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Abstract

The present study aimed to improve the micro-hardness and wear properties of AA2014 aluminum alloy. Surface compos-
ite of AA2014 was produced using Al,O; as reinforcement by friction stir processing (FSP) technique. FSP was performed
by using a constant traverse speed of 40 mm/min and two rotating speeds of 1000 and 1400 rpm. After FSP, the average
grain size of AA2014 was reduced from 21.9 um in base material to 9.2 um in FSP with a rotating speed of 1000 rpm
and 3.8 um in FSP with rotating speed of 1400 rpm. Optical microscopy showed that the Al,O; reinforcement particles
were distributed homogeneously in AA2014 after FSP. The micro-hardness test showed that the hardness property in
AA2014/A1,0, surface composite was improved after FSP and was increased with an increase in rotating speed. The
micro-hardness was improved by 30% after FSP. The wear test revealed that both the wear performance and coefficient
of friction (COF) were improved after FSP. The COF was improved from 0.27461 in base material to 0.22570 in FSPed
samples. Surface roughness test showed that the sample with more micro-hardness showed better surface roughness

as compared to the other samples.
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1 Introduction

Aluminum alloy 2014 (AA2014) is one of the commonly
used alloys in areas like aerospace, military equipment, etc.
However, due to its low hardness and less wear resistance,
the use of AA2014 is limited in the industry. To overcome
the limitations, various methods were proposed by vari-
ous researchers [1-3]. To study hardness property, Dwivedi
et al. [4] produced metal matrix composites (MMCs) by
using AA2014 and eggshells waste particulates as rein-
forcement material. Similarly, Durmus et al. [5] used age-
hardening on AA2014, whereas Aksoz and Bostan [6]
studied the effect of aging and cryo-aging treatment on
microstructure and hardness of AA2014-SiC MMCs. Simi-
larly for improving wear behavior, Canakci et al. [7] used
an artificial neural network to predict wear behavior of

AA2014/ B4Cp MMCs, whereas Nagaral et al. [8] investigated
wear behavior of AA2014-ZrO, nano-composite by using
a two-stage stir casting process. All these studies were
conducted to improve the limiting properties of AA2014
alloy. It has been seen that most of the methods included
the production of composite material in which some rein-
forcement particles were added with the AA2014 alloy; but
in case of bulk composites, the properties like toughness
and ductility also reduce. But if the need is only to enhance
the surface properties like hardness and wear, then a new
technique in which only the surface of the material is
converted into composite could be used. In this way, only
the surface composite is made and the remaining surface
remains the same as the base material.

Hence to improve the hardness and wear behavior of
AA2014 alloy, the production of the surface composite
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is necessary. The surface composite of AA2014 has been
produced by various researchers [9-13] by using different
techniques like thermal spraying, cast sinter, laser surface
engineering, etc. These techniques have their limitations
such as producing high temperatures, and toxic fumes.
Therefore an environmentally friendly technique was
required in which the temperature does not rise much and
thus does not melt the base as well as reinforcement mate-
rial. For this, a new technique called friction stir process-
ing (FSP) was produced by Mishra et al. [14] in 1999. The
process is a solid-state process and the surface composite
could be easily produced by this technique. This technique
was based upon the basic principle of friction stir weld-
ing (FSW) which was developed by “The Welding Insti-
tute” (TWI) in 1991 [15, 16]. FSP is a thermo-mechanical
process in which a rotating tool is plunged into the base
material and a traverse speed is provided in the transverse
direction so that the friction between tool and surround-
ing material produces enough heat to make the material
into semi-solid state. The stirring action of tool helps to
move the material from advancing side of the material to
the retreating side of the material producing the surface
composite with a uniform dispersion of the reinforcement
particles into the base material.

FSP has been used in various practices since the last two
decades. Various researchers used this technique over dif-
ferent materials and found enhanced properties and bet-
ter microstructure. Aluminum, magnesium, copper, etc.,
are some of the few materials over which FSP has been
successfully applied [17-19]. Mazaheri et al. [20] studied
the tribological effect of FSP on AZ31 magnesium alloy
and found that the ZrO, reinforcement particles helped
to enhance the hardness as well as wear resistance of the
material. Suganeswaran et al. [21] studied FSP on Al7075
alloy and found that the reinforcement particles helped to
produce fine grained microstructure with enhanced wear
resistance. Naghshekesh et al. [22] investigated the effect
of graphene oxide reinforcement particles on Al5083 using
FSP. They observed that the FSP helped to improve the
strength of the material and produced fine-grained micro-
structure. Senthil and Balasubramanian [23] studied FSP
on LM25AA using 10% SiC powder. They found that the
threaded cylindrical tool pin produced the homogeneous
dispersion of the reinforcement particles and helped to
enhance the hardness of the material. Similarly various
researchers used FSP technique to enhance the micro-
structure and properties of the material.

Surface composite of AA2014 was prepared by using
various reinforcement particles. Sharma et al. [24] stud-
ied the effect of FSP on AA2014/SiC surface composite by
using a rotating speed of 710 rpm and a traverse speed
of 100 mm/min. They produced surface composite with
better microstructural grain refinement, but hardness
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property was reduced in their study. Similarly, John
et al. [25] studied the effect of FSP on AA2014 by using
a rotating speed of 600-1400 rpm and a traverse speed
of 30-90 mm/min. They used tools with different pin
profiles and found increased hardness and better grain
refinement after the process. Satyanarayana and Kumar
[26] performed multi-pass FSP on AA2014 and post-heat
treatment was applied over its surface to improve its
mechanical properties. They found that the properties
of the heat-treated FSPed samples were enhanced after
the process. In the same way, John et al. [27] investigated
the effect of various process parameters (like feed, spin-
dle speed, tool pin profile, and tool tilt angle) on the sur-
face of AA2014-T6 alloy by using Taguchi’s technique.
They studied different mechanical properties like tensile
strength and found that the tool with hexagonal pin pro-
file provided maximum enhanced properties. In most of
the previous studies, researchers used FSP to refine the
microstructure and enhance the mechanical properties of
the material. But the effect of FSP on mechanical, tribologi-
cal and microstructural properties of AA2014 has not been
wholesomely investigated. The objective of this study is
to produce AA2014/Al,0; surface composite by FSP and
study its effect on micro-hardness, microstructure and tri-
bological properties. For this, the constant tool traverse
speed of 40 mm/min was used, whereas two tool rotating
speeds of 1000 and 1400 rpm were used for the process.
The prepared surface composite was investigated for its
microstructure using optical microscopy, micro-hardness
by Vickers hardness tester, and wear property on pin-on-
disk tribometer. Surface roughness test for the prepared
surface composite was also studied. The prepared surface
composite by FSP showed better micro-hardness and wear
resistance as compared to the as-received AA2014.

2 Experimental procedure
2.1 Materials

In this study, aluminum 2014-T4 alloy (AA2014) having
5 mm thickness, 300 mm length, and 54 mm width was
used as the parent material for the fabrication of surface
composite. Table 1 shows the chemical composition of as-
received AA2014. Aluminum oxide (Al,O5) with the aver-
age grain size of 15 um was used as the reinforcement
material. Figure 1 shows the optical microscopy of the
used AA2014 and Al,O;.

2.2 Sample processing

The experimental setup used for the process is shown in
Fig. 2. A simple vertical head milling machine was used
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Table 1 Chemical composition Cu Si

of AA2014

Mg Cr Mn Al

wt% ~4.4 ~0.8

~0.5 ~0.10 0.6 max Balance

Fig.2 FSP experimental setup sliding screw 1

Adjustment

for the process. Clamping was used to hold the workpiece
over the bed of the machine so that workpiece does not
experience any vibration or displacement during the pro-
cess. A combination of two rotating speeds of 1000 rpm
and 1400 rpm and one traverse speed of 40 mm/min was
used for the process. All the samples were processed with
a tool tilt angle of 1 degree and a constant tool traverse
speed of 40 mm/min. To insert the Al,O; reinforcement
particles into the AA2014, the hole method was used in
the process. To prevent agglomeration and clustering of

As-received Al,0;

Clamping

FSP Tool

Tool Holder

reinforcement particles, the zigzag hole pattern was made.
Atotal of 17 holes were drilled into the AA2014. Holes with
a diameter of 3 mm and depth of 2 mm were drilled by
using CNC vertical milling machine. Figure 3 shows the
hole pattern in the workpiece.

The volume fraction and weight percent of the rein-
forcement particles were estimated as follows:

(i) Stir zone volume:
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Fig.3 Hole pattern in the AA2014 workpiece

Vs; = pin diameter (4 mm) x advancing distance (150 mm)

x depth (4 mm) = 2400 mm?
(ii) Individual hole volume:
Vy = hole area (7(2)*/4 mm?)
x hole depth (3 mm) = 9.43 mm>
(iii) The volume of the matrix:
Viy = Vg;—17 X V= 2239.69 mm? 3)
(iv) The volume fraction of the particles:
Vf = (17 X V) /Vs; = 6.68% (4)
(v) Matrix weight:
Wy = Vi X panaoiay = 627 9 (5)
(vi) Reinforcements weight:

Wg =17 X Vy X pai,0, = 0639 (6)
(vii) The weight percent of the particles:

Wt% = Wi/ (Wy + WR) = 9.13% )

The density of AA2014 and Al,O; is 2.82 and 3.95 g/cm?,
respectively. It should be noted that the real weight per-
cent of the reinforcement particles is lower than the calcu-
lated percentage. It is due to the presence of the porosities
between the reinforcement particles [20, 28].

Hardened H13 steel was used as the tool material. The
taper cylindrical pin profile was used for the pin. The tool
has a shoulder diameter of 18 mm, a pin diameter of 4 mm,
and a pin length of 4 mm. Figure 4 shows the FSP tool
and its dimension. The reinforcement particles were mixed
with the acetone to make a paste of reinforcement and
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Fig.4 FSP tool and its dimension

were then inserted into the holes. This was done to avoid
the spreading of reinforcement particles during process-
ing. After inserting Al,O; reinforcement particles into the
holes, a pinless tool was used to pack the particles into the
holes, whereas the tool with pin was used for the actual
processing. The schematic of process steps for developing
the surface composite of AA2014/Al,0; is shown in Fig. 5.
Single-pass FSP was used to perform FSP in this study. A
total of three samples were obtained from the experiment.
The first sample was that of the sample with a tool rotat-
ing speed of 1000 rpm (sample A). The second sample was
that of the sample with a tool rotating speed of 1400 rpm
(sample B), whereas the third sample was that of the as-
received AA2014 alloy (sample C).

2.3 Characterizations

To prepare the samples for microstructure analysis, the
samples were firstly grounded using the emery papers
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Workpiece Material

Drilling the Holes

Surface Composite AA2014/Al,0,

Fig. 5 Mechanism of producing surface composites by FSP

ranging from 100 to 2000 grade. After that, the samples
were further polished in a double-disk polishing machine
using a diamond polishing paste of 3 um size. To inves-
tigate the microstructure of the prepared samples, Kel-
ler reagent (distilled Water—190 ml, nitric acid—5 ml,
hydrochloric acid—3 ml, hydrofluoric acid—3 ml) etch-
ant was used. Optical microscopy was used to observe
the microstructure of the samples. The samples were cut
from the cross section as well as the transverse section
area.

To analyze the effect of FSP on the mechanical prop-
erty of the material, the micro-hardness of samples were
measured. The micro-hardness of the prepared samples
was measured using Vickers micro-hardness tester using
a load of 200 g for a dwell period of 15 s. The samples for
the micro-hardness test were taken from the cross-section
as well as the transverse section of the samples.

To test the surface integrity of the FSPed samples, a
surface roughness test was conducted. The test was con-
ducted on Mitutoyo surface roughness tester having a
resolution of 0.01 um. The evaluation length was 5 mm
for the test.

To investigate the effect of FSP on the tribological
properties of the material, wear tests of the samples were
measured. The wear test was performed on the pin-on-
disk tribometer. The wear test was performed at room tem-
perature. The test was accomplished by using the load of
10 N, the sliding distance of 1000 m, and track diameter
of 80 mm parameters. Mass losses of the samples were

FSP Direction

Too

Composite

Reinforcement Drilled
Holes

/

measured before and after the test using a digital weigh-
ing machine with the least count of 0.001 g. The coeffi-
cient of friction was measured continuously against the
sliding distance. A reading of wear versus time has also
been noted during the test. Figure 6 shows the different
samples and their cutting position in the FSPed region.

3 Results
3.1 Parameter optimizing

The optimum combination of tool traverse speed and tool
rotating speeds helps in the easy flow of the material from
the advancing side toward the retreating side of the plate
[29-31]. By increasing the traverse speed, time taken for
the processing is less due to which less heat is generated,
and thus the grain growth is limited in this case, whereas
with decreasing traverse speed the contact time between
tool and material is more which results in grain softening
and thus increased grain size. Similarly increasing rotating
speed helps to generate more heat, and decreasing rotat-
ing speed produces less heat. Therefore for a defect-free
sample, the optimum combinations of rotating as well as
traverse speed are required. The values of the optimum
speed parameters were selected based upon the litera-
ture review [32-37]. Thus the rotating speed of 1000 and
1400 rpm and constant tool traverse speed of 40 mm/min
were chosen for the experiment. The combination helped
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Sample C

as-received AA2014

wear specimen

cross-section specimen

cross-section specimen

Sample A
1000 rpm and 40 mm/min

Sample B
1400 rpm and 40 mm/min

transverse section specimen

Fig. 6 Different samples from FSPed region

the process to produce a defect-free surface composite
with good surface appearance.

3.2 Microstructural analysis

The microstructural analysis of the transverse and cross-
section samples was analyzed using the Optical Micro-
scope with an image analyzer. The samples were etched
with Keller's reagent. The samples were examined at 50X,
100x, 200x%, 500x and 1000x magnification, but the best
view was observed at 200x and 500x magnification. The

As-received AA 2014 at 200x

transverse section specimen

grain size was measured by line interception method
using 10 number of lines at 1° and 100 thresh hold using
ASTM E112/E1382-91 standard. FSP helped to reduce the
average grain size of the FSPed samples. Figure 7a and b
shows the optical microscopy of the base material with
the average grain size of ~21.9 um. The average grain size
of ~9.2 um was observed in sample A, whereas with the
increase in the tool rotating speed, the average grain size
was further reduced ~ 3.8 um in sample B. Table 2 shows
the average grain size of each sample. It should be noted
that each grain size is an average of sixteen readings taken

Fig. 7 Optical micrographs of base material (AA2014) a at 200x b at 500x

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:1760 | https://doi.org/10.1007/s42452-020-03585-2

Research Article

Table 2 Average grain size for each sample

Sample Rotating speeds at constant Average
40 mm/min traverse speed grain size
(um)
Sample A 1000 rpm ~9.2
Sample B 1400 rpm ~3.8
Sample C As-received ~21.9

Nugget

Fig.8 Nugget and other zones produced after FSP (FSPed sample
at 1400 rpm speed)

from the FSPed region. Figure 8 shows the different nug-
get and other zones of sample B with tool rotating speed
of 1400 rpm and traverse speed of 40 mm/min produced
by FSP, whereas Fig. 9 shows the transition zone from the
coarser grains in the unprocessed zone to the refined
grains in the processed zone in AA2014/ Al,O; surface
composite at different rotating speeds. The nugget zone
and transition zone help to observe the flow region from
where the grain size changed from coarser to finer. It also
helps in determining the processed region. The distribu-
tion of Al,O; reinforcement powder can be seen in Fig. 10
for different processing conditions. The presence of the
Al,O; can be seen as the white particles in the microstruc-
ture. The presence of Al,O; reinforcement particles helped
to increase various properties in the FSPed region as com-
pared to the base material.

From the microstructure analysis, it was observed that
FSP helped in the dispersion of the Al,O; reinforcement
particles into the base material. The difference in the tool
rotating speed affected the microstructure of the FSPed
samples. With the increase in the tool rotating speed,
the grains were more refined as compared to the low
tool rotating speed. The average grain size was reduced
from~21.9 um in base material to~9.2 um in 1000 rpm
sample and further~3.8 um in 1400 rpm sample, which
clearly states that with the increase in the tool rotating
speed, the average grain size of the sample reduces. In
some studies [38-40], clustering and agglomeration were
found during the processing, but no major clustering

or agglomeration was observed during the present
investigation.

During FSP, the high amount of friction leads to the
heat generation which produces severe plastic deforma-
tion into the FSPed region. Thus the dynamic recrystalliza-
tion takes place after the FSP [41]. Due to the continuous
plastic deformation in the nugget zone, the dynamically
recrystallized grains were produced which helped to
reduce the grain size in the FSPed region [41, 42]. It has
been observed that the grain growth in the FSP region
was reduced due to the presence of Al,O; reinforcement
particles which form the pinning effect and thus act as the
barrier for the growth and movement of the grains [43].
It has also been observed that the Al,O; particles were
more uniformly distributed in sample B with 1400 rpm
rotating speed. It is due to the reason that the increase in
rotating speed leads to the generation of optimum heat
which softens the region and helps in easy movement of
the reinforced particles and hence reduces the chance of
agglomeration.

3.3 Micro-hardness

Micro-hardness test was performed to understand the
effect of tool rotating speed on the micro-hardness of
FSPed surfaces. AA2014 was processed using two dif-
ferent tool rotating speeds with Al,O; as reinforcement
powder. Micro-hardness of the samples was measured
using “Vickers micro-hardness tester”. The tests were con-
ducted in transverse as well as cross-section surface. In
the case of the transverse section, the indentation was
made on the surface of the material, whereas in the case
of a cross-section area the indentation was made at 1 mm
below the surface of the material. During the investiga-
tion, it was observed that the FSP helped to enhance the
micro-hardness values in both the samples A and B. Table 3
shows the micro-hardness on the surface with indenta-
tion figures for the samples A, B, and C. Figure 11a shows
the surface micro-hardness plot of the FSPed sample from
the top surface (transverse section) of the FSPed Sample.
It was observed that the maximum hardness values were
observed in the nugget zone of the sample. The hardness
values gradually increased from both advancing side and
retreating side and were maximum at the center of the
nugget zone. The average micro-hardness of the base
material (BM) was found to be 118 Hv. FSPed sample “B"
showed better micro-hardness as compared to the FSPed
Sample “A”. The maximum of 147 Hv micro-hardness
value was obtained in sample B, whereas in sample A,
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Fig. 9 Transition zone (a) sample A at transverse section, (b) sample A at cross section, (c) sample B at transverse section (d) sample B at the

cross section

the maximum micro-hardness value was observed to be
142 Hv. Figure 11b shows the micro-hardness plot from
the cross-section surface of the FSPed sample. These
observations are similar to those in the transverse section.
However in this section a sudden increase in hardness val-
ues for both samples A and B were observed in advancing
side and retreating side. In the cross-section area, sample
B showed a maximum of 154 Hv micro-hardness value
whereas sample A showed a maximum micro-hardness
value of 143 Hv.
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It was observed that with the increase in rotating
speed the micro-hardness of material was increased.
It is observed that the tool rotating speed of 1400 rpm
showed better micro-hardness value as compared to
the tool rotating speed of 1000 rpm. According to the
Hall-Petch equation, the hardness property of the mate-
rial increases with the refinement in the grain size because
of the grain boundary strengthening mechanism [43]. And
we observed in the microstructure analysis that sample
B showed finer grain size as compared to the sample A.
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Therefore enhanced micro-hardness in sample B was
observed as compared to the sample A. In sample B, due
to the high rotating speed and better grain refinement, the
reinforcement particles were dispersed more homogene-
ously and therefore showed better micro-hardness value
as compared to the sample A. It was also observed that
the cross-section area showed more micro-hardness value
as compared to the transverse section due to the reason
that the cross-section samples have higher reinforcement
particle concentration as compared to the transverse sec-
tion. The results are in agreement with the Harati et al.
[44] who observed that the FSPed samples with fine grain
size showed better micro-hardness values as compared
to samples with coarser grain size. The results are also in
the agreement with Khan et al. [45] who studied the effect
of FSP on hardness UHMW polyethylene composite and
found that the increase in rotating speed helped the com-
posite to increase in its hardness values.

3.4 Surfaceroughness

The surface quality of the produced surface composite is
affected by the surface roughness of the processed work-
piece. Process parameter settings affect the surface qual-
ity of the processed workpiece in FSP. With the increase
in heat generation during FSP, the surface becomes soft
and reduces the surface roughness and thus enhances
the surface quality, whereas the presence of Al,O; in alu-
minum matrix increases the roughness which means the
aluminum without reinforcement shows less roughness as
compared to the reinforced aluminum. From the experi-
ment, it was observed that the FSPed sample with a rotat-
ing speed of 1400 rpm showed less surface roughness as
compared to the sample with 1000 rpm speed. This is due
to the reason that the 1400 rpm sample experienced high
heat which softened the surface and a smooth surface was
obtained, whereas the 1000 rpm sample experienced less
heat and thus more roughness was obtained in this sam-
ple. Similar results were observed by Ramezani et al. [46]
who studied surface integrity of AA7075/SiC surface com-
posite produced by FSP. They observed that the surface
roughness of the FSPed sample reduced with an increase

in rotating speed. They concluded that the increase in
rotating speed produces plastic deformation which helps
in lower forces and friction. The observed surface rough-
ness values for processed samples in our study are shown
inTable 4.

3.5 Wear behavior
3.5.1 Wear rate

The mass loss of samples A, B, and C before and after the
wear test at a sliding distance of 1000 m under a normal
load of 10 N is shown in Table 5. It was observed that the
mass loss of the base material (AA2014) was more as
compared to that of the FSPed samples. The increase in
rotating speed and uniform distribution of Al,O; particles
helped the FSPed samples to decrease the mass loss dur-
ing the wear test.

It has been observed that sample B showed the least
mass loss during the wear test. It occurs due to the increase
in the rotating speed which helped to provide better grain
refinement, improved micro-hardness, and uniform distri-
bution of Al,O; particles during the process. This phenom-
enon can be further explained by the Archard’s equation
which states that the wear rate is inversely proportional
to the hardness of the material [47]. Thus improvement in
the micro-hardness in sample B improved its wear resist-
ance and thus less mass was lost during the wear test. Also,
Al,O; particles are hard particles and are hard to penetrate
or perform cutting over their surface by some other coun-
ter material like steel disk in our pin-on-disk test.

3.5.2 Coefficient of friction (COF)

The graph for the coefficient of friction (COF) for samples
A, B, and C against the sliding distance is shown in Fig. 12.
It was observed that the sample A showed a drop in COF
initially as compared to sample C. It is due to the reason
that the sample A has more hardness value as compared
to the sample C which helped the sample A to enhance
the wear resistance and thus COF, whereas the lowest
COF was observed in sample B which is due to the reason
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«Fig. 10 Distribution of Al,O; powder (a) Cross-section of sample A
at 500xand 200xwith 1000 rpm speed, (b) transverse section of
sample A at 500x and 200 x with 1000 rpm speed, (c) cross section
of sample B at 500x and 200x with 1400 rpm speed, (d) transverse
section of sample B at 500x and 200x with 1400 rpm speed

that sample B showed maximum micro-hardness which
helped its surface to experience less COF as compared to
other surfaces. In case of sample B due to the high tool
rotating speed, more heat was generated in this sample as

Table 3 Maximum micro-hardness on cross-section and a transverse section with indentation figures for the samples A, B and C

Sample

Indentation print (random from

readings—for reference)

ness (Hv) before FSP

Average micro-hard-

Micro-hardness (Hv) after
FSP (Max.)—cross-section

Micro-hardness (Hv) after
FSP (Max.)—transverse
section

Sample A-1000 118 143 142
Sample B-1400 118 154 147
Sample C-base 118 - -
material
(AA2014)
—=— Hardness at 1400 rpm —a— Hardness at 1400 rpm
o— Hardness at 1000 rpm —e— Hardness at 1000 rpm
155 4 —+— Hardness of BM 155 4 —4— Hardness of BM
150 - 150 o
145 4 145
< 1404 < 140
=3 <
@ 135 2 135
[] []
5 5
& 130 5 130
T T
125 4 125
/' 1
120 - ,/\L 3 c AW b = 1207
AL u . el Y -
115 4 115
Advancing Side Retreating Side Advancing Side Retreating Side
110 1 T T T T T T T 1 110 T T T T T T T T T T 1
42 10 8 6 4 2 0 2 4 6 8 10 12 12 -0 -8 6 4 -2 0 2 4 6 8 10 12

Distance from nugget (mm)

Fig. 11 Micro-hardness plot (a), transverse section (b) Cross-section

Distance from nugget (mm)

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1760 | https://doi.org/10.1007/s42452-020-03585-2

Table 4 Surface roughness values for the processed samples

Sample Rotating speed (constant  Reinforcement Surface

traverse speed of 40 mm/ roughness
min) (pm)

1 1000 Al,O; 8.821

2 1400 Al,O, 3912

3 Base material Nil 1.218

4 AA2014 (without FSP) Nil 0.577

Table 5 Mass loss in samples A, B, and C before and after the wear
test

Mass before  Mass after the Mass difference

wear test wear test
Sample A-1000 0.297 0.295 0.002
Sample B-1400 0.331 0.330 0.001
Sample C—as- 0.304 0.300 0.004
received alu-
minum

compared to samples A and C. This heat helped in homo-
geneous dispersion of the reinforcement particles which
further helped to enhance the wear resistance and COF of
this sample more than samples A and C. It was observed
that sample B due to its high hardness and better micro-
structure showed minimum COF with an average COF of
0.22570 followed by sample A having an average COF of
0.26974, whereas sample C showed maximum COF with
an average COF of 0.27461 during the test. Similar results
were found by Vakili-Azghandi et al. [48] who studied FSP
on wear resistance and found that the increase in hard-
ness values increased the wear resistance of the material
and decreased the COF. The result can also be verified by
the results found by Rana and Badheka [49] who studied
the FSP and wear behavior of AA7075 alloy. They found
that the increase in tool rotating speed helps in uniform
distribution of reinforcement particles which further helps
in enhanced wear resistance and decreased COF. In our
study, similar results were found. With the increase in rotat-
ing sample, the hardness as well as COF properties of the
material enhanced.

Figure 13 shows the wear graph of samples A, B, and C
with respect to time. It has been observed that the wear
of samples A, B, and C reduced with an increase in time.
But samples A and B due to better microstructure and
micro-hardness provide better wear resistance over time.
It is observed that sample B showed better wear (average
83.386 um per unit time) as compared to sample A with
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average wear of 112.999 um per unit time and sample C
with average wear of 155.322 um per unit time due to its
improved mechanical as well as microstructural proper-
ties. In all graphs, wear firstly increased and then became
flattened with an increase in time. This behavior is because
the wear samples initially needed to overcome and break
the adhesion force between the samples and the steel disk
due to which an increase in wear was seen initially in the
graph. Also, our test included the dry sliding test which
also affects the results. The results are in agreement with
the study conducted by Mazaheri et al. [20] who stud-
ied FSP and its effect on wear resistance on AZ31 alloy.
They found that the enhanced micro-hardness helped to
increase the wear resistance of the material with respect
to time.

4 Conclusion

In this investigation, aluminum 2014 was used to produce
composite over its surface by using Al,O; as reinforcement
material. AA2014/Al,0; surface composite was produced
successfully by FSP using combinations with 40 mm/min
as traverse speed and two different rotating speeds of
1000 rpm and 1400 rpm. To study the effect of rotating
speeds on the properties of AA2014/Al,0, surface com-
posite, microstructural study by optical microscopy, wear
test on pin-on-disk tribometer and micro-hardness test on
Vickers micro-hardness tester was investigated. The follow-
ing conclusions were made from the study:

1. Optical microscopy revealed that FSP helped the mate-
rial to improve its grain structure and reduce the grain
size. The average grain size of AA2014 was calculated
to be about 21.9 um which was reduced to 9.2 um
in FSPed sample with 1000 rpm rotating speed and
3.8 umin FSPed sample with 1400 rpm rotating speed.
FSP also helped in uniform distribution of Al,O; into
the base matrix and produced fine-grained AA2014/
Al,O; surface composite.

2. The micro-hardness of the FSPed sample was increased
by increasing the rotating speed in FSP. Increased
rotating speed helps in the grain refinement and
helps the reinforcement particles to disperse more
uniformly into the base material. The micro-hardness
was improved from 118 Hv in the base material to 154
Hv in the FSPed sample with 1400 rpm rotating speed
which means FSP helped to achieve micro-hardness
improvement by 30%.

3. The surface roughness of 3.912 and 8.821 was
achieved in the FSPed sample with 1400 rpm and
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Fig. 12 Deviation in the coefficient of friction with respect to sliding distance for samples A, B, and C

4,

1000 rpm speeds, respectively. The heat generated
during the process plays an important role in surface
roughness. Also, it was observed that the sample with
more micro-hardness showed better surface rough-
ness as compared to others.

The wear resistance of the material is affected by
the presence of Al,O; reinforcement particles and
the rotating speed of the FSP. An increase in rotating
speed improved the wear resistance of the material
from 115.322 um per unit time in base material to
112.999 pum per unit time in the FSPed sample with
1000 rpm rotating speed and 83.386 um per unit time
in FSPed sample with 1400 rpm rotating speed.

5. The average COF was reduced by applying FSP and
increasing the rotating speed from 1000 to 1400 rpm.
The base material (AA2014) showed an average COF of
0.27461, and the FSPed sample with a rotating speed
of 1000 rpm showed COF of 0.26974, whereas the sam-
ple with 1400 rpm rotating speed had COF of 0.22570.

These conclusions show that the increase in rotating
speed helps to achieve better micro-hardness as well as
the wear behavior of the surface composite AA2014/Al,0.
Increased rotating speed to 1400 rpm and traverse speed
of 40 mm/min provide enough heat for grains refinement
and uniformly disperse the reinforcement particles into

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1760 | https://doi.org/10.1007/s42452-020-03585-2

Sample A
200

rons)
ra
o

mic
b
(=]
(=]

Wear (
(=] o
(=] o

L SRR LA B BN (LA BN RN AR

40

20

0 rARRERERTI RNENI FENRE ANETI RURRA RENT] FRRNI ARNRE SUNTI AR NI AENRT

20 40 60 80 100 120 140 160 180 200 220
Time

Sample B

-
=
o

N

-
[
(=]

Wear (microns)
o0 L=}
o [~]
—

m
o

o
o

20

0 (AENE RERNI ENEN] AENR] FERT] EREN) AEAN] FERN] ARANY ARAR] FRANY ATAN]

20 40 60 80 100 120 140 160 180 200 220
Time (sec.)

Sample C

200

Wear (microns)
g 3

=]
o

-
[
[}

LU LA BLELAL A BLELELEY BUNLELE BUNLELN BLELELE BLELE

=
o

]
o

o

20 40 60 80

100 120 140 160 180 200 220

Time (sec.)

Fig. 13 Deviation in wear with respect to time for samples A, B, and C

the base material. FSP parameters helped to successfully
produce a surface composite with enhanced properties
and without any defects.
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