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	Abstract 

The friction force has been micro-structurally tested to reformat or transform the inner state of the structure properties (atomic formation) form in a metal since the kinetic energy of friction has been utilizing on one of welding techniques. Right afterwards, the studies reported that the mechanical properties also underwent a significant deformation. As it develops pass through research and applied experiments the branch of friction-based welding discipline can be classified depends on how the mechanism of friction can be producing the finest solid-state joint which suitable to the typical property of a metal and be maximized by joint configuration. Friction Stir Welding is one of friction-based welding techniques that utilizes the stirring tool to generate friction while the work-pieces is stick on the line of FSW joint configuration. In this review, the explanation of working principle and clarification of process parameters are presented. The cited references are selected from creditable and verifiable articles and books in the recent ten years. Expectedly, be able to pioneer a new face of simply and understandable review article. 
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INTRODUCTION
Back to the history of FSW was initially identified in 1991 located in the UK, Cambridge, a group of researchers from The Welding Institute (TWI) chaired by Wayne Thomas invented a novel welding technique that strongly unique, because they revealed that the welding process itself does not melt the work-pieces and be able to produce a fine joint with less than 10% of residual defects caused by welding process [1], the welding technique then initially named as Friction Stir Welding (FSW). FSW technique was initially applied to weld aluminum alloys due to its ability that be able to avoid crucial problems of fusion welding technique can make such as hot cracking, porosity, element loss, etc. Since then, FSW becomes a trending discussion that leads an increasing number of its developments and research parallel with its associated novel technologies in many manufacture companies especially in automobile, aeronautics, aerospace, ship-building sectors, research institutes and universities investing heavily and vigorously in the process and many international conference series dedicated and attributed to its study.

Based on the joint product that FSW can be produced, FSW categorized as a solid-state welding technique and a novel friction-based welding. Moreover, FSW is nominated as a green technology [2] due to it process property that reminds energy efficiency and environmentally friendly. Also, no gases are evolved and there are no toxic fumes or smoke produced. In particular, the most distinguished amongst FSW with other friction-based welding is that the friction mediator of FSW utilizes a non-consumable tool that specifically engineered to be able to create thermal and material flow dynamics.

Plenty of creditable paperwork from eligible authors that published in the top-ranked journal have studied and reported multitudinous aspects associated with FSW inter alia the process principle & parameters, the joint performance, techniques technology novelty, numerical analysis & simulation, etc. In this review the emphasis pointed on the actual working principle, a complete process parameter, several of most used types of tools design, common joints configuration with literature method and as the conclusion the outlook remarks is summarized.

THE PROCESS OF FSW
Many of eligible authors in FSW direction have been elaborately revealing the working principle of FSW joining technique from simple up to detail understandings in their written works. R. S. Mishra [3] is one of the best experts in FSW with his colleagues re-explains that the fundamental idea of the FSW mechanism simply divided into 3 phases that are drilling, traversing and retracting. More detailed, the illustration of basic setting-up can be schematically drawn in Figure 1. During the process is conducting the work-pieces then oriented onto 2 sides of perspective which corresponding on the knowledge direction of tool rotation and the travel, where the tool rotation way vertically with the tool travel direction (opposite orientation of atoms flow diffusion) named as advancing side and where the tool rotation is contrary towards the tool travel direction (parallel to the orientation of atoms flow diffusion) named as retreating side.
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Figure 1. Schematic drawing of the conventional concept of FS processing [3]
Specifically, as the friction mediator has the key role of creating the joint fine and valuable properties is that cylindrical non-consumable tool with a specific engineering design on the shoulder (D) and the probe (d) therewith associated gauge of its geometry and dimension. 

According to R. S. Mishra et al. written work the FSW tool possesses three significant functions that are creates the frictional heat without any melting transverses sectional inter-surfaces of work-pieces, drives the atomic deformations flow and keep manages of the heating metal underneath the tool shoulder. The source of heat is created within the work-piece both by kinetic friction between the spinning tool pin and shoulder and by severe plastic deformation of the work-piece. The cross-section area of heating softens material around the pin and, combined with the tool rotation and translation, leads to movement of material structures from the front up to the back of the pin, thus re-filling the hole in the tool wake as the tool moves along the sectional line. The tool shoulder maintains atomic deformation flow to a level equivalent to the shoulder position, that is, approximately to the initial work-piece top side of the surface.
As a result of the tool action and influence on the work-piece, when performed properly, a solid-state joint is produced, that is, no melting point can be observed. Because of various geometrical and dimensional features on the tool designs, material structure movement reach by the pin can be complex, with gradients in strain load, process temperature, and strain velocity. Accordingly, the resulting nugget zone microstructure reflects these different thermomechanical distributions and is not homogeneous on different zones. Can be observed that one of the significant benefits of this solid-state welding technique is the fully recrystallized, equated, fine grain microstructure created in the nugget by the intense plastic deformation at elevated and calculated temperature wherein not reach the melting point of subjected metal. The fine grain microstructure produces excellent mechanical properties, fatigue properties, enhanced formability, and exceptional superb plasticity.

In addition, P. Jayaseelan et al. [4] have a characterized knowledge of understandings FSW principles that can be summarily noted i.e. a. The length of the tool pin should be shorter than or equal to the thickness of the work-pieces; b. Ideally, intermittent heat generation mechanisms due to friction work and plastic dissipation take place because of the transient heat transfer effect and the material ability to regain its strength as heat is lost to the ambiance; c. cyclic heat generation process taking place all over again at each transverse displacement of the tool as encapsulation form that reintroduces the friction work heat generation mechanism prior to the plastic deformation mechanism; d. The pattern of onion rings on the nugget zone is the typical form caused by the conventional geometrical design of the tool. In conclusion, most of the detail of explanation up to effort of understandings are self-explanatory.
T. Singh et al. [5] re-explained the principle operation of FSW, the significant phase during the process is that when the tool traversing along the weld line in a plasticized tubular shaft of metal results in severe solid-state deformation involving dynamic recrystallization of the base metal.
FSW PROCESS PARAMETERS
Technically, the whole process of FSW joining technique is manufactured by the role of FSW machinery hence it is greatly impossible by handcraft of an engineer and can only be conducted on an industrial scale, institute or school. As it is computerized machinery the preferences of process variables are can be modified according to the needs and projects. Based on FSW fundamental process there are three primary parameters which possesses a crucial role viz. rotational speed, transverse speed and plunge force so that lots of research studies were revealing its most appropriate variables or even its associated enhancement methods.

The data of the literature regarding to FSW process parameters are reviewed as the following below:

M. S. Sidhu & S. S. Catha [6] tabulated the main process parameters in FSW and its effect respectively. Tool rotation (v, rpm) and transverse speed (n, mm/min) Higher tool rotation rates generate higher temperature, during traversing, softened material from the leading edge moves to the trailing edge and this transferred material, are consolidated in the trailing edge of the tool by the application of an axial force. Tool tilt and plunge depth, the tool is usually characterized by a small tilt angle (θ), and as it is inserted into the sheets, the blanks material undergoes to a local backward extrusion process up to the tool shoulder, additionally, the target depth is important as well to ensure the distance of the shoulder and top surface maintained in a close appropriate distance. Tool design, in conventional FSW tool it consists of a shoulder and a pin, both are affected the metal flow specifically pin is role of speed distribution and shoulder prevents the plasticized material from escaping from the work-piece. The common tool design for conventional are straight cylindrical, tapered cylindrical, threaded cylindrical, triangular and square pins which depicted in Figure 2.
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Figure 2. 5 common FSW conventional tool designs [6]
G. C. Jadhav & R. S. Dalu [7] revealed that primary variables that can affect weld properties significantly are tool material including shape and size, tool rotational velocity, welding speed, tool tilt and plunge depth. H13 is the most common material for the tool. In particular, they have been tabulated the process parameters that have been investigated to study every deep effect and its explanation towards FSW process.

S. K. Tiwari et al. [8] re-explained the process parameters of FSW can be divided into two primary segments which classified according to phase of the process viz. tool preparation and during the welding process. Tool geometry design and dimension, an eligible tool have able to give such as performances viz. reducing the welding force, enable easier flow of plasticized material, facilitate the downward auguring effect, and increase the interface between the pin and the plasticized material. the relative dimensional of the pin and shoulder is critical and the most common used of tool’s types are cylindrical threaded pin, truncated cone and concave shoulder for conventional FSW.

P. L. Threadgill et al. [9] have been detail discussed FSW process which revealed the important notes behind the whole process regarding to FSW technology. The correlation of tool design and flow mechanisms, duly noted that Material deformation generates and redistributes heat, producing the temperature field in the weld however the distribution of heat itself has coming back to metal flow and heat affected area. Computational Fluid dynamics (CFD) is used to study the material flow mechanisms and associated to its tool design, which resulted the two-dimensional flow. The ratio of swept volume to the pin volume is that quantified the mixing effect. The modeling of three-dimensional flow offers the expansion of affected parameters it is not just the complexity of the tool features which remains future open research. And the second important note is Heat generation during the process and its regimes. The heat from FSW is a complex mutual combination of function of the process variables (traverse and rotation speeds, and down force), as an analytical estimate Figure 3 shows rate of heat input per second and per mm.
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Figure 3. Rate of heat input a per millimeter of weld line and b [9]
Per second for like to like and AA5083/AA6082 welds the form the analysis, assumed that sliding Coulomb friction at the tool/work-piece interface with a coefficient of friction, or sticking friction using an estimate of the limiting shear yield stress, or have inferred contact conditions and/or heat input from measurements of machine torque.

Thermocouple measurements coupled to heat flow analysis also provide a means to infer net power inputs wherein no simple correlation between the temperature and the input power or heat. It is remarking the evidence of correlation between the heat input and the backing plate temperature as well as through the tool. The down force in FSW provides intimate thermal contact between work-piece and backing plate, but this contact evolves with position during the welding process, requiring complex calibration within consideration that by increasing the down force rate pushes the enlargement of process window then can be affected lowering rates of spinning and traveling speeds. CFD modelling has offered a new finding that the sensitivities of the heat generation, tool forces and size of deformation zone as a function of tool design and process conditions. Figure 4 shows a result of analysis of solidus that corresponds to deformation regime and its key note has unveiled in the origin article. 
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Figure 4. CFD modelling of heat generations affected by the tool [9]
FSW TOOLS DESIGNS
As the generator of friction in FSW mediates and creates from its tool hence the functions and influences regarding to the design of its geometrical and the adaptation of its dimensional to work-pieces are notably considered. Practically, the joint configuration of the work-pieces in FSW empirically affects the selection of the geometrical tool design viz. the pin and the shoulder to outcome the finest macroscopy structure on the weld [10]. At Least, it remains for size adjustments to pin dimension in which appropriate to work-pieces thickness. The variants of the tool designs have engineered and manufactured to be able to fulfill the demands of the work-piece properties and its typical characteristics. Therefore, it is spread to sustainable designs from conventional to its associated novelty technologies on the top of that not a few designs were not commercially produced for the purpose of research projects or specifically engineered to rare metals properties. Technically, TWI has been clarified the fundamental working mechanisms of how can FSW tool can delivers the weld process without breaking down the melting points of the work-pieces and its brief developments [11]. Literature study for FSW tool designs exhibits the recapitulation of used tool designs compilation dedicated to its studies [12]–[37].
FSW JOINT CONFIGURATIONS
The targeted metals or work-pieces ensured to be immobile and firmed on the FSW gantry machine during the welding process is undergoing. Practically, to be able to qualify the motionless settings of the work-pieces the adjustable toughest clamps have to be installed on a few certain points on the work-pieces. Theoretically, the basic form of joint configuration is classified into two types that are butt and lap configurations. From its basics the idea to expand the work-pieces placement settings in FSW has configured [38]–[52] somehow the developed configurations couldn’t be un-referred to its basics. In addition, the comparison between butt and lap has been revealed therewith its typical defects respectively and its summarize [53]. 

FSW LIMITATIONS
FSW offers and expands more abilities to weld metals from lights up to heavies’ specifications wherein in other joining techniques it’s quite challenging to be conducted. For example, a study from V. Pedro et al. [54] revealed that FSW possibly be able to produce the same joint quality like the fusion welding could offer in light metals confirmed with the other found advantages. 

The advantages, disadvantages and limitations of FSW can be observed from several points of views such as economic sector, welding process limitations, joint defects, procedurals, apparatuses etc. In detail, based on its studies and experiment reports in the past few years FSW advantages and limitations have reported among others are a book edits by Mel Schwartz [55] summarized process and product advantages also limitations, moreover, economic advantages and disadvantages are described, in a book of ﻿Friction Stir Welding: Dissimilar Aluminum Alloys by the creation of N. Z. Khan et al. [56] highlighted the FSW process advantages over fusion welding and its conventional process disadvantages, M. Soron & I. Kalaykov [57] revealed the process advantages of using FSW robot, Z. H. FU et al. [58] written the basic of process advantages of FSW and its common process limitations. Based on the literature review above, it can be identified that the limitations come from process variables gradually reduced concomitants with the developing and sophisticating of FSW technologies and novelties.
SUMMARY OF THE REVIEW
The relevant correlations amongst process parameters and inside its respective adjustable variables are constructed to the finest principles that produced top-grades empirical report to the weld properties. 

The literature breakdown for FSW principles and process parameters is re-structured in this review. In conclusion, it is observed that the weld quality of the product of FSW considerably affected by three headings from FSW process viz. tooling associating to pins and shoulders designs, machining referring to the speeds of travel and rotation and outsourcing settings such as work-pieces placement and base metal properties, in particular, duly notes that they are in cause-and-effect correlation. 
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