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In Gas Metal Arc Welding (GMAW), the applied thermal cycle will 

cause a change in the chemical composition and structure of the 

welded zone compared to the base metal (BM). As a result, it causes 

changes in mechanical properties including fatigue strength. This 

research investigates the tensile test, hardness, and fatigue properties 

of A36 low-alloy marine steel with high tensile strength. For this 

purpose, A36 low-alloy marine steel was welded by the GMAW 

method. After performing the mechanical tests, the structural 

examination was done by optical microscope (OM) and Atomic 

Force Microscope (AFM) on the welded samples. The obtained 

results show that the fatigue strength of the weld has decreased 

compared to the base metal by creating coarse and heterogeneous 

grain structures, which are caused by the effects of the mentioned 

items in the weld metal. Microstructural defects in the weld metal 

caused cracks germination and accelerated crack growth. So that the 

fatigue strength of the weld metal was lower than that of the BM. 
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1. Introduction 
Fatigue is one of the main failure factors in welded 

structures, which occurs due to the application of 

alternating forces lower than the ultimate strength 

(UTS) and often lower than the yield point [1]. 

Fatigue criteria should be considered when designing 

and producing welded structures. In the design step, 

the geometry and loading force of Gas Metal Arc 

Welding (GMAW) welded samples is one of the 

essential parameters [2]. GMAW welding defects are 

unavoidable in welded structures and these defects 

have significant effects on the strength of welded 

marine structures [3,4]. Fatigue life prediction of 

welded joints is expensive, time-consuming, and 

requires repeated testing. These complications are 

caused by the weld complex geometry, stress 

concentration, and heterogeneity of weld metal 

properties [5,6]. Therefore, to avoid the complicated 

and expensive method, traditionally, weld joins life 

used in marine structures is performed by the stress-

life curve (S-N) [7,8]. To increase the strength in 

marine structures, A36 steels are usually used with 

higher tensile strength and fatigue resistance than 

plain carbon steel. A36 steel is a kind of low-carbon 

steel. Low-carbon steels with less than 0.3% carbon 

by weight are classified in this category. This allows 

A36 steel to be easily machined, welded, shaped, and 

used as general-purpose steel [9]. Low carbon also 

avoids the effect of heat treatment on A36 steel. A36 

steel usually also contains small amounts of other 

alloying elements, including manganese, sulfur, 

phosphorus, and silicon [10]. These alloying 

elements are added to create specific chemical and 

mechanical properties. Since A36 steel does not 

contain much nickel or chromium, its corrosion 

resistance is not high. This problem is one of the 

prominent features of A36 steel chemical 

compounds. GMAW welding is a complex process 

that, by applying thermal stresses, solid phase 

transformation, leads to metallurgical changes, and 

this causes a local increase in stress [11]. Due to non-

uniform temperature gradient and thermal expansion 

and contraction, which causes local plastic 

deformation during the GMAW welding process. In 

addition to these residual stresses, different and 

unavoidable discontinuities in GMAW welding 

create places for the germination and growth of 

fatigue cracks. Fatigue cracks in such places easily 

germinated and grow, which reduces the lifetime of 

the sample [12]. In the GMAW welding process, 

mechanical and metallurgical defects and structural 

changes can be suitable places for the germination 

and growth of fatigue cracks [13]. Fatigue cracks 

usually germinate and grow from the surface or the 

place of internal defects [14]. 

Marine structures are affected by hydrodynamic 

forces caused by water turbulence, hence the issue of 

fatigue in these structures is raised and the 

phenomenon of fatigue and its investigation in ships 

and marine structures is of particular importance. In 

this research, the fatigue properties in the GMAW 

process on the marine structures on A36 low-alloy 

sheets (used in the petrochemical industry) have been 

investigated. In this research, for the first time, the 

fatigue properties of marine structures on A36 low-

alloy sheets connected by GMAW welding operation 

have been discussed. 
 

2. Experimental method 
MIG welding is a type of welding, also known as 

GMAW. In this type of welding, the electric arc 

creates a heat source that is created by the 

consumable electrode. The consumable electrode 

used in this process is made of metal, and the arc 

created between them causes the part to heat up. The 

gas used in this type of process is an inert gas, such 

as helium or argon. In this research, A36 low-alloy 

steel sheets with high tensile strength, widely used 

steels in the marine industry, were used. GMAW 

welding (Figure 1) electrode used is to AWS/ASMS 

SFA-5.28 (ER 80S-G ER80S-Ni1) type with high 

tensile strength. The thickness of the sheets is 10 mm 

and the diameter of the used electrode is 2 mm, which 

is presented in Table 1 with both chemical 

compositions. To determine the chemical 

composition, the samples were chemically analyzed 

using optical emission spectrometry (OES). Table 2 

showed the mechanical properties of A36 steel and 

GMAW electrode. The AWS/ASMS SFA-5.28 (ER 

80S-G ER80S-Ni1) electrode contains nickel, 

chromium, and copper alloys used for GMAW 

welding resistant to atmospheric corrosion, and due 

to its mechanical properties, it is suitable for welding 

steels with high resistance and impact. This wire can 

be used with Co2 gas and other gas mixtures such as 

Ar gas with 5 ~ 25% Co2. The AWS/ASMS SFA-

5.28 (ER 80S-G ER80S-Ni1) electrode was heated in 

an industrial furnace to a temperature of 350 °C for 

two hours. After GMAW welded the samples, 

samples electrical discharge machining by a 

magnetic saw. Table 3 shows the conditions and 

process characteristics of the current research. 
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Fig. 1. GMAWed schematic 

 

Table 1. Chemical composition of A36 steel and GMAW electrode 

 Fe P S Ni Mn Si C Cu 

A36 steel Bal 0.04 0.05 -- 0.62 0.42 0.25 0.20 

AMA 80-12M Bal < 0.02 < 0.02 2.3 1.2 0.5 0.08 -- 

 

Table 2. Mechanical properties of A36 steel and GMAW electrode 

 Compact strength Elongation Yield stress Tensile strength 

Unit Joule % N/mm 2  N/mm 2  

A36 steel > 54 20 250 550 

AMA 80-12M > 47 > 22 > 460 550-700 

 

Table 3. Conditions and process characteristics of the current research 

Ex Speed welding (cm/min) Number pass repeatability Welding type and approval 

#1 0 0 0 0 

#2 7.63 3 2 Visual test (VT) 

#3 8.14 6 2 Visual test (VT) 
#4 8.02 9 2 Visual test (VT) 

 

In the following, the mechanical properties including 

tensile test, hardness and fatigue were investigated. 

After performing the mechanical tests, structural 

examination was performed by optical microscope 

(OM) and atomic force microscope (AFM) on the 

welded samples. The ASTM E8M standard defines 

test methods and requirements for determining the 

stress-strain relationship of materials using uniform 

tensile tests. To check the fatigue strength of samples, 

yield strength and ultimate strength of samples 

should be measured. For this purpose, a tensile test 

was first performed on seven samples (#1, two #2, 

two #3, and two #4) as shown in Figure 2. Seven 

samples were subjected to a tensile test by STM 400. 

According to the ASTM E466 standard, to perform 

the fatigue test, the maximum force used for failure 

should be selected based on the UTS strength of the 

sample [15]. All fatigue tests were performed under 

direct axial loading on a servo-hydraulic fatigue test 

machine under load control and at ambient 

temperature (approximately 20°C). The samples 

were loaded by the STM 400 fatigue testing machine 

in the form of tension-compression. According to the 

final strength of the samples, the maximum force 

applied to them was determined. According to the 

ASTM E466 standard, the fatigue cycle at R=-1 was 

considered as maximum and minimum [16]. 
 

3. Results and discussion 

3.1. Tensile test 
Tensile samples failed due to necking and stress-

strain curves were obtained as shown in Figure 3. The 

necking area at the point of plastic instability where 

the increase in strength due to work hardening is 

reduced to compensate for the reduction in the cross-

sectional area. According to the data obtained in the 

tensile test, based on the ultimate strength (UTS), the 

stresses applied to the fatigue samples were 

determined. By comparing the results of the tensile 

strength of the weld metal and the base metal, it is 

clear that the tensile strength of the weld metal was 

lower than the tensile strength of the base metal. UTS 

is 3 passes, A36 steel base metal, 6 passes, and 9 

passes respectively. 
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Fig. 2. Samples prepared in GMAWed 

 

 
Fig. 3. Stress-strain curve 

 

3.2. Fatigue test 
Fatigue test samples were prepared from welded 

sheets according to ASTM E466 standard in seven 

samples so that the weld metal was placed in the 

center of the sample. A fatigue test was performed in 

the form of tension-compression at the frequency of 

3 Hz and R = -1 on the samples. In the welded 

structures, due to the thermal cycle, the structure of 

the weld metal changes compared to the base metal, 

and thermal contraction after GMAW welding causes 

the creation of heterogeneous and hard structures in 

the weld metal. These heterogeneous structures in the 

weld metal are prone to fatigue cracking compared to 

the base steel which has a uniform structure. 

Therefore, the place of failure has been often in the 

GMAW welding area. Therefore, all samples cracked 

and fractured with an inclined angle and from the 

weld zone (Figure 4). 
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Fig. 4. Type and slope in fatigue/UTS diagram 

 

Table 4. Result tension-compression 

 Cycles Number 

Samples #1 #2 #3 #4 

Results 

 

32244 113298 98520 100045 

117053 99362 105324 

Stress  (MPa) 400 400 450 500 
 

 

 
Fig. 5. Stress-cycle curve 

 

Due to the dispersion of data in the fatigue test, two 

samples were tested at each stress level and the 

number of cycles obtained at each stress level was 

recorded according to Table 4. Based on these 

results, the stress-cycle curve was obtained 

according to Figure 5. 

As can be seen from the fatigue diagram, as the 

applied stress decreases, the number of failure cycles 

increases, but the fatigue strength of the weld metal 

is lower than that of the A36 steel. The comparison 

of the results of the tensile test in the weld sample and 

the base steel was consistent with the results obtained 

from the fatigue test. In the welded parts, due to the 

subsurface defects, which are part of the intrinsic 

defects, less time and number of cycles are spent on 

crack initiation. As a result, the major part of the 

fatigue life in such parts is spent on crack growth and 

propagation until the final failure. In non-welded 

steels, about 90% of the fatigue time until the 

occurrence of the final failure is related to the fatigue 

crack initiation time, and only 10% of the total time 

is related to the stable growth of the fatigue crack. On 

the contrary, due to the presence of microscopic 

defects in welded joints, the germination stage is 

practically achieved before the start of fatigue 

loading in GMAW welding operations, and the 

fatigue time is only related to the time of stable 

growth of fatigue cracks. 
 

3.3. Hardness 
For broken samples, hardness was measured using 25 

gr and 5 seconds with a magnification of 400 in the 

broken site. In each sample, the average of twelve 

hardness measurements is calculated and presented in 

Figure 6. The comparison of these results shows that 

at the fracture surface of the base metal, the hardness 

is higher than that of the weld metal, which is 

consistent with the results obtained from the tensile 

test. 
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Fig. 6. Hardness results in the failure zone 

 

Some samples were engraved in a 2% Nital solution 

to check metallography. In addition, AFM analysis 

and hardness measurement operations were also 

performed on the fracture site. The OLYMPUS 

BX51M optical microscope was used to identify the 

structure in the base metal, and weld metal. Figure 6 

shows the optical microscopy of the base metal, #2, 

#3 and #4. As can be seen, the microstructure of the 

base metal is composed of ferrite with uniform 

grains. Due to the thermal and rolling operations that 

are carried out in its production process, the base steel 

has a uniform structure with almost homogeneous 

grain size. 

 

 
Fig. 7. Optical microscopic image of specimens #1, #2, #3 and #4 (200 magnifications)  

 

The size of the grains in the upper layers is in the 

form of columnar grains due to the connection with 

the ambient air, but in the lower layers, due to the 

thermal process caused by the upper layers, they have 

recrystallized and as a result, the grains have become 

smaller. 

The structural investigation showed that the structure 

in the weld metal was of heterogeneous coarse-

grained ferrite and Widmanstätten structure, but the 

structure of the base metal was homogeneous fine-

grained ferrite metal (Figure 7). In welding metal, 

due to thermal cycles applied during GMAW 

welding, it had a different structure from the base 

metal. In general, finer grain sizes have better fatigue 

strength than coarse grains, except at high 

temperatures where there is creep/fatigue interaction. 

Finer grains reduce the regional strains along the slip 

bands and reduce the number of return slips. 
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#1 #2 

  
#3 #4 

Fig. 8. AFM images of the #1, #2, #3 and #4 samples 

 

In Figure 8, the values obtained based on the changes 

in grain size and the value of the error bar for a 

specific interval of about 100 nm are shown as 

standard deviation. At high strains, the dislocations 

start to move in the directions of the active sliding 

systems of the samples under the GMAW welding 

process. Dislocations collide with each other inside 

the grains and accumulate in areas next to each other, 

with the increase of cycles, the density of dislocations 

in these areas increases. The density of dislocations 

is formed in different parts of the sample. 
Examination of the topography of the fracture surface 

showed that it is quite evident with the changes in the 

effective parameters. The results of AFM showed 

that the surface dislocation is in the range of 400 nm 

and the most suitable sample is #1, #3, #4, and #2 

respectively. 
 

4. Conclusions 
In this research, the fatigue strength of weld metal 

and base metal in marine low alloy steel was 

investigated and the following results were obtained: 

 Due to the reduction of fatigue strength in the weld 

metal region compared to the base metal, the weld 

metal of low-alloy steel with high tensile strength 

does not necessarily show better fatigue strength than 

the weld metal of mild steel in the same GMAW 

welding. 

 The cycle of thermal operations applied during 

GMAW welding and fusion of the base metal with 
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the consumable electrode causes a change 

microstructure of the base steel from a ferritic 

structure to a Widmanstätten structure and coarse-

grained ferrite and causes metallurgical and 

microstructural defects in the welding. 

 The microstructural defects in the weld metal 

cause crack germination and crack growth to 

accelerate so that the fatigue strength of the weld 

metal is lower than that of the base metal. 

 Fine-grained ferrite structures reduce regional 

strains along slip bands and provide more grain 

boundaries to help stop cracking and deformation. 

 It is necessary to achieve a desirable structure with 

suitable mechanical properties by following proper 

GMAW welding instructions and controlling the 

input heat. 

 By increasing the grain size and structural 

heterogeneity and on the other hand by increasing the 

percentage of Widmanstätten ferrite as the reference 

path for fatigue crack growth, the fatigue life of the 

welded samples decreases. 

 Widmanstätten ferrite grain boundaries are on the 

best path for crack growth, and with the presence of 

Widmanstätten ferrite in the structure of the weld 

metal, the fatigue strength in the weld metal is 

reduced or worsened. 
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