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Abstract

In this work, a defect-free AA7050 (TiB, + SiC) hybrid surface composites was fabricated using multipass friction stir
processing (MPFSP). The metallurgical characterization of the MPFSP/(SiC + TiB,)/AA7050 was analyzed by optical and
scanning electron microscopes (SEM), and mechanical properties including tensile strength and microhardness were evalu-
ated. All hybrid aluminum metal composite (AMC) had higher tensile strength and hardness values compared to the AA7050.
Nanoparticles and FSP passes were able to break the coarse and elongated dendrite structure of the AA7050 and generated a
homogenous and fine-grain structure in the stir zone (SZ). Among the different hybrid AMCs, the 4P FSP (25% TiB,+75%
SiC)/AA7050 composite exhibited the optimal dispersion of nanoparticles with a maximum tensile strength of 561 +7 MPa.
The maximum hardness value of 4Pass FSP (25% TiB,, 75% SiC)/AA7050 at the SZ was 179 HV, whereas the minimum
microhardness value (161 HV) was perceived for 4P FSP (100% TiB,)/AA7050. The maximum joint efficiency of 132.30%
was perceived in 4P FSP (25% TiB,, 75% SiC)/AA7050, while minimum joint efficiency of 111.39% was perceived in the

4P FSP (100% TiB,)/AA7050.
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1 Introduction

Aluminum metal composite (AMC) is an advanced engi-
neering material employed in various industries due to out-
standing wear resistance and high specific strength [1-3].
It was observed that adding two or more nanoparticles to
the aluminum metal composite could give advantages to
each multi-phase reinforcement, resulting in outstanding
mechanical characteristics [4]. Al,O5, SiC, and TiB, nano-
particles are extensively employed in the AMC due to their
high tensile strength, wear resistance, hardness, and virtu-
ous wettability [5—7]. All AMC vehicles of higher specific
strength evolved by adding a hard particulate phase in softer
aluminum alloys. The reinforcement particles are added
via liquid phase processing, i.e., magnetic stir casting and
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stir casting, which contributes to the MMC's strength pro-
portionally to its volume fraction. The hard nanoparticles/
micro particles remain solid within the super-heated liquid
matrix and expedite grain modification via nucleation. Many
methods, including powder metallurgy [8], liquid metal infil-
tration [9], and stir casting [10], have been developed to
manufacture AMCs—heterogeneous dissemination of the
reinforcement particles during the above procedures and the
resulting accumulation of nanoparticles. The importance of
7xxx series alloys has been identified in many industrial
applications. It can be used in worm gears, meter shafts, mis-
siles, aircraft, gears, sprockets, bike frames, etc. Because of
the limitation of some properties of 7xxx alloys, researchers
have attempted to enhance the mechanical and physical prop-
erties by incorporating one or more nanoparticles into metals
via friction stir processing (FSP) [11, 12]. The strengthening
phase identified as Guinier—Preston (GP) zones precipitate
the alloy during the age-hardening process. The sequence
of precipitates was determined as follows [13]. Supersatu-
rated solid solution — GP zones — Intermediate precipitates
(MgZn,) — Equilibrium precipitates (MgZn,). The strength-
ening pretentious by the precipitation aforementioned above
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is aging, and aging time and temperature are the two leading
factors that manage the materialization of strengthening pre-
cipitates. The enhancement in the mechanical characteriza-
tion depends on the precipitates' distribution, morphology,
and size [14]. The precipitates coarsen and sometimes dis-
solve during thermos-mechanical processing at sufficient
temperature and time, resulting in a noteworthy reduction
in UTS [15] and microhardness value [16, 17] of this alloy.
A significant improvement in the tensile properties may be
attained by modifying its surface. These modifications can
be done either by fabricating the surface composite or refin-
ing the microstructure by FSP with nanoparticles [18-21].
Numerous nanoparticles, including B,C [22], TiB, [23],
S1CO; [24], MWCNT [25], Ti;AIC, [26], TiC [27], MoS,
[28], SiC [29], were used to fabricate MMC using FSP to
enhance the metallurgical characterization of the compos-
ite alloys. The excellent dispersion of the nanoparticles
and grain modification in the AMC leading in low thermal
expansion, high corrosion and wear resistance. The effect
of FSP parameters on wear resistance, hardness, and micro-
structure of AA7075/SiC was examined and revealed that
the traverse speed (TS) affected the composite quality. FSP
pass and TRS pretentious the dissemination of nanoparti-
cles through the matrix. The hardness of base metal was
improved twice, enhancing the wear properties [30]. Two
reinforcement particles, Al,0; and TiB,, were employed on
AA7050 through single-pass FSP. The nanoparticles were
observed to be homogeneously disseminated over the SZ.
The accumulation of nanoparticles was not perceived in
the FSPed specimens resulting in higher strength than the
base metal [31]. By adding micro-sized particles, TiB, in
AA7050 exhibited higher elastic modulus, and smaller grain
size enhanced the mechanical properties over the unrein-
forced AA7050. TiB, enhances the fatigue characteristics
in the MMC because TiB, micro particles impended dis-
locations from piling up at the inclusion and delaying the
crack initiation [32]. Hybrid surface composite (HSC) with
two different nanoparticles (MoS, and B,C)/AA6061 via
FSP was successfully fabricated and enhanced the tribo-
logical and mechanical properties of the base metals. The
wear resistance and hardness value of the composites were
improved due to uniformly distribution of the nanoparticles,
grain refinement and dispersion hardening [33, 34]. HSC
with more than two nanoparticles have gained attention due
to their superior mechanical and tribological properties,
however, conventional liquid-phase processing methods can
lead to the materialization of undesirable brittle intermetallic
compound. The FSP give promising solution to overcome
these issue effectively [35]. The effect of tool pin profile
on the temperature distribution in Al-Si/FSP was examined,
and it was observed that when the TS increases, both the
longitudinal and tool axial forces increase and decrease as
the TRS increases [36]. Based on the Eulerian—-Lagrangian,
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the finite element method was developed and investigated
the temperature distribution, material flow, and metallurgi-
cal characterization of Al-Si alloys and then verified by the
experimental results and perceived that the simulation model
revealed good agreement with experimental results [37]. TiC
nanoparticles were employed to improve the wear and tensile
properties of Al-Si alloys. It was perceived that excellent
bonding between Al-Si alloy and TiC nanoparticles and par-
ticle distribution occurs in the SZ [38]. The response sur-
face methodology optimization technique was employed to
envisage the responses of the FSP of A356/B4C, and it was
observed that the model was adequate at a 95% confidence
interval. The author suggested that the TS was the prevailing
factor in improving the strength of the processed region [39].
The plastic deformation and frictional heat are the primary
mechanisms for increasing the temperature of the parent
material, while the rotating tool pin cannot alone generate
the strain and heat within the samples, and approximately
92% of the heat is generated by the tool shoulder [40]. FSP
with nanoparticles (TiB,+ SiC) contributes to innovation
by revolutionizing the fabrication of advanced engineering
materials. The incorporation of TiB, and SiC nanoparticles
during FSP results in significant improvements in mechani-
cal properties, including enhanced strength, toughness, and
wear resistance. This innovation enables the improvement
of tailor-made materials with superior performance char-
acteristics, offering new possibilities for various industrial
applications in sectors such as transportation, aerospace,
and manufacturing. The enhanced properties of these nano-
composites open doors to innovative solutions, pushing the
boundaries of material science and engineering and driving
progress in diverse fields.

The nanoparticle selection depends on the nanoparticles'
compatibility with the metal matrix. Authoritatively SiC and
TiB, offer excellent mechanical and thermal properties. This
work aims to use two different reinforcement particles (TiB,
and SiC) to enhance the base metal's metallurgical charac-
teristics by MPFSP technique and homogeneously dissemi-
nated nanoparticles over the processed zone. To the author's
best knowledge, this combination has not been examined.

2 Materials and Methods

The base plate AA7050 with a dimension of 180X 70 x4 mm
was used, and SiC and TiB, nanoparticles with a mean
particle size of 15 +7 nm were used as reinforcements. U
groove was made at the center of the parent material via a
shaper machine, and the reinforcement particles (SiC and
TiB,) were added with dimensions of 170x2.5x2.5 mm.
The groove was closed via a pin less tool with a TRS of
1200 rpm, and TS of 100 mm/min, where the FSP tool
stirred the nanoparticles with the base material. The
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combination of TiB, and SiC nanoparticles was used due to
its ability to improve the properties of the processed mate-
rial. When combined, these reinforcement particles work
synergistically to further improve the mechanical character-
istics of the material, making it stronger and more durable.
The presence of TiB, and SiC nanoparticles during FSP pro-
motes grain refinement in the microstructure of the welded
material. The nanoparticles act as effective nucleation sites
for recrystallization, leading to the materialization of finer
and more uniform grains. This grain refinement contributes
to increased strength and toughness, ensuring the material
can withstand mechanical stresses and harsh conditions.
They can also withstand the elevated temperatures generated
during the FSP process, ensuring that they remain dispersed
and maintain their reinforcing effects in the final material.
The synergistic effects arising from the combination of TiB,
and SiC nanoparticles further amplify the overall properties
of the processed material. Together, they offer improved per-
formance beyond what each nanoparticle can achieve indi-
vidually, making the resulting material highly desirable for
various engineering applications. The square pin profile was
used during the FSP process made of tempered H13 tool
steel because it gives better heat transfer and material mix-
ing during the MPFSP, leading in a uniform grain structure
and enhanced tensile properties and hardness value [41, 42].
The square pin's design induces a higher number of pulsating
actions, leading to intense frictional heating at the welding
interface. This heat generation is crucial for achieving the
necessary plasticization and mixing of the materials with-
out reaching their melting points. Additionally, the square
pin profile promotes effective mixing of the materials being
processed [43]. The distinct shape of the square pin facili-
tates vigorous stirring and material flow, resulting in a more
uniform dissemination of alloying elements, nanoparticles,
or other additives within the weld region. This uniform

Fig. 1 Experimental process of
MPFSP

AA7050

AA7050

mixing leads to enhanced properties and performance of
the welded joint. Moreover, the intensive stirring action
caused by the square pin contributes to grain refinement.
The material experiences grain size reduction, leading to
a finer microstructure, which, in turn, improves mechani-
cal properties. The efficient mixing and stirring action help
reduce the occurrence of voids, porosity, and inclusions,
ensuring better weld integrity and overall quality of the final
product. The dimension of FSP tool and tensile test speci-
men was demonstrated in Fig. 1. A fixture was used to hold
the base plate during the FSP process and prevent it from
being misaligned or moving. Misalignment can lead to poor
joint quality, defects, or even failure of the joints. The tilt
angle, axial force, TS, and TRS were kept constant at 2°, 7.2
kN, TRS-1200 rpm, and TS-100 mm/min respectively. Only
nanoparticles were varied during the experimentation. The
input parameters of MPFSP was demonstrated in Table 1.

A groove, 170 mm long, 2.5 mm deep, and 2.5 mm wide,
was machined at the specimen's center to facilitate nanopar-
ticle (SiC and TiB,) dispersion. The volume fraction (VF) of
these nanoparticles within the groove was determined using
specified equations [44].

GroovedArea
ProjectedareaoftoolPin

VE(%) =

Groovearea = Groovedepth X Groovewidth

The reinforcement particles (TiB,+ SiC) were varied
and incorporated with AA7050 matrix to achieve 0, 25, 50,
75, and 100 vol. % of both nanoparticles. The grooves were
strongly packed with both reinforcement particles. Primarily,
the groove top surface was covered by processing with a pin
less tool to hinder the expulsion of SiC and TiB, reinforce-
ment particles.

40 mm

40 mm

«— 20mm —
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Table 1 Process parameters of

S.No Sample Designation TRS (rpm)

TS (mm/min)  FSP pass TiB, volume % SiC volume %

MPFSP of AA7050
1 AA7050 TRS-1200 rpm  TS-100 mm/min 4 0 0
2 100% SiC 0 100
3 100% TiB, 100 0
4 75% TiB,, 25% SiC 75 25
5 25% TiB,, 75% SiC 25 75
6 50% TiB,, 50% SiC 50 50

The specimens for tensile testing were sliced under
the ASTM ES8 standard precisely along the processed
area. Before undergoing the tensile test, these speci-
mens were meticulously polished using emery papers
within the 400 to 800 grade range. Employing a con-
stant strain rate of 2 x 107! s™! at room temperature, the
tensile tests were carried out on a UTM machine (Olsen
Tinius: H50KS: 50 kN). Both optical and SEM meth-
ods were employed, to assess the microstructure within
the processed region. The SEM specimens underwent a
polishing procedure using emery papers graded between
600 and 2200. Subsequently, these specimens were sub-
jected to etching with Keller’s reagent, which comprises
a mixture of 82 ml of H,0O, 4 ml of HF, 6 ml of HCI,
and 8 ml of HNO;. The SEM machine utilized for this
examination possessed a resolution of 2.0 nm @3 kV.
For assessing hardness, the Vickers hardness test was
performed in line with the ASTM E384 standard. A
Vickers hardness machine was utilized with a 120 g load
applied for 10 s at room temperature. The preparation
of Transmission Electron Microscopy (TEM) speci-
mens involved electro polishing. The specimens were
immersed in a solution consisting of 70% CH;OH and
30% HNO;,, operating at a temperature of -20 °C and an
applied voltage of 10 V. This procedure facilitated the
analysis of dislocation precipitates, grain boundaries,
and dislocation walls. These parameters are commonly
used in micro-indentation testing and are chosen to
ensure consistent and repeatable results.

Fig.2 Formation of onion rings
and Zigzag lines, (a) specimens
No-1, (b) Specimens No-5
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3 Results and Discussion
3.1 Microstructural Observation

The microstructure of the AA7050/(SiC+ TiB,) hybrid
metal matrix processed zone was analyzed, and observed
the onion rings in the SZ and it was expected that the numer-
ous onion rings' production would correspond to the sharp
edges of the FSW tool. The flow pattern of complex material
with multiple onion rings in the SZ was depicted in Fig. 2.
The generation of the mixed sub-layers could be explained
by the fact that the plasticized materials in the vicinity of
the regions may have met high turbulence and had sufficient
time to be thoroughly mixed before finally being deposited
into the wake of the FSPed/(SiC + TiB,) joints. AA7050 has
achieved partial penetration. In the mixed flow zone, there
are alternate lamellae for base alloys. A multifaceted flow
pattern was visible in the MPFSP zone.

The flow of plasticized material was illustrated to be
significantly superplastic in the mixed flow region, which
causes an erratic intercalation pattern. The plasticized mate-
rial was moved layer by layer to create a lamellae structure.
Reinforcement particles (SiC + TiB,) are vigorously mixed
and penetrated in the base metal. The input heat and material
flow are affected by the FSP parameters [45]. The process
parameters combinations produced good-quality welds. The
excellent joints were also fabricated using various nanopar-
ticles. The addition of TiB, and SiC in the processed region
improved the welding conditions, i.e. material deformation
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and heat generated. Increasing the TRS at a given TS and
decreasing the TS at a constant TRS causes the input heat in
the welded region to increase [46].

In contrast, considering the alteration of TRS and TS, the
material plasticized flow due to stirring action is changed.
The multipass positively affected the weld characteristics
of the processed region. Due to generated heat and strange
stirring, the discontinuity between the TMAZ and SZ was
developed [47]. There is no accumulation of defects between
the TMAZ and SZ.

The optical images of the FSPed zone of the AA7050/
(SiC+TiB,) were revealed in Fig. 3, and it was observed that
the dissemination of SiC and TiB,, welding parameters, heat
input, and intermetallic compound have a conspicuous role
in the metallurgical characterization of the processed zone.
The worst mechanical properties were perceived at the high
TRS and low TS [48]. The grain size of the AA7050 reveals
142 um. The TMAZ and HAZ preserve severe inhomogene-
ity chemical and physical properties, showing discontinuous
banded structure resulting in coarse grains. The grain distri-
bution in the HAZ was inhomogeneous, and the structures
were coarsening and elongated. The most strengthening
phases in the HAZ may be reduced by re-dissolution during
FSP due to rapid cooling and high temperature. The TMAZ
and HAZ perceived a sharp interface on AS and uncertainty
on the RS, which reveals that the AS has some more sig-
nificant gradients of strain and temperature [49, 50]. The
interface slope between the SZ and TMAZ was more influ-
ential on the RS, which can be attributed to the disseminated

Fig.3 Friction stir processing
of AA7050/(SiC +TiB,), (a) 1%
pass, (b) 2" pass, (c) 3" pass,
(d) 4™ pass

reinforcement particles and the material flow [51]. TMAZ
experienced partially recrystallized and weaker deforma-
tion than the SZ, resulting in equiaxed DRX and elongated
deformation perceived on the TMAZ side. The robust and
diverse structure was generated due to eutectic precipitates
Mg,Si, which dissolved utterly in the AMC during FSP [52].
A high agglomeration of TiB, and SiC was observed in a
1-pass FSP (Fig. 3a). The homogeneousness of the TiB,
and SiC reinforcement particles modified as the FSP passes
increased because severe plastic deformation followed by
the SiC and TiB, agglomeration breaking and material flow
occurred demonstrated in Fig. 3d. The high magnification
OM images of MPFSP (25% TiB,, 75% SiC)/AA7050 at the
stir zone revealed in Fig. 4. 1P FSP observed that material
mixing and thermoplastic deformation of the base metal in
the square pin should be insufficient and inhomogeneous.
The banded particles' poor regions gradually decrease as
the FSP's passes increase. After 4-passes of FSP, the nano-
particles were uniformly dispersed throughout the material
without any agglomeration resulting in a uniform structure
revealed in Fig. 4d. This uniformity was achieved through
accumulative plastic deformation, which was the process of
repeatedly applying pressure to a material to reshape and
deform it.

To analyzed the influence of (TiB,+ SiC) nanoparticles
and multipss FSP of AA7050, the grain structure and dis-
persion of nanoparticles in the SZ was analyzed. Figure 5
reveals the SEM images of MPFSP (25% TiB,, 75% SiC)/
AA7050 at the SZ. The defect-free zone of AA7050 with
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Fig.4 OM images of multi
pass FSP (25% TiB,, 75% SiC)/
AAT7050, (a) 1* pass, (b) 2"
pass, (c) 3" pass, (d) 4" pass

Fig.5 FESEM image of multi
pass FSP (25% TiB,, 75% SiC)/
AAT7050, (a) 1* pass, (b) 2"
pass, (c) 3 pass, (d) 4" pass

the appropriate intermixing of reinforcement particles was
perceived in the 4 Pass FSP, as represented in Fig. 5d. The
microstructure of SZ was characterized by reinforcement
particles SiC, TiB, and primary a-Al where o particles
were observed along the grains boundary. The HAZ per-
ceived a low heat generation than the SZ, resulting few
a-particles precipitated out at grain boundaries and fewer
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Uniformly disseminated’
* particles

a-Al particles in the HAZ. The modification of the a-Al
exist in the base metals was uninterruptedly enhanced as
the as the reinforced particles added. Due to improvement
of dispersion and material mixing, the Mg,Si precipitates
were further decimated. The clustering of nanoparticles
and worst bonding between the AA7050 and (SiC + TiB,)
was observed at the SZ in single pass FSP, revealed in
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Fig. 5a, which implies that a single FSP pass was not suf-
ficient to prevent the clustering of the nanopaticles due to
insufficient strain developed by the tool’s stiring action
[53]. However, when the FSP passes increased from one
to four, the clustring of the (SiC + TiB,) nanoparticles
became less prominent and the dispersion pattern became
more uniform. In the two-pass FSPed region, shown in
Fig. 5b, a non-uniform dispersion pattern of (SiC + TiB,)
reinforcement particles was observed [54, 55]. However,
the dispersion pattern improved after three passes of FSP.
The homogeneousness of the reinforcement particles in
the SZ of the four-pass FSP sample was confirmed by EDS
mapping demosntrated in Fig. 6. The rejection or engulf-
ment of nanoparticles can directly affect the growth mech-
anisms of the aluminum matrix composites. The dendrites
may grow freely on the advancing side, generating large
dendrites. Increasing the SiC and TiB, reinforcement par-
ticles restricted the growth of dendrites. The high hardness
value and large 2" dendrite arm spacing reveal are indic-
ative of Orowan-type strengthening being the dominant
mechanism [56, 57]. Orowan-type strengthening refers to
the strengthening of a material due to the presence of a
high density of obstacles to dislocation motion, such as
precipitates or 2" phase particles. The dendrite size in
4 pass FSP (25% TiB,, 75% SiC)/AA7050 was intense
smaller than the other AMCs. Increasing the reinforcement
particles can lead to the formation of large agglomera-
tion particles, which can overcome repulsion forces during
solidification and be captured inside grains. This process
may result in the formation of large dendrites, which are

a characteristic of solidification processes. The presence
of these large dendrites, combined with the high hardness
value, suggests that the material has undergone strengthen-
ing through both Orowan and Hall-Petch mechanisms. The
large dendrites may act as obstacles to dislocation motion
and contribute to Orowan strengthening, while the small
grain size resulting from the solidification process may
contribute to Hall-Petch strengthening.

The clusters tend to be preserved when the reinforced
particles are mixed with the base metal. The nanoparticles
were in the interstices between the AA7050 grains, and
the pressing was deformed. Compaction and simple mix-
ing did not break up the micro-clusters. Figure 5a-d reveals
the synthesized nanocomposites' SEM images for different
reinforcement volume fractions. The agglomeration of nano-
particles SiC and TiB, increases by increasing the nanopar-
ticle's volume fraction. Generally, fewer voids and porosity
results to a greater density of the samples [58]. Moreover,
the high magnification SEM images indicate SiC and TiB,
reinforcement particles disseminated among the Al matrix.
The Van der Waals force is a weak attractive force that arises
between atoms or molecules due to temporary or induced
dipoles in the electron distribution. It is one of several intera-
tomic forces that contribute to the adhesion or cohesion of
solids. In the case of TiB, and SiC reinforcement particles,
the Van der Waals force between TiB, particles is stronger
than that between SiC particles, which can lead to more
agglomeration of TiB, particles. This can in turn lead to
a higher number of pores in Al-TiB, samples compared to
AI-SiC samples.

Fig. 6 Mapping of 4P FSP of AA7050/(SiC +TiB,)
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Overall, in MPFSP, each pass contributes to severe
plastic deformation and generates localized heat, causing
DRX and grain refinement. As the process is repeated four
times, the cumulative effect leads to a significant reduction
in grain size, resulting in a finer and more homogenous
microstructure compared to the as-received material. The
multiple passes also serve to homogenize the microstruc-
ture by breaking down coarse-grained regions and promot-
ing recrystallization throughout the material. The addition
of (SiC + TiB,) nanoparticles further enhances the micro-
structural properties of AA7050 alloy. The nanoparticles,
known for their high hardness and strength, are dispersed
uniformly within the aluminum matrix. During the FSP
process, these nanoparticles act as efficient nucleation sites,
facilitating the formation of fine and well-distributed grains
upon recrystallization. This uniform grain structure con-
tributes to improved mechanical properties. The nanopar-
ticles also play a crucial role in particle pinning and grain
boundary strengthening. Their small size and high volume
fraction impede grain boundary movement and inhibit grain
growth during processing and subsequent heat treatments.
As a result, the microstructure remains stable, preventing the
coarsening of grains and enhancing the mechanical proper-
ties over prolonged service life. The successful incorpora-
tion of (SiC + TiB,) nanoparticles into the AA7050 alloy
depends on achieving a uniform distribution of nanoparticles
throughout the matrix..

Due to discontinuities, material flow, and cracks around
the agglomerated SiC and TiB, nanoparticles in the SZ was
perceived in single-pass FSP, these flaws were removed by
the multipass process demonstrated in Fig. 7a, b. The TiB,
and SiC reinforcement particles and AA7050 were com-
pressed by the rotating FSP tool during the plunging stage.
When the tool bottom and reinforcement particles come into
contact, the reinforcement particles transfer to the side faces,
forming a processed region [59]. After the 4th pass FSP, no
gap was found between the AA7050 and reinforcement parti-
cles due to homogenous particle dispersion. The fine second-
ary phases were generated in the processed region, this may
be related to deformation fragmentation and dissemination

Fig.7 TEM analysis of mul-
tipass FSP/(SiC +TiB,), (a)
Single pass FSP, (b) Four pass
FSP

of nanoparticles that occurred at the SZ. Evidence of low
dislocation density and precipitated phases was perceived
in the composite region due to the dissolved strengthening
phases in the processed zones, which gives a direct correla-
tion between precipitation growth, dissolution, and fracture
load [60]. A small number of precipitates were wound off
by the dislocation, which also expanded the interface area
and increased the interface energy [61, 62]. The resulting
fine-grained, and new phases seem like solid-state reactions.
The recrystallized grains appear to have an absence of pre-
cipitates and dislocations within the grain boundary. This
suggests that the recrystallization process where new grains
with fewer defects were formed. The deep penetration exhib-
ited apparent cracks, indicating that the single-pass FSP was
delicate and did not achieve proper penetration. The elon-
gated and coarse grains observed in the SZ show uniform
dislocation dissemination. These grains are pinned by the
hardening precipitates, which contribute to their strength
and mechanical properties.

3.2 XRD Analysis

XRD pattern was generated to examine the phase detection
with Cuka radiation at 1.518 A of MPFESP/(SiC +TiB,) as
shown in Fig. 8. Transforming the diffraction peaks to d
spacing allows for alloy identification. The TiB,, SiC, and
Mg,Si peak shows the incongruently noticeable confirma-
tion of AMC joints. The other peaks, except TiB,, SiC, and
Mg,Si, Si, and Al, were not observed in the XRD graph,
which shows the thermal steadiness of existing peaks.
The TiB, and SiC intensity was reduced as the FSP pass
increased from one to four. T=SinB. cosy?2 p analyzed the
depth of penetration of the weldment [63], where 7 is the
penetration depth,  is the tilt angle, p is the coefficient
of linear absorption, and 0 is the Bragg peak. The MPFSP
helped to reduce the agglomeration of reinforcement par-
ticles in modified surface of AA7050/(TiB,+ SiC), result-
ing in a finer and uniform grain structures. The modified
particles helped to alleviate the load of Marangoni convec-
tion effect, which improved the fluidity of the base metal

Agglomeration
of nanoparticles
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Fig.8 XRD analysis of MPFSP/ ——1 pass FSP
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resulting in more even distribution of the nanoparticles.
The microhardness value of the weldment was affected
by the boundary energy, strain hardening, and precipitate
generation [64]. The coarse precipitates SiC and TiB, were
converted into small phases when the FSP pass increased.
During analysis, there was no unfavorable reaction found
between the welded zone. The influence of grains size on
the solid-solution, precipitate, and dislocation density was
immaterial [65, 66]. Precipitation growth involves the nucle-
ation, coarsening, and dissolution of the precipitate.

The effect of MPFSP and the SiC + TiB2 nanoparticles
on the X-ray diffraction (XRD) peaks of AA7050 alloy is
a reduction in peak intensity and broadening of diffraction
peaks. This leads to a decrease in the size of coherent scat-
tering domains and causes peak broadening in the XRD
pattern. Additionally, the presence of (SiC + TiB2) nano-
particles creates lattice distortions and dislocation densities
around the nanoparticles, contributing to peak broadening
as well. The uniform distribution of nanoparticles and the
fine-grained microstructure resulting from the combination
of 4-pass FSP and nanoparticle incorporation contribute to
the observed changes in XRD peaks, indicating improve-
ments in the crystalline structure and enhanced mechanical
properties of the AA7050 alloy.

3.3 Tensile Strength

The UTS of MPFSP/(SiC + TiB,)/AA7050 were inves-
tigated by the UTM machine. The joint efficiency, %
strain, and microhardness of the multipass AMCs were
observed to improve as the FSP passes increased. This
improvement was attributed to the modification of the

SiC and TiB, nanoparticles, which led to improved
tensile strength. The true stress strain curve of the
AMC revealed that the both nanoparticles signifi-
cantly affected the tensile strength. The UTS of the
MPFSP/(SiC + TiB,)/ AA7050 increased from 424 +5
to 561 +7 MPa as the number of FSP passes increased,
which can be attributed to the fine grain structure and
high fraction of high-angle grain boundaries obtained by
MPESP. Grain refinement can enhance the tensile prop-
erties of materials, including the UTS and % strain. The
homogenous dissemination of the 2" phase particles
(SiC and TiB,) within the aluminum matrix also con-
tributed to the improvement in the UTS. This is because
the 2"¢ phase particles can act as obstacles to dislocation
motion, which can strengthen the material. Addition-
ally, the grain refinement resulting from the FSP process
can increase the compatibility of neighboring grains,
which can enhance the percentage strain. In the 2"
phase, uniform crystal dissemination is the leading bar-
rier to dislocation motion, enhancing the tensile strength
of AMCs. Due to the dissolution of coarse TiB,, SiC
and Mg,Si, and grain refinement, a maximum tensile
strength (561 +7 MPa) was perceived in 4P FSP (25%
TiB,, 75% SiC)/AA7050, which significantly increases
the ductility and decreases the crack’s growth rate, dem-
onstrated in Table 2. With high stress concentration and
sharp grain size, poor tensile strength was found in the
TMAZ. The fracture at the HAZ occurred due to dis-
tortion, irregular grain structure, and heat effect. The
dissolution and defects of the precipitates were formed
by insufficient heat input, which has a deleterious influ-
ence on the joint’s performance. The maximum joint
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Table 2 Mechanical properties of the MPFSP/(SiC + TiB,) of AA7050

S.No Sample Name TRS (rpm) TS (mm/min) FSP pass UTS (MPa) % elongation Joint effi- Hardness
ciency (%) atSZ
(HV)
1 AA7050 - - - 424 +5 10.52 - 132
2 100% SiC 1200 100 4 489+3 11.89 115.46 169
3 100% TiB, 472+4 12.14 111.39 161
4 75% TiB,, 25% SiC 513+5 12.74 120.99 174
5 25% TiB,, 75% SiC 561+7 13.23 132.30 179
6 50% TiB,, 50% SiC 524 +4 13.14 123.60 166

efficiency of 132.30% was perceived in 4P FSP (25%
TiB,, 75% SiC)/AA7050, while minimum joint effi-
ciency of 111.39% was perceived in the 4P FSP (100%
TiB,)/AA7050. Additionally, metal matrix composite
specimens with two nanoparticles fratured outside the
SZ suggests good bonding between the nanoparticles
and the base metal, and good nanoparticles dissemina-
tion in the metal matrix composite. The combination of
MPFSP and the addition of (SiC + TiB2) nanoparticles
to AA7050 alloy leads to significant improvements in
tensile strength from 424 + 5 MPa to 561 +7 MPa. The
MPFSP refines the grain structure, and the uniform dis-
persion of nanoparticles within the aluminum matrix
impedes dislocation movement and acts as effective
strengthening. This results in enhanced solid solution
strengthening, work hardening, and particle pinning
effects, leading to increased resistance to plastic defor-
mation and improved tensile strength of the AA7050
alloy, making it more suitable for high-strength applica-
tions in aerospace and structural engineering.

3.4 Microhardness Analysis

The microhardness profile of MPFSP (TiB,+ SiC)/
AA7050 was demonstrated in Fig. 9. The hardness varia-
tion was observed due to the inhomogeneous of the grain
structure. The microstructure is the controlling factor for
enhancing microhardness. The temperature variation, par-
ticle density, and strain rate also affect the microhardness
value [67], resulting in strain hardening. A low strain rate
and smaller grain size convinced strain hardening of the
MPFSP (TiB,+ SiC)/AA7050. Due to inadequate mate-
rial flow engendered by the rotating tool, inhomogeneity of
hardness value in the stir zone occurred [68]. The MPFSP
(TiB, + SiC)/AA7050 perceived refined grains structure
to have a higher microhardness value per the Hall-Petch
relationship. The microhardness value was higher if the
indenter was positioned neighboring the Mg,Si rather than
the a-Al. The hardness indentation of MPFSP was shown
in Fig. 10. Conversely, the microhardness value was per-
ceived to be low. The maximum hardness value of 4pass

Fig.9 Hardness distribu-
tion profile of mutipass FSP
(TiB, + SiC)/AA7050

Mirohardness (HV)

—0—100% TiB2

100% SiC
——50% TiB2, 50% SiC
——75% TiB2, 25% SiC
—8—25% TiB2, 75% SiC

1230

TZU

-5 0 5 10 15

Distance from weld center (mm)

@ Springer



Silicon (2023) 15:7927-7941

7937

Fig. 10 Hardness indentation of MPFSP (TiB, 4+ SiC)/AA7050

FSP (25% TiB,, 75% SiC)/AA7050 at the SZ was 179 HV,
while the minimum microhardness value (161 HV) was per-
ceived for 4P FSP (100% TiB,)/AA7050. With the steady
fall in the microhardness in the HAZ, the partially dissolved
and strengthening phase coarsen in the HAZ, and some pre-
cipitates dissolve in the TMAZ region [69]. The addition
of nanoparticles SiC and TiB,, can further improved the
processed AMC properties. The microhardness profile of a
MPFSP with SiC and TiB, nanoparticles can be affected by
several factors, such as the processing parameters, the size
and dissemination of the reinforcement particles, and the
microstructure of the base material. Usually, the addition of
nanoparticles to a material can increase its microhardness
due to the occurrence of nanoparticles in the microstructure.
During FSP, the nanoparticles are dispersed into the mate-
rial and can be further refined by the stirring action. The
repeated passes of the FSP tool over the material can lead to
a homogenized distribution of the nanoparticles, resulting in
a more uniform microhardness profile. Higher TS and TRS
can result in higher strain rates and more severe deformation,
leading to a finer microstructure and higher microhardness.
Conversely, lower rotational speeds and traverse speeds can
result in coarser microstructures and lower microhardness.

In addition, the size and dissemination of the reinforcement
particles can also affect the microhardness profile of the pro-
cessed material. Nanoparticles with smaller sizes and more
uniform distributions can lead to a more uniform disper-
sion of strengthening particles, resulting in a more uniform
microhardness profile. The microhardness value variation of
MPESP (TiB, + SiC)/AA7050 was observed in the range of
160-180 HV due to improvement of grain refinement and
dislocation density in the SZ.

3.5 Fractography

The SEM fractography of MPFSP (TiB, + SiC)/AA7050
surface composite was revealed in Fig. 11. The surface
composite was fabricated with varying volume percentages
of nanoparticles (TiB, and SiC). The presence of dimples
on the matrix indicates that the material underwent plas-
tic deformation before fracturing, which is characteristic of
ductile fracture [70]. The fact that nanoparticles were pulled
away from the matrix suggests that there was good bonding
between the matrix and nanoparticles, which is desirable in a
composite material. However, the increased dislocation den-
sity on the surface of the composite can lead to a reduction in
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Fig. 11 Fracture images

of MPFSP/(SiC + TiB,) of
AA7050 hybrid composite, (a)
1 pass FSP, (b) 2™ pass FSP,
(¢) 3" pass FSP, (d) 4% pass
FSP

elongation, as you noted. This is because dislocations can act
as obstacles to dislocation motion, which can make it more
difficult for the material to deform plastically. As a result,
the material may exhibit reduced ductility and elongation at
fracture. It's worth noting that the presence of nanoparticles
in the composite can also affect the deformation behavior
and fracture mode of the material [71]. Nanoparticles can
act as sources of stress concentration, which can promote
the nucleation of voids or cracks and lead to a more brittle
fracture mode. However, the fact that the fracture surface
exhibited ductile features suggests that the nanoparticles
were well-dispersed and did not significantly contribute to
the materialization of cracks or voids. Cup-cone-like frac-
tures were perceived in all the multipass samples.

Single pass FSP led to the refinement and redistribution of
SiC and TiB, nanoparticles in the aluminum matrix, which
prevented inter-dendritic crack propagation and resulted in
increased ductility of the material. The fractured surface
of the single-pass samples showed tiny dimples, indicating
ductile fracture. 4 pass FSP samples showed tiny and equi-
axed dimples with no cleavage facet, which revealed that
the fracture was virtually ductile revealed in Fig. 11d. How-
ever, the material softening and coarse grain structure in the
TMAZ and HAZ regions in the multiple-pass samples led
to the rupture of the samples. The fractography of the sam-
ples was largely dependent on the dimples, nucleation and
micro voids [31]. The increase in the FSP passes resulted in
smaller dimples, which in turn led to an increase in the duc-
tility and strength of the processed region after precipitation
hardening. The TRS and input heat were perceived to have

@ Springer

a relationship that influences the strength of the dissimilar
joints. Excessive heat can reduce the tensile strength and
encourage failure to happen in the TMAZ [72]. However, the
dissemination of SiC and TiB, nanoparticles in the welded
zone led to enhanced ductility and UTS of the joints due to
the materialization of tiny dimples in the fractured surface.
In the case of 4P FSP (TiB, + SiC)/AA7050 joints, the clus-
ter particles were refined and redistributed, which removed
the dendrite structure. The interdendritic crack propagation
was prevented, and the flaws were distributed through the
parent metals. This led to an enormous region of ductile and
fine dimples in the fractured surface.

4 Conclusions

In this work, MPFSP (TiB, + SiC)/AA7050 surface compos-
ites were fabricated by MPFSP and two different nanoparti-
cles, to examine the mechanical properties and microstruc-
ture of the processed region. The following conclusions from
the above work have been drawn:

e The UTS of the MPFSP/(SiC + TiB,)/ AA7050
increased from 424 +5 to 561 +7 MPa as the number
of FSP passes increased, which can be attributed to
the fine grain structure and high fraction of high-angle
grain boundaries obtained by MPFSP. Grain refinement
can enhance the tensile properties of materials, includ-
ing the UTS and % strain. A maximum tensile strength
(561 +7 MPa) was perceived in 4P FSP (25% TiB,,
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75% SiC)/AA7050 due to the dissolution of coarse
TiB,, SiC and Mg,Si, and grain refinement.

e The MPFSP (TiB, + SiC)/AA7050 perceived refined
grains structure to have a higher microhardness value
per the Hall-Petch relationship. The microhardness
value was higher if the indenter was positioned neigh-
boring the Mg,Si rather than the a-Al. The maximum
hardness value of 4pass FSP (25% TiB,, 75% SiC)/
AA7050 at the SZ was 179 HV, while the minimum
microhardness value (161 HV) was perceived for 4P
FSP (100% TiB,)/AA7050. With the steady fall in the
microhardness in the HAZ, the partially dissolved and
strengthening phase coarsen in the HAZ, and some pre-
cipitates dissolve in the TMAZ region.

e The maximum joint efficiency of 132.30% was
observed in 4P FSP (25% TiB,, 75% SiC)/AA7050,
while minimum joint efficiency of 111.39% was per-
ceived in the 4P FSP (100% TiB,)/AA7050. The
MPEFSP (TiB, + SiC)/AA7050 perceived refined grains
structure to have a higher microhardness value per the
Hall-Petch relationship. The maximum hardness value
of 4pass FSP (25% TiB,, 75% SiC)/AA7050 at the SZ
was 179 HV, while the minimum microhardness value
(161 HV) was perceived for 4P FSP (100% TiB,)/
AA7050.

e The homogenous distribution of the 2" phase parti-
cles within the aluminum matrix also contributed to the
improvement in the UTS. This is because the 2" phase
particles can act as obstacles to dislocation motion,
which can strengthen the material.

e The dislocation movement in the grains occurs through
large plastic deformation due to precipitation and dis-
location strengthening. The hybrid composites contain
varying amounts of TiB, and SiC nanoparticles with
homogenous dispersion of TiB, and SiC particles, refined
recrystallized grains, and high-quality interfacial bonding
through the matrix was observed in 4™ pass FSP.
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