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Abstract 

AA5083 series aluminum is one of the primary materials used in 

ship construction due to its excellent weld-ability in conventional 

welding processes, such as arc welding. However, similar to other 

aluminum alloys, the weakness of AA5083 is the occurrence of 

frost cracking during the welding process, especially in the Heat-

Affected Zone (HAZ) and the large amount of distortion. The 

research was conducted by providing additional treatment in the 

form of in-situ rolling on Friction Stir Welding (FSW). The in-situ 

rolling treatment used a single roll positioned directly on the weld 

area and behind the FSW tool and moving simultaneously with the 

welding process and with a roll load of 8000 N. The characteriza-

tion carried out included thermal cycle measurements, micro-

structure observations, hardness value distribution testing, 

distortion measurements and tensile testing. The results showed 

that the largest distortion value occurred in the welded material 

without additional treatment (as welded) of 2.81 mm, while in the 

material with additional treatment (mechanical), the distortion 

value was smaller at 1.1 mm. The mechanical specimen had the 

best mechanical qualities, with a tensile strength of 225.5 MPa and 

an average hardness value of 61 VHN, whereas the as-welded 

specimen's tensile strength was 201.8 MPa. This phenomenon 

occurs because the specimen, with the addition of in situ rolling, 

experiences grain refinement, and it seems that this is consistent 

with the Hall-Petch relationship,           
    . Materials 

with fine grains are harder and stronger than materials with coarse 

grains, because fine grains have a larger total grain boundary area 

to hinder dislocation movement. The tensile fracture position was 

in the advancing side region, where higher heat input occurred in 

this region than in the retreating side. 
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1 Introduction 
One of the main materials for ship construction is aluminum 

alloys such as AA5083. The choice of material for this ship is 

based on several reasons, namely, AA5083 aluminum is a light 

metal like other aluminum [1]. Al-Mg alloy type 5083 and Al-Mg-

Si alloy type 6082 are the most common and conventional 

aluminum alloys used in shipbuilding [2]. These alloys have shown 

themselves to be dependable in both manufacturing and maritime 

applications. Aluminum alloys may compete with high-strength 

steel and meet or beyond the minimum yield strength criteria for 

mild steel, sometimes known as normal strength steel. Aluminum is 

also very resistant to corrosion. 

The trend of shipbuilding productivity has almost matched the 

productivity of the automotive industry in recent years, and the 

increasing demand for products such as cars, heavy vehicles, 

airplanes, trains, and ships has significantly triggered an increase in 

the demand for aluminum materials. AA5083 aluminum alloy has 

quite good weld-ability when subjected to conventional welding, 

such as arc welding. However, like aluminum alloys in general, the 

weakness of the AA5083 aluminum alloy is the occurrence of frost 

cracking during the welding process, especially in the Heat-

Affected Zone (HAZ). A solid-state welding technology, Friction 

Stir Welding (FSW) has now been discovered. The FSW process is 

a suitable welding method for aluminum because it occurs in a 

solid state and has low heat input, thus preventing the occurrence of 

hot cracks, porosity, residual stress, and distortion [4]. 

FSW is an appropriate welding process for aluminum because it 

prevents hot fractures, porosity, and distortion [3]. The FSW 

process has various disadvantages, including the welds 

comparatively low mechanical qualities in comparison to the base 

metal, as well as the possibility of distortion caused by local heat 

generated during the welding process. The presence of distortion 

caused by residual stress can lead to embrittlement, lower fatigue 

crack development resistance, and the formation of 

environmentally sensitive cracks (stress corrosion cracking). 

To solve this problem, research is needed on welding 

technology innovation in the form of stress-relieving technology 

based on the tensioning effect produced by mechanical influence 

through the provision of pressure rollers (rolling). The addition of a 

backing plate and the provision of tensile loads (global mechanical 

tensioning) during the welding process can reduce bending 

distortion and reduce the residual stress value in FSW welds. This 

occurs because residual compressive stress appears in the nugget 

zone [4]. In situ rolling with a two-roll system does not have an 

effect on the residual stress in FSW welds from aluminium alloy. 

This may be because the roller is located too far behind the tool [5]. 

In order to improve the efficacy of this technique, research will be 

done using either a single roller that is positioned immediately in 

the weld area and behind the FSW tool, or a roller that moves along 

the weld line with the tool while the weld metal is still soft. The 

effect of in situ rolling treatment on the physical and mechanical 

properties of FSW welded joints of AA5083 aluminum alloy 

material will be studied in this study, so that this study becomes the 

best alternative in order to control distortion and the mechanical 

properties of the welding results. 

The workpiece has a propensity to distort as a result of 

solidification brought on by thermal shrinkage and contraction of 

the weld metal during welding. There is a possibility that the 

welded workpiece will shrink both longitudinally and transversely 

along the intersection. Welding from the top of the workpiece 

typically results in upward angular distortion. Because the top of 

the weld is typically wider than the bottom, there is greater 

shrinkage compaction and thermal contraction there [6]. 

As a result, the resulting angular distortion is upward. Several 

methods can be used to reduce distortion; pre-setting is done by 

estimating the number of distortions that may occur during welding 

and then welding to compensate for the distortion, this is also 

known as the material layout method; elastic respringing can 

reduce angular distortion after the material is released. Preheating 

thermal settings during welding, as well as providing a tensioning 

effect in the form of rolling, and heating post-weld, can also reduce 

angular distortion. Distortion control can also be done by 

performing balance welding in the form of a double V profile weld 

[7]. 

2 Research methodology 

The study material employed is an AA5083-type aluminum 

alloy plate with a thickness of 3 mm, a length of 30 cm, and a width 

of 20 cm. The AA5083 aluminum alloy material was joined using 

friction stir welding with the addition of in-situ rolling treatment 

(mechanical) and without the addition of in-situ rolling treatment 

(as welded). Table 1 displays the chemical composition of the 

aluminum alloy plate from the AA5083 series. 
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Table 1. Chemical composition (wt%) 

AA5083 aluminum series 

Element  % wt 

Silicon  0.4 

Cuprum  0.1 

Ferro  0.4 

Magnesium  4.0-4.9 

Mangan  0.4-1.0 

Cromium  0.05-0.25 

Ti  0.15 

Zn  0.25 

Al  Bal. 

 

A milling machine with a V of 60 mm/min and N of 1500 rpm 

was used to execute FSW. The tool profile had a shoulder dia. of 14 

mm, a pin with a dia. of 5 mm, and a pin length of 2.8 mm. The 

tool was constructed from AISI H13 series tool steel. In Fig. 1, the 

tool geometry is displayed. 

 

 
Fig. 1. Geometry tool. 

 

In the FSW process, the tool is tilted towards the vertical axis at 

an angle of 2°-4°. The treatment added to this FSW process is 

mechanical tensioning in the form of in-situ rolling with a roll load 

of 8000 N. The FSW process concept is presented in Fig. 2. 

 

 
 

    
Fig. 2. FSW process scheme with in situ rolling treatment. 

 

In the in-situ rolling process, the roller is placed behind the tool 

and directly above the weld area; the tool and roller move together 

in the welding direction. 

The welding thermal cycle significantly affects the weld 

microstructure, which impacts the mechanical properties of the 

weld [8]. Furthermore, temperature differences during expansion 

and contraction during the welding process, along with temperature 

gradients around the weld area, can cause residual stresses and 

distortion, which can affect the quality of the welded joint. 

Peak temperatures were measured in the transverse direction 

with a K-type thermocouple at distances of 10, 17, and 25 mm from 

the weld centerline. The purpose of thermal cycle measurement is 

to determine the rate of heating and cooling during the welding 

process. A carbon steel base plate was employed during the 

welding operation and placed beneath the weld material. 

Microstructure observations were performed on the sample 

from the cross-section of the welding area. The purpose of 

observing the microstructure is to determine the microstructure 

profile in each welding area, where the microstructure of the 

welding results affects the mechanical properties of the welding. 

Before conducting microstructure observations, the specimen 

surface must be leveled and smoothed with sandpaper from coarse 

to fine (5000), polished to a shine, and then etched with Keller 

reagent liquid [9]. With a magnification of 200×, observations were 

made with an optical microscope in each welding area. 

Measurements of the distribution of hardness values were carried 

out using the microVickers test method. Measurements were taken 

from the cross-section of the welding area, starting from the base 

metal across the welding area to the base metal again. The load 

used was 100 grams, and the dwell time was 10 seconds. An 

illustration of the specimen for microVickers hardness 

measurement is shown in Fig. 3. The sample size is 60 mm long 

and 3 mm thick (according to plate thickness). The distance 

between measurement points is 500 µm, which is measured starting 

from BM, HAZ, TMAZ, NZ, and BM. 

 

 
Fig. 3. Illustration of the microVickers hardness test. 

 

Tensile test samples were collected from the side perpendicular 

to the welding region. Fig. 4 depicts the profile and dimensions of 

the tensile test specimens manufactured in accordance with ASTM 

E8 criteria. Tensile testing was conducted three times on each 

specimen. The goal of hardness and tensile testing is to identify the 

mechanical qualities of welding outcomes. 

 

 
Fig. 4. Tensile test specimen. 

3 Results and discussion 

The FSW process, without additional treatment and with 

additional in-situ rolling treatment, has been used in this study. 

Thermal cycle, distribution of hardness values, macro and micro 

structures, and tensile strength of the material are the main results 

of this study. The welding profile of the friction stir welding results 

is shown in Fig. 5. From Fig. 5, it can be seen that good joining 

occurs between the two plates welded by friction stir welding. 
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Fig. 5. FSW process result profile. 

 

3.1 Thermal cycle 

During friction stir welding, the weld material goes through a 

quick temperature cycle that includes both heating and cooling. The 

deformation, microstructure, and mechanical properties of the weld 

are all linked to the temperature cycles that occur during the FSW 

process. Thermal data and peak welding temperatures in the FSW 

process vary with tool rotation speed. The greater the friction area 

between the tool and the specimen, the higher the heat input. 

Friction and plastic deformation in the weld region influence the 

heat-generating process. 

The characteristics of the base metal at high temperatures, the 

coefficient of friction, and the material flow are also closely related 

[10]. The results of the thermal cycle measurements are shown in 

Fig. 6. The peak temperature produced at a measurement distance 

of 10 mm from the weld centerline is 255ºC. 
 

 
Fig. 6. Thermal cycle measurement results. 

 

3.2 Measurement distortion 

The distortion that occurs in the FSW process is relatively 

small, with the maximum distortion value in the as-welded 

specimen being 2.70 mm, while in the mechanical specimen it is 

1.1 mm. Temperature gradients surrounding the weld region and its 

surroundings, as well as variations in temperature during expansion 

and contraction during the welding process, can result in residual 

stresses that degrade the quality of the welded connection [11]. 

Heat input from the FSW process causes a high temperature 

gradient, but with the addition of in-situ rolling treatment, the 

thermal will be localized due to the tensioning effect. This has an 

impact on the low distortion that occurs due to welding. The results 

of this study are in line with [4], that the addition of a backing plate 

and the application of a tensile load (global mechanical tensioning) 

during the welding process can reduce bending distortion and 

reduce the value of residual stress in FSW welds. This occurs 

because residual compressive stress appears in the weld area. The 

results distortion measurements are shown in Fig. 7 and Fig. 8. 

These results indicate that the addition of in-situ rolling treatment 

can reduce the amount of distortion that occurs in the welded 

specimens. The amount of this distortion is related to the stress    

depreciation direction, longitudinal the size is expressed by Eq. (1) 

[12]. 
 

        
   

   
        (1) 

 

The profile of the distorted welding specimen can be seen in 

Fig. 9. 

 
Fig. 7. Distortion of the as-welded specimen.  

 

 
Fig. 8. Distortion of the mechanical specimen. 

 

 
Fig. 9. Distortion profiles; (a) as welded; (b) mechanical. 

 

3.3 Observation macro and micro structure 

The results of the macrostructure test showing the welding areas 

can be seen in Fig. 10. In Fig. 10, it can be seen that each weld zone 

consists of base metal, heat-affected zone, thermo-mechanically 

affected zone, and nugget zone. The welding profile forms a 

trapezoid, and differences in the shape of the microstructure are 

visible in each welding area. The grains in the weld area show an 

equiaxed grain shape. The weld profile shows full penetration, 

proving that the heat from friction between the tool and the material 

in the FSW process is able to produce sufficient heat input to join 

the AA5083 aluminum plates. This also explains why the shoulder 

has a primary function in the metal flow produced by the FSW 

process [13]. 

Fig. 11 shows the results of microstructure observations in the 

HAZ, TMAZ, and NZ weld areas for all specimens. The 

microstructure in the HAZ area has a larger and coarser grain 

profile; in this area, recrystallization has not occurred, and the front 

side usually has a separation between the TMAZ and NZ areas 

[14]. The microstructure in the NZ area without in-situ rolling 

treatment is characterized by the presence of a fine-grained 

polygonal structure that occurs due to dynamic recrystallization 

during welding. In general, all microstructures show a fine 

equiaxed shape or fine polygonal grains, which are the result of 

dynamic recrystallization during the welding process as previously 

studied [15][16]. 
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Fig. 10. FSW process areas. 

 

 
 

 
Fig. 11. Microstructure; (a) as welded; (b) mechanical. 

 

The nugget zone is the deepest weld area and the location of the 

pin rotation during welding. This area has the largest plastic 

deformation and the highest temperature levels. The grain size of 

the nugget zone is significantly lower than that of the base metal, 

which can be attributed to the influence of pin rotation on 

deformation and grain recrystallization in the stir zone. The TMAZ 

zone has a coarser microstructure and undergoes plastic 

deformation due to shear generated by tool rotation and movement. 

Recrystallization is rarely observed in the TMAZ region due to 

insufficient deformation and strain. The microstructure in this 

location differs from the base metal, and the effect of rotational 

flow with grains extending upward is plainly visible. The HAZ 

region comes after the TMAZ region. The grains in this region are 

relatively coarse and undergo thermal cycling, but do not flex 

plastically during welding. The HAZ has modest microstructural 

variation when compared to the nugget and TMAZ sections, and 

the grains are comparable to the base metal structure [17]. 

 
3.4 Hardness measurement results 

Hardness testing using the microVickers method is carried out 

on the cross-section. Transverse weld with a distance between 

points of 500 µm and a load of 100 grams. Distribution of hardness 

values tends to show a U shape. The results of the hardness test are 

shown in Fig. 12. From the figure, it can be seen that the weld 

profile is in the shape of the letter "U" where in the HAZ area there 

is a decrease in hardness until the minimum hardness is achieved in 

the TMAZ area, and then there is a slight increase in the hardness 

value in the NZ area. The hardness value of the NZ area in the 

specimen with the addition of in-situ rolling (mechanical) is 

slightly higher than the hardness value of the NZ area in the as-

welded specimen. This is the effect of the in-situ rolling treatment, 

which is a cold working process. The average hardness value in the 

NZ area is 61 VHN, while in the base metal area it is 90 VHN. 

 

 
Fig. 12. Distribution of hardness values. 

 

3.5 Tensile test results 

The FSW process specimen with in situ rolling (mechanical) 

treatment had the maximum tensile strength value, 225.5 MPa, 

while the as-welded specimen had a tensile strength of 201.8 MPa. 

The tensile strength value of the specimen without in-situ rolling is 

consistent with prior findings [18]. The tensile test results are 

shown in Fig. 13. 

 

 
Fig. 13. Tensile test results. 

 

 Based on the research results, it can be concluded that the FSW 

process specimens with the addition of in situ rolling treatment 
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with a tool rotation of 1500 rpm and a welding speed of 60 

mm/minute have the best mechanical properties among the other 

specimens. The tensile test fracture occurred around the Advancing 

Side (AS) area as shown in Fig. 14. 

 

 
Fig. 14. Fracture profile of tensile test results. 

 
The specimen with the highest tensile strength value, 225.5 

MPa or 78% of the tensile test value on the base metal, was 

produced on the FSW-welded specimen with the addition of in-situ 

rolling treatment. This figure is within the range of FSW welded 

tensile strength values, which are usually around 75% of the tensile 

strength of the base metal [19]. The addition of in-situ rolling 

treatment with a load of 8000 N appears to be able to make the 

grain size finer than the grains in the as-welded specimen, although 

it was not too significant. These tensile test results are consistent 

with the Hall-Petch relationship, which states that the yield 

strength, σy of the metal decreases with increasing grain size (d) as 

formulated by Eq. (2) [20]. 

 
          

          (2) 

 
Fig. 15 shows the Scanning Electron Microscope (SEM) 

fractography results of the fracture surface of the tensile test results. 

The fracture surface of the FSW-welded joint specimen with a tool 

rotation of 1500 rpm shows a smooth dimple. Intergranular or facet 

fractures can be observed in Fig. 15. This can be attributed to the 

texture caused by the pressing effect of the shoulder on the tool 

during the FSW process. Some dimples indicate the presence of 

coarse particles or deposits within them. The appearance of such 

fractures seems to confirm that the fracture occurs through the 

coalescence of microvoids [21]. Under these conditions, 

microvoids can form in coarse deposits because these deposits are 

more brittle than the α-Al matrix. Then the microvoids become 

larger and coalesce to form cracks parallel to the stress direction. 

This can be attributed to the texture caused by the rolling effect 

during the in-situ rolling process in the FSW process. 

 

 
Fig. 15. Tensile test fracture fractography. 

4 Conclusions 

Research on AA5083 aluminum welding using friction stir 

welding method without additional treatment (as welded) and with 

the addition of in situ rolling treatment (mechanical) can be 

concluded that FSW with the addition of in situ rolling treatment 

can improve the mechanical properties of the welding results as 

evidenced by the increase in hardness value and tensile strength 

value of the welded specimen. The tensile strength value of the as- 

welded specimen is 201.8 MPa, while the tensile strength value of 

the mechanical specimen is 225.5 MPa. The addition of in situ 

rolling treatment is also able to reduce the distortion value in the 

welded specimen. The lowest distortion occurs in the mechanical 

specimen, namely 1.1 mm, while in the as-welded specimen, there 

is a distortion of 2.81 mm. 
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