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ABSTRACT       

Friction stir (FW) welding is a relatively fresh method that was created and has been continually refined 

and adapted to industrial applications due to its benefits. This approach for solid-state joining entails 

connecting the components at a temperature below their melting point and then heating them up. Clamp 

joint applications are widely used using external heating and hitting with high strength, but the clamped 

joints with the FW method are rarely done. The research studied the characteristic of clamped joints at 

various plate thicknesses using the FW method. In this study, 30 specimens were used in the form of a 

St.37 low carbon steel plate with a size of 50 mm x 100 mm and a thickness of 3 mm, 5 mm, and 9 mm, 

and several holes were made with a diameter of 5 mm. The plate was connected by 2 clamps, and 4 clamps 

then the FW method was conducted in a milling machine. The results indicate that the plates were 

connected well. The highest hardness value was 256.4 VHN on the FW of 9 mm plate. The microstructure 

is dominated by ferrite and a little pearlite phase. The largest shear force is 66.54 kN obtained at 4 clamps 

with a plate thickness of 9 mm, and the lowest is 13.46 kN, obtained at 2 clamps with a plate thickness of 

3 mm. 

Copyright © 2023. Journal of Mechanical Engineering Science and Technology. 
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I. Introduction

The latest advancements and fundamental mechanisms of a variety of mechanical 

(form- and force-closed) and metallurgical joining techniques have been presented and 

explored. It may be assumed that fundamental information is generally available, 

particularly in mechanical joining, which is frequently used in industrial applications [1]. 

The Welding Institute introduced friction welding (FW) as a novel welding technique in 

1991 to develop a solid-state joining approach. This approach for solid-state joining involves 

attaching the components at a temperature below their melting point. To produce welded 

components with fewer residual stresses, defects, and distortion, issues with porosity, the 

creation of second phases, embrittlement, and cracking connected to the melting phase of 

the materials can be discussed. The FW approach has lately been widely applied in a variety 

of sectors, including aircraft, railroads, and automobiles [2].  

FW utilizes atom movement in two directions toward the ductile iron-stainless steel 

interaction [3]. The addition of carbon atoms to stainless steel and chromium and nickel 

atoms to ductile iron. Carbon enrichment in stainless steel causes the development of 
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chromium carbides, which are usually found along the grain boundaries. The addition of 

iron to Cr and Ni resulted in the formation of the alloy ferrite. During steady-state, the 

temperature in this area may be described thus that the heat generated by metal friction is 

[4]. 

The FW method is the welding joint that occurs in the solid phase, and then the joint 

process is divided into 4 phases, including: 1. The phase before connection; 2. The first 

contact phase, light load, and oscillation occur; 3. The axial phase is a full load, and 

oscillation occurs; 4. Axial compression phase (a process of connection). Inertia FW has 

been used for more than 30 years for joint problems using mechanical technology machines. 

Heat is obtained from the rotation of the engine spindle, and the connection occurs due to 

the process of compressive force in the axial direction [5]. FW is a solid-state joining process 

that produces coalescence in materials, using the heat generated between surfaces through 

the combination of a mechanically induced rubbing motion and the applied load [6].  

FW has a very strong bond because the fully bonded region is highly dependent on the 

pin geometry and the rotational speed of the machine [7]. Described in detail as well as 

difficulties in intermetallic layers, welding processes, and interfacial stresses [8]. According 

to the fluctuation of axial force, the whole friction taper plug welding (FTPW) process 

consists of four stages: axial feeding, pressing, welding, and forging. The hole-filling 

process occurs mostly during the welding phase when burn-off is common. The welding 

duration, burn-off rate, and torque would be affected by changes in rotation speed and 

welding force [9]. 

At the conclusion of the welding joint, several furrow-shaped holes arise in the welding 

interface, and a smooth line appears in the center welding interface, resulting in a nice 

welding seam [10]. For example, The ultimate tensile strength measurements in all situations 

were more than the minimum value of 1000 MPa prescribed by the Aerospace Material 

Specification for the base material in STA condition [11]. The rotational speed, pressure, 

and materials all impact the joint's mechanical strength. It might progressively develop as 

the parameter values improve [12],[13]. 

The clamped joints using the FW method are rarely done. This research aims to 

determine the characteristic of clamped joints at various plate thicknesses using the FW 

method. The thickness of the plate to be joined is 3 mm, 5 mm, and 9 mm, using 2 and 4 

methods of FW clamping. Macro photos, temperature measurements, micro photos, 

microhardness, and tensile strength of the joints will be evaluated. 

II. Material and Methods 

1. Material 

The plates used for this study were low-carbon steel St.37 sheets with a length of 100 

mm, a width of 50 mm, and a thickness of 3, 5, and 9 mm. For clamps, welding was used 

low carbon steel St.37 cylindrical, made in diameter of 4 mm, and a length of 7 mm. The 

joint was designed with milling CNC at 2000 rpm. 
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2. Methods 

2.1. Preparation 

Before the clamping process, the low-carbon steel was cut to 200 mm for each plate and 

punched with an M6 hole at a distance of 25 cm from the edge for the top and bottom. 

Meanwhile, the center of the plate was punched at a distance of 25 mm. For the detail, we 

illustrate it in Figure 1. The top and bottom plates served as reinforcement, while the joining 

material was in the center. The clamping material was inserted into the hole for the FW 

process. 

 

 
(A) 

 
(B) 

Fig. 1. The process of FW joint: A) Two clamping methods; and B) Four clamping methods. 

 

2.2. Friction Welding Process 

The FW process is shown in Figure 2. It used a rotate FW method in a milling machine. 

The milling machine was switched on, and the top clamp was rotated in counter clock way 

at 2000 rpm while the bottom clamping was in state condition. The interface rubs against 

each other, and it took a few seconds to produce heat. Then, the temperature will increase to 

reach a peak. After reaching the plastic condition, the milling machine was turned off. The 

upper clamp was pressed on the lower clamp, which was in line with a mechanical bond. 

This was done for the connection of 2 clamps or 4 clamps. It is expected that the results of 

the FW process are shown in Figure 3, to consider the appearance and improve the 

mechanical strength. 

 
Fig. 2. Clamping used by the FW method. 
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(A) 

 
(B) 

Fig. 3. FW joint design: A) two clamping methods, and B) four clamping methods  

 

2.3. Photo Macro Analysis 

The photo macro was used to describe how FW affects the deformation and shape 

change of the clamp joints. We used heatmap and plotting figures to highlight the areas with 

defects, especially in the clamp joint area. 

2.4. Temperature Analysis 

The heat input must be considered to obtain a high connection strength in the process. 

Heat input was detected using a thermocouple in three positions: top, center, and bottom of 

the clamp. After the temperature value was obtained, a graph was made to show the 

temperature changes that occur at each FW time. 

2.5. Microstructure Analysis 

Microstructure analysis was used to evaluate the phase after the FW method. 

Microstructure photo observed under a metallurgical microscope with a magnification of 

100 times to identify the resulting steel phase and comparison the weld, thermo-

mechanically impacted zone (TMAZ), and heat-affected zone (HAZ) area.  

2.6. Microhardness Analysis 

Vickers microhardness was measured at the clamps along a line. Microhardness was 

determined by applying a load of 500 g for 10 seconds at a distance of 20 mm among 

indentations. Six indentations were made on the same surface side of each specimen at 

various places, with a minimum interval of 1 mm between any two indentations. 

2.7. Shear Stress Analysis 

Loading was done in the opposite direction of the interface plane. The shear and cross-

tension tests were performed in line with ISO 14273. The tests were performed on a 

universal testing machine weighing 2000 kg and with a set cross-head speed of 10 mm/min. 

Shear stress in the entire specimen may be calculated by averaging the strengths of three 

specimens. 

III. Results and Discussions 

1. Macrostructure  

Figure 4 shows the results of the joint with the FW clamping method. It is clear the 

success of this joint for plate thickness of 3 mm, 5 mm, and 9 mm, also for 2 clamps or 4 

clamps. Clamps that are deformed and show open and widened intersections should be 

avoided to achieve optimum connection strength. On the 3 mm thick plate, deformation 

occurs in the middle of the clamp. This is due to the meeting of the clamping nail in the top 
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position and the bottom position, not on the center point. Several factors affect the 

deformation of the joint, one of which is the thickness of the joint [14]. The thickness affects 

the material to withstand a force from outside the material. In this study, the 3 mm plate's 

ability to withstand loads on plates with a thickness of 3 mm is not strong enough and causes 

deformation. 

 

 
Fig. 4. A) Joint of 2 clamps at 3 mm thick, B) Joint of 4 clamps thick 3 mm, C) Joints 2 clamps 

plate thickness 5 mm, D) Joints 4 clams plate thickness 5 mm, E) Joint 2 clamps on a plate 

thickness of 9 mm, F) Joint 4 clamps on a plate thickness of 9 mm. 

 

The misalignment of the clamp nails in the upper and lower positions can also cause 

deformation because of uneven distribution of the FW twisting force received by the clamp, 

and ultimately causes deformation [15]. The clamp is also subject to deformation due to 

welding heating and clamping time [16]. Clamping strongly affects the amplitude of weld 

distortion, possibly changing the distortion mode and enlarging into deformation [17]. The 

clamping distance significantly impacts the ultimate distortion; the closer the clamp is to the 

weld, the less distortion there will be. If the clamp is near the weld seam, the clamp's release 

time also affects the final distortion; as the release time increases, the distortion decreases 

[18]. 

2. Temperature Distribution 

Figure 5 shows the temperature distribution at the upper position of the clamp rotates at 

2000 rpm, and the lower position of the clamp is stationary. The temperature after a few 

moments later rises. For the FW clamping process, the temperatures are below 300C. The 

maximum temperature during the welding process is 256.7C with a plate thickness of 3 mm 

and 5 mm. For 9 mm, the temperature is around 120C. After the joints melted, the rotation 

was stopped, clamping was done, and a mechanical joint occurred. The clamp joint was let 

cooled with air room to make grain growth on clamp joint materials [19] and can be analyzed 

with a microscope. The heat generated during welding is the combined effect of frictional 

and physical heating due to the plasticity of the stirred material [20],[21]. The difference in 
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the thermal rate is quite apparent in thermocouples 1, 2, and 3 are caused by the temperature 

is not distributed uniformly because of the resistance of the St.37 material [22]. Rotation 

speed, friction pressure, and welding time are responsible for the speed of heat generation, 

while the dimensions of the joined materials influence heat generation and also the volume 

of material generated and stirred during welding [23],[24]. 

 

 

Fig. 5. Temperature distribution for plate thickness of 3 mm, 5 mm, and 9 mm 

3. Microstructure 

Figure 6 shows the microstructure of 3mm, 5 mm, and 9 mm plates in the weld metal, 

TMAZ, and HAZ areas with 100x magnification. The ferrite phase has white (light), while 

pearlite is black (dark), but the grain size of ferrite can also be smaller than pearlite [25].  

For detail, the red arrow in Figure 6 shows the pearlite phase formed, while the yellow arrow 

shows the ferrite phase. Because it does not involve filler material, the microstructure in the 

weld metal region is ferrite and perlite, with greater ferrite content than perlite. FW merely 

includes grain refinement of atoms without phase change [26]. 

 

 

Fig. 6. Microstructure of joint clamps with thickness of 3 mm (A-C), 5 mm (D-F), and 9 mm (G-I) 
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The side of the stir zone (weld metal) deformation due to the heat of St.37 steel in the 

austenite region produce small austenite grains, and these grains turn into fine ferrite and 

pearlite during the cooling process of the material after the welding process [27]. As a result 

of the higher ferrite content, the material has ductile and soft properties. The fineness of the 

grains in the weld metal region (weld meta) increases the hardness value and tensile strength 

of the weld joint [28],[29]. The fine-grained microstructure is generated due to increased 

rotational speed and frictional pressure [24]. The TMAZ is a transition zone between the stir 

zone (SZ) and the HAZ with recrystallization similar to the stir zone. In this area, deformed 

grains have a fine size [30].  

The microstructural characterization of the weld region revealed the formation of a fine 

structure consisting of a mixture of virgin martensite and some stable retained austenite in 

the CR region, whereas the microstructures of the HAZ and TMAZ revealed the presence 

of virgin martensite plus δ-ferrite [31]. The microstructure of HAZ is identical to that of the 

parent metal as it is not subjected to stirring [32]. The difference in heat value is quite 

obvious in thermocouples 1, 2, and 3 because the temperature is not uniformly distributed 

due to the resistance of the St.37 material. This difference in heat can affect the length of the 

HAZ that occurs [22].  

4. Microhardness Tests 

The microhardness test used micro-Vickers, carried out at 6 stepping points, including 

the clamping head, each given a distance of 500 µm, to assess the trend of hardness at the 

joint and to analyze the strength of the joint. From Figure 7, Vickers microhardness increases 

in friction area 5 of the interface of the specimen with plate 9 mm. The highest value of 

Vickers microhardness occurs in area 5 in each sample, where the highest values are 191.63 

VHN in specimens of 3 mm plates, 167.92 in specimens of 5 mm plates, and 256.4 VHN in 

specimens of 9 mm plates.   

 
Fig. 7. Vickers microhardness test of plate 

The specimen has the highest hardness in area 5 with a temperature of 120C rotation 

speed of 2000 rpm. It is caused by a change of microstructure in the interface area with a 

fine structure of ferrite [33]. A fine microstructure is obtained from increased stress during 

welding [34]. This result has the same as other research about stainless-steel pipes. Their 

friction-welded microstructures and local mechanical characteristics (hardness, fracture 

toughness, and micro-tensile strength) were studied. Formation of a delicate structure 

composed of virgin martensite and some stable austenite. The existence of virgin martensite 
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plus d-ferrite, on the other hand, was discovered in the microstructures of HAZ and TMAZ 

[35]. 

The changes in the microstructure at various weld locations are closely related to 

variations in hardness; as the temperature rises, the grain size tends to become smaller and 

make the material become brittle characteristic [36]. The hardening of the material is 

affected by rotary friction, axial pressure, and becomes a force with the friction pressure and 

forging pressure that occurs during welding [37]. These forces cause increased friction and 

ultimately increase the hardness and Young's modulus of each zone on the steel side [38], 

but the hardness was decreased caused by high heat energy on the joining interface will have 

oxide trapped in the nugget and finally reduce the mechanical properties, especially hardness 

[39]. 

5. Shear Force Tests 

In Figure 8, the plate thickness and the number of clamps affect the resulting shear stress 

rate because the more clamps and plate thickness used, the resistance of the connection will 

be greater, and the force required to break will be even larger. The results of FW using 2 

clamps with clamp thicknesses of 3, 5, and 9 which were carried out 3 times during the 

experiment, had an average shear force of 13.46 kN, 28.76 kN, and 32.33 kN, respectively. 

FW using 4 clamps with 3, 5, and 9 mm clamp thicknesses was carried out 3 times. It results 

in an average shear force of 50.87 kN, 58.32 kN, and 66.54 kN, respectively.  

 

Fig. 8. Maximum shear force of clamp joints 

 

A joint clamp with FW on a plate with a plate thickness of 3 mm has the lowest shear 

value. This occurs because the clamp with a thickness of 3 mm is deformed during welding 

so that the load distribution on the plate is uneven, ultimately decreasing its strength [14]. It 

is possible to extend the welding time and increase the heat input to increase the shear 

strength of the joint [40]. It will give the melting metals time and opportunity to bond with 

each other and create an interlocking mechanism that ultimately increases the material's 

mechanical strength [41]. 

IV. Conclusions 

Based on an analysis of the results of the study, the temperature distribution rapidly 

increases from the thin plate's thickness of 3 mm to 5 mm. The lowest temperature is 120°C 

on a 9 mm plate, while the highest is 250.70 °C on a thin plate. The microstructure in the 
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weld metal and TMAZ areas exhibits grain refinement with ferrite and pearlite phases 

dominating the friction and heating processes. The highest hardness value was shown in area 

5 of each sample with hardness values of 191.63 VHN on 3 mm plate, 167.92 VHN on 5 

mm plate, and 256.4 VHN on 9 mm plate. The average tensile test shows that the highest 

shear force is 4 clamp joints with a maximum shear force of 66.54 kN.  
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