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Abstract 
 

The use of DOMEX 700 MCTM steel weldments is still little explored, due to some concern of the validity of the rules imposed by sever-

al standards and Codes for this class of steel. This material has low ductility and consequently the relation between tensile strength and 

yield strength is significantly lower than ordinary structural steels. For this reason, the instability phenomena are more critical than the 

instability phenomena of ordinary structural steels. Therefore, the aim of this study was to obtain detailed data on the mechanical effi-

ciency of joints welded by GMAW. Six different heat inputs were used on square tubular profiles of TMCP steel. The tubular profiles 

were placed as a column/beam weldment with transverse and longitudinal welds positioned in relation to the loading axis. Twelve weld-

ed structures were instrumented with extensometer and tested in simple bending. Comparing the obtained data, it was verified that longi-

tudinal welded joints presented higher bending strength than transversal welded joints. In the case of longitudinal joints, two weld beads 

were subjected to bending efforts, and in the case of transverse joints, only one weld bead resisted bending forces. 
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1. Introduction 

Steel industry has devoted great efforts to find ways to promote 

the reduction of carbon emission and, by doing so, improve the 

toughness and weldability of steels without compromising its me-

chanical strength [1]. The steel DOMEX 700 MC™, according to 

SSAB TUNNPLAT [2] meets or exceeds the requirements in EN 

10149-2 [3], and commercially fits in this category. These steels 

are produced by a thermomechanical-controlled process (TMCP) 

and they are generally used in applications such as cranes, earth-

moving and road and agricultural equipment, bus chassis and au-

tomotive industries [2]. 

Currently, the knowledge about strength reduction of heat affected 

zone (HAZ) for welded joints using the TMCP steels is insuffi-

cient. It is possible that this reduction of the strength by HAZ 

would decrease the expected (by the designer) mechanical strength 

of the project. Therefore, to avoid failures, it is necessary for the 

engineer to have more precise data about the mechanical proper-

ties of the welded joint [4]. In the current “state of art”, the only 

way to obtain these data is by testing manufactured structures 

using welding procedures as closer as possible to the ones used in 

a real structure. Nevertheless, steel manufacturers do not generally 

provide detailed information about the mechanical efficiency of 

the welded joints. Given these factors, the heat input is strictly 

limited to avoid any reductions in the strength by HAZ. However, 

in this kind of procedure two important factors are usually ig-

nored: the thermal cycling and its effect on the mechanical effi-

ciency of the welded joint [5]. 

Despite the apparent simplicity of the welded joints, finite ele-

ments modeling has shown that the way the load transfer causes 

an extremely complex internal strain systems between their mem-

bers. The strain concentrations produced by welded joints reduce 

the static loading strength and decrease the fatigue strength of the 

connecting members, as well as the intensity of the impact loading 

capacity [6]. When subjected to loading, the welded joints usually 

fracture in the regions of lower hardness of HAZ, as long as HAZ 

strength is lower than the base metal. In order to avoid the me-

chanical properties to be compromised in these kind of welded 

joint steels, some manufacturers recommend heat inputs relatively 

low, i.e., lower than 1 kJ/mm [2]. 

This study aims to determine the effects of heat input on possible 

strength reduction in the heat affected zone (HAZ), and to evalu-

ate the influence of weld bead position on the bending strength of 

welded joints by gas metal arc welding (GMAW) process on “T” 

joints of DOMEX 700 MC™ tubular square profile steel. 

2. Material and methods 

2.1. Base metal 

DOMEX 700 MC™ square tubular profile steels with seam (lon-

gitudinally welded), with dimensions of 100 x 100 mm and 3 mm 

wall thickness were used as base metal (BM). Four samples were 

used to evaluate the mechanical properties of BM. The samples 

were extracted in the rolling direction and tensile tests were per-

formed according to Brazilian Association of Technical Standards 

(NBR) 6892 [7]. Table 1 shows the base metal chemical composi-

tion. 
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Table 1: Chemical Composition of the DOMEX 700 MC™ Steel [5] 

Base Metal Chemical Composition (mass %) 

C Si Mn P S Cr 

0.0678 0.0468 1.98 <0.006 <0.0010 0.041 
Mo Ni Al Co Cu Nb 

<0.005 0.0289 0.0292 0.0163 <0.0100 0.0555 

Ti V W Pb Sn B 
0.106 0.0164 <0.010 <0.0020 <0.0010 <0.0001 

2.2. Welding procedure 

Square hollow sections were welded in the flat position, using 

automatic gas metal arc welding (GMAW) process. A mix of 75% 

Ar and 25% CO2 (25%) with flow rate of 15 l/min was used as 

shielding gas. All the weld beads were made with working angle 

and travelling angle of 0°. Contact tip to work distance (CTWD) 

of 20 mm was used. For the automation of GMAW welding, a 

computerized numerical control (CNC) robot (TARTÍLOPE V4 

model) was used with the multiprocess welding power supply 

(DIGI plus A7 450). Fig. 1 shows the devices used to ensure the 

positioning and fastening of the parts in the flat position. 

Fig. 2 shows the schematic view and cross section dimensions the 

transverse and longitudinal welds. The weld return ends had 10 

mm length. It is also intended to analyze the influence of welding 

on the formed region. 

 

 
Fig. 2: View the Cross Section of the Weld Beads: (a) Transverse Weld; 

(b) Longitudinal Weld. 

 

AWS ER120S-G solid wire (1.2 mm) was used as filler metal, 

resulting in an “overmatching”, i.e., weld metal has greater me-

chanical strength than the base metal [8-10]. Table 2 shows the 

mechanical properties of the filler metal used, according to manu-

facturer [11] and AWS D1.1 [12].  

The six different heat inputs were obtained by varying welding 

speed, voltage and current. Table 3 shows the welding parameters 

used. 

 

 
 

 
Fig. 1: Parts Assembled on the Device and Positioned for Welding: (a) 

Transverse Weld; (b) Longitudinal Weld. 

 
Table 2: Filler metal mechanics properties (minimum values) 

Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) 

Manufacturer AWS Manufacturer AWS Manufacturer AWS 

810 * 900 830 18 * 

* Is not specified; It must be established between the buyer and the suppli-
er. 

 

Data acquisition of thermal cycles of the weld pool were made by 

thermocouples type S, directly positioned on it during welding. 

The thermocouples were connected directly to a 32 channels ac-

quisition system, with an acquisition frequency of 100 Hz. 

 

 

 

Table 3: Parameters Used for the Realization the Weld Beads [5] 

Condition Experiment 
Average Voltage 

(V) 

Average Current 

(A) 

Welding Speed 

(mm/s) 

Average Heat Input 

(kJ/mm) 

Wire Feed Speed 

(m/min) 

Longitudinal weld* 

E1/120 22.5 139 9.2 0.3 

4.0 E2/120 22.2 142 5.0 0.6 

E3/120 22.0 145 3.5 0.9 

E4/120 22.1 136 2.5 1.2 3.7 

E4/120 22.1 129 2.0 1.4 3.5 

E6/120 22.4 113 1.5 1.6 3.2 

Transverse weld* 

E7/120 21.9 141 9.2 0.3 
4.0 E8/120 22.2 148 5.0 0.6 

E9/120 21.9 150 3.5 0.9 

E10/120 22.1 139 2.5 1.2 3.7 
E11/120 22.1 134 2.0 1.4 3.5 

E12/120 22.4 112 1.5 1.6 3.2 

* Denominations in relation to load application direction. All welds were produced in the flat position. 
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2.3. Characterization of welded joints 
For each condition (type of joint and heat input), three samples of 

the welded joint cross section were cut to perform metallographic 

tests, following American Society for Testing and Materials 

(ASTM) E3-95 [13]. After sanding, the samples were etched with 

Nital 2% for approximately 15 seconds. Then, the samples were 

washed with water and dried. The macrophotographies of the 

joints were recorded with a stereo metallographic microscope, and 

the geometry of the welded joints (total weld metal area (WM); 

total HAZ grain coarsening region (GCR) area; throat) were 

measured with “Image J” software. The throat thickness was 

measured according to the procedure indicated in Fig. 3. Then, 

these values were used to determine the area of resistance section 

of the welded joints (throat x weld length). 

 

 
 

 
Fig. 3: Position (Flat) for Welding the Joints: (a) Transverse Joint; (b) 

Longitudinal Joint. 

 

Subsequently, using the same samples, the microhardness profiles 

were performed on welded joints with 500 gf load for 10 seconds, 

following recommendations of ASTM E384-11 [14]. Based on 

macrophotographies and microhardness profiles from different 

regions of the welded joint, it could be inferred its locations. In 

Fig. 4 it is schematically shown the path on which the microhard-

ness was measured on WM, HAZ and base metal unchanged 

(BMU). 

 

 

 
Fig. 4: Schematic Drawing the Line where the Microhardness Profiles 

Were Performed: (a) Transverse Joint; (b) Longitudinal Joint. 

2.4. Simple bending 

The behavior of welded joints, when subjected to bending forces, 

was evaluated by means of a workbench. The bench was equipped 

with an automated hydraulic system for the transmission of the 

efforts.  A portico was built of a rigid steel welded profile for fas-

tening of the structures to be tested in the bench. To assure the 

stiffness of the structure, a column was fixed at both ends. To 

guarantee the transmition of the load to the structure, a bracket 

was fixed and welded on the beam. 

There was also as part of the workbench a data acquisition system, 

which receives information from the extensometer, the linear vari-

able differential transformer (LVDT) and the load cell, and sends 

it to a computer. The strain data from the load cell was received by 

the acquisition system in a Wheatstone full bridge. The measure-

ments of the vertical displacement of the hydraulic cylinder piston 

were performed with the LVDT using the Wheatstone in ½ bridge 

configuration. Using the same system, the specific strain from the 

structure were measured by extensometers Wheatstone ¼ bridge 

configuration and connected with three wires. During the bending 

test, these strains were measured by uniaxial and triaxial (a.k.a. 

rosette) extensometers placed on the beam, with a distance of 30 

mm column or 530 mm of the load application point. 

In the bending test, the structure strain speed, i.e., the loading 

speed, was maintained at 0.2 mm/s and measurements of the test 

terminated after the rupture the structure. Fig. 5 schematically 

illustrates the weldment dimensions, as well as loading point, and 

positioning location of extensometers and LVDT. 
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Fig. 5: (a) Assembly Mounted on Fixation Portico, Being Subjected to 
Simple Bending; (b) Schematic Drawing of the Simple Bending Test [5]. 

 

Thus, on the upper plan of the beam the specific strains are ac-

quired (εx) through an uniaxial extensometer, and the normal 

stresses are calculated by Hooke’s formula (σx=E.εx). The 

stress/strain shear is obtained by the Equations 1 and 2, from the 

strains measured by the triaxial extensometers that are on the side 

plane of the beam, as presented in Fig. 5. Note that εa is in the 

longitudinal beam direction, or “X”, and εc the 90° or “Y”, and the 

εb 45° [15], [16]. 

 

τ1,2 = [
E

2
 (

εA + εc 

1−v
) ±

1

1+v
 √(εA − εc )

2 + (2εB − εA −  εc )
2]    (1) 

 

ε1,2 = (
εA + εc 

2
) ±

1

2
 √(εA − εc )

2 + (2εB − εA −  εc )
2              (2) 

3. Results and discussions 

3.1. Microhardness and cooling rates (Δt8/5) 

The transverse microhardness profile for the longitudinal weld 

bead with 0.3 kJ/mm and 1.6 kJ/mm is shown in Fig. 6, as func-

tion of distance from the weld bead centerline. Through this, it has 

been identified the base metal unchanged (BMU), the curved base 

metal (CBM, the corners of the tube), the weld metal (WM) and 

HAZ. 

 

 

 

 

 

 

 

 

(a) 

 
 

(b) 

 
Fig. 6: Microhardness Profile for the Longitudinal Joint Weld Bead: (a) 

0.3 kJ/mm; (b) 1.6 kJ/mm. 

 

The HAZ identified by microhardness profile in Fig. 6 is the result 

of microstructural changes in BM associated with the thermal 

cycles during welding. Therefore, they have presented different 

microstructures from each other, beyond microhardness and me-

chanical properties different [17]. It is observed in Fig. 6 an accen-

tuated decline in the hardness in HAZ and an increase in base 

metal on the corner or curve (CBM) when compared to the base 

metal in the non-formed region (BMU). Another evident fact is 

the existence of microhardness gradient in HAZ; that phenomenon 

is a consequence of the temperature gradient developed during 

welding [18]. 

The cooling time between 800 °C and 500 °C is often used in 

welding. The reason is that the cooling rate of the welded joint is 

very important to determine its microstructure and mechanical 

properties [2], [18], [19], especially in HAZ [20]. The local micro-

structure and the properties of any point along the weld bead are 

determined by the thermal cycle undergone at the point in ques-

tion, with the peak temperature decreasing as distance from the 

weld bead center line increases [18], [21]. Fig. 7(a) presents the 

relationship between the heat input and weld metal cooling rate 

(Δt8/5). Fig. 7(b) lists the minimum microhardness WM and HAZ 

with weld metal cooling rate (Δt8/5). 

 

 
 

 
Fig. 7: (a) Δt8/5 X Heat Input; (b) Δt8/5 X Microhardness (Minimum) WM 
and HAZ. 

 

The values Δt8/5 shown in Fig. 7(a) increased proportionally to the 

elevation in heat input, i.e., the higher the heat input, lower is the 

cooling rate WM. It can be observed in Fig. 7(b) that the higher 
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the Δt8/5 in the weld metal, the lower the microhardness measure in 

the HAZ and WM. Therefore, probably the main factor for the 

microhardness reduction in the HAZ and WM was the heat input 

increase, as the results presented by [17], [20], [22], and [23]. 

3.2. Geometry of joints 

The cross section area (WM and GCR of HAZ) of the longitudinal 

and transverse welded joints is shown in Fig. 8 as function of heat 

input. It is observed in these figures, the area of the WM and GCR 

of HAZ increases as the heat input raises, regardless the type 

welded joint. This explains why the heat input is inversely propor-

tional to the welding speed. Consequently, with the reduction of 

the welding speed there is an increase in weld metal deposited per 

unit of time. However, the area the GCR of HAZ of the transverse 

welded joints with heat inputs higher than 0.6 kJ/mm were superi-

or to longitudinal welded joints. That happened because heat does 

not have enough area to be spreaded, since the plate thickness is 3 

mm, thus, the GCR of the longitudinal welded joints becomes 

restricted, but dominant. 

 

 

 
Fig. 8: (a) WM Cross Section Area X Heat Input; (b) Grain Coarsening 

Region (GCR) HAZ Area X Heat Input. 

Fig. 9 shows the influence of heat input on the throat of the welds. 

As indicated in this figure, the throat of the transverse welded 

joints had a considerable increase between 0.3 to 1.4 kJ/mm, as 

occurred (small) reduction with 1.6 kJ/mm. Only longitudinal 

welded joints with 0.3 kJ/mm did not present complete penetra-

tion. All longitudinal welded joints with higher heat inputs were 

welded with complete penetration or excessive penetration; the 

throat was the same in all the cases and, therefore, they have iden-

tical resistance sections. 

 

 
Fig. 9: Throat as a Function of Heat Input. 

 

The measures presented in this subsection must be taken into ac-

count, precisely because they interfere directly with the bending 

strength of the welded joints. As can be observed, the WM area 

increase contributed to enlarge bending strength of welded joints, 

as long as the area of the resistance section keeps expanding. From 

a certain point on, the area of the resistant section does not in-

crease with the further higher heat inputs. What happens is only a 

reduction of microhardness and an enlargement in the HAZ area. 

In function of these factors, the structural integrity of welded 

joints can be impaired when used very high heat input, as the 

“notch effect” promoted in the regions of lower microhardness is 

higher and the probability of failure in this region increases [5]. 

3.3. Strength of welded joints to simple bending 

The data relating to the maximum force supported by the struc-

tures and the strains measured are presented in Table 4, as func-

tion of heat input. The main strains acquired by electrical re-

sistance extensometers relate to the force applied and the normal 

and shear stresses of rectangular tubular profiles on their upper 

and left lateral plans for different heat inputs. The strain, force and 

stress values will be shown. They refer to the exact moment of the 

rupture, a fact easily verified through the force/strain records ac-

quired during the test, by the sudden reduction of the force exerted 

on the load cell. The table below also presents the average areas of 

resistant section “AS” (from the considered welded joints), i.e., the 

addition of the length products of each side of the profile to the 

respective welded joint throat [12]. 

The results presented in Table 4 show that the longitudinal and 

transverse welded joints have progressively increased the ultimate 

rupture force, as the heat input is elevated up to 1.2 kJ/mm. With 

this heat input, the bending strengths of the longitudinal weld 

joints (E4/120) and transverse (E10/120) are 62.0% and 16.2% 

higher than those welded with 0.3 kJ/mm (E1/120 and E7/120), 

respectively. It can also be seen in this table that: (a) heat inputs 

exceeding 1.2 kJ/mm apparently are not effective to increase the 

bending strength of the joints in concern, from this heat input on, 

the observed force values are very close; (b) the longitudinal weld 

joints (E4/120) exhibited bending strength 23.8% higher than 

transverse welded joints (E10/120). 

 

 

 
 

 

 

 

Table 4: Maximum Forces Supported by the Structures and Strain Measures, Resulting Shear Strain and Normal 

Experiment 
Average Heat 

Input (kJ/mm) 

Average Area of the 

Section Resistance (mm2) 

Maximum Force Supported 

by the Structure (kN) 

Shear (max.) * Normal (max.) 
Stress 

(MPa) 

Strain 

(mm/mm) 

Stress 

(MPa) 

Strain 

(mm/mm) 

E1/120 0.3 471 34.5 224.6 0.00093 -511.9 -0.00243 

E2/120 0.6 600 38.1 235.7 0.00118 -832.7 -0.00396 
E3/120 0.9 600 40.0 409.4 0.00184 -1072.9 -0.00511 

E4/120 1.2 600 40.1 436.1 0.00195 -1139.6 -0.00542 

E5/120 1.4 600 40.3 462.5 0.00211 -1294.2 -0.00616 
E6/120 1,6 600 39.5 378.8 0.00173 -922.1 -0.00472 
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E7/120 0.3 584 20.0 51.0 0.00024 -234.3 -0.00111 

E8/120 0.6 720 22.7 59.2 0.00020 -330.9 -0.00157 

E9/120 0.9 799 29.4 67.5 0.00025 -424.1 -0.00202 
E10/120 1.2 900 32.4 99.7 0.00044 -676.7 -0.00322 

E11/120 1.4 968 32.4 85.7 0.00033 -616.3 -0.00293 

E12/120 1.6 839 31.2 70.7 0.00033 -541.8 -0.00258 

* The normal stress/strain is negative due to the uniaxial extensometer to be subjected to compressive forces. 

 

As consequence of welding, the designers and welding engineers 

should be aware to the possible mechanical strength drop of the 

welded joints. The American Institute of Steel Construction 

(AISC) [9] and American Welding Society (AWS) D1.1 [12], 

among other sources, can be followed for the design of weld-

ments, being all of them based on simplifications [6]. Further-

more, it is not enough at all the weld and base metals meet the 

toughness levels and ductility required by various standards and 

codes, since these results do not adequately represent the actual 

situations in which the various welded structures undergo [4]. 

Moreover, through the elementary theory of strength of materials, 

it is possible to calculate the normal stress (σ=M.c/I) and shear 

[τ=V.Q/(I.2t)] acting on beams, where “M” is the moment, “c” the 

distance from the neutral axis to considered position, “I” is the 

moment of inertia, “V” the shear force, “Q” static moment in rela-

tion to the neutral line the transverse beam section located above 

the position considered and “t” the wall thickness the tube in this 

section [15], [16]. Thus, through a simple analysis of the above 

equations, it seems that the moment is predominant and not the 

shear strain, although these equations do not take into account the 

heat input with which the welded joints were produced. Besides, 

analyzing the Table 4 it can be noticed that normal strains are 

much higher than the shear ones. 

4. Conclusions 

Within the experimental limits of the present work and according 

to the results obtained, the following conclusions can be drawn: 

 The thermal cycling acquired by inserting thermocouples 

type “S” in the weld pool showed that the cooling time be-

tween 800 and 500 °C increased proportionally with the el-

evation of heat input, independently to the type of joint. 

This increased interval Δt8/5 helped to reduce the microhard-

ness and enlarge the area of HAZ. 

 Comparing welded joints with the same heat input, the lon-

gitudinal ones were more resistant than the transverse ones. 

 The heat input is the predominant factor in the bending 

strength of welded structures in this investigation, but only 

while significantly increasing the area of the resistance sec-

tion of the welded joint (throat product by weld length). 

 The BM and WM microhardness were higher than those of 

HAZ. However, the use of relatively higher heat inputs do 

not benefit the bending strength of welded joints, because 

there is a reduction of microhardness and expansion the area 

of HAZ in this case. 
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