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This study examines the effect of preheating temperature (N/A, 150 °C, 250 °C, and 350 °C) on the mechanical
performance and microstructural evolution of SMAW-welded ASTM A36 steel. Welding was performed under
controlled conditions using E7016 and E7018 electrodes, and joint properties were evaluated through tensile testing,
Vickers hardness profiling, and metallographic analysis in the WM, HAZ, and BM regions. The ultimate tensile
strength remained relatively stable (443-446 MPa), whereas yield strength and ductility varied with preheating
temperature. The 250 °C condition yielded the highest yield strength (315.68 MPa) and the most uniform hardness
distribution, indicating moderated cooling behaviour. Microstructural analysis revealed a refinement—stabilisation—
coarsening trend with increasing preheat, with 250 °C producing the most homogeneous ferrite—pearlite structure,
while 350 °C promoted grain coarsening and softening.
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HIGHLIGHTS

— Preheating temperature strongly influences microstructure evolution in SMAW-welded ASTM A36 steel.
— Preheating at 250 °C produces the highest yield strength and most uniform hardness profile.

— Microstructure changes from refined to coarser grains with increasing preheating temperature.

— Excessive preheating at 350 °C promotes grain growth and softening in the HAZ

1 Introduction

ASTM A36 steel is a low-carbon structural steel widely used in welded structural applications because of its
favourable mechanical properties and weldability. It is broadly comparable, but not directly equivalent, to S235JR
steel for general structural applications. Despite good weldability, weld cracking is affected by carbon equivalent,
hydrogen, cooling rate, heat input, and restraint [1]. Welding thermal cycles alter the microstructure, mechanical
response, and residual stress across the WM, HAZ, and BM [2, 3, 4].

SMAW has been applied to ASTM A36 steel for stainless-steel cladding and butt- and lap-joint welding applications
[5, 6]. The resulting welded joints have been evaluated in terms of tensile behaviour, hardness, microstructural
characteristics, and residual-stress development [3-6]. In SMAW-welded ASTM A36 steel, electrode type and
welding parameters affect joint properties [7]. Rapid cooling can increase hardness, retain diffusible hydrogen, and
raise crack susceptibility, particularly under high restraint [1, 8].

Preheating is commonly employed in steel welding to reduce temperature gradients and control cooling rates in the
weld region [9, 10]. Where diffusible hydrogen and crack-susceptible microstructures are present, reducing cooling
severity can help minimise the risk of hydrogen-assisted cracking [1]. By increasing the initial base-metal
temperature, preheating reduces the cooling rate and promotes a more controlled welding thermal cycle, thereby
influencing the microstructure and mechanical response of the joint [11, 12]. Previous studies reported that increasing
preheating can reduce cooling-induced martensitic transformation and local microhardness in laser-welded AH36
steel, while appropriate preheating in arc-welded mild steel can improve microstructural homogeneity, tensile
strength, and ductility [12, 13].

Changes in welding thermal conditions can modify the microstructures of the weld metal (WM) and heat-affected
zone (HAZ), thereby influencing localized hardness and tensile behaviour of welded joints [14, 15]. Tensile testing
evaluates UTS, YS, and elongation, whereas Vickers hardness profiling reveals local variations across the WM, HAZ,
and BM. The HAZ is particularly important because non-uniform thermal cycles can alter its grain structure, phase
distribution, hardness, and mechanical behaviour [16, 17].

Microstructural analysis identifies phase and grain changes across the WM, HAZ, and BM, helping explain the effects
of preheating on hardness and mechanical properties [18, 19, 20].
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This study investigates the effect of preheating temperature on the mechanical and microstructural properties of
SMAW-welded ASTM A36 steel. Tensile testing, Vickers hardness measurements, and metallographic observations
of the WM, HAZ, and BM were used to identify the preheating condition that provides the best balance between
mechanical performance and microstructural stability.

2  Materials and methods

2.1 Materials and chemical composition

The base material was 10 mm-thick ASTM A36 steel. S235JR is mentioned only as a broadly comparable EN
structural-steel grade, not as a directly equivalent designation. Chemical composition analysis was conducted using
optical emission spectroscopy (OES) to determine the main alloying elements in the ASTM A36 steel plate. The
measured chemical composition is presented in Table 1.

Table 1. Chemical composition of ASTM A36 steel measured by OES
Element C Mn Si Cu P S
Composition (wt.%) 0.100 0.840 0.250 0.011 0.022 0.006

These results indicate a low-carbon steel composition, which is generally favourable for weldability.

2.2 Preheating procedure

The preheating control system is shown in Fig. 1. A solid-state relay and K-type thermocouple were used to control
and monitor the heating temperature during welding. Preheating was treated as an experimental variable rather than
determined using a CET-based equation. The non-preheated condition served as the reference, whereas 150 °C,
250 °C, and 350 °C represented low, intermediate, and high preheating levels, respectively. This range was selected
to evaluate the effects of controlled cooling and increased thermal input on the mechanical properties, hardness, and
microstructure of the welded joint [6, 8, 10, 21].
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Fig. 1. Schematic diagram of the preheating temperature control system

2.3 SMAW welding procedure

ASTM A36 plates (150 x 300 x 10 mm) were welded using constant WPS parameters; only preheating temperature
was varied. The joints were welded in the 1G (PA) flat position using a single V-groove butt-joint configuration in
accordance with AWS D1.1/D1.1M [22], with reference to EN ISO 15614-1 and EN ISO 5817 where applicable. The
joint geometry consisted of a 60° groove angle, a 2 mm root face, and a 2 mm root opening.
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Fig. 2. Dimensions of the welding specimen and bevel joint configuration
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The welding process was carried out using the SMAW method under constant-current (CC) conditions. An AWS A5.1
E7016 electrode (J 2.6 mm), with reference to EN ISO 2560-A: E 42 4B 12 H5 according to the manufacturer’s
specification, was utilised for the root pass, whereas AWS A5.1 E7018 (@ 3.2 mm), with reference to EN ISO 2560-
A: E 42 3B 42 H5 according to the manufacturer’s specification, was employed for the filler and cap passes.

Fig. 3. Shielded metal arc welding (SMAW) process

Upon completion of welding, all joints were inspected using liquid penetrant testing as part of Non-Destructive Testing
(NDT) to identify potential surface defects before further evaluation. The Welding Procedure Specification (WPS),
including welding current, arc voltage, travel speed, and calculated heat input, is summarised in Table 2.

Table 2. Welding parameters
Record

Variable

Code / standard AWS D1.1, with reference to EN ISO 15614-1 and EN ISO 5817 where applicable
acceptance criteria

SMAW (Shielded Metal Arc Welding)
DCEN — Root Pass; DCEP — Fill and Cap Pass
Single V-Groove

Welding process

Polarity

Joint design

Material specification ASTM A36, comparable to S235JR structural steel according to EN 10025-2

Thickness 10 mm

Welding position 1G (Flat Position) according to ISO 6947

AWS A5.1 E7016 @ 2.6 mm, with reference to EN ISO 2560-A: E 42 4B 12 H5
Electrode for root pass . , e
according to the manufacturer’s specification

AWS A5.1 E7018 @ 3.2 mm, with reference to EN ISO 2560-A: E 42 3B 42 H5

Electrode for fill and cap
according to the manufacturer’s specification

pass

Welding current 90 A

Arc voltage 24V

Travel speed 83.91 mm/min
Welding efficiency 0.8
Calculated heat input 1.24 kJ/mm
Inspection Non-Destructive Testing (NDT), liquid penetranft testing, with reference to EN ISO
3452-1 where applicable
Heat input was calculated using the following equation:
nxXVxIlx60 (1)

HI =
5 X 1000
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Where HI is the heat input (kJ/mm), n is the welding process efficiency, V is the arc voltage (V), | is the welding
current (A), and S is the travel speed (mm/min). Based on a welding current of 90 A, arc voltage of 24 V, travel speed
of 83.91 mm/min, and SMAW efficiency of 0.8, the calculated heat input was 1.24 kJ/mm. The heat input value was
included because it directly affects the cooling rate, heat-affected zone (HAZ) characteristics, hardness distribution,
and microstructural transformation of SMAW-welded ASTM A36 steel.

2.4 Tensile testing

Tensile testing was performed according to ASTM E8/E8M with reference to EN ISO 6892-1 where applicable, using
a 100 kN universal testing machine (UTM) at a constant crosshead speed of 1 mm/min until fracture. Yield strength
(YS), ultimate tensile strength (UTS), and elongation were recorded from the tensile test data. Three specimens were
tested for each preheating condition, and the results are presented as mean + standard deviation to evaluate the
variability and repeatability of the tensile test results.

h—»—

Fig. 4. Tensile testing machine
2.5 Hardness testing

Vickers microhardness measurements were performed in accordance with ASTM E92 with reference to EN ISO
6507-1 where applicable, across the BM, HAZ, and WM regions. Indentations were made along a horizontal line
across the weld cross-section using a load of 300 gf (0.3 kgf, approximately 2.94 N), a dwell time of 15 s, and a
distance of 0.5 mm between adjacent indentation points to prevent overlapping deformation zones.

Fig. 5. Vickers hardness testing machine
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2.6 Metallographic preparation and microstructural analysis

Microstructures of the BM, HAZ, and WM were examined following ASTM E407 and, where applicable, EN ISO
17639.. Specimens were ground, polished with 1 ym alumina, etched with 2-5% Nital, and observed by optical
microscopy. Calibrated ImagedJ grayscale thresholding was used to estimate ferrite, pearlite, and grain size semi-
quantitatively.

Fig. 6. Metallographic testing machine and metallographic polishing machine

3 Results and discussion
3.1  Non-destructive testing (NDT)

HT :350°¢C
DRTE:
WP :SMAW

Fig. 7. Visual and liquid-penetrant inspection results of SMAW-welded joints under no-preheating, 150 °C, 250 °C,
and 350 °C conditions

As shown in Fig. 7, all SMAW joints met visual acceptance criteria without major surface defects. The N/A joint
showed minor bead irregularities, while 150 °C improved bead uniformity. The 250 °C condition produced the most
uniform bead geometry and reinforcement, whereas 350 °C caused slight bead widening due to heat accumulation.

3.2 Tensile testing

Tensile testing determined UTS, YS, and elongation under different preheating conditions. Results are reported as
mean = standard deviation from three specimens. UTS was relatively stable, whereas YS was more sensitive to
preheating. All specimens fractured in the BM rather than the WM or HAZ, indicating adequate weld integrity.
Fractographic analysis was not performed.
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Fig. 8. Post-fracture tensile specimens under different preheating conditions
The fracture locations were identified in the base metal region through macro-observation.
Table 3. Tensile test results of SMAW-welded ASTM A36 steel at different preheating conditions.

Preheating condition UTS (MPa) YS (MPa) Elongation (%)
N/A 446.13 £ 3.82 301.68 + 5.06 23+ 1
150 °C 443.42 £2.10 307.87 £ 5.32 270
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Preheating condition UTS (MPa) YS (MPa) Elongation (%)
250 °C 444.87 +1.03 315.68 + 11.05 23 +1
350 °C 446.34 + 1.50 298.70 + 5.62 24+0

Effect of Preheating Temperature on Tensile
Properties
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Fig. 9. Tensile properties (UTS and YS) vs. preheating temperature (mean + SD)

Figure 9 shows the tensile properties of welded joints at different preheating temperatures, reported as mean +
standard deviation ((n=3)). The non-preheated joint exhibited a UTS of (446.13 \pm 3.82) MPa and a YS of (301.68
\pm 5.06) MPa, which served as the baseline condition. The higher thermal gradients and faster cooling without
preheating may influence phase evolution and tensile behaviour in welded carbon steel [20]. Preheating at 150 °C
slightly decreased the UTS to 443.42 + 2.10 MPa but increased the YS to 307.87 + 5.32 MPa, suggesting moderated
thermal conditions during welding. Preheating can modify the temperature distribution and residual-stress
development in welded components [23], while its influence on the mechanical response of SMAW joints has also
been reported for other steels [11, 24]. The 250 °C condition produced the highest YS of 315.68 + 11.05 MPa with a
stable UTS of 444.87 + 1.03 MPa, reflecting improved microstructural uniformity in the HAZ. Conversely, the 350 °C
condition resulted in a comparable UTS of 446.34 + 1.50 MPa but a lower YS of 298.70 + 5.62 MPa, indicating
possible thermal softening effects. Overall, UTS remained relatively stable within the range of 443—-446 MPa, whereas
YS was more sensitive to preheating temperature. Therefore, preheating at 250 °C provided the most favourable
tensile response among the conditions investigated.

3.3 Hardness testing

Hardness testing was conducted to assess the influence of preheating on SMAW-welded ASTM A36 steel. Vickers
hardness (HV) values were evaluated across three distinct regions: Base Metal (BM), Heat-Affected Zone (HAZ),
and Weld Metal (WM). The average hardness results for each zone are shown in Fig. 10.

250
200
150

100

50

Vickers Hardness (HV)

BM HAZ WM

N/A m150 m250 m350
Fig. 10. Average Vickers hardness values in the BM, HAZ, and WM regions at different preheating temperatures

The Vickers hardness distribution of SMAW-welded ASTM A36 joints under N/A, 150, 250, and 350 °C preheating
conditions was evaluated across the WM, HAZ, and BM regions. The WM showed the highest hardness (195-210
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HV), which may be associated with deposited-metal composition and solidification microstructure. In SMAW joints,
local hardness variations are influenced by weld-metal microstructure, heat input, and the local thermal cycle across
the WM, HAZ, and BM [25, 26]. The HAZ exhibited lower and more variable hardness in the non-preheated and 150
°C conditions, indicating a less uniform thermal cycle in the present joints. The absence or variation of preheating
can modify temperature gradients, cooling history, and phase development in welded steel [20, 27]. Preheating at
250 °C produced the most uniform WM-BM hardness transition, suggesting a balanced cooling condition and
microstructural development [28]. In contrast, 350 °C reduced HAZ hardness, suggesting thermal softening and grain
coarsening. BM hardness remained stable (155-170 HV), while preheating mainly affected the HAZ. The 250 °C
condition produced the most uniform hardness profile and higher yield strength.

3.4 Microstructural analysis

3.4.1 Microstructure of the non-preheated welded joint

a) b) c)

a) b) c)

c)

Fig. 13. Optical micrograph of the base metal region without preheating: a) grayscale b) threshold c) overlay
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3.4.2 Microstructure of the welded joint preheated at 150 °C

b 0 N = B et 4 Y

200 pm

a) b) c)

threshold c) overlay

a) b) c)

a) b) c)

c)

Fig. 17. Optical micrograph of the weld metal region preheated at 250 °C: a) grayscale b) threshold c) overlay
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a) b) c)

a) grayscale b) threshold c) overlay

c)

a) b) c)

Fig. 20. Optical micrograph of the weld metal region preheated at 350 °C: a) grayscale b) threshold c) overlay
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a) b) c)

Fig. 21. Optical micrograph of the heat-affected zone preheated at 350 °C : a) grayscale b) threshold c) overlay
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c)

Fig. 22. Optical micrograph of the base metal region preheated at 350 °C: a) grayscale b) threshold c) overlay

Ferrite and pearlite contents in Table 4 were estimated by semi-quantitative ImageJ segmentation of calibrated
grayscale micrographs. Thresholding identified ferrite as bright and pearlite as dark, with ranges representing the
minimum—maximum area fractions in the WM, HAZ, and BM.

Table 4. Semi-quantitative microstructural segmentation of ASTM A36 steel under different preheating conditions

Preheating Ferrite | Pearlite .
Condition Zone (%) (%) Morphology Characteristics
Fine acicular + Refined solidification structure; ferrite-
WM 70-76 24-30 . dominant matrix with dispersed pearlite;
partially columnar o
compact but less thermally stabilised
N/A Coarse equiaxed + Transitional microstructure with localised
HAZ 64-72 28-36 . 9 grain coarsening due to steep thermal
partially transformed .
gradient
Equiaxed ferrite— Stable base metal structure; unaffected by
BM 78-85 | 15-22 pearlite welding heat
WM 79_78 29_98 F|.ne aC|cu!ar + Improved phase umformlty; red_uced
refined equiaxed thermal shock; moderate grain refinement
150 °C HAZ 66-73 27_34 Cogrse equiaxed + Controlled grain groth; more
partially transformed homogeneous ferrite—pearlite distribution
BM | 77-84 | 1623 | FQuiaxed ferrite- Stable and uniform microstructure
pearlite
Refined acicular + Most homogeneous solidification structure;
WM 74-80 20-26 . balanced ferrite—pearlite distribution;
equiaxed . o
optimal condition
250 °C HAZ 69-76 24-31 Medmm equiaxed + Improved mmrostruptural stability;
partially transformed moderate grain growth
BM 78-85 15-92 Equiaxed ferrlte— Stable base metal; nggllglble structural
pearlite alteration
Moderately coarse Grain coarsening due to excessive thermal
WM 70-76 24-30 acicular + partial : . .
input; reduced refinement
columnar
350 °C HAZ 6371 29_37 Cogrse equiaxed + Pronounceq grain growth; heterogeneous
partially transformed ferrite—pearlite distribution
BM 77_84 16-23 Equiaxed _ferrlte— Stable microstructure with slight grain
pearlite enlargement

Metallographic observations, supported by image segmentation, indicated that preheating influenced the phase
distribution and grain development across the WM, HAZ, and BM. Variations in welding thermal conditions can
produce different microstructural features and local hardness levels across these regions in SMAW-welded structural
steels [25]. Without preheating, rapid cooling produced fine acicular features in the WM and a heterogeneous HAZ,
while the BM retained its ferrite—pearlite structure. Preheating at 150 °C improved microstructural uniformity, whereas
250 °C produced the most homogeneous ferrite—pearlite distribution with controlled grain growth. This trend is

10
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consistent with previous findings on preheated arc-welded mild steel joints [12]. At 350 °C, greater thermal exposure
promoted HAZ grain coarsening and non-uniform pearlite distribution, consistent with the increased HAZ size and
cooling time (t_{8/5}) at higher preheating temperatures [28]. The interpretation is further consistent with reports that
increased welding heat input and longer cooling times can promote microstructural coarsening near the melting
boundary or within the weld region [29, 30]. Overall, the microstructure showed a refinement—stabilization—coarsening
tendency, with 250 °C providing the most favourable microstructural stability.

Preheating improved thermal control and microstructural uniformity, consistent with previous mild-steel welding
studies [12]. The 250 °C condition produced the highest yield strength and the most uniform hardness distribution.
In contrast, the lower yield strength at 350 °C may be associated with prolonged thermal exposure, slower cooling,
and local softening [15, 28, 30]. Therefore, 250 °C provided the most favourable balance of strength, hardness
uniformity, and ferrite—pearlite stability.

Although the 150 °C condition showed the highest elongation, the 250 °C condition provided the highest yield
strength, a comparable UTS, a comparatively uniform hardness distribution, and a more homogeneous ferrite—
pearlite microstructure. Therefore, 250 °C was identified as the most favourable preheating condition based on the
combined mechanical and microstructural criteria.

This study is limited to the investigated preheating temperatures of N/A, 150 °C, 250 °C, and 350 °C. Residual stress
measurement, impact toughness testing, and SEM-based fracture analysis were not conducted. Future studies
should include these analyses and advanced microstructural characterization to provide a more comprehensive
understanding of SMAW-welded ASTM A36 steel.

4 Conclusion

This study demonstrates that preheating temperature significantly influences the mechanical and microstructural
behaviour of SMAW-welded ASTM A36 steel. While ultimate tensile strength remained relatively stable, yield strength
and ductility were temperature dependent. The 250 °C condition provided the highest yield strength and the most
uniform hardness distribution, indicating moderated cooling and improved structural stability. Microstructural analysis
confirmed a refinement-stabilisation—coarsening progression with increasing preheating temperature, with 250 °C
yielding the most homogeneous ferrite—pearlite structure, whereas 350 °C promoted grain coarsening and thermal
softening. Therefore, 250 °C is identified as the most favourable preheating temperature within the investigated conditions
for achieving a balanced combination of yield strength, ductility, hardness uniformity, and microstructural stability.
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