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a b s t r a c t

In this study, a new double pin tool was utilized for the development of AA6061/316

stainless steel reinforced composite by employing the friction stir processing technique for

the first time. The microstructure, hardness, tensile, tribological, and corrosion behaviors

of the fabricated composites were investigated and comparative assessments were made

with the results obtained from the single-pin tool. The results showed that particle-matrix

reaction did not occur in the composites irrespective of the nature of the tool profile. The

double-pin tool outstandingly boosted the grain refinement (7.01e5.78 mm), particle frag-

mentation, and distribution within the Al matrix due to the additional pin-assisted plastic

deformation, high straining, dynamic recrystallization, and Zener pinning effects. The

double-pin tool improved the microhardness (127e141 HV), tensile strength (162e233 MPa),

and corrosion resistance of the composite with respect to the single-pin tool counterparts.

The replacement of the single pin tool with a double pin tool diminished the specific wear

rate (0.38e0.22 mm3/Nm) of the composite. The double-pin tool has a favorable impact on

the structure, mechanical, and corrosion behaviors of the AA6061/316 stainless steel

reinforced composite. It is thus recommended for composite development.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The excellent attributes of aluminum and its alloys such as

lightweight, good corrosion resistance, ease of formability,

and recyclability have attracted the use of Al alloys in various

industries [1,2]. The reinforcement of aluminum alloys has

been recognized as a viable approach to improving the

strength and tribological properties of aluminum alloys.

Presently, reinforced Al metal matrix composites are

commonly used in defense, and aerospace beam assemblies

owing to their particle-aided strengthening benefits [3,4]. The

ductility/yield strength and toughness of ceramic reinforced

Al metal matrix composites are low due to poor wettability at

the ceramic/matrix interfaces of the composites [4e6]. Other

challenges like porosity and nonhomogeneous distribution of

reinforcements in Al matrices are also undesirable defects

attributable to the manufacturing processes (casting and

liquid metal infiltration) for the production of ceramic rein-

forced Al metal matrix composites [7]. It has been acknowl-

edged that a change in both the manufacturing process and

the nature of reinforcement particles will be beneficial to-

wards obtaining Al metal matrix composites with improved

properties. The use of metallic particles/reinforcements can

mitigate the wettability challenge of ceramic-reinforced Al

metalmatrix composites. Metallic particulates of AleNi, AleTi

[4], Mo [8], W [9], FeeAl [10], stainless steel [11,12], and V [13]

have been successfully utilized as worthwhile substitutes for

ceramic reinforcements in literature. The use of the friction

stir processing (FSP) technique as a deviation from the con-

ventional friction stir welding (FSW) can as well mitigate the

abovementioned manufacturing-induced challenges by

enhancing the homogeneous distribution and refinement of

particles in the Al matrix [14e16]. The modification of the FSP

tool is an ongoing research area that can further enhance the

microstructure and tribological properties of metallic

particles-reinforced Al metal matrix composites.

Altering the geometry (shape) of the tool has been recog-

nized as an effective method of mitigating manufacturing

defects such as macro- and micro-pores in cast materials

[17,18]. Recently, the influence of the single- and double-pin

FSP tool on the Mg/B4C composites was perused by some

researchers [19]. It was proved that the use of a double-pin
Fig. 1 e Materials utilized for developing the composite (a) OM

stainless steel powder.
tool resulted in microstructural modifications in terms of

grain sizes, and particle dispersion levels during FSP. It was

also reported that the continuous dynamic recrystallization

(DRX) and redundancy of high angle grain boundaries were

prominent in the composite subjected to the double-pin tool

processing. To improve the degree of materials mixing, Hou

et al. [20] compared the microstructural and mechanical

characteristics of the single and double-pin friction stir wel-

ded (FSW'ed) AA2024/AA6061 joints. It was discovered that

the double pin improved grain refinement, microhardness,

and mechanical properties of the joints due to significant

material mixing.

To the best of our knowledge, the application/imple-

mentation of a novel double-pin FSP tool for the development

of metallic particles-reinforced Al metal matrix composites is

yet to be clarified in the literature. Notable research gaps such

as the impact of the number of tool pins on microstructural

features, mechanical/tribomechanical and corrosion proper-

ties of ceramic- and metallic particles-reinforced Al metal

matrix composite need to be filled to advance the science of

composite development. The AA6061 alloy is a precipitation-

hardened Al alloy that is good for the fabrication of marine

frames, storage tanks, and pipelines [1,21,22] but it has poor

tribological properties [23]. Based on this, this research aims to

reinforce AA6061 Al alloywith stainless steel particulates via a

novel double-pin FSP tool.

In this work, the friction stir processing technique was

utilized to develop the AA6061/316 stainless steel (SS) rein-

forced composites via the use of single and double-pin tools.

The microstructures (grain sizes and distribution) of the

AA6061/316 SS composites were examined and compared by

means of Field-emission scanning electron microscopy

(FESEM) and optical microscopy (OM). The mechanical, tribo-

logical, and corrosion behaviors of the AA6061/316 stainless

steel reinforced composites were investigated.
2. Experimental details

The base alloy that was taken as a matrix for this work was

AA6061-T6 aluminum (thickness of 10 mm) and 316 stainless

steel powder. The Al alloy has coarsened and elongated

grains due to the rolling (fabrication) process as revealed in
image of AA6061-T6 base alloy, (b) FESEM-SE image of 316
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Table 1 e Chemical compositions of the AA6061-T6 alloy and 316 stainless steel powder.

Alloy Al Cu Mg Si Cr Fe Mn Mo Mn Ni

AA6061-T6 Base 0.21 0.87 0.61 0.104 0.39 0.056 e e e

316 SS 0.56 e e 0.75 15.06 64.94 11.85 0.28 6.56
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Fig. 1a, whilst the FESEM-SE image of the 316 stainless steel

powder is depicted in Fig. 1b. The average particle size of the

316 stainless steel powders is 70 mm. The chemical compo-

sitions of the base Al alloy and the 316 stainless steel powders

are provided in Table 1.

The friction stir processing (FSP) technique was utilized for

the fabrication of the AA6061/316 stainless steel reinforced

composites. This technique involves themachining of grooves

(0.5 mm width and 3 mm depth) along the length of the

AA6061-T6 Al alloy plates. The grooveswere filledwith the 316

stainless steel particles and a preliminary pinless tool-

assisted FSP processing was utilized to close the surfaces of

the grooves as represented in Fig. 2a. The single- and double-

pin tools were then employed to establish the distribution of

the reinforcement in the Al matrix. These tools were fabri-

cated from tough H13 tool steel. The FSP machine and the

profiles of the cylindrical pin single- and double-pin FSP tools

are provided in Fig. 2b and c, respectively. According to the

preliminary studies, the tool's rotational speed (1000 rpm) and

travel/traverse speed (90 mm/min) were fixed. The geometry

of the tool was for the generation of the AA6061/316 stainless

steel reinforced composite.

The cross-sections of the AA6061/316 stainless steel rein-

forced composites were achieved, mounted in resin, sub-

jected to metallographic preparations, and etched electrically

in Barker's reagent (250ml waterþ 5ml HBF4) for 150 s at 15 V.

The microstructures of the composites were assessed under

an Olympus optical microscope and in a VegaTESCan (OX-

FORD) scanning electron microscope. The grain sizes of the

composites were obtained via Microstructural Image Pro-

cessing (MIP). Fig. 3a indicates the regions from which the

metallographic, wear, and tensile samples were obtained
Fig. 2 e Friction stir processing and tool dimension (a) FSP proc
along the FSP path/direction. It should be noted that the

tensile samples were machined along the FSP path while the

other test samples were cut perpendicular to the FSP direc-

tion (see Fig. 3a).

The Vickers-microhardness test was performed along the

cross-sections of the AA6061/316 SS reinforced composites

samples based on a load of 50 g and a dwell time of 10 s.

Tensile tests were conducted on the AA6061/316 SS reinforced

composites based on the ASTM E8M standard at a displace-

ment rate of 1 mm min�1 by using a computer-controlled

INSTRON 5500R universal tensile machine. The dimensions

of the tensile sample are revealed in Fig. 3b. The wear test

(pin-on-disk) was performed on the developed composites.

The graphic illustration of the wear testing process is revealed

in Fig. 3b. The specific wear rate (W) of the AA6061/316 SS

reinforced composite was calculated using Eq. (1). Where W,

Dm, 4, L, and FN are the specific wear rate (mm3/Nm), mass

loss (unit is mg), density (gr/cm3), sliding distance (m), and

Axial applied force (N) respectively.

W¼ Dm
4:L:FN

(1)

For the corrosion tests, composite samples with di-

mensions of 5mmby 5mmwere cut from the stir zones of the

AA6061/316 stainless steel reinforced composite. The cut

samples were ground and polished prior to the electro-

chemical test in 3.5% NaCl solution. A three electrode-

electrochemical cell system was employed for the corrosion

test. The working electrode was the prepared composite

sample. The platinum and the saturated calomel electrodes

were the counter and reference electrodes respectively for the

electrochemical cell system. The corrosion potential (Ecorr)
ess, (b) single pin, and (c) double pin showing dimensions.
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Fig. 3 e Schematic of sample locations and test samples (a) locations of test samples, (b) tensile sample, and (c) schematic of

pin-on-disc wear test.
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and the corrosion current density (Icorr) of the AA6061/316

stainless steel reinforced composites were obtained from the

polarization curves via the Tafel extrapolation method. The

corroded samples were then examined in SEM to identify the

impact of the tool-induced material flow on the corrosion

behavior of the AA6061/316 stainless steel reinforced

composites.
3. Results and discussion

3.1. Microstructures

The surface appearances and cross-sectional views of the

FSP'ed AA6061/316 SS reinforced composites manufactured

with the single-pin and double-pin FSP tools are indicated in

Figs. 4a and 5a respectively. A slightly smoother surface

appearance is obtained in Fig. 5a (double-pin FSP tool) as

compared to Fig. 4a (single-pin FSP tool). This can be corre-

lated to the pin tool-assisted higher strain, improved plastic

deformation, and material flow in the double-pin tool-pro-

cessed composite. The pin profiles of the double-pin tool are

reckoned to have aided additional shearing effect, plastic

flow, and interactive material flow (as a result of the two

pins) as compared to the single pin-processed sample [19].

This manifestation is considered to have enhanced flow-

ability to generate a slightly smooth surface appearance in

Fig. 5a. Studies have shown that plastic material flow is

principally impacted by the tool geometry [19,24]. Thus, it can

be stated that the number of pins significantly controls the

viscoplastic flow during the friction stir processing of the

composite [25]. No flow defect is found in the cross-sections

of the samples regardless of the nature of the FSP tools (see

Figs. 4b and 5b). However, the area of the stir zone is found to

increase in Fig. 5b as compared to that in Fig. 4b (see the red

dashed lines in Figs. 4b and 5b). The larger stir zone of the

composite sample fabricated with the double-pin FSP tool is

due to superior tool-induced shearing and plastic (material)

flow effects.

The FESEM-BSE micrographs of the FSP'ed AA6061/316 SS

reinforced composites developed via the application of the
single- and double-pin FSP tools are presented in Figs. 4c and

5c respectively. The whitish spots in the FESEM-BSE images

are the dispersed 316 stainless steel particulates in the ma-

trix of the AA6061 alloy. This is validated by the EDX map-

ping of the composites (see Fig. 6). The results showed that

particulate dispersion improved with the double-pin tool

more than that of the single-pin tool. Some particle-free

zones were present in the FESEM-BSE image (see the red

dashed lines in Fig. 4c) fabricated with the single pin tool

whereas the particle-free zone is eliminated as the number

of the pin is raised to 2 (double-pin tool) in Fig. 5c. The me-

chanical action of the pins (in single- and double-pin tools) is

adjudged to have influenced the dispersion of the reinforced

316 SS particles within the Al matrix. The increment in the

number of pins (from 1 to 2) aids the better material stirring,

flow, and eventual distribution of the 316 SS reinforcement

within the Al matrix.

Better 316 SS particle dispersion is recorded in the com-

posites as the number of the tool pin is increased from 1 to 2

(see Figs. 4c and 5c). This depicts thatmore 316 SS particles are

available for grain boundary pinning due to uniform particle

dispersion in the aluminum matrix. Secondly, more frag-

mented fine particles are present in the FESEM-BSE image of

the composite sample developed by a double-pin FSP tool (see

Figs. 4c and 5c).

The microstructures (OM and FE-SEM) of the AA6061/316

SS reinforced composites fabricated by the single- and double-

pin FSP tools are provided in Figs. 7a and 8a respectively.

Equiaxed fine grains are created at the SZ of the AA6061/316

stainless steel reinforced composites regardless of the num-

ber of pins due to severe plastic deformation-aided dynamic

recrystallization (DRX) and Zener pinning phenomena

[26e28]. The average grain sizes of the FSP'ed AA6061/316 SS

reinforced composites were 7.01 and 5.78 mm by replacing the

single pin FSP tool with the double pin FSP tool (see Figs. 7b

and 8b). This phenomenon can be ascribed to the inherent 316

stainless steel particles reinforced in the AA6061 alloy. Also,

the mean 316 SS particle sizes in the developed composites

were 35.08 and 28.92 mm replacing the single pin FSP tool with

the double pin FSP tool. This implies that the double-pin FSP

tool diminishes the average particle (316 SS) sizes as

https://doi.org/10.1016/j.jmrt.2022.07.156
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Fig. 4 e (a) Composite (surface) appearance and (b) macrostructure and (c) microstructure of the AA6061/316 stainless steel

reinforced composite developed by employing a single pin FSP tool.
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compared to the tool (single-pin FSP) due to the extra shearing

effects of the additional pin on the reinforcements. It can be

inferred that the increment in the number of pins (from 1 to 2)

aids further particle disintegration via a high straining rate.

The disintegrated 316 SS particles at the grain boundaries of

the Al matrix are reckoned to have pinned the grain bound-

aries (Zener pinning effect). This consequently results in the

retention of grain sizes obtained as a result of DRX.

3.2. Mechanical properties

3.2.1. Hardness distribution
The Vickers hardness distribution was performed at the cen-

ter of the AA6061/316 samples fabricated with different tools

(single-pin and double-pin FSP tools). The obtained data

depicted that the hardness values decrease away from the stir

centers of the composite irrespective of the nature of the tool

(number of pins) in Fig. 9. The replacement of the single-pin

FSP tool with the double-pin FSP tool slightly increased the

value of the hardness at the centers of the AA6061/316 com-

posites. This confirmed that the tool geometry did not only

influence particle distribution and material flow but it played

a pivotal role in the hardness values of the composite. The

highest microhardness values of 141 and 126 HV were gained

at the centers of the composites made by single and double

pin tools respectively (see Fig. 9). The increment in the
hardness value is imputable to the finer and homogeneously

dispersed 316 SS particles within the recrystallized grains of

the Al matrix as the tool's number of the tool pin is increased

from 1 to 2. The pins of the double-pin tool facilitated the

fragmentation and even dispersion of the 316 SS particles

within the AA6061 matrix while the fragmented reinforce-

ment particles aided grain refinement within the composite

by impeding the movement of grain boundaries (grain

growth). The finer matrix grains and reinforcement particle

sizes in the composite sample made via the use of the double-

pin FSP tool are considered to have hindered themovement of

dislocation in the course of the hardness testing. This offers

some resistance to indentation loading and consequently

improves the hardness at the stirred center of the composite.

Such improvement in the microhardness value is said to have

agreed with the HallePetch relationship [29].

From another perspective, the combination of the frag-

mented fine 316 stainless steel particles and the refined grains

of the AA6061 matrix could easily prevent thermal input-

induced softening impact at the stirred centers of the com-

posites after the FSP processing. The inhibition of the heat

input-induced softening at the stirred center of the compos-

ites could be acclaimed to be responsible for the peak micro-

hardness values at the stirred centers of the reinforced

composite. Aside from grain (refinement) strengthening, the

intrinsic betterment in dislocation density is a crucial factor

https://doi.org/10.1016/j.jmrt.2022.07.156
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Fig. 5 e (a) Composite (surface) appearance and (b) macrostructure and (c) microstructure of the AA6061/316 stainless steel

reinforced composite developed by a double pin FSP tool.
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that could meliorate the hardness of the composite while

other mechanisms such as Orowan strengthening and Zener

pinning could as well augment the microhardness values of

the composite during FSP. Paidar et al. [19,25] reported that the

existence of fine reinforcement particulates in the composites

was a remarkable factor in the hardness improvement.

3.2.2. Tensile properties
The tensile strength of the AA6061/316 stainless steel rein-

forced composites processed as the tool's number of pin

changes from 1 to 2 is illustrated in Fig. 10. The tensile

strength of the composite is enhanced as the tool's number of

pins is increased from 1 to 2. The tensile strengths of the

AA6061/316 composite were 162 and 217 MPa as the tool pro-

file was changed from single-to double-pin tools respectively.

This increment in the tensile strength of the composite can be

ascribed to the double pin-aided finer AA6061 matrix grains,

better fragmented, and dispersion of the reinforced 316 SS

particles in the composite. The fine and homogeneously

dispersed 316 SS particles are believed to have aided Zener

pinning or resisted dislocation movement during the tensile

testing process. It is reported that grain refinement directly

increases the number of grain boundaries (GBs) and the

increment in the GBs has been acknowledged to favor the

hindrance of dislocation movement via a direct enhancement
in the hindrance per unit length of dislocation in the com-

posite [25,30]. This strengthening phenomenon is considered

to have significantly raised the tensile strength of the com-

posite. This also agrees with the outcomes of Moustafa et al.

[31] as the integral reinforcement particles were acclaimed to

have prevented dislocation movement and stress transfer

from the Al alloy to the reinforced particles.

Substantial load transfer from the matrix to the reinforced

particles is essential for an improvement in the tensile and

compressive strengths of composites [32]. The increase in the

FSP tool pin (from 1 to 2) has been established to improve

material flow and particle dispersion. The complex particle-

matrix flow aided by the double pin FSP tool established

good particle dispersion and bonding between the particles

(316 SS) and the AA6061 matrix. This could be responsible for

the better matrix-particle tensile load transfer in the com-

posite made by the double-pin FSP tool in comparison to

samples fabricated with the single-pin FSP tool. Grain refine-

ment and Orowan strengthening mechanisms are also

mechanisms that could have influenced the improved tensile

properties of the composite as acclaimed by Huang et al. [33]

and Li et al. [34].

The fracture locations of the composites produced by

employing the single- and double-pin FSP tools are revealed in

Fig. 10b and c. The change of the tool pin from 1 to 2 changes

https://doi.org/10.1016/j.jmrt.2022.07.156
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Fig. 6 e EDS mapping of the AA6061/316 stainless steel reinforced composites (nugget zone) processed with (a) single pin

FSP tool and (b) double pin FSP tool.
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the fracture location of the composites (see Fig. 10b and c).

This change in the fracture locations could be attributed to the

tool profile-induced material flow effect and microstructural

changes. The dispersion level of the 316 SS particles was not

satisfactory in the composite fabricated with a single-pin FSP

tool compared to that of the double-pin FSP tool. The presence

of clustered particle-free zones in the AA6061/316 stainless

steel reinforced composite (fabricated with a single-pin FSP

tool) could have played a significant role in influencing the

fracture location of the composite.

The FESEM-SE micrographs of the composite's fractured

surfaces were viewed in SEM and presented in Figs. 11a and b.
The fractured surfaces of the composites have dimples,

which confirm that the failure mode of the composites is

ductile. This indicates that the embedded 316 SS particles in

the recrystallized Al matrix resisted failure to an extent

before the final failure of the composite during the tensile

test. Fine dimples are predominant in the composite samples

fabricated by the use of a double-pin FSP tool in relation to

that of the single-pin FSP tool. This is obviously owing to the

finer grain sizes and 316 SS particles in the former composite.

This occurrence is reckoned to have aided the enhancement

in the loadbearing and tensile strength of the AA6061/316

stainless steel reinforced composites. It has been acclaimed

https://doi.org/10.1016/j.jmrt.2022.07.156
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Fig. 7 eMicrostructure and grain distribution of the AA6061/316 stainless steel reinforced composites processed with single

pin FSP tool.

Fig. 8 e Microstructure and grain distribution of the AA6061/316 stainless steel reinforced composites processed with

double pin FSP tool.
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Fig. 9 e Microhardness profile of the cross-section of the AA6061/316 stainless steel reinforced composite fabricated with

single- and double-pin FSP tools.

Fig. 10 e Tensile results (a) tensile strength (MPa); and fracture locations of the composites made by (b) single pin and (c)

double-pin FSP tools.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 0 : 2 8 2 6e2 8 4 02834

https://doi.org/10.1016/j.jmrt.2022.07.156
https://doi.org/10.1016/j.jmrt.2022.07.156


Fig. 11 e (a) and (b) FESEM images of the fractured surfaces and (c) XRD results of the composites developed with single- and

double-pin FSP tools.
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that the weak bonds between the matrix and the reinforce-

ment always act as the stress concentration zone [31].

Microcracks ensue at the weak bonds within the composite

during the tensile loading and the propagation of the micro-

cracks leads to the eventual fracture of the composite.

Meanwhile, palpable 316 SS particles are found on the frac-

tured surfaces of the composites as indicated by the yellow

arrows (see Fig. 11a and b). Evidence of particle fracture and

pull-out can also be observed in Fig. 11a and b. This confirms

that some level of loadbearing resistance was offered by the

inherent particles in the composite during the tensile test.

The XRD analysis (see Fig. 11c) established the existence of Al

and ferrous phases at the stir zones of the composites

regardless of the nature of the FSP tool. This reveals that no

chemical reaction or interaction occurs between the AA6061

matrix and the 316 stainless steel particles during the FSP

process. Regardless of the FSP tool, the heat input induced

during the FSP process is not sufficient to cause phase

transformation or significant elemental diffusion between
the Al (AA6061) matrix and the reinforcement (316 SS).

However, the intensity of the diffraction peak drops in the

sample fabricated with the double-pin FSP tool in relation to

that of the single-pin FSP tool. This implies that the pin

number significantly aids the formation of finer particles and

grain sizes during the FSP process.

3.2.3. Wear behavior
The weight loss and the specific wear rate of the AA6061/316

stainless-steel reinforced composites are provided in Fig. 12.

The weight loss (mg) has a direct relationship with the sliding

distance regardless of the nature of the tool. However, the

composite fabricated with the double-pin FSP tool had a sig-

nificant reduction in weight loss (see Fig. 12a) and specific

wear rate (see Fig. 12b) compared to the outcomes from the

other sample (single-pin FSP tool). The specific wear rates of

the composite samples fabricated with the single-pin and

double-pin FSP tools are 0.36 and 0.22 mm3/Nm respectively.

The finer and homogeneously dispersed 316 SS particles in the
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Al matrix are responsible for the drop in the wear rate (spe-

cific) of the AA6061/316 stainless-steel reinforced composite.

The 316 SS particles improved the hardness of the composite

(see Fig. 9) and the improvement in hardness value is a sig-

nificant attribute of the enhanced wear resistance observed in

Fig. 12b. It has been reported that the higher hardness values

of reinforcements offer significant loadbearing attributes

during the wear test compared to the matrix alloy [35]. The

evenly dispersed fine particles in the Al matrix lessen the

impact of direct load on the composite during the wear test

[35e37]. This reduces the weight loss and the wear rate (spe-

cific) of the AA6061/316 stainless-steel reinforced composite.

It can be concluded that the double-pin FSP tool aided grain

refinement, particle (316 SS) size reduction, and even particle

distribution in the AA6061 matrix. These tool-induced

microstructural features reduce the direct load impact on

the composite. As a result, lesser weight loss and specificwear

rate were recorded in the composite fabricated by the double-

pin FSP tool compared to the other tool.
Fig. 12 e Wear behavior of the composites processed as a

function of tool shape, (a) weight loss, and (b) specific wear

rate.
The worn composite samples (FESEM images) and their

respective friction coefficient graphs were examined (see

Fig. 13). A large area of the worn surface of the composite

sample fabricated with a single-pin FSP tool is found to have

delamination (see the yellow arrows in Fig. 13a) and deep

grooves. These regions are areas where significant weight/

wear loss had taken place during the wear test. The wear

mechanism ascribable to the delaminated region in Fig. 13a is

referred to as adhesive wear. The inhomogeneous dispersion

of the 316 SS particles at this region favors a significant

adhesion wear mechanism due to little resistance to direct

load during thewear test. It can be stated that the particle-free

or depleted zones in the composite are created as a result of

the unacceptable material flow created by the rotating single-

pin tool. It is important to note that tool geometry influences

the plasticized (material) flow during the FSP [38]. As a result,

the particle depleted zones of the composite (due to the un-

satisfactory material flow) are prone to easy deformation and

adhesive wear to form delaminated regions after the wear

test. On the other hand, the even dispersion of 316 SS particles

in the matrix of the AA6061 alloy has a favorable impact on

wear resistance (see Fig. 13b). Direct loading is impeded by the

evenly dispersed fine particles and this results in a smooth

worn track in Fig. 13b. It can be said that the abrasive wear

mechanism is dominant in Fig. 13b due to the insignificant

delamination on the worn surface. The regions with sufficient

reinforcements have smooth wear tracks and such appear-

ances have been attributed to less friction and particle lubri-

cating effects, which implies improved wear resistance

ensues at the worn track [31]. A change in the number of the

tool pin from 1 to 2 is also observed to have a substantial effect

on the friction coefficient of the AA6061/316 stainless steel

reinforced composite. The mean friction coefficients of the

composite samples fabricated with the single- and double-pin

FSP tools are 0.37 ± 0.01 and 0.23 ± 0.01 respectively. This

reduction in the mean friction coefficient as the number of

pins is changed from 1 to 2 is due to the better grain refine-

ment, homogeneous dispersion of 316 SS particles, and

improved hardness at the stir regions of the composite.

3.2.4. Corrosion behavior
The corrosion behaviors of the composites fabricated with the

different FSP tools (single- and double-pin FSP tools) are

shown in Fig. 14. The change in the tool pin from1 to 2 is found

to have caused a corresponding increase in the corrosion po-

tential as observed in the potentiodynamic polarization

curves in Fig. 14a. The extrapolated corrosion parameters

(current density and potential) are presented in Table 2. The

corrosion current densities of the AA6061/316 composites

fabricated with the single-pin and double-pin FSP tools are

8.465 � 10�3, and 4.691 � 10�3 A/cm2 respectively while their

respective corrosion potentials are �1.08 ± 0.02 and

�0.89 ± 0.02 V respectively. This reveals that higher corrosion

resistance is attained in the composite sample fabricated with

the dual-pin tool and lesser corrosion damage is inevitable in

the sample. The finer grain structure and evenly dispersed 316

SS particles are considered to have favored the corrosion

resistance of the composite developed with the tool having a

dual-pin profile. This is in agreement with the findings of Patel

et al. [39]. It was discovered that the FSP-induced fine
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Fig. 13 e FESEM images showing the worn regions and friction coefficient plots of AA6061/316 composites fabricated by (a)

single-pin and (b) double-pin FSP tools.
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(homogeneous) equiaxed grain structure increased the

corrosion resistance of the AZ31B alloy. The increase in the

interparticle distance due to inhomogeneous dispersion of the

316 particles has been reported in the studies of Maji et al. [40]

to cause an increase in corrosion current density and a

decrease in the corrosion potential. As a result, it can be

adjudged that corrosion resistance can be enhanced in a

composite with an evenly dispersed reinforcement. The better

grain refinement and 316 SS particle dispersion in the AA6061

alloy improved the corrosion resistance of the composite

fabricated with the tool having a dual pin profile as compared

with the sample having particle-free zones (produced single

pin tool). It has been reported that surface formation charac-

teristics improved corrosion resistance of the carbon

nanotube-reinforced AZ31 composite [41] while precipitates

dispersion, grain refinement, and improved plasticity hin-

dered stress corrosion cracking of the AA2219 alloy [42]. It has

been reported that corrosion resistance improves due to a

decline in the microstructure's free energy while there is an

improvement in the passive layer as a result of grain size

homogeneity and uniform distribution of reinforcements [43].
The composite's Open Circuit Potentials (OCP) as a function

of time are presented in Fig. 14b. There was a considerable

disparity between the OCP values of the AA6061/316 stainless-

steel reinforced composites fabricated with the single and

dual pin tools. The OCP value of the composite produced with

the dual-pin tool (�0.62 V) was higher than that of the com-

posite fabricated with the solitary pin tool (�0.43 V), which

represents the corrosion resistance of the latter sample was

worse than that of the former sample. This is in agreement

with the extrapolated corrosion parameters of the composite

provided in Table 2.

The post-corrosion evaluation of the composite's surfaces

was carried out by examining the samples in SEM. The FESEM

micrographs of the corroded surfaces are presented in Fig. 14c

and d. The corrosion attack on the composites is found to

lessen in the sample fabricated with the dual-pin tool

compared to that of the tool with a solitary pin. The number

of corrosion pits and the overall corroded areas are signifi-

cantly higher in Fig. 14c (one-pin tool) while these attacks are

lesser in the other sample (double pin tool) in Fig. 14d. The

disparity in the corrosion potential has been stated to support
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Fig. 14 e Corrosion results for the composites (a) potentiodynamic polarization curves, (b) and corroded (c) single pin, and (d)

double-pin processed composites.
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the formation of pits in a localized galvanic cell within the

composite [44,45]. Also, the formation of pits in composites

has been linked to micro galvanic couples at the interfacial

zones between the impurities/defects, precipitates, and grain

boundaries in the works of Maji et al. [40]. Also, corrosion

attack along the grain boundaries, otherwise referred to as

intergranular corrosion (IGC) is found in all the composites

but the level of the IGC is higher in Fig. 14c compared to

Fig. 14d. This corrosion result is owing to the uniformly

dispersed and finer 316 SS particles within the recrystallized

AA6061 matrix of the composite fabricated with the dual-pin

tool in relation to that of the other composite produced with

the single-pin FSP tool.
Table 2 e Extrapolated corrosion current and potential
densities.

Sample Ecorr (V) icorr (A/cm
2)

Single pin �1.08 ± 0.02 8.465 � 10 �3

Double pin �0.89 ± 0.02 4.691 � 10 �3
4. Conclusions

The friction stir processing method was deployed for the

development of the AA6061/316 stainless steel reinforced

composites by using single-pin and dual-pin tools. The

microstructure, wear, corrosion, and other mechanical prop-

erties of the composites were studied. The outcomes of this

research are listed as follows:

1 The double-pin FSP tool is better for the fabrication of the

AA6061/316 stainless steel reinforced composites due to its

high strain-induced particle refinement (70.00e28.92 mm)

and dispersion attributes

2 The particle refinement attribute of the double-pin tool

with the dynamic recrystallization (DRX) action aided the

reduction in the average grain sizes (7.01e5.78 mm) of the

composite via the Zener pinning effect relative to the

single-pin FSP tool.

3 The double-pin FSP tool significantly improved the hard-

ness (126e141 HV), and the tensile strength (162e217 MPa)

of the composites in relation to that of the single-pin FSP
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tool due to better tool-assisted material flow, microstruc-

tural features, and grain refinement strengthening

4 The double-pin FSP tool aided the reduction in the specific

wear rate (0.36e0.22 mm3/Nm) and boosted the corrosion

resistance of the composite as compared with the tool

having a solitary pin due to the improvement in hardness,

particle dispersion, and reduced particle sizes.
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