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1. INTRODUCTION 
Friction stir processing (FSP) is a metalworking technology based on the same basic principles as friction stir welding 

(FSW). Friction stir processing (FSP) is used for localized modification of mechanical properties and control of 

microstructure in near-surface layers of processed metallic components for specific property enhancements. The FSP 
technique is cost-effective, environment and user friendly technique [1]. Friction Stir processing has proven to be a viable 

method for controlling corrosion, erosion and wear. Figure 1 shows the schematic representation of Friction stir processing 

technique.  

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 1: Schematic of Friction Stir Processing 

 

The technique consists of the non-consumable rotating tool divided into a pin and a larger cylindrical body or shoulder which 

plunges into material until the shoulder presses the work piece surface. The tool thereby impels the viscoplastic deformation 

of its surroundings and, when the proper thermo- mechanical conditions (required for good material consolidation) are 

achieved, the tool initiates its travel movement. Plastic deformation imposed by tool pin and shoulder rotation generates heat 

which softens the material without reaching its melting point, making it possible to move the pin along the travel direction 
and the material around the pin [2]. As it travels forward, the workpiece material is moved from the front to the back of the 

pin, where it is forged under shoulder pressure and consolidates into a processed bead [3]. In the current investigation, a 

boiler tube steel namely SA210 Grade A1 steel was selected. The steel is a well known candidate for fabricating boiler tubes 
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Abstract- Friction stir processing (FSP) is used for be an effectual treatment to achieve major microstructural refinement, 

densification and homogeneity at the processed sector, as well as abolitions of defects from the manufacturing process. 

Processed surfaces have shown an improvement of mechanical properties, such as hardness and tensile strength, better 

fatigue, corrosion and wear resistance. In the current investigation, FSP was developed on a boiler tube material namely 

SA 210 Grade A1 which is commonly used in high-temperature steam generating plants. The FSP was carried out at the 

rotation speed of 1600 rpm with feed rate of 70 mm/min and threefold pass of 100 % overlap. The microstructure, 

mechanical properties were studied in detail. It was observed that after FSP the microstructure and the mechanical 

properties of the steel like microhardness, tensile strength, and yield strength improved.  Thereafter, high-temperature 

corrosion behavior of the unprocessed and FSPed materials was investigated at 900°C for 50 cycles in Na2SO4-

82%Fe2(SO4)3 molten salt environments. Weight-change measurements after each cycle were made to establish the 

kinetics of corrosion. The FSPed specimen showed higher corrosion resistance than the unprocessed steel.  
keywords: Friction Stir Processing; medium carbon steel; microhardness; grain refinement; high temperature 

corrosion behavior. 
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in steam generating plants. However at elevated temperatures, the steel lack resistance to oxidizing/corroding environments. 

If there could be some means by which the microstructure of the steel is refined and the local mechanical properties are 

improved, the corrosion resistance can be enhanced.  Therefore, in the present study, it was decided to explore the benefits of 

FSP in the field of corrosion a novel attempt is made by the authors in the present study by investigating the high-temperature 

corrosion behavior of the unprocessed and FSPed material at 900°C for 50 cycles in Na2SO4-82%Fe2(SO4)3 molten salt 

environments.  The microstructure, mechanical properties, and corrosion resistance of the unprocessed and FSPed materials 

have been evaluated. 
 

2. EXPERIMENTAL PROCEDURES  

2.1 Selection of Substrate Material and Friction Stir Processing 

The material used in this work is a medium carbon steel namely ASTM-SA210 grade A1 (GrA1) with chemical composition 

in wt. % as 0.27 C, 0.93 Mn, 0.035 P, 0.1 Si, 0.035 S and remaining 98.63 Fe. The steel is being used as a boiler tube 

material in various coal-fired thermal power plants in northern parts of India. It was procured from Guru Nanak Dev Thermal 

Power Plant located at Bathinda in Punjab. The Gr A1 steel plate (120 mm x100 mm x 4 mm in size) were friction stir 

processed, using high performance vertical CNC milling machine. A specially designed fixture was fabricated from stainless 

steel grade EN32 to clamp the Gr A1 steel samples on machine for performing FSP as shown in Figure 2. FSP was carried 

out in longitudinal direction using a tungsten carbide (WC) tool without pin. After process, the plate was cooled with dry ice. 

The various friction stir process parameters are shown in Table 1 

 
Table 1: Friction stir process parameters 

Spindle speed (rpm) Transverse speed (mm/min) Plunge Depth (mm) Pass of tool on substrate Diameter of 

tool (mm) 

1600 70 1 3 10 

 

2.2 Characterization of Base Steel and FSPed Steel 

The characterization was done at Indian Institute of Technology Ropar, Roopnagar, India. Surface characterization of the 

FSPed specimens was studied on scanning electron microscope (SEM)(JEOL make, Model: JSM 6610LV), equipped with 

energy dispersive spectroscopy (EDS).The SEM micrographs along with the EDS spectrum were taken with electron beam 

energy of 15 keV. Microhardness measurements were performed on a Microhardness Tester (Make: Wilson; Model: 401/402 

MVD). It was done at 300 g load for a dwell period of 10 s. Tensile Testing was performed at the room temperature on a 

Universal testing machine (Make: Tenius-Olsen; Model: H50KS) equipped with a computerized data acquisition system. 

Mini-tensile specimens with 32 mm gauge length, 10 mm width and 3.8 mm thickness were prepared from base and FSPed 

SA 210 Grade A1 specimen. The stress Vs strain curves for the base and FSPed SA 210 Grade A1 were compared.  

2.3 High Temperature Corrosion Tests 

For high-temperature corrosion tests, the unprocessed and FSPed specimens each measuring approximately 13 mm x 10 mm 
x 5 mm were cut from the steels. High-temperature corrosion studies were performed in molten salt [Na2SO4-82 Fe2(SO4)3] 

environment for 50 cycles. Each cycle consisted of 1 hour heating at 900°C in a silicon carbide tube furnace followed by 20 

minutes of cooling at room temperature. The specimens were kept in alumina boats and then boats containing the specimens 

were inserted in the furnace. The aim of cyclic hot corrosion is to create accelerated conditions for testing. The specimens 

were polished down to 1µm alumina powder on a wheel cloth polishing machine before being subjected to cyclic corrosion. 

A coating of uniform thickness with 3 to 5 mg/cm2 of salt was applied with a camel hair brush on the preheated samples 

(250°C). The weight change measurements were taken at the end of each cycle with the help of an electronic balance with a 

sensitivity of 1 mg. The spalled scale, if any, was also included at the time of measurements to determine the total rate of 

corrosion, wherever possible. Efforts were made to formulate the kinetics of the corrosion.  

Figure 2: Friction stir processing of SA 210 grade A1 using WC tool on VMC at 1600 rpm. 
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3. RESULTS AND DISCUSSION 

3.1 SEM Morphology  

The SEM image of the FSPed specimen is shown in Figure 3. FSP resulted in a considerable refinement in the microstructure 

especially inside the nugget zone (NZ). The grain structure is completely refined. The coarse ferrite and pearlite grains were 

fragmented and refined by the effect of severe plastic deformation, dynamic recrystallization and temperature during FSP. 

Further, the microstructure reveals the reduction in grain size after the friction stir processing of boiler steel. Initially as 

observed under the optical microscope by the authors in another study, the microstructure of base steel sheet consisted of 
coarse ferrite and pearlite grains with the average grain size of 14 µm [4]. Figure 1 shows the morphology of the FSPed 

sample with average grain size of 2 µm. This means that the grain size decreases at least 7 times with the effect of FSP inside 

the NZ. Haijan et al [5] reported in their work that the size of refined grains in the stir zone of friction stir processed steels is 

inversely proportional to the heat input of the process [6-7]. As the tool rotates at high revolutions that are 1600 rpm as in the 

current investigation, the higher heat input resulted in the decreased grain size. Aldajah et al [8] mentioned in their research 

work that in the upper stir zone region, the material had been plastically deformed by the friction stir processing tool, and the 

heat from the process exceeded the austentizing temperature of the base steel resulting in the formation of martensitic phase 

from the rapid cooling after the FSP tool passes. The results were reported similar to our investigation.   

Figure 3: SEM image of the nugget region in the FSPed SA 210 Grade A1 Steel sample 

 

3.2 Evaluation of microhardness Visual examination of coating 

Results of microhardness analysis are given in Table 2. Microhardness of the base steel was evaluated as 180 Hv and that of 

FSPed specimen as 681Hv. The results indicate 3.7 times improvement in the microhardness of the base steel after FSP. 

Literature studies revealed that the  

Phenomena responsible for the significant enhancement in the hardness of the steel after FSP, appear to be grain size 

strengthening in accordance with the well known Hall-Petch equation given as 

σ0 = σi + KD-1/2 

where σ0 is the Yield stress, σi is the “friction stress”, representing the overall resistance of the crystal lattice to dislocation 

movement, K is the “locking parameter”, which measures the relative hardening contribution of the grain boundaries, D is the 
grain diameter [5].Thus, in accordance with the above equation, as the grain diameter/grain size decreases the yield strength 

and the hardness of the material increases. The refinement of the microstructure may have contributed to the considerable rise 

in the micro-hardness values. Along with grain size refinement, the presence of sub-micron sized precipitates might have also 

contributed in increasing the hardness of the steel [9]. 

 

3.3 Evaluation of Tensile Strength 

The representative true stress strain curves for the base steel and the FSPed steel is shown in Figure 4. It was observed that 

initially, both the specimens exhibit nearly linear elastic deformation. Once the yield point is reached, the plastic deformation 

sets in. The mechanical properties obtained from the tensile testing for both the investigated cases are listed in Table 2. The 

results showed that the yield strength and ultimate tensile strength increased and elongation decreased after the FSP. The 

possible reason for the improved strength of FSPed material may be attributed to the microstructural refinement [10]. 
Furthermore, the base steel postponed the necking phenomenon nearly up to 18.4% and the total elongation reached to 

28.3%. On the other hand the total elongation in the FSPed steel was observed to be 21.22%, which is less than that of base 

steel. It is clear from the experimentation that as the FSP specimen possessed high hardness value therefore brittle fracture 

occurred during tensile testing.  Xue et al [11] also observed the similar results in their FSPed specimens. 
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Table 2: Hardness and Tensile properties of the base material and FSP steel 

 

 

 

 

 

 

Figure 4: Stress Strain Curve for the base steel as well as FSPed SA 210 Grade A1 Steel 

 

3.4 High Temperature Corrosion Behavior  

Weight change data expressed in mg/cm2 versus number of cycles plots for the SA210 Grade A1 base steel and the FSPed 

steel is shown in Figure 5. The base steel showed a significant weight gain. The rate of oxidation went on increasing with the 

progress of the oxidation study. The steel has shown an overall weight gain of 343.69 mg/cm2, which is substantially higher 
than its counter FSPed specimen. The overall weight gain values for FSPed GrA1 boiler steel were found to be 172.13 

mg/cm2 respectively. The overall weight gain for the steel got reduced by 50% after the friction stir processing of the steel. 

Therefore, it can be inferred that the FSP is useful in enhancing the hot corrosion resistance of GrA1 steel.  

Further from the parabolic rate constants (Kp) values, Grade A1 boiler steel showed transitions from 28.4×10-8 g2 cm-4 sec-1 

for first six cycles and 67.67 ×10-8 g2 cm-4 sec-1 for the range eighth to fiftieth cycle. The deviations from the parabolic rate 

law have also been observed by Levy et al [16] during their studies on the oxidation and hot corrosion of some Ni-base 

superalloys at 704 to 1093°C. They attributed these deviations to cracking and spalling of the oxide scales. Whereas, the 

values of the parabolic rate constants (Kp) for FSPed specimen are calculated as 17.98 x 10-8 g2 cm-4 s-1 respectively. It is 

clear that the Kp value for the steel has reduced significantly after the FSP of the steel. Hence, it indicates that the friction stir 

processing were successful to improve the high temperature corrosion resistance of SA 210 grade A1 boiler steel. 

 

Figure 5: Weight change/area vs. Number of cycles plot for the bare and FSPed SA 210 Grade A1 steel subjected to molten 

salt environment (Na2SO4- 82% Fe2(SO4)3) at 900°C for 50 cycles 

 

 

Samples Hardness (Hv) YS (MPa) UTS (MPa) Elongation (%) 

Base Metal 180 255 415 28.30 

FSPed Sample 681 429 574 21.22 
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4. CONCLUSIONS 

1. Friction Stir processing resulted in microstructure refinement of the SA 210 grade A1 steel which in turn improved the 

hardness of the base steel. The microhardness of the FSPed material was found to increase by three times as compared to 

the base material. 

2. FSPed material showed the increased tensile and yields strength values. 

3. The oxide scale of GrA1 boiler steel showed a severe tendency of cracking and spalling during the course of high-

temperature corrosion study in the molten salt environment. However, FSPed material showed lesser tendency towards 
cracking or spalling. The relative hot corrosion resistance of FSPed steel was found to be better than base steel.  
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