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Abstract

High-strength low-alloy (HSLA) steels produced by thermomechanical controlled process-
ing (TMCP) are widely used in structural applications because of their high strength and
weldability. However, the performance of welded joints is strongly affected by welding
thermal cycles. This study investigated the effects of heat input (0.6, 1.4, and 1.8 kJ/mm)
and filler metal strength (matching and undermatching) on the microstructure and me-
chanical properties of S700MC steel joints produced by metal-cored arc welding (MCAW).
Microstructural characterization, hardness measurements, tensile testing, Charpy impact
testing, and analysis of variance (ANOVA) were performed. Heat input was identified as
the dominant factor controlling heat-affected zone (HAZ) development and mechanical
performance. Increasing heat input enlarged the HAZ and reduced hardness through
enhanced microstructural recovery. Filler metal strength mainly influenced failure location
and joint strength. The lowest heat input (0.6 kJ/mm) provided the highest strength re-
tention, particularly with the matching consumable, but also produced localized hardness
peaks approaching 400 HV0.01 at the weld metal (WM)/HAZ interface, reducing ductility
and impact toughness. An intermediate heat input (1.4 kJ/mm) produced the best balance
between strength and toughness by promoting a more homogeneous microstructure and
smoother hardness distribution. These results provide practical guidance for optimizing
welding procedures for TMCP HSLA steels.

Keywords: S700MC high-strength low-alloy steel; metal-cored arc welding; heat input;
strength matching; microstructure evolution; mechanical properties

1. Introduction
Structural steels remain essential for load-bearing applications due to their favorable

combination of mechanical strength, manufacturability, and cost-effectiveness [1–3]. Al-
though conventional C–Mn steels have historically dominated these applications [4–6],
increasing demands for weight reduction, energy efficiency, and improved structural per-
formance have driven the widespread adoption of HSLA steels in advanced engineering
applications [7–9].
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Among these materials, HSLA steels produced by TMCP exhibit an excellent combina-
tion of high yield strength, ductility, and weldability [10–13]. Their mechanical performance
is achieved through grain refinement, increased dislocation density, and precipitation
strengthening induced by microalloying elements such as Nb, Ti, and V [14,15]. As a
result, TMCP steels can reach yield strengths exceeding 700 MPa while maintaining ade-
quate formability and toughness [16–18], making them particularly suitable for heavy-duty
transport and structural applications [7,19].

Despite these advantages, the mechanical performance of welded joints in TMCP
steels remains highly sensitive to welding thermal cycles [20–22]. During welding, rapid
heating and cooling alter the stability of strengthening mechanisms and significantly
modify the microstructure of the HAZ [14,23,24]. In particular, HAZ softening is commonly
associated with precipitate dissolution and coarsening [25,26], as well as recovery of the
strain-hardened ferritic matrix [21,27]. Conversely, high cooling rates may promote the
formation of martensitic or bainitic constituents, especially in the coarse-grained HAZ
(CGHAZ) or near the WM/HAZ interface, leading to increased hardness and reduced
fracture toughness [17,28].

Heat input is one of the most critical welding parameters controlling peak tempera-
ture, cooling rate, and HAZ extension [29,30]. Higher heat inputs generally result in wider
softened regions and enhanced microstructural recovery, whereas lower heat inputs restrict
HAZ growth but may promote the formation of hard and brittle microconstituents due to ac-
celerated cooling [31–33]. In parallel, the selection of filler metal strength—whether match-
ing or undermatching relative to the base metal—plays a key role in stress redistribution
across the joint and in determining the location of the mechanically critical region [34,35].

Although previous studies have demonstrated that heat input strongly influences
HAZ softening, microstructural evolution, and mechanical performance of S700MC welded
joints, most investigations have been conducted using a single filler metal condition [29,36].
Consequently, the combined effects of heat input and strength matching on the process–
microstructure–property relationship remain insufficiently understood. In particular, sys-
tematic comparisons involving matching and undermatching consumables combined with
comprehensive evaluations of hardness, tensile behavior, impact toughness, fracture mech-
anisms, and statistical significance are still scarce.

In the welding of HSLA steels, filler metal selection is commonly based on the desired
strength-matching strategy relative to the base metal. Matching consumables are frequently
selected to maximize joint strength and load-carrying capacity, whereas undermatching
consumables may be employed to improve toughness, reduce stress concentrations, and
promote plastic deformation within the weld metal rather than in the heat-affected zone [34].
Overmatching consumables are also used in demanding structural applications where
maximum strength is required [35]. Consequently, filler metal selection involves balancing
strength, toughness, ductility, and service requirements. Despite the widespread industrial
use of these different matching strategies, limited information is available regarding their
interaction with heat input during welding of S700MC steel [37].

Therefore, the present study aims to investigate the coupled effects of heat input (0.6,
1.4, and 1.8 kJ/mm) and filler metal strength (matching and undermatching conditions) on
the microstructural evolution, hardness distribution, tensile behavior, and impact toughness
of S700MC butt-welded joints produced by robotic MCAW. By combining experimental
characterization with statistical analysis (ANOVA), this work establishes a direct process–
microstructure–property relationship and provides a practical framework for optimizing
welding parameters in TMCP HSLA steels, aiming to achieve an improved balance between
strength and toughness under demanding service conditions.
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2. Materials and Methods
2.1. Materials

The base metal (BM) used in this study was a 10 mm thick TMCP S700MC HSLA steel
plate. This steel is microalloyed with Nb, Ti, and Mo [17], promoting grain refinement
through precipitation strengthening and controlled phase transformation. The chemical
composition, determined by optical emission spectroscopy, is presented in Table 1 and is in
accordance with EN 10149-2 [38].

Table 1. Chemical composition of S700MC high-strength low-alloy steel (wt.%).

C Mn Si Mo Cr Ni Co Al Nb Ti V

0.048 1.73 0.048 0.098 0.128 0.029 0.019 0.026 0.056 0.079 0.001

The base metal was supplied in the as-received TMCP condition without any addi-
tional heat treatment prior to welding. This condition was maintained throughout the
experimental program to ensure that the observed microstructural and mechanical changes
were exclusively associated with the welding thermal cycle.

The mechanical properties of the base metal were obtained by tensile testing following
ASTM E8/E8M [39], including yield strength (0.2% offset), ultimate tensile strength, and
total elongation. Vickers hardness (HV3) was measured according to ASTM E384 [40]. The
results are summarized in Table 2.

Table 2. Mechanical properties of the S700MC base metal.

Yield Stress (MPa) Tensile Strength (MPa) Elongation (%) Hardness (HV3)

756 ± 11.0 825 ± 2.5 23 ± 0.6 292 ± 11.0

2.2. Welding Procedure

Rectangular plates (200 × 650 mm) were machined transverse to the rolling direction
and assembled using a single-V groove configuration with a root opening of 1.5 mm
(Figure 1). Welding was performed by robotic metal-cored arc welding (MCAW) using
a Yaskawa Motoman MA1400 robotic manipulator (Yaskawa Electric Corporation, Kitakyushu,
Japan) coupled with a Trans Plus Synergic 4000 power source (Fronius International GmbH,
Pettenbach, Austria). A shielding gas mixture of 75% Ar and 25% CO2 was used at a constant
flow rate of 15 L/min.

Two filler wires with a diameter of 1.2 mm were selected to represent different strength-
matching conditions: undermatching (E70C-6M) and matching (E110C-G). Their nominal
chemical compositions and mechanical properties are provided in Tables 3 and 4. The
E70C-6M filler metal was selected to represent an undermatching condition, whereas the
E110C-G consumable was selected to provide a matching condition relative to the nominal
yield strength of the S700MC steel. To quantify the degree of strength matching, a mismatch
ratio (M) was calculated using Equation (1) as the ratio between the nominal WM yield
strength and the BM yield strength. Based on the values reported in Tables 2 and 4, the
E70C-6M consumable exhibited a mismatch ratio of 0.6, while the E110C-G consumable
exhibited a mismatch ratio of 1.0, which was considered representative of a matching
condition for the purposes of this study.

M =
σWM
σBM

, (1)

where σWM and σBM are the WM and BM yield strengths, respectively.
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Figure 1. Schematic representation of the single-V groove butt joint geometry for 10 mm thick
S700MC steel plates, including groove angle and root opening, and the robotic MCAW setup with
welding torch, clamping system, manipulator, and power source.

Table 3. Chemical composition of the filler metals used in this study (wt.%).

Filler Metal Condition C Mn Ni Cr Mo Si P S

E70C-6M Undermatching 0.04 1.3 0.01 0.02 0.003 0.55 0.007 0.003

E110C-G Matching 0.03 1.6 2.25 0.19 0.6 0.5 0.007 0.003

Table 4. Mechanical properties of the filler metals, as provided by the manufacturer specifications.

Filler Metal Condition Yield Stress (MPa) Tensile Strength (MPa) Elongation (%) Charpy-V (J)

E70C-6M Undermatching 500 575 28 50 (@ −30 ◦C)

E110C-G Matching 800 850 18 50 (@ −29 ◦C)

Charpy-V values correspond to absorbed energy at the indicated test temperature.

No preheating was applied. According to the steel manufacturer’s recommenda-
tions [7], preheating is not required for 10-mm-thick S700MC steel under the selected weld-
ing conditions. Welding was performed under controlled laboratory conditions (25 ± 2 ◦C
and 55 ± 5% relative humidity). Prior to welding, the groove surfaces and adjacent regions
were mechanically cleaned and degreased with acetone to remove oxides, moisture, grease,
and other contaminants.

Three nominal heat input levels were defined: 0.6 kJ/mm (low), 1.4 kJ/mm (intermedi-
ate), and 1.8 kJ/mm (high), based on steel manufacturer recommendations [7]. These heat
input levels represent welding thermal cycles commonly used for industrial fabrication of
TMCP HSLA steels. The selected heat inputs were intended to represent low, intermediate,
and high thermal severity, allowing systematic evaluation of their effects on microstructure
and mechanical performance. The nominal heat input (HI) was calculated according to
Equation (2):

HI =
U.I

v
, (2)

where U is the arc voltage (V), I is the welding current (A), and ν is the welding
speed (mm/s).
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Arc efficiency was intentionally not included in the heat input calculation because
all weldments were produced using the same MCAW process, equipment, shielding gas,
and welding configuration. Under these conditions, arc efficiency was assumed to remain
constant; therefore, nominal heat input provided a consistent basis for comparing the
relative thermal severity of the investigated welding conditions rather than the absolute
heat transferred to the workpiece.

Six weldments were produced: U06, U14, and U18 (undermatching) and M06, M14,
and M18 (matching). The root pass was fixed at 0.6 kJ/mm for all conditions to ensure
consistent penetration. Low heat input conditions (U06 and M06) were produced using four
passes, whereas intermediate and higher heat input conditions were produced using two
passes. The detailed welding parameters are listed in Table 5. All welds were performed
without preheating under controlled laboratory conditions.

Table 5. Welding parameters and corresponding nominal heat input for each weldment condition.

Weldment Condition Current (A) Voltage (V) Welding Speed (mm/s) Heat Input (kJ/mm) Passes

U06 Undermatching 300 26 10.4 0.6
4

300 26 10.4 3 × 0.6

U14 Undermatching 270 29.5 10.6 0.6
2

300 32 5.5 1 × 1.4

U18 Undermatching 270 29.5 10.6 0.6
2

300 32 4.3 1 × 1.8

M06 Matching 300 26 10.4 0.6
4

300 26 10.4 3 × 0.6

M14 Matching 300 26 10.4 0.6
2

300 32 5.5 1 × 1.4

M18 Matching 300 26 10.4 0.6
2

300 32 4.3 1 × 1.8

The root pass was performed at 0.6 kJ/mm for all weldments.

2.3. Microstructural Characterization

All welds were initially inspected by visual examination, and samples containing
macroscopic defects (e.g., porosity, lack of fusion, or undercut) were discarded. Specimens
were sectioned transverse to the welding direction, mounted, ground using SiC papers up
to 2000-grit, and polished with diamond suspension. Etching was performed using 2%
Nital for 5–6 s.

Microstructural characterization was carried out by optical microscopy to identify BM,
intercritical HAZ (ICHAZ), fine-grained HAZ (FGHAZ), coarse-grained HAZ (CGHAZ),
and WM. Grain size measurements were performed according to ASTM E112 [41] using
the linear intercept method.

The areas of CGHAZ and FGHAZ were quantified from macrographs using ImageJ
software, version 1.4.3.67. The total HAZ area was calculated as the sum of these regions.

2.4. Hardness Measurements

Vickers hardness profiles (HV3) were measured 2 mm below the plate surface across
the BM, HAZ, and WM to characterize the overall hardness distribution, following ASTM
E384 [40]. Complementary microhardness measurements (HV0.01) were carried out at the
WM/CGHAZ interface to identify localized hardness peaks associated with rapid cooling
and phase transformation.

https://doi.org/10.3390/jmmp10070230
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2.5. Tensile Testing

Transverse tensile specimens were machined according to ASTM E8/E8M [39], with
the weld centerline located at the midpoint of the reduced section (Figure 2). Tensile
tests were conducted at room temperature under displacement control using a constant
crosshead speed of 0.75 mm/min.

Figure 2. Geometry and dimensions of transverse tensile specimens with the weld centerline located
at the midpoint of the gauge length.

Yield strength (0.2% offset), ultimate tensile strength, and total elongation were de-
termined. At least three specimens were tested for each welding condition. The fracture
location (BM, HAZ, or WM) was identified after testing.

2.6. Impact Testing

Charpy V-notch impact specimens were machined and tested in accordance with
ASTM E23 [42]. The specimens had standard dimensions of 10 mm × 10 mm × 55 mm
and contained a V-notch with a depth of 2 mm, a 45◦ opening angle, and a root radius
of 0.25 mm. The notch was positioned at the WM centerline, as illustrated in Figure 3.
Impact tests were performed at 20 ◦C, −20 ◦C, and −40 ◦C. For each welding condition and
test temperature, four specimens were evaluated, and the absorbed energy was recorded.
Following testing, the fracture surfaces were examined by scanning electron microscopy
(SEM) to characterize the fracture mechanisms and correlate them with the observed impact
toughness behavior.

Figure 3. Geometry and dimensions of Charpy V-notch specimens with the notch positioned at the
weld metal centerline.

https://doi.org/10.3390/jmmp10070230
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2.7. Statistical Analysis

The effects of heat input and joint configuration on the microstructural and mechanical
properties were evaluated using analysis of variance (ANOVA) at a 95% confidence level
(α = 0.05).

For responses independent of the base metal (i.e., CGHAZ area, FGHAZ area, and
WM hardness), a two-way ANOVA was performed to assess the main effects of heat input
and filler metal strength, as well as their interaction.

For responses including the BM as a reference (i.e., HAZ hardness, tensile proper-
ties, and impact resistance), a one-way ANOVA was conducted considering the welding
condition as a single factor, combining heat input and filler metal strength levels.

When statistically significant differences were identified (p-value < α = 0.05), Tukey’s
honestly significant difference (HSD) post hoc test was applied to identify statistically
distinct groups among welding conditions. Graphical analysis was also used to support
the interpretation of differences between conditions.

3. Results
3.1. Effect of Heat Input on Weld Geometry and Microstructural Evolution

Macrographic examination confirmed that all weldments were free from macroscopic
defects, such as porosity, lack of fusion, or undercut. Representative transverse cross-
sections (Figures 4–9) reveal a clear systematic increase in total HAZ width with increasing
heat input (0.6–1.8 kJ/mm), regardless of filler metal strength.

All weldments exhibited the characteristic microstructural regions: BM, intercritical
HAZ (ICHAZ), fine-grained HAZ (FGHAZ), coarse-grained HAZ (CGHAZ), and weld
metal (WM) [43]. Quantitative analysis (Table 6) indicates that the HAZ area increases
significantly with heat input, showing an approximately twofold expansion from 0.6 to
1.8 kJ/mm. In contrast, filler metal strength does not significantly affect HAZ geometry,
confirming that HAZ development is governed by the heat input [29]. Furthermore,
dilution increased substantially with heat input, from approximately 11–15% at 0.6 kJ/mm
to 37–45% at 1.4–1.8 kJ/mm, indicating a greater participation of the S700MC base metal in
the weld pool composition at higher heat inputs.

Table 6. Geometric characteristics of the weldments as a function of heat input and strength-matching
condition.

Weldment Condition WM Area
(mm2)

Reinforcement
Area (mm2) Dilution (%) CGHAZ Area

(mm2)
FGHAZ Area

(mm2)

U06 Undermatching 81.4 ± 1.5 20.7 ± 1.2 10.7 ± 0.7 12.5 ± 0.3 15.0 ± 0.7

U14 Undermatching 69.8 ± 0.4 4.5 ± 0.5 36.6 ± 2.6 22.0 ± 1.0 38.7 ± 1.3

U18 Undermatching 80.9 ± 1.8 12.8 ± 1.8 41.7 ± 3.7 27.8 ± 0.7 64.1 ± 2.1

M06 Matching 89.1 ± 1.2 13.1 ± 2.3 14.9 ± 3.1 12.4 ± 0.5 15.7 ± 0.8

M14 Matching 74.0 ± 0.9 8.9 ± 0.9 37.6 ± 3.0 17.9 ± 1.4 33.1 ± 0.5

M18 Matching 87.5 ± 2.4 6.1 ± 1.0 44.6 ± 4.9 31.0 ± 2.2 57.8 ± 1.5

The root pass was performed at 0.6 kJ/mm for all weldments. Low heat input conditions (U06 and M06) were
produced using four passes, whereas intermediate (U14 and M14) and higher (U18 and M18) heat input conditions
were produced using two passes.

The BM exhibited a refined ferritic–pearlitic microstructure typical of TMCP steels [44].
The FGHAZ was characterized by partial reaustenitization followed by rapid cooling,
resulting in fine polygonal ferrite with grain size comparable to the BM [44,45]. In con-
trast, the CGHAZ underwent complete austenitization and pronounced grain coarsening

https://doi.org/10.3390/jmmp10070230
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(10.5–12.6 µm), corresponding to a six- to eightfold increase relative to the BM (~1.7 µm),
with predominantly bainitic-martensitic constituents [46].

 

Figure 4. Transverse cross-section macro- and microstructures of the undermatching weldment U06
(0.6 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

The WM exhibited a multiphase ferritic microstructure composed of grain boundary
ferrite (GBF), Widmanstätten ferrite (WF), and acicular ferrite (AF) [47]. Qualitative ob-
servations indicate a higher apparent fraction of acicular ferrite in the intermediate heat
input condition (1.4 kJ/mm), consistent with the superior impact toughness obtained under
this condition.

The two-way ANOVA results (Table 7) demonstrate that heat input has a statistically
significant effect on CGHAZ (p-value = 0.00 < α = 0.05), confirming its dominant role in
HAZ expansion (F-value = 300.94). In contrast, filler metal strength does not exhibit a
significant isolated effect (p-value = 0.56 > α = 0.05), indicating that it does not directly

https://doi.org/10.3390/jmmp10070230
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influence CGHAZ development. However, the interaction between heat input and filler
metal strength is statistically significant (p-value = 0.00 < α = 0.05). This result indicates that
the influence of heat input on CGHAZ area is dependent on joint configuration, highlighting
the need for a combined analysis of process parameters when predicting thermal cycle
effects and microstructural evolution.

 

Figure 5. Transverse cross-section macro- and microstructures of the undermatching weldment U14
(1.4 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

Grain size measurements (Figures 10 and 11) confirm that grain refinement is pre-
served in the FGHAZ, whereas significant coarsening occurs in the CGHAZ across all
welding conditions. Although grain refinement contributed to the higher hardness mea-
sured in the FGHAZ, hardness evolution cannot be attributed exclusively to grain size.
Variations in precipitation strengthening, dislocation density, and transformation products
generated during the welding thermal cycle also contributed to the local hardness response.
Therefore, hardness evolution resulted from the combined effects of grain size, phase
transformation, precipitation strengthening, and dislocation density.

https://doi.org/10.3390/jmmp10070230
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Figure 6. Transverse cross-section macro- and microstructures of the undermatching weldment U18
(1.8 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

Table 7. Results of two-way ANOVA for CGHAZ and FGHAZ areas, including main and interaction
effects of heat input and joint configuration.

ANOVA for CGHAZ Area (mm2)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 0.50 1 0.50 0.35 0.56

Heat input 865.71 2 432.85 300.94 0.00 *

Joint configuration × heat input 40.09 2 20.04 13.93 0.00 *

Error 17.26 12 1.44

https://doi.org/10.3390/jmmp10070230
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Table 7. Cont.

ANOVA for FGHAZ Area (mm2)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 56.18 1 56.18 33.71 0.00 *

Heat input 6343.47 2 3171.74 1903.04 0.00 *

Joint configuration × heat input 40.33 2 20.17 12.10 0.00 *

Error 20.00 12 1.67

* p-value = 0 when results tend to zero.

 

Figure 7. Transverse cross-section macro- and microstructures of the matching weldment M06
(0.6 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

https://doi.org/10.3390/jmmp10070230
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Figure 8. Transverse cross-section macro- and microstructures of the matching weldments M14
(1.4 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

For the FGHAZ area, both heat input and filler metal strength significantly affect the
response (p-value = 0.00 < α = 0.05), with heat input showing the highest contribution
(F-value = 1903.04). The interaction term is also significant (p-value = 0.00 < α = 0.05).
These findings demonstrate that FGHAZ development is governed not only by individual
welding parameters but also by their interaction, reinforcing the importance of considering
both thermal input and geometric configuration in microstructural control.

Tukey’s HSD post hoc comparisons further confirmed that most welding conditions
differed significantly regarding both CGHAZ and FGHAZ areas (p-value < 0.05), reinforc-
ing the strong sensitivity of HAZ development to variations in heat input and strength
matching. For the CGHAZ area, only specific comparisons, particularly between U06 and
M06, as well as between U18 and M18, did not show statistically significant differences,
indicating that, under identical heat input levels, the filler metal strength exerted a limited
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influence on coarse-grained HAZ development. A similar trend was observed for the
FGHAZ area, in which most conditions exhibited statistically distinct responses, while
U06 and M06 showed comparable behavior. These results demonstrate that heat input
is the dominant factor governing HAZ expansion, whereas filler metal strength mainly
modulates the thermal response under specific conditions.

 

Figure 9. Transverse cross-section macro- and microstructures of the matching weldment M18
(1.8 kJ/mm), showing weld bead geometry and HAZ extension. 1 = base metal (BM); 2 = fine-grained
heat-affected zone (FGHAZ); 3 = coarse-grained heat-affected zone (CGHAZ); 4 = weld metal (WM).

3.2. Effect of Heat Input on Hardness Distribution

Hardness profiles (Figure 12) revealed systematic variations as a function of heat
input and filler metal strength. Three main features can be identified: (i) the extent of the
softened HAZ region, (ii) the magnitude of hardness reduction, and (iii) the weld metal
hardness level.

https://doi.org/10.3390/jmmp10070230
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Figure 10. Representative optical micrographs and corresponding average grain size and hardness
values measured in the base metal (BM), fine-grained heat-affected zone (FGHAZ), and coarse-
grained heat-affected zone (CGHAZ) for the undermatching weldments (U06, U14, and U18). The
figure highlights the influence of heat input on grain coarsening and hardness evolution in the
HAZ regions. The schematic illustration presents the linear intercept method used for grain size
determination according to ASTM E112.

Lower heat input (0.6 kJ/mm) resulted in narrower HAZ regions and higher hardness
values in both WM and CGHAZ [20,22]. Increasing heat input progressively widened the
softened region and reduced hardness, particularly within the ICHAZ and FGHAZ. This
behavior is consistent with enhanced microstructural recovery and possible coarsening or
dissolution of strengthening precipitates associated with slower cooling rates [29,48].

Under undermatching conditions, WM hardness remains consistently lower than that
of the HAZ [34,35], indicating that the weld metal is the mechanically weakest region. In
contrast, under matching conditions, WM hardness was comparable to or higher than
that of the HAZ [35], shifting the mechanically critical region toward the softened HAZ at
higher heat inputs.

Average hardness and microhardness results Figure 13a,b confirmed that increasing
heat input reduced hardness in both WM and HAZ while localizing hardness peaks
at the WM/CGHAZ interface, resulting in a more homogeneous hardness distribution.
These hardness peaks decreased with increasing heat input, indicating reduced martensitic
transformation and a more homogeneous microstructure [22,29]. The abrupt hardness
transition between the WM/CGHAZ interface and the softened HAZ may have increased
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local stress concentration. Therefore, local hardness gradients, rather than peak hardness
alone, probably contributed to the reduced impact toughness.

 

Figure 11. Representative optical micrographs and corresponding average grain size and hardness
values measured in the base metal (BM), fine-grained heat-affected zone (FGHAZ), and coarse-
grained heat-affected zone (CGHAZ) for the matching weldments (M06, M14, and M18). The figure
illustrates the effect of heat input on microstructural refinement/coarsening behavior and local
hardness variations across the welded joint.

The ANOVA results for WM hardness (Table 8) indicate that both heat input and
filler metal strength significantly affect the response (p-value = 0.00 < α = 0.05), confirming
that both parameters influence the mechanical behavior of the deposited metal. Heat
input shows the highest contribution (F-value = 107.81), reflecting its strong effect on
cooling rate and phase transformation kinetics. Joint configuration also shows statistical
significance, which may be associated with variations in heat dissipation and solidifica-
tion conditions. However, the interaction between factors is not statistically significant
(p-value = 0.33 > α = 0.05), indicating that their effects on weld metal hardness are predom-
inantly additive. The results indicate that heat input and filler metal strength affect WM
hardness independently, with no significant interaction between the factors.

For HAZ hardness (Table 8), the one-way ANOVA indicates a statistically significant
effect of joint configuration (p-value = 0.00 < α = 0.05). This demonstrates that different
filler metal strength led to measurable variations in HAZ hardness, likely associated with
changes in thermal cycles and cooling rates, which directly influence phase transformations
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and softening mechanisms in this region. The statistical significance also suggests that the
combined joint configuration, rather than isolated parameters, governs hardness evolution
in the HAZ.

 

Figure 12. Vickers hardness (HV3) profiles measured 2 mm below the plate surface across the base
metal (BM), heat-affected zone (HAZ), and weld metal (WM) for undermatching and matching
weldments at different heat inputs (0.6, 1.4, and 1.8 kJ/mm).

 

Figure 13. (a) Average hardness values (HV3) for base metal (BM), heat-affected zone (HAZ), and
weld metal (WM); (b) maximum microhardness values (HV0.01) at the WM/CGHAZ interface as a
function of heat input and filler metal condition.

Tukey’s HSD comparisons for HAZ hardness revealed that several welding conditions
exhibited statistically equivalent hardness levels (p-value > 0.05), particularly among
intermediate and high heat input conditions. In contrast, low heat input conditions,
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especially M06, differed significantly from most other weldments, confirming the strong
influence of rapid cooling and localized martensitic transformation on hardness evolution.
The progressive reduction in HAZ hardness with increasing heat input indicates that
thermal softening progressively became the dominant mechanism controlling the local
mechanical response of the welded joint.

Table 8. Results of two-way ANOVA for weld metal (WM) and one-way ANOVA for heat-affected
zone (HAZ) hardness.

ANOVA for WM Hardness (HV3)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 9661 1 9661 215.48 0.00 *

Heat input 9667 2 4834 107.81 0.00 *

Joint configuration × heat input 109 2 54 1.22 0.33

Error 538 12 45

ANOVA for HAZ hardness (HV3)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 9911 6 1652 5.643 0.00 *

Error 4098 14 293

* p-value = 0 when results tend to zero.

3.3. Effect of Heat Input on Tensile Properties

The tensile results (Figure 14) show a clear inverse relationship between heat input
and joint strength for both filler metal conditions. In undermatching weldments, yield
strength decreased from 619 MPa (U06) to 522 MPa (U18), reflecting the combined effects
of HAZ softening and lower WM strength. In matching weldments, the M06 condition
achieved yield strength values comparable to those of the BM (~755 MPa), albeit with
reduced elongation, indicating limited ductility.

 

Figure 14. Average values of yield strength (YS), ultimate tensile strength (UTS), and elongation (EL)
for all weldments as a function of heat input and filler metal strength condition.

At low heat input (0.6 kJ/mm), fracture preferentially initiated near the WM/CGHAZ
interface, where localized hardness peaks approaching 400 HV0.01 and abrupt hardness
transitions promoted local stress concentration. As heat input increased, progressive
HAZ softening reduced the local hardness to values below approximately 280 HV0.01,
shifting the mechanically weakest region toward the softened HAZ. Consequently, fracture
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progressively moved from the fusion boundary to the softened HAZ, indicating that thermal
softening rather than localized interface brittleness became the dominant failure mechanism.

The one-way ANOVA results (Table 9) indicate that joint configuration has a sta-
tistically significant effect on yield strength (p-value = 0.00 < α = 0.05), ultimate tensile
strength (p-value = 0.00 < α = 0.05), and elongation (p-value = 0.00 < α = 0.05). These results
confirm the strong influence of welding conditions on tensile properties [17]. The statistical
results are fully consistent with the hardness measurements and fracture observations,
demonstrating that the deterioration of tensile performance is primarily associated with
progressive HAZ softening rather than with changes in weld metal strength alone.

Table 9. Results of one-way ANOVA for tensile properties, including yield strength, ultimate tensile
strength, and elongation.

ANOVA for Yield Strength (MPa)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 160,477 6 26,746 627.1 0.00 *

Error 597 14 43

ANOVA for Tensile Strength (MPa)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 127,341 6 21,223 2486 0.00 *

Error 120 14 9

ANOVA for Elongation (%)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 563.143 6 93.857 15.289 0.00 *

Error 85.940 14 6.139
* p-value = 0 when results tend to zero.

The ANOVA results for yield strength (Table 9) reveal a highly significant effect
of the joint configuration factor (F-value = 627.1), indicating strong sensitivity of this
property to joint configuration. This behavior suggests that the thermal and metallurgical
conditions imposed by the joint configuration directly influence the mechanisms governing
the yielding resistance of the welded material.

For ultimate tensile strength (Table 9), the ANOVA also indicates a highly signifi-
cant effect of joint configuration, with an even more pronounced F-value = 2486. This
result confirms that the ultimate strength is strongly dependent on joint configuration,
reflecting the combined influence of factors such as penetration, dilution, and the resulting
weld microstructure.

The elongation analysis (Table 9) shows that joint configuration has a statistically
significant effect (F-value = 15.289), indicating that the material ductility is also affected
by joint geometry. This behavior can be attributed to microstructural variations and the
presence of heterogeneities introduced during welding, which influence the material’s
plastic deformation capacity.

Tukey’s HSD post hoc analysis demonstrated that most weldments exhibited statisti-
cally significant differences in yield strength and ultimate tensile strength (p-value < 0.05),
confirming the high sensitivity of joint mechanical resistance to heat input and strength-
matching conditions. Nevertheless, specific comparisons, such as between U06 and M14,
U14 and M18, and U18 and M06, did not show significant differences in yield strength, sug-
gesting that distinct combinations of thermal cycle severity and weld metal strength may
produce comparable yielding behavior. For ultimate tensile strength, only limited equiv-
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alence between conditions was observed, particularly between U18 and M06, indicating
similar global load-bearing capacity despite distinct microstructural configurations.

Regarding elongation, a larger number of statistically equivalent groups was identified
compared with strength-related properties, indicating lower sensitivity of ductility to
welding parameter variations. This behavior suggests that plastic deformation capacity
is governed not only by local hardness gradients but also by the overall distribution of
softened and strain-compatible regions throughout the welded joint.

3.4. Effect of Heat Input and Testing Temperature on Charpy Impact Resistance

The Charpy V-notch impact test results obtained from the WM centerline specimens
(Figure 15) reveal a strong dependence of impact resistance on both heat input and testing
temperature for the two filler metal conditions evaluated. In undermatching weldments, the
absorbed energy progressively decreases with increasing heat input and decreasing testing
temperature (20 ◦C, −20 ◦C, and −40 ◦C), reflecting the combined effects of WM softening
and microstructural change induced by the welding thermal cycle. In matching weldments,
the intermediate heat input condition (M14) exhibited the highest absorbed energy values,
particularly under subzero temperatures (−20 ◦C and −40 ◦C), indicating that a more
favorable balance between strength, toughness, and microstructural homogeneity.

Figure 15. Charpy V-notch impact energy as a function of temperature (20 ◦C, −20 ◦C, and −40 ◦C)
for all weldments.

Low heat input (0.6 kJ/mm) promoted strength retention but reduced Charpy im-
pact resistance, especially under matching conditions. This behavior is associated with
increased microstructural heterogeneity and the formation of localized hard regions at
the WM/CGHAZ interface, as evidenced by microhardness peaks approaching 400 HV.
Although the Charpy notch was located at the weld metal centerline, local hardness gradi-
ents near the fusion boundary may also have influenced crack initiation and propagation.
Therefore, the measured absorbed energy primarily reflects the toughness of the WM and
adjacent fusion boundary rather than the minimum toughness of individual HAZ subzones.

As expected for HSLA steels, all welding conditions exhibited a progressive reduction
in absorbed energy with decreasing testing temperature, consistent with the reduced
plastic deformation capability and the increased tendency toward brittle fracture under
subzero conditions.

Increasing heat input to intermediate levels (1.4 kJ/mm) reduced microstructural het-
erogeneity by promoting a more homogeneous WM microstructure and more homogeneous
hardness distribution. As a result, crack propagation became more stable, requiring higher
absorbed energy, particularly for the M14 condition. At higher heat input (1.8 kJ/mm),
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however, the absorbed energy did not increase further, despite the improved microstruc-
tural uniformity, because excessive softening reduced the load-bearing capacity of the
welded joint. The superior impact performance of the M14 condition resulted from the
combined effects of a higher qualitative fraction of acicular ferrite, improved weld metal
microstructural homogeneity, smoother hardness transitions across the fusion boundary,
and controlled HAZ softening. Together, these characteristics delayed crack initiation and
promoted more stable crack propagation, particularly under subzero testing conditions.

The one-way ANOVA results (Table 10) for impact toughness at 20 ◦C indicate a highly
significant effect of joint configuration (p-value = 0.00 < α = 0.05). This finding demonstrates
that impact resistance at room temperature is strongly influenced by joint configuration
(F-value = 215.48), likely due to changes in microstructure and in the distribution of brittle
and ductile phases.

Table 10. Results of one-way ANOVA for Charpy impact resistance at 20 ◦C, −20 ◦C, and −40 ◦C.

ANOVA for Impact Resistance (20 ◦C)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 9661 1 9661 215.48 0.00 *

Error 538 12 45

ANOVA for Impact Resistance (−20 ◦C)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 9102.00 6 1517.00 31.48 0.00 *

Error 674.67 14 48.19

ANOVA for Impact Resistance (−40 ◦C)
Effect Sum of Squares Degree of Freedom Mean Square F-Value p-Value

Joint configuration 7240.29 6 1206.71 17.13 0.00 *

Error 986.00 14 70.43
* p-value = 0 when results tend to zero.

At −20 ◦C (Table 10), joint configuration also exhibits a statistically significant effect
(p-value = 0.00 < α = 0.05), indicating that the influence of joint configuration persists
under low-temperature conditions (F-value = 31.48). This result is particularly relevant,
as it highlights the role of joint configuration in the ductile-to-brittle transition and in the
material’s performance under more severe service conditions.

The ANOVA for Charpy impact toughness at −40 ◦C further confirms the significance
of the joint configuration (p-value = 0.00 < α = 0.05), demonstrating that even at lower
temperatures, joint configuration remains a key parameter governing impact resistance
(F-value = 17.13). This behavior reinforces the importance of controlling joint configuration
in applications subjected to low-temperature environments, where resistance to brittle
fracture is critical.

Tukey’s HSD comparisons confirmed that Charpy impact resistance was significantly
influenced by welding condition and testing temperature. At 20 ◦C, most weldments
exhibited statistically significant differences (p-value < 0.05), although some conditions
with similar heat input levels presented equivalent absorbed energy values.

At −20 ◦C and −40 ◦C, the number of statistically equivalent groups increased for
specific welding conditions. In particular, the matching conditions M06 and M14 did not
exhibit statistically significant differences in absorbed energy at subzero temperatures,
suggesting that distinct combinations of WM strength, thermal cycle severity, and mi-
crostructural heterogeneity may lead to comparable crack propagation resistance under
service conditions. This behavior indicates that the beneficial effect of reduced HAZ soft-
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ening at low heat input may partially compensate for the increased local heterogeneity
observed in the M06 condition.

SEM fractographic observations (Figure 16) support the mechanical results. Low heat
input conditions (U06 and M06) exhibited predominantly cleavage and quasi-cleavage
features [44], reflecting the higher local hardness and increased microstructural heterogene-
ity near the fusion boundary. Intermediate heat input (U14 and M14) produced a mixed
fracture mode characterized by cleavage facets and ductile dimples [31,49], consistent with
the highest absorbed impact energy. At high heat input (U18 and M18), fracture became
predominantly ductile; however, excessive HAZ softening reduced the load-bearing ca-
pacity of the welded joint, limiting the improvement in absorbed energy despite the more
ductile fracture morphology.

 

Figure 16. SEM fractographs of the weld metal (WM) in the crack propagation region of Charpy
specimens tested at −20 ◦C and −40 ◦C for undermatching (U06, U14, U18) and matching (M06,
M14, M18) conditions.

4. Discussion
The present results demonstrate that the mechanical performance of GMAW-welded

S700MC steel is governed by heat input through its influence on thermal-cycle severity,
whereas filler metal strength plays a secondary but important role in stress redistribution
and failure location. Figure 17 summarizes the integrated process–microstructure–property
relationship established in this study, illustrating how heat input influences HAZ devel-
opment, hardness distribution, tensile behavior, and impact resistance. The figure also
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highlights the role of filler metal strength matching in determining the critical region of the
welded joints.

Figure 17. Correlation between hardness (WM and HAZ), tensile properties (yield strength, ul-
timate tensile strength, and elongation), impact resistance at 20 ◦C, −20 ◦C, and −40 ◦C, and
CGHAZ/FGHAZ areas for all weldments, highlighting the strength–impact resistance balance as a
function of heat input and filler metal condition.

The systematic increase in HAZ dimensions with increasing heat input indicates that
thermal-cycle severity increased progressively across the investigated welding conditions.
Although direct thermal-cycle measurements were not performed, the observed microstruc-
tural evolution suggests a corresponding increase in cooling time (∆t8/5), resulting in wider
transformed regions and greater thermal exposure of the TMCP microstructure. This be-
havior is consistent with previous studies on HSLA and TMCP steels, in which increasing
heat input promotes HAZ expansion and modifies phase transformation behavior [26].

The observed softening is consistent with the degradation of the strengthening mecha-
nisms responsible for the high strength of S700MC steel [21]. The strength of TMCP steels
is derived from the combined effects of grain refinement, precipitation strengthening, and
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elevated dislocation density introduced during thermomechanical processing [29,46,50].
Increasing thermal exposure promotes recovery of the ferritic matrix and reduces the
effectiveness of precipitation strengthening through precipitate coarsening and partial dis-
solution. Although direct precipitate characterization was not performed, the progressive
reduction in hardness and tensile strength, together with the widening of the softened
HAZ, is fully consistent with the softening mechanisms commonly reported for welded
TMCP steels [43,51].

In addition to thermal effects, dilution may also have contributed to weld metal
evolution. The higher dilution levels observed at intermediate and high heat inputs
increased the participation of the S700MC base metal in the weld pool. Although weld metal
composition was not measured, the higher dilution at intermediate and high heat inputs
may have influenced phase balance. Nevertheless, the experimental results indicate that
these dilution effects were secondary to the influence of heat input on thermal-cycle severity.

The hardness distribution provides further insight into the relationship between
thermal cycle and mechanical performance. Increasing heat input progressively widened
the softened HAZ and reduced hardness in both the HAZ and weld metal. In contrast,
low heat input promoted localized hard zones near the WM/CGHAZ interface, where
microhardness values approached 400 HV0.01. These localized hardness peaks indicate the
formation of harder transformation products under rapid cooling conditions [52]. However,
embrittlement cannot be attributed solely to peak hardness [53]. The abrupt transition
between these localized hard regions and adjacent softened areas may generate local stress
concentrations that facilitate crack initiation [54,55]. Because the hardness mapping strategy
was not designed to quantify hardness gradients, a detailed gradient analysis was beyond
the scope of the present work.

The transition in tensile fracture location provides additional evidence supporting
this interpretation. Under low heat input, localized hard regions and microstructural
heterogeneity near the WM/CGHAZ interface promoted stress concentration, making
this region the preferential site for crack initiation and fracture. As heat input increased,
progressive HAZ softening shifted the mechanically weakest region toward the softened
HAZ, indicating a transition from localized interface embrittlement to global HAZ softening
as the dominant failure mechanism, demonstrating that thermal degradation of the TMCP
microstructure became the dominant factor controlling joint strength [54,55].

The tensile behavior also reflects the interaction between HAZ softening and strength
matching [35,36]. Under undermatching conditions, the lower WM strength promoted
strain localization within the WM and limited the overall joint strength. In contrast,
matching consumables increased the load-carrying capacity and shifted the mechanically
critical region depending on heat input [34]. Although microhardness peaks approaching
400 HV0.01 were detected near the fusion boundary, embrittlement cannot be attributed
solely to peak hardness; rather, the combined effect of localized hard regions and mi-
crostructural heterogeneity likely facilitated crack initiation.

The impact resistance results further emphasize the importance of microstructural
homogeneity. Low heat input favored strength retention but also increased microstruc-
tural heterogeneity, reducing resistance to crack propagation. Excessively high heat input
promoted more homogeneous microstructures but resulted in severe HAZ softening and
reduced load-bearing capacity. Consequently, neither extreme provided the most favorable
overall performance. Instead, the intermediate heat input condition (1.4 kJ/mm), partic-
ularly when combined with matching filler metal, produced the most balanced response.
This condition combined controlled HAZ softening with improved weld metal microstruc-
tural uniformity, smoother hardness transitions, and superior impact resistance, especially
at subzero temperatures [56].
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Fractographic observations support this interpretation. Low heat input conditions ex-
hibited predominantly cleavage and quasi-cleavage features, indicating a greater tendency
toward brittle fracture. Intermediate heat input promoted mixed fracture mechanisms
characterized by the coexistence of cleavage facets and ductile dimples, consistent with
improved toughness. At high heat input, fracture surfaces became predominantly duc-
tile [31]; however, the associated HAZ softening limited the total absorbed energy despite
the more ductile fracture morphology. These observations demonstrate that fracture be-
havior is governed not only by fracture mode but also by the load-bearing capacity of the
surrounding microstructure.

For the investigated 10-mm-thick plates, an intermediate heat input (1.4 kJ/mm) pro-
vided the best balance between strength and toughness. While low heat input maximized
strength retention, it also increased susceptibility to localized brittle behavior associated
with microstructural heterogeneity. Conversely, excessive heat input promoted pronounced
HAZ softening and reduced the load-bearing capacity of the welded joint. The intermediate
heat input, particularly when combined with matching filler metal, minimized these ad-
verse effects by providing a favorable combination of strength retention, impact resistance,
and controlled HAZ softening.

The applicability of these findings is limited to 10-mm-thick S700MC plates welded
under the investigated conditions. Thermal-cycle measurements (peak temperature and
∆t8/5), weld metal phase quantification, and TEM characterization of precipitates were not
performed, and Charpy specimens were extracted only from the weld metal centerline.
Future studies including thermal-cycle monitoring, quantitative phase analysis, precipitate
characterization, and toughness assessment of individual HAZ subzones would provide a
more comprehensive understanding of the welding behavior of S700MC steel.

5. Conclusions
The combined effects of heat input and filler metal strength on the microstructural

evolution and mechanical performance of MCAW butt-welded S700MC steel were system-
atically evaluated. Based on the experimental results and statistical analysis, the following
conclusions can be drawn:

(1) Heat input was the dominant parameter controlling HAZ evolution. Increasing
heat input from 0.6 to 1.8 kJ/mm significantly enlarged the HAZ area, promoted
progressive softening, reduced local hardness, and decreased joint strength. The
ANOVA results confirmed the statistical significance of this effect.

(2) Low heat input (0.6 kJ/mm) maximized strength retention but generated local-
ized hardness peaks approaching 400 HV0.01 at the WM/CGHAZ interface, pro-
ducing greater microstructural heterogeneity and increasing susceptibility to localized
crack initiation.

(3) Increasing heat input progressively reduced these localized hardness peaks and
produced a more homogeneous hardness distribution. However, excessive thermal
exposure promoted pronounced HAZ softening, shifting the fracture location from
the fusion boundary toward the softened HAZ and reducing the overall load-bearing
capacity of the welded joints.

(4) Filler metal strength mainly affected stress redistribution and tensile performance.
Matching consumables provided higher joint strength, whereas the undermatching
condition promoted earlier strain localization within the weld metal.

(5) The intermediate heat input (1.4 kJ/mm), particularly when combined with the
matching filler metal, produced the most favorable process–microstructure–property
relationship by providing the best compromise between tensile strength, impact
toughness, hardness homogeneity, and controlled HAZ softening.
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These findings demonstrate that optimizing heat input is more critical than filler metal
strength for controlling the mechanical performance of welded S700MC steel, while appro-
priate strength matching further enhances the balance between strength and toughness
required for demanding structural applications.
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FGHAZ Fine-Grained Heat-Affected Zone
GMAW Gas Metal Arc Welding
HAZ Heat-Affected Zone
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HSD Honestly Significant Difference
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