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Abstract 

Friction Stir Surfacing of Stainless Steels 

 

By ZHANG HAO (D-B3-2725-6), CHAN KA CHONG (D-B3-2503-2) 

Thesis supervisor: Prof. CHI TAT KWOK 

BSc. In Electromechanical Engineering 

 

Stainless steels are among the most commonly used metals in engineering and 

construction. However, most types of stainless steels cannot show superior 

performances in both hardness and corrosion resistance. Friction Stir Surfacing is a 

novel solid-stated processing technique, which can be applied to stainless steel. 

Previous studies show that both hardness and corrosion resistance of stainless steel can 

be improved after friction stir surfacing. Thus, in this project, we mainly focused on 

fabricate and analyze stainless steel coatings. In particularly, we chose SS316L to be 

the major type of stainless steel to study. Besides SS316L, SS201, SS420, SS416, and 

SS630 were also involved in this project. We engaged in finding the optimum 

parameters to fabricate coatings for each grade. And those stainless steel coatings were 

analyzed by a variety of instruments, which includes optical microscope (OM), 

scanning electron microscope (SEM), X-ray diffraction (XRD), and electron 

backscatter diffraction (EBSD). Besides microstructure analysis, we also conducted 
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Vickers hardness test and corrosion test, which includes open circuit potential (OCP) 

test, cyclic polarization (CP) test, and electrochemical impedance spectroscopy (EIS) 

test, for those sample coatings. And the versatile results generated by EBSD data 

analysis could be used to explain results shown in hardness tests and corrosion tests. 

Besides that, intermetallic alloy coatings were fabricated by using friction stir alloying 

technique in this project as well. Titanium Boride were added into steels to form alloyed 

coatings that contain Fe-Ti and Cr-B composites. Cooper was added into SS316L to 

form copper-rich alloyed coatings. Moreover, SS630 sticks was inserted into SS316L 

rods to fabricate duplex stainless steel coatings. Lastly, by inserting stainless steel with 

high stacking fault energy into SS420 and SS2205 rods, alloyed coatings can also be 

fabricated successfully, although pure SS420 and SS2205 are not capable to form 

coatings in friction stir surfacing. Those alloyed coatings were undergone same analysis 

as those pure coatings. 
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Chapter 1: Introduction and Literature Review 

1.1 What is Friction Stir Welding (FSW) 

In 1991, The Welding Institute (TWI) in United Kingdom invented a solid-state 

joining technique and named it as Friction Stir Welding (FSW). Inserting a non-

consumable rotating tool into the adjacent edges of metal plates which are going to 

be joined together and traverse the tool along the fusion line is the basic idea of 

FSW. For the basic set-up of FSW, it can be seen in the Figure 1.1.1 in this page. 

Among those terminologies which have been used in FSW, Advancing and 

retreating side orientations are two concepts that need to be particularly mentioned. 

Since the FSW tool (with a specially designed and manufactured pin and shoulder 

on its tip) is rotating counterclockwise when welding two plates together and goes 

from left to right (refer to operator’s perspective), the advancing side in on the right 

of the sample, where the probe rotation direction is identical to its operating 

direction (the operation direction of probe is opposite to the direction of metal flow). 

On the other hand, the left side of FSW sample is its retreating side, where the 

rotation direction of probe is opposite the operation direction. 
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1figure 1.1.1 an illustration of the process of friction stir welding (FSW) and relevant 

terminologies 

 

The tool is the most crucial element of FSW, which serves at least three primary 

functions. Among three primary functions, heating the workpiece is the first one. 

Heat is generated inside the workpiece by friction between tool’s pin (as well as its 

shoulder) and workpiece materials. And this process also causes workpiece’s 

numerous plastic deformation, which also generate large amounts of heat. During 

processing, the materials near the pin is softened by localized heating, so the metals 

in working area is capable to move with the rotation and translation of FSW tool, 

stirring the material from the front side of the pin to the back. This process allows 

materials in two separated metal plates to be mixed together. This is the second 

primary functions of FSW tool, which is move the material to fabricate the joint 

between adjacent surfaces of two plates. In particular, the tool shoulder also trap 

metal flow under a level which is equivalent to the tool shoulder position (identical 
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to the initial workpiece top surface). This attributes to the last primary of FSW tool, 

which is containment of the metal under the tool shoulder. 

 

If friction stir welding process is performed properly, a concrete joint between two 

metal plates is fabricated as a solid-state adjoining. A typical workpiece after doing 

FSW is shown in figure 1.1.2 as an illustration of solid state adjoining. To be 

particularly emphasized, FSW does not melt the metal. In another word, FSW is a 

welding technology whose working temperature is below melting point of the base 

material. By examining the resulting nugget zones of samples, the microstructure 

shows that the different thermomechanical histories cause local microstructure 

nonhomogeneous. Moreover, FSW allows working metals to recrystallize, 

fabricate fine grain structure, which can contribute to excellent mechanical and 

fatigue properties. 

 

 

2figure 1.1.2 a typical sample of adjoining line after doing FSW (pictured here: 

SS316L plates) 
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Friction stir welding is one of the milestones in metal welding (joining). Besides 

its versatility, FSW is also an environmental friendly technology, because it join 

metal without heating them beyond melting point, which can consume less energy. 

Comparing to traditional welding techniques, FSW use considerably less amounts 

of energy, and does not generate harmful emission and pollutions. Another 

remarkable advantage of FSW compared with conventional welding techniques is 

that FSW is capable to join most geometrics and various shapes of base structures. 

While in the experiments we conducted, we only use basic square butt as FSW joint 

configuration for simplicity. 

1.2 What is Friction Surfacing (FS) 

The solid state coating process which is based on plastic deformation of a 

consumable metal rod is called Friction Surfacing (FS). By applying an axial load 

to the rotating rod, the rod is pressed against the substrate. And then a plastic 

boundary layer is generated at the rod tip by frictional heat. Because of the heat, an 

inter diffusion process is lead and result in a metallic bond between substrate and 

plasticized rod material. The tremendous amounts of heat allow this layer to 

consolidate around the bonded interface, such that the viscoplastic shearing layer 

is generated between the consumable metal rod and the deposited substrate layer. 

Following the pace of continuing heating process, the shearing interface move 

away, which increases the thickness of the layer. This results in a coating on the 

substrate. The Friction Surfacing process is shown in figure 1.2.1. 
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3Figure 1.2.1 an illustration of Friction Surfacing (FS) process and relevant 

terminologies 

Cited from Friction surfacing-A review1 

 

Friction Surfacing relies only on interfacial friction and plastic deformation, so it 

is capable to process materials below melting points of the materials. From the 

ongoing consumption of the rod, materials is deposited to a fine grained 

microstructure layer on substrate under the effect of thermomechanical process. At 

the meanwhile, FS also create a revolving flash of remaining materials at the rod 

tip, which is usually called mushroom-shaped rod tip after processing. A typical 

mushroom-shaped rod tip is shown in figure 1.2.2 as an illustration. 

  

4Figure 1.2.2 a typical mushroom-shaped rod tip after FS general appearance 

(left) and cross section (right) (pictured here: SS316L rod tip) 

 

                                                             
1 Gandra, J., Krohn, H., Miranda, R., Vilaça, P., Quintino, L., & Santos, J. D. (2014). Friction surfacing—A 
review. Journal of Materials Processing Technology, 214(5), 1062-1093. doi:10.1016/j.jmatprotec.2013.12.008 
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FS generates the deposition of materials which contains hard phases. This kind of 

deposition of material is hard to be formed by conventional techniques. Moreover, 

dissimilar materials are possible to be joined together by FS because coating 

process in FS does not involve bulk melting. Besides that, FS’s low heat input 

means it can reduce the heat affection of the microstructures of substrate material, 

which can avoid the degradation of corresponding properties of basement. Another 

advantage of FS is that lower residual stress is shown in the coating layer because 

solidification shrinkage is avoided by FS’s no-melting processing. During 

processing, the frictional heat is transferred along axial direction of the consumable 

rod, setting up a temperature gradient, which determines the deformation level. 

This gradient softens the material gradually and deforms the material plastically. 

And then the material is transformed form the rotating rod to the contacted surface 

during the relative slippery movement between rod tip and deposited layer. 

 

Lastly, by analyzing the deposition process, material is not only delivered from 

consumable rod to deposition layer along the vertical axis. Because there are also 

deformations along rotation, material on the rod tip is rubbed to the substrate from 

advancing side to the retreating side. This phenomenon causes the coating is in 

discrete layers with the elliptical shape, and there are tiny offset between each 

layers. The following figure (figure 1.2.3) shows a typical coating after Friction 

Surfacing. And the tiny offset can be easily seen in this coating. 
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5Figure 1.2.3 a typical coating on substrate after FS 

 

1.3 Friction Stir Alloying (FSA) 

Generally speaking, Friction Stir Alloying (FSA) is an adaptation of Friction 

Surfacing (FS). For Friction Surfacing, the consumable rods to be used are of 

uniform metal with single composition, for example a SS316L rod. However, in 

Friction Stir Alloying (FSA), the consumable rods being used to create depositing 

coating are different mixtures of different materials. And this is called “selective 

alloying”, which by definition is, adding one or more alloys to the basement 

(substrate material), in order to achieve localized enhancement for specific 

proposes. FSA is capable to fabricate alloy in solid state with the efforts of 

thermomechanical process which involves enormous plastic deformation. To be 

particularly emphasized, FSA involves high strain rates as well as high temperature 

(still below melting point). Metal rods are needed to be processed before using for 

FSA. Holes with small diameter needed to be drilled on the metal rods’ tip in order 

to add different materials. Then it usually contains inserting thin foils of different 

materials into metal rods. Sometimes different metal powders are added into metal 

rods instead of thin foils. Taking the following as an example, adding nanometer 
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scale copper powder into SS316L rod creates an alloying materials with SS316L 

and copper. A typical metal rod with different metal rod inside it which is used in 

FSA is shown in Figure 1.3.1 for clear illustration. 

 

 

6Figure 1.3.1 a typical metal rod with different metals in it which is used in FSA 

 

According to the experiments carried out by Gholami Shiri et al.2, microstructural 

analysis after FSA shows that some level of diffusion of the constituent elements 

can be found and evidence revealed that alloying materials can go into the matrix 

of rod metal, which then fabricates a solid state alloy coating. After FSA process, 

stir zone contains intermetallic configuration. Moreover, FSA is a versatile 

processing technique, since it can be used to meet plenty purposes from local 

strength improvement to enhancing corrosion resistance. 

                                                             
2 S. Gholami Shiri, A. Sarani, S.R. Elmi Hosseini, G. Roudini, Diffusion in FSW joints by inserting the metallic foils, J. 
Mater. Sci. Technol. 29 (2013) 1091–1095. 
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1.4 A brief introduction of Stainless Steel 

Stainless steel is a set of iron alloys or so called steel alloy, with at least 10.5% of 

total mass is chromium (Cr). The most outstanding advantage of Stainless Steel is 

corrosion resistance. Because of its corrosion resistance, Stainless Steel is one of 

the most widely used metals now a days. Thus, any improvement of properties of 

Stainless Steel can contribute to industry advancement. Stainless Steel can be 

classified into five main categories according to their crystalline structures in 

general. There are several steel alloys in each class, which have similar physical, 

corrosion and magnetic properties. In this project, we mainly focus on Austenitic 

Stainless Steel. Besides Austenitic Stainless Steel, there are also Ferritic, 

Martensitic Stainless Steel, duplex Steel and precipitation-hardenable stainless 

steel. 

 

The crystalline structure of Austenitic Stainless Steel is face-centered cubic (FCC). 

Therefore, normally Austenitic Stainless Steel is not magnetic. Refers to its 

composition, Austenitic Stainless Steel contains up to 0.15% carbon (low carbon 

content) and not lower than 16% chromium (rich in Cr).3 Besides chromium, 

nickel and manganese can also be found in Austenitic Stainless Steel. Metal has a 

large amount of characteristics. Among all properties of Stainless Steel, corrosion 

resistance and hardness are two major properties that need to be analyzed. In this 

project, we focused on improving those two properties of certain Stainless Steel, 

                                                             
3 Uhlig, H. H. (1971). Corrosion and Corrosion Control. New York: Wiley & Sons. 
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as well as finding balance points between those two performances. 

 

Austenitic stainless steel’s grain boundaries become susceptible to be corroded 

after improper heat treatment. And significant reduction in mechanical strength 

could be caused by intergranular corrosion. Another mode of corrosion is pitting 

and crevice corrosion. When Austenitic Stainless Steel is placed in an environment 

which contains chloride or bromide ion, it is susceptible to be corroded and grew 

deep pits in specific area. There are two stages in pitting corrosion of stainless steel. 

Firstly, the integrity of a layer of passive film is located at the surface of Stainless 

Steel and the initial pits form. Then the pits propagate with the help of increasing 

acidity in solution. As a result, improving corrosion resistance property of stainless 

steel can be proved by showing that new samples have better performance in 

corrosion test. One of the most common corrosion test is Cyclic Polarization (CP), 

which together with Open Circuit Potential, could indicate the corrosion resistance 

ability of Stainless Steel.  

 

In reality, seawater causes stainless steel to be corroded. Thus, in later experiment, 

3.5% Sodium Chloride is used as the solution in Cyclic Polarization (CP) to 

simulate seawater environment. Besides CP test, EIS is another test which is also 

very effective to present the ability of corrosion resistance of stainless steel, by 

which it reflects the thickness of passive layer generated by stainless steel. 
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1.5 A brief introduction of copper and its antibacterial property 

Metallic copper surface can rapidly kill bacteria and viruses. And this phenomenon 

is given a terminology as contact killing. As a result, copper has potential to be 

used as an antibacterial material in health and surgery. The speed of contact killing 

is around 7 to 8 logs per hour. 4  And after this process, there is no active 

microorganisms remain in copper surface after suitable incubation. Scientists have 

established the antimicrobial activity of copper and its alloys well, and United 

States Environmental Protection Agency has listed copper and its alloys as the first 

solid antimicrobial material. The mechanism of antibacterial property is straight 

forward. Bacteria are affected by copper and its alloys in two stages. Firstly, there 

is a direct contact between bacterial outer membrane and copper alloy surface, 

which can cause the membrane of bacteria to dissolve. Then copper or its alloy 

could generate holes in the bacteria outer membrane and lead the loose of nutrient 

from the bacteria cell. This process finally causes the weakening of bacteria. On 

the other hand, copper and its alloys are also toxic for bacteria. Copper usually acts 

as a donor or acceptor of electrons by changing from redox copper and second stage 

of copper. The redox of copper could cause damage of cell, which could contribute 

to kill bacteria. Environmental Protection Agency has conducted over 300 relevant 

experiments to discover the antimicrobial properties of copper and copper alloys 

surface. And they concluded that micro bacteria became inactivated after 

                                                             
4 Grass, G., Rensing, C., & Solioz, M. (2010). Metallic Copper as an Antimicrobial Surface. Applied and 
Environmental Microbiology, 77(5), 1541-1547. doi:10.1128/aem.02766-10 
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contacting copper surface for an hour. And there has been a principle which they 

generated. That is the higher the content of copper or its alloys, together with higher 

temperature, can increase the result of contact killing significantly. 

 

Since SS316L is widely used in health care system and surgery operation, 

antibacterial property is crucial to SS316L. However, SS316L itself does not 

remain strong antibacterial property. Thus, adding copper (metallic copper) and its 

alloys to SS316L is a possible way to enhance the antibacterial property of original 

SS316L. If success, could extend the usage of SS316L in specific surgeries which 

require high level of non-bacteria environment. Friction Stir Welding and Friction 

Stir Alloying provide possible ways to add copper into stainless steel. By inserting 

copper powder or copper foils into SS316L rod, and after FSA process, copper can 

be distributed into the coating of substrate. Or by placing copper foil in between 

two SS316L plates and conducting FSW, copper-rich sample could also be 

fabricated. In later chapter, deep discussion on microstructure of copper-existing 

samples have been taken down. 

1.6 Titanium Diboride (𝑻𝒊𝑩𝟐), 𝑻𝒊𝑩𝟐 and stainless steel matrix composites 

𝑇𝑖𝐵2 is one of the most common and stable titanium-boron compounds. And 𝑇𝑖𝐵2 

is recognized as a high strength and relatively high durability material, since it has 

relatively high melting point and hardness. Those characteristic properties lead 

𝑇𝑖𝐵2  to be a potential candidate for improving tribology behavior of metal. 
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Therefore, adding 𝑇𝑖𝐵2 into metal may improve its hardness and strength. Using 

ceramic particles (𝑇𝑖𝐵2 is ceramic material) to reinforce metal matrix composites 

is widely introduced to industry because ceramic materials have advanced 

toughness and wear resistance. Due to 𝑇𝑖𝐵2 ’s superior thermal stability at 

relatively high temperature, high hardness and good wettability, it is expected to be 

the right particles for reinforcement for steel matrix composites. In past time, 

adding 𝑇𝑖𝐵2 into steel matrix composites is completed by self-propagating high 

temperature synthesis reaction of Ni-Ti-B4C system.5 By pervious experiment, it 

is shown that steel matrix composites with Titanium boron reinforcement shows 

dramatic increase in wear resistance and strength compared with original steel 

matrix alloys. Besides that, it also exhibits good ability to withstand tensile stress 

and compressive stress.6 

 

Austenitic stainless steel have outstanding corrosion resistance compared with iron. 

However, Austenitic stainless steel also show disadvantage in tribology 

environment, which means they have relatively low wearing resistance ability. That 

is because Austenitic stainless steel have relatively low hardness. The Therefore, 

by adding hard ceramic particles into Austenitic stainless steel, its hardness could 

be rise dramatically. By comparing with another method to improving the hardness 

of stainless steel, which is ion implantation, adding ceramic particles into stainless 

                                                             
5 Farid, A., Guo, S., Cui, F., Feng, P., & Lin, T. (2007). 𝑇𝑖𝐵2 and TiC stainless steel matrix composites. Materials 
Letters, 61(1), 189-191. doi:10.1016/j.matlet.2006.04.028 
6 Darabara, M., Papadimitriou, G., & Bourithis, L. (2006). Production of Fe–B–𝑇𝑖𝐵2 metal matrix composites on 
steel surface. Surface and Coatings Technology, 201(6), 3518-3523. doi:10.1016/j.surfcoat.2006.08.105 
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steel is more practical.7 When adding 𝑇𝑖𝐵2 into Austenitic stainless steel, the 

steel-matrix composite together with 𝑇𝑖𝐵2  can increase its stiffness, hardness, 

therefore increasing its wear resistance. In particular, powder metallurgy is the 

most effective method to fabricate particulate reinforcement steel-matrix 

composites, since this method can reduce the coefficient of thermal expansion and 

do not cause huge drop of thermal conductivity. Thus, 𝑇𝑖𝐵2 powder should be 

used prior to foil when selecting appropriate form of 𝑇𝑖𝐵2 to add into Austenitic 

Stainless Steel. Especially when using Friction Stir Alloying, nanometer scale 

𝑇𝑖𝐵2 powder is chosen to become the ingredient that being added into SS316L rod. 

Since it is more suitable then large diameter 𝑇𝑖𝐵2 or 𝑇𝑖𝐵2 solid wire. 

1.7 An alternative approach to adding copper into Austenitic stainless steel 

Adding copper into Austenitic stainless steel by Friction Stir Alloying is one of the 

main objectives of this project. And the expected result is to create a metallic 

copper phase located as uniform as possible in Austenitic stainless steel, which can 

improve the antibacterial property of those specific Austenitic stainless steel. 

Preliminary experiments revealed that micrometer copper could be found in 

between grain boundaries of Austenitic stainless steel. However, since copper 

cannot clinch sturdy at those positions, solid state copper may fall and leave there 

blankly. In order to solve this problem, there should be another method to adding 

copper into Austenitic stainless steel. AISI Grade 630 stainless steel is known as 

                                                             
7 Tjong, S. (2000). Abrasion resistance of stainless-steel composites reinforced with hard 𝑇𝑖𝐵2 
particles. Composites Science and Technology, 60(8), 1141-1146. doi:10.1016/s0266-3538(00)00008-7 
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one of stainless steel which maintain the excellent mechanical properties. In 

particular, SS630 contains 5.0% copper by its weight. So adding SS630 rod into 

Austenitic stainless steel rod and then go through FSA could be an alternative of 

adding copper powder directly. The chemical formula (composition) of SAE 630 

stainless steel is shown in Table 1.7.1 in this page. 

 

Composition of SAE grade 630 Stainless Steel 

SAE 

grade: 

630 

Carbon Manganese Phosphorus Sulfur Silicon 

Maximum 

0.07% 

Maximum 

1.0% 

Maximum 

0.04% 

Maximum 

0.03% 

Maximum 

1.0% 

Chromium Nickel Copper 
Niobium + 

Tantalum 
 

15-17% 3-5% 3-5% 0.15-0.45%  

Table 1 Composition of SAE grade 630 Stainless Steel 

 

Grade 630 stainless steel is belong to martensitic stainless steel, which in particular 

is precipitation hardened. It can provide high strength and hardness after heat 

treatment with low temperature. On the other hand, the corrosion resistance of 

SS630 is usually be considered to be similar to SS304 stainless steel, which is 

relatively good at anti-corrosion. Its availability in solution treated condition is 

another key benefits of SS630. Thus it can be machined very easily. And this grade 

630 stainless steel is usually manufactured to be long shafts. Since SS316L 

normally does not contain copper, adding SS630 is capable to enhance the copper-

rich property of SS316L. Another consideration is whether SS630 and SS316L can 
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be mixed together and fabricate a duplex steel alloy. This requires the examination 

of physical properties of both SS316L and SS630. According to Simchi, A and Rota, 

A, the feasibility of creating bimetal made by SS316L and SS630 by injection 

molding has been studied and discussed.8 And relevant article has stated that 

SS630 and SS316L stainless steel are shown to be compatible when right 

processing conditions are chosen and applied. 

1.8 Objectives of this project 

Stainless steel is one of the most versatile materials that are widely used now a 

days. And surface modification of stainless steel by friction stir surfacing is the 

new method to enhance its specific properties. Thus, having a glance at friction stir 

surfacing for stainless steel has huge potential. And the first step is exploring the 

suitable parameters for major types of stainless steels, which is the primary 

objective of this project. In particularly, determining the optimum parameter of 

SS316L is the major objective. Besides fabricating stainless steel coatings by 

friction stir surfacing, we also intended to fabricate intermetallic alloy coatings, 

which include Ti-B, Fe-Ti, and Ti-Cr composites, by friction stir alloying technique. 

 

After fabricating necessary coatings, the next objective is to examine their macro 

and microstructures. Several advanced instruments, such as optical microscope, 

scanning electron microscope, x-ray diffraction, and electron backscatter 

                                                             
8 Simchi, A., Rota, A., & Imgrund, P. (2006). An investigation on the sintering behavior of 316L and 17-4PH 
stainless steel powders for graded composites. Materials Science and Engineering: A, 424(1-2), 282-289. 
doi:10.1016/j.msea.2006.03.032 
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diffraction, are used to meet this objective. 

 

Lastly, examining the hardness and corrosion resistance of stainless steel coatings 

and alloyed coatings is the third objective. Since those two properties are very 

crucial to the utility of stainless steel and its coating. 

 

By carrying out this project, students can also acquire the ability to think critically 

and independently. Moreover, they can get familiar with common instruments that 

are widely used in material science. Lastly, they should acquire experience in citing 

other’s paper as well as academic writing. 
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Chapter 2: Experimental Procedures 

2.1 A brief introduction about Friction Stir Welding Machine 

In this project, we mainly used FSW center machine to fabricate samples for study. 

Since this FSW machine is the only one in Macau SAR, it has the exclusive ability 

to apply FSW method to real production in this region. The specific model of this 

FSW center machine is FSW-TS-L16, which is also mentioned in the table which 

is at the end of this chapter. Manufactured by China FSW Center, this model is very 

suitable for research propose, since it can satisfy basic needs of FSW and FS 

process. It is consisted by bed, columns, and beams. Other elements are sliding 

board, head, control panel and working platform. And this model has high rigid 

and simple operation. Which is capable to be used to weld a wide range of products. 

And figure 2.1.1 shows the appearance of this FSW machine. 

 

7Figure 2.1.1 the appearance of FSW center, with labels of important elements 
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There are several important parts of FSW machine, which play crucial roles in FSW, 

FS and FSA processes. Thus, here is a brief introduction about those vital parts. 

Spindle could be seen as the most important part of this FSW machine, since it 

drives the welding tool in FSW or metal rods in FS to rotate at a very high speed. 

Since high rotating speed usually generate a huge amounts of heat, there is a 

particular cooling system which serves this spindle. Electric motor is the heart of 

this FSW machine, since it drive the spindle to rotate. The maximum rotating speed 

of this machine is 2000 rpm, which can support all FSW experiments. But this 

maximum speed is relatively low for FS and FSA processes, thus further 

improvement should be done to electric motor. 

 

Control panel and manual pulse generator are input devices of this FSW machine. 

One should be very careful when press corresponding buttons to move the spindle 

along three axis. 

 

Working platform is the most frequently used part in FSW machine. Since FSW 

and FS processes include huge axial forces, this platform is required to be very 

strong, so that it can withstand the axial load without deformation. Thus, the 

material used to manufacture this platform has been strengthened by special heat 

treatment. 

 

Lastly, the spindle together with welding tool in FSW or metal rods in FS are not 
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orthogonal to the horizon. There is a small angle between the main spindle and XY-

plane, which is called tilt angle. Tilt angle is not fixed strictly, by contrast, it can be 

change in between a region. Moreover, tilt angle can be seen as an independent 

variables and be further studied. In our experiment, however, the tilt angle has been 

settled to be 1.5 degree, which is a relative moderate value. 

2.2 Experimental procedure of Friction Stir Welding (FSW) 

SS316L plated was prepared for FSW. Since the length of the pin of welding tool 

is 3mm, the thickness of SS316L should be larger than 3mm. Besides that, a heat 

affected region is existed below the welding line, thus, the plates should be thick 

enough to contain entire heat affected region. After preliminary experiment, the 

thickness of SS316L plates was decided to be at least 5mm. As a result, the SS316L 

plates that were used in this experiment were 80mm by 30mm, and their thickness 

were 5mm. Two SS316L plates should be placed properly on the working platform. 

Then a piece of cooper foil was added between those two plates. This step is shown 

in figure 2.2.1 as an illustration. Then the fixture was placed to fix those two 

SS316L plate. Turn on the main switch of FSW machine, followed by turning on 

the switch of distribution box. When the screen of distribution box shows reading 

of temperature, turn on the switch on control panel. This order is extremely 

important, because inappropriate order may cause permanent damage of this 

machine. Each time before using FSW machine, three major axis should be reset 

and recalled back to the origin. Then the spindle cooling should be turn on to avoid 
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overheat of spindle. Since SS316L is relatively hard compared with other alloy 

such as aluminum alloy, a hole was needed to be drilled in order to let the tool drill 

into those two plates smoothly. The hole should be drilled at the starting point of 

welding line. This preparation step had to be performed before doing FSW. And 

the drilling process was just like normal drilling on metal surface. And figure 2.2.2 

shows this step. In order to keep the working area clean and avoid inclusions, after 

drilling process, vacuum cleaner was used to remove all debris from the working 

platform. Installing welding tool onto the vice was one of the most crucial steps in 

FSW. Firstly, three axis was adjusting to move the vice beyond SS316L plates. 

Then wrench was used to lose the screws on vice. Welding tool was inserted into 

vice and the screws were fastened again. Make sure that the welding tool was fixed 

to the vice, otherwise it may vibrate and cause error. Setting the starting point of 

FSW process was another crucial step. Since there had been a hole on SS316L 

plates, so the tool tip was moved to the center of that hole. 1mm clearance should 

be remained so that the tool tip would not contact metal surface. Then setting 

starting point button should be pressed on control panel. Tool tip was then lifted 

beyond the metal surface and moved to appropriate ending position. Then setting 

ending point button was pressed on control panel. Appropriate parameters such as 

welding speed, spindle rotating speed and drilling speed, should be input to control 

panel. Those parameters should be decided carefully. Since FSW generates 

tremendous heat, shielding flow was necessary to keep the temperature below 

melting point of material. In this experiment, Argon was chosen to be the shielding 
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flow, since it had excellent properties. The Argon flow was transferred from 

container to the nozzle by rubber tube. Originally there was no shielding device on 

this machine, so this extra functionality was designed by ourselves. The nozzle was 

designed and fabricated by ourselves as well. And the nozzle was shown in figure 

2.2.3 as an illustration. 

 

 

8Figure 2.2.3 self-designed nozzle is used for shielding flow in FSW 

 

The nozzle was adjusted to appropriate position so that the Argon flow could cover 

all working area of FSW tool. And then the valve pressure of Argon container was 

adjusted to suitable value. Checking all the parameters has been input correctly was 

the last preparation step. After making sure everything was right, start button 

should be pressed and the valve of Argon container should be turn on to provide 

shielding flow. To draw your attention, FSW should be operated by at least two 

men. One should handle the control panel carefully, once there is accident 
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happening, this person should press emergency stop button immediately. Another 

person should take charge of switching valve and taking down load reading when 

FSW is operating. After whole process has been down, the sample should be took 

off and labeled with adequate information. 

2.3 Experimental procedure of FS 

Actually, FS uses the same machine as FSW. However, the procedures are totally 

different. And FS requires plenty of preparations before really producing samples. 

Those preliminary steps include fabricating rods, milling plates and fixing elements 

onto the machine. 

 

Stainless steel rods were in column shape as received. However, the sharp edges of 

stainless steel rods may cause vibration when contacting the surface of substrates. 

Thus, those rods were needed to be lathed and chamfered by lather machine. No 

matter which kinds of stainless steel rod were used in experiments, SS304 was 

chosen to be the substrate. Partially because of its low price, SS304 was a suitable 

type of stainless steel to be used as substrate in this experiment. The original SS304 

plate was not that flat, which may cause unstable connection of coating and 

substrate. Thus, all plates were needed to be milled before use. Fortunately, 

necessary tools was purchased so that FSW center machine could be transformed 

into milling center easily. Since this step was not standard procedure, details was 

skipped in this report. The milling process is shown in figure 2.3.1, together with a 
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SS304 plate after milling. 

 

 

9Figure 2.3.1 milling substrate plate before FS (upper), and the SS304 plate after 

milling (lower) 

 

The dimension of substrate was 50mm by 100mm, with a thickness of 6mm. Since 

there was no obvious change in properties of substrate material, SS304 plate was 

selected to be substrate for all experiments. After lathing stainless steel rods and 

milling substrate plate, substrate plate was put onto working platform appropriately. 

And fixtures was used to fix the plate tightly. Then the stainless steel rod was 
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inserted into vice nicely. A vice with matched diameter should be chosen so that 

there would be not slip between vice and rod. The main switch of FSW center 

machine was then turn on, followed by turning on the switch of distribution box. 

When the screen of distribution box shows reading of temperature, turn on the 

switch on control panel. This order is extremely important, since inappropriate 

order may cause permanent damage of this machine. Each time before using FSW 

machine, three major axis should be reset and recalled back to the origin. Then the 

spindle cooling should be turn on to avoid overheat of spindle. The spindle was 

moved to the position beyond working platform. And then the vice was installed 

onto the spindle by fastening the screws on spindle. Those screws should be 

fastened carefully, otherwise it may cause vibration and lead to damage of machine. 

Locating the rod to its starting position was one of the most crucial steps in FS. Z-

axis was adjusted to let the rod move very close to the substrate surface. Since the 

force during contact could be very large, a gasket was required to place on the 

substrate surface. Then automatically tool calibration on control panel was pressed. 

During this process, one should be very concentrate and press reset button as soon 

as error occurs. After located the starting point (automatically done by tool 

calibration process previously), the rod was moved along X-axis and the end point 

was selected then. Appropriate parameters was then input into control panel, such 

as welding speed, spindle rotating speed, maximum drilling speed and maximum 

drilling time. Those parameters should be decided very carefully before experiment. 

Since FS generates tremendous heat, shielding flow was necessary to keep the 
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temperature below melting point of material. In this experiment, Argon was chosen 

to be the shielding flow, since it had excellent properties. The Argon flow was 

transferred from container to the nozzle by rubber tube. Originally, there was no 

shielding flow devices on FSW center machine. Thus, a nozzle of Argon flow was 

designed by ourselves. And then fabricated the nozzle was fabricated by ourselves 

as well. In FS, the nozzle was different compared with FSW, which contained more 

tiny tubes to generate uniform flow. Two types of nozzles was used in total. At the 

beginning, the first nozzle only had three separate exits, which caused non-uniform 

shielding flow. Thus, that design was modified and the second type was then 

brought out, which contained many tiny exits. And the whole set of shielding flow 

devices is shown in figure 2.3.2 as an illustration. 

 

 

10Figure 2.3.2 the first type of nozzles used in FS (left), and the later type (right). 

 

The pair of nozzles was adjusted and located to appropriate positions. In particular 

experiment for stainless steel, the gap between two nozzles should be 12cm. And 

then the valve pressure of Argon container was adjusted so that the shielding flow 
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was enough but not too much. After this step, all the preliminary settings had been 

done. And figure 2.3.3 is an overview of entire FS working platform. 

 

 

11Figure 2.3.3 entire working platform of FS 

 

All input parameters should be checked again. Then the shield was put in front of 

working platform before pressing start button. To draw your attention, FS should 

be done by at least two men as a team. One should concentrate on control panel, 

and press emergency button immediately once there are accidents happening. 

Another person should take charge of switching on and off the valve of Argon 

container and taking down the reading of load on screen. After the entire FS process 

is done, fixtures should be loosed and the sample was taken off from the working 

platform. Then it should be labeled with necessary information. 
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2.4 Experimental procedure of FSA 

Actually, FSA is considerably similar to FS. The major difference between these 

two processes are the rods used in experiment. In FS, homogenous stainless steel 

rod are used as metal fabricator to create coating on substrates. However, in FSA, 

the rods have been processed specially. 

 

Stainless steel rods were in column shape as received. However, the sharp edges of 

stainless steel rods may cause vibration when contacting the surface of substrates. 

Thus, those rods were needed to be lathed and chamfered by lather machine. After 

lathing stainless steel rods, a hole on the circular surface of each rod should be 

drilled by using drilling machine. Before placing rods onto drilling machine, oil 

based marker was used to label the center of holes. Since the coolant can solve 

water based marker, it should be avoided in this step. Then holes with appropriate 

diameters was drilled on stainless steel rods. Nanometer scale copper powder or 

𝑇𝑖𝐵2 power was filled into those holes. This step should be done by wearing mask, 

since tiny powder may be breathed into people’s lungs. Powders was solidified by 

using a thin needle to push them repeatedly. And then the powder was sealed by 

inserting a short copper wire into the mouse of holes. And figure 2.4.1 is a 

particular example of rod which is suitable for FSA. 
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12Figure 2.4.1 an example for rods which are used in FSA 

 

The remaining steps are same as FS. Thus the remaining steps were skipped here. 

One can refer to steps 4 to 16 in section 2.3 and conduct FSA. 

2.5 Several further processes on samples after FSW/FS/FSA 

After fabricated samples of FSW, FS and FSA in section 2.2, 2.3 and 2.4, raw 

samples were made, which were needed to be processed furtherly in order to be 

taken on a series of experiments. Figure 2.5.1 shows original appearances of 

samples fabricated by FSW and FS. It was the cross section of those samples that 

can reveal different properties, such as thickness and wideness of coating, hardness 

and corrosion resistance. Thus, the cross section of samples were need to be 

processed. This requirement was satisfied by the following steps. 
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13Figure 2.5.1 original appearances of samples after FSW (left) and after FS (right) 

 

After fabricated samples of FSW, FS and FSA, abrasive cutting machine was used 

to split samples. The model and details of the abrasive cutting machine which was 

used were listed in the table at the end of this chapter. When using abrasive cutting 

machine, one should always turn on the pump and clean the working platform first. 

Then the sample should be fixed onto the platform carefully, otherwise the blade 

may be fractured. Abrasive cutting machine cut the sample into slim pieces. Then 

the linear precision cutting machine was used to divide the slim pieces furtherly. 

The model and details of the linear precision cutting machine had been listed in the 

table at the end of this chapter. And figure 2.5.2 shows one of the slim samples 

which has went through step 1, together with a small scale sample which has went 

through step 3. 
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14Figure 2.5.2 sample is cut into slim slides (upper), and slim slide is cut into small 

scale sample furtherly (lower). 

 

After getting small scale samples, the compression mounting machine was used to 

transfer samples into specimens which would be ready for grinding and polishing. 

Figure 2.5.3 shows a specimen after mounting process. 

 

 

15Figure 2.5.3 a sample which has been mounted into circular shape 

 

Grinding and polishing samples was the following step, which created extremely 

fine cross section surface of samples. Usually the grinding process could be divided 

into two stages, followed by three polishing procedures. The elementary grinding 

process was done on a relatively coarse silicon carbide grinding paper, whose grade 

was 320. The model and details of this silicon carbide grinding paper could be 

found in the table at the end of this chapter. The secondary grinding process was 

done on a relatively fine silicon carbide grinding paper, whose grade was 640. The 
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model and details of this silicon carbide grinding paper could be found in the table 

at the end of this chapter. After two grinding processes, the specimen was further 

polished by using polishing suspensions. To draw your attention, water is strictly 

prohibited in the first three polishing steps. Since water and polishing suspensions 

would mix together and cause precipitation. Thus, make sure that water pump had 

been switched off before using polishing suspensions. There were three types of 

polishing suspensions, which could be distinguished by their colors. Firstly the red 

suspension was used, which contained 9 microns particles. Then the green one was 

used, which contained 3 microns particles. Lastly, blue suspension was used, which 

contained 1 microns particles. After using each polishing suspensions, the 

specimen should be cleaned by ultrasonic cleaner. And each polishing suspensions 

should has a corresponding polishing cloth, which was exclusively used by that 

polishing suspension. The last step in grinding and polishing procedure was done 

by using final polishing suspension. This final polishing suspension should be used 

on a special designed polishing cloth, which was in dark black. A little amount of 

final polishing suspension was poured onto that cloth, and the specimen was then 

pressed onto it. This step should be maintained for around ten minutes for each 

specimen. After final polishing step, the specimen was cleaned by using ultrasonic 

cleaner immediately. The solution should be ethanol, which contained the specimen 

into ultrasonic cleaner. Hair dryer was used to evaporate the remaining ethanol on 

specimen surface. After this step, a specimens which was capable to be used in 

coming experiments was prepared. 
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2.6 Hardness test 

The first test to be conducted was hardness test, since hardness was one of the 

primary properties of stainless steel. This test was done by using Vickers hardness 

tester, whose model and details were listed in the table at the end of this chapter. 

 

Hardness tester was switched on and the computer that was linked to this tester was 

turn on. The relevant program was executed and log in procedure was done then. 

Before first testing, some simple codes, which told the route of test tip to hardness 

tester, was programmed. Then this program was downloaded into hardness tester. 

This hardness tester had three different lens, which were in different multiples. 

Appropriate one should be used to examine the specimen and locate the test tip. In 

this experiment, Vickers method of testing hardness was adopted. Then the tester 

drilled four holes on the surface of specimen automatically. Mouse was used to 

move the boundary identical to the edge of holes, and this software would calculate 

the hardness for specimen automatically. The basic principle of Vickers hardness 

test was shown in figure 2.6.1 as an illustration. 
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16Figure 2.6.1 a scheme of Vickers Hardness Test methodology 

 

After moved the label lines identical to the boundary of those holes, the hardness 

of this specimen was shown on the screen. Then those values were taken down 

carefully. These values would be analyzed later on. According to the basic theories 

of FSW and FS, welding line and coating had two sides. One was advancing side, 

another was retreating side. Different sides had different properties. Thus, the 

hardness test should be done on each side. In this experiment, each coating was 

divided into three region, and were named as advancing side, middle region and 

retreating side. Their hardness were tested individually. Therefore, for each 

specimen, 12 holes should be drilled in hardness test. 

2.7 Using Optical Microscope (OM) to analyze the appearance 

Although for stainless steel sample, its properties, such as corrosion resistance and 

hardness, are very important, its overall appearance is also a vital indicator. 
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Especially when samples are made by FSA technique, since coatings are different 

in shape. The width and thickness of coating possess plenty of information, and 

can contribute to specific properties. Therefore, examining the appearance of 

coatings on samples is very necessary. In previous step, all samples were cut into 

small specimens, which each has polished cross section. Thus, those specimens 

could be viewed under Optical Microscope. In this experiment, the appearances 

and shapes of the cross section of each sample were the majority property that need 

to be examined. OM test has two manifest functions. The first one is reveal the 

appearance of coating, giving the indicator of goodness of corresponding 

parameters. Another function of OM test is to examine the distribution of additive 

particles in FSA. Recall in FSA, copper or 𝑇𝑖𝐵2 are added into SS316L rods to 

create alloys in coatings. Those additive particles were added into Stainless Steel, 

however, it could not be ascertained that whether those particles had been 

distributed uniformly in the coating of samples. Thus, this objective is achieved 

with the help of OM test. 

 

Optical Microscope, which is also referred as light microscope, uses visible light 

as the resource, together with a system of lens to magnify images of tiny samples. 

The specific model and basic information of the OM we used is shown in the table 

at the end of this chapter. And the following graph indicates the details of OM test. 
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17Figure 2.7.1 optical path of a typical microscope 

 

Optical Microscope was switched on before turning on the computer which was 

linked to it. Then the corresponding software on desktop was run. In this software, 

there was a button called live view. By clicking this button, the live image of 

specimens could be seen on the screen. This fast sampling function was used to 

take photos of each coating. Since the cross section of coatings were very long and 

narrow, a series of pictures should be taken separately, and then be composed into 

single picture. X-axis was adjusted so that each two adjacent pictures have at least 

40% same area, which can be selected as indicators of coincided area. Automatic 

composition was chosen and the option searching among all, which would give 

higher precision of composition process, was ticked. After composition, that 

software could submit a draft panorama of the coating. However, usually the results 

were not very acceptable. Thus, those panorama were needed to be modified then. 

Each picture was matched to its two neighbors by coincide area, and this step was 

repeated to all the elements. Figure 2.7.2 shows a panorama of coating which has 

been composed by OM software. 
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18Figure 2.7.2 a panorama of coating which is composed by OM test 

 

19Figure 2.7.3 adding necessary information to each panorama 

 

Then necessary information should be labeled on that panorama, which included 

scale, width and thickness of coating. The measurement could be done by clicking 

semi-automatic measurement and setting appropriate boundaries. This step is 

shown in figure 2.7.3 as an illustration. Get-Data, which was an open resource 

software, was used to digitalize the coating. By picking up each coordinate of point 

on the boundary of coating, the digitalized boundary of each coating could be get, 

which could be compared together later on. The data which was get from Get-Data 

was then post-processed in Excel, then it was input into Origin, which was a 

powerful mathematical software installed on computers in laboratory, for further 

analysis. And figure 2.7.4 gave an example of this step, together with a digitalized 

graph of coating in figure 2.7.5 as an illustration. 

 

 

20Figure 2.7.4 digitalizing each coating by using Get-Data. 
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21Figure 2.7.5 an example of digitalized coating generated by Origin. 

2.8 Using Scanning Electron Microscope (SEM) to observe details and examine 

composition 

Scanning Electron Microscope (SEM) could generate images of samples by using 

focused beam of electrons to scan their surface. By interacting with sample’s atoms, 

the electrons could help to fabricate corresponding signals, which after post-

processing by software cdoul reveal samples’ surface topography as well as their 

composition. For the principle of SEM, a raster scan pattern scan the electron beam 

turn by turn and mark down the position of beam. It, together with the detected 

signal, could fabricate an image of sample. In order to get an accurate result, sample 

surface should be polished well. Thus, SEM test can only be conducted after 

grinding and polishing steps. Comparing with Optical Microscope (OM) test, SEM 

test can show much more details on samples’ surface. Usually SEM is capable to 

magnify surface into 300,000x, which is big enough to identify grain boundaries 

vaguely. The model information and details of SEM used in this experiment was 

listed in the table at the end of this chapter. And figure 2.8.1 shows the schematic 

drawing of a standard SEM device as an illustration. 
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22Figure 2.8.1 the schematic drawing of SEM with adequate explanation 

 

When using secondary electrons as the source of SEM beam, the general 

composition of a sample in specific area can be examined. By using this technique, 

it was capable to analyze the chemical composition of each sample, which was very 

crucial in FSA analysis, since it was needed to determine how much additive 

particles have mixed into original stainless steel. This technique can be used when 

adding an extra functionality to SEM, which is known as Energy-dispersive X-ray 

Spectroscopy (EDS or EDS). The basic principle of EDS is that each element has 

a unique atomic structure, which generate a unique set of peaks relative to its 

electromagnetic emission spectrum. And figure 2.8.2 is an explanation of the 

principle of EDS. The related model and details are mentioned in the table at the 

end of this chapter. Another type of signals generated in SEM uses back-scattered 

electrons (BSE) as the source. Since atomic number (which is labeled as Z in SEM) 
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has a tight relation with the normalized intensity of BSE signals, images fabricated 

by BSE technique, together with spectra of each atom, are frequently used in 

analytical SEM. Distribution of each element in a sample can be known by 

processing BSE images. This functionality is also very useful, since we need to 

assess the uniformity of distribution of additive particles in FSA. 

 

 

23Figure 2.8.2 the scheme of principle of EDS 

 

The computer that was linked to SEM was switched on, and SEM was turn on then. 

Make sure that Nitrogen tank contains enough Nitrogen, since lack of Nitrogen 

would cause oxygen environment in SEM tube, damaging the electron generator. 

The software should be operated appropriately and SEM would produce images of 

samples. After getting corresponding images, appropriate working area should be 

selected and EDS was used to detect its composition. After processing by EDS and 

its software, the result of composition was shown on screen. Elements that were 

susceptible to be included in the sample should be selected, and the software would 

generate a list of each element and its corresponding concentration. 
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2.9 Using X-ray Diffraction (XRD) to determine crystal structures 

In order to determine the crystal structure of crystalline metals, X-ray Diffraction 

(XRD) is required in this project. The crystal inside sample cause the X-ray beam 

to diffract into many different directions. This diffraction could happen because X-

ray has the similar length as the distances between atoms. And each specific 

direction of diffraction can be matched to corresponding structures in 

crystallography. Thus, a three-dimensional model of the crystal structure of each 

sample could be built by measuring the intensities and angles of the diffracted X-

ray beam. The basic principle of XRD is shown in figure 2.9.1 as an illustration. 

 

 

24Figure 2.9.1 the working principle of XRD, which is based on X-ray diffraction 

 

A series of XRD test have been conducted on samples of FSW and FS in this project. 

For stainless steel in particular, different peaks in the result diagram reveal different 

phases possessed in stainless steel. Taking Austenitic stainless steel as an example, 

the peak with 43 degree reveals a typical austenitic phase. Austenitic phase could 
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generate many different peaks in a single diagram, since they have different 

orientations. Nevertheless, XRD can still help to distinguish different phases in our 

samples. Thus, XRD is necessary in examining samples fabricated by FS and FSA. 

Since some specific grades of stainless steel has the chance to change phase during 

FS process. Therefore XRD test allows us to recognize this phenomenon. And 

duplex stainless steel could be fabricated by inserting martensitic or ferritic 

stainless steel rods into austenitic stainless steel rods. Thus, XRD can detect 

different phases in a single sample, which can support our assumption. 

 

XRD equipment should be switched on first, followed by turning on the computer 

linked to it. And then the relevant software installed in that computer was run. 

Specimen was pasted on to the stent by using rubber mud. Since rubber mud with 

not cause diffraction of X-ray, it could be used as the fixture of specimen. Then the 

specimen was inserted into the slot inside the XRD equipment. To draw your 

attention, the upper surface which contains coating should be place upward, 

otherwise the X-ray will diffract by the other side. The door of XRD equipment 

should be locked carefully, and make sure the indicator light of door lock has been 

off, which indicated the door had been locked. This step should be double checked 

before starting XRD test. Since opening this door accidently during operation 

would cause X-ray leakage, which was extremely dangerous for people around. 



44 

 

2.10 Using Electron Backscatter Diffraction (EBSD) to study and analysis grain 

boundary 

Electron Backscatter Diffraction (EBSD) is based on Scanning Electron 

Microscope (SEM). EBSD is used for analyzing sample microstructure, which is 

the internal structure of microscopic scale. Since the internal structure of materials 

influences its mechanical and chemical properties, studying microstructure is 

crucial for digging out the natures of such materials. Microstructure contains a 

variety of items, such as identification and characterization of grain populations, 

investigating different phases in materials, and orientation analysis. Taking one as 

example, grain boundary angle contributes a lot to corrosion behavior. However, 

common devices such as SEM and XRD cannot count the total number of each 

grain boundary angle. In this situation, EBSD is necessary to provide statistics of 

grain boundary angle. Therefore, characterizing microstructure is one basic step in 

understanding the nature of one material and explain its behaviors. The core 

components which consist EBSD are shown in figure 2.10.1 as an illustration. 

 

25Figure 2.10.1 core components of EBSD equipment 
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A stationary electron beam interacts with a crystalline sample that has been placed 

tilted in EBSD. The diffracted beam of X-ray could be detected by a fluorescent 

screen. Crystal structure and orientation can be characterized by the diffraction 

pattern. After processed by software, those diffraction pattern data could generate 

the corresponding crystal orientation, which then discriminate between different 

crystal phases by referring crystallography. Other characters such as crystal 

orientation and grain morphology could also be revealed. The analysis is ended by 

process those statistics in software with quantitative analysis function. After that, 

the statistics of different orientations, different grain boundary angles and different 

grain sizes can all be shown numerically. A typical EBSD image of SS630 after FS 

is shown in figure 2.10.2, which can reveal a variety of information of grain 

boundaries. 

 

 

26Figure 2.10.2 a typical image fabricated by EBSD 
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2.11 Corrosion test 

Corrosion resistance is one of the most outstanding properties that stainless steel 

possesses, which is the major improvement of stainless steel compared with iron 

as well. Thus, for samples made by stainless steel, testing their corrosion behavior 

is necessary all the time. In this project, a wide variety of stainless steel have been 

used to manufacture samples. Among them, SS316L is one of the major types that 

this experiment focused on, which particularly possesses an excellent corrosion 

resistance compared with other types of stainless steel. In this experiment, each 

sample was examined by two different sets of test, which are Cyclic Polarization 

(CP) and Electrochemical Impedance Spectroscopy (EIS). And preliminary 

experiment, Open Circuit Potential (OCP), should be implemented, in order to 

measure the open circuit potential for each material. 

 

Cyclic Polarization (CP) performs polarization cyclically, which means the 

potential is only swept in one cycle. And the potential imposed on sample causes 

the movement of electrons, which induces corrosion process. Various parameters 

reflected from CP are of significance importance in evaluating the corrosion 

behavior of a specimen. The point which is the horizontal vertex in left is 

called 𝐸𝑐𝑜𝑟𝑟, at which the anodic reactions and cathodic reactions are balanced. 

Before this point, the chemical reaction happened in solution is the electrolytic 

reduction of hydrogen. Thus, this point reflects the tendency to corrosion. The 

second point, which is the sharp corner between inclined segment and the relatively 
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horizontal segment of the curve, is called 𝐸𝑝𝑖𝑡. This point represents the potential 

to break the protective layer of stainless steel, aka the protective layer could not 

withstand the corrosion and pitting corrosion exists on the surface of specimen. 

Last point is the intersection between returning segment and the inclined part of 

the curve, which is named 𝐸𝑝𝑝. This point means the level of potential by with the 

specimen can regenerate its protective layer. Thus, 𝐸𝑝𝑝 can represent the ability of 

recoverability of a specimen. And figure 2.11.1 is a typical CP curve of stainless 

steel with sufficient labels on it. 

 

 

27Figure 2.11.1 a typical curve of CP of stainless steel9 

 

The specimen was wet grinded with 400 grit Silicon carbide paper, followed by 

using 800 grit Silicon carbide paper until the coarse surface of the coating has been 

removed. Then ultrasonic cleaner was used to clean the specimen, after which dry 

                                                             
9 Bou-Saleh, Z., Shahryari, A., & Omanovic, S. (2007). Enhancement of corrosion resistance of a biomedical grade 
316LVM stainless steel by potentiodynamic cyclic polarization. Thin Solid Films, 515(11), 4727-4737. 
doi:10.1016/j.tsf.2006.11.054 
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it by using dryer. And ultrasonic cleaner with ethanol for several minutes was used 

in the ultimate cleaning procedure. According to GB standard, all stainless steel 

samples should undergo passivation before doing CP. And GB recommends to use 

Nitric Acid as the solution. A glass of 30% (by weight) nitric acid was prepared 

and is was put into controlled-temperature water bath. Then the temperature of 

controlled-temperature water bath was set to be 50 degree Celsius. And specimens 

was emerged into nitric acid solution and kept for an hour. These was the standard 

way to passivate stainless steel. Passivation process was necessary, otherwise there 

may be crevice corrosion occurred in the edge of epoxy later on. And figure 2.11.2 

shows a specimen which has done passivation. 

 

 

28Figure 2.11.2 a specimen which has done passivation 

 

After passivation, the specimen was covered by a dense oxidation layer. Then 

suitable silicon carbide paper was used to remove part of this oxidation layer. 

Rectangular shape of the removed area was recommended, since its area was easy 

to be measured. Silver paste was used to stick specimen onto the conductive copper 

wire, since silver paste is conductive itself. Stirring the silver paste was necessary 
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since it may be dry. After sticking specimen onto the copper wire, it should be 

placed horizontally for an hour, so that the silver paste could be solidified. Then 

epoxy is used to cover the remaining surface of specimen. Since epoxy was 

insulated, it could prevent corrosion happened on the surface it covered. The 

specimen and corresponding copper wire should be covered by epoxy very 

carefully, making sure that each corner has been covered. Then the area of total 

surface where corrosion can exist was measured. The dimension and area were 

input into software latterly. A glass of 3.5% (by weight) sodium chloride solution 

was prepared by dissolving 17.5 gram of sodium chloride into 500ml distilled water. 

To draw your attention, distilled water should be used in order to avoid unnecessary 

error induced by ions in water. Two platinum counter electrodes were placed 

oppositely in solution, with the sealed specimen in between. These two counters 

were used to provide electrons. And then a saturated calomel electrode (SCE) was 

added into the solution as a reference. The potential measured by equipment was 

respect to this SCE reference. And then those components were linked together by 

wires. The corrosion tester was switched on, and the corresponding software was 

run then. Open Circuit Potential test was selected on the menu. Necessary 

parameters was then input into the interface, such as working area, time interval. 

Then start the OCP test. OCP test could be stopped when its curve becomes 

horizontal. The steady value of potential was called Open Circuit Potential. Then 

CP test was chosen on menu. And necessary parameters was input, among which 

the threshold was very important. Threshold was calculated by multiplying 5 to the 
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working area. Another crucial setting was changing E filter and I filter to 1 KHz 

mode, which could eliminate annoying noise on the curve. After the entire CP curve 

has been shown on the screen,𝐸𝑐𝑜𝑟𝑟 𝐸𝑝𝑖𝑡 and 𝐸𝑝𝑝 should be identified on it. The 

CP curve would be acceptable if it went back and intersected with the inclined 

segment beyond 𝐸𝑐𝑜𝑟𝑟 point. Then the specimen was taken out of the solution and 

cleaned by water. Check whether pitting corrosion happened on the passivation part 

of the surface. If no pits could be seen on that area, it indicated that the passivation 

worked and the result would be reliable. The entire CP curve should be saved for 

further analysis. And then the counters and reference was cleaned. The corrosion 

tester, which is called STAT3, was switched off then. Since this corrosion tester 

was very sophisticated, it should not be run for long period, otherwise the circuit 

may become less accurate. To avoid that happen, one should always remember to 

switch off STAT3 after doing corrosion test. CP test for each specimen was repeated 

for 3 times in order to get a reliable result. Since the critical points in CP tests 

should be highly reliable to represent the relevant properties of coating after FSW 

or FS, CP tests should be repeated to minimize the uncertainty. If repeating test 

generated the same result, then it could be used as the approved one of the 

corresponding coating. 

2.12 Electrochemical Impedance Spectroscopy (EIS) 

Several electrical models can be used to analyze the electrical behavior of an 

electrometrical system. Those models often involve energy dissipater and energy 
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storage, which are resistors and capacitors, respectively. Electrochemical 

impedance spectroscopy (EIS), which characterize an electromechanical system by 

evaluating its impedance, is one of the experimental ways that are widely used. EIS 

measures its impedance, which includes resistance and capacity over a range of 

frequencies by applying a sinusoidal voltage superimposed onto a direct current 

(DC). Therefore, the response of the system, which in particular is the frequency 

response including the properties of energy storage, as well as the dissipation, can 

then be put onto screen. In experiment, the impedance of a specific system is 

calculated by using Ohm’s Law, which is shown below. 

 

Z =
𝐸𝑡

𝐼𝑡
= 𝑍0

sin (𝜔𝑡)

sin (𝜔𝑡+𝜑)
 Equation 1. 

 

In this equation, t represents the time and 𝐸𝑡 stands for the excitation signal. And 

𝐼𝑡 is the response signal, together with the φ represents the shifted phase and ω 

is the radial frequency. Analyzing Lissajous figure is one of the applied method of 

impedance measurement before modern EIS instrumentation is used widely. The 

Lissajous figure is shown in figure 2.12.1 as an illustration, which is an ellipse 

made by applied signal 𝐸𝑡 and response signal 𝐼𝑡. 
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29Figure 2.12.1 origin of Lissajous Figure 

 

According to Euler’s identity, which is shown in equation 2, the impedance can be 

revealed in the complex number notation. The relationship is shown in equation 3. 

 

𝑒𝑗𝜑 = 𝑐𝑜𝑠𝜑 + 𝑠𝑖𝑛𝜑 Equation 2. 

 

Z(ω) = 𝑍0 ∙ 𝑒𝑗𝜑 = 𝑍0 ∙ (𝑐𝑜𝑠𝜑 + 𝑠𝑖𝑛𝜑) Equation 3. 

 

By representing the impedance in complex number notation, it can be shown in 

XY-plane with X-axis representing its real part and Y-axis representing its 

imaginary part. This method of plotting impedance is called Nyquist Plot. In which 

each point on it is corresponding to one particular frequency. Although Nyquist 

Plot can show impedance in XY-plane by a vector with norm, it is not capable to 

reveal all information because it cannot tell the exact frequencies corresponding to 
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each point. Bode Plot is one of the alternatives of Nyquist Plot, which can be seen 

as an supplement, with X-axis representing a log form of frequency and Y-axis 

representing the absolute values of the impedance as well as the phases. 

 

Equivalent circuit is one of the vital illustrations of electromechanical system. 

Because resistances and capacities are the basic parts of EIS system, its equivalent 

circuit consists of resistors and capacitors. A model is required to include 

components from a physical process in a particular electrochemical cell, otherwise 

it should be partially or entirely empirical and should be the best one to match the 

model and the impedance. Several corrosion processes consist the impedance of an 

electrochemical system, which includes electrolyte resistances, polarization 

resistance and double layer capacitance, together with charge transfer resistance 

and the capacitance of coating. 

 

Solution resistance, capacitance of the coating consist the equivalent circuit of EIS 

system, which is labelled as 𝐶𝑐, the resistance of pore resistance is notated as 𝑅𝑃𝑂, 

while a double layer capacitance 𝐶𝑑𝑙 is connected to a charge-transfer resistance, 

which is called 𝑅𝑐𝑡, modelling the interface between the pores with solution, which 

is different from the eminent solution. All in all, a schematic of the entire equivalent 

circuit is shown in figure 2.12.2 as an illustration. And figure 2.12.3 and figure 

2.12.4 represents typical graphs of Nyquist Plot and Bode Plot, respectively. 
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30Figure 2.12.2 schematic of equivalent circuit of coating 

 

31Figure 2.12.3 a typical Nyquist Plot of Austenitic stainless steel coating10 

 

32Figure 2.12.4 a typical Bode Plot of Austenitic Stainless Steel coating11 

                                                             
10 Hamdy, A. S., El-Shenawy, E., & El-Bitar, T. (2007). The corrosion behavior of niobium bearing cold deformed 
austenitic stainless steels in 3.5% NaCl solution. Materials Letters, 61(13), 2827-2832. 
doi:10.1016/j.matlet.2006.10.043 
11 Hamdy, A. S., El-Shenawy, E., & El-Bitar, T. (2007). The corrosion behavior of niobium bearing cold deformed 
austenitic stainless steels in 3.5% NaCl solution. Materials Letters, 61(13), 2827-2832.  
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2.13 Relevant tables 

Instruments Used in Entire Project 

Instrument Brand/manufacturer Model 

Scanning Electron 

Microscope (SEM) 
Hitachi High-Tech S-3400N Type I 

Energy Dispersive X-ray 

Spectroscopy (EDS) 
Horiba EX-250 

XRD Rigaku MiniFlex600 

Optical Microscope (OM) Leica DMI300M 

Abrasive cutter Buehler AbrasiMatic 300 

Linear precision saw Buehler IsoMet 5000 

Automatic compression 

mounting system 
Buehler SimpliMet XPS1 

Grinder-polisher Buehler MetaServ 250 

Silicon carbide Buehler 
CarbiMet 320 and 600 

grit 

Diamond suspensions Buehler 
MetaD supreme 

suspension 

Final polishing suspensions Buehler MasterMet 

Ultrasonic cleaner Crest 200T 

Automatic Vickers hardness 

tester 
Wilson VH3100 

EBSD Oxford Instruments EBSD package 
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FSW machine China FSW center FSW-TS-L16 

computer controlled 

electrochemical system 

Princeton Applied 

Research 
VersaSTAT 3 

Lather and drilling machine 

Shanghai machinery 

workshop/ Pearl 

machinery workshop 

Not available 

Table 2 Instruments used in entire project 

 

Materials Used in Entire Project 

Material Dimension (mm) 
Standard 

composition 

Identified 

composition* 

Stainless steel plates 

316L Plate 80*30*5 (L/W/H) 
0.03C-2.00Mn-

18Cr-10Ni-3Mo 

0.02C-1.10Mn-

16.55Cr-10.34Ni-

2.09Mo-0.27Cu 

304 Plate 
100*50*6 

(L/W/H) 

0.08C-18Cr-10Ni-

2Mn 
Not available 

Stainless steel rods 

316L (thick) φ14 
0.03C-2.00Mn-

18Cr-10Ni-3Mo 

0.04C-1.30Mn-

16.0Cr-10.3Ni-

2.09Mo-0.28Cu 

316L (slim) φ12 
0.03C-2.00Mn-

18Cr-10Ni-3Mo 

0.05C-1.19Mn-

16.55Cr-9.81Ni-

1.95Mo-0.30Cu 

201 φ13 
0.15C-0.25N-

7.5Mn-18Cr-3.5Ni 
Not available 

430 φ13 
0.12C-1.25Mn-

18Cr 

0.06C-0.91Mn-

17.38Cr 

420 φ14 
0.15C-1.00Mn-

14Cr 
Not available 

416 φ13 
0.15C-1.25Mn-

14Cr 

0.09C-1.21Mn-

13.31Cr 
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630 (17-4PH) φ13 

0.07C-1.00Mn-

15Cr-4Ni-4Cu-

0.45Nb 

0.04C-0.34Mn-

15.56Cr-4.74Ni-

3.21Cu-0.24Nb 

2205 φ14 
0.03C-2Mn-23Cr-

6.5Ni-3.50Mo 

0.01C-1.49Mn-

22.21Cr-4.97Ni-

3.24Mo 

Reagents 

Composition brand Detail information 

Copper Sigma-Aldrich <75micron, 99% 

Titanium Diboride 

(𝑻𝒊𝑩𝟐) 
Not available Micron scale, 98% 

*identified composition is detected by third party 

Table 3 Materials used in entire project 
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Chapter 3: Results and discussions 

3.1 Macro level analysis 

3.1.1 Comparison between samples made by different grades of stainless steel 

Results 

In this experiment, we used seven different kinds of stainless steel, which include 

almost all common grades of stainless steel, to create coatings by using Friction 

Surfacing (FS) technique. The morphologies of coatings fabricated by different 

kinds of stainless steels are different, so as cross sections, so at the beginning, 

comparing the morphologies and cross sections of coatings generated by different 

types of stainless steel is necessary. The morphologies of coatings fabricated by 

using different types of stainless steel is shown in figure 3.1.1.1 as illustration. 

 

 

SS201-2000rpm-200mm/min 

 

 

SS316L-2000rpm-200mm/min 
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SS416-2000rpm-600mm/min 

 

 

SS420-2000rpm-400mm/min 

 

 

SS630-2000rpm-500 mm/min 

33Figure 3.1.1.1 morphologies of coatings made by different types of stainless steel 

 

For each type of stainless steel, we fabricated different samples by using different 

parameters, which includes rotating speed, welding speed and other minor 

parameters. And in this section, we used the same rotating speed (2000 rpm) as the 

control variable, to compare the morphologies and cross sections of different 

samples. The cross sections of different samples are shown in figure 3.1.1.2, which 

is generated by Origin. 
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34Figure 3.1.1.2 cross section comparison 
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According to figure 3.1.1.1, when the major parameter, which is the rotating speed, 

remains the same, SS316L coating is the straightest one among those five samples. 

And the coating of SS201 and SS416 is toward to advancing side a little bit, which 

means their retreating sides are lack of materials. While the coating of SS201 

shrinks along the diagonal and SS420 coating is squeezed in the middle part. The 

overall shape of SS630 coating is relatively good. 

 

The edge of SS316L coating is very smooth, so as the edges of SS420 coating and 

SS630 coating, which have very few burrs. By contrast, SS201 coating and SS416 

coating are relatively rough, with a large amount of burrs on edges. Besides, the 

edge of 420 is quite normal, with some burrs but not that many.  

 

Secondary, the flatness of coating surface are different. SS316L coating is almost 

flat without significant ridge. However, SS416 coating and SS201 coating surfaces 

are relatively very rough, which have a large amount of ridges along the welding 

direction. While the surfaces of SS420 coating and SS630 coating are neither very 

flat nor very rough, with normal degree of ridges along the working direction. 

 

According to figure 3.1.1.2, when the major parameter, which is the rotating speed, 

remains the same, SS420 coating is the widest among those five samples of 

stainless steels. The second widest coating is SS316L coating, followed by the 

coating of SS201. The coating of SS416 is the least wide one, which is slightly 
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narrower than the coating of SS630. While SS316L coating is the thickest one, 

followed by the coating of SS630. The third thickest coating is the one of SS416. 

While the coating of SS201 is thicker than the SS420 coating, which is also the 

thinnest coating among those five samples. 

 

Another very important comparison is between the optimum parameters of 

different types of stainless steels. As shown in figure 3.1.1.1, while the rotating 

speed of spindle remaining the same, SS316L and SS201 coatings require the 

lowest welding speed, which is only 200mm/min. And the optimum welding speed 

of SS416 is the highest, which is 3 times the value of SS316L and SS201coating. 

While the optimum welding speed of SS630 is the second highest, which is 

500mm/min, followed by the 400mm/min optimum welding speed of SS420. 

 

Discussion 

Actually, one can view the process of fabricating stainless steel coatings by using 

Friction Surfacing (FS) as the process of transmit materials from stainless steel 

rods to the substrate. Material becomes floating at rod tip first, and then is pasted 

to the substrate. Thus, the rate of floating the material at rod tip should match to 

the rate of pasting material to substrate. The more matching of those two rates, 

the easier the coating can be formed, as well the better morphology of coating can 

be attained. 
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The rate of floating the materials at rod tip can be referred to the forgeability of 

certain type of material, which is the description of how easy the material can be 

enforced by forging. The easier a type of material can be forged, the higher is its 

forgeability. And the easier this material can become floatable at original rod tip. 

And a table of forgeability can be seen in Appendix A-1. 

 

According to appendix A-1, among the six types of stainless steel which we 

studied in this project, SS430 has the highest forgeability, while 17-4PH, which is 

called SS630, possesses the lowest forgeability. Thus, the material is easiest to be 

floatable on SS430 rod tip. However, pure SS430 seems to be incapable to form 

acceptable coating. That is because its forgeability is so good that the rate of 

sticking material onto the substrate and forming coating cannot catch up with the 

speed of floating the materials at rod tip. Even setting the welding speed to be the 

maximum value, the rate of sticking materials still cannot catch up to the rate of 

floating SS430 material at rod tip. Thus, SS430 materials on the rod has flip to 

the mushroom shape rod tip, instead of sticking to the substrate, which can 

contribute to the formation of coating. As a result, the rod tip of SS430 after FS is 

very thick, while there are barely materials on the substrate. 

 

The forgeability of SS316L is relatively low, which indicates that the rate of 

floating SS316L material at rod tip is quite slow. Thus, the only way to form 

acceptable coating of SS316L is to slow down the rate of sticking materials onto 
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the substrate to match the rate of floating. Therefore, the welding speed should be 

set to a relatively low value. As a result, the welding speed for SS316L coating is 

only 200mm/min, which is the lowest among six major types of stainless steels 

used in this experiment. 

 

While for SS420 and SS416, which are two typical martensitic stainless steel, the 

forgeabilities are relatively good. Which means SS420 and SS416 can become 

floatable on rod tip in a moderate rate. Thus, with the help of proper parameters, 

the rates of sticking material onto substrate of SS420 and SS416 can match their 

corresponding rates of floating the materials. Thus, SS420 and SS416 can also form 

coatings with relatively good morphologies. 

3.1.2 Morphology and cross sections of SS316L coatings made by FS 

Results 

SS316L is the major type of stainless steel that we study in this experiment. Thus, 

we tried a plenty of different combinations of rotating speed and welding speed in 

order to find the optimum parameters of SS316L coating. And here is the result of 

SS316L part. 

 

SS316L-1200rpm-200mm/min 
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SS316L-1500rpm-200mm/min 

 

 

SS316L-1500rpm-200mm/min-High drill velocity (90mm/min) 

 

 

SS316L-1500rpm-200mm/min-Low drill velocity (50mm/min) 

 

 

SS316L-2000rpm-200mm/min 
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SS316L-2000rpm-200mm/min-melting 

35Figure 3.1.2.1 morphologies of SS316L coatings 

 

We used 5 different combinations of welding speed and rotating speed to make 

samples, together with a special samples, in which the SS316L has melted. And 

figure 3.1.2.2 shows the cross sections of each sample together in one graph. 

 

 

1200rpm-200mm/min 

 

 

1500rpm-200mm/min 

 

 

1500rpm-200mm/min-High drilling velocity 
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1500rpm-200mm/min-Low drilling velocity 

 

 

2000rpm-200mm/min 

 

 

2000rpm-200mm/min-melted 
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36Figure 3.1.2.2 cross sections of SS316L coatings 
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According to figure 3.1.2.1, the shape of SS316L coatings are smooth and flat. 

Among which 2000rpm-200mm/min coating is the most straight one, while 

1500rpm-200mm/min and 1200rpm-200mm/min are also acceptable. However, the 

two samples with uncommon drilling velocities (HDV stands for High drilling 

velocity, and LDV stands for Low drill velocity) become narrower along the 

welding direction. That means the coatings of 1500rpm-200mm/min-HDV and 

1500rpm-200mm/min-LDV are lack of materials at their retreating side. 

 

And 2000rpm-200mm/min-Melting coating is extremely flat and smooth, without 

any ridge on its surface. The second smoothest coating is the one of 1500rpm-

200mm/min, with some visible ridges on its coating surface. The coatings of 

2000rpm-200mm/min and 1200rpm-200mm/min are also quite flat and smooth, 

since there are not huge ridges. However, the surfaces of two samples with unusual 

drilling speed contains relatively large amounts of ridges on their surfaces. 

 

The edge of 2000rpm-200mm/min-Melted coating is the smoothest among those 

five samples. Next comes the coating of 2000rpm-200mm/min, although there are 

some burrs on its edge, but the amount is quite low. The edge of 1500rpm-

200mm/min-HDV and 1500rpm-200mm/min-LDV are normal, with some visible 

burrs on their edges. And 1500rpm-200mm/min coating and 1200rpm-200mm/min 

one contain large burrs at the starting part each coating. 
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According to figure 3.1.2.2, the widest coating in SS316L series is 1200rpm-

200mm/min coating, while the highest coating happens at 1200rpm-200mm/min 

as well. 1200rpm-200mm/min coating is much wider than the second widest one, 

which is the coating of 1500rpm-200mm/min-HDV coating. Next comes the 

coating of 1500rpm-200mm/min and 1500rpm-200mm/min-LDV coating in turn, 

which are wider than the coating of 2000rpm-200mm/min coating. While the 

coating of 2000rpm-200mm/min-Melted is the narrowest one among those six 

samples. 

 

1200rpm-200mm/min is the thickest coating among six samples, followed by the 

coating of its low drilling velocity counterpart. While the next comes to 1500rpm-

200mm/min-HDV coating, which is thicker than the coating of 1500rpm-

200mm/min. The coating of 2000rpm-200mm/min-Melted is the least thick coating, 

which is slightly narrower than its non-melted counterpart. Thus, we can conclude 

that 1200rpm-200mm/min coating has the best shape in SS316L series coatings. 

 

Discussion 

Actually, the heat that are used to deform materials during FS is not from the 

friction between rod tip and substrate, but from the deformation of material itself. 

Among those properties of materials, stacking fault energy is capable to be an 

indicator of its ability to generate heat during deforming. If a metal possesses 

higher stacking fault energy, it can generate more heat at the same level of 
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deformation. Although stacking fault energy of a single material are different in 

different directions. The stacking fault energy of SS316L is still relatively high 

among stainless steels. Thus, the coating of SS316L is easy to fabricate and has 

good morphology in general. 

3.1.3 A special case: Melted SS316L coating 

Results 

As mentioned in section 1.2 previously, Friction Surfacing (FS) is an under melting 

point technique, which means the temperature of raw materials are below melting 

point of corresponding material. However, with the help of shielding flow, it is 

possible to increase the temperature to surpass the melting point and create a melted 

stainless steel coating. And the morphology of melted SS316L coating shows a 

huge difference from ordinary SS316L coating. 

 

In this section, we used the same major parameters, which are 2000rpm rotating 

speed and 200mm/min welding speed, to fabricated two different samples of 

SS316L coating, which are melted and non-melted, respectively. And then we 

studied their morphologies and cross sections. Other properties are discussed in 

later sections. The morphologies of two samples are shown in figure 3.1.3.1 as an 

illustration, while the comparison between their cross sections are shown in figure 

3.1.3.2. 

 



72 

 

 

SS316L-2000rpm-200mm/min 

 

 

SS316L-2000rpm-200mm/min-Melted 

37Figure 3.1.3.1 Morphologies of non-melted and melted SS316L coating 

 

 

38Figure 3.1.3.2 cross sections of non-melted and melted coatings 

 

According to figure 3.1.3.1, both coatings are very straight along the working 

direction. However, the melted SS316L coating is shrinking from the beginning 

to the ending part, which means the starting segment of melted SS316L coating is 

very wide compare with its later segments. That indicates that both advancing and 

retreating sides are lack of materials. 
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The edges of both samples are very uniform. But compared with ordinary 

SS316L coating, the melted one has even more smooth edge. So as the roughness 

of coating surface. For melted SS316L coating, its surface is extremely smooth, 

without any obvious ridge. When toughing it’s surfacing, one can feel like 

touching the glass. However, the surface of ordinary SS316L coating is relatively 

rough, with some distinguished ridges along the processing direction. 

 

When referring to figure 3.1.3.2, the cross sections of two samples are relatively 

similar. 2000rpm-200mm/min coating is a little bit wider, but also a little bit 

thinner the melted coating. But from the cross section comparison, one can 

distinguish that the melted coating is more flat. By contrast, the ordinary coating 

shows a relatively obvious different thickness between middle part and corner 

parts. To draw your attention, the length of coating is not an important result that 

can be discussed, since we can control it directly by adjusting the difference of 

starting and ending points. 

 

Discussion 

Since the temperature of working area during FS was above melting point of 

SS316L, thus, the metal had been melted during this process. SS316L materials 

changed to almost liquid state, which is more floatable than solid state. Thus, the 

surface could be stirred more uniformly, which resulted a flatter surface with less 

ridges along its working direction of melted SS316L coating. 
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The difference between the original length and length after FS of SS316L rod, 

which was used to make melted SS316L coating, is less than reduced length of 

SS316L rod, which was used to fabricate non-melted coating. Thus, the material 

used in melted coating is less than the material used in non-melted coating. As a 

result, the thickness and width of melted coating are smaller than the 

corresponding dimensions of its non-melted counterpart. 

 

In order to explain the different morphology of melted and non-melted SS316L 

coatings in details. We used OM to take panorama for the tip of SS316L rods 

which are used to fabricate those two coatings, and compare the different shapes 

of their cross sections. And the comparison is shown in this section. 

 

 

39Figure 3.1.3.3 comparison of cross section of rod tip between melted and non-

melted SS316L coatings 

 

The lowest region of rod tip, which is attached to the substrate during FS 

processing, is named shoulder of rod tip. If we see the rod tip as many circles 
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with same center, the materials on the circles that are out of the shoulder of rod 

tip do not have chance to stick onto substrate and form coating. In another word, 

the effective region of rod tip, which can transfer materials to substrate and form 

coating, is the area within that shoulder. As shown in the figure above, the 

shoulder of rod tip is closer to center in the rod that are used to fabricate melted 

coating. Thus, the melted coating is narrower than its non-melted counterpart. 

 

On the other hand, we also labeled the effect region of each rod tip in figure 

3.1.3.3. Those effect region has very identical structures, and the direction of 

those highly identical structures is along the direction of material movement in 

rod tip. And the thickness of this effect region is larger in the rod tip of melted 

sample. Which indicate that the melted coating is pressed even more severe. 

Thus, the thickness of melted SS316L coating is smaller than non-melted SS316L 

coating. 

3.1.4 Samples made by two types of SS316L rods, which are different in diameters 

Results 

The diameter of metal rod is one variable that can possibly cause difference in 

properties of coating. In this section, we chose the same type of stainless steel, 

which is SS316L, but different in diameters. The diameter of thick SS316L rod is 

14mm, while the diameter of its slim counterpart is 12mm. And we controlled the 

major parameters to be the same, and studied their coatings. In figure 3.1.4.1, 
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different coatings with same parameters are compared. And in figure 3.1.4.2, 

there are comparisons between the cross sections of two group of coatings. 

 

 

 

SS316L-1200rpm φ14 (upper) and φ12 (lower) 

 

 

 

SS316L-1500rpm φ14 (upper) and φ12 (lower) 
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SS316L-1500rpm-High drilling velocity φ14 (upper) and φ12 (lower) 

 

 

 

SS316L-1500rpm-Low drilling velocity φ14 (upper) and φ12 (lower) 

 

 

 

SS316L-2000rpm φ14 (upper) and φ12 (lower) 
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SS316L-2000rpm-Melted φ14 (upper) and φ12 (lower) 

40Figure 3.1.4.1 comparison between the morphologies of two group of coatings 

 

 

1200rpm comparison 

 

 

1500rpm comparison 

 

 

1500rpm High drilling velocity comparison 
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1500rpm Low drilling velocity comparison 

 

 

2000rpm comparison 

 

 

2000rpm melted comparison 

41Figure 3.1.4.2 comparison between cross sections of two group of coatings 

 

According to figure 3.1.4.1, the coating which is fabricated by using 14 diameter 

SS316L rods are more straight compared to their 12 mm diameter counterparts. 

Moreover, for the 1500rpm-350mm/min and 2000rpm-350mm/min coatings 

fabricated by 12mm SS316L rods, they are shrinking along the processing 

direction, which means the ending segment is narrower than the starting segment. 

That is because the retreating side of those two samples are seem to be lack of 

materials. While both group of coatings shows the relatively smooth surfaces. 

The coating fabricated by thick rods shows less ridges on the surface compared 

with its 12mm counterparts. When examining their edges, we can conclude that 

their edges are all smooth, without any obvious burrs. 
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When referring to figure 3.1.4.2, which are the cross sections of each pair of 

SS316L coatings with same parameters, coatings of 14mm diameter rods are 

wider than 12mm counterparts significantly. The width of 14mm coatings are in 

the range from 16mm to 18mm, which are around 3 mm wider than 

corresponding coatings fabricated by using slim rods. The width of 12mm-rod 

coatings is normally in between 12 and 14mm. similar results can be generated 

when examining the thickness of each pair of coatings. The thickness of coatings 

fabricated by 14mm SS316L rods are much larger than its 12mm counterparts. 

 

Discussion 

Actually, diameter is not one of the primary parameter of FS. Although smaller 

diameter rod is easier to form coating, which is an experiential relationship we 

have observed. Thus, the morphology and cross sections of SS316L coatings 

made by using rods with different diameters do not show significant difference. 

There is no obvious relationship between diameter of rod and the quality of 

stainless steel coating. 

3.1.5 Morphology and cross sections of SS201 coatings made by using FS 

Results 

SS201 is a typical grade of 200 series Austenitic stainless steel, which is known 

as low nickel steel. Since it contains less nickel (3.5-5.5% by weight), it is 
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susceptible to show different behavior in Friction Surfacing. Thus, study the 

coating fabricated by using SS201 is necessary and crucial for building the FS 

behavior of entire stainless steel family. And figure 3.1.5.1 shows the 

morphologies of SS201 coating fabricated by using different parameters. While 

figure 3.1.5.2 compares the cross sections of coatings fabricated by using SS201. 

Since we fabricated this group of samples after analyzing SS316L coating, we 

have found the optimum parameters of SS316L FS. At the meanwhile, SS316L 

and SS201 are both Austenitic stainless steel, which means they could use similar 

parameters. Thus, we use 1500rpm and 2000rpm to fabricate SS201 samples. 

 

1500rpm-200mm/min 

 

2000rpm-200mm/min 

 

2000rpm-200mm/min-melted 

42Figure 3.1.5.1 morphologies of SS201 samples 
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2000rpm-200mm/min-melted 

 

 

1500rpm-200mm/min 

 

 

2000rpm-200mm/min 
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43Figure 3.1.5.2 comparison of cross sections of SS201 coatings 
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Here we mainly focused on two set of parameters. One is 2000rpm-200mm/min, 

and the other is 1500rpm-200mm/min, plus a special melted sample. From figure 

3.1.5.1, both 2000rpm-200mm/min and 1500rpm-200mm/min samples have a 

larger starting section compared with their ending sections. To examine it in 

details, it seems that they are lack of materials on their retreating sides. 

 

Although the straightness of two samples are not very good, but their surfaces are 

both smooth. Among them, 2000rpm-200mm/min SS201 coating is more flat than 

its 1500rpm-200mm/min counterparts. This superior morphology is also true 

when examining their edge. The edge of 2000rpm-200mm/min coating does not 

have obvious burrs, however, the edge of 1500rpm-200mm/min coating is very 

jagged. Because of that, 2000rpm-200mm/min coating is better in morphology. 

 

According to figure 3.1.5.2, 1500rpm-200mm/min coating is wider and also 

thicker than the coating with 2000rpm-200mm/min parameters. And this pros is 

very significant. The width of 1500rpm-200mm/min coating is around 15mm, 

which is almost 2mm larger than the width of 2000rpm-200mm/min coating. This 

result is also true when comparing their thickness. The thickness of 1500rpm-

200mm/min is 0.3mm larger than its 2000rpm-200mm/min counterparts. 

Although 0.3mm seems very tiny, it is still a huge difference, since the overall 

thickness of SS201 coating is less than 1mm. The difference is even more 

dramatic in retreating side. The retreating side of 1500rpm-200mm/min coating is 
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almost 1mm in thickness, while the thickness of 2000rpm-200mm/min coating in 

this side remains 0.6mm. 

 

As the rotating speed increases, there are few gaps between coating and substrate, 

which indicates that the coating is adhered to substrate more firmly. There are 

several significant gaps in the coating of 1200rpm-200mm/min, and the number 

of gaps dropped when the rotating speed is increased to 1500rpm. When rising 

the rotating speed continually to 2000rpm, there is no gap between coating and 

substrate. 

 

Here is also a very unusual sample, which is the 2000rpm-200mm/min-Melted 

coating of SS201. As shown in figure 3.1.5.1, this coating is fragmented. The 

reason is a fragmented rod tip (mushroom shape) that cause broken of SS201 

sample. When producing the melted sample, we need to narrow the space 

between the pair of nozzle of shielding flow. However, the diameter of rod tip 

grew to very large, which is larger than the distance between two nozzles. Thus, 

the rod tip crashed to the nozzles and broke down. Even that happened, the width 

of 2000rpm-200mm/min-melted sample is still very large, which is around 3mm 

wider than two ordinary samples. Although the coating of 2000rpm-200mm/min-

melted is very wide, it seems very thin vertically. The thickness of 2000rpm-

200mm/min-melted coating is only approximately half of 1500rpm-200mm/min 

coating. The appearance of 2000rpm-200mm/min-melted rod tip is shown in 
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figure 3.1.5.3 as an illustration. 

 

 

44Figure 3.1.5.2 the fragmented rod tip of melted sample of SS201 

 

Discussion 

Actually, the heat that are used to deform materials during FS is not from the 

friction between rod tip and substrate, but from the deformation of material itself. 

Among those properties of materials, stacking fault energy is capable to be an 

indicator of its ability to generate heat during deforming. If a metal possesses 

higher stacking fault energy, it can generate more heat at the same level of 

deformation. Stacking fault energy of SS201 is relatively high, which means 

when the rotating speed is still relatively low, the deformation of its 

microstructure can generate enough heat to deform itself and form coating on 

substrate. Thus, 1500rpm could be a suitable rotating speed for SS201 to form 

pure SS201 coating. 
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3.1.6 Morphology and cross sections of SS420 coatings made by using FS 

SS420 is a typical grade of martensitic stainless steel in 400 series. It mainly 

contains iron (Fe) and chromium (Cr), but SS420 does not contain any nickel 

(Ni). Thus, SS420 can be seen as Cr-Fe alloy. Because SS420 does not contain 

nickel, it becomes less corrosion resistant. However, SS420 can be chose as a 

typical stainless steel without nickel. Thus, study FS of SS420 can reveal 

performances of coating of nickel-free stainless steel fabricated by FS technique. 

And figure 3.1.6.1 shows the morphology of SS420 coating. While figure 3.1.6.2 

is the cross sections of the middle part of its coating. 

 

45Figure 3.1.6.1 morphology of SS420 coating 

 

 

 

46Figure 3.1.6.2 the cross section of coating made by SS420, OM capture 

(upper), and boundary schematics (lower) 

 

According to figure 3.1.6.1, the morphology of SS420 coating is not very perfect. 
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In the middle segment of its coating, the retreating side of this coating is lack of 

materials. Moreover, the ending part of this coating became quite narrow. 

However, compared to samples in other journals, this coating is still relatively 

good in shape. Thus, 2000rpm-400mm/min can be seen as the appropriate 

parameters of SS420 Friction Surfacing. On the other hand, the surface of this 

coating is flat, with only a few obvious ridges. The same situation can be found 

on the edge of this SS420 coating, since its edge is relatively smooth. 

 

When referring to figure 3.1.6.2, the cross section of SS420 coating, there are 

several tiny gaps between the coating and substrate, which means the coating is 

not adhered to substrate firmly. However, to the matter of width of this coating, it 

is 15mm wide, which is relatively good. Although the height of this coating is 

only around 0.5mm, but it is very average, which means the height of two sides 

and the height of middle are almost the same. Another fact is that there are 

several gaps between coating and substrate, which indicates that they are not 

fixed firmly at those location. However, the number of gaps is quite limited, 

which is acceptable and unavoidable according to previous paper. 

 

Discussion 

At this stage, we cannot bring out an entire theory to ascertain which set of 

parameters is optimum to fabricate SS420 and SS416 coating. But it is possible to 

use stacking fault energy and forgeability to bring out an explanation. 
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3.1.7 Morphology and cross sections of SS416 coatings made by using FS 

Results 

To be honest, SS416 was not a type of stainless steel that we intended to study at 

the beginning. We ordered SS430 from supplier but they sent SS416 to us. 

Because we did not detected the composition after we got it, we believed it was 

SS430 and used it to fabricate samples. After fabricated our samples, we found it 

was SS416. Because of that, we refabricated a group of SS430 coating later on. 

 

The composition of SS416 is very similar to SS420, which we have discussed in 

previous section. They both contain chromium (Cr) as major addition element 

and do not contain any nickel (Ni). Thus, the properties of samples made by 

SS416 are also similar to the corresponding properties of coatings fabricated by 

using SS420. Fortunately, the SS416 rods we bought are 13mm in diameter, 

which is different from the diameter of SS420 rods. The diameter of SS420 rods, 

which we used previously, is 14mm. therefore, this section can be seen as the 

provision of corresponding properties of SS420 coatings. 

 

SS416 is famous for its high machinability, which is the highest among all 

stainless steel. Thus, SS416 is also used in a large range of constructions in 

reality. This provided the necessarily of the study of SS416 coating made by FS 

technique. And figure 3.1.7.1 shows the morphology of SS416 coating. While the 

cross section of SS416 is shown in figure 3.1.7.2 as an illustration. 
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47Figure 3.1.7.1 morphology of SS416 coating 

 

 

 

48Figure 3.1.7.2 the cross section of coating made by SS416, OM capture 

(upper), and boundary schematics (lower) 

 

According to figure 3.1.7.1, the morphology of SS416 coating is relatively good. 

Firstly, it is quite straight along the processing direction, and there is no obvious 

flaws. Secondly, the coating surface is quite flat. However, the coating gets 

narrower from starting section to ending section, which reveals that the retreating 

side of the ending section is lack of materials. Besides that, the edge of this 

SS416 coating is relatively rough, with some burrs. Another result that has been 

shown on this figure is the color of coating. The color of ending section was 

almost purple, which indicates that the temperature rose to high level in 

processing. Because the color can reveal the degree of oxidation, which is related 

to temperature. 
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When referring to figure 3.1.7.2, the cross section of SS416 coating is very 

similar to the coating of SS420. The thickness of its coating is quite normal, 

which is around 0.6mm. And the width of SS416 coating is slightly less than 

14mm, which is acceptable, since the diameter of SS416 rod is small. Another 

information it provided is the thickness difference. As shown in figure 3.1.7.2, the 

thickness of advancing side and retreating side are almost the same, which are 

also similar to the thickness of middle part of SS416 coating. 

 

When examining the boundary of its cross section, some gaps can be seen at the 

outer retreating side and advancing side. However, the remaining coating are all 

fixed to the substrate firmly. That indicates the parameters are acceptable. 

 

3.1.8 Morphology and cross sections of SS630 coatings made by using FS 

Results 

Stainless steel grade 630, which is also named as 17-4PH in American standard, 

is a typical grade of Martensitic stainless steel that are precipitation hardened. 

Thus, we used SS630 to study the possibility of using Friction Surfacing to 

process the precipitation hardened stainless steel. SS630 contains both chromium 

(Cr) and nickel (Ni). Besides that, SS630 also has 4.0% Cu and 0.35% niobium 

(Nb) and tantalum (Ta). Therefore, studying the possibility of using FS to 
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fabricate SS630 coating can reveal whether adding minor elements into stainless 

steel can influence the result. In the following paragraph, figure 3.1.8.1 shows the 

morphology of SS630 coating, and figure 3.1.8.2 shows the cross section of 

SS630 coating. 

 

 

49Figure 3.1.8.1 morphology of SS630 coating 

 

 

 

50Figure 3.1.8.2 the cross section of SS630 coating under OM (upper), and the 

corresponding boundary schematics generated by Origin (lower). 

 

According to figure 3.1.8.1, the most obvious character of SS630 coating is the 

wavy ridges on its surface. Besides that, the coating is relatively straight, 

although there is a little bits of lacking of materials on retreating side. Moreover, 

the edges of SS630 coating remain smooth, without many burrs along the edge. 
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The color of SS630 coating remains almost the same as the original stainless steel 

substrate, which indicates that there is no serve oxidation happened during 

processing. Thus, the temperature is not exceed the limit. 

 

The cross section of SS630 coating shown in figure 3.1.8.2 reveals that there is a 

difference between the thickness of advancing side and retreating side. The 

coating on retreating side is thicker than it on the advancing side. Although they 

show different thickness, the entire coating is still relatively thick, which is 

approximately 0.8mm. On the other hand, this coating generated by SS630 is not 

that wide. The width of SS630 coating is less than 14mm, which is slightly larger 

than its original 13mm diameter. Another fact is that there is no obvious gap 

between coating and substrate, which indicates that the coating is adhered to the 

SS304 substrate firmly by FS technique. 

3.1.9 Pure SS430 and Grade 2205 cannot form coating by using FS technique 

Results 

We chose SS316L and SS201 to be the two major types of stainless steel we 

studied in the experiment, which represent biomechanical stainless steel and 200 

series Austenitic stainless steel, respectively. And SS420 represents nickel (Ni) 

free martensitic stainless steel, together with SS630 as the typical grade of 

precipitation hardened martensitic stainless steel. Besides those grades of 

stainless steel, we also tried two other types, which are SS430 and grade 2205 
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duplex stainless steel. 

 

SS430 belongs to ferritic category, and it is known as the typical grade of non-

hardenable ferritic stainless steel. Because it has good mechanical properties, 

SS430 is widely used in a plenty of areas. Grade 2205 is a typical type of duplex 

stainless steel, which consists of ferritic and austenitic phases. Since grade 2205 

is widely used because it show advanced behavior in both corrosion resistance 

and strength. Thus studying the FS behaviors of those two types of stainless steel 

is also necessary, since they are widely used now. Moreover, SS430 can represent 

non-hardenable ferritic stainless steel, while grade 2205 could represent duplex 

stainless steel. 

 

However, after tried a large amount of different combinations of parameters 

(around 10 sets), we stilled cannot manage to fabricate acceptable coating of 

those two stainless steel. Actually, up to now, no one can manage to fabricate 

SS430 coating by FS. There do exists papers which announced they fabricated 

coating of grade 2205 by using FS technique, but it requires very high velocity, 

which beyond the limit of our machine. 

 

The unsuccessful attempts of producing coatings of SS430 and grade 2205 are 

shown in figure 3.1.9.1 as an illustration. Although using FS to fabricate coatings 

of SS430 and grade 2205 is impossible at this stage, we used an alternative 
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method to attain this goal, which belongs to FSA technique. And it will be 

discussed in details in the following sections. 

 

 

Unsuccessful coating of SS430 

 

 

Unsuccessful coating of grade 2205 

51Figure 3.1.9.1 pure SS430 and grade 2205 coatings are very hard to fabricate 

 

As shown in the upper figure, just a little amount of SS430 is delivered onto the 

substrate. And the object, which looks like coating, is just the dent pressed by the 

rod tip. By examining the rod tip after FS, we found that most of SS430 materials 

is turn up to form the mushroom shape, which means most of SS430 still 

remained at rod tip after FS, instead of have been delivered onto the substrate to 

generate coating. 
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52Figure 3.1.9.2 strange shape of SS430 rod tip (upper), comparing with ordinary 

rod tip after FS process (lower) 

 

 

The unsuccessful coating of grade 2205 is in another type. As shown in the lower 

figure in figure 3.1.9.2, grade 2205 metal has been squeezed to the retreating side, 

instead of forming a uniform layer of coating. the advancing side of this coating 

did not contain any grade 2205 metal, while there was only a few metal remained 

in the middle parts. Another difference is that the width of this unsuccessful 

coating of grade 2205 is very large. By contrast, the width of unsuccessful SS430 

coating is relatively small. 

 

Discussion 

According to Appendix A-1, the forgeability of SS430 is relatively very high, 

which indicates that the rate of floating SS430 materials around rod tip is very 

high. This rate is so high that the rate of sticking SS430 materials onto the 
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substrate cannot catch up. Even if the welding speed is set to be the minimum 

allowable value, which allow maximum materials to be adhered onto the 

substrate, the rate still cannot match the very high rate of floating SS430 around 

rod tip. Therefore, pure SS430 cannot form coating during FS. This theory is 

proved by the morphology of SS430 coating, which shows only a little SS430 

material on substrate. And the mushroom shape rod tip is very thick, which 

indicates that most of SS430 materials is remain on rod, instead of sticking to the 

substrate and forming coating. Another evidence that can be used to proof this 

hypothesis is: when adding austenitic stainless steel (SS316L or SS304) into 

SS430 rod, the mixed rod is capable to fabricate alloyed coatings. According to 

Appendix A-1, the forgeability of SS316L is lower than SS430, which cause the 

overall rod become less floatable during FS processing. Thus, the balance we 

mentioned before can be reached, which leads to an acceptable alloyed coating. 

 

However, there is no forgeability property for grade 2205 stainless steel. And the 

unacceptable coating of pure grade 2205 shows different appearance compared 

with the unacceptable coating of pure SS430. And at this stage, we cannot bring 

out any reasonable explanation. 
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3.2 Marco level analysis of mechanical alloying fabricated by Friction Stir Alloying 

(FSA) 

3.2.1 Morphology and cross section analysis of SS316L+copper alloyed coatings 

fabricated by FSA 

Results 

In this section of experiment, we fabricated 7 different samples by using different 

sets of parameters. Since rods used in this section were mainly SS316L, we chose 

the optimum parameters of SS316L coating in Friction Surfacing to be the 

parameter used in SS316L+copper alloying. And these equivalent parameters was 

proved to be capable to produce alloy coating in FSA. The major parameters we 

used are 1500rpm-200mm/min and 2000rpm-200mm/min, which represents the 

rotating speed and welding speed, respectively. Also we fabricated melted 

samples in this section, to study the different distribution of copper in melted and 

non-melted samples. 

 

Another variable we analyzed in this section is the location of the hole, which is 

filled by additional copper powder. Since rods are rotating during processing, 

different locations of copper powder will give different velocities of copper 

particles, and then influence the distribution of copper particles. In this section, 

we set 3 different locations of the hole, which are at the center, at quarter of the 

radius, and at the half of the radius. And we used the abbreviation as center, 1/4 

and 1/2, respectively. 
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The morphologies of SS316L+copper alloy coatings are shown in figure 3.2.1.1 

as an illustration, followed by the comparison of cross sections of those alloy 

coatings in figure 3.2.1.2. 

 

 

1500rpm-200mm/min-1/2 

 

 

1500rpm-200mm/min-1/4 

 

 

2000rpm-200mm/min-1/2 
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2000rpm-200mm/min-1/4 

 

Melted alloy coating 

 

2000rpm-200mm/min-1/2-Melted 

 

 

2000rpm-200mm/min-1/4-Melted 

 

 

2000rpm-200mm/min-center-Melted 

53Figure 3.2.1.1 Morphologies of 316L+copper alloy coatings fabricated by FSA 
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SS316L+copper 1500rpm-200mm/min-1/2 

 

 

SS316L+copper 1500rpm-200mm/min-1/4 

 

 

SS316L+copper 2000rpm-200mm/min-1/2 

 

 

SS316L+copper 2000rpm-200mm/min-1/4 

 

 

SS316L+copper 2000rpm-200mm/min-1/2-Melted 

 

 

SS316L+copper 2000rpm-200mm/min-1/4-Melted 

 

 

SS316L+copper 2000rpm-200mm/min-center-Melted 
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54Figure 3.2.1.2 cross sections of SS316L+copper alloy coatings 
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At first, we look at the non-melted samples, which are the first 4 samples shown 

in figure 3.2.1.1. Generally speaking, the morphologies of alloy coatings made by 

1500rpm-200mm/min are better than their 2000rpm-200mm/min counterparts. 

Since their alloy coatings possess a flatter surface, and have less burrs on their 

edges. By contrast, the alloy coatings of 2000rpm-200mm/min samples have 

obvious flaws on their surfaces, which are broken. This situation is shown 

especially in 2000rpm-200mm/min-1/2 sample, which has a totally broken 

surface with a large amount of burrs on its edge. The situation is somehow better 

in 2000rpm-200mm/min-1/4 coating, but still it is broken in middle range of its 

coating surface. 

 

If we set the location of copper powder to be the control variable, those four alloy 

coatings can reveal more information. 1500rpm-200mm/min-1/4 alloy coating 

could be said to be the best alloy coating among those four in morphology, since 

it possesses entire flat surface and less burrs on edge. Alloy coatings with 1/4 

location are between than their 1/2 counterparts. The same results can be seen 

from 2000rpm-200mm/min group. Although both 2000rpm-200mm/min-1/4 and 

2000rpm-200mm/min-1/2 alloyed coatings are not very good in morphology, 

2000rpm-200mm/min-1/4 alloy coating are relatively less fragmental than 

2000rpm-200mm/min-1/2 alloy coating. 

 

If we just compare alloy coatings within melted samples, 2000rpm-200mm/min-
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1/2 alloy coating is the best one in morphology. 2000rpm-200mm/min-1/4-melted 

is fragmented in the middle section of its alloyed coating, and its middle section 

is lack of materials in both advancing side and retreating side. While 2000rpm-

200mm/min-center-melted alloy coating possesses a flat and unbroken surface, 

however, its middle section is lack of materials as well. 2000rpm-200mm/min-

center-Melted sample’s retreating side becomes narrower in middle section. 

Comparing with those two alloy coatings, 2000rpm-200mm/min-1/2-Melted 

possesses a flatter surface without any obvious burrs on edge. Moreover, the 

width of 2000rpm-200mm/min-1/2-Melted coating remain same from starting 

point to end point, without lacking of materials. 

 

If setting melted or not as the control variable, we can see that melted alloy 

coatings have better surface condition than their non-melted counterparts in 

morphology. Since melted alloy coatings are much flatter than non-melted sample 

coatings, with less broken surface as well as burrs on edge. 

 

The cross sections of SS316L+copper alloy coatings are lack of obvious regular 

patterns. 2000rpm-200mm/min-1/4 and 1500rpm-200mm/min-1/2 coatings are 

the widest two among 7 samples, while 1500rpm-200mm/min-1/4 alloy coating is 

the thickest one. Generally speaking, melted alloy coatings possess smaller width 

and thickness compared with their non-melted counterparts. And 2000rpm-

200mm/min-1/4-melted alloy coating is the thinnest and narrowest one, while 
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2000rpm-200mm/min-1/2-melted alloy coating is slightly better than it. 

 

Another valuable result is that the adjacent layers of alloy coatings and substrates 

are curved, instead of remaining a straight line. This situation is more serve in 

2000rpm-200mm/min-1/4 and 2000rpm-200mm/min-1/2 alloy coatings, which 

show semi-sphere shape in middle of their cross sections. 

3.2.2 The distribution of copper particles in SS316L+copper alloy coatings 

With the help of Optical Microscope (OM), we can examine the distribution of 

copper inside alloy coatings by looking which parts of each coating have copper 

particles. Copper is in shinny yellow under OM. 

 

Results 
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1500rpm-200mm/min-1/2 

 

   

1500rpm-200mm/min-1/4 

 

  

   

2000rpm-200mm/min-1/2 
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2000rpm-200mm/min-1/4 

 

  

   

2000rpm-200mm/min-1/2-Melted 

 



108 

 

   

2000rpm-200mm/min-1/4-Melted 

 

   

2000rpm-200mm/min-center-Melted 

55Figure 3.2.2.1 OM views of SS316L+copper alloyed coatings 

 

According to figures above, copper has be distributed into SS316L 

microstructure. The bright yellow spots are copper particles in those figures. 

Among those SS316L+copper sample coatings, 1500-200-1/2 seems to have the 

largest amount of copper particles. As shown in the first two OM views, there are 

relatively many yellow dots, which indicates the existence of copper. While 

copper shows some degree of concentration at the corner of advancing side in 

1500-200-1/2 alloyed coating. Besides 1500-200-1/2, 2000-200-1/2 also shows 
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acceptable distribution of copper particles. 

 

However, the two sample coatings with 1/4 location of copper powder shows less 

existence of copper particles after FSA processing. 1500-200-1/4 alloyed coating 

only contains copper at the bottom, while there are barely copper particles found 

in 2000-200-1/4 alloyed coating. Thus, by comparing those 4 non-melted 

SS316L+copper coatings, we can conclude that 1/2 location can bring better 

distribution of copper compared with 1/4 location. 

 

On the other hand, melted group revealed different story. Those dark dots shown 

in 2000-200-1/2 melted coating are susceptible to be oxidation. If it is true, then 

severe oxidation happened in this alloyed coating. 2000-200-1/4-Melted alloyed 

coating do has relatively uniform distribution of copper particles, which is shown 

in the figure above. By contrast, there are no obvious existence of copper 

particles in 2000-200-center-melted sample. 

 

When comparing with melted and non-melted coatings, one can find that the non-

melted coatings show better distribution of copper particles compared with its 

melted counterpart. Since all the non-melted coatings include obvious copper 

particles in their cross sections. This relationship can be proved in the comparison 

between 2000-200-1/2 and 2000-200-1/4 pairs of alloyed coatings. 
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3.2.3 Morphology and cross section analysis of SS316L+Titainum Boride alloyed 

coatings fabricated by FSA 

Results 

In this section of experiment, we fabricated 7 different samples by using different 

sets of parameters. Since rods used in this section were mainly SS316L, we chose 

the optimum parameters of SS316L coating in Friction Surfacing to be the 

parameter used in SS316L+Titainum Boride alloying. And these equivalent 

parameters was proved to be capable to produce alloy coating in FSA. The major 

parameters we used are 1500rpm-200mm/min and 2000rpm-200mm/min, which 

represents the rotating speed and welding speed, respectively. Also we fabricated 

melted samples in this section, to study the different distribution of 𝑇𝑖𝐵2 in 

melted and non-melted samples. 

 

Another variable we analyzed in this section is the location of the hole, which is 

filled by additional 𝑇𝑖𝐵2 powder. Since rods are rotating during processing, 

different locations of 𝑇𝑖𝐵2 powder will give different velocities of 𝑇𝑖𝐵2 

particles, and then influence the distribution of 𝑇𝑖𝐵2 particles. In this section, we 

set 3 different locations of the hole, which are at the center, at quarter of the 

radius, and at the half of the radius. And we used the abbreviation as center, 1/4 

and 1/2, respectively. The morphologies of SS316L+𝑇𝑖𝐵2 alloy coatings are 

shown in figure 3.2.3-1 as an illustration, followed by the comparison of cross 

sections of those alloy coatings in figure 3.2.3-2. 
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1500rpm-200mm/min-1/2 

 

 

1500rpm-200mm/min-1/4 

 

 

2000rpm-200mm/min-1/2 

 

 

2000rpm-200mm/min-1/4 
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Melted SS316L+𝑇𝑖𝐵2 alloyed coatings 

 

2000rpm-200mm/min-1/2-Melted 

 

 

2000rpm-200mm/min-1/4-Melted 

 

 

2000rpm-200mm/min-center-Melted 

56Figure 3.2.3.1 the overall appearance of each 𝑇𝑖𝐵2 included coatings 

 

We may focus on non-melted coatings first. Among those 4 non-melted 

SS316L+Titanium Boride alloyed coatings, 2000-200-1/2 has the best 

morphology, since this coating is relatively uniform and there are less burrs on 

the edge. However, comparing with the pure SS316L coatings or SS316L+copper 



113 

 

alloyed coatings, the morphology of those 𝑇𝑖𝐵2 included coatings are still very 

ugly. Besides 2000200-1/2 alloyed coating, the one with 1500rpm-200mm/min-

1/4 parameter is also acceptable regarding to morphology. Although it shows 

some degree of lacking materials at retreating side, the overall appearance is still 

above average. By contrast, 1500-200-1/2 sample has a poor morphology. It is not 

only that it shows lacking of material on retreating side and contains many burrs 

on its edge, but also no materials was stacked onto the substrate at the ending 

section. While 2000-200-1/4 sample shows another kind of poor morphology. 

This sample shows lacking of materials on both advancing side and retreating 

side, at the meantime, its edge has a large amount of burrs. 

 

The quality of appearances of coatings are better when examining those melted 

samples. Among those three melted SS316L+𝑇𝑖𝐵2 sample coatings, the one with 

2000-200-1/4-Melted parameter is the best regarding to morphology. This coating 

is very straight, without obvious lacking of materials on any side. Although there 

are several burrs on its advancing edge, it still can be classified as good 

morphology at this stage. The second best morphology shows in 2000-200-1/2-

Melted alloyed coating. Since this coating is also very straight and contains only 

several burrs at edge. By contrast, the morphology of 2000-200-center-Melted are 

relatively poor. The reason is that it has relatively large amount of burrs on its 

advancing side. However, the morphology of this 2000-200-center-Melted 

coating are still better than the morphology of the best one in non-melted group. 
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1500rpm-200mm/min-1/2 

 

 

1500rpm-200mm/min-1/4 

 

 

2000rpm-200mm/min-1/2 

 

 

2000rpm-200mm/min-1/4 

 

 

2000rpm-200mm/min-1/2-Melted 

 

 

2000rpm-200mm/min-1/4-Melted 

 

 

2000rpm-200mm/min-center-Melted 
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57Figure 3.2.3.3 comparison between cross sections of 𝑇𝑖𝐵2 included sample 

coatings 
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As shown in the comparison, 2000-200-1/2 coating is the thickest one among 

those seven SS316L+𝑇𝑖𝐵2 alloyed coatings. Next comes the 1500-200-1/2 

alloyed coating. While the remaining 5 alloyed coatings are all very slim. On the 

other hand, the melted samples are wider in general. Among those alloyed 

coatings, 2000-200-center-Melted coating is the widest. Next comes the 2000-

200-1/4-Melted. The one with 1500-200-1/2 parameter is the third widest alloyed 

sample coating, but it does not show huge different with other 4 SS316L+𝑇𝑖𝐵2 

alloyed coatings regarding to width. 

 

Another result that can be found is that some SS316L+𝑇𝑖𝐵2 coatings are not 

above the substrate, but rather go into substrate, which means SS316L and 𝑇𝑖𝐵2 

materials are squeezed into the base material (SS304). To emphasis this 

consequence, we need to examine 1500-200-1/4 and 2000-200-1/4-Melted 

alloyed coatings. As shown in the figure above, we have label a horizontal line on 

the cross section of each coating, which is identical to the upper edge of substrate. 

However, the middle part of SS316L+𝑇𝑖𝐵2 coatings are below this horizontal 

line in those two samples, which indicates that the alloyed coatings is pressed into 

the area which is occupied by SS304 (base material) originally. This phenomenon 

is quite like the consequence of Friction Stir Processing (FSP), which is a novel 

method to enhance the specific properties of cast iron. To ascertain this 

hypothesis, we done mapping in this hybrid region and check its composition. If 

it contain Titanium as well as boron, then it can be proved that alloyed coatings 
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have been pressed into substrate. 

 

Discussion 

 

 

58Figure 3.2.3.4 mapping of hybrid region (so called) in SS316L+𝑇𝑖𝐵2 alloyed 

coatings by EDX 

 

We chose the sample 2000-200-1/4 SS316L+𝑇𝑖𝐵2 alloyed coating to do 

mapping. The area was chosen to be the susceptible part which alloyed coating 

has been pressed into substrate. As shown in the figure 3.2.3.4, this area also 

contains obvious titanium and boron. Besides those two particles, we also found 
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Molybdenum in this region. Since SS316L contains molybdenum but SS304 does 

not contain this element, we can conclude that SS316L+𝑇𝑖𝐵2 alloyed coatings 

have been press into substrate. 

3.2.4 The distribution of Titanium Boride particles in SS316L+𝑻𝒊𝑩𝟐 alloyed 

coatings 

In this section, we used OM to examine each SS316L+𝑇𝑖𝐵2 alloyed coating with 

their cross section. Since titanium and boron are possible to generate composite 

with several element in stainless steel, we cannot distinguish the specific 

composition of particles found under OM. However, the exact analysis of 

composition is down in EBSD analysis, and at this stage, we mainly focus on 

whether there are ceramic particles shown in the cross sections. 

 

Results 

  

1500rpm-200mm/min-1/2 
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1500rpm-200mm/min-1/4 

 

  

2000rpm-200mm/min-1/2 

 

  

2000rpm-200mm/min-1/4 
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2000rpm-200mm/min-1/2-Melted 

 

  

2000rpm-200mm/min-1/4-Melted 

 

  

2000rpm-200mm/min-center-Melted 

59Figure 3.2.4.1 OM views of SS316L+𝑇𝑖𝐵2 alloyed coatings 

 

As shown in those OM views, there are several dark particles in cross sections of 
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each SS316L+𝑇𝑖𝐵2 alloyed coating. At first, those 4 non-melted alloyed coatings 

contains relatively large dark particles. Among them, the two with 2000rpm 

(2000-200-1/2 and 2000-200-1/4) has more uniform distribution of those dark 

particles. By contrast, the ceramics in 1500-200-1/2 alloyed coatings are 

relatively concentrate, which indicates that 1500rpm is not capable to break the 

ceramics into each region of the alloyed coating. 

 

On the other hand, there are more oxidation shown in melted groups. As shown in 

the figure above, there are a large amount of black dots in the OM view, which 

indicates the existence of oxide. Besides those oxide, we can still recognized 

several less dark particles, which are susceptible to be composite of boride or 

titanium. 

 

To make sure whether those dark particles are ceramics that containing boron or 

titanium, we need to do mapping by EDX. Thus, we chose the sample coating 

with the most uniform distribution, which is the 2000-200-1/4 alloyed coating to 

do mapping. And the results is shown in the coming section. 

3.2.5 EDX mapping of Titanium and boron in SS316L+𝑻𝒊𝑩𝟐 alloyed coatings 

Results 
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60Figure 3.2.5.1 composition analysis and mapping of SS316L+𝑇𝑖𝐵2(position 1) 
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61Figure 3.2.5.2 EDX mapping of SS316L+𝑇𝑖𝐵2 alloyed coating (position 2) 
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62Figure 3.2.5.3 EDX mapping of SS316L+𝑇𝑖𝐵2 alloyed coating (position 3) 
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63Figure 3.2.5.4 EDX mapping of SS316L+𝑇𝑖𝐵2 alloyed coating (position 4) 

 

As shown in the first figure (figure 3.2.5.1), we used EDX to examine it 

composition and the result showed the involvement of titanium and boron in 

SS316L+𝑇𝑖𝐵2 alloyed coating. While according to the result of mapping, 

titanium and boron are located in similar positions. Which indicates that those 
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dark particles are susceptible to be just Titanium Boride (ceramics). However, 

this assumption need to be proved by EBSD analysis later on. Another result that 

can be generated from position 1 is that the distribution of titanium and boron are 

relatively uniform in 2000-200-1/4 alloyed coating. 

 

To make sure the composition of dark particles, we need to find a particular one 

and do mapping. This method is used in the mapping of position 2. While the 

result is shown in figure 3.2.5.2. According to the result of mapping, those dark 

particles contain titanium and boron, which proved our hypothesis. However, at 

this stage, we cannot ascertain whether it is Titanium Boride or other Ti-B class 

ceramics. The further analysis is done by using EBSD system. 

 

While in position 3, we can conclude that the distribution of titanium and boron 

are considerately uniform, since the mapping revealing that titanium and boron 

are located everywhere in this area. That means the 𝑇𝑖𝐵2 particles have been 

fragmented and mixed to SS316L material. 

 

The mapping of position 4 revealed the results generated in position 2 and 

position 3. The location of titanium and boron are almost identical, which means 

those dark particles are Ti-B class ceramics. On the other hand, those Ti-B class 

ceramics are distributed quite uniformly in this region, which means the good 

mixtures of ceramics and stainless steel materials. 
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3.2.6 Vertical distribution of Titanium and boron in SS316L+𝑻𝒊𝑩𝟐 alloyed 

coatings 

In the previous two sections, we mainly focus on the local distribution of titanium 

and boron elements in SS316L+𝑇𝑖𝐵2 alloyed coatings. And now, we are going to 

check the vertical distribution of those two elements in SS316L+𝑇𝑖𝐵2 alloyed 

coatings. And conclude whether there is composition difference between different 

portions of these alloyed coatings. 

 

Results 

  

64Figure 3.2.6.1 vertical panorama of 2000200-1/4 SS316L+𝑇𝑖𝐵2 alloyed 

coating 
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As shown in the previous figure, on the upper region of this 2000-200-1/4 alloyed 

coating, the diameter of those dark particles are relatively large, while the dark 

particles in middle and lower regions are relatively small. Although the diameters 

of dark particles are different, they can be seen in most parts of this cross section. 

According to previous sections, those dark particles are Ti-B class composites. 

Thus, we can conclude that titanium and boron are distributed to most parts of 

this alloyed coating. 

3.2.7 Morphology and cross section analysis of SS316L+SS630 alloyed coatings 

Inserting SS630 slim rod into SS316L as received rod and fabricate alloyed 

coatings is an alternative for adding copper powders into SS316L rod directly. 

Thus, SS316L+SS630 can be categorized into mechanical alloying as well. And 

in this section, we are going to examine the morphology and cross sections of 

SS316L+SS630 alloyed coating samples. 

 

Results 

 

1500rpm-200mm/min-triple SS630 additive rods (position: 2-2.5-3) 
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2000rpm-400mm/min-triple SS630 additive rods (position: 2-2.5-3) 

65Figure 3.2.7.1 morphology of SS316L-mix-SS630 alloyed coatings 

 

 

1500rpm-200mm/min-single SS630 (position: 2) 

 

 

1500rpm-200mm/min-double SS630 (position: 2-3) 

 

 

1500rpm-200mm/min-triple SS630 (position: 2-2.5-3) 

 

 

2000rpm-400mm/min-triple SS630 (position: 2-2.5-3) 

66Figure 3.2.7.2 cross sections of SS316L+SS630 alloyed coatings with different 

parameters 
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67Figure 3.2.7.3 comparison between cross sections of SS316L+SS630 alloyed 

coatings 
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Actually we fabricated 4 SS316L+SS630 alloyed coatings. However, we did not 

take picture for them. thus, the morpholgy analysis is incomplete. When 

comparing with the two appearances of SS316L+SS630 alloyed coatings, which 

is shown in figure 3.2.7.1, we can roughly conclude that the morpholgy of 

1500rpm-200mm/min-triple one is better than the 2000-400-triple one. In this 

comparison, the number of additive SS630 rods are same, so the variables are 

rotating speed and processing speed. The result is that relatively lower rotating 

and processing speed can bring out better morpholgy. Since 1500-200-triple 

coating is more straight and has less burrs on its edge. By contrast, the 2000-400-

triple alloyed coating is lacking of material on retreating side. Another result can 

be found is that both alloyed coatings has very uniform surface without ugly 

ridges. 

 

On the other hand, figure 3.2.7.3 shows the comparison of cross sections between 

each SS316L+SS630 alloyed coating. As shown in this figure, the three coatings 

which are fabricated by using 1500rpm-200mm/min have the similar width. The 

width of those three alloyed coatings are much wider than 2000rpm-400mm/min 

one. Similarly, the thickness of those three 1500rpm-200mm/min coatings are 

also larger than the thickness of 2000rpm-400mm/min alloyed coating. While the 

thickness of three 1500-200 coatings are almost the same. 

 

Discussion 
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The optimum processing speed of SS316L is 200mm/min, which can lead to the 

widest and thicknest pure SS316L coating. By contrast, the aim of rising 

processing speed is to increase the hardness of this alloyed coating. Since the 

main body of the rod that are used to fabricate these group of alloyed coatings is 

still SS316L, its behavior should be similar to SS316L. therefore, 200mm/min 

processing speed can lead to a better morphology. 

3.2.8 The distribution of key elements in SS316L+SS630 alloyed coatings 

fabricated by FSA 

Results 

  

1500rpm-200mm/min-Single inserting SS630 (position: 2) 

 

  

1500rpm-200mm/min-double inserting SS630 (position: 2-3) 
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1500rpm-200mm/min-triple inserting SS630 (position: 2-2.5-3) 

 

  

2000rpm-400mm/min-triple inserting SS630 (position: 2-2.5-3) 

68Figure 3.2.8.1 OM views of SS316L+SS630 alloyed coatings 

 

At first, we may just focus on the OM veiws of three 1500-200 alloyed coatings. 

As shown in the figures on the right half of each row, triple inserting SS630 

coating contains the most gray yellow regions, followed by double inserting one, 

while the alloyed coating made by inserting single SS630 has barely gray yellow 

regions. 

 

When examining those alloyed coatings with higher magification, whose views 

are shown in the left half of each row, we can find that the dark region of 1500-
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200-single are like belts. By contrast, the distribution of dark region is more 

uniform and wide in 1500-200-triple coating. 

 

On the other hand, the alloyed coating which is made by high rotating speed and 

high processing speed shows a more uniform distribution compared with 1500-

200-triple alloy coating. 

 

Discussion 

When inserting more SS630 into SS316L rod, the content of SS630 becomes 

obviously higher. Thus, the alloyed coating which is made by using triple 

inserting rod possesses more SS630 material. Moreover, the locations of those 

three inserted SS630 rod are different, which is capable to contribute to the 

uniformly distribution of dark regions. However, it is necessary to make sure the 

composition of those dark regions. Thus, the result of mapping are shown in the 

coming section. 

3.2.9 EDS mapping of copper and nickel in SS316L+SS630 alloyed coatings 

In order to ascertain the composition of those dark region, we used EDS mapping 

to analysis SS316L+SS630 alloyed coating. In this section, we selected the 

1500rpm-200mm/min-triple coating to be examined by EDS. Since the 

distribution of this coating is better than the other two SS316L+SS630 alloyed 

coatings. SS316L contains more nickel (Ni) compared with SS630, however, 
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SS316L does not contain copper (Cu). Thus, we mainly focus on the mapping 

result of these two elements. 

 

Results 

 

  

  

69Figure 3.2.9.1 mapping of key elements in SS316L+SS630 alloyed coating 
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70Figure 3.2.9.2 the composition analysis of different regions of SS316L+SS630 

alloyed coating 

 

According to figure 3.2.9.1, the upper region contains more Cu compared with 

the bottom part. In this figure, the bottom layers are the substrate, which is 

SS304. On the other hand, the mapping of Nickel show that two horizontal stripes 

contains less nickel compared with remaining parts. Which indicates that those 

two horizontal stripes are SS630. 
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As shown in the figure 3.2.9.2, region 1 contains around 2% copper and 6.25% 

nickel. While region 2 contains 7.76% nickel but does not contain copper, which 

has more nickel compared with region 1. Thus, region one is SS630 and region 2 

is SS316L. 

3.2.10 Vertical distribution of SS630 in SS316L+SS630 alloyed coatings 

Results 

   

71Figure 3.2.10.1 slides of alloyed coatings. Single SS630 (left), double SS630 

(middle), and triple SS630 (right) 
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72Figure 3.2.10.2 slide of 2000-400-triple SS316L+SS630 alloyed coating 

 

According to figure 3.2.10.1, the vertical distribution of SS630 is more uniform 

in triple rod alloyed coating. In this triple rod alloyed coating, the upper, middle 

and lower region all contain SS630. The distribution of SS630 is less uniform in 

double rod alloyed coating, which shows more SS630 in upper and middle 

region, but relatively less SS630 in bottom part. By contrast, the involvement of 

SS630 is very low in single rod alloyed coating. In this coating, only bottom 

region contain some SS630. 

 

On the other hand, the alloyed coating which is made by 2000rpm-400mm/min 

has less uniform but more scatter distribution of SS630. 
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3.2.11 Morphology and cross section analysis of SS430+SS304 alloyed coatings 

Pure SS430 is not capable to fabricate coating by using FS. Thus, we inserted 

austenitic stainless steel rod into SS430 to form a dual stainless steel rod. And 

then use these rods to fabricate alloyed coatings by FSA. By using this method, 

we can fabricate alloyed SS430 based coatings. And in this section, we mainly 

discuss the morphology and cross sections of those SS430 based alloyed coatings. 

 

Results 

 

1800rpm-175mm/min-single inserted SS304 (position: 2) 

 

 

1800rpm-175mm/min-double inserted SS304 (position: 2-3) 

73Figure 3.2.11.1 general appearance of two SS430+SS304 alloyed coatings 

 

These two SS430 based alloyed coatings are both acceptable regarding to 



140 

 

morphology. Both of them are relatively straight, without obvious lacking of 

materials. However, there are many burrs on their edges, at the meantime, their 

surfaces are not smooth as well. 

 

 

1800rpm-175mm/min-single inserted SS304 (position: 2) 

 

 

1800rpm-175mm/min-double inserted SS304 (position: 2-3) 

74Figure 3.2.11.2 cross sections of SS430+SS304 alloyed coatings 
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75Figure 3.2.11.3 comparison of cross sections between SS430 mix SS304 

alloyed coatings 
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According to figure 3.2.11.3, both SS430+SS304 alloyed coatings are wide and 

thick. Actually, these group of coatings possess is almost the thicknest among all 

groups of coatings. To see the result in details, the 1800-175-double alloyed 

coating is slightly wider than its single-inersted-SS304 counterpart. While their 

thickness are almost the same. On the other hand, both SS430+SS304 coatings do 

not fix very firmly with the substrate, since there are visible gaps between alloyed 

coating and substrate at both sides. 

 

Discussion 

SS430 possess very good forgeability, thus the material is very easy to deform. 

When adding austenitic stainless steel into SS430, the rate of floating those 

materials at rod tip can match the rate of sticking materials onto the substrate. 

Thus, an acceptable SS430+SS304 alloyed coating can be fabricated by using this 

alloyed rod. Since SS430 itself possesses good forgeability, the alloyed coatings 

could be relatively thick and wide. 

3.2.12 the distribution of austenitic phase and ferritic phase in SS430+SS304 

alloyed coatings 

Results 
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1800rpm-175mm/min-single inserted SS304 (position: 2) 

 

 

  

1800rpm-175mm/min-double inserted SS304 (position: 2-3) 

76Figure 3.2.12.1 OM views of SS430+SS304 alloyed coatings 
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According to the OM views, both SS430+SS304 alloyed coatings contain 

additive dark particles. At this stage, we can only tell that the dark region and 

bright regions are are different materials, but we cannot ascertain the 

composition. Assume the dark region is austenitic relevant material (introduced 

by SS304), then both alloyed coatings show these dark particles everywhere. 

Which indicates that SS304 has gone into SS430. Thus, these alloyed coatings are 

made sucessfully. Both coatings have relatively uniform distribution of additive 

SS304. Among them, the distribution of SS304 is more scatter in 1800-175-single 

alloyed coating, while the distribution of SS304 is more concentrate (like belts) in 

its double-inserted-SS304 counterpart. 

 

Discussion 

With the help of OM, we can make sure that SS304 really went into these alloyed 

coatings. However, we cannot ascertain the specific composition of those dark 

particles. Thus, mapping is necessary to be done to identify the location of SS304 

and SS430. The result is shown in the coming section. 

3.2.13 EDS mapping of SS304 and SS430 in SS430+SS304 alloyed coatings 

SS430 is a typical ferritic stainless steel without nickel (less than 0.75% by 

weight). While typical SS304 contains up to 11% nickel. Thus, the distribution of 

nickel can be used to indicate the distribution of SS304. Since both coatings have 

a relatively good distribution, we selected 1800-175-double alloyed coating to be 
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the specimen in EDS mapping. 

 

Results 

 

 

77Figure 3.2.13.1 EDS mapping of SS430+SS304 alloyed coating 

 

  

  



146 

 

  

78Figure 3.2.13.2 EDS composition analysis of different locations in 

SS430+SS304 alloyed coating 

 

As shown in the figure of mapping result, the upper region contains little nickel, 

by contrast, the bottom part shows high concentration of nickel. Thus, it is 

evident that the upper region is SS430 while the bottom part is SS304. To be 

more concrete, we use EDS to determine their composition specifically. Spectrum 

1 belongs to upper region, which includes only 1.94% nickel. This 1.94% is 

suspectible to be introduced by SS304, which are distributed into SS430 rich 

area. By contrast, spectrum 2, which belongs to bottom part, has 7.93% nickel by 

weight. Thus region 2 could be SS304 rich region. 

3.2.14 Vertical distribution of SS304 in SS430+SS304 alloyed coatings 

Just like previous sections, besides examining the distribution of alloyed 

materials horizontally and locally, we used OM to take vertical panorama of each 

SS430+SS304 alloyed coatings, in order to study the vertical distribution of 

SS304 in these alloyed coatings. 
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Results 

           

79Figure 3.2.14.1 vertical panorama of 1800-175-single alloyed coating (left), 

and 1800-175-double SS430+SS304 alloyed coating (right) 

 

According to figure 3.2.14.1, there are more bright yellow stripes shown in 1800-

175-double alloyed coating. according to previous section, those bright yellow 

stripes are SS304 which is distributed between SS430. Since 1800-175-double 

contains more those stripes, it means this sample coating contains more SS304 

than its single-inserted-SS304 counterpart. 
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On the other hand, when looking at those two coating vertically, it is quite 

obvious that bright yellow stripes are concentrate in middle region, with some 

located in the bottom parts. However, the most upper region does not possess 

those bright yellow stripes. Which indicates that SS304 is concentrate in middle 

region, but is barely distributed to the upper part. 
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3.3 Microstructure analysis 

In this section, we mainly focused on microstructures of different sample 

coatings. With the help of EBSD system, we can examine the microstructure of 

each coating in great details. Those properties include grain boundary 

information, Misorientation, grain diameter, and inverse pole data. Among those 

information, grain diameter and Misorientation can be used to explain the 

behavior of hardness, while the inverse pole figure is the key to explain corrosion 

resistance.  

Besides EBSD analysis, we also used XRD to identify different phases in each 

samples, and the result can contribute to the explanation of corrosion behavior a 

lot as well. 

3.3.1 EBSD data analysis: inverse pole figure of melted and non-melted SS316L 

coatings 

Inverse pole figure can show the content of each direction of Gamma phases in 

SS316L sample coatings. EBSD data analysis generated inverse pole figure for 

each axis (X1, Y1, and Z1). Among those three figures for each sample, Z1 

inverse pole contains information that can used to explain corrosion resistance 

behavior. Thus, in this section, we mainly focus on Z1 inverse pole figure for 

2000rpm-200mm/min melted and non-melted SS316L sample coatings. 

 

Results 
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80Figure 3.3.1.1 inverse pole figure of non-melted SS316L coating. Advancing 

side (upper), central region (middle), and retreating side (lower) 
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81Figure 3.3.1.2 inverse pole figure of melted SS316L coating. Advancing side 

(upper), central region (middle), and retreating side (lower) 
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As shown in the figure 3.3.1.1, the corner of {111} direction in each inverse pole 

figure is blue, which indicates that {111} direction is not the major direction. 

Among the inverse pole figure for advancing, central, and retreating sides, the 

triangle of central region is in red on the edge between {101} and {111}, which is 

relatively good. While for the triangle of advancing side, red exists at the corner 

of {001} and the edge between {001} and {101}. But this situation is still better 

than the triangle of retreating side, which only shows red at {001} corner. 

 

On the other hand, story are different in melted SS316L coatings. The triangle of 

central region shows red in the corner of {111}, which is preferable. Next comes 

the triangle of retreating side, which has red at the edge between {101} and 

{111}. Although the triangle of advancing side does not have red near the corner 

of {111}, but its red region is shown at the corner of {101} instead of {001}, 

which is also acceptable. The meaning of each corner is explained in discussion 

later on. 

 

When comparing the inverse pole figures of melted and non-melted SS316L 

coatings, it is obvious that red is closer to the corner of {111} in the inverse pole 

figures of melted sample coating. comparing with the inverse pole figure of 

advancing side of non-melted coating, the triangle of advancing side of melted 

one transfer red near to {101} from near {001}. While the triangle of central 

region of melted coating shift the red region to the corner of {111}, comparing 
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with the inverse pole figure of central region of non-melted sample coating. 

Lastly, the red region in the triangle of retreating side of melted coating is also 

closer to the corner of {111}, comparing with the inverse pole figure of retreating 

side of non-melted SS316L coating. 

 

Discussion 

The lattice of SS316L is face-centered cubic (FCC). And the plane density of 

different orientations in FCC structure is shown in the coming table. 

Plane density of different orientations in FCC structure materials 

orientation {001} {101} {111} 

FCC 
2

𝑎2
 

√2

𝑎2
 

4√3

3𝑎2
 

1 table 3.3.1.1 plane density of different orientations in FCC structure materials 

 

According to table 3.3.1.1, the plane density of {111} orientation is the highest 

among three possible orientations along Z1-axis. While {101} surface possesses 

lowest plane density. Since large plane density means the surface is relatively 

densified, the densified surface is harder to be breakthrough by corrosive 

solution. Thus, {111} is the slowest corroding surface, and {101} is the fasting 

corroding surface.12 Therefore, we mainly focus on the intensity of {111} 

orientation. The more {111} exists in a sample coating, the better its corrosion 

resistance. According to the result generated in this section, melted SS316L 

                                                             
12 Lindell, D., & Pettersson, R. (2014). Crystallographic effects in corrosion of austenitic stainless 
steel 316L. Materials and Corrosion, 66(8), 727-732. doi:10.1002/maco.201408002 
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coating generally possesses more {111}, which leads to better corrosion 

resistance of melted sample coating. This relationship can be used to explain the 

result in section 3.5.4, which tells that the Ep and Ecorr values of melted SS316L 

coating are both higher than its non-melted counterpart. 

3.3.2 EBSD data analysis: local Misorientation of melted and non-melted SS316L 

coatings 

Local Misorientation is a property of microstructure of stainless steel. Each grain 

in stainless steel is not totally flat, all the grains are just like paper with wrinkles. 

Misorientation just represent the angles inside each grain, which is less than 10 

degree. The higher the Misorientation in total, the more folds shown in grains. 

Those folds can block the movement of atoms, thus resist the deformation of 

grains. As a result, higher Misorientation can contribute to higher average 

hardness. With the help of EBSD data analysis, we could generate the data of 

Misorientation in each side of melted and non-melted SS316L coatings. The raw 

data list the intensity of each Misorientation angle, since all Misorientation which 

are less than 10 degree can lead to higher hardness, thus, we need to integrate the 

raw curve and calculate the area under each curve. 

 

In this section, we mainly focus on the local Misorientation of melted and non-

melted SS316L coatings. And for each coating, it is divided into three major 

portions, which are advancing side, central region, and retreating side, 

respectively. The Misorientation curves of each region is shown in results. 



155 

 

 

Results 

  

 

2000-200 advancing side 

 

 

2000-200 central region 
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2000-200 retreating side 

82Figure 3.4.9.3 local Misorientation of each side of non-melted SS316L coating 

 

 

 

2000-200-Melted advancing side 
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2000-200-Melted central region 

 

 

2000-200-Melted retreating side 

83Figure 3.4.9.4 local Misorientation of each side of melted SS316L coating 
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84Figure 3.4.9.5 comparison between each six regions of SS316L coatings 

 

Area under local Misorientation curve 

 Advancing side Central region Retreating side 

2000-200 0.973 0.980 0.985 

2000-200-melted 0.976 0.982 0.981 

Table 4 Comparison between integrated area of Misorientation curve of different 

sides of melted and non-melted SS316L coatings 

 

The level of Misorientation is different in melted and non-melted SS316L 

coatings. Firstly, we may look at the Misorientation curves of non-melted sample 

coatings. The vertex of Misorientation of retreating side is much lower than the 

vertices of advancing side and central region. By contrast, the slope of declination 

is flatter in the Misorientation curve of retreating side. As a result, the area under 

Misorientation curve of retreating side is the largest, which is 0.985 (integration 
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result). The corresponding area of advancing side and central region are smaller, 

which count for 0.973 and 0.980, respectively. 

 

On the other hand, Misorientation curves of different regions are more identical 

in melted sample coating. As shown in the figure above, the vertex of 

Misorientation curve of central region is the highest, but the leading is not that 

significant, the vertices of advancing and retreating sides are also quite high. The 

similar pattern can be found for the slop of declining as well. Thus, the areas 

under Misorientation curves, which are calculated by integration, are also quite 

similar. Central region possesses largest area, which is 0.982 unit. And the area of 

advancing and retreating sides are 0.976 unit and 0.981 unit, respectively. 

 

Discussion 

EBSD analysis is a tool to explain the behaviors of samples in each elementary 

test, such as corrosion test and hardness test. In particular, the level of 

Misorientation can be used to explain the results of hardness test. As explained in 

the beginning of this section, Misorientation is the angles between wrinkles inside 

grains, which are less than 10 degree. Those “wrinkle” inside grains can block the 

movements of particles and atoms, thus, they can resist the deformation. Less 

deformation can contribute to higher hardness. As a result, the more 

Misorientation shows in a sample, the harder it should be. According to the 

results shown in table 3.3.2.1, non-melted SS316L coating (2000-200) should be 
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harder than the melted coating (2000-200-melted). And this hypothesis is 

consistent to the result generated in section 3.4.4. , Moreover, the average 

hardness of retreating side of non-melted SS316L coating should be higher than 

the corresponding value of advancing side and central region, which matches the 

real result shown in section 3.4.9. 

3.3.3 EBSD data analysis: grain diameter of melted and non-melted SS316L 

coatings 

Grain diameter is one of the most important factors to determine the hardness of 

stainless steel. EBSD system can give statistics of grain diameter, such as the 

number of grains of each diameter and the mean value. In this section, we mainly 

study the results relevant to grain diameter of melted (2000-200-meltd) and non-

melted (2000-200) SS316L coatings. 

 

Results 

  

Advancing side of non-melted SS316L coating (left), and melted coating (right) 
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Central region of non-melted SS316L coating (left), and melted coating (right) 

 

  

Retreating side of non-melted SS316L coating (left), and melted coating (right) 

85Figure 3.3.3.1 grain boundaries of SS316L coatings 

 

  

Grain diameter distribution of advancing side of non-melted SS316L coating 

(left), and melted coating (right) 
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Grain diameter distribution of central region of non-melted SS316L coating (left), 

and melted coating (right) 

 

  

Grain diameter distribution of retreating side of non-melted SS316L coating 

(left), and melted coating (right) 

86Figure 3.3.3.2 grain diameter distribution of SS316L coatings 

 

 

87Figure 3.3.3.3 comparison of grain diameters between each region 
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88Figure 3.3.3.4 comparison of grain diameter distribution between different 

regions of non-melted SS316L coating 

 

 

89Figure 3.3.3.4 comparison of grain diameter distribution between different 

regions of melted SS316L coating 
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90Figure 3.3.3.5 comparison of average grain diameter between SS316L melted 

and non-melted coatings 

 

The microstructure of SS316L coatings are shown in figure 3.3.3.1 above. And 

we can see from those views that the grain size of both melted and non-melted 

coatings are relatively small. While figure 3.3.3.2 shows the grain diameter 

distribution of melted and non-melted SS316L coatings. The higher the column, 

the large amount of that specific diameter in that coating. According to the 

comparison of distribution of grain diameter between melted and non-melted 

sample coatings, we can find that the grain diameter is larger in melted SS316L 

coating, comparing to non-melted counterpart. 

 

More specifically, the advancing side of non-melted SS316L coating has smaller 

grain diameter compared with the advancing side of melted one. The same 
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relationship can be found in the comparison between central region and retreating 

side as well. Thus, we can conclude that all regions of non-melted SS316L 

coating have smaller grain diameter than corresponding regions in melted 

coating. 

 

EBSD analysis also presented the average grain diameter of each region, and the 

result is shown in figure 3.3.3.5. As shown in that figure, the average diameter of 

each region (advancing side, central region, and retreating side) are smaller than 

corresponding part of melted coating. 

 

Discussion 

Although Misorientation is the major property to explain hardness behavior, grain 

diameter can also show effect on hardness. Generally speaking, smaller grain 

diameter means more grain boundaries in unit area. And since grain boundary is 

capable to block the movement of atoms, and then partially resist deformation 

under load. Thus, smaller grain diameter can also contribute to higher hardness. 

Thus, the comparison of grain diameter can be used as an auxiliary reason to 

explain the result of hardness test. 

 

In section 3.4.4, the results shows that non-melted SS316L coating (2000-200) 

possesses higher hardness than melted coating. And this result is consistent with 

our reasoning, which is based on these grain diameter analysis. 
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3.3.4 EBSD data analysis: remaining 60 degree grain boundary angle in melted 

and non-melted SS316L coatings 

Besides the three key properties generated by EBSD data analysis, there is 

another statistics to show the distribution of grain boundary angles in each sample 

coating. The range of grain boundary angle is normally from 0 to 60 degree. And 

60 degree is considered to be large grain boundary angle. And in this section, we 

mainly focus on the remaining amount of 60 degree grain boundary angle. 

 

Results 

 

SS316L-rd-AR (as received rod) 

 

 

 

Advancing side of non-melted coating (upper), and melted coating (lower) 
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Central region of non-melted coating (upper) and melted coating (lower) 

 

 

 

Retreating side of non-melted coating (upper) and melted coating (lower) 

91Figure 3.3.4.1 distribution of grain boundary angles of SS316L coatings and as 

received rod 

 

As shown in the first figure above, 60 degree is the major grain boundary angle in 

the as received SS316L rod. While after FS, the remaining 60 degree grain 

boundary angle has declined dramatically. In the advancing and retreating side of 

both melted and non-melted coatings, the remaining 60 degree grain boundary 
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angle is very low. And the remaining 60 degree grain boundary angle is almost 0 

in central region, which means that large grain boundary angle is even not exist in 

central region. 

 

Discussion 

Those grain boundaries, which have large grain boundary angle, possess higher 

energy. This higher level of grain boundary energy will induce intergranular 

corrosion. Since intergranular corrosion normally occurs at high energy region. 

Thus, this section should be good evidence to explain result of intergranular 

corrosion test. However, intergranular corrosion test requires using aluminum 

chloride solution, which is not accessible now. Thus, at this stage, we do not have 

the necessary equipment to conduct intergranular corrosion test. And this 

intergranular test can be done after aluminum chloride solution arrived. 

3.3.5 XRD analysis of SS316L coatings and as received SS316L rod 

In the remaining subsections of section 3.3, we used XRD to analyze the 

intensities of different phases in each sample coating. By identify peaks shown in 

XRD result, we can find the changing intensities of phases and other useful 

information. 

 

Results 
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92Figure 3.3.5.1 normalized intensity of different phases in each SS316L coating 

and in SS316L as received rod 
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According to figure 3.3.5.1, SS316L coating fabricated by FS contains the same 

types of gamma phase (austenitic phase in general) as the as received rod. 

However, the intensities of inclusion phases are reduced in SS316L coatings 

compared with as receive rod. 

 

Manganese disulfide and Chromium carbide are two kinds of inclusion found in 

SS316L as received rod. While the normalized intensity of Manganese disulfide 

with (200) phase are relatively high. After FS, there is no Chromium carbide 

phase shown in each coating. Although a peak of Manganese sulfide can still be 

recognized in 1500-200 SS316L coating, the normalized intensity is declined 

significantly compared with the normalized intensity shown in as received rod. 

 

Gama phase (111) is the dominant phase in each SS316L coating, as well as in the 

as received rod. Followed by Gama phase (200). While the intensities of other 

four types of Gama phases are relatively low in all SS316L coatings. The 

intensities of most Gama phases are around the same in 3 different kinds of 

SS316L coatings. However, there are significant differences in the intensities of 

Gama phase (311) in different coatings and as received rod. Normalized intensity 

of Gama phase (311) is largest in SS316L-1500-200 coating, which is around 0.4 

(standing for 40% of the highest normalized intensity in this sample, below are 

the same). Followed by SS316L-1200-200 coating, which has approximately 0.3 

normalized intensity of Gama phase (311). Next comes the SS316L-2000-200 
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coating, whose corresponding normalized intensity is slight above 0.2, which is 

almost the same as the normalized intensity of Gama phase (311) found in the as 

received SS316L rod. 

 

Discussion 

Since content of Manganese disulfide decreased in SS316L coatings after FS, the 

corrosion resistance of SS316L coatings is reasonable to increase. Which can be 

used to explain the improvement of Ep and Ecorr of SS316L coatings compared 

with as received rod. This reasoning matched the real result in section 3.5.3. 

3.3.6 XRD analysis of melted and non-melted SS316L coatings 

Results 

 

93Figure 3.3.6.1 normalized intensities of different phases in melted and non-

melted SS316L coatings 
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According to figure 3.3.6.1, melted and non-melted SS316L coatings possess the 

same kinds of microstructures. Both of them contain different Gama phases. 

Gama phase (111) is the most commonly found microstructure in both sample 

coatings, followed by Gama phase (200). The third highest normalized intensity 

is shown at Gama phase (311), which is slightly higher than the normalized 

intensity of Gama phase (220). The remaining three peak, which are linked to 

Gama phase (222), Gama phase (331) and Gama phase (400), are relatively low 

in normalized intensity. 

 

Comparing with non-melted SS316L coating, the melted one with same 

parameter (2000rpm-200mm/min) has higher normalized intensity in Gama phase 

(200), which is around 0.4. By contrast, the normalized intensity of Gama phase 

(200) in non-melted coating is only 0.3. The relative intensities of Gama phase 

(220) and (311) also increased in melted coating compared with non-melted one. 

While the intensities of remaining three Gama phases are almost same in those 

two coatings. Moreover, both melted and non-melted SS316L coatings do not 

contain sulfide and manganese. 

3.3.7 XRD analysis of SS316L welded sample fabricated by FSW 

Although in this project, we mainly focus on fabricating and testing sample 

coatings made by FS and FSA, we still conducted a set of experiment to fabricate 

and test SS316L welding. And the result of XRD analysis is shown in this section. 
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Results 

 

94Figure 3.3.7.1 normalized intensities of different phases of SS316L welding 

sample compared with as received SS316L plate 

 

As shown in the figure above, welded sample (SS316L-fsw) contains the same 

types of phases as the as received plate. All of them are Gama phases (austenitic). 

Gama phase (111) has the highest intensity in welded sample SS316L-fsw, 

followed by Gama phase (200). Next comes the Gama phase (111) and Gama 

phase (220), respectively. While the intensity of other three phases, which are 

Gama phase (331), (222) and (400) are relatively low. 
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The intensity of several different phases are higher in welded sample compared 

with as received plate. Among them, the intensity of Gama phase (200) increased 

most dramatically. The normalized intensity of Gama phase (200) in welded 

sample is around 0.4, which is almost double the normalized intensity of that 

particular phase in as received plate. The intensity of Gama phase (111) also 

increased significantly, which grew from 0.1 to almost 0.2, according to figure 

3.3.5.1. Gama phase (220) is barely found in as received plate. By contrast, the 

normalized intensity of Gama phase (220) is around 0.16 in welded sample, 

which can be seen as a huge increasing. 

3.3.8 XRD analysis of SS201 coatings and as received SS201 rod 

Results 

 

95Figure 3.3.8.1 intensities of different phases shown in SS201 coatings and 

SS201 as received rod 
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As shown in the upper figure, there are inclusions in SS201 as received rod, 

which are different phases of manganese sulfide (MnS). By contrast, SS201 

coatings do not contain these inclusions. 

 

All of the high content phases are gamma phase. And gamma phase (111) has the 

highest intensity in both coating and in as received rod. While the second highest 

intensity shown in gamma phase (200), followed by gamma phase (311), which is 

slightly higher than the intensity of gamma phase (320). The remaining three 

gamma phases, which are (222), (400), and (331), have relatively low intensities. 

Besides gamma phase, there exist an alpha phase (210). Although the particular 

intensity of this alpha phase is very low, it do exist in both SS201 coatings and as 

received rod. 

 

The ranking of contents of each phases are similar in both SS201 coatings and as 

received rod. Which is summarized in the previous paragraph. 

 

Discussion 

SS201 is not very stable compared with other austenitic stainless steel. Thus, a 

little amount of its austenitic structure, which are gamma phases, may transfer to 

alpha phases. Thus, in the result of XRD analysis, there is a tiny peak of alpha 

phase (210). And the other peaks are just similar as SS316L and other austenite. 
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3.3.9 XRD analysis of SS316L+SS630 alloyed coatings 

By inserting slim SS630 rod into SS316L rod, we intended to create 

SS316L+SS630 alloyed coatings. And we think this method can be an alternative 

of adding copper into SS316L. Thus, we need to use XRD analysis to show the 

existence of copper in these alloyed coatings. 

 

Results 

 

96Figure 3.3.9.1 XRD analysis of SS316L+SS630 alloyed coatings 

 

As shown in this figure, the alloyed coatings contain both gamma phases 

(austenitic phases) and alpha phases (ferritic phases). Besides those stainless steel 

related phases, both coatings eliminated inclusions such as manganese disulfide 

(200). And the peak of chromium carbide is erased as well. 
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Comparing with the XRD peaks of as received SS316L rod, those 

SS316L+SS630 alloyed coatings contain several alpha phases. While alpha phase 

(110) has the highest peak, followed by alpha phase (210), which is slightly 

higher than the peak of alpha phase (200). The relationship of gamma phases in 

alloyed coatings is the same as the as received SS316L rod. 

 

Discussion 

Since SS630 is duplex stainless steel, it could contain both gamma and alpha 

phase. By contrast, SS316L contains only gamma phase, since it is austenitic 

stainless steel. Thus, the existence of alpha phase indicates that SS630 is added 

into alloyed coating. And alloyed coatings also contain less inclusion. 

3.3.10 XRD analysis of SS430+SS304 alloyed coatings 

Results 

 

97Figure 3.3.10.1 XRD analysis of SS430+SS304 alloyed coatings 

 



178 

 

As shown in the figure above, comparing with SS430 as received rod, those 

SS430+SS304 alloyed coatings contain gamma phases as well as alpha phases. 

Besides that, those alloyed coatings also eliminate the peak of inclusions, such as 

manganese disulfide. 

 

The rankings of peaks in both SS430+SS304 alloyed coatings are similar. Alpha 

phase (110) is the dominant phase, followed by alpha phase (210). The third 

highest peak is for alpha phase (200), which is slightly higher than the peak of 

alpha phase (310). While alpha phase (220) possesses lowest peak. Besides alpha 

phases, there do exist three gamma phases, which are gamma phase (111), (220), 

(311). However, their peak is relatively low in XRD report. 

 

Discussion 

SS430 is ferritic stainless steel, which contains only alpha phases. By contrast, 

SS304 is a typical austenitic stainless steel, which shows gamma phases. Thus, 

after inserting SS304 and fabricating alloyed coating, gamma phases can be 

found in the XRD analysis of SS430+SS304 alloyed coatings. However, since the 

contents of these alloyed coatings are still SS430, those dominant peaks are all 

alpha phases, and the peaks of gamma phases is relatively not obvious. Moreover, 

the inclusions which is introduced by SS430 as received rod, can be reduced after 

doing FSA, since there is no peak of manganese disulfide in alloyed coatings. 
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3.3.11 XRD analysis of SS430+SS316L alloyed coatings 

Results 

 

98Figure 3.3.11 XRD analysis of SS430+SS316L alloyed coatings 

 

As shown in the figure above, those SS430+SS316L alloyed coatings contain 

both alpha phases and gamma phases. Besides that, comparing with SS430 as 

received rod, the peak of manganese disulfide is reduced in the curves of alloyed 

coatings. And, the relationship of existed peaks are similar in both coatings. 

 

In the XRD analysis of both SS430+SS316L alloyed coatings, alpha phase (110) 

is the dominant structure, followed by alpha phase (210). The third highest peak 

is for alpha phase (220), which is slight higher than the peak of alpha phase (310). 

Besides alpha phases, SS430+SS316L alloyed coatings also contain gamma 
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phases, which are gamma phase (111), (311), and (320). Moreover, in the double 

inserted SS316L coating, there is a tiny peak of gamma phase (222). 

 

Discussion 

SS316L is another typical austenitic stainless steel, thus, it contains gamma 

phases. While SS430, which has be mentioned in previous section, is ferritic 

stainless steel and contains alpha phases. Therefore, after adding SS316L, the 

alloyed coatings can contain gamma phases as well as alpha phases. 

3.3.12 EBSD data analysis: phase diagram of 𝑻𝒊𝑩𝟐 included SS316L alloyed 

coatings 

EBSD data analysis is capable to show the exact distribution and location of each 

phase in sample coatings, which is named phase diagram. Thus, we used EBSD 

data analysis to examine 2000-200-1/4 SS316L+𝑇𝑖𝐵2 alloyed coating. And the 

exact distribution of phases is shown in this section, together with the BSE image 

of this alloyed coatings. 

Results 

    

99Figure 3.3.12.1 Phase diagram of SS316L+𝑇𝑖𝐵2 alloyed coating 
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100Figure 3.3.12.2 Corresponding BSE image of SS316L+𝑇𝑖𝐵2 alloyed coating 

 

According to the phase diagram of this 2000-200-1/4 SS316L+𝑇𝑖𝐵2 alloyed 

coating, most of its phase are still FCC iron structure, which are alpha phase. 

Besides major stainless steel phases, there is obvious existence of Fe-Ti 

composite. Another major composite that can be found in this sample coating is 

Ti-B class composite, which includes𝑇𝑖𝐵2, TiB and other ceramics. There are 

several Ti-Cr, Fe-B, and Cr-B class composites shown in this phase diagram as 

well, and they are more likely to exist at grain boundary. 

 

Moreover, according to the corresponding BSE image of this area, there are three 

dark particles. And by matching them to the phase diagram, we found those three 

dark particles are actually𝑇𝑖𝐵2. Thus, we can conclude that those dark particles 
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found in the OM views and BSE images are 𝑇𝑖𝐵2 in previous sections. 

 

Discussion 

By adding𝑇𝑖𝐵2, the alloyed coating contains𝑇𝑖𝐵2, and those 𝑇𝑖𝐵2 is distributed 

as relatively large particles. And some 𝑇𝑖𝐵2 has been scattered during FSA 

processing. Its titanium and boron consist composites with iron and chromium, 

which are introduced by SS316L. Thus, compounds of titanium and chromium 

can be found in this alloyed coating, as well as the compounds of iron and boron, 

and chromium and boron. Grain boundaries possess higher energy than other 

positions, and the formation of such compounds require energy. Thus, those 

composites are more likely to form at grain boundaries of this alloyed coating. 
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3.4 Hardness test results and discussions 

In this section, we mainly focus on the hardness of each group of coatings and 

their corresponding raw material, which is the corresponding as received rod. 

Since stainless steel is widely used in structures that require specific hardness 

level, analyzing the hardness of their coatings after doing Friction Surfacing is 

also necessary. The results are divided into several sub sections. 

3.4.1 Comparisons between hardness of coatings and their corresponding raw 

materials 

Results 

We fabricated several different coatings of each type of stainless steel. And in this 

section, the average hardness of all coatings belonging to one group is used. And 

for each coating, 12 points have been chosen to take hardness test. Figure 3.4.1.1 

shows the comparisons between hardness of each group of coatings and hardness 

of their corresponding raw materials, which are the stainless steel rods. 
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101Figure 3.4.1.1 comparison between hardness of each group of coatings and 

their corresponding raw materials 

 

Statistics extracted from figure 3.4.1.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS316L-rd-AR 189.63667 1.15098 

SS316L-Melted coating 205.84417 4.7046 

SS316L-coatings 214.81883 7.59474 

-- -- -- 

SS201-rd-AR 244.02833 4.59143 

SS201-Melted coating 262.955 4.12646 

SS201-coatings 272.15833 5.71789 

-- -- -- 
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SS416-rd-AR 209.97 0.74588 

SS416-coating 503.36333 13.09228 

-- -- -- 

SS420-rd-AR 192.535 2.42357 

SS420-coating 601.05333 7.18375 

Table 5 Statistics extracted from figure 3.4.1.1 average hardness of each groups 

of coatings and average hardness of their corresponding rods 

 

According to figure 3.4.1.1 in previous page, all stainless coatings possess higher 

hardness than their original rods, which indicates that Friction Surfacing can 

improve the hardness of stainless steel materials in different extents. 

 

Among five different groups of coatings, SS420 coatings and SS416 coatings 

have the most dramatic increases compared with the hardness of their original 

rods. The average hardness of SS420 coatings is 601.05 HV1, which is 410 HV1 

higher than the hardness of original SS420 rod. The increase in SS420 group is 

the most dramatic one among those five types of stainless steels. The second 

highest increase happened in SS416 coatings. The average hardness of SS416 

coatings is 503.36 HV1, which is almost 3 times higher than the hardness of 

SS416 as received rods. Although the average hardness of SS630 is also increased 

compared with the hardness of its original rod, the increase is not that dramatic. 

The average hardness of SS630 coatings is 396.48 HV1, which is around 57 HV1 
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higher than the average hardness of SS630 as received rods. The hardness 

coatings of two Austenitic stainless steels do not show significant increases 

relative to the average hardness of their original rods. The average hardness of 

SS201 coatings is 272.16 HV1, which is only 28 HV1 higher than the hardness of 

its as received rods. SS316L shows least increase of average hardness after 

Friction Surfacing. For SS316L, the average hardness of its coatings is 214.81 

HV1, which is slightly higher than the average hardness of SS316 as received rod 

(189.64 HV1). 

 

Although SS420 and SS416 coatings show the most dramatic increases in 

hardness compared with the hardness of their corresponding as received rods, 

their hardness are the most unstable two. Since the standard deviations of the 

hardness of their coatings are the highest. While the hardness of SS316L coatings 

have the minimum fluctuations, since their standard deviations is the smallest 

one. SS201 coatings also shows relatively small standard deviation, which means 

different position of SS201 coating have almost the same hardness. While the 

standard deviation of SS630 coatings is relatively normal. 

 

Discussion 

SS420 and SS416 belong to martensitic category. Before heat treatment, SS420 

and SS416 contain only ferritic phase and chromium carbides. Those two phases 

are relatively soft. After heat treatment (quenching), SS420 and SS416 are 
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capable to change phase. Martensitic phase can be found in SS420 and SS416 

after quenching. Since the working temperature of Friction Surfacing is similar to 

the quenching temperature of SS420 and SS416, and coatings fabricated in FS 

can be cooled rapidly. Thus SS420 and SS416 are possible to change phases after 

FS. This theory is proved by the existing of martensitic phases in SS420 and 

SS416 coatings, which are examined by using OM. Since SS420 and SS416 

coatings have changed to martensitic phases after FS processing, the hardness of 

their coatings are rose dramatically. 

 

On the other hand, Austenitic stainless steel cannot change phase, thus the only 

possible reason for increasing hardness is the shrinking in grain size. According 

to materials science, when the grain size becomes smaller, there are more grain 

boundaries in unit area. While the grain boundaries can block the dislocation of 

atoms, thus resist the deformation of grains. As a result, the hardness of smaller 

grain size can be rose. Since the grain size of SS316L is refined after FS, the 

average hardness of its coatings are higher than the hardness of as received 

SS316L rod. The same theory can be used to explain the improvement of 

hardness of SS201 coatings compared with the hardness of SS201 as received 

rods. 

 

However, only using grain size theory to explain the improvement of hardness of 

SS316L and SS201 coatings are not enough. Besides that, the orientation of each 
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phase, the grain boundary behavior, and the remaining large grain angles can also 

contribute to the explanation of the improvement of hardness. This part is 

discussed in details in section 3.3, which is analyzed by EBSD system. 

3.4.2 Increase of average hardness of SS316L after Friction Surfacing 

Results 

Since the major type of stainless steel we studied in this project is SS316L, we 

have fabricated relatively large amount of SS316L coatings. Those SS316L 

coatings shows different behaviors in hardness test. Thus, examining the average 

hardness of SS316L coatings is necessary. The average hardness of SS316L 

coatings, together with the average hardness of as received SS316L rods, are 

shown in figure 3.4.2.1 as an illustration. 

 

102Figure 3.4.2.1 the average hardness of each SS316L coatings, together with 

the average hardness of SS316L rods 
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Statistics extracted from figure 3.4.2.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS316L-rd-AR 189.63667 1.15098 

SS316L-rd-SA 181.64667 2.46924 

SS316L-2000-200-M 205.84417 4.7046 

SS316L-2000-200 222.8075 6.35777 

SS316L-1500-200 219.21083 3.46136 

SS316L-1200-200 208.00083 3.22766 

SS316L-1500-200-HDV 213.195 6.1368 

SS316L-1500-200-LDV 210.88 6.90785 

Table 6 the average hardness of each SS316L coating, together with the average 

hardness of SS316L rods 

 

According to figure 3.4.2.1 in the previous page, the average hardness of each 

SS316L coating is higher than the average hardness of SS316L as received rod. 

Among three major sets of parameters in fabricating SS316L coatings, 2000rpm-

200mm/min SS316L coating has the highest average hardness, which is around 

222.81 HV1. Next comes to the 1500rpm-200mm/min SS316L coating. The 

average hardness of this coating is approximately 219.21 HV1, which is slightly 

higher than the average hardness of 1200rpm-200mm/min SS316L coating 
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(208.00 HV1). Here we can conclude that when the rotating speed rise, the 

average hardness of the fabricated SS316L coatings become higher, which shows 

a positive effect on the average hardness of SS316L coatings. 

 

Another comparison can be brought out by examining the average hardness of 

SS316L coatings fabricated with different drilling speed. According to figure 

3.4.2.1, the average hardness of SS316L coating fabricated by normal drilling 

velocity (SS316L-1500-200) is the highest among those three, which is 219.21 

HV1. This value is around 6 HV1 higher than the average hardness of SS316L 

coating fabricated by high drilling speed (stands for SS316L-1500-200-HDV). 

While the coating fabricated by using low drilling velocity (SS316L-1500-200-

LDV) has almost the same average hardness as 1500rpm-200mm/min-HDV 

sample coating. 

 

The standard deviations of SS316L coatings are all higher than the standard 

deviation of SS316L as received rod, which is only 1.15 HV1. The standard 

deviation of 2000rpm-200mm/min coating is the highest, which is more than 6 

HV1. Next comes 1500rpm-200mm/min coating, whose standard deviation is less 

than half of the value of 2000rpm-200mm/min coating. While the standard 

deviation of 1200rpm-200mm/min coating is slightly lower than the value of 

1500rpm-200mm/min coating. 
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Discussion 

The axial loads applied to SS316L rod went to the coating as well during Friction 

Surfacing. And the relatively huge axial load caused the refinement of grain in 

SS316L coatings. On the other hand, as the rotating speed increases, the heat 

generated by friction between the adjacent surfaces of rod tip and substrate rises. 

Thus, the temperature of working area is increased. With higher temperature, the 

grain size of SS316L can be refined more significantly. Therefore, the grain size 

of 2000rpm-200mm/min SS316L coating is the smallest among three sets of 

parameters. When the grain size becomes smaller, there are more grain 

boundaries in unit area. While the grain boundaries can block the dislocation of 

atoms, thus resist the deformation of grains. As a result, the hardness of smaller 

grain size can be rose. As a result, the average hardness of 2000rpm-200mm/min 

coating is the highest. And the average hardness of 1200rpm/200mm/min SS316L 

coating is the lowest among three different rotating speeds. While the average 

hardness of 1500rpm-200mm/min sample coating is in between. 

 

The different values of average hardness of SS316L coatings fabricated by 

different drilling velocities does not have a clear relationship. And it is hard to be 

explained by using grain size theory sorely. Thus, it requires additional evidences 

generated by EBSD. And the relevant discussion can be seen in section 3.4, 

which is the analysis of microstructures of SS316L coatings. 
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The microstructure of SS316L as received rod is relatively uniform. Thus, the 

hardness of different locations are almost the same. Therefore, the standard 

deviation of hardness of SS316L rod is very small. One the other hand, there are 

at least two different regions in the coating of SS316L, which are named 

advancing side and retreating side. The microstructures of those two sides are 

quite different. Therefore, the hardness of a single SS316L coating are still 

different in different location. As a result, the standard deviation of hardness of 

SS316L coatings are higher than their corresponding rods. 

 

The refinement of grain size of SS316L coating can be proved by EBSD analysis. 

And figure 3.4.2.2 shows the microstructures of a specific SS316L coating, 

together with the microstructures of as received SS316L rod. According to this 

figure, the grain size of SS316L coating is much smaller than the grain size of as 

received SS316L rod. 

 

   

103Figure 3.4.2.2 the microstructure of SS316L-AR (left), and the microstructure 

of SS316L coating after FS (right) 
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104Figure 3.4.2.3 the microstructures of SS316L coating (2000-200), retreating 

side (left), and central region (right) 

3.4.3 Comparison of average Hardness of SS316L coatings made by rods with 

different diameters 

Results 

In this section, we intended to figure out whether the diameter of SS316L rod will 

affect the hardness of SS316L coatings. Thus, we fabricated two groups of 

samples. The group of coatings fabricated by using φ14mm SS316L rods is 

named as SS316L-group, while the another group of coatings fabricated by using 

φ12mm SS316L rods is named as SS316L-Slim-group. The comparisons between 

each two corresponding coatings with same parameters are shown in figure 

3.4.3.1 as an illustration. And table 3.4.3.1 contains the data extracted from that 

figure above. 
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105Figure 3.4.3.1 the comparison between hardness of SS316L coatings made by 

rods with two different diameters 

 

Statistics extracted from figure 3.4.3.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

316L-rd-AR 189.63667 1.15098 

316L-slim-rd-AR 300.3275 4.08163 

316L-M 205.84417 4.7046 

316L-slim-M 225.44545 10.50656 

316L-2000rpm 222.8075 6.35777 
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slim-2000rpm 229.22833 5.14119 

316L-1500rpm 219.21083 3.46136 

slim-1500rpm 239.79917 3.88471 

316L-1200rpm 208.00083 3.22766 

slim-1200rpm 234.07083 7.16446 

Table 7 comparison of average hardness between SS316L coatings fabricated 

with rods of different diameters 

 

According to figure 3.4.3, the average hardness of SS316L coatings fabricated 

with rods of 12mm diameter is higher than the average hardness of the coatings 

made by its 14mm diameter counterpart. The average hardness of slim SS316L 

rod is around 300.33 HV1, which is almost two times higher than the average 

hardness of SS316L with large diameter, whose average hardness is slightly lower 

than 190 HV1. 

 

The same trend also shows in the average hardness of their coatings, however, the 

differences are not that significant. The average hardness of slim-1200rpm 

sample coating is approximately 234.07 HV1, which is around 26 HV1 higher 

than the average hardness of SS316L-1200rpm coating. This 26 HV1 difference 

is also the largest in four comparisons among SS316L coatings. Next comes the 

1500rpm comparison. The average hardness of slim-1500rpm coating is 239.80 

HV1, which is around 20 HV1 higher than SS316L-1500rpm coating’s 219 HV1 
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average hardness. While the 2000rpm comparison shows least significant 

difference. The average hardness of slim-2000rpm coating is 229.29 HV1, which 

is only 7 HV1 higher than the average hardness of coating made by larger 

diameter rod. 

 

Discussion 

Normally, the hardness of stainless steel has no relationship with its diameter. 

However, the average hardness of slim SS316L rod is almost two times of the 

average hardness of φ14mm SS316L rod. That is because the slim SS316L rod 

we used in this experiment is made by cold extrusion. After cold extrusion 

treatment, the grain size of slim SS316L rod is refined. Thus, smaller grain size 

leads to more grain boundaries in unit area. And grain boundary can obstruct the 

movement of atoms, therefore, the microstructure of small grain size metal has 

less deformation, which cause the hardness increased. As a result, the average 

hardness of slim SS316L rod is much higher than the average hardness of 

ordinary SS316L rods. 

 

The same theory can be used to explain the supreme average hardness of coatings 

made by using slim SS316L rods. However, the gradually shrinking difference 

between each pair of coatings as the rotating speed increasing cannot be 

explained yet. One possible assumption is that when the rotating speed increases, 

the friction between adjacent layers of rod tip and substrate increases, thus, more 
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heat is generated, which causes the working temperature increases. This changing 

in temperature can minimize the difference in hardness caused by original 

temperature difference. Thus, the higher the working temperature, the less effect 

of original processes remains in the final hardness of SS316L coatings. Therefore, 

the differences in average hardness of SS316L coatings made by rods with two 

different diameters is decreasing as the rotating speed is increasing. 

 

3.4.4 Comparison of average Hardness between Melted and non-Melted SS316L 

coatings 

Results 

As discussed in previous section, we have fabricated a special type of SS316L 

coatings, which is melted during Friction Surfacing (FS). Since the 

microstructure of melted sample coatings is very different from the 

microstructure of non-melted SS316L coatings, it is highly susceptible that their 

hardness are also different. The comparison between average hardness of melted 

SS316L coatings and their non-melted counterparts are shown in figure 3.4.4.1 as 

an illustration, while table 3.4.1.1 contains data extracted from it. 
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106Figure 3.4.4.1 comparison of average hardness between melted SS316L 

coatings and their non-melted counterparts 

 

Statistics extracted from figure 3.4.4.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

316L-rd-AR 189.63667 1.15098 

316L-2000-M 205.84417 4.7046 

316L-2000 222.8075 6.35777 

316L-slim-rd-AR 300.3275 4.08163 

316L-slim-2000-M 225.44545 10.50656 

316L-slim-2000 229.22833 5.14119 

Table 8the average hardness of melted SS316L coatings and their non-melted 

counterparts 
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As can be seen from figure 3.4.4.1, melted SS316L coatings (2000rpm-Melted) 

possess lower average hardness compared with their non-melted counterparts 

(2000rpm). This relationship is true in both SS316L groups. The average hardness 

of melted SS316L coating (φ14mm) is around 205 HV1, which is approximately 

17 HV1 lower than the average hardness of slim SS316L coating. This difference 

is larger than the corresponding difference of slim SS316L group. Since the 

average hardness of SS316L-slim-Melted coating is only around 4 HV1 lower 

than SS316L-slim-2000rpm’s 229.23 HV1 average hardness. 

 

Although melted SS316L coating is softer than its non-melted counterpart, it is 

still harder than the as received SS316L rod, which is used to fabricate this 

coating. This relationship is not true for SS316L-Slim group, since the as 

received slim SS316L rod is produced by cold extrusion. 

 

Discussion 

Analyzing the microstructure requires using EBSD. According to the result 

generated by EBSD analysis, which is mainly discussed in section 3.3 previous, 

the grain size of melted SS316L coating is smaller than the original grain size of 

SS316L as received rod. However, the refinement of grain size in melted SS316L 

coating is not as significant as the refinement in non-melted SS316L coatings. 

Thus, the grain size of melted SS316L coating is larger than the grain sizes of all 
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non-melted SS316L coatings. It is accepted that smaller grain size leads to more 

grain boundaries in unit area. And grain boundary can obstruct the movement of 

atoms, therefore, the microstructure of small grain size metal has less 

deformation, which cause the hardness increased. As a result, the average 

hardness of non-melted SS316L coatings are higher than the average hardness of 

melt sample coating. 

 

 

107Figure 3.4.4.2 grain boundaries of non-melted SS316L coating (50X enlarge) 
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108Figure 3.4.4.3 grain boundaries of melted SS316L (20X enlarge) 

 

Although the grain size of melt SS316L coating is larger compared with grain 

sizes of non-melted counterparts, it is still much smaller than the original grain 

size of as received rod. And the smaller grain size leads to higher hardness. 

Which can used to explain that the average hardness of melted SS316L coating is 

still higher than the average hardness of SS316L-rd-AR. 

 

3.4.5 Increase of average hardness of SS201 coatings after Friction Surfacing 

Results 

In previous sections, we mainly focused on the hardness of SS316L coatings. 

Besides SS316L, SS201 is another typical Austenitic stainless steel which we 
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have studied. Since SS201 possess different Austenitic phase compared with 

SS316L, it is necessary to study the hardness of this type. And figure 3.4.5.1 

shows the comparison of average hardness between SS201 coatings made by 

using different parameters, together with the average hardness of as received 

SS201 rod. While table 3.4.5.1 contains the relevant data extracted from the 

figure above. 

 

 

109Figure 3.4.5.1 average hardness of SS201 coatings, together with the average 

hardness of SS210 rods 
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Statistics extracted from figure 3.4.5.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS201-rd-AR 244.02833 4.59143 

SS201-rd-SA-1100 206.41 1.21565 

SS201-rd-SA-1300 195.47 2.30471 

SS201-2000-200-M 261.955 4.01011 

SS201-2000-200 270.59091 1.87981 

SS201-1500-200 262.97 5.25548 

Table 9 average hardness and standard deviation of each SS201 coating, and the 

corresponding values of SS201 rods 

 

According to figure 3.4.5.1, the average hardness of SS201 rod after solution 

annealing (1100 ℃) is lower than the average hardness of as received SS201 rod. 

The same result is applicable to the SS201 rod after 1300℃ solution annealing. 

 

On the other hand, the average hardness of each SS201 coating is all higher than 

the corresponding value of as received SS201 rod. Among those SS201 coatings, 

the one made by using 2000rpm-200mm/min as parameters is the hardest, which 

average hardness is above 270 HV1. Next comes the 1500rpm-200mm/min 

coating, whose average hardness is about 9 HV1 lower than the hardness of 

2000rpm-200mm/min one. At this moment, the melted coating should be ignored 
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temporarily, since the effect of melting will be examined in next section. 

 

Discussion 

Although SS201 and SS316L contains different Austenitic phases, their behaviors 

in hardness are relatively similar. Firstly, they cannot change phase after Friction 

Surfacing, thus, there is not dramatic increase in the hardness of SS201 coatings 

compared with as received SS201 rods. 

 

After solution annealing (SA), the microstructure of SS201-rd-SA is stilled 

consisted of Austenitic phase, and its grain size has been enlarged. Moreover, 

since the annealing in 1300℃ can cause huger changing in its grain size, SS201-

rd-SA (1300℃) has larger grain size than SS201-rd-SA (1100℃). As we have 

discussed previously, larger grain size means less grain boundaries in unit area. 

And since grain boundary can construct the movement of atoms, then less grain 

boundaries causes the drop in hardness. Therefore, SS201 rod after 1300℃ 

solution annealing is the softest one, and the average hardness of as received 

SS201 rod is highest among those three rods. While the average hardness of 

SS201 rod after 1100℃ is in between. 

 

The axial loads applied to SS201 rod went to the coating as well during Friction 

Surfacing. And the relatively huge axial load caused the refinement of grain in 

SS201 coatings. Thus, the grain size of SS201 coating is smaller than the grain 
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size of as received SS201 rods. Since smaller grain size leads to more grain 

boundaries in unit area, and grain boundary is capable to obstruct the movement 

of atoms, the smaller grain size in SS201 coatings cause higher value in average 

hardness. As the rotating speed increasing, the axial load applied to SS201 also 

rose. Then it lead to more significant refinement of grain. Therefore, the grain 

size is even smaller in SS201-2000rpm-200mm/min, compared with the grain 

size of its 1500rpm counterpart. As a result, the 2000rpm-200mm/min coating is 

harder than 1500rpm-200mm/min one. 

 

Compared with coating, the microstructure of as received SS201 rod is more 

uniform, thus, the deviation of average hardness of as received rod is much lower. 

However, stainless steel coating has advancing side, retreating side and middle 

part in their cross section. And the microstructure of each side is unique from 

each other. Thus the hardness is different in different side, which cause the high 

deviation of SS201 coatings. 

3.4.6 Comparison of average Hardness between Melted and non-melted SS201 

coatings 

Results 

Besides ordinary non-melted SS201 coatings, we also fabricated one special 

melted SS201 coating. And in this section, the different hardness between melted 

and non-melted SS201 coatings is discussed. Figure 3.4.6.1 shows the 

comparison between those two coatings, while the relevant values are listed in 
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table 3.4.6.1 as an illustration. 

 

110Figure 3.4.6.1 comparison of average hardness between melted and non-

melted SS201 coatings 

 

Statistics extracted from figure 3.4.6.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS201-rd-AR 244.02833 4.59143 

SS201-2000-200-M 261.955 4.01011 

SS201-2000-200 270.59091 1.87981 

Table 10 average hardness and standard deviations of melted and non-melted 

SS201 coatings 
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According to figure 3.4.6.1, both melted and non-melted SS201 coatings are 

harder than as received SS201 rod. When comparing those two coatings, the 

average hardness of non-melted one is higher than the average hardness of its 

melted counterpart, which are about 270.59 HV1 and 261.96 HV1, respectively. 

There is no huge difference between the average hardness of melted and non-

melted SS201 coatings. On the other hand, the standard deviation of hardness of 

melted SS201 coating is higher than the corresponding value of non-melted 

sample coating, which indicates the non-melted SS201 coating is more uniform in 

hardness. 

 

Discussion 

According to the result generated by EBSD, the grain size of melted SS201 

coating is larger than the grain size of non-melted one. Since larger grain size 

means less grain boundaries in unit area, and grain boundaries can obstruct the 

movement of atoms, the melted SS201 coating is possible to softer than its non-

melted counterpart. However, comparing with as received SS201 rod, melted 

coating still possesses smaller grain size, which leads to higher average hardness 

than as received rod. 

3.4.7 Increase of average hardness of SS416 and SS420 coatings after Friction 

Surfacing 

Results 

SS416 and SS420 are two typical types of Martensitic stainless steel. And they 
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are widely used in constructions. Thus, analyzing the hardness of their coatings 

are also necessary. The comparison between hardness of SS416 and SS420 

coatings with their corresponding as received rods are shown in figure 3.4.7.1 as 

an illustration. While the specific values are shown in table 3.4.7.1. 

 

 

111Figure 3.4.7.1 the average hardness and deviation of SS416 and SS420 

coatings, together with the average hardness and deviation of their corresponding 

as received rods 
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Statistics extracted from figure 3.4.7.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS416-rd-AR 209.97 0.74588 

SS416-2000-600 503.36333 13.09228 

SS420-rd-AR 192.535 2.42357 

SS420-2000-400 601.05333 7.18375 

Table 3.4.7.1 results extracted from the figure above 

 

As showing in figure 3.4.7.1, the average hardness of both SS416 coating and 

SS420 coating are much higher than the average hardness of as received SS416 

rod and SS420 rod. SS420 coating has an average hardness of above 600 HV1, 

which is more than 3 times higher than the average hardness of SS420 as received 

rod. Although the increase of SS416 coating is not that insane, it still possesses a 

503.36 HV1 average hardness, which is almost 300 HV1 higher than the average 

hardness of its original rod. 

 

On the other hand, the deviation of average hardness of SS420 and SS416 

coatings are higher than the deviation of average hardness of their corresponding 

as received rods. The deviation of hardness of SS416 coating is above 13 HV1, 

which is almost 18 times higher than the deviation of hardness of as received 

SS416 rod. Although the increase of SS420 coating is less dramatic, the deviation 
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of hardness of SS420 rod it still around 3 times higher than the corresponding 

value of as received SS420 rod. 

 

Discussion 

SS420 and SS416 have very similar behavior since their compositions are almost 

the same. They belongs to martensitic stainless steel category in general. Before 

heat treatment, which is called quenching for martensitic stainless steel, SS420 

and SS416 contain ferritic phase, which is relatively soft. However, after 

temperature rose to the specific region followed by rapid cooling, the ferritic 

phase changed to martensitic phase. This process is named martensitic 

transformation. Martensitic phase are relatively very hard. Thus, the average 

hardness of SS420 and SS416 coatings increased dramatically compared with the 

average hardness of their corresponding rods. Martensitic phase can be found in 

SS420 and SS416 phase by using EBSD. Which is shown in figure 3.4.7.2 as an 

illustration. 

 

  

112Figure 3.4.7.2 the microstructure of SS420-AR (left), and the microstructure 

of SS420 coating after FS (right) 
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113Figure 3.4.7.2 the microstructure of SS416-AR (left), and the microstructure 

of SS416 coating after FS (right) 

 

Compared with coating, the microstructure of as received rod is more uniform, 

thus, the deviation of average hardness of as received rod is much lower. 

However, stainless steel coating has advancing side, retreating side and middle 

part in their cross section. And the microstructure of each side is unique from 

each other. Thus the hardness is different in different side, which cause the high 

deviation of SS420 and SS416 coatings. 

3.4.8 Increase of average hardness of SS630 after Friction Surfacing 

Results 

SS630 is a typical type of duplex stainless steel, which consist of Austenitic phase 

and martensitic phase. Thus, by studying its hardness improvement, we can have 

a glance at the hardness behavior of duplex stainless steel. And figure 3.4.8.1 

reveals the comparison of average hardness between SS630 coating and its 
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original rod (as received). While those relevant data are listed in table 3.4.8.1 as 

an illustration. 

 

114Figure 3.4.8.1 average hardness of SS630 coating, together with the average 

hardness of as received SS630 rod 

 

Statistics extracted from figure 3.4.8.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

SS630-rd-AR 340.8025 1.13969 

SS630-2000-500 398.47833 7.01537 

Table 11 average hardness comparison between SS630 coating and its 

corresponding as received rod 
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According to figure 3.4.8.1, the average hardness of SS630 coating is around 

398.48 HV1, which is almost 60 HV1 higher than the average hardness of its 

corresponding as received rod. The increase is about 16.9% relevant to the average 

hardness of SS630 rod. 

 

One the other hand, the standard deviation of hardness of SS630 coating is much 

higher than the corresponding value of SS630 as received rod, which are around 

7.02 HV1 and 1.14 HV1, respectively. 

 

Discussion 

SS630 is a typical type of duplex stainless steel, which consist of Austenitic phase 

and Martensitic phase. Since there are Martensitic phase in SS630, it is capable to 

take Martensitic transformation. The temperature of working area during FS is 

similar to the temperature of heat treatment. Moreover, the shielding flow takes 

away the heat during FS, which allows coating to be cooled rapidly. Thus, the 

whole process of FS is relatively similar to the heat treatment of SS630. As a result, 

SS630 coating is possible to contain refined martensitic phase. Since the hardness 

of refined martensitic phase is relatively high compared with austenitic phase and 

original martensitic phase, the average hardness of SS630 is evidently higher than 

the average hardness of as received SS630 rod. 
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However, SS630 only partially contains martensitic phase, which can undergo 

martensitic transformation and improve hardness. Thus the increase of hardness 

after FS is not that dramatic, compared with SS420 and SS416. And figure 3.4.8.2 

shows the microstructures of SS630 coating and it’s corresponding as received rod, 

from which the refined martensitic phase can be seen. 

 

 

Table 12Figure 3.4.8.2 the refined martensitic phase can be found in 

microstructure of SS630 coating 

3.4.9 Comparison of average Hardness of different sides of stainless steel 

coatings 

Results 

Stainless steel coatings made by FS can be divided into three region, which are 

advancing side, middle region and retreating side, respectively. The clear 

definitions of those three regions can be seen in section 1.2. Since the mechanical 
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properties and microstructures of those three regions are different, it is susceptible 

that the hardness of different regions in a single coating can be different. Thus, it 

is necessary to study the different hardness of those three regions. And the 

comparisons are shown in figure 3.4.9.1 as an illustration. 

 

 

115Figure 3.4.9.1-1 the average hardness of advancing side, middle region, and 

retreating side for each coating, and their corresponding standard deviation 
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116Figure 3.4.9.1-2 the average hardness of advancing side, middle region, and 

retreating side for each coating, and their corresponding standard deviation 

 

According to figure 3.4.9.1, among those ten stainless steel coatings, nine 

coatings possess similar pattern, which is the average hardness of advancing and 

retreating sides are higher than the average hardness of middle region. By 

contrast, the average hardness of SS630 coating’s retreating side is slightly lower 

than the average hardness of its middle region. 

 

Among those nine coatings which show the similar pattern, five of them has 

higher average hardness in their advancing side compared with their retreating 
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side. While the remaining four coatings have higher hardness in their retreating 

side compared with their advancing side. No matter what pattern those nine 

coatings possess, the average hardness of their advancing side and the average 

hardness of their retreating side have only slight differences. 

 

Discussion 

Materials are squeezed onto the substrate during FS. Since the stainless steel rod 

is rotating while moving along the working direction, the velocities of different 

positions along radius of rod tip are different, which is the basic physic 

knowledge. Thus, the materials are squeezed onto the substrate with different 

velocity. At two sides, that velocities are relatively higher, then larger forces are 

need to stop the materials at those two sides. And larger forces can cause more 

significant refinement of the grain size in those region. As a result, the grain size 

at two sides of a stainless steel coating is smaller than the grain size of the middle 

region of the same coating. And then the grain size theory can be applied to this 

situation. Smaller grain size means more grain boundaries in unit area, and since 

grain boundary is capable to obstruct the dislocation of atoms, thus smaller grain 

size can lead to higher hardness. 

 

Local Misorientation is a property of microstructure of stainless steel. Each grain 

in stainless steel is not totally flat, all the grains are just like plicate paper. 

Misorientation just represent the angles inside each grain, which is less than 10 
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degree. The higher the Misorientation in total, the more folds shown in grains. 

Those folds can block the movement of atoms, thus resist the deformation of 

grains. As a result, higher Misorientation can contribute to higher average 

hardness. With the help of EBSD data analysis, we could generate the data of 

Misorientation in each side of melted and non-melted SS316L coatings. The raw 

data list the intensity of each Misorientation angle, since all Misorientation which 

are less than 10 degree can lead to higher hardness, thus, we need to integrate the 

raw curve and calculate the area under each curve. 

 

2000-200 advancing side 

 

2000-200 center 

 

2000-200 retreating side 

117Figure 3.4.9.3 local Misorientation of each side of non-melted SS316L 

coating 
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2000-200-Melted advancing side 

 

2000-200-Melted center 

 

2000-200-Melted retreating side 

118Figure 3.4.9.4 local Misorientation of each side of melted SS316L coating 

 

119Figure 3.4.9.5 comparison between each six regions of SS316L coatings 
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Area under local Misorientation curve 

 Advancing side Central region Retreating side 

2000-200 0.973 0.980 0.985 

2000-200-melted 0.976 0.982 0.981 

Table 13 Comparison between integrated area of Misorientation curve of different 

sides of melted and non-melted SS316L coatings 

 

We may focus on the non-melted SS316L coating first. The result is shown in 

solid square labels in figure 3.4.9.5. The area under Misorientation curve of 

retreating side is higher than advancing and central region. Thus the 

Misorientation is more powerful in retreating side. Which can lead to higher 

average hardness in retreating side. This result matches the result shown in figure 

3.4.9.1, which is the comparison of average hardness between each side of non-

melted SS316L coating. 

 

Then in the melted group, which is labeled as hollow circles in figure 3.4.9.5, 

shows another trend. The area under Misorientation curve of central region is the 

largest, thus this region should be harder than advancing and retreating side. 

Moreover, the area under Misorientation curve of three different parts of melted 

SS316L coating show less difference. Thus, their average hardness should also be 

more similar. This can be used to explain the less standard deviation of the 

hardness test of melted SS316L coating. 
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3.4.10 Increase of average hardness of SS316L+𝑻𝒊𝑩𝟐 after FSA 

As discussed in previous chapter, adding ceramics into SS316L should improve 

its hardness. Thus, the hardness of SS316L+𝑇𝑖𝐵2 samples should be examined 

especially. By studying microstructure under OM, it is shown that the distribution 

of 𝑇𝑖𝐵2 is optimum in 2000rpm-200mm/min-1/4 sample, therefore, we tested 

the hardness of this particular sample. 

Results 

 

120Figure 3.4.10.1 comparison between average hardness of SS316L+𝑇𝑖𝐵2 

coating and 2000-200 pure SS316L coating 
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121Figure 3.4.10.2 the relationship between vertical deepness and average 

hardness in SS316L+𝑇𝑖𝐵2 coating 

 

 

122Figure 3.4.10.3 relationship between horizontal position and average hardness 

in SS316L+𝑇𝑖𝐵2 coating 
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As shown in the first figure in this section, the average hardness of SS316L+𝑇𝑖𝐵2 

coating (2000rpm-200mm/min-1/4) is around 303 HV1, which shows a 

significant increase compared to the pure SS316L coating with the same 

parameter (2000rpm-200mm/min). The increase in average hardness is 

approximately 80 HV1. 

 

According to figure 3.4.10.2, the average hardness is the highest in the top layer 

of this 𝑇𝑖𝐵2 included coating, whose average hardness is around 390 HV1. And 

the average hardness of this top region is much higher than other regions, which 

are only possess average hardness of approximately 280 HV1. While the average 

hardness of the middle and lower layers of this 𝑇𝑖𝐵2 included coating is almost 

the same, stands for around 280.6, 280.6 and 288.0, respectively. 

 

As shown in the figure 3.4.10.3, the hardness of this 𝑇𝑖𝐵2 included coating rises 

horizontally from left to right. Among them, there is a significant increase from 

the third position to the fourth one. And from that position onward to the right, 

the hardness are relatively similar. 

 

Discussion 

The grain size of 𝑇𝑖𝐵2 included SS316L coating is further refined compared 

with pure SS316L coating. The smaller the grain size, the larger amount of grain 

boundaries in unit area, which serve to block the dislocation of atoms. Thus, the 
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average hardness of 𝑇𝑖𝐵2 included SS316L coating is higher. This evidence can 

be found in the follow picture, which shows that the grain size of 𝑇𝑖𝐵2 included 

SS316L coating is considerately small. 

 

 

123Figure 3.4.10.4 BSE image of SS316L+𝑇𝑖𝐵2 coating 

 

As shown in this figure, the upper half is the 𝑇𝑖𝐵2 included coating, which has 

extremely small grain size compared with the lower half (SS304 substrate). Thus, 

the average hardness of 𝑇𝑖𝐵2 included coating rises significantly. 

 

Besides, grain size, the additive Titanium Diboride also contribute to the 

improvement of hardness. As shown in the following picture, after FSA 

processing, there are boride existed in the coating. Although we cannot ascertain 
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whether they are Iron Boride or Chromium Boride, those particles can enhance its 

hardness, since they are belonging to ceramics. 

 

 

124Figure 3.4.10.5 dark particles, which are kinds of boride, can be found in 

𝑇𝑖𝐵2included SS316L coating. 

 

According to figure 3.4.10.4, the upper region of 𝑇𝑖𝐵2 included coating contains 

the largest amount of dark particles, which are kinds of boride. Since those boride 

can enhance the hardness of stainless steel, it is not surprise that the most upper 

region possesses the highest average hardness. While the content of boride are 

relatively the same in middle region and lower region, thus, those regions have 

similar average hardness. 
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125Figure 3.4.10.6 the distribution of holes used in hardness test of 

SS316L+𝑇𝑖𝐵2 coating sample 

 

As shown in the figure 3.4.10.6, the first three holes from the right are in the 

region that do not contain much ceramic particles. By contrast, the remaining 

seven holes used to calculate the hardness are in ceramic rich region. This can be 

used to explain the suddenly increase in hardness between the third and fourth 

position. Since the ceramic rich region are much harder than the region with a 

little ceramics. 
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3.4.11 Increase of average hardness of SS316L based SS316L+SS630 alloyed 

coatings after FSA 

In previous sections, we mainly focused on the increases of average hardness of 

stainless steel coatings after FS. And each coating is consist of only single 

material. Besides stainless steel coatings made by using FS, we also fabricated 

samples by using Friction Stir Alloying (FSA). And in the coming three sections, 

we focused on the increase of hardness of alloy coatings compared with the 

hardness of original rods. 

 

Results 

The first alloying experiment we implemented is inserting SS630 slim rod into 

SS316L rod, and fabricated alloy coatings containing both SS316L materials and 

SS630 materials. The result of hardness test on these samples is shown in figure 

3.4.11.1 as an illustration, follow by table 3.4.11.1 containing relevant values. 
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126Figure 3.4.11.1 average hardness of SS316L alloyed coatings, together with 

the average hardness of as received SS316L and SS630 rods 

 

 

127Figure 3.4.11.2 comparison of average hardness between SS316L mixed 

SS630 alloyed coatings with different parameters 
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Statistics extracted from figure 3.4.11.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

316L-rd-AR 189.63667 1.15098 

SS630-rd-AR 340.8025 1.13969 

-- -- -- 

single rod (2) 211.48167 7.50185 

double rods (2-3) 208.8875 11.59285 

triple rods (2-2.5-3) 266.1925 61.53319 

Table 14 average hardness and standard deviation value of SS316L+SS630 

alloyed coatings 

 

According to figure 3.4.11.1, the average hardness of each alloyed coating is 

higher than the average hardness of as received SS316L rod, but lower than the 

average hardness of as received SS630 rod. One the other hand, triple-rods 

alloyed coating is the hardest among those three SS316L+SS630 alloyed 

coatings. While the average hardness of single-rod and double-rods alloyed 

coatings are almost the same. 

 

Another result that can be generated from this part is the standard deviation of 

hardness of alloyed coating is higher than the standard deviation of as received 

rods. The triple-rods alloyed coating shows especially large standard deviation. 
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According to the second figure 3.4.11.2, the 2000rpm-200mm/min-triple-rod 

alloyed coating is much hardness than the 1500rpm-200mm/min-triple-rod 

alloyed coating. And the difference is around 70 HV1, which is almost 25% of 

the average hardness of 1500rpm-200mm/min-triple-rod alloyed coating. 

 

Discussion 

The average hardness of SS630 is much higher than the average hardness of 

SS316L. Thus, inserting SS630 into SS316L rod, and then fabricating alloyed 

coating should be capable to improve the hardness of SS316L material. 

Comparing with inserting single SS630 narrow rod into SS316L rod, inserting 

triple SS630 can significantly increase the percentage of martensitic phase, thus 

increasing the average hardness. As a result, the average hardness of triple-rods 

alloyed coating is the hardness among those three sample coatings. 

 

However, inserting more SS630 into SS316L rod caused less uniform coating. 

Some parts of the coating contain martensitic phase, while other parts remain in 

austenitic phases. Thus, the standard deviation of hardness of SS316L+SS630 

alloying is much higher than the corresponding value of uniform SS316L rod. 

 

If we control the number of SS630 rods to be same and study the relationship 

between average hardness and parameters, which matches the comparison in 
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figure 3.4.11.2, the result is obvious. Since the larger the rotating speed, the larger 

force occurs during FS, then more refined martensitic phase can grow in alloyed 

coating, which leads to higher average hardness. 

3.4.12 comparison of average Hardness of SS420 based alloyed coatings by FSA 

SS430 itself cannot make stainless steel coating by Friction Surfacing (FS), 

which is discussed in section 3.2. However, after inserting austenitic stainless 

steel rod into SS430, it can form alloyed coatings. Thus, we inserted SS316L and 

SS304 into the as received SS430 rods. And in this section, we studied the 

hardness behavior of those alloyed coatings. 

 

Results 

 

128Figure 3.4.12.1 the average hardness and standard deviation of 

SS430+austenitic stainless steel alloyed coatings 
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Statistics extracted from figure 3.4.12.1 

Sample name Average Hardness 

(HV1) 

Standard deviation 

(HV1) 

430+316L single 237.23333 15.79341 

430+316L double 251.3975 16.00967 

-- -- -- 

430+304 single 287.54417 27.44802 

430+316L double 247.2275 23.08348 

Table 15 the average hardness of SS430 based alloyed coatings, together with 

their corresponding standard deviation 

 

The average hardness of SS430 based alloyed coatings show different behaviors 

in general. For the SS430 mixed by SS316L coatings, when the addition of 

SS316L becomes higher, the average hardness of alloyed coatings becomes 

higher. Since the alloyed coating made by inserting two SS316L sticks into 

SS430 rod possesses 251.40 HV1 average hardness, which is around 14 HV1 

higher than the average hardness of its single SS316L counterpart. 

 

However, the situation is reversed in SS430+SS304 group. When adding one 

more SS304 stick into SS430 rod (430+304 double), the average hardness of 

alloyed coating is lower compared with single insertion (430+304 single), which 

are 287.54 and 247.23 HV1, respectively. 
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Another result can be seen is that the standard deviations of all SS430 based 

alloyed coatings are quite huge. Among those four alloyed coatings, the largest 

standard deviation happened in SS430+316L double alloyed coating (23.08 

HV1), which is almost 10% of its average hardness. The standard deviation of 

other SS430 based alloyed coatings are also quite large. 

 

Discussion 

Those two groups can be categorized as SS430 based alloying, which are 

enhanced by inserting austenitic sticks. However, their hardness behavior are 

quite different. Although all the SS430 based coatings are harder than as received 

SS430 rod, the average hardness of their alloyed coatings do not have a clear 

relationship with rotating speed. This result can be identified as chaotic process. 

And at this stage, we cannot explain this result with sufficient evidences. 

 

However, the large standard deviation of hardness is evident, since the alloyed 

coating consist of two different phases, which are ferritic phases and austenitic 

phases. The ferritic phases are induced by SS430, while the austenitic phases are 

induced by SS316L. The hardness of ferritic and austenitic phases do not have 

significant difference, however, their hardness are still different. Since the 

microstructure of alloyed coatings contain both ferritic and austenitic, its 

microstructure is not very uniform. Thus, the hardness of its coating is not 
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uniform. As a result, the standard deviation of hardness of those SS430 based 

alloyed coatings are relatively large. 
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3.5 Corrosion test results of SS316L rods and relevant coatings made by FS 

Grade 316L stainless steel is known for its good corrosion resistance. Therefore, 

testing the corrosion resistance behaviors of its coatings is necessary. In this 

section, we mainly use Cyclic Polarization (CP) and Electrochemical Impedance 

Spectroscopy (EIS) to analyze the corrosion resistance behaviors. The procedures 

of corrosion test have been listed in section 2.11. And different results of 

corrosion test are taken down at this section. 

3.5.1 Avoid appearances of crevice corrosion during cyclic polarization (CP) 

Results 

At the beginning of this set of experiment, we used ordinary way to mold and 

glue the samples before taking CP test, which is seal the sample by epoxy and 

leave a square coating unsealed. However, each time the result is strange. Most of 

the CP test at these stage cannot match to the standard CP curve provided in 

journals. Thus, by reading relevant journals, we found that crevice corrosion 

happened on our samples. Each time when crevice corrosion happens, the CP 

curve cannot go back and get the 𝐸𝑝𝑝, which is the intersection of two segments 

of the CP curve. And figure 3.5.1.1 shows a typical sample with crevices after CP 

test. 
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129Figure 3.5.1.1 crevice corrosion existed after CP test 

 

 

130Figure 3.5.1.2 crevices under OM 

 

In figure 3.5.1.1, the tiny straight lines shown on coating surfaces are crevices. 

And those crevices are existed in the boundary of epoxy shielding. When 

examining this part by OM, a clear long and straight gap can be seen, which is 

shown in figure 3.5.1.2 as an illustration. Thus, there is no suspects that crevice 

corrosion induced in this coating. In order to avoid crevice corrosion happens, we 
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used 30% nitric acid to passivate each sample, which have been introduced in 

chapter 2. And according to Cyclic Polarization test results, the effects of crevice 

corrosion have been eliminated. Figure 3.5.1.3 are two typical CP curves, in 

which crevice corrosion happened during experiments. 

 

 

 

131Figure 3.5.1.3 typical CP curves, in which crevice corrosion happened 
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132Figure 3.5.1.4 crevice corrosion causes the drift of CP curves. The CP curve 

of SS316L rod (As received) without passivation is drifted from standard CP 
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Results 

The CP test results of samples influenced by crevice corrosion have several 

obvious identities. First, the returning segment of CP curve is not horizontal, and 

the value of 𝐸𝑝𝑝 of crevice-induced corrosion become a negative number, which 

is abnormal, since SS316L has good corrosion resistance behavior. Second, 𝐸𝑝 is 

usually lower than the corresponding 𝐸𝑝 of the same sample after passivation, 

which does not have crevice corrosion after entire corrosion test. 

 

In figure 3.5.1.4, two typical of CP curves with crevice corrosion have been 

placed in as an illustration. In figure 3.5.1.5, there is the CP curve of SS316L rod 

with entire passivation. We did this test to get the properties of entire passivation 

layer. 
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133Figure 3.5.1.5 repeatable CP curve of SS316L rod (As received) with entire 

passivation layer on its surface (upper), and it is compared with standard CP 

curve of SS316L rod (As received). 

 

According to figure 3.5.1.5, SS316L rod (As received) with entire passivation 

also has crevice corrosion. The 𝐸𝑝 result shown its CP curve is lower than the 

corresponding 𝐸𝑝value of standard CP curve of SS316L as received rod. And 

there is a drop down of returning segment of its CP curve. And because of the 

drop at the returning segment, the Ep value of entire passivation sample is around 

50mV lower than Ep of standard SS316L rod. Another fact is the Ecorr of 

SS316L rod with entire passivation covering its surface is lower than the Ecorr of 

standard SS316L rod. 

 



241 

 

Discussion 

Crevice corrosion usually happens when there is narrow gaps between metal 

surfaces. When gluing samples with ordinary way, the boundaries of AB glue and 

their adjacent SS316L surfaces form tiny gaps, inside which the concentration of 

chloride ions is higher than outside environment. Thus the concentration 

difference causes crevice corrosion during CP test. 

 

Passivation layer is a layer of firm oxidation of SS316L, which can be treated as 

inactive surface. Although ions still can go into the tiny gaps in between passive 

layers and epoxy, it will not cause corrosion. Thus, the boundary between 

passivation layer and epoxy does not induce crevice corrosion. And there is not 

tiny gaps between passive layer and active SS316L coating surface. With the help 

of passivation, crevice corrosion can be avoided in CP test. 

 

Crevice corrosion is more serve than pitting corrosion, which is the normal 

mechanism of corrosion of stainless steel in cyclic polarization. Therefore, 

crevice corrosion can happen when the applied potential is still quite low. Thus, 

SS316L-rd-AR without passivation possesses lower Ep, compared with SS316L-

rd-AR sample. The different mechanism of corrosion cause the difference 

between Ep. 

 

If the corrosion is induced by pitting corrosion, the passive layer can be re-
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generated when the potential go down again. Thus, after potential go back to 

below Epp, the passive layer generated by SS316L can cover pits, cause a 

horizontal line to intersect at Epp point. However, crevices is too large to be 

covered by passive layer. Thus, when passive layer is re-generated after the 

potential go down, it still cannot cover the corrosion. Then the returning segments 

of CP curves of crevice-induced samples are not horizontal. 

3.5.2 Corrosion behaviors of as received (AR) SS316L rod and SS316L rod after 

solution annealing (SA) 

Results 

 

134Figure 3.5.2.1 repeatable CP curve of SS316L rod after solution annealing, 

comparing with repeatable CP curve of as received SS316L rod 
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Key values extracted from Cyclic Polarization Test 

Sample number Ecorr (mV) Ep (mV) Epp (mV) Ep – Epp (mV) 

SS316L-rd-SA -146.91 460.33 50.00 410.33 

SS316L-rd-AR -69.62 427.51 86.8 340.71 

Table 16-3.5.2.1 key values extracted from cyclic polarization test shown above 

 

Here, SA is the abbreviation of solution annealing. According to figure 3.5.2.1, 

SS316L-rd-SA sample has a relatively standard CP curve, which shows all 

necessary properties of its corrosion resistance. Ecorr of SS316L-rd-SA is around 

-150mV, which is much lower than SS316L-rd-AR’s -70mV. However, SS316L-

rd-SA possesses a higher Ep, which is around 480mV. Its Ep is 50mV higher than 

Ep of SS316L-rd-AR. Although their Ep and Ecorr are different, their Epp are 

almost the same, which are 90mV and 80mV, respectively. Another useful result 

is the difference between Ep and Epp, which represents the ability of regenerating 

protective layer. The Ep-Epp difference of SS316L-rd-SA is around 410mV, 

which is higher than the 340mV difference of SS316L-rd-AR. 

 

Discussion 

Solution annealing (SA) is the typical heat treatment of Austenitic stainless steel. 

After solution annealing, the grain size of SS316L rod is enlarged. Larger grain 

size means less grain boundaries in unit area. Thus, there are less grain 

boundaries to be corroded. So SS316L after solution annealing has better 
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corrosion resistances than it’s as received counterparts. Thus, SS316L-rd-SA has 

a higher Ep than SS316L-rd-AR. 

 

Ecorr value of a particular material is usually similar to it’s the Open Circuit 

Potential (OCP). From starting potential of CP curve to Ecorr, the anodic and 

cathodic reaction are balanced. And at the point of Ecorr, the pit is begin to try to 

exist. However, the pit will not exist until Ep potential. OCP, on the other hand, 

represents the natural level of passive layer without any applied potential. Since 

their nature is similar, Ecorr value should be similar to OCP result. The single 

Ecorr value cannot reveal much useful information, however, the difference 

between Ecorr and Ep can reveal the ability of materials to resist corrosion. Since 

from Ecorr potential to Ep potential, the passive layer generated by material is 

withstanding the happening of pitting corrosion. If the difference between Ep and 

Epp is larger, then it can indicate that the material has the better ability to 

regenerate protective layer. Thus, the difference (Ep-Epp) of SS316L-rd-SA is 

higher than the corresponding difference of SS316L-rd-AR. Although there are 

some difference between each corresponding critical points of two samples, the 

differences are not that huge in Ep and Epp values. Comparing with other 

difference, Ep-Epp has more meaning and thus should be considered separately. 
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3.5.3 Corrosion behaviors of SS316L coatings compared with SS316L-rd-AR 

Results 

 

 

135Figure 3.5.3.1 an overall comparison between CP curves of all SS316L 

coatings and the repeatable CP curve of SS316L-rd-AR (As received) (upper), 

and their corresponding OCP comparison (lower) 
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Key values extracted from Cyclic Polarization Test 

Sample number Ecorr (mV) Ep (mV) Epp (mV) Ep – Epp (mV) 

SS316L-rd-SA -146.91 460.33 50.00 410.33 

SS316L-rd-AR -69.62 427.51 86.8 340.71 

SS316L-1200200 -108.89 532.69 150.89 381.80 

SS316L-1500200 -109.80 556.32 176.74 379.58 

SS316L-2000200 -111.57 511.72 120.30 391.42 

SS316L-2000200M -123.91 548.29 166.54 381.75 

Table 17-3.5.3.1 key values extracted from cyclic polarization test shown above 

 

 

136Figure 3.5.3.2 repeatable CP curve of SS316L-2000200 coating, comparing to 

the CP curve of SS316L-rd-AR 
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137Figure 3.5.3.3 repeatable CP curve of SS316L-1500200 coating, comparing to 

the CP curve of SS316L-rd-AR 

 

138Figure 3.5.3.4 repeatable CP curve of SS316L-1200200 coating, comparing to 

the CP curve of SS316L-rd-AR 
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According to figure 3.5.3.1, all coatings have better corrosion resistance 

behaviors than as-received SS316L rod. Refers to Ecorr, SS316L-2000200M 

coating has the lowest value, followed by SS316L-2000200. The SS316L-

1500200 is the third lowest coating in Ecorr, which is slight lower than SS316L-

1200200 coating’s Ecorr. The Ecorr value of SS316L-rd-AR is the highest among 

all results. 

 

When looking at Ep, SS316L-1500200 coating possesses the highest value, which 

is around 556mV. SS316L-2000200M coating is the second highest in Ep 

comparison, which is slight below 550mV, followed by SS316L-1200200 

coating’s 532.69mV Ep. While SS316L-2000200 is the next highest one. And 

SS316L-rd-AR remains the least high Ep, which is more than 100mV lower than 

the Ep values of those coatings. 

 

When looking at Epp, SS316L-1500200 coating possesses the highest value, 

which is around 176.74mV. SS316L-2000200M coating is the second highest in 

Epp comparison, which is 166.54mV, followed by SS316L-1200200 coating, 

which is slight above 150mV Epp. While SS316L-2000200 is the next highest 

one. And SS316L-rd-AR remains the least high Ep, which is more than 70mV 

lower than the Epp values of those coatings. 
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According to figure 3.5.3.1 (lower), the as received SS316L rod possesses the 

highest open circuit potential (OCP), which is around -70mV. All the SS316L 

coatings have lower OCP values than the as received SS316L rod. Among those 

SS316L coatings, the OCP of three non-melted coatings are higher than the OCP 

of the special melted SS316L coating. While the OCP of three non-melted 

SS316L coatings are relatively the same, which are around -110mV. However, the 

melted SS316L coating has a -120mV OCP, which is significantly lower. 

 

Another relationship can be found between OCP value and the Ecorr of each 

coating. The OCP values for all SS316L coatings as well as the as received rod 

are almost same as the corresponding Ecorr results. 

 

 

139Figure 3.5.3.5 EIS Nyquist Plot of SS316L coatings and as received rod 
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140Figure 3.5.3.6 EIS Bode Plot of SS316L coatings and as received rod 

 

 

141Figure 3.5.3.7 relevant setting in EIS simulation and error of each simulation 
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According to figure 3.5.3.5, all three non-melted SS316L coatings has higher 

values in Nyquist Plot than the as received SS316L rod. This result is matched 

with the OCP result shown in figure 3.5.3.1 above. Although the coating with 

1200mm/min-200rpm parameter possesses the highest value in Nyquist Plot, it is 

just slightly higher than the result of the other two coatings. In Bode Plot of these 

set of EIS test, all coatings, together with the as received rod, has almost the same 

result. The curve of each coating and as received rod are nearly coincide with 

each other. While the relevant parameters used in EIS test is shown in figure 

3.5.3.6. Besides relevant parameters, figure 3.5.3.6 also shows the key error of 

each simulation. Among those different kinds of error, the %error of Rp value is 

the most important one. Since it represents the compatibility of simulation. The 

lower the %error of Rp, the better the simulation is. While in these set of 

simulations, all %error are relatively low, which indicates that the results of EIS 

tests are acceptable. 

 

Discussion 

Generally speaking, Friction Surfacing is a low-temperature technique, since the 

working temperature of FS is below melting points of corresponding materials. 

However, when the shielding flow is blowing the rotating rod tip directly, the 

temperature can exceed melting point, producing the melted coating. This part is 

discussed specifically in later chapter. 



252 

 

 

After FS, the grain of stainless steel is refined, resulted in larger amount of grain 

boundaries in unit area. Since grain boundary has a higher possibility to be 

corroded, as well as corrosion usually occur firstly at grain boundaries. More 

grain boundary has negative contribution to corrosion resistance. Thus, corrosion 

should has higher possibility to happen, which should cause a lower Ep and Epp 

values of SS316L coating compared with raw material (SS316L-rd-AR). 

However, this theory is opposite to the results of our experiment, which shows 

that the SS316L coatings have better corrosion resistance. 

 

However, grain size is not the only decisive properties to explain corrosion 

behavior. Actually, the content of each phase in Austenitic stainless steel, as well 

as the remaining amount of large grain boundary angle, is the decisive indicators 

of its corrosion resistance behavior. To explain these systematically, EBSD 

analysis is necessary to be involved. Thus, the discussion can be seen in section 

3.3 in details. 

 

Open circuit potential (OCP) reflects the beginning position of self-corrosion 

process. Only evaluating OCP value is not that important. However, the flatness 

of OCP is more important. Since the OCP values in figure 3.5.3.1 are almost flat, 

the open circuit potential of each sample is quite stable, which means CP test can 

be started. Another important evaluation is the equivalence of OCP result and 
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Ecorr. Since the entire passive layer of sample surface has been removed at Ecorr, 

the sample surface is nature, which is just like the condition in OCP test. Thus, 

the Ecorr value of specific sample coating should match the OCP level of that 

sample coating. 

 

EIS test mainly examines the thickness of passive layer generated by the material. 

The higher the EIS result, the thicker its passive layer is. While all three SS316L 

coatings shows higher value in Nyquist Plot compared with as received rod. 

Which indicates that the passive layers of coatings after FS are better than the 

passive layer generated by original rod. Thus, the corrosion resistance of SS316L 

coatings are better than the corresponding behavior of as received rod. And this 

relationship matched the OCP+CP result, which reveals that the corrosion 

resistance of coatings are normally better than as received rod. On the other hand, 

their particular results in Bode Plot are almost the same. Since all SS316L 

coatings contain same elements and they belong to stainless steel, those curves of 

SS316L coatings and as received rod should be the same in Bode Plot. 

3.5.4 Corrosion behaviors of melted SS316L coating and its non-melted 

counterpart 

Results 
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142Figure 3.5.4.1 the repeatable CP curve of SS316L-2000200-M coating, 

compared with CP curve of SS316L-2000200 coating 

 

143Figure 3.5.4.2 OCP results for melted and non-melted SS316L coatings 
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Key values extracted from Cyclic Polarization Test 

Sample number Ecorr (mV) Ep (mV) Epp (mV) Ep – Epp (mV) 

SS316L-2000200 -111.57 511.72 120.30 391.42 

SS316L-2000200M -123.91 548.29 166.54 381.75 

Table 18-3.5.4.1 key values extracted from cyclic polarization test shown above 

 

 

144Figure 3.5.4.3 EIS Nyquist Plot of Melted and non-melted SS316L coatings 

 

 

145Figure 3.5.4.4 EIS Bode Plot of Melted and non-melted SS316L coatings 
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146Figure 3.5.4.5 relevant setting in EIS simulation and error of each simulation 

 

According to figure 3.5.4.1, melted sample (SS316L-2000200-M) possesses 

different behaviors of corrosion resistance, comparing to its non-melted 

counterpart (SS316L-2000200). 

 

SS316L-2000200-M has a lower Ecorr value than SS316L-2000200, which are -

120.28mV and -107.97mV, respectively. This unequal relationship is reversed in 

Ep value comparison. While SS316L-2000200-M coating possesses high value 

(551.92mV) of Ep, which is almost 40mV higher than SS316L-2000200 

counterpart (515.32mV). This relationship also valid for Epp. Epp value of 

melted coating is much higher than that for SS316L-2000200 coating. The 

corresponding exact values are 170.17mV and 123.90mV, respectively. 

 

Another relatively important value we got from figure 3.5.4.1 is the difference 

between Ep and Epp, which is calculated by subtracting Epp from Ep. The value 

of SS316L-2000200-M coating is 391.42mV, which is approximately 10mV 

higher than the corresponding value of SS316L-2000200 coating. 
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According to figure 3.5.4.2, OCP of SS316L melted coating is lower than OCP of 

non-melted coating with the same parameter. Specifically, the OCP of melted 

coatings is around -121mV, which is around 10mV lower than the OCP of non-

melted counterpart (around -110mV). 

 

While in the EIS test, the value of melted coating is higher than the value of its 

non-melted counterpart in Nyquist Plot. On the other hand, those two coatings 

show similar behavior in Bode Plot in EIS test. And the settings used in 

simulations of EIS original data is shown in figure 3.5.4.5. In this figure, there is 

a key indicator named %error of Rp, which has been introduced in the previous 

section. The typical %error of Rp of melted and non-melted coatings are 5.70% 

and 7.28%, respectively, which are all below 10%. Thus, the simulations of EIS 

test of these two coatings are acceptable. 

 

Discussion 

In order to explain the different corrosion resistance behavior of melted and non-

melted SS316L coatings, we need to use the result in inverse pole figures 

generated by EBSD analysis. And below are inverse pole figures of melted and 

non-melted SS316L coatings. 
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147Figure 3.5.4.6 inverse pole figure of non-melted SS316L coating. Advancing 

side (upper), central region (middle), and retreating side (lower) 
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148Figure 3.5.4.7 inverse pole figure of melted SS316L coating. Advancing side 

(upper), central region (middle), and retreating side (lower) 
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According to table 3.3.1.1 shown in section 3.3.1, the plane density of {111} 

orientation is the highest among three possible orientations along Z1-axis. While 

{101} surface possesses lowest plane density. Thus, {111} is the slowest 

corroding surface, and {101} is the fasting corroding surface.13 Therefore, we 

mainly focus on the intensity of {111} orientation. The more {111} exists in a 

sample coating, the better its corrosion resistance. According to the result 

generated in section 3.3.1, melted SS316L coating generally possesses more 

{111}, which leads to better corrosion resistance of melted sample coating. This 

relationship can be used to explain the result in section 3.5.4, which tells that the 

Ep and Ecorr values of melted SS316L coating are both higher than its non-

melted counterpart. 

 

Plane density of different orientation is the most important theory to be used to 

explain the different corrosion behavior between melted and non-melted SS316L 

coatings. Besides this theory, there is a particular grain orientation named CSL, 

which contains a pair of highly symmetric grains. Since its high symmetry, CSL 

has supreme behavior in both corrosion resistance and hardness test. Thus, the 

corrosion resistance would become better if there are more CSL orientation in 

microstructure. And the next two figures shows the CSL information of Melted 

and non-melted 2000-200 SS316L coatings. 

                                                             
13 Lindell, D., & Pettersson, R. (2014). Crystallographic effects in corrosion of 

austenitic stainless steel 316L. Materials and Corrosion, 66(8), 727-732. 

doi:10.1002/maco.201408002 
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149Figure 3.5.4.8 highlight of CSL orientation in non-melted 2000-200 SS316L 

coating (left), and in Melted 2000-200 SS316L coating (right) 

 

 

150Figure 3.5.4.9 percentage of CSL orientation in non-melted 2000-200 SS316L 

coating, calculated by EBSD analysis 

 

 

151Figure 3.5.4.10 percentage of CSL orientation in Melted 2000-200 SS316L 

coating, calculated by EBSD analysis 

 

As shown in the upper two figures, CSL orientation takes 6% in Melted 2000-200 
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coating, which is much higher than the percentage of CSL orientation in its non-

melted counterpart (2.91% CSL orientation). Thus, this advantage can contribute 

to the better corrosion resistance of this Melted SS316L coating compared with 

its non-melted counterpart. 

 

The result shown in Nyquist Plot matched with OCP test. Both two test 

ascertained that the corrosion behavior of melted coating is better than the 

corresponding behavior of its non-melted counterpart. Since those two coatings 

have the same composition and they both belongs to stainless steel coatings, their 

curves should be very similar to each other in Bode Plot. 
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Chapter 4: Shielding flow nozzle design 

4.1 The objective of shielding flow nozzle design 

The major machine that we used to fabricate sample coatings is FSW center, 

which has been introduced in section 2.1. This machine is just installed in 

tribology laboratory, thus, it lacks some necessary accessories. During 

experiment, we found that oxidation is a very serious problem that we have to 

overcome. In order to eliminate the affection of oxidation, Argon flow is used 

during FS and FSA processing. However, there is no commercial shielding flow 

nozzle available with this FSW machine. Thus, we need to design & manufacture 

it by ourselves. The details of making this nozzle is shown in this chapter. 

4.2 Discussion of the proper design of shielding flow nozzle 

Actually, there is a genuine shielding flow cover which is installed to FSW 

machine. However, that shielding flow cover is designed for FSW, which using a 

non-consumable tool to insert into substrate. However, FS and FSA require to use 

a consumable rod instead of a non-consumable tool. And those consumable rod 

will become shorter and generate a rod tip which looks like a mushroom. Thus, 

the genuine flow cover is not suitable for FS and FSA processing. 

 

We decided to locate the shielding flow nozzle on the platform, instead of 

installing with the rotating spindle. Since this arrangement can avoid the crash 
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between nozzle and rod tip. And the next challenge is to bring out a solution to fix 

this nozzle on the platform. Since different set of experiments requires different 

starting and ending point, the shielding flow nozzle should also be adjustable and 

can company the corresponding starting and ending positions. After discussion, 

we decided to use magnets to adhere our nozzle onto platform. It is possible since 

the platform is made by cast iron. 

4.3 Engineering drawing of shielding flow nozzle 

We have learned to use two major software of engineering drawing to bring 

layout of a design, which are AutoCAD and ProE, respectively. Comparing to 

AutoCAD, ProE is more suitable for solid design. Thus, we chose to use ProE to 

convert our idea into solid object. The procedure of drawing is omitted here, since 

it is not very relevant to this project. And the display of engineering drawing is 

shown in figure 4.3.1 with necessary labels. 

 

 

152Figure 4.3.1 ProE layout of shielding flow nozzle 
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153Figure 4.3.2 interior design of shielding flow nozzle 

 

As shown in this ProE layout, we intended to drill a through hole horizontally, 

which is used to transmit Argon from pipes. And there is a set of tiny outlets 

which are linked to the major through hole. The end portion of this through hole 

will be sealed by screw bolts, so that Argon cannot leak from the end portion of 

through hole. Thus, all the Argon is going to inject from outlets. We designed a 

chamfer above those outlets, which allow this nozzle to be placed closer to the 

working area. And the inlet pipe is going to be installed onto this device by a 

quick release valve, which can be add to and released from the main body easily. 

 

 

154Figure 4.3.3 airway design of shielding flow nozzle 
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As shown in the figure above, the entire airway inside this nozzle is extracted 

from the main design. We intended to use COMSOL, which is a simulation 

package, to simulate the flow inside this nozzle. And then calculate the velocity 

of flow at the outlet. However, the flow is not laminar but turbulent. According to 

the fluid dynamic lectures, turbulent flow is very complicated. And our computer 

is not capable to simulate turbulent flow, since this simulation requires too much 

computation. As a result, at this stage, we can just design and manufacture this 

shielding flow nozzle, without simulation. 

4.4 demonstration of in-kind shielding flow nozzle 

The fabrication process requires to use CNC lather and milling machine, which is 

not available in our laboratory at this stage. Thus, we let commercial workshop to 

manufacture this shielding flow nozzle according to our layout. And the in-kind 

nozzle is shown here. It is made by aluminum alloy, which is relatively light. 

 

 

155Figure 4.4.1 in-kind nozzle used in experiment 
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Chapter 5: Conclusion 

In this project, we fabricated stainless steel sample coatings by using Friction Stir 

Welding machine. And then used OM, SEM, EDS, XRD, and EBSD system to 

examine and study the microstructure of sample coatings. Moreover, we tested 

their corrosion resistance by OCP+CP and EIS, together with Vickers hardness 

test of each sample coating. 

1. Comparing with as received SS316L rod, SS316L coatings are more anti-

corrosion in chloride induced pitting corrosion test. Moreover, melted 

SS316L coating is even more anti-corrosion than non-melted SS316L 

coating, when testing in same environment. While inverse pole figure and 

plane density theory can be used to explain these phenomenon. 

2. Comparing with as received SS316L rod, SS316L coatings possess higher 

average hardness. However, although melted SS316L coating is harder than 

as received SS316L rod, it has lower hardness than non-melted coatings. 

Misorientation intensity, together with grain boundary diameter comparison, 

can be used to explain these relationship. 

3. SS201, SS420, SS416, and SS630 coatings are all harder than their 

corresponding as received rods. 

4. Intermetallic alloy coating can be fabricated by adding Titanium Boride 

powder into SS316L rod. Ti-B, Fe-Ti, and Fe-B composites can be found in 

these intermetallic alloy coatings. And the average hardness of these alloyed 
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coatings are higher than pure SS316L coatings. 

5. Copper-rich stainless steel coatings can be fabricated by adding copper 

powder into SS316L rod and undergoing FSA. The distribution of copper 

particles is more uniform when increasing the amount of copper powder. 

6. Inserting SS630 stick into SS316L rod can be seen as an alternative of adding 

copper powder directly. A duplex stainless steel coating can be fabricated 

consequently. 

7. According to phase analysis, FS can reduce the content of manganese 

disulfide, which is the major inclusion in many as received stainless steel 

rods. 

8. SS430 and SS2205 cannot form pure coating by FS. However, by adding 

stainless steel with high stacking fault energy, such as SS316L and SS304, 

SS430 based and SS2205 based alloyed coatings can be made. 
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Chapter 6: Suggest future works 

According to the experiments that we have conducted, and the results presented 

in previous chapters, we listed several topics that need to be study later on. And 

they are listed here. 

 

Although SS316L+𝑇𝑖𝐵2 coating contains both Ti-Cr and Fe-Ti composite, the 

contents of both compound are not that high. Therefore, drilling more holes on 

the cross section of SS316L rod, which could store more Titanium Boride 

powder, could be a solution to improve the content of Ti-Cr compound in the 

future. Moreover, repleacing ordinary SS316L rod by chromium-rich material 

could be another possible solution. Thus, this topic can be extended later on. 

 

In this project, we mainly focus on studying the coatings of SS316L. Although we 

have fabricated coatings of SS420, SS416, and SS630, and partially studied their 

properties, those coatings can still be improved by exploring the optimum 

parameters for each garde. 

 

Corrosion resistance of major types of stainless steels can be tested, besides 

SS316L. And using EBSD analysis to explain the corresponding behaviors of 

coatings of each type. This work can link macro phenomenon to microstructure. 

  



270 

 

References 

[1]. Gandra, J., Krohn, H., Miranda, R., Vilaça, P., Quintino, L., & Santos, J. D. (2014). 

Friction surfacing—A review. Journal of Materials Processing Technology, 214(5), 

1062-1093. doi:10.1016/j.jmatprotec.2013.12.008 

[2]. S. Gholami Shiri, A. Sarani, S.R. Elmi Hosseini, G. Roudini, Diffusion in FSW 

joints by inserting the metallic foils, J. Mater. Sci. Technol. 29 (2013) 1091–1095. 

[3]. Uhlig, H. H. (1971). Corrosion and Corrosion Control. New York: Wiley & Sons. 

[4]. Grass, G., Rensing, C., & Solioz, M. (2010). Metallic Copper as an Antimicrobial 

Surface. Applied and Environmental Microbiology, 77(5), 1541-1547. 

doi:10.1128/aem.02766-10 

[5]. Farid, A., Guo, S., Cui, F., Feng, P., & Lin, T. (2007). 𝑇𝑖𝐵2 and TiC stainless steel 

matrix composites. Materials Letters, 61(1), 189-191. 

doi:10.1016/j.matlet.2006.04.028 

[6]. Darabara, M., Papadimitriou, G., & Bourithis, L. (2006). Production of Fe–B–𝑇𝑖𝐵2 

metal matrix composites on steel surface. Surface and Coatings Technology, 201(6), 

3518-3523. doi:10.1016/j.surfcoat.2006.08.105 

[7]. Tjong, S. (2000). Abrasion resistance of stainless-steel composites reinforced with 

hard 𝑇𝑖𝐵2  particles. Composites Science and Technology, 60(8), 1141-1146. 

doi:10.1016/s0266-3538(00)00008-7 

[8]. Simchi, A., Rota, A., & Imgrund, P. (2006). An investigation on the sintering 

behavior of 316L and 17-4PH stainless steel powders for graded 



271 

 

composites. Materials Science and Engineering: A, 424(1-2), 282-289. 

doi:10.1016/j.msea.2006.03.032 

[9]. Bou-Saleh, Z., Shahryari, A., & Omanovic, S. (2007). Enhancement of corrosion 

resistance of a biomedical grade 316LVM stainless steel by potentiodynamic cyclic 

polarization. Thin Solid Films, 515(11), 4727-4737. doi:10.1016/j.tsf.2006.11.054 

[10]. Hamdy, A. S., El-Shenawy, E., & El-Bitar, T. (2007). The corrosion behavior 

of niobium bearing cold deformed austenitic stainless steels in 3.5% NaCl 

solution. Materials Letters, 61(13), 2827-2832. doi:10.1016/j.matlet.2006.10.043 

[11]. Hamdy, A. S., El-Shenawy, E., & El-Bitar, T. (2007). The corrosion behavior 

of niobium bearing cold deformed austenitic stainless steels in 3.5% NaCl 

solution. Materials Letters, 61(13), 2827-2832. 

[12]. Lindell, D., & Pettersson, R. (2014). Crystallographic effects in corrosion of 

austenitic stainless steel 316L. Materials and Corrosion, 66(8), 727-732. 

doi:10.1002/maco.201408002 

[13]. ASM handbook. (1991). Materials Park, OH: ASM International. 

[14]. Davis, J. R. (1991). ASM handbook. Metals Park, OH: ASM International. 

[15]. Colligan, K. (2010). The friction stir welding process: an overview. Friction 

Stir Welding, 15-41. doi:10.1533/9781845697716.1.15 

  



272 

 

APPENDIX A 

 

Appendix A-1 table of forgeability of common stainless steels 
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APPENDIX B: WORK BREAKDOWN 
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