularly within the heat-affected zone (HAZ), where microstructural transformations
induced by welding may reduce crack resistance. This study proposes and validates an integrated
experimental–analytical–numerical methodology for estimating the HAZ fracture toughness in
flux-cored arc-welded (FCAW) AISI 1015 steel using non-instrumented Charpy V-notch im-
pact testing. A metallography-assisted computer-aided design protocol ensured accurate and
traceable notch positioning within the HAZ before machining. Fracture toughness was esti-
mated by establishing correlations between the impact absorbed energy and the critical stress
intensity factor. An energy-based analytical formulation was derived to determine the equivalent
dynamic load for finite element coupling, and uncertainty was evaluated using a combined statis-
tical and instrumental contribution framework. The experimentally obtained fracture toughness
was KIc = 62.19 ± 1.6 MPa·m1/2 (k = 2, ≈95% confidence level), while the numerical simu-
lation yielded a value of approximately 77.94 MPa·m1/2, showing reasonable agreement. An
approximate 10% reduction relative to the base material confirms that the HAZ is the criti-
cal fracture-controlling region. The proposed framework provides a practical and reproducible
alternative to conventional fracture mechanics testing.

Keywords: Charpy impact test; Fracture toughness; Heat-affected zone; Numerical simulation;
Welded joints

1. Introduction

Welded joints’ integrity is critical to structural safety because welding introduces microstruc-
tural heterogeneity, stress concentrators, and local property variations that govern crack initi-
ation and propagation (Jovanovic et al., 2022). The resulting toughness depends on several
factors, including weld geometry, filler composition, loading mode, local stress–strain fields, and
residual stresses (Cao et al., 2020; Purnama et al., 2020; Shin et al., 2025).

Within this context, fracture mechanics tests quantify crack growth resistance using param-
eters such as crack tip opening displacement (CTOD) and plane strain fracture toughness (KIc),
providing rigorous characterization (Lee et al., 2025). However, standardized procedures (ASTM
E1820-20b) are complex and expensive (ASTM International, 2020). The Charpy V-notch im-
pact test (ASTM E23/ISO 148-1) measures the total energy absorbed during predominantly
Mode I impact (CVN) (ASTM International, 2002; Chaouadi, 2024; International Organization

https://doi.org/10.14716/ijtech.v17i4.8262
Received November 2025; Revised January 2026; Accepted April 2026

http://ijtech.eng.ui.ac.id
mailto:alexis.cordoves@ute.edu.ec
https://doi.org/10.14716/ijtech.v17i4.8262


International Journal of Technology 17(4) 1560-1578 (2026) 1561

for Standardization (ISO), 2016). Although CVN is not a fracture mechanics parameter, em-
pirical and semi-empirical CVN–KIc correlations enable indirect toughness estimation without
fatigue pre-cracking or complex instrumentation (Afzali et al., 2024b; Yildiz, 2022). Despite the
dynamic–quasi-static differences, the underlying deformation mechanisms support their comple-
mentary use (Chaouadi et al., 2025; de Sonis et al., 2023).

CVN–fracture toughness correlations exhibit material- and calibration-dependent variability
(Yildiz, 2022). Consequently, several predictive approaches based on microstructural descriptors,
strength parameters, and data-driven models have been proposed (Kumar et al., 2021; Li et al.,
2024a; Pan & Song, 2024). Experimental–numerical validation of small-specimen methodologies
integrating Charpy energy with crack-tip parameters has also been reported (Ajmal et al., 2023;
El Alami et al., 2024; Peinado et al., 2024), while master curve methods further support Charpy-
based toughness estimation (Chaouadi, 2024).

These challenges become more pronounced in welded joints, particularly within the heat-
affected zone (HAZ), where thermal cycles induce microstructural transformations that often
reduce toughness relative to the base and filler metals (Narowlansky et al., 2024; Pa la & Wcíslik,
2024; Viseras Pico et al., 2022). Coarse-grained subzones are especially vulnerable when post-
weld heat treatment is not optimized (Lojen & Vuherer, 2020). Although experimental inves-
tigations have confirmed degraded HAZ performance (Li et al., 2024b), they frequently lack
precise documentation of notch localization near the fusion line, which may compromise the
local representativeness of CVN measurements (Afzali et al., 2024b; Jovanovic et al., 2022; Li
& Iyama, 2024). Table 1 summarizes the most relevant findings from the specialized literature
and establishes the conceptual framework linking previous studies with this work’s objectives.

Table 1 Summary of Relevant Findings from the Literature
Author(s) Focus Relevance to Present Study
(Kumar et al., 2021) CVN–KIc empirical corre-

lation
Demonstrates feasibility of estimating KIc from
Charpy energy

(Yildiz, 2022) Dispersion in CVN–KIc

correlations
Highlights need for material-specific calibration

(Viseras Pico et al.,
2022)

HAZ toughness in HSLA
steel

Shows HAZ sensitivity and limited notch-
placement detail

(Jovanovic et al.,
2022); (Afzali et al.,
2024a)

HAZ fracture evaluation Report HAZ toughness reduction without ex-
plicit CAD-based localization

(Cao et al., 2020) FEM simulation of Charpy
test

Supports numerical validation of impact behav-
ior

(El Alami et al.,
2024)

Experimental–numerical
Charpy validation

Confirms agreement between simulated and
measured impact energy

Tao et al. (2023) Microstructure–toughness
relationships

Yield strength and microstructure in HAZ
toughness correlations

A significant gap remains in the evaluation of fracture toughness in low-carbon steels such as
AISI 1015, particularly in FCAW welded joints. Existing studies mainly focus on microalloyed
steels and conventional fracture mechanics tests without explicitly representing the dynamic
impact behavior. No energy-based model linking Charpy impact energy to fracture toughness
in the HAZ has been clearly established.

From a multidisciplinary engineering perspective, addressing this problem requires integrat-
ing metallography, computer-aided design-assisted geometric scaling, classical materials mechan-
ics, fracture mechanics, and finite element simulation within a coherent energy-based framework.
The following fundamental contributions are presented in this study.

Contributions of this work:

1. Metallography–CAD protocol for the traceable positioning of the Charpy notch within
the HAZ before machining.
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2. Energy-consistent analytical estimation of impact load, enabling coupling of non-
instrumented Charpy tests with finite element method to estimate fracture parameters.

3. Experimental–numerical cross-validation of the HAZ of AISI 1015 steel welded by
FCAW, including replication and mesh convergence verification.

The article is organized into five sections. First, we present a theoretical background on
fracture toughness and Charpy–fracture mechanics correlations. The experimental and numeri-
cal methods, including the notch-location protocol, are described in the following section. Then,
the dynamic load derivation based on energy conservation is introduced. Finally, the results are
discussed and conclusions are drawn.

2. Methods

Welded joints were made by flux-cored arc welding (FCAW) on a Miller CP-302 welding
machine, manufactured in Wisconsin, USA, using industrial-grade CO2 shielding gas supplied
by Praxair/Linde (USA). Welded specimens were fabricated from AISI 1015 low-carbon steel,
produced by Aceros y Materiales Ferrosos AMF (Monterrey, Mexico), with a tensile strength
(σu) between 345 and 430 MPa (normalized condition). The filler metal used was AWS A5.20
E71T-1 flux-cored tubular wire, supplied by Lincoln Electric (Cleveland, USA), with a cross-
sectional diameter of 1.58 mm, is commonly used for high-quality welding of carbon steels,
low-alloy steels, and structural steels, as well as in the fabrication of pressure vessels. The joint
preparation followed a double K-groove configuration with four passes: two on each side of the
joint. The welding parameters are listed in Table 2.

Table 2 Parameters of the flux cored arc welding process
Parameter Unit Value
Current intensity A 145
Voltage V 14.3
Beads quantity – 4
Welding velocity mm/s 1
Protection gas – CO2
Welding equipment (Miller Model CP-302) – –

The welding process parameters were recommended by the steel manufacturer. The FCAW
process efficiency is approximately 0.92. Using these values for current intensity, voltage, welding
speed, and process efficiency, the added heat was determined to be 2,254 kJ/mm. After the
welding process was completed, the welded coupon was allowed to cool in air.

The Charpy impact test is used in this work to determine the fracture toughness KIc in the
welded joint studied. A procedure was designed for this purpose, as shown in Figure 1.

Figure 1 Procedure to determine KIc in the welded joint
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2.1 Integration of Metallography and Computer-Aided Design for Precise HAZ
Notch Placement

The procedure begins with the welded joint whose fracture toughness (KIc) is to be eval-
uated, followed by the preparation of a Charpy V-notch specimen in accordance with API
579/ASME FFS-1 (American Petroleum Institute (API), 2016) and ASTM E23-02a (10 × 10 ×
55 mm, 2 mm notch depth, 0.25 mm root radius) (ASTM International, 2002). This geometry
is employed for the experimental and numerical assessment of absorbed energy, and similar con-
figurations have been used for the estimation of fracture toughness and stress analysis around
the notch (Kori et al., 2024; Lee et al., 2025). The resulting parameter represents an estimated
effective plane strain fracture toughness, derived from empirical correlation, and should not be
interpreted as a formally measured ASTM KIc value obtained through standardized fracture
mechanics tests.

A metallographic examination is conducted to accurately locate the heat-affected zone
(HAZ), where the notch must be machined. Comparable methodologies have been reported
that combine Charpy testing and numerical simulation of welded joints (Yang et al., 2025). The
micrograph in Figure 2, in which the filler metal, base metal, and HAZ are clearly distinguished,
serves as the geometric reference for notch positioning.

A CAD sketch of the specimen is then created using the nominal dimensions. The 5 mm
scale visible in the micrograph is used for calibration by drawing a 5 mm × 5 mm reference
square and scaling the inserted image to match this dimension, ensuring dimensional consistency.
Subsequently, the remaining geometry is traced, allowing the precise placement of the V-notch
within the HAZ. This procedure determined that proper alignment of the notch tip requires
machining its center 2 mm from the weld-bead edge (Figure 2). The measured HAZ width was
approximately 0.698 mm.

Figure 2 Metallography and diagram to obtain the HAZ position in a CAD system
(dimensions in millimeters)

The next step is to fabricate the specimens. A coupon was manufactured from 300 mm ×
55 mm and 10 mm thick plates that were welded using FCAW.

Charpy V-notch tests were conducted on a JB-300 pendulum impact machine (Jinan Testing
Equipment Co., Ltd., Shandong, China). Tensile properties were measured using an Instron 5982
universal testing machine (Norwood, USA). The pendulum’s energy is 150 J. The number of
specimens was determined according to the E23-02a standard (ASTM International, 2002).

The last step of the procedure is to determine the fracture toughness based on the energy
consumed by the specimen in the Charpy impact test.

2.2 Estimation of the fracture toughness

An average Charpy impact test with V-notch (CVN) energy and the average yield limit
were used to estimate the fracture toughness using Equation (1).
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(
KIc

σy

)2

= 0.52
(

CV N

σy
− 0.02

)
(1)

To meet the requirements of reproducibility and metrological traceability, the dominant
sources of uncertainty associated with the following were recorded: (i) the Charpy CVN absorbed
energy measurement, (ii) the tensile yield strength σy, and (iii) key geometric dimensions of the
specimen (thickness, width, and notch parameters), as well as the notch location within the
HAZ. The combined uncertainty of the measurand is evaluated using a mathematical model and
the law of uncertainty propagation (GUM approach).

To facilitate uncertainty propagation, Equation (1) is explicitly rewritten as a function of
the CVN and σy:

KIc = σy

√√√√0.52
(

CV N

σy
− 0.02

)
(2)

Since KIc is an indirect measurand calculated from CVN and σy, its combined standard un-
certainty is estimated using the law of uncertainty propagation (GUM), assuming independence
between CVN and σy:

u2 (KIc) =
(

∂KIc

∂CV N

)2
u2(CV N) +

(
∂KIc

∂σy

)2

u2 (σy) (3)

From Eq. (2), the sensitivity coefficients are obtained as follows:

∂KIc

∂CV N
= 0.26√√√√0.52

(
CV N

σy
− 0.02

) (4)

∂KIc

∂σy
=

√√√√0.52
(

CV N

σy
− 0.02

)
− 0.26 CV N

σy

√√√√0.52
(

CV N

σy
− 0.02

) (5)

The standard input uncertainties were evaluated following the GUM methodology, combin-
ing Type A (statistical repeatability) and Type B (instrument calibration and resolution) con-
tributions. Consequently, the combined standard uncertainties of the Charpy V-notch (CVN)
energy and the yield limit σy were calculated as follows:

u(CV N) =

√√√√( sCV N√
nCV N

)2

+ u 2
res,CV N , u(σy) =

√√√√( sσ√
nσ

)2

+ u 2
cal,σ (6)

where sCV N and sσ are the sample standard deviations;
nCV N and nσ are the numbers of repetitions;
ucal is the calibration contribution (certificate or equipment traceability);
ures,CV N is the resolution contribution (quantization/reading) of the impact machine, all

taken from specifications/certificates.
Table 3 summarizes the instruments used and their technical specifications (range, resolu-

tion, and accuracy) according to the manufacturer’s data sheets and/or the calibration certifi-
cates available for this study to document the minimum metrological support.
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Table 3 Instruments, resolution, and reference values for the uncertainty budget
Quantity Instrument /

Method
Typical Resolution /
Specification

Distribution
Model

Suggested Standard
Uncertainty

CV N (J) JB-300 Charpy
pendulum

Energy reading resolu-
tion: ±1 J (performance
verified under ASTM
E23/NIST criteria)

Rectangular
+ Type A

Type B (resolution):
ures,CV N ; Type
A (repeatability):
uA,CV N = sCV N√

nCV N

σy (MPa) Instron 5982 Load accuracy: ±0.5% of
reading (Instron 5900 se-
ries)

Rectangular
+ Type A

Type B (calibration):
ucal,σ = 0.005 σy√

3
;

Type A (repeatabil-
ity): uA,σ = sσ√

nσ

Specimen
dimensions
(mm)

Caliper / Mi-
crometer /
Calibrated CAD

Tolerance: ±0.02 mm
(caliper), ±0.01 mm (mi-
crometer)

Rectangular u = tol√
3

(tol =

0.01 mm)

Notch–HAZ
position (mm)

CAD calibrated
with 5 mm mi-
crographic scale
bar

Global positioning un-
certainty: ±0.05 mm (in-
cludes scale calibration
and HAZ boundary iden-
tification)

Rectangular uHAZ−pos = 0.05√
3

2.3 Impact load estimation

In this study, an equation was proposed to determine the impact load. The deduction of
this equation is as follows:

First, it is necessary to consider some considerations, such as

1. The Charpy specimen functions as a simply supported beam to which a load is applied
at the midpoint.

2. At the moment of impact, the two bodies remain united.

3. All the potential energy of the Charpy pendulum is transformed into the potential energy
of the deformation, that is, energy losses due to vibrations, friction in the bearings,
friction with air, and any other existing energy loss are disregarded. The pendulum
manufacturer considers these energy losses during the machine calibration.

To estimate the impact load from the absorbed Charpy energy, the energy-based derivation
assumes an elastic energy representation. Consequently, the model does not explicitly capture
plastic dissipation, strain rate sensitivity, or detailed dynamic response; rather, it provides an
engineering approximation for interpreting the uninstrumented Charpy impact energy within a
simplified mechanical framework.

Figure 3 shows the assumed analysis scheme to perform these calculations. To determine
the loads acting on the beam, the dynamic load Pdin is applied, which corresponds to the action
of the hammer of the Charpy pendulum on impact. Because the beam is symmetrical, the
reactions in the supports are equal and are half of the dynamic load (Figure 3a). Similarly, the
Charpy specimen has a notch, indicating that the cross-sectional geometric characteristics vary
with the beam length. According to the points in Figure 3b, the geometric characteristics vary
as follows:

• Section a–b: does not vary with the height of the cross-section, i.e., it is constant.

• Sections b–c: varies with the cross-section height according to the equation of a line.
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• Sections c–d: varies with the height of the cross-section according to the circumference
arc equation.

The coordinates (x, y) of a, b, c, and d are (dimensions in millimeters): a(0, 10), b(26.672,
10), c(27.25, 8.25), d(27.5, 8).

a) b)
Figure 3 Analysis scheme. a) Beam with loads. b) Sections into which the notch is divided to

evaluate the variation of the geometric characteristics

The proposed energy model is based on the equivalence between the absorbed energy and
the elastic internal strain energy. In elastic bending, the strain energy is expressed as follows:

Ud =
∫ L

0

M2(x)
2EIx(x)dx (7)

Where M(x) is the bending moment, E is Young’s modulus, and Ix(x) is the moment of
inertia. According to the work-energy theorem in the idealized scheme, the energy absorbed by
the specimen is equal to the external work done by Pdin at the point of impact:

U = W (8)

Work at the point of impact is approximated as follows:

W = 1
2Pdin δdin (9)

Where δdin is the displacement at the midpoint. To relate Pdin and δdin, Mohr’s integral
(unit load method) is applied considering a variable section:

δdin =
∫ z2

z1

Mk Mi

E Ix
dz (10)

The moment of inertia is evaluated as follows:

Ix(z) = B H3(z)
12 (11)

Where B is the width (10 mm) and H(z) is the effective height. Three sections are con-
sidered according to the notch geometry: a–b (constant height), b–c (linear variation), and
c–d (circular arc). With the coordinates (in mm) A(0,10), B(26.672,10), C(27.25,8.25), and
D(27.5,8), the following equation is used:

For sections b–c:

H(z) = −3.03z + 90.816 [mm] (12)

For sections c–d:

H(z) =
√

R2 − (z − 27.5)2 + 8.25 [mm] with R = 0.25 mm (13)
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Simpson’s composite rule was applied to each subinterval a–b, b–c, and c–d using a uniform
mesh in z to evaluate Equation (10) with minimal algebraic complexity. This quadrature results
in the following linear proportionality:

δdin = Pdin Cδ (14)

Where Cδ is the geometric coefficient of 4.84×10−5, obtained from the numerical evaluation
with E = 200,000 MPa, B = 10 mm, and the defined geometry (consistent units: N, mm, MPa).

Substituting Equation (14) into Equation (9), the work becomes as follows:

W = 1
2P 2

din (4.84 × 10−5) (15)

Solving for Pdin:

Pdin =
√

2W

4.84 × 10−5 (16)

Assuming independence between U and Cδ, the combined standard uncertainty of Pdin is
expressed as follows:

u2(Pdin) =
(

∂Pdin

∂U

)2
u2(U) +

(
∂Pdin

∂Cδ

)2
u2(Cδ) (17)

which can be written in relative form as follows:

u(Pdin)
Pdin

= 1
2

√(
u(U)

U

)2
+
(

u(Cδ)
Cδ

)2
(18)

In this work, u(U) was obtained directly from the standard uncertainty of the Charpy energy
u(CV N), defined in Equation (6), considering the conversion 1 J = 1000 N · mm; therefore:

u(U) = 1000 u(CV N) (19)

For its part, u(Cδ) integrates the contributions associated with the following: (i) uncer-
tainty of the Young’s modulus E used in the numerical evaluation, (ii) dimensional tolerances
(especially the width B and the geometry associated with H(z)), and (iii) numerical quadrature
error associated with the Simpson’s discretization. The following relative terms were used:

u(Cδ)
Cδ

=

√(
u(E)

E

)2
+
(

u(B)
B

)2
+ u2

geom + u2
num (20)

2.4 Charpy impact test simulation

Figure 4 shows the finite element model developed in SolidWorks Simulation Premium
(Dassault Systèmes). Figure 4a shows the Charpy V-notch geometry; Figure 4b defines the
boundary conditions and the applied load Pdin, modeled as static to represent the impact instant;
Figure 4c illustrates the quadratic solid elements with localized refinement at the notch tip to
capture stress gradients and crack-tip displacements; and Figure 4d indicates the notch-tip
location.

Although the Charpy test involves dynamic loading, previous studies have indicated that the
effective loading rate can be treated as quasi-static for estimating the fracture parameter (Cao
et al., 2020). It is well established that increasing the strain rate reduces apparent toughness
due to limited stress relaxation in the plastic zone, which explains why Charpy results typically
underestimate toughness compared to CTOD measurements, while better representing impact-
dominated behavior (Cao et al., 2020; Lee et al., 2025). A refined mesh was generated considering
the 0.25 mm notch radius, and local mesh control was applied at the crack tip. A convergence
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study was conducted using a static load of 1,000 N, with total displacement and the Stress
Intensity Factor at the crack tip as evaluation parameters. Table 4 summarizes the convergence
results.

a) b)

c) d)
Figure 4 Geometric model, boundary conditions, and finite-element mesh used for Charpy

impact simulation

Table 4 Study of mesh convergence around the V-notch tip
Study no. Finite

element size
(mm)

Displacement
(mm)

Error (%) Stress
Intensity
Factor

(MPa·m1/2)

Error (%)

1 0.125 0.32272 – 2.028 –
2 0.1 0.34465 6.36 4.441 54.34
3 0.09 0.34482 0.05 4.673 4.97

Figures 4b–4d show the final refined mesh around the crack tip. A quadratic tetrahedral
solid mesh was used in SolidWorks Simulation to accurately capture strain gradients near the
crack front and improve CTOD evaluation, consistent with the superior performance of higher-
order elements reported by Dwivedi et al. (2023). The global element size was 1.76341 mm
(±0.027 mm), resulting in 91,412 nodes and 61,138 elements, ensuring adequate resolution with
reasonable computational cost.

2.4.1 Assumptions regarding the material behavior

In the present finite element model, the material was assumed to be homogeneous, isotropic,
and elastoplastic, as defined by the experimentally determined Young’s modulus and welded
joint’s yield strength.

Although welded joints exhibit microstructural heterogeneity among the base metal (BM),
heat-affected zone (HAZ), and weld metal (WM), the V-notch was intentionally located within
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the HAZ based on metallographic characterization. Consequently, the region that controls crack
initiation corresponds to the HAZ material. Within the framework of linear elastic fracture
mechanics (LEFM), the Stress Intensity Factor KI depends primarily on the geometry, applied
load, and crack size; therefore, a locally homogeneous representation is considered an appropriate
first-order approximation (Cao et al., 2020; Kori et al., 2024).

A sensitivity analysis using a three-zone model (BM–HAZ–WM) with ±25% variation in
σy = 315 MPa showed no change in the crack-tip displacement (0.000444 mm) used in the
CTOD-based SIF calculation. These results support the use of a homogeneous material model
for Charpy simulation.

3. Results and Discussion

This section presents the experimental and numerical findings that support the proposed
procedure for evaluating fracture toughness in the HAZ. The results of the fractographic and
microstructural analyses, Charpy impact tests, and finite element simulations (FEM) are exam-
ined to validate the accuracy and applicability of the Charpy–Mohr method. Their comparison
provides insight into the welded joint behavior under impact loading.

3.1 Fractographic and microstructural analysis of the samples

The hardness test was conducted according to ASTM E18-22 (ASTM International, 2022)
using an INCOR TH320 digital durometer with a load of 981 N. The load and reading times
were 5 and 2 s, respectively. The hardness of the coarse-grained region of the HAZ was 82 HRB.
According to ASTM E112-13 (ASTM International, 2013), using the comparison method, the
grain size in the HAZ is number 3, with an average length of 110 µm.

The material’s mechanical behavior in the heat-affected zone (HAZ) was interpreted based
on the fracture surface analysis of the tested Charpy specimen (Figure 5). The fracture clearly
initiates at the notch’s root, where the normal stresses reach their maximum value under the
impact of the pendulum. From this point, the crack propagates in Mode I from the top of the
specimen, as observed in the region identified as the “initial fracture.” This behavior confirms
that the geometric stress concentrator triggered the fracture criterion and that crack initiation
occurred in the region where the notch was intentionally positioned during machining.

Figure 5 Fracture surface of the Charpy specimen indicating crack initiation, final fracture,
and shear lips, together with crack and load directions
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The fracture surface exhibits characteristics typical of ferritic–pearlitic steels under impact
loading. The central region exhibits a granular, relatively brittle morphology associated with
the transgranular fracture of pearlite and limited deformation at high strain rates. In contrast,
the lateral edges display asymmetric shear lips linked to ferrite-rich zones that permit greater
plastic deformation. This brittle core–ductile edge combination is characteristic of low-carbon
steels.

The less defined shear lips compared to the base metal, together with the brittle central
zone, are consistent with fracture patterns reported for the HAZ in welded low-alloy steels,
where thermal cycles promote grain coarsening, phase heterogeneity, and toughness reduction
(Jovanovic et al., 2022; Viseras Pico et al., 2022). Unlike the base metal, which typically
exhibits more symmetrical ductile features, or the weld metal, which exhibits solidification-
induced heterogeneity, the observed morphology corresponds to the HAZ fracture behavior.

The CAD-assisted notch positioning method is validated by the fact that crack initiation
occurred within the metallographically targeted HAZ. Once confirmed, the fracture toughness
of the HAZ was quantified using the Charpy–Mohr correlation.

3.2 Calculation of the fracture toughness

The fracture toughness of the welded joint (KIc) was determined under impact loading using
the Charpy impact test. Welded specimens with V-notches (CVN) were fabricated using the
FCAW process. The energy required to fracture the specimens was obtained in this experiment
(see Table 4).

To calculate the fracture toughness of the welded joint, we considered the yield strength
obtained from the tensile test. The yield strength, σy, was 315 MPa. Table 5 shows the average
absorbed energy from the Charpy V-notch impact tests (CVN) as 29.5 J.

Table 5 Charpy impact test results for FCAW specimens with V-notch AISI 1015 steel and
E71T-1 wire

Specimen CVN (J)
C-FCAW 1 26.0
C-FCAW 2 25.0
C-FCAW 3 38.0
C-FCAW 4 29.0
C-FCAW 5 26.0
C-FCAW 6 40.0
C-FCAW 7 22.5
Average 29.5

The statistical characteristics of the absorbed energy data were evaluated before calculating
fracture toughness. Seven Charpy V-notch tests were performed (n = 7), yielding a mean
absorbed energy of U = 29.5 J with a standard deviation of s = 6.79 J, corresponding to
a variation coefficient of 23.0%. The 95% confidence interval of the mean, estimated using
Student’s t-distribution, ranges from 23.2 J to 35.8 J. No significant outliers were detected
according to the Grubbs test (α = 0.05). These results suggest that the observed dispersion is
consistent with the HAZ’s intrinsic variability rather than anomalous measurements.

The fracture toughness correlation presented previously is reformulated here to continue
the study: (

KIc

σy

)2

= 0.52
(

CV N

σy
− 0.02

)
(21)

Using the average experimental values of CVN and σy, the fracture toughness in the HAZ
was calculated as follows:
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KIc = 62.19 MPa · m1/2

This value represents the effective resistance to crack propagation in the heat-affected zone
under impact loading conditions and is subsequently compared with the stress intensity factor
estimated numerically to evaluate failure susceptibility.

Metallurgical Interpretation
As a low-carbon steel, AISI 1015 exhibits fracture toughness that is highly sensitive to

microstructural transformations induced by the welding thermal cycle. In the HAZ, grain growth
and the localized formation of harder microconstituents generate heterogeneities that reduce the
effective ductility and increase the stress concentration at the crack tip.

The obtained value of KIc = 62.19 MPa·m1/2 together with an average absorbed energy
of 29.5 J, is consistent with the expected behavior of the HAZ in welded structural steels.
When compared with the range reported for the base material (41–69 MPa·m1/2) (Modulus
Metal, 2024), a reduction of approximately 10% is observed. This decrease can be attributed to
microstructural transformations, residual tensile stresses, and abrupt property gradients between
the base metal and the weld metal. These results confirm that the HAZ represents the critical
fracture resistance region, highlighting the relevance of the proposed experimental–numerical
procedure for its characterization.

Uncertainty Analysis KIc

The uncertainty budget of KIc was constructed following the law of uncertainty propagation
described in Equations (3)–(6), considering the experimental inputs (CVN and σy) and the
metrological characteristics summarized in Table 3. Table 6 presents the input values, their
associated standard uncertainties, the sensitivity coefficients derived from Equation (13), and
the individual contributions to the combined uncertainty u(KIc).

Table 6 Uncertainty budget for KIc, obtained from the experimental mean values of CVN and
σy (Eqs. (2)–(6))

Input quantity Value Standard uncertainty Sensitivity coefficient Contribution

CV N (J) 29.5 u(CV N) = 0.54 J ∂K

∂CV N
= 1.34 0.73

σy (MPa) 315 u(σy) = 4.7 MPa ∂K

∂σy
= 0.070 0.33

Using the correlation of Equation (13), the fracture toughness is calculated as follows:

KIc = 62.19 MPa · m1/2

The combined standard uncertainty is:

u(KIc) = 0.79 MPa · m1/2

For a coverage factor of k = 2, the expanded uncertainty becomes:

U(KIc) ≈ 1.6 MPa · m1/2

Thus, the fracture toughness can be reported as follows:

KIc = 62.19 ± 1.6 MPa · m1/2

Corresponding to an approximate 95% confidence level.
The uncertainty analysis makes explicit that the dominant contribution arises from the

absorbed energy measurement, while the yield strength uncertainty has a smaller influence.
This confirms that the impact energy dispersion is the principal driver of uncertainty in the
estimation of fracture toughness.
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3.3 Calculation of the impact load

Solving for the equivalent dynamic load in the Charpy impact test yields, assuming U = W
and using U = 29.5 J = 29500 N · mm, applying Equation (16), we obtain:

Pdin =
√

2 (29 500)
4.84 × 10−5 = 34 914.3 N (4)

Uncertainty associated with Pdin

To apply Equation (20), the following uncertainty components were considered: u(CV N) =
0.54 J, u(E)/E = 0.02, u(B)/B = 0.002, ugeom = 0.01, and unum = 0.005.

From these contributions, the relative standard uncertainty of the geometric factor was
obtained as u(Cδ)/Cδ = 0.0230.

For an absorbed energy U = 29.5 J and the dynamic load Pdin calculated from Equa-
tion (16), the uncertainty propagation is summarized in Table 7.

Table 7 Uncertainty budget for the equivalent dynamic load Pdin (Eqs. (17)–(21))
Input Value Standard (relative) uncer-

tainty
Factor in u(Pdin)/Pdin Relative

contri-
bution

U (energy) 29.5 J u(U)
U

= u(CV N)
CV N

= 0.54
29.5 =

0.0183

1
2 0.00915

Cδ (geomet-
ric factor)

4.84×10−5 u(Cδ)
Cδ

= 0.0230 1
2 0.01150

From Table 7, the combined relative standard uncertainty is as follows:

u(Pdin)
Pdin

=
√

(0.00915)2 + (0.01150)2 = 0.0147 (22)

Thus, the standard uncertainty is:

u(Pdin) = 0.0147 × 34 914.3 = 5.1 × 102 N (23)

For a coverage factor k = 2, corresponding to an approximately 95% confidence level, the
expanded uncertainty becomes the following:

U(Pdin) = k u(Pdin) = 2 u(Pdin) ≈ 1.0 × 103 N (24)

Therefore, the equivalent dynamic load is reported as follows:

Pdin = 34 914.3 ± 1.0 × 103 N

As shown in Table 7, the dominant contribution to the uncertainty of Pdin comes from the
geometric term Cδ, followed by the uncertainty associated with the energy U .

3.4 Fracture toughness estimation by numerical simulation

The Charpy impact test was simulated numerically to estimate the fracture toughness (KIc)
of the welded joint, with an absorbed energy of 29.5 J. Figure 6a illustrates the stress distribution,
showing peak von Mises stresses concentrated on the notch, where fracture is initiated, exceeding
the material’s yield strength.

Figure 6b shows that 76.93% of the specimen volume experiences stresses above yield,
indicating extensive plastic deformation. Although significant yielding was observed, the SIF
evaluation was performed within a small-scale yielding approximation at the crack tip. This
stress concentration near the notch agrees with the findings of Kori et al. (2024).
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a) b)
Figure 6 Von Mises stress distribution in Charpy simulation: (a) stress field under load; (b)

deformed shape with stress contours and yield limit

Figure 7 shows the displacements in the X direction, which were selected because they are
normal to the crack plane and determine its opening. Table 8 summarizes the displacements
at the crack tip on faces A (front) and B (back) in Figure 7a. These regions correspond to the
section transition and the highest stress concentration, where the fracture is expected to initiate.

Table 8 Displacement in the X-direction (Ux) at the crack tip for the front and back faces
Face A: Front surface (Z = 10 mm)
Node Point Ux (mm) X (mm) Y (mm) Z (mm)

3 V5 −4.033 × 10−3 27.3611 −1.9579 10.0000
4 V4 −1.999 × 10−3 27.4274 −1.9892 10.0000
5 V1 −9.10 × 10−5 27.5000 −2.0000 10.0000

3539 V2 1.829 × 10−3 27.5726 −1.9892 10.0000
3540 V3 3.855 × 10−3 27.6389 −1.9579 10.0000

Face B: Back surface (Z = 0 mm)
Node Point Ux (mm) X (mm) Y (mm) Z (mm)
119 V5 −3.975 × 10−3 27.3611 −1.9579 0.0000
118 V4 −1.971 × 10−3 27.4274 −1.9892 0.0000
117 V1 −7.70 × 10−5 27.5000 −2.0000 0.0000
2151 V2 1.823 × 10−3 27.5726 −1.9892 0.0000
2152 V3 3.833 × 10−3 27.6389 −1.9579 0.0000

Negative displacement values indicate movement in the negative X direction. The procedure
used to determine the Stress Intensity Factor (KI) is described below.

3.5 Determination of the stress intensity factor

Alegre and Cuesta (2010) proposed a procedure for determining the Stress Intensity Factor
(KI) from CTOD, which is assumed in this study. For greater consistency, the correlation
previously used for the experimental estimation of fracture toughness (originally Equation 1) and
now renumbered as Equation (21) is complemented in the numerical analysis by Equation (25):

KI = E

8 (1 − µ2)

√
2π

L
[4 (V2 − V4) − (V3 − V5)] (25)

where:
E: is the Young’s modulus. Is equal to 200,000 MPa.
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L: is the length of the singular elements. The distance between the nodes is shown in Figure
7b and summarized in Table A1.

µ: is the Poisson coefficient, equal to 0.29.
Vi: are the normal displacements to the crack surface. It is determined as the displacement

value indicated in Figure 7b and summarized in Table A1.

a) b)
Figure 7 Displacements in the X-axis direction. a) Complete specimen. b) Around the crack

tip on the left side

The Stress Intensity Factor (KI), calculated using Equation 25, was 78.23 MPa·m1/2

(22.13%) and 77.64 MPa·m1/2 (21.54%) for faces A and B, respectively. The percentages in
parentheses indicate the difference relative to the estimated fracture toughness using Equa-
tion 13. The discrepancies are attributed to the constitutive material model assumed in this
study and the differences between the simulated specimen and the actual test conditions.

According to the fracture mechanics criteria, crack propagation occurs when the following
occurs:

KI ≤ KIc (26)
Since complete fracture occurred during impact, the applied stress intensity factor ap-

proached the critical fracture condition in accordance with the Griffith–Irwin framework. Within
the LEFM-based approximation, the numerically computed value (77.94 MPa·m1/2) represents
the applied stress intensity at failure for the HAZ region, which is obtained as the average of
faces A and B.

Charpy-derived fracture toughness (62.19 MPa·m1/2) represents an indirect estimate of the
material resistance, whereas the FEM value (77.94 MPa·m1/2) corresponds to the applied crack-
driving force under a pseudo-static assumption. The latter is a numerical consistency check of
the energy-based approach rather than an independent measurement of plane-strain toughness.
Given the dynamic nature of the Charpy test and the LEFM simplifications, some deviation
between both values is expected.

Contextualization of HAZ Fracture Toughness with Respect to Base Material
and Structural Steels

The fracture toughness of the HAZ estimated from the Charpy-based correlation was
KIc = 62.19 MPa·m1/2, representing a reduction of approximately 10% compared with the
upper reference value for AISI 1015 under the as-supply condition (KIc = 69 MPa·m1/2). Al-
though direct ASTM E399 data for AISI 1015 are limited, comparable low-carbon ferritic steels
provide useful context. For example, En3B steel reaches values near 90 MPa·m1/2 under ductile
conditions (Akçay & Oterkus, 2023). Therefore, the obtained HAZ toughness falls within the
expected range for this type of steel.

FEM-computed stress intensity factor (KI = 77.94 MPa·m1/2) represents the applied stress
intensity under a pseudo-static LEFM approximation and should not be interpreted as a directly
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measured fracture toughness. The obtained value KIc = 62.19 MPa·m1/2 falls within the range
of tens to slightly over 100 MPa·m1/2, commonly reported for ferritic structural steels tested in
the ductile regime (Viseras Pico et al., 2022), supporting the physical consistency of both the
experimental and numerical results.

Table 9 compares the current results with those of previous studies on welded joints and
HAZ regions, aiming to provide context and order-of-magnitude consistency for the observed
values and trends, rather than a one-to-one quantitative comparison. While higher KIc values
are reported for HSLA, bainitic, or duplex steels, the common trend is a marked reduction in
toughness in the HAZ. The lower toughness observed in AISI 1015 steel welded using FCAW
can be explained by its ferritic-pearlitic microstructure, low carbon content (∼0.15%), and grain
thickening induced by the thermal cycling of welding.

The experimental KIc values were lower than the numerical predictions, which is consistent
with the findings reported by Chen et al. (2022) and Singh et al. (2023) for X80 pipe steels. This
discrepancy can be attributed to the real microstructural heterogeneities and stress concentrators
that are not fully captured in the simulation.

Overall, the agreement between experimental measurements and numerical modeling
strengthens the adopted methodology’s reliability and the proposed correlations’ validity.

4. Conclusions

In this study, an integrated experimental–analytical–numerical procedure was developed for
estimating the fracture toughness of the heat-affected zone (HAZ) in FCAW-welded AISI 1015
steel using non-instrumented Charpy impact testing. The metallography–CAD protocol enabled
accurate and traceable notch placement within the HAZ, whereas fractographic analysis con-
firmed that crack initiation occurred at the notch root inside the targeted region. Experimental
estimation based on the Charpy–Mohr correlation yielded a fracture toughness of KIc = 62.19 ±
1.6 ·m1/2 (k = 2, ≈95% confidence level). The uncertainty analysis showed that the main contri-
bution arises from the dispersion of absorbed impact energy, whereas yield strength uncertainty
has a smaller influence. The analytical formulation also allowed the estimation of an equiva-
lent dynamic load of Pdin = 34,914 ± 1.0 × 103 N, establishing a mechanics-based relationship
between the absorbed energy and the structural response. The finite element simulation pro-
duced a fracture-related value of approximately 77.94 ·m1/2, showing reasonable agreement with
the experimental estimate. Additionally, an approximate 10% reduction in fracture toughness
relative to the base material confirmed that the HAZ is the critical region controlling fracture
resistance in the welded joint. Overall, the proposed methodology provides a practical and re-
producible alternative for estimating fracture toughness when conventional fracture mechanics
testing is not feasible.
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