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Abstract: Advancement in automotive part development demands new cost-effective materials
with higher mechanical properties and improved wear resistance as compared to existing
materials. For instance, Aluminum Matrix Composites (AMC) shows improved mechanical
properties as wear and abrasion resistance, high strength, chemical and dimensional stability.
Automotive industry has focused in AMC for a variety of applications in automotive parts in
order to improve the fuel economy, minimize vehicle emissions, improve design options, and
increase the performance. Wear resistance is one of the most important factors in useful life
of the automotive components, overall in those components submitted to mechanical systems
like automotive brakes and suspensions. Friction Stir Welding (FSW) rises as the most capable
process to joining AMC, principally for the capacity to weld without compromising their ceramic
reinforcement. The aim of this study is focused on the analysis of wear characteristics of the
friction-stir welded joint of aluminum matrix reinforced with 20 percent in weight silicon
carbide composite (A359/SiC/20p). The experimental procedure consisted in cut samples
into small plates and perform three welds on these with a FSW machine using a tool with
20 mm shoulder diameter and 8 mm pin diameter. The wear features of the three welded
joints and parent metal were analyzed at constant load applying 5 N and a rotational speed
of 100 rpm employing a Pin-on - Disk wear testing apparatus, using a sapphire steel ball with
6 mm diameter. The experimental results indicate that the three welded joints had low friction
coefficient compared with the parent metal. The results determine that the FSW process
parameters affect the wear resistance of the welded joints owing to different microstructural
modifications during welding that causes a low wear resistance on the welded zone.
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Analise da Resisténcia ao Desgaste de Juntas de Compostos Avancados
A359/SiC/20p Soldadas por Friccao

Resumo: O avanco no desenvolvimento de pecas automotivas exige novos materiais de
baixo custo com propriedades mecanicas superiores e com maior resisténcia ao desgaste em
comparagdo com os materiais existentes. Por exemplo, compdsitos com matriz de aluminio
(AMC) mostram melhores propriedades mecanicas como resisténcia a abrasdo e ao desgaste,
alta resisténcia e estabilidade quimica e dimensional. A indUstria automotiva tem centrado em
AMC para uma variedade de aplicacdes em pecas automotivas, a fim de melhorar a economia
de combustivel, minimizar as emissGes dos veiculos, melhorar as op¢des de design e aumentar
o desempenho. A Resisténcia ao desgaste é um fator importante a determinar para a vida
util dos componentes automotivos, em geral nagueles componentes submetidos a sistemas
mecanicos como freios e suspensdes. O processo de soldagem por friccdo e mistura mecanica
(FSW - Friction Stir Welding) surge como um processo capaz de unir AMC, principalmente com
a capacidade de soldar sem comprometer seu refor¢o ceramico. O objetivo deste estudo é
focado naanalise de caracteristicas de desgaste da junta soldada por FSW de matriz de aluminio
reforcados com 20 por cento em peso de compdsito de carboneto de silicio (A359/SiC/ 20p).
O procedimento experimental consistiu em cortar amostras em pequenas placas e realizar
trés soldas nestas placas utilizando uma maquina FSW com uma ferramenta com ombro de
20 mm de diametro e pino de 8 mm de didmetro. As caracteristicas de desgaste das trés juntas
soldadas e metal base foram analisados aplicando carga constante de 5 N e uma velocidade
de rotacdo de 100 rpm utilizando um aparelho de teste Pin-on-disk, usando uma esfera de
aco de com safira com 6 mm de didametro. Os resultados experimentais indicam que as trés
juntas soldadas apresentaram baixo coeficiente de friccdo comparado com o metal base.
Os resultados determinaram que os parametros do processo FSW afetam a resisténcia ao
desgaste das juntas soldadas, devido a diferentes modificagdes microestruturais durante a
soldagem, que provoca uma baixa resisténcia ao desgaste na zona soldada.

Palavras-chave: Compdsitos com matriz de aluminio; Soldagem por fricgdo e mistura
mecanica; Desgaste.
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1. Introduction

Nowadays, the demand for high strength and lightweight materials is increasing in constantly in automotive
and aerospace industry. These materials must have specific qualities such as weight reduction with development
in reduction of emissions, improvement comfort, impact resistance, security and energy efficient in terms of
reducing fuel consumption. Aluminum Matrix Composite (AMCs) is one of the best options as capable candidate
material which has great potential due to diverse features that make them attractive for automotive applications
such as low density good corrosion resistance, low thermal expansion and established casting techniques for
mass production [1-3]. SiC, ALO,, SiO,, BN, and graphite are particles reinforcement that can be used usually in
AMCs. Reinforcement can be inserted as either continuous or discontinuous; in short, long fibers or particles for
discontinuous [4,5]. These materials present some difficulties associated with their joining, between themselves or
with different materials using conventional fusion welding processes, gaining as an outcome reduced joint strength
due to solidification shrinkage, porosity, oxide inclusions, distortion, increasing of residual stress, intermetallic
compound formations in case of chemical reactions between matrix and reinforcement, being a limit in industrial
applications [6]. Opportunely, a new solid state joining process called friction stir welding (FSW) arises to overcome
the problems previously mentioned at the moment of joining AMCs [71.

Friction stir welding process consist in a non-consumable hard rotating tool with a specially designed probe
that is inserted between the edge of both metal workpieces and travels down the length of contacting, and
produces a plastically deformed zone through the associated stirring action and consolidates the retreating side
by axial force acting through the tool shoulder [8,9]. When an AMC is joined by FSW it does not reach the melting
point, obtaining good results in higher mechanical properties of the deformed material compared with parent
the material. The predominant parameters which influence the weld joints properties in friction stir welding are
tool rotational speed, welding speed and axial force [10].

FSW process has many advantages in automotive and aerospace industries, including mechanical properties
as tensile and fatigue, improved process robustness, lack of consumables, less health and environmental issues,
and operating advantages [11].

AMCs materials, in automotive industry, are used to produce components mainly moving and sliding parts, for
example, drive shafts, brake drums and cylinder blocks [12]. To produce those automotive components sometimes
require the use of secondary operations such as machining, joining, etc., then, it is very important determine the
wear characteristics of the weld joint in this kind of materials in order to establish a better understanding of their
behavior. A study on wear behavior of AMC’s reinforced with hard particles, have demonstrated these materials
have more resistance to wear than the aluminum monolithic alloy. This is due to the addition of SiC particle to the
aluminum matrix makes it stronger, harder and more resistive to wear [13-15]. The aim of this work is focused on
wear resistance analysis of friction stirred joints of an A359 alloy matrix with 20 volume percentage reinforcing
SiC particles [16].

2. Experimental Procedure

In this study, plates of an AMC (chemical composition is shown in Table 1) that is produced with an A359 alloy
matrix reinforced with 20% volume SiC particles (62 mm x 22 mm x 5 mm) were employed. They were butt friction
stir welded using a special fixture, fixed firmly on the table surface of an FSW machine, as shown in Figure 1. A tool
made of High Strength Steel (HSS) presented in Figure 2 was used. The FSW parameters selected in this work are:
tool rotational speed (rpm), welding speed (mm/min) and axial force (kN), which have high influence in the joint
properties. The FSW parameters employed for this work are shown in Table 2. Samples of the friction stir welded
plates were cut in a length of 20 mm.

Table 1. A359/SiC/20p chemical composition (wt, %).

Element Si Fe Cu Mn Mg Zn Ti Al
Percentage 8.5-9.5 0.2 0.2 0.1 0.50-0.70 0.1 0.2 89-91
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Figure 2. HSS friction stir tool.

Table 2. FSW parameters.

Weld Tool rotational speed (rpm) Welding speed (mm/min) Axial force (kN)
1 1000 6 8
2 1000 6 10
3 1200 6 10

In this study, the welding speed parameter was kept at 6 mm/min applied on the three samples, however,
this is a lower value compared with the welding speeds used in other investigation carried out by Ashok and
Murugan [17], where they employed 25, 40, 55, 70 and 85 mm/min.

After finishing friction stir welding on the plates, they were cut to obtain samples which were etched using
Keller reagent in order to reveal the microstructure for optical (OM) and scanning electron microscopy (SEM).
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A pin-on-disk tribometer (Anton Paar), as shown in Figure 3, was used to analyze the dry sliding wear
characteristics of the friction stir welded zone of the A359/SiC/20p AMC at room temperature according to ASTM
G99-05 standard [18]. The dimensions of the three wear specimens were 20 mm x 20 mm x 5 mm after being
machined from the taken samples. The parameters used in the dry sliding wear test were constant load of 5 N,
rotational speed of 100 rpm, radius 5 mm and 400 laps. The masses of the specimens were measured with an
electronic digital balance before and after applying the wear test. After finishing the test, the specimens were
removed from the wear test apparatus and cleaned with alcohol to remove all the debris particles produced by
the wear effect. The mass of the specimens was measured at the moment to determine the mass loss.

Figure 3. Pin-on-Disk tribometer (Aston Paar).

The specimens wear rates were defined applying the following equation [19] (Equation 1):
k=AV/FNL (1)

where k = wear rate (mm?/N-m), AV = specimen volume loss (mm?3), FN = normal force applied in the contact (N),
and L = distance (m).

The sliding wear analysis of the parent metal was also measured using the same wear parameters used with
the others samples.

3. Results and Discussion

The friction stir welded joints and their identification number are shown in Figure 4. Figure 5 (a) shows
an optical macrograph of sample 2 which is free of friction-stir welding defects; (b) the microstructure shows
the matrix of aluminum alloy formed by a-phase, in this area exists a homogenous distribution of SiC particles;
(c) the HAZ presents SiC particles of different size; (d) in the TMAZ was detected distinct SiC particles behavior in
different areas of this zone; (e) the DXZ shows fractured particles in comparison of the parent metal and TMAZ,
also the recrystallization was produced by the rupture of SiC particles becoming new grain nucleation sites which
leads to the formation of finer grain structure; the particle fracture decreased from the weld center toward the
parent metal. Figure 6 shows micrographs obtained by SEM, and the samples after the test are shown in Figure 7.

The rotational speed and the welding speed have the same influence in the heat input and the plastic flow
rate. The grain growth, after recrystallization, depends of the frictional heat produced by welding speed and
rotational speed, due to a prolonged exposure frictional contact and increased cooling rate.

Soldagem & Inspecdo. 2016;21(2):220-227 223



Cuevas Mata et al.

Figure 4. Friction-stir welded joints of A359/SiC/20p plates.

Figure 5. a) Optical macrograph of the Al/SiC friction-stir welded joint sample; SEM micrographs: b) Parent Metal;
c) HAZ; d) TMAZ and e) Nugget.

S
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Figure 6. SEM micrographs showing the different zones (parent metal “PM”, thermo-mechanically affected
zone “TMAZ”, and directionally recrystallized zone “DXZ”) of friction stir welded joints on the Al/SiC composite.

a) sample 1; b) sample 2 and c) sample 3.
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Figure 7. Samples after wear test: a) 1; b) 2; c¢) 3 and d) parent metal.

The agitation produced a difficult plastic deformation during joining as a result the solid collisions at lower
temperature, and it caused the partition of SiC particles, therefore, their size were decreased and their number
were increased in the stir zone. The small fragments of SiC particles serve as new grain nucleation site generating
a recrystallization.

The samples after the wear test are shown in Figure 7.

The wear resistances of friction stir welded AMC joints and parent metal were analyzed comparing the friction
coefficient and wear rate, the friction coefficient results obtained from the dry sliding wear test are shown in
Figure 8, and Figure 9 shows the variation of the wear rate. The results demonstrate that the wear rate increases
on the welded joint of the examined three samples, and the wear rate of the parent metal is lower compared with
the wear rate of the three welded joints.
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Figure 8. Friction coefficient results of the parent metal and friction-stir welded joint three samples.
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Figure 9. Wear rate of the samples and the parent metal and friction-stir welded joint three samples.

It was found that the wear rate of friction stir welded joints of the A359/SiC/20p AMC increase with the
welding parameters (rotational speed tool, welding speed and axial force) use in this study. The increase is due to
the microstructure coarsening in the welded zone. This is due to the recrystallization in consequence of the high
frictional heat input produced at high rotational speed. It is well known by the reference of other studies [20,21]
that the grain refinement in weld zone is achieved employing low rotational speed. The stage of grain growth is
reached during recrystallization process and a relatively coarse grain microstructure is obtained due to the high
temperature produced during the increasing of the tool rotational speed. The formation of voids and cracks at the
coarse matrix/SiC particle interface occurs by the high stirring, and also support the liberating and separating of
the reinforcement particles throughout sliding conditions, therefore, causing the decaying of wear resistance [12].

Welding speed controls the exposure time of frictional heat per unit length of the weld and hence has influence
in the grain growth [17]. When lower welding speed is applied higher heat is produced due to the longer exposure
time to frictional heat per unit length of the weld area and rate of cooling is decreased, then generates coarsening
of grains after recrystallization, which reduces the wear resistance of the friction stir welded joints of the AMC.

4, Conclusions

In this study was analyzed the dry sliding wear resistance on the friction stir welded joints of the considered
composite of aluminum A359 matrix reinforced with SiC particles at a rate of 20 % by in weight: The conclusions
are the following:

1.1t can be seen the friction coefficient and the wear rate of the base metal are lower than the friction stir
welded joints; therefore, the wear resistance of the friction stirred welded joints increases compared to the
parent metal.

2.High rotational speed causes the wear rate of the welded joint increases. The microstructure coarsening
is the cause on the reduction of the wear resistance of the welded joints at high tool rotational speed. In
addition, the high stirring will let the formation of voids, cracks at the coarse matrix/SiC particle interface, that
support the liberating and separating of the reinforcement particles during stirring, it causes the reduction
in the wear resistance of the AMC friction-stir welded joints.
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