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Abstract. Friction stir processing (FSP) is a novel technique to fabricate metal matrix composites
(MMCs) and surface composites (SCs). In the present study, Taguchi’s technique is used for
attaining the optimum value of microhardness for AA5083/Al-Fe in-situ surface composites (SCs)
via FSP using 40 hours mechanical alloyed Fe-40wt% Al powder mixture. Three different process
parameters i.e. tool shoulder diameter, tool rotational speed, and tool traverse speed each having
three levels were selected for optimizing the microhardness of SCs. The experimental study was
accomplished by employing Taguchi's L9 orthogonal array. The Microhardness of the fabricated
composites was confirmed using Vickers tester after the single-pass FSP. The outcomes of the
study were examined and studied using signal to noise (S/N) ratio. The analysis also confirms the
results and displayed that the optimum value of microhardness of 123.3 Hv was obtained with the
selected parameter of tool shoulder diameter of 21 mm, tool rotational speed of 900 rpm, and
traverse speed of 63 mm/min.

Keywords: friction stir processing, microhardness, Taguchi orthogonal array, process parameters.
1. Introduction

In recent years in search of advanced structural materials, most of the researchers work in line
on admirable substitute of conformist materials such as steel with aluminum alloys as the
alternative due to their outstanding specific strength, high strength to weight ratio, good
formability, high thermal and electrical conductivity, good corrosion resistance, machinability,
and weldability, etc. [1]. Structural steel was used as a conventional material for more than
150 years in the area of transportation and shipbuilding industry because of its outstanding
mechanical properties with low cost of manufacturing. But due to the increased demand in the
areas of construction of the bigger ships, engineers had to hunt for substitute materials in this
direction to decrease the weight of ships. Aluminum and its alloys were evaluated as the most
possible substitute for steel, due to their high corrosion resistance and low weight to high strength.
But due to the lower strength aluminum, its wide applications were restricted. Composites in the
form of a metal matrix or surface composites show improved mechanical properties. These
composites could be manufactured by different approaches such as casting process, mechanical
alloying [2], laser sintering methods [3], high-energy electron beam irradiation [4], plasma
spraying [5], cast sinter [6] friction stir processing (FSP) [7], etc. However, these methods suffer
certain disadvantages like underprivileged interfacial bonding amongst the metal matrix and
reinforcement particles, the formation of high strain in the fabricated composite due to crystal
structure mismatching, and surface contamination [8]. As well, most of these methods are based
on liquid-phase processing which gives intermetallic reactions and obnoxious phases within base
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metal (BM) and reinforcement [9], [10]. Thus, based on the above limitations there is a need for
a process that will be performed in solid-state condition, produce proper interfacial bonding
between metal matrix and reinforcement along with capable of producing homogeneous
dispersion of reinforcements within. Therefore, in-situ composites fabricated through FSP were a
capable way to produce this. FSP was developed by Mishra et al. at “The Welding Institute (TWI),
UK” in 1991 and based on principles of friction stir welding (FSW), for surface modification of
materials [11], [12]. FSP is a solid-state novel technique and is widely used for enhancing the
mechanical properties of the substrate material by refinement of the microstructure and
homogenization of the structure [13]. During the FSP process, a cylindrical tool having a pin and
shoulder is introduced in the substrate plate and rotates about its axis, and moved along its intended
path as shown in Fig. 1. In FSP, the frictional heat is obtained by a combination of rubbing action
of the tool shoulder and metal matrix, rotational and traverse speed which soften the processed
material and are experienced by severe plastic deformation (SPD). During the process, the stirring
action of the rotating tool moves the material around the tool, and as a result, severe plastic
deformation was obtained in the processed region [14], [15].

FSPTool 100! Rotation

Fig. 1. Schematic diagram of FSP technique.

In this direction, Aluminium alloy 5083-H111 has wider engineering applications in fast sea
transportation for commercial and military applications, such as military vehicles and
high-performance vessels [16], [17], acrospace, marine, transportation, and structural applications
due to its low density, high strength to weight ratio, outstanding weldability, excellent corrosion
resistance, good formability, and moderate to high strength. Additionally, AA5083 has extremely
high toughness both at room and cryogenic temperatures, its tensile strengths, elastic moduli, and
fatigue properties at cryogenic temperature are as high as, or even higher than those at room
temperature [18].

Previous literature shows that tool shoulder diameter, tool rotational speed, and tool traverse
speed are some of the important FSP process parameters which show a great influence in the
distribution of reinforcement, refinement of the grains, and generation of heat and final mechanical
properties of the fabrication composites [19].

Several researchers developed SCs via using different reinforcements such as SiC [20], [21],
ALO; [22], TiC [23], TiO2 [26] [27], AlsNi [14], B4C [26] etc. During the study, different
researchers tell us that some of the reinforcement react with the metal matrix and form in-situ
composites [27]-[29]. In this direction, SCs of AA5083/Al-Fe in situ composites via FSP are
fabricated and the effect of these three process parameters on the micro-hardness of fabricated
SCs is analyzed. Taguchi design of experiments along with MiniTab is used for evaluating the
experimental design and understanding of data respectively.

2. Experimental procedure

In the present study, the base material employed is a 6.3 mm thick AA 5083-H111 alloy sheet
of 200 mm long and 80 mm width. The chemical composition of base metal (BM) is represented
in Table 1. To produce SCs, a square groove of 2.5 mm? was machined in the center of the
substrate plate along the length direction. Mechanical alloyed reinforcement (FegoAls) having an

5 6 MATERIAL SCIENCE, ENGINEERING AND APPLICATIONS. DECEMBER 2021, VOLUME 1, ISSUE 2



OPTIMIZATION OF FRICTION STIR PROCESSING PARAMETERS FOR ENHANCED MICROHARDNESS OF AA5083/AL-FE IN-SITU COMPOSITES VIA
TAGUCHI TECHNIQUE. VIVEK KUMAR JAIN, MANOJ KUMAR YADAV, ARSHAD NOOR SIDDIQUEE, ZAHID A. KHAN

average grain size of ~10 pm, was filled and compacted into the square groove and packed using
a pinless tool of 14 mm shoulder diameter to prevent the spluttering of the reinforcement powder
mixture. Finally, the FSP run was done at room temperature through a retrofitted type robust
vertical milling machine (VMM). During the experimentation H-13 tool steel having a cylindrical
tool pin and a tool shoulder with ACW (anti-clockwise) spiral scroll (0.75 mm scroll width and
0.5 mm scroll depth), 6.5 mm pin diameter, 3.5 mm pin height, and 1.5° tool tilt angle was used
for the experimentation as portrayed in Figure 2. The purpose of providing the ACW spiral scroll
is to guide the plasticized material from the boundary to the axis of the metal matrix [19].

Table 1. Compositional analysis of AA5083-H111 substrate plate
Element Mg | Mn Fe Cr Si Ti Zn Cu Al
AAS5083-HI11 | 4.82 | 0.55 ] 0.213 | 0.096 | 0.043 | 0.013 | 0.011 | 0.009 | Remaining

Using Taguchi L9 orthogonal array nine different experiments were performed. Tool shoulder
diameter (mm), tool rotational speed (rpm), and tool traverse speed (mm/min) were the parameters
under consideration. The range of FSP parameters was selected through rigorous pilot trials made
on AA5083 and shown in Table 2.

Tool pin

6.5

__ Scroll

|_— Tool shoulder

Fig. 2. FSP tool with cylinder pin and shoulder scroll

After performing a single FSP pass, the test coupon was cut from the processed region
perpendicular to the FSP path with wire EDM and prepared for mechanical characterization. Then
the samples were polished using emery grade papers with the standard metallographic procedure.
Standard modified Poulton’s reagent was used as an etchant for 10 sec. Microhardness
measurements of a processed zone of samples were dignified 1 mm underneath the upper surface
with 0.5 mm spacing in the horizontal direction on Vickers microhardness tester at a force of
9.81 N for a dwell of 25 seconds. Two different repetitions were done to measure the
microhardness value at different positions and then average values were used for the analysis.

Table 2. Range of selected parameters for single-pass FSP
Level

1 2 3

T1 Tool shoulder diameter (TSD, mm) | 16 | 18.5 | 21

T2 Tool rotational speed (TRS, rpm) | 710 | 900 | 1120

T3 | Tool traverse speed (TTS, mm/min) | 63 80 100

Sign Selected parameters

Table 3. Experimental layout L9 orthogonal array

Exp.No. | T1 | T2 | T3 | Sample code | Micro hardness value (Hv) | S/N ratio
1 1 1 1 Si 97.7 39.798
2 1 2 |3 Sz 94 39.463
3 1 3 2 S3 99.5 39.956
4 2 1 3 S4 100.7 40.061
5 2 |2 ]2 Ss 100.3 40.026
6 2 | 3 1 Se 98.5 39.869
7 3 1|2 S7 98.9 39.904
8 3 2 1 Ss 123.3 41.819
9 31313 So 103.2 40.274
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3. Results and discussion
3.1. Signal to noise ratio (S/N)

On the way to find the effect of FSP process parameters on the fabricated SCs Signal-to-Noise
ratio (§/N) and Analysis of Signal to Noise (S/N) ratio is assessed for each level of process
parameters [30]. Maximum microhardness value is required for high strength and wear
characteristics of the SCs, so higher-the-better value characteristics conforming to a greater S/N
ratio and optimum FSP parameter level were evaluated. S/N ratio predicts the importance and
ideal amalgamation of FSP parameters. S/N ratios for all the nominated parameters were
premeditated for variance minimization in micro-hardness test value. S/N ratio principally reveals
the experimental output sensitiveness to the noise factors. In this study principle of higher is the
better is selected for ideal response and was intended conferring to the Eq. (1) [31], [32]:

3

S~ 101 121 e
N Blnly?)

i=1 !

whereas n is the number of repetitions and Y; is the response value at an ith level. S/N ratio for
each combination of process parameters was represented in Table 3.
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The maximum hardness value was attained when T1, T2, and T3 were selected as 21 mm,
900 rpm, and 63 mm/min respectively. The significance of FSP parameters i.e. T1, T2, and T3 on
S/N ratio and mean of hardness responses were represented in Fig. 3 and Fig. 4.
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Fig. 4. Mean of hardness values plot

3.2. Microhardness

The average microhardness of each fabricated SCs was much higher as compared to the
AAS5083 substrate plate i.e. 81.9 Hv. Obtained results show that at different FSP parameters there
was a significant alteration in the hardness values as compared to substrate metal. Reasons for the
increase in micro-hardness values are in-situ reaction promotes at elevated temperature,
refinement of grain, uniform dispersion of reinforcement in a metal matrix, formation of fine
grains per Hall-Petch relationship, and pinning effect produce at grain boundaries.
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4. Conclusions

In the present study, in-situ AAS083/Al-Fe surface composites were successfully fabricated
using single-pass FSP, and the effect of process parameters on the microhardness of the SCs was
evaluated. The summary of the paper is represented below:

1) During FSP metal matrix particles were disintegrated under high plastic strains and stirring
action of the FSP tool in the processed zone.

2) High temperature produced during the process promotes the in-situ reaction between metal
matrix particles and reinforcement which further improves the microhardness of the fabricated
composites.

3) Using the Taguchi technique optimum combination of FSP parameters that affect the
micro-hardness of AA5083/Al-Fe SCs can be identified with a minimum number of experiments.

4) The obtained results show that for a combination of 21 mm tool shoulder, 900 rpm tool
rotational speed, and 63 mm/min tool traverse speed produces maximum hardness of about
123.3 Hv in the processed zone.

5) The maximum hardness value was 50.55 % more than the BM.
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