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Abstract: 

Understanding the cyclic behaviour of Alumina reinforced Aluminium composites (Al-A2O3) was of 
critical importance, for their further application in the different industrial sectors. The present study is 
focussing on the cyclic behaviour of the Al-Alumina nanocomposite produced through the combination 
of spark plasma sintering (SPS) method and friction stir welding (FSW). The added Alumina with total 
content of 10% is the combination of nano and micro-sized particles and its ratio differ for each sample. 
The microstructure of the SPSed samples is characterized using optical microscopy (OM), scanning 
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). The microstructure of the 
processed composite samples is characterized and its mechanical behaviour is studied. Microstructural 
studies showed that nano sized particles of Alumina were mostly distributed along the grain 
boundaries and inside the grains, while micron-sized ones mostly settled on the grain boundaries. In 
addition, the hardness and tensile properties of the produced samples are analysed concerning the 
reinforcement size and the percentage of nanoparticles addition. The obtained results reveal that the 
mechanical and fatigue properties of the nanocomposite materials mainly depend on the material 
properties at the initial stage and the applied conditions of friction stir welding such as rotating speed 
and movement speed. The facture surface of the nanocomposites revealed a combined ductile–brittle 
fracture mode with finer dimples with emphasis on the pronounced role of nano-metric dispersoids. 
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1. Introduction

The developed MMCs need to be joined for various industrial applications of various automobile and 
aerospace industries due to its low density, high strength, specific modulus, etc. [1,2]. Since fatigue 
induced failure of engineering structures reaches ~90% [1], therefore, it is vital to investigate the 
fatigue properties of friction stir welded (FSWed) metal matrix composites (MMCs) joints for the safe 

Postprint of: Sadeghi B., Cavaliere P., Laska A., Perrone A., Blasi G., Gopinathan A., Shamanian M., Ashrafizadeh F., Effect of processing parameters 
on the cyclic behaviour of aluminium friction stir welded to spark plasma sintered aluminium matrix composites with bimodal micro-and nano-sized 
reinforcing alumina particles, MATERIALS CHARACTERIZATION, Vol. 195 (2023), 112535, DOI: 10.1016/j.matchar.2022.112535
© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

https://dx.doi.org/10.1016/j.matchar.2022.112535
https://creativecommons.org/licenses/by-nc-nd/4.0/


and reliable structural applications. Spark plasma sintering (SPS) is a powder metallurgy technique 
allowing for the production of metal matrix composites [3]. SPS uses a lower temperature to achieve 
nanostructured materials with better mechanical properties in a short sintering time. It is a non-
conventional technique that achieves high temperature in lesser time by combining the heating rates 
(100 ◦C/min) with the external pressure [4,5]. Through the precise control of process parameters, it is 
possible to strongly reduce the material porosity and induce nano-structuring of grains [6–8]. In recent 
days, the usage of MMCs is increased in various sectors such as the automotive and aerospace 
industries. Lightweight MMCs possess very good mechanical properties [9]. The deteriorated fatigue 
performance that is one of critical bottleneck restricting the prospective applications of ultrafine (UFG) 
MMCs can be originated from microstructural defects such as agglomeration of dispersoids, porosity, 
etc. [10,11]. The presence of porosity is the,deciding factor in the MMC’s mechanical and cyclic 
performance [10,12]. In our recent paper [13], the effect of porosity on the thermomechanical 
behaviour of friction stir welded spark plasma sintered aluminium matrix composites with bimodal 
micro-and nano-sized reinforcing Al2O3 particles was studied, and the results experimentally and 
simulation demonstrated that by increasing the tool rotating speed and the welding speed heat input 
and thermo-mechanical stresses increase in the material which in turn improve material mixing (both 
matrix and reinforcement) and reduce the porosity content. In turn, it causes a defect-free, fine-
grained, uniform distribution of nanosized and microsized Al2O3 particles, and higher hardened weld 
nugget region. Thus, the porosity needs to be effectively controlled to get the desirable properties of 
the MMCs. 

As per the knowledge of the authors, most of researches performed on effect of processing parameters 
are focused on the evolution of microstructure and mechanical properties of SPSed Al based 
composites [3,14,15]. Less information is available in literature concerning the cyclic behaviour of 
MMCs produced by powder metallurgy technique [10,16]. Despite some research works studied the 
effect of processing parameters during FSW of Al based materials [3,17–21], there was no work 
concerned about the effect of processing parameters on the cyclic behaviour of bimodal sized Al2O3/Al 
nanocomposites fabricated through the combination of SPS and FSW. Moreover, because of 
thestructural components experience dynamic loading, which results in the occurrence of fatigue 
failure, an understanding of fatigue and cyclic deformation behaviour of AMMCs is critical for the 
design, durability evaluation and life prediction of engineering components [16,22]. The fatigue 
behaviour of the powder metallurgy Al based composites needs to be studied for their structural 
applications, and further application in the different industrial sectors. 

Various strengthening mechanisms in aluminium based MMCs are mentioned, and some of them are 
Orowan strengthening, grain boundary strengthening and hardening [23,24]. Strengthening in SPSed 
composites is achieved through grain refinement and the Orowan mechanism depending on the 
dimensions of the reinforcing phase [25,26]. It is largely demonstrated that a further increase in 
mechanical properties can be achieved through friction stir welding (FSW) [26–28]. This is amplified by 
the employment of nanosized reinforcements to the metallic matrix [28–30]. So, the pronounced grain 
refinement and the optimal reinforcing phases distribution through FSW lead to an increase in the 
material’s mechanical properties [31,32]. Composites with either nano-sized or micro-sized particles 
alone resulted in agglomeration which act as stress concentration sources which eventually reduce the 
strength of compacted samples [16,33–35]. In this view, the contemporary addition of micro-sized and 
nanosized reinforcing powders is demonstrated to be more effective at the same volume percentage 
[36]. So, here it is clear how the final properties of the fabricated nanocomposites depend on the 
percentage of the nano to micron reinforcement and also on the process parameters such as rotating 
and travelling speeds as well as processing forces. In addition, the optimal distribution of nanosized 
reinforcements leads to the improvement in fatigue life [37]. It has been highlighted that the fatigue 
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life increase is due to the coupled effect of nanoparticles distribution and their effect on grain 
refinement [38]. Therefore, in the current paper, the combination of nano and micron-sized reinforcing 
proposed to study the effect of combination of two size reinforcing on cyclic behaviour and 
microstructural development. Here, a pronounced strengthening effect is achieved also through the 
minor addition of nanoparticles [33,39]. 

The ease and scalability of the powder metallurgy technique is one of the most popular methods of 
manufacturing MMCs, which can be used by controlling process parameters [14,15], microstructure 
engineering [24,40,41] and reinforcements [42,43] can be used as a reliable and industrial technique 
in order to produce strong materials with high fatigue resistance. From the scientific point of view, the 
weak cyclic behaviour such as cyclic softening originated from the microstructure instability in terms 
of grain coarsening and shear banding that are the inherent fatigue damage mechanisms of the UFG 
materials [12,44] especially MMCs [45,46]. To the best authors’ knowledge, less scientific evidence on 
the fatigue behaviour of bimodal (micro and nano-sized) reinforced aluminium alloys produced via 
powder metallurgy and frictionstir welding are presented in the literature. Therefore, in advanced 
application of MMCs, assessing the fatigue properties remains a challenge, as both strength and 
ductility are important. Our early investigation indicated that the FSWed Al matrix composites 
produced via SPS presented limited porosity, which in turn develops a defect-free, finegrained, uniform 
distribution of nano-sized and micro-sized Al2O3 particles, and a more hardened weld nugget region 
[13]. 

Motivated by the dependency of cyclic behaviour to microstructure which in turn depends on the 
processing parameters, the main objective of the current study is aimed to studying a cyclic behaviour 
of bimodal sized Al2O3/Al nanocomposites fabricated through the combination of SPS and FSW. 
Precisely, the present paper aims to describe the fatigue behaviour of aluminium reinforced with 6% 
of nanoparticles and 4% of microparticles of Alumina produced SPS and FSW. The microstructural 
features of the nanocomposites were characterized and their mechanical strengths under tensile 
loading were measured. Then, fatigue loading was carried out at a stress-controlled and strain-
controlled modes with a stress ratio of R = 0.1 via a 3-point bending fatigue test. 

2. Experimental procedure 

Pure aluminium-Alumina composites were produced by employing pre aluminium particles produced 
via air atomization (ECKA, Germany) with the addition of 6% in volume of Alumina nanoparticles with 
mean dimensions of 20 nm (Evonik Industries, Germany) and 4% in volume of Alumina microparticles 
with mean dimensions of 10 mm (Feurth, Germany) through spark plasma sintering (SPS). The 
employed SPS procedure is detailed in previously published papers [26,47,48]. Cylindrical samples with 
40 mm in diameter and 5 mm in thickness were produced. Then they were friction stir welded (FSWed) 
to pure aluminium sheets with the same thickness as shown in Fig. 1. 
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Fig. 1. FSW schematic and specimen preparation a); aspect of the weld after FSW b). 

As shown in Fig. 1b, the regions far from the weld sections are friction stir processes from both sides 
of the pure aluminium and at the centre of the composite disk. 

The employed tool geometry was described in [27,48], it had a conical-shaped tool. The employed tilt 
angle was 3◦. The welds were produced on a milling machine (Ferrari, Italy). The employed welding/ 
processing parameters are listed in Table 1. 

 

These processing parameters were chosen because of previous results regarding the soundness of the 
welds [27]. The material’s microstructure was characterized through optical and scanning electron 
microscopy (SEM, Zeiss EVO 40). In addition, the fracture surfaces of the tested materials were 
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observed through SEM. For transmission electron microscopy (TEM, JEOL JEM-2200FS, 200 kV) thin 
slice of thickness 0.125 mm were cut from the specimens on a low speed was and they were further 
thinned by a mechanical polishing to 0.03 mm. Using punch off tool, a disc in 3 mm in diameter 
achieved, and final thinning was carried out using a Fischione 1050 low-angle ion milling, operating at 
3–5 kV, and ion current of 50 micro amperes and a sample inclination of 10◦ to the ion beam. The 
mechanical properties of the friction stir welded materials were characterized through microhardness 
measurements. Microhardness was measured at the centre of the cross section of the joints through 
Vickers microhardness tester (Future-Tech FM-800, Tokyo, Japan) with the load of 2 N. Tensile tests 
were performed on specimens cut through electro discharge machining with the centre of the cross 
section corresponding to the centre of the weld line as shown in Fig. 2. The specimens for uniaxial 
tensile tests were conducted according to ASTM E8 for small size specimens, with a gauge length of 
6.4 mm, 25 mm overall length and 4 mm thickness. The tensile tests on SPD samples were conducted 
at room temperature with initial strain rate of 10-4 s-1 using a Zwick/Roell standard testing machine. 
The more detail about hardness measurement and tensile test are given in our previous papers 
[13,26,27,33,48,49]. 

3-points bending tests (Zwick Roell 100 kN) were performed on rectangular specimens schematically 
indicated in Fig. 2 (in red). The specimens were cut through electro discharge machining in order to 
have the central section of the rectangle in the same position of the weld line. The samples for the 
bending tests measured 16*40 mm2 in section and 4 mm in thickness. Cyclic tests were performed in 
stress-controlled and strain-controlled modes. Specimens were tested in bending by employing a 
Zwick/Roell standard testing machine. Specimens had the same dimensions as the previous ones. 
Stress controlled tests were performed at selected percentages of the Yield strength selected after 
performing the monotonic bending tests. Strain-controlled tests were performed at different levels of 
the maximum punch stroke (0.3, 0.6, 0.9 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, 3 mm and so on up to a maximum 
of 4.5 mm). 
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Fig. 2. Schematic of the tensile specimen (black), of the bending specimen (red) and of microhardness 
specimens (green). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

3. Results 

The microstructure of the composite at different magnifications after spark plasma sintering is shown 
in Fig. 3. When the SPS process is conducted, the developed electric potential of the aluminium 
particles due to the presence of non-conductive ceramic particles can crack the oxide layer. It develops 
the direct contact between metal particles with a very small porosity presence. These results were 
consistent with the results reported in [3,26,27,47]. 

 

Fig. 3. Microstructure of the studied composite after spark plasma sintering at different magnifications. 

The Alumina particles in the range of nano to micron size are depicted with a higher magnified SEM 
image of the sintered specimen in Fig. 4. The agglomerates of Alumina with large content of 
nanoparticles are visible as the lighter area in the SEM image (Fig. 4a,c). Its presence is visible in the 
metal grain boundaries (Fig. 4b). The microscopic Alumina particles appear uniformly distributed. 
Otherwise, the nanometric particles are distributed along the grain boundaries and inside the grains 
(Fig. 4c,d). 
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Fig. 4. SEM microstructure of the composite after SPS a); showing the distribution of microscopic and 
agglomerated nanoscopic Alumina particles b); clustering of nanoparticles at particles necks and inside 
the different grains c,d). 

The distribution is revealed by the X-ray maps as shown in Fig. 5. The occurrence of nanoparticles 
greatly increases the work hardening rate of Al-matrix. In addition, it enhances the grain refining 
process. From the X-ray map, it is evident that the presence of the aluminium and aluminium oxide is 
traced in all the samples. Aluminium carbides are absent in all the samples which are shown in Fig. 5. 
The X-ray map shows the larger Al peak with smaller Alumina The peaks intensity is compared before 
and after the sintering process. When the intensity is observed, the peak broadening is found due to 
the rise of the nanoparticle. Al-2n8mAlumina crystallite size decreases from 82 nm to 46 nm. On 
contrary, the rise of nanoparticles leads to the hard agglomerates development. Further, it hinders the 
local plastic deformation of Al particles. It leads to the formation of stains of Alumina nanoparticles on 
the Al matrix. 
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Fig. 5. EDS maps belonging to the analyses of the SEM images shown in Fig. 4; the aluminium and 
oxygen maps are shown in a) and b); the EDS spectrum is shown in c). 

The samples were friction stir welded to pure aluminium sheets and the aspect for selected conditions 
is shown in Fig. 6. Top-view of the all the welded/processed surfaces appear without the presence of 
defects, large voids and crack as previously reported by [27,48]. However, at lower ratios of rotating 
speed to travel speed (lower heat input), some surface inhomogeneities appeared (their images are 
not given), while in higher input heat caused by higher ratio of rotating speed to travel speed, the 
appearance of welded zone is so much better without any type of defects. The investigation of the 
forces acting on the tool is basic to understanding the nature of the material at the processing time. 
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Fig. 6. Aspect of FSWed samples after joining at different processing parameters showing the surface 
aspect of the welds; 2000 RPM-40 mm/min a), 1900 RPM-50 mm/min b), 1900 RPM-37 mm/min c), 
1600 RPM-32 mm/min d), 1500 RPM-37 mm/min e) and 1500 RPM-32 mm/min f). 

The travel speed and the rotating speed recorded are mentioned in Fig. 7. The mentioned values refer 
to the systematic conditions as a function of the pitch revolution. In general, the heat generation is 
decided by the coefficient of friction, speed of rotation and movement and moving direction. 
Particularly, the rotation and moving speed raise the heat input [21,48,50]. 
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Fig. 7. Force acting on the tool main axis during friction stir welding performed at different processing 
parameters a); corresponding heat input provided to the welding material b). 

It is well-known that microstructural evolution during FSW is due to the heat input provided during 
processing. Heat input (HI) was calculated through Eq. 1. 

𝐻𝐻𝐻𝐻 =  
2𝜋𝜋
3

× 𝜇𝜇 × 𝑃𝑃 × 𝑊𝑊 × 𝑆𝑆 × 𝑅𝑅 (1) 

m is the local coefficient of friction; W and V, rotation and travelling speeds, respectively; P, axial force; 
R, shoulder radius. 

When the revolutionary pitch is raised to 1900 rpm of the rotating speed, the force is increased. At 
2000 RPM, the force is found to be decreased in the samples taken for study. The friction of the tool 
against the material in addition to the non-elastic deformation raises the temperature in the friction 
stirred material. The temperature difference of 0.6–0.9 is developed by the movement and rotating 
speed of the tool which melts the material [51]. The effect of the produced heat is increased to 50% 
more based on the process parameters. At the start of the experiment, the temperature of the material 
is low. Its yield strength is high. Higher force values at the initial stage led to tool penetration. The force 
in the z-direction (Fz) is induced by the softening material when the tool penetration is complete 
before the travel movement started. When the force development based on the time is examined, the 
composite having nanoparticles of 4% increases the Z forces from the nanoparticles of 6%. The Fz 
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forces decreased when the Alumina presence is 2%. At the same time, the pitch of revolution lowers 
the Fz for the 8% microsized particle of the sample. It is the result of softening of the material. 

The microstructure of the nugget zone of the welds for the different employed processing parameters 
is shown in Fig. 8. The particles are uniformly distributed which resembles nuggets. The presence of 
crack is negligible. The presence of porosity, voids are greatly decreased in comparison with the 
sintering. 

 

Fig. 8. Nugget zone microstructure, from the top-left 1500 RPM-32 mm/min a), 1500 RPM-37 mm/min 
b), 1600 RPM-32 mm/min c), 1900 RPM-37 mm/min d), 1900 RPM-50 mm/min e), 2000 RPM-40 
mm/min f). 

The summary of the mean grain size and the mean aspect ratio per each condition is listed in Table 2. 

 

For the lowest rotating speed at 32 mm/min, the material appears as mixed with few recrystallized 
grains, then by increasing both rotating speeds, the materials present remarkable dynamic 
recrystallization. For rotating speeds of 1900 and 2000 RPM, a remarkable grain growth phenomenon 
can be underlined. Macro- and micro structure observations demonstrated that with decreasing heat 
input, (smaller W/V), the grain refinement became more distinguishable. Comparing OM images for 
all the FSW processing conditions with SEM images of ZS regions, the tentative conclusion can be 
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drawn that increasing the rotation rate from 1500 to 2000 RPM and/or decreasing the traverse speed 
from 50 to 32 mm/ min reduced the area fraction of the SZ and TMAZ at the expense of a larger HAZ. 
As a matter of fact, by observing the microhardness profile for all the studied welds this trend is 
confirmed (Fig. 9). The microhardness profile for all the studied conditions is shown in Fig. 9. The 
microhardness profiles were described from measurements performed at the centre of the weld cross-
section. The highest values are experienced by those welds presenting a more recrystallized 
microstructure. Also, the welds performed at 2000 RPM show a medium-high hardness, this is believed 
to be due to the increased microscopic Alumina particles fracture as the rotating speed increases. 
Obviously, the stir zone is harder than the base metal due to the grain refinement and there also 
appears to be more uniformly Alumina dispersoids distribution in the welded regions of the aluminium 
matrix. In addition, by a close look at the inhomogeneity degree of hardness profiles, it can be inferred 
that the degree of non-homogeneity likely depends on the FSW processing parameters. The results 
indicates that higher hardness values also attaind when lower heat inputs are produced. These finding 
are according to the results reported by [31,48]. 

 

Fig. 9. Microhardness profile for the different employed processing parameters. 

The tensile specimens for the studied joints are shown in Fig. 10. 
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Fig. 10. The tensile test’s fixture and tensile specimens to evaluate the recrystallized materials 
properties. 

The tensile tests performed on the specimens shown in Fig. 10 show the same trend on the 
microhardness ones revealing the effect of microstructure on the behaviour of the material. The 
tensile curves for selected conditions are shown in Fig. 11. The weld performed at 1600RPM and 32 
mm/min presents the highest tensile strength, the grain growth leads to increased ductility (1900 RPM 
samples) while the lowest rotating speed leads to the worst tensile properties because of the non-
complete nugget recrystallization during welding. As a matter of fact, the heat input or W/V ratio 
strongly affected the mechanical properties especially tensile properties of the welded materials. 
Lower heat input (W = 1500 RPM and V = 32 mm/min) yielded lower yield strength and tensile strength, 
while at higher heat input, the loss of the tensile strength improved remarkably without significant loss 
in the ductility. 
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Fig. 11. Tensile curves for selected friction stir welding conditions. 

The corresponding 3-point bending stress-strain curves are shown in Fig. 12. The weld performed at 
1600 RPM, 32 mm/min and 1900 RPM, 37 mm/min show the highest strength and ductility in bending. 

 

Fig. 12. Stress-strain curves belonging to 3 point bending tests performed on the studied joints. 

The summary of the cyclic 3-point bending behaviour of the studied joints is shown in Fig. 13. As it can 
be observed by Fig. 13, those joints performed at 1500 RPM have a very brittle and anticipated fracture 
concerning those joints performed at an increased toll rotation speed. This acts in the case of cyclic 
bending tests performed at fixed maximum vertical stroke. It can be highlighted that joints performed 
at 1500 RPM and 32 mm/min brakes after 0,6 mm of cyclic bending reveal the very brittle nature of 
this weld. The joints performed at 1600 RPM and 32 mm/min sow an increased maximum load as 
increasing the maximum vertical displacement up to 3.6 mm of maximum stroke, after this, the joints 
fail. These frictions stir welds are those showing the maximum strength at the same deformation level. 
Those joints friction stir welded at 1900 RPM and 50 and 37 mm/min show very similar behaviour. The 
joint performed at 1900 RPM and 37 mm/min shows an increased hardening as the maximum vertical 
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displacement increases with a lower maximum load at the same displacement level up to 1.5 mm and 
then with a higher maximum load at the same displacement level as the maximum stroke during 
bending increases. 

 

Fig. 13. 3-point bending fatigue curves performed on the studied joints. 

These curves refer to tests performed at different levels of the maximum stroke by recording the 
corresponding load cycle by cycle. In a summary, the maximum vertical load as a function of the vertical 
displacement for selected joints is shown in Fig. 14. 

 

Fig. 14. Maximum load versus maximum imposed vertical displacement for the cyclically loaded joints 
in 3 points bending. 

The fatigue bending curves performed with R = 0.1 in stress control mode for the selected joints are 
shown in Fig. 15. In stress control mode, it seems that the best fatigue performances are experienced 
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by the joint performed at 1900 RPM and 37 mm/min. Here, the balancing between the mixing due to 
the increased rotating speed balances the increased grain size due to the increased heating producing 
more sound friction stir welded joints. 

 

Fig. 15. Fatigue bending curves for the studied joints. 

The fracture surfaces of the joints after fatigue tests are shown in Fig. 16. The microstructure 
characterisation of fractured surfaces of the Al composite with the varied ratio of the addition of the 
nano-micro sized Alumina. It reveals that the addition of two different sized Alumina increases the 
strength with the decrease in ductility. The poor bonding of the Alumina with nano al matrix leads to 
the fracture at the FSW process. The processing condition increase brittleness with minimum non-
elastic deformation. The microporosity nucleation occurrence is found which is the result of crack 
formation between the Alumina particle and Al matrix. The growth of microporosity as a result of 
tensile force application leads to coalescence which leads to fracture. 
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Fig. 16. Fracture surface aspect of the joints after bending fatigue tests friction stir welded at 1500 
RPM and 32 mm/min a); 1600 RPM and 32 mm/min b); 1900 RPM and 37 mm/min c). 

4. Discussion 

The contact zone of the adjacent Al powder particles has been raised to 1000 times if uses SPS process 
as a consolidation step [52]. It is the result of the generated spark which raises the local temperature 
of the contact point. Moreover, the applied pressure causes the formation of the neck at the particle’s 
contact point. At the same time, the oxide layer thickness, pressure for compacting and the size of the 
particle affect the current supply for sintering [48,52]. 

The material porosity was measured the ASTMB962–14 and it resulted in 96.78%. The crystallite size 
resulted in 40 nm. This is one of the reasons why this particular composition was chosen for this study. 
Among many combinations of nano- and micro-sized Alumina particles, the selected combination 
allowed for obtaining the finest crystallite size mbut non-optimal material density [27]. Anyway, it is 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


demonstrated that this last property can be largely improved through the further friction stir 
processing, so, it was selected 6% of nanoparticles and 4% of microparticles increased mechanical 
properties thanks to the microstructural refinement effect [39]. Nanoparticles clustering during 
densification leads to nanovoids increase but increased grain refinement at the employed pressure, 
temperature and applied pulsed current. The crystallite size reduction is due to the increased strain in 
the ductile matrix as the nanoparticle’s volume increases at the same total reinforcing volume [52]. 
The formed agglomeration as a result of nanoparticles increases decreases the mechanical properties 
of the material. It is the result of the initial force of friction stirred process of the Alumina reinforced 
Al nanocomposites. 

As expected, the surface aspect is very sensitive to the processing parameters employed during 
welding. The welds joined at 1600 RPM and 32 mm/min as well as those joined at 1900 RPM show the 
less presence of surface tool tracks (Fig. 17). 

 

Fig. 17. Typical cross-section of FSW welds of Al-4n6mAlumina at 1600 RPM, 32 mm/min. 

As the rotating speed decreases (1500 RPM) or the advancing speed increases (50 mm/min), the tracks 
start to be more evident. To evaluate this, we performed also the measurement of the force on the 
tool during welding. Low heat input generates insufficient metal flow during stirring. So, low peak 
temperature and consequent cooling rate lead to nonproper conditions for dynamic recrystallization 
(DRX) and continuous dynamic recrystallization (CDRX) to take place. On the other hand, higher heat 
input allows for increased material turbulence around the tool, with increased severe plastic 
deformation and consequent optimal plasticization [19]. So, improved plasticization leads to more 
refined  grain size thanks to the provided severe plastic deformation and improved distribution of the 
nanosized reinforcing Alumina particles. It is immediately clear how the heat input governs the 
dynamic recrystallization phenomenon during severe plastic deformation. 

The density of the Al-4n6mAlumina increases to 96.6%. It occurs with a rising ratio of nano to micro-
sized Alumina. When the ratio increases further, the density decreases. It is the result of sintering 
parameters and characteristics of microstructure. The sintering parameters such as heating rate, 
current supply and the sintering pressure affect the density of the sample preparation. The density of 
the sample is further affected as the Al and Alumina are highly sensitive to the sintering temperature 
and pressure [53]. 

The sintering pressure enhances the neck formation between the Al particles and densification 
regardless of low temperature. At high temperatures, the heat transfer rate helps to achieve a dense 
sample in a shorter time. In addition, pure Al is more reactive to the deformation mechanism than 
ceramics. The grain boundary and the volume diffusion cause the densification of the mixed powders. 
The surface diffusion favours densification when the mixed powder is introduced to a high 
temperature [39]. It applies to the SPS process as the surface of the particles is activated by the 
generated spark which hinders the neck formation. It ultimately increases the density. At the same 
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time, the further addition of Alumina decreases the density. It is the result of agglomeration and the 
compressibility of non-deformable nanoparticles [54,55]. On contrary, the addition of the 
nanoparticles will reduce the compressibility. It is because the nanoparticles possess a higher specific 
surface area in comparison with the microparticles. The addition of Alumina nanoparticles with 
aluminium matrix increases the total specific surface area which increases the interaction between the 
nanoparticles. Further, it enhances the interparticle distance in comparison with the theoretical value. 
The increased interparticle distance causes the agglomeration and its potentiality to form 
interconnected networks between nanoparticles. These two factors lead to a decrease in densification. 
In addition, the nano Alumina particles addition rises the composite hardness. 

From the obtained values, it is evident that the microhardness increases and then slightly lower with 
nano-micro sized Alumina particles. Overall, the mechanical properties are affected by the amount of 
Alumina particles and agglomeration. In addition, the nanoparticles enhance the strengthening 
mechanisms such as Orowan by-pass, Hall-Petch effect and dislocation strengthening [56]. The 
Alumina particles of micro-size are distributed at the grain boundaries. The Alumina particles of the 
nano side are found in the grain interiors (Fig. 17). Thanks to the presence Alumina dispersoids both in 
grain interior (nanosized ones) and at grain boundaries (microsized ones), a significant stability of 
microstructure is happened. Obviously that the distribution of Alumina dispersoids dependent FSW 
processing parameters which in turn severely affects the Orowan strengthening, load transfer 
strengthening as well as thermal expansion coefficient [31,57]. The agglomeration is reduced when 
the Alumina nanoparticles are lesser than 4 wt%. The interparticle distance of the Alumina particles in 
the Al matrix is lesser than the agglomerated substance which induces the particle dislocation 
interaction [58]. It is reported that the stronger diffusion bonds and the structural integrity enhance 
the tensile strength and microhardness of the composite after SPS [29,49,59]. An increase in pores and 
interparticle distance is found due to the high ratio of nano to micro-sized Alumina particles. It leads 
to the weakening of the material [60–62]. 

From one side, the grain boundaries generated by CDRX are relatively anchored by Zenner pinning 
pressure [63]. From another side, the pre-stored energy caused by ball milling and higher rotating 
speed of FSW tools, provides an ideal condition to occur the DRX and grain growth. In addition, the 
settle of nanosized Alumina particles in the grain interior strongly affect the glide dislocation in the 
grain interior, and consequently increase the proportion of dislocation strengthening in the SZ regions 
(Fig. 18). 
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Fig. 18. Bright field TEM image of stir zone in the Al-4n6mAlumina (a) at 1500 RPM, 32 mm/min, and 
(b) at 1600 RPM, 32 mm/min. 

The tensile graph of the composites reveals that the strength of the composites increases at the initial 
stage. It decreases when the number of nanoparticles goes more than 4 wt%. It reveals that the 
proposed bimodal particle influences the tensile and yield strength of the composites [47,61]. The 
distance between the Alumina particles decreases which requires higher energy to move the 
dislocation for deformation. Thus, the Alumina particles having less than 4 wt% experience higher yield 
and tensile strength. 

The presence of Alumina nanoparticles increases the brittle phase formation along the grain 
boundaries which increases the tendency of fracture formation at the grain boundaries. A higher 
occurrence of Alumina agglomerates into the micropores is found. The size and the quantity of the 
agglomerates increase with the increase in the ratio of nano/micro-sized particles at the grain 
boundaries of the Al matrix. The higher porosity presence provides the way for crack initiation and 
embrittlement. By analysing the microstructure, it is evident that the fracture formation is mainly 
transgranular. In addition, the tensile results confirm that the higher addition of nanoparticles 
enhances the local ductility. Since pure aluminium has good ductility, the fracture is the result of the 
microporosity merging. So, the best reinforcing particles distribution and ratio of nano/micro-Alumina 
particles due to the tool rotation leads to increased mechanical properties in a more pronounced way 
concerning the decrease of the strength due to grain growth by the Hall-Petch relationship. The 
rotating tool induces severe plastic deformation and frictional heating of base metal. Which in turn 
causes that the predominant deformation mode be a simple shear [64]. Such ,deformation state could 
effectively increase the heat generated and consequently facilitate the occurrence of dynamic 
recrystallization. Moreover, the addition of bimodal particle sized alumina remarkably enhances the 
grain refinement, in particular in stir zone during FSW. Furthermore, the presence of Alumina 
dispersoid effectively cause hindering the grain boundary migration, and subsequent grain growth in 
the stir zone. In a word, a uniform dispersion of nano-Alumina particle in the grain interior of Al plus 
some micron-sized Alumina particles at Al grain boundaries significantly hinder the dislocation glide 
during subsequent cyclic loading. 

5. Conclusion 

The aluminium-based nanocomposites with the addition of Alumina in different ratios of nano and 
micro-sized particles are powder metallurgically produced through spark plasma sintering. The 
produced samples are friction stirred by altering the rotating speed and the travel speed. The results 
of the microstructure development, the mechanical properties and fatigue behaviour of the 
nanocomposite revealed that  

1. The properties of the FSW processed sample strongly depend on its processing parameters. 

2. By analysing the hardness of the friction stirred composites, it is clear that the recrystallization 
increases concerning the increase in the amount of nano Alumina particles. The recrystallization 
capability further contributes to the strength of the composite compared to the coarse particles. 

3. The particles retaining their original shape indicates that the nanosized particles induce 
recrystallization which leads to the hard ceramic phase moving throughout the tool with no fracture. 
In the case of micro-sized particles, uniform flow is found in the material with negligible fracture 
location. 
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4. Due to significant grain refinement and the presence of hard Alumina dispersoids, the tensile 
strength was significantly improved with a loss in the ductility. 

5. The higher fatigue strength is strongly dependent the processing parameters, as the best fatigue 
performances are experienced by the joint performed at 1900 RPM and 37 mm/min. 

6. A higher fatigue strength of the bimodal sized Al2O3/Al nanocomposites fabricated through the 
combination of SPS and FSW due to the uniform presence of nano sized Alumina in the grain interior, 
as well as micro-sized Alumina at grain boundaries. Former is restricted the dislocation mobility and 
latter limit the grain boundary migration. It is clear evidence that a smaller percentage addition of 
micron and nano sized Alumina are effectively increased the fatigue life to a greater extent. 

7. Fracture surfaces confirmed also a combined ductile–brittle fracture mode with fine-sized and 
shallower dimples for the nanocomposite processed at 1900 RPM and 37 mm/min compared to a 
ductile fracture mode with other processing conditions. 
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