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ABSTRACT 

Preheating is one type of heat treatment on the material prior to starting the welding process by increasing the 

temperature of the material. It is used to reduce the cooling rate during the welding processes to minimize the 

risk of residual stress and cracking during welding. Besides the benefits of welding, it also has a negative impact, 

especially on the integrity of the material, because the heating process at high temperatures will cause residual 

stress, which will affect the mechanical properties, chemical composition, and microstructure of the material, 

especially on Heat Affected Zone (HAZ). This study aims to analyze the effect of preheating at a temperature 

of 200 ºC on the welding for ASTM A572 Grade 42 steel with a thickness of 40mm using the SMAW (Shielded 

Metal-Arch welding) method. ASTM A572 Grade 42 was used in this study with carbon content of less than 

0.25%. Based on the results of measurements and analysis using the XRD method, it was found that preheating 

resulted in reducing the residual stress on both weld metal and HAZ areas. Preheating treatment also moved the 

peak diffraction to the right side, which means the heat treatment affected compressive residual stress rather 

than tensile residual stress. For crystal orientation, area [110] has the highest peak diffraction and highest 

intensity. This area also was found with smaller size crystal size and higher dislocation and microstrain. While 

bigger crystal size with lower dislocation and microstrain were found in the area [200]. For texture, the highest 

density was found in the area [200], while the weaker texture was found in the areas [110] and [211]. The texture 

was influenced by plastic deformation due to atomic structure and its dislocation. 

Copyright © 2024. Journal of Mechanical Engineering Science and Technology. 
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I. Introduction 

Preheating in welding is a heat treatment carried out on the material to be welded before 

the welding process is started. Preheating is carried out by increasing the temperature of the 

parent material locally on both sides of the joint to be welded to a temperature above ambient. 

Preheating is used to reduce the cooling rate of the weld. In general, this process is carried out 

to obtain two advantages: reducing the residual stress due to welding and reducing the risk of 

cracking during the welding process. Residual stress is the internal stress that is locked onto a 

material, which persists even though all external loading forces have been removed. This 

voltage is the result of materials that get thermal stress, which is when the material experiences 

non-uniform temperature changes due to uneven heat treatment and differences in cooling rates 

in materials that undergo heat treatment, such as welding processes.  
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One of the methods that is widely used to reduce the negative impact caused by the welding 

process is to perform preheating before starting the welding process. Several studies have been 

conducted regarding preheating and their effects on material properties and residual stress. In 

one of the studies, it was obtained that the preheating process before the welding process could 

affect the hardness of the carbon steel welding results. The lowest hardness is obtained in 

materials that do not get preheating, while the highest hardness value is obtained in materials 

that get heat treatment before welding [1]. In another study related to the effect of preheating, 

it was found that the influence of preheating on the SS400 plate made the tensile stress higher 

than specimens that received PWHT heat treatment because the influence of PWHT changed 

the structure of the material to be softer [2]. Another study concluded that the welding process 

of SS 316L material with a heating temperature of 100 ℃, 120 ℃, and 140 ℃ results in a 

significant difference in hardness [3]. The other aspect that can be seen in a material 

characteristic is the orientation of crystal and its texture. The orientation of the crystal affects 

the material properties due to the material structure undergoing plastic deformation resulting in 

different slips. Grain boundaries can act as both inhibitors and starting points for deformation 

movement, leading to anisotropic behavior around grain boundaries  [4]  based on the 

arrangement of different atoms and different directions in the crystal thus forming a different 

texture [5]. Texture describes the orientation of grains in a material because as many physical, 

mechanical, and chemical properties of single crystals vary with the direction or plane of 

crystallography, textured polycrystals, which contain such single-crystal combinations, will 

naturally have an important influence on material properties.  

A further study is required to evaluate the effect of preheating to reduce the residual stress 

caused by welding processes for carbon steel. Carbon steel is an alloy of iron and carbon with 

additional elements such as Si, Mn, P, S, and Cu. This type of carbon steel is commonly used 

in industries such as construction, petrochemical, shipping, oil and gas industries, and other 

similar industrial sectors [6]. This study is intended to analyze the effect of preheating on 

residual stress, crystal orientation, and texture in the Shield Metal Arc Welding (SMAW) 

process for ASTM A572 Grade 42 material as one of low-carbon steel. The result of the study 

can be used as an additional reference or important information for the welding, especially 

related to preheating treatment in the welding process. 

II. Material and Methods  

1. Material 

The material used in this study was low-carbon steel ASTM A572 Grade 42. ASTM A572 

Grade 42 steel material or commonly referred to as ST-42 Steel, is one type of material included 

in low carbon steel because it has a carbon content of less than 0.25%; the complete chemical 

composition of this low carbon steel is shown in Table 1. This type of steel is widely used in 

engineering structures, piping support construction, construction steel structures, bridge 

structures, construction machinery, mining machinery, frame structures for vehicles, trucks, 

even for manufacturing pressure vessels, jackfruit etc. This is because the technical 

specifications of this material can meet the technical requirements needed in manufacturing 

these components, such as strength, ductility, toughness and also good weldability of the 

material. 
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Table 1: Chemical Composition of ASTM A572 Grade 42 Materials [7]  

Grade Carbon  Manganese Phosphorus Sulfur Silicon 

 Max (%) Max (%) Max (%) Max (%) Max (%)1 Range (%)2 

42 [290] 0.21 1.353 0.04 0.05 0.40 0.15-0.40 

Notes: 

1. Plate to 40mm thickness, shapes with flange or leg thickness to 75mm inclusive, sheet piling, bars, zees 

and rolled tees. 

2. Plates over 40mm thick and shapes with flange thickness over 75mm. 

3. For each reduction of 0.01 percentage point below the specified carbon maximum, an increase of 0.06 

percentage point manganese above the specified maximum is permitted, up to a maximum of 1.60 %. 

Table 2: Mechanical properties of ASTM A572 Grade 42 materials [7]  

Grade Yield point, min Tensile strength, min Minimum elongation % 

ksi MPa ksi [MPa] in 200mm in 50mm 

42 [290] 42 290 60 415 20 24 

2. Welding Method 

The welding method used in this study was SMAW, which uses an electric current that 

forms a current arc and webbed electrodes. In the SMAW welding method, a protective gas 

occurs when the membraned electrode melts, so in this process, no inert gas pressure is needed 

to remove the influence of oxygen or air that can cause corrosion or bubbles in the welding 

results. The welding process occurs because of the resistance of electric current flowing between 

the electrode and the welding material which causes heat to reach 3000oC, thus making the 

electrode and the material to be welded melt. The SMAW welding method is electric arc welding 

using webbed electrodes (flux). The function of flux in this welding is to form a slag above the 

weld results which functions as a protector of the weld from air (oxygen, hydrogen, etc.) during 

the welding process [8].  

SMAW welding is the most widely used welding process in metal fabrication due to the 

low cost of procuring welding equipment, flexibility, portability, and versatility. For example, 

SMAW welding machines can use a simple transformer with a voltage of 110 volts that can be 

plugged into a regular electrical outlet. Electrodes are also available from manufacturers in 

packages ranging from 1 lb (0.5 kg) to 50 lb (22 kg). The SMAW process is very flexible and 

versatile because the same SMAW welding machine can be used to create a wide variety of 

welded joint designs in different types and thicknesses of metal and can be used for welding in 

all positions [9]. The welding machine used in this study is Miller OM-233 381L, which has 

rated output of 400 A/ 36 VDC and Ampere range of 60 - 400 A, while the electrode used AWS 

A5.1.E7016. 

3. X-Ray Diffraction  

The residual stress testing used in this study is based on ASTM E1426 standardization using 

the X-Ray Diffraction (XRD) method. The device used to perform this XRD test is the MiniFlex 

Benchtop model which is a versatile diffraction analysis instrument that can determine 

crystalline phase (phase ID) and quantification, percent (%) crystallinity, crystallite size and 
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strain, lattice parameter, Rietveld and molecular structure. Specimens for the XRD are taken 

from the sample for both weld metal and HAZ areas, refer to Figure 1. 

 

Fig. 1. Specimen for XRD for weld metal and HAZ areas 

Upon completion of XRD test, the calculation of residual stress is carried out using the 

Bragg formula based on the value (distance) of the grid “d” determined using “d reference” 

(do). The “d reference” value is taken from the area that does not deform from the XRD 

measurement in the base metal area. Where the value of “d” hkl is obtained from Bragg's 

formula as shown in Eq. (1) [10]: 

λn = 2d Sinθ          (1)  

Furthermore, the strain value of the grid can be determined by the Eq (2), deviation of the grid 

distance d and the tension-free grid distance d0   [10]: 

𝜀 =
𝑑−𝑑0

𝑑0
=

sin 𝜃0

sin 𝜃−sin 𝜃0
           (2)  

After obtaining the strain value, then the residual stress value can be calculated using Eq. (3) 

[10] : 

𝜎 =  
𝐸

(1+𝑣)
 [𝜀𝐴 +

𝑣

(1−2𝑣)
(𝜀𝐴 + 𝜀𝐵 + 𝜀𝐶)]      (3)  

The residual stress calculation is carried out with the value of modulus of elasticity and 

Poisson Ratio obtained from the mechanical properties data of the base metal, with the value of 

(E) = 200 GPa, and Poisson (v) Ratio = 0.28. ℇA, ℇB, and ℇC are the strains measured in the 

corresponding directions. In this case, the strain value is using one direction as calculated in Eq. 

(2). 

4. Crystal Orientation  

The XRD is used to determine the orientation of crystals which include crystal size, 

microstrain, and dislocation. The crystal size is determined using the Scherrer formula which is 

represented as Eq. (4)  [11]:  

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
          (4) 
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To determine the lattice strain value can be calculated from the Full Width at Half Maximum 

(β) of the diffraction peak. The relationship between particle size and lattice strain can be 

estimated by Eq. (5) [12]: 

𝜀 =
𝛽

4 tan 𝜃
         (5) 

Meanwhile, dislocation can be calculated by Eq. (6), the length of the dislocation line per unit 

volume of the crystal [13]: 

𝛿 =
1

𝐷2          (6) 

5. Texture 

Texture data is obtained from the result of X-Ray Diffraction measurement which is 

processed using QualX software and MAUD software. The texture diffraction pattern in 2 

(range 10o-90o and step size 0.0170o with X-ray source electrodes of copper metal (Cu) having 

a wavelength (λ) of 0.15406 Å. The texture is plotted into two parts, namely “pole figure” and 

“inverse pole figure” based on ND (Normal Direction), TD (Transverse Direction), and RD 

(Rolling Direction).  

III. Result and Discussion 

1. Residual Stress 

The XRD measurements provided two-axis data, namely "X" which describes the angle of 

2 theta and the axis "Y" which describes intensity. From the calculation of residual stress, it was 

found that there is a shift in diffraction patterns from the reflection of the area on each specimen. 

Base metal becomes a basis or reference point on this diffraction pattern as it was not affected 

by heat during the welding process. From the shift in the diffraction peak, it shows a change in 

the distance between the areas of the crystal lattice in the measurement area, which is caused by 

the residual stress on each material.  

    

 
Fig. 2. Pattern of diffraction (a) HAZ (b) Weld metal 

The pattern of diffraction in Figure 2 shows that there is tensile residual stress for specimens 

without any treatment indicated by the peaks shifted to the left. While for specimens with 

preheating treatment both specimens show that the patterns of diffractions are shifted to the 
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right. This means the preheating treatment causes compressive residual stress. In line with the 

pattern of diffraction in Figure 3: when the tensile residual stress is occurred, then the d spacing 

increases and the diffraction peak shifts to a lower angle, while when the compressive residual 

stress is occurred, d spacing decreases and the diffraction peak shifts to a higher angle [14]. The 

tensile residual stress occurs due to shrinkage when the metal is freezing; freezing starts from 

the side of the metal that does not melt so that the weld metal is attracted when shrinkage occurs. 

The presence of compressive residual stress on the surface of the material will increase 

resistance of the material to the stress corrosion and fatigue lives, while tensile residual stress 

has the opposite effect, which poses a serious threat to the performance and service life of 

welded materials because it triggers dimensional instability, reduces strength and various forms 

of failure (cracking) [15] and also reduces the resistance of material to the corrosion [16].  

 

Fig. 3. Result of the residual stress calculation 

Referring to Figure 3, it shows the result of the calculation for residual stress using Bragg’s 

formula. Specimen without any treatment has a higher value of residual stress than specimen 

with preheating treatment before starting the welding process.    

2. Crystal Orientation 

Based on the result of the XRD measurement, as shown in Figure 5, it shows the 3 

specimens have 3 peaks of diffraction with the area of orientation [110], [200], and [211]. 

Crystal orientation, including crystal size, microstrain, and dislocation, are shown in Tables 3 

and 4. Referring to Table 3 and 4, it shows that all areas [110], [200], and [211] for 2 specimens 

have various values of crystal size, microstrain, and dislocation. The highest value of crystal 

size was on specimen 1 in HAZ area [211] with value of 42.285. The highest value for 

microstrain was also on specimen 2 on weld metal area [110], while the highest value of 

dislocation was on specimen 2 on weld metal area [110]. Peaks diffraction with high intensity 

tends to go to a smaller angle and may increase the FWHM. A smaller diffraction angle on the 

crystal area results in an expansion of the distance in the lattice strain [17]. Increasing lattice 

strain value due to the increase in crystal size and agglomeration of particles is caused by the 

heat during welding processes [18]. The dislocation will form a closed loop inside the crystal 

or surface up to the difference in slip level along the dislocation line. The greater dislocation 

density value will result in an atomic vacuum, which in these conditions allows defects to arise. 

High dislocation density occurs due to the manufacturing processes [19]. The movement of 
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dislocation will also encounter obstacles, forming a dislocation loop and giving rise to new 

dislocations continuously, causing the proliferation of dislocations. 

   
(a)              (b) 

Fig. 4. Pattern of diffraction (a) Area HAZ, (b) Area weld metal 

Table 3. Crystal size, microstrain, and dislocation for HAZ 

Specimen hkl 
2 Theta 

(o) 
FWHM 

Crystal 

size (nm) 
Microstrain Dislocation 

1  

(No Treatment) 

110 44.204 0.496 18.055 5.329 3.068 

200 64.640 0.300 32.728 2.069 0.934 

211 82.000 0.260 42.285 1.305 0.559 

2  

(Preheating) 

110 44.401 0.351 25.532 3.753 1.534 

200 64.910 0.380 25.877 2.607 1.493 

211 82.140 0.750 14.674 3.755 4.644 

Table 4. Crystal size, microstrain, and dislocation for weld metal 

Specimen hkl 
2 Theta 

(o) 
FWHM 

Crystal 

size (nm) 
Microstrain Dislocation 

1  

(No Treatment) 

110 44.359 0.367 24.415 3.928 1.678 

200 64.890 0.370 26.573 2.540 1.416 

211 82.178 0.310 35.513 1.551 0.793 

2  

(Preheating) 

110 44.554 0.639 14.032 6.806 5.079 

200 64.900 0.700 14.047 4.804 5.068 

211 82.170 0.620 17.755 3.103 3.172 

 

3. Texture Analysis 

The texture is plotted from MAUD software into two parts, which are “Pole Figure” and 

“Inverse Pole Figure” based on ND (Normal Direction), TD (Transverse Direction), and RD 

(Rolling Direction). The texture for specimen 1 (no treatment) and 2 (preheating) for both HAZ 

and Weld Metal are shown in Figure 5. 

[110] 

[200] [211] 

[110] 

[200] [211] 
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(a)  
 

 

(b)  

Fig. 5. Pole figure and inverse pole figure specimen 1 (a) Weld metal (b) HAZ 

Figure 5 shows the distribution of crystal orientation with various values for specimen 1, 

which is a specimen without any treatment before and after welding processes. For the area 

[110] on the diffraction angle 44.20o (HAZ), 44.36 (WM), and [211] on the diffraction angle 

82.00o (HAZ), 82.34o have density 1.0000057 for HAZ and 1.012 for weld metal, with crystal 

orientation patterns in less density. Area [200] on the diffraction angle 64.64o (HAZ) and 64.89o 

(WM) has density between 0.952 to 1.042 with denser on crystal orientation patterns. The 

crystal orientation pattern with less density may affect the vulnerable areas for cracking in the 

material.  
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(a)  

 

(b)  
 

Fig. 6. Pole figure and inverse pole figure specimen 2 (a) Weld metal (b) HAZ 

Figure 6 shows the distribution of crystal orientation with various values for specimen 2 

which is specimen with preheating treatment prior to the welding processes. For the area [110] 

on the diffraction angle 44.40o (HAZ), 44.55o (WM), and [211] on the diffraction angle 82.14o 

(HAZ), 82.17o have density 1.017 for HAZ and 1.0012 for weld metal, with crystal orientation 

patterns in less density. Area [200] on the diffraction angle 64.91o (HAZ) and 64.90o (WM) has 

density between 0.930 to 1.061 (HAZ) and 0.9951 to 1.0042 with denser on crystal orientation 

patterns. The crystal orientation pattern with less density may affect the vulnerable areas for 

cracking in the material.  

Pole figure for the area [200] shows texture movement due to plastic deformation formed 

because of atomic dislocation [20]. Atomic dislocation allows the material to change shape 

when pressure or stress is applied whereby the material will fracture or crack without damaging 

the basic crystal structure [21]. Furthermore, it allows the dislocation to move in the direction 
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of the RD (rolling direction) so that the slip line in the wave-shaped plane is difficult to identify. 

The area [110] and [211] have high probability to have weak texture due to sudden change in 

atomic structure at a low stress level and irregular crystallographic form so that it is prone to 

have defects [22]. This condition affects the mechanical properties of the material which include 

the strength and toughness of the material. The crystal probability should be controlled to 

maintain material integrity including its mechanical properties by controlling the processes 

during fabrication, construction of manufacturing of the material [23].  

The comparison of density of texture for specimen 1 (no treatment) and 2 (preheating) is 

shown in Table 5. 

Table 5. Density of the texture 

hkl 

Density 

Specimen 1 (no treatment) Specimen 2 (Preheating) 

WM HAZ WM HAZ 

[110] 1.012 1.0000057 1.0012 1.017 

[200] 0.9999 – 1.000 0.952 to 1.042 0.9951 to 1.0042 0.930 to 1.061 

[211] 1.012 1.0000057 1.0012 1.017 

Normal direction (ND) is the through-thickness direction where the mechanical properties 

of the material are different from rolling direction (RD) and transverse direction (RD) [24]. 

Normal direction (ND) indicates an increase in intensity and the poles are evenly distributed so 

that they experience texture deformation and the presence of high stress that occurs at the grain 

boundary which can eliminate mechanical anisotropy [25]. Rolling direction (RD) and 

transverse direction (RD) have a relatively low polar density distribution and a small texture 

that undergoes plastic deformation so that it has anisotropy properties that affect yield strength 

[26]. The properties of anisotropy will affect material properties such as elasticity, yield 

strength, electrical conductivity, piezoelectricity, magnetic susceptibility, light refraction, and 

wave propagation [27]. 

IV. Conclusions 

Residual stress as part impacts of the welding process for low carbon steel ASTM A572 

Grade 42 can be reduced by providing heat treatment before begins the welding process. 

Preheating prior to starting the welding processes resulted in reducing the residual stress. 

Furthermore, preheating treatment also shifted the peak diffraction to the right side which means 

the heat treatment effecting compressive residual stress rather than tensile residual stress. For 

crystal orientation, the highest peak diffraction was found in the area [110] with the highest 

intensity. However, the area [200] averagely has a bigger crystal size and lower microstrain and 

dislocation. While the area [110] averagely has a smaller crystal size and higher microstrain and 

dislocation on both HAZ and weld metal areas. Among these 2 variants, specimen 1 has the 

biggest crystal size in HAZ area [211] with value of 42.285. The highest value for microstrain 

was also on specimen 2 on weld metal area [110], while the highest value of dislocation was on 

specimen 2 on weld metal area [110]. For texture, the area [200] in all specimens for both weld 

metal and HAZ areas shows the textures with the highest density due to plastic deformation 
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occurs due to atomic dislocation. While areas [110] and [211] have weaker texture due to the 

sudden change in atomic structure at a low-stress level and irregular crystallographic so that it 

is prone to defects. To have more comprehensive data on the effectiveness of preheating in 

reducing the residual stress and its effect on the crystal orientation and texture, a further study 

may be required with variants in temperature and duration of preheating. The sample of study 

may be chosen from different types of low carbon steel. 
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