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Abstract: The effect of friction stir processing (FSP) at different rotation speeds (400, 630, 800, and 1000 r/min) and 
traverse speeds (25 and 50 mm/min) on the tribological properties of a Si particle reinforced Zn−40Al−2Cu-based 
in-situ composite was investigated. After preliminary optimization, 800 r/min and 25 mm/min were selected as optimum 
FSP parameters. According to the results, multi-pass FSP improved the tribological properties. For instance, at an 
applied pressure of 0.75 MPa, the wear rate and average coefficient of friction (COF) of four-pass FSPed composite 
were lower than those of base composite by 53% and 50%, respectively. SEM examinations of worn surfaces, wear 
debris, and worn subsurfaces revealed that the intensive refinement and uniform distribution of microstructural phases, 
especially the coarse Si particles, reduced Si particles interspacing, and elimination of casting defects were the most 
important factors enhancing the substrate resistance against sliding-induced deformation. This led to the formation of 
stable tribolayers that improved the tribological properties. 
Key words: Zn−40Al−2Cu alloy; silicon; composite; tribology; friction stir processing 
                                                                                                             

 

 

1 Introduction 
 

The cast Zn−Al-based alloys, due to their 
unique properties including low cost, low melting 
point, high fluidity, high wear resistance, very  
good friction characteristics, very high corrosion 
resistance, and favorable mechanical properties, are 
promising candidates for substitution of ferrous  
and non-ferrous components in applications where 
high mechanical and tribological properties are 
required [1−3]. 

The mechanical properties and wear resistance 
of these alloys can be further improved by the 
addition of appropriate amounts of allying elements 
such as Cu. According to Refs. [2,4], Cu addition 
encourages the formation of hard -CuZn4 
interdendritic in the microstructure of Zn−Al alloys, 
thus, improving their hardness and wear resistance. 
However, there is a maximum limit for Cu (e.g. 

2wt.% in monotectoid Zn−40Al−2Cu alloy), above 
which increasing volume fraction of -CuZn4 phase 
deteriorates the wear resistance and tensile 
properties [4]. 

Si is another element that can be added 
individually, or along with Cu, to the composition 
of Zn−Al alloys to increase their strength, load- 
bearing capacity, and tribological properties [4]. 
However, due to its limited solid-solubility in 
Zn−Al matrix [5], Si almost entirely precipitates as 
nearly pure primary Si (SiP) and/or eutectic (SiE) 
particles in the matrix, of which their size, 
morphology, and distribution are concentration- 
dependent. SAVAŞKAN and BICAN [4] 
determined 2.0 wt.% as the critical Si concentration 
in Zn−40Al alloy, above which the formed coarse 
brittle SiP particles deteriorate mechanical and wear 
properties. PRASAD [6] also demonstrated that 
adding Si (more than 2.0 wt.%) promotes formation 
of primary Si in the microstructure of Al−37.5Zn 
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alloy. Based on Prasad’s work, SiP particles 
facilitate the nucleation and propagation of cracks 
which increase the alloy’s wear. However, it was 
found that the presence of high-melting-point Si 
crystals can decrease the alloy’s wear at high 
sliding speeds, where surface temperature is 
substantially high. LIU et al [7] studied the wear 
properties of ZA27−5Si alloy in as-cast and 
spray-deposited conditions. Their results showed 
that the wear resistance and anti-friction capacity of 
spray-deposited ZA27−5Si alloy were significantly 
greater than those of traditionally-cast samples. 
This improvement was attributed to the fine    
and uniform distribution of SiP particles within  
the matrix, lower number of porosities, and 
development of lamellar eutectoid phase with 
improved interfaces with SiP particles. 

Therefore, to take the benefits of high Si 
content for tribological properties of Zn−Al−Si 
alloys, it seems necessary to refine the size, modify 
the morphology, and improve the distribution of SiP 
particles in the matrix. With regard to the 
compositional/morphological similarity between the 
SiP particles present in the microstructure of cast 
Zn−40Al−2Cu and hypereutectic Al−Si alloys, 
different techniques can be used to modify the 
shape and distribution of SiP particles in the 
microstructure of Zn−40Al−2Cu alloy, the most 
important of which are heat treatment [8], rapid 
solidification [9,10], mechanical processing 
techniques (e.g. extrusion [11], equal channel 
angular pressing (ECAP) [12] and compressive 
torsion process (CTP) [13]), molten metal 
processing techniques such as mechanical stirring, 
intensive shearing, electromagnetic stirring or 
ultrasonic treatment of solidifying alloy [14−17]. 
However, regardless of their effectiveness, some of 
these methods are expensive, some of them need 
special equipment, some are encountered with the 
sample size/shape limitations, and some cannot be 
used for modification of alloys with limited 
plasticity (like HCP structured alloys). Chemical 
modification [18,19] is also a simple efficient 
process capable of SiP modification. However, the 
exact control of the type and concentration of the 
modifier element(s) is of crucial importance. 
Otherwise, alloy properties are likely to be 
degraded via formation of micropores, and hard 
intermetallics rich in modifier element, etc [20,21]. 

Friction stir processing (FSP) [22,23] is 

another effective technique that can be used to 
modify the as-cast microstructure of Zn−Al-based 
alloys. In FSP, a non-consumable rotating pin tool 
is forced to the alloy surface until its shoulder 
touches the surface. The rotating tool is dwelled for 
a predetermined time after which it is allowed to 
travel in the desired direction. The tool/work-piece 
frictional interaction, on one hand, locally increases 
the surface temperature, softens the material in the 
stirring zone (SZ) and, on the other hand, promotes 
the intense mixing of the material around the pin 
forming a localized region that experiences 
effective microstructural refinement, homogenization 
and densification. 

The efficiency of FSP in microstructural 
refinement and mechanical properties improvement 
of different alloys especially the alloys/composites 
comprising of coarse (primary) phases in their 
microstructure was previously investigated [24−28]. 
However, to the best of our knowledge, little 
attention has been given so far to study the effect of 
FSP on Zn−Al-based alloys. As discussed above, 
the optimum Si concentration to give the best 
combined mechanical and tribological properties in 
ZA40-based composites is about 2 wt.% [4]. In the 
current study, we attempted to improve the 
tribological properties of Si particle reinforced 
ZA40 in-situ composite (Zn−40Al−2Cu−2Si) via 
FSP surface modification. 
 
2 Experimental 
 

The experimental alloys were prepared by 
using commercially pure Zn (99.8 wt.%), high- 
purity Al (99.9 wt.%), high purity Cu (99.9 wt.%), 
and Al−30Si master alloy. The melting operation 
was carried out in a SiC crucible using a resistance 
furnace (AZAR VM2L−1200/3.9 kW). Once being 
prepared, the molten alloy was skimmed, heated up 
to 550 C, and gently stirred, manually, by a coated 
stainless steel rod for 2 min before being cast into a 
pre-heated (180 C) cast-iron mold to obtain slabs 
with dimensions of 150 mm  100 mm  10 mm. 
The average cooling rate of the molds was 4.8 °C/s. 
The chemical composition of the base alloy 
analyzed by X-ray fluorescence spectrometer (ARL 
ADVANT XP) is presented in Table 1. 

FSP was conducted using an MST FP−4M 
universal milling machine. The FSP tool was made 
from a hardened and tempered AISI H13 steel 
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(HRC (582)). The schematic diagrams showing 
the FSP process, tool shape and its geometry are 
illustrated in Fig. 1. FSP was performed under 
different rotation speeds of 400, 630, 800, and  
1000 r/min, and traverse speeds of 25 and 
50 mm/min. The plunge depth was kept at 0.3 mm. 
FSPed samples were characterized by a three-part 
number system as xxx-xx-x. The first part refers to 
the rotation speed (r/min), the second part (after the 
first dash) refers to the traverse speed (mm/min), 
and the third part (after the second dash) refers to 
the number of FSP passes. It is worth mentioning 
that, due to their partial melting during FSP, the 
samples processed at a rotation speed of 1000 r/min 
were not further investigated. 

The Vickers microhardness test (according to 
ASTM E—384) was performed using a Gnehm- 
Härteprüfer FM100 microhardness tester with a 
load of 0.5 kg for a dwelling time of 15 s on the 
transverse cross-section of FSPed surface layer at 
the mid-thickness of the processed zone. The 
average of six indentation tests was reported as the 
final microhardness value. Shear punch testing, as 
an appropriate method to measure mechanical 
properties of small-sized specimens [29], was 
employed to determine the mechanical properties of 
samples extracted from the stirring zone. Thin 
square sheets (0.8 mm in thickness) were cut by 

diamond saw from the SZ of FSPed samples. The 
obtained sheets were then polished down to a 
thickness of 0.7 mm and punched using a shear 
punch fixture with a 6.2 mm-diameter flat 
cylindrical punch and a 6.25 mm-diameter 
receiving hole. All the shear punch tests were 
carried out using a Zwick/Roell Z100 universal 
testing machine at a constant cross-head speed of 
1 μm/s and the average values of three samples 
were reported as the final results. The shear stress 
was calculated as follows [30]: 
 

ave2

P

r t
 


                              (1) 

 
where , P, and t represent the shear stress, applied 
force, and specimen thickness, respectively, and rave 
is the average radius of the punch and the die, 
which is obtained using the following relation: 
 

punch die
ave 2

r r
r


                          (2) 

 
where rpunch and rdie are radii of the punch and the 
die, respectively. 

The following equation was also used for 
measuring normalized punch displacement (d): 
 
d=h/t                                   (3) 
 
where h is the punch displacement. 

 

Table 1 Chemical composition of investigated alloys 

Alloy 
Content/wt.% 

Al Cu Si Fe Pb Sn Cd Zn 

Zn−40Al−2Cu−2Si 40.62 2.09 2.17 0.05 0.002 0.003 0.002 Bal. 

 

 
Fig. 1 Schematic diagrams showing FSP process (a) and geometry and dimensions of FSP tool (b) (Unit: mm) 
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Pin-on-disk apparatus (TR−20 DUCOM) in 
accordance with ASTM G99—90 was used for dry 
sliding wear tests. The wear tests were carried   
out under the applied pressures of 0.25, 0.5, and   
0.75 MPa at a constant sliding speed of 0.13 m/s for 
a sliding distance of 1000 m at ambient temperature 
with the relative humidity controlled at (48±3)%. 
The cylindrical pins of 9 mm in height and 6 mm in 
diameter were extracted from the slabs by wire 
cutting. The disk material was made of hardened 
AISI/SAE 52100 steel (HRC (60±2)). The average 
roughness (Ra) of the pin and disk surfaces     
was measured using a Hummel Werke-T−800 
profilometer and Ra values were determined to be 
1.23 and 0.38 m for the pin and disk surfaces, 
respectively. The tests were repeated at least three 
times under the same conditions. Before each test, 
the specimens were rinsed ultrasonically in distilled 
water and immersed in acetone and cold distilled 
water. 

The cross-sections of the samples were 
polished mechanically for metallography purposes 
and etched with a 10 mL HF+90 mL distilled  
water reagent. The microstructural examination of 
specimens and morphological examination of worn 
surfaces and wear debris were performed by a 
VEGA/Tescan and an AIS2300C scanning electron 
microscope (SEM) equipped with energy dispersive 
spectroscopy (EDS) device, respectively. The 
Archimedes’ principle was applied to determining 
the porosity level of the samples as described 
comprehensively elsewhere [31]. Quantitative 
metallography was also carried out using a 
UTHSCSA image tool (Ver. 1.28). 
 
3 Results and discussion 
 
3.1 Microstructural characterization and 

mechanical properties 
Figure 2 shows the typical microstructures of 

 

 
Fig. 2 SEM images of different zones of 800-25-1 sample: (a) BM; (b) Enlarged view of boxed area in (a); (c) TMAZ; 

(d) SZ 
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different zones of 800-25-1 sample. As seen, three 
distinct regions are observed: unaffected base metal 
(BM), thermo-mechanically affected zone (TMAZ), 
and stirred zone (SZ). BM microstructure     
(Figs. 2(a) and (b)) mainly consists of dark gray 
Al-rich α-dendrites (Zone A), light gray inter- 
dendritic + eutectoid (Zone B), white Cu-rich 
-CuZn4 phase (Zone C), and black SiP particles 
(Zone D). The EDS analysis results of the marked 
zones are presented in Fig. 3. As seen, due to the 
very low solid-solubility in Zn−Al matrix [5], Si 
atoms almost entirely precipitate as pure Si. 

In the course of FSP, the frictional interaction 
of the rotating tool pin with base metal increases the 
temperature in a finite area around the pin, which 
enhances material plasticity and forms a 
vigorously-stirred zone with a well-modified 
microstructure (so called SZ). According to     
Fig. 2(d), the most important SZ microstructural 
features are severe deformation and fracture of 
coarse primary dendrites and eutectoid regions, 
even distribution of segregations, effective 
refinement of microconstituents especially SiP 
phase and -CuZn4 intermetallics that convert to 

ultrafine particles and their uniform distribution 
within the matrix. However, due to being subjected 
to the lower applied strains, TMAZ microstructure 
has experienced lower deformation/refinement 
(Fig. 2(c)). 

The effects of FSP parameters on the SZ 
microstructure, average size of SiP particles in the 
SZ, and SZ microhardness of Si particle reinforced 
ZA40 composite are shown in Figs. 4 and 5, 
respectively. As seen, as a result of frictional 
heating and severe plastic deformation [32,33],  
FSP has substantially modified the composite 
microstructure. The most effective modification, in 
terms of the refinement/even distribution of second 
phase particles, elimination of coarse primary 
α-dendrites, reduction of segregations, and 
microhardness improvement, belongs to 800-25-1 
sample. Therefore, the multi-pass FSP experiments 
were conducted at a rotation speed of 800 r/min and 
a traverse speed of 25 mm/min. 

Figure 6 depicts the SZ microstructure of 
2-pass and 4-pass FSPed samples. The effect of 
multi-pass FSP on the average size of SiP particles 
is also illustrated in Fig. 5(a). As seen, multi-pass 

 

 
Fig. 3 EDS analysis results of main microconstituents shown in Fig. 2(b): (a) Point A; (b) Point B; (c) Point C;       

(d) Point D 
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Fig. 4 SEM images showing SZ microstructures: (a) 400-25-1 sample; (b) 400-50-1 sample; (c) 630-25-1 sample;    

(d) 630-50-1 sample; (e) 800-25-1 sample; (f) 800-50-1 sample 

 

 

Fig. 5 Effect of FSP parameters on average size of SiP particles (a) and SZ microhardness (b) 

 

FSP has little effect on the size of the second phase 
particles. It seems that when the already refined 
particles are subjected to the strains applied during 
multi-pass FSP, due to their small size and low 
aspect ratio, they tend to rotate and disperse in the 
matrix, rather than being fractured and/or refined. 
In addition, multi-pass FSP has substantially 
improved the interface integrity of the particles/ 
matrix [34−36]. The volume fraction of 

microporosities measured by the Archimedes 
method has also decreased from 1.19% in the base 
alloy to 0.67%, 0.55%, and 0.53% in single-pass, 
2-pass, and 4-pass FSPed samples, respectively. 

The effect of multi-pass FSP on microhardness, 
yield shear strength (YSS), ultimate shear strength 
(USS), and normal displacement elongation (El) of 
800-25-x alloys is shown in Figs. 5(b) and 7. As 
seen, as a result of FSP-induced microstructural  
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Fig. 6 SEM images showing effect of multi-pass FSP on SZ microstructure: (a) 800-25-2 sample; (b) Higher 

magnification of boxed area in (a); (c) 800-25-4 sample; (d) Higher magnification of boxed area in (c) 

 

 
Fig. 7 Effect of number of FSP passes on YSS, USS, and 

normal displacement (El) of 800-25-x samples 

 
modifications including intense refinement/uniform 
distribution of alloy microconstituents and 
elimination of casting defects such as large 
micropores, single-pass FSP has improved the 
mechanical properties. 

Both HCP -CuZn4 [37] and diamond-type 
cubic Si [38] compounds are brittle and, due to their 
high melting entropy, a faceted-type interface is 
formed with the matrix [39]. Therefore, upon 
mechanical loading, they are likely to be fractured 
and/or debonded from the matrix. However, the 
concentrated stress on the particles refined by FSP 
is effectively reduced, and as a result, their 
resistance against fracture and/or de-bonding is 
improved. Furthermore, the small size/interspacing 
of particles significantly increases the required 
stress for dislocations to bypass them [32,33]. The 
formation of dynamically recrystallized grains, 
which is equal to increasing the density of grain 
boundaries, also plays a significant role in 
improving hardness/mechanical strength. This is 
because grain boundaries are good barriers to 
dislocation slip [40]. 

FSP also substantially increases the number of 
dislocations in the FSPed zone, many of which  
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have been annihilated by the dynamic 
recrystallization [41]. However, it has been claimed 
that the interaction of dislocations, either those 
existing along sub-grain boundaries or those 
remaining in the SZ grains [41−43], may lead to 
dislocation strengthening [33]. The elimination of 
large micropores (as potential stress risers/crack 
initiators in the matrix) is another important 
advantage of FSP that can improve the hardness and 
strength of the alloy. The elimination mechanism is 
as follows. During FSP, substantial amounts of heat 
generated from friction, plastic deformation, and 
viscous dissipation increase the material plasticity/ 
deformability [44]. Therefore, when subjected to 
the intensive shear strains of the stirring 
tool/forging pressure of the shoulder, the material 
around the pin experiences severe plastic 
flow/forging that eliminates the existing 
micropores. 

Increasing the number of FSP passes further 
improves the alloy ductility, but decreases its 
microhardness and mechanical strength (Figs. 5(b) 
and 7). For instance, while the normal displacement 
of 4-pass FSPed sample is 28% higher than that of 
1-pass FSPed sample, its average microhardness 
and USS are slightly (about 5%) lower than those of 
1-pass FSPed sample. Moreover, compared to the 
base alloy, the USS and normal displacement of 
4-pass FSPed alloy are higher by 21% and 100%, 
respectively. In agreement with the previous 
findings [45], this softening can be explained by the 
severe breakage of primary α-dendrites, size, and 
volume fraction reduction of hard phases as a result 
of their dissolution/ fragmentation, and formation of 
process-related defects such as porosities. 
 
3.2 Tribological properties 

The effect of multi-pass FSP on the dry sliding 
wear behavior of Si particles reinforced ZA40 
composite under different applied pressures is 
shown in Fig. 8. As seen, applying FSP has 
improved the wear resistance of the composite, 
especially when the sliding tests are conducted at 
the higher applied pressures. For instance, under the 
applied pressures of 0.25 and 0.75 MPa, the wear 
resistance of 800-25-1 composite is lower than that 
of base sample by 8% and 28%, respectively. It is 
also evident from the wear rate results that 
increasing the FSP pass number has a positive 
impact on the composite wear. At the applied 

pressure of 0.75 MPa the wear rate of 800-25-4 
composite is lower than those of 800-25-1 and base 
alloys by 27% and 53%, respectively. 
 

 
Fig. 8 Variation of wear rate of base and 800-25-x 

samples with applied pressure 

 

To investigate the effect of FSP on the wear 
behavior and elucidate the relevant wear 
mechanisms, the worn surfaces and wear debris 
were examined by SEM. The SEM micrographs 
showing the worn surfaces of the base alloy after 
1000 m wear under applied pressures of 0.25 and 
0.75 MPa are shown in Fig. 9. Figure 9(a) depicts 
worn surface morphology of the base alloy worn at 
an applied pressure of 0.25 MPa. The enlarged view 
of the boxed area in Fig. 9(a) is shown in Fig. 9(b). 
According to Fig. 9(a), under the applied pressure 
of 0.25 MPa, the worn surface has been covered by 
an oxide-rich tribolayer. The EDS analysis is shown 
in Fig. 10(a). The presence of delaminated craters 
and abrasion grooves on the tribolayer suggest that 
the abrasive wear and delamination are the 
dominant wear mechanisms of the base alloy at low 
applied pressures. The formation of a mixture of 
flaky and equiaxed wear particles (Fig. 11(a)) 
reinforces the proposed mechanisms. 

Under the applied pressure of 0.75 MPa, the 
base sample tribolayer has experienced extensive 
delamination as its dominant wear mechanism 
(Figs. 9(c) and (d)). In conformance with the worn 
surface morphology, the generation of large flaky 
wear particles (Fig. 11(b)) also confirms the intense 
delamination of the base sample. However, 
regarding the chemical composition similarity 
between Point B (inside the delaminated crater) and 
Point C (out of the crater) (Fig. 10(c)), it seems 
that the delaminated microcracks have been mostly 
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Fig. 9 SEM images showing worn surface morphology of base alloy under different applied pressures: (a) 0.25 MPa;  

(b) Enlarged view of boxed area in (a); (c) 0.75 MPa; (d) Enlarged view of boxed area in (c) 

 

 

Fig. 10 EDS analysis results of marked points shown in Fig. 9: (a) Point A; (b) Point B; (c) Point C 

 

propagated through the tribolayer itself, implying 
the mild wear as the dominant mechanism. 

The worn surface morphologies of 800-25-1 
and 800-25-4 samples after sliding wear under 
applied pressures of 0.25 and 0.75 MPa are shown 
in Figs. 12 and 13, respectively. As seen, contrary to 
the base sample (Fig. 9), at a given applied  
pressure, the surface of 800-25-1 alloy (Fig. 12) has 
been covered by a well-compacted stable tribolayer 
comprising of small-sized craters and shallow 
abrasion grooves that are aligned toward the sliding 
direction. It is also evident from Fig. 13 that 
increasing the number of FSP passes has 

significantly increased the tribolayer stability and 
improved its smoothness. The morphologies of the 
wear debris generated from 800-25-1 and 800-25-4 
samples worn under an applied pressure of     
0.75 MPa are shown in Fig. 14. As seen, in 
agreement with the wear results (Fig. 8) and worn 
surface morphologies (Figs. 12 and 13), the wear 
particles are mainly composed of small-sized flakes 
and fine equiaxed particles. Therefore, the mild 
delamination and light abrasive wear of tribo-  
layer can be considered as the dominant wear 
mechanisms of FSPed samples especially those 
obtained by multi-pass FSP. 
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Fig. 11 SEM images showing wear debris morphologies of base alloy at different applied pressures: (a) 0.25 MPa;    

(b) 0.75 MPa 

 

 
Fig. 12 SEM images showing worn surface morphologies of 800-25-1 sample after sliding wear at different applied 

pressures: (a) 0.25 MPa; (b) Enlarged view of boxed area in (a); (c) 0.75 MPa; (d) Enlarged view of boxed area in (c) 

 

The EDS analysis results of the points marked 
on the worn surfaces of 800-25-1 and 800-25-4 
samples in Figs. 12 and 13 after sliding for    
1000 m under the applied pressures of 0.25 and 
0.75 MPa are shown in Fig. 15. These analyses 
evidently confirm the positive impact of FSP    
on the tribolayer stability. Moreover, compared to 
the base sample (Fig. 10), the lower percentages  
of Fe and Cr elements in the tribolayer  
composition of FSPed samples indicate the 

formation of a stable tribolayer on the worn   
surface which effectively prevents the direct  
contact between the pin and steel counterface 
surfaces. 

The subsurface microstructures of the base and 
800-25-4 samples are shown in Fig. 16(a) and (b), 
respectively. The variation of subsurface equivalent 
strain (), obtained by Eq. (4) [46], against the 
depth below the worn surface is also shown in   
Fig. 16(c). 
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Fig. 13 SEM images showing worn surface morphologies of 800-25-4 sample after sliding wear at different     

applied pressures: (a) 0.25 MPa; (b) Enlarged view of boxed area in (a); (c) 0.75 MPa; (d) Enlarged area view of boxed 

area in (c) 

 

 
Fig. 14 SEM images showing wear debris morphologies of 800-25-1 (a) and 800-25-4 (b) samples at applied pressure 

of 0.75 MPa 

 
 

3
tan

3
                              (4) 
 
where  is the shear angle between grain boundaries 
and the normal to the worn surface. As seen, due to 
mechanical properties improvement, applying FSP 
has substantially decreased both the amplitude  
and depth of friction-induced subsurface plastic 
deformation. 

Decreasing substrate deformation increases the 
tribolayer stability on the surface which in turn 
improves the wear resistance by decreasing the 
probability of adhesive and abrasive wear. In 
addition, the intimate mixing of α- and -phases in 
FSPed samples can substantially increase wear 
characteristics of their substrates because the FCC 
α-phase imparts deformability and strengthening 
characteristics while the HCP -phase brings about 
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Fig. 15 EDS analysis results of marked points shown in Figs. 12 and 13: (a) Point A; (b) Point B; (c) Point C;        

(d) Point D 
 

 

Fig. 16 Subsurface microstructures of base (a) and 800-25-4 (b) samples worn at applied pressure of 0.75 MPa, and 

variation of subsurface equivalent strain with depth below worn surface (c) 

 
solid lubrication as well as load carrying capability 
to the alloy system [6]. 

Regarding the inverse proportionality of COF 
(µ) to tribolayer shear strength (i) (Eq. (5)), the 
presence of a stable tribolayer can also decrease the 
average COF. 
 

2
0 i1 [( / ) 1]                         (5) 

where α is a constant and i and 0 are shear 
strengths of interface and bulk, respectively [47]. 
Decreasing the COF reduces the frictional heat 
generated during sliding and the sliding-induced 
surface shear strains leading to the lower substrate 
plastic deformation. The variation of COF of the 
base, 800-25-1, and 800-25-4 samples against 
sliding distance during sliding at an applied 
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pressure of 0.75 MPa is shown in Fig. 17. 
 

 
Fig. 17 Variation of COF of base, 800-25-1, and 

800-25-4 samples with sliding distance at applied 

pressure of 0.75 MPa 

 

As seen, the average COFs of 1-pass 
(0.27±0.05) and especially 4-pass (0.19±0.03) 
FSPed samples are substantially lower than that of 
base alloy (0.38±0.14). Moreover, the FSPed 
samples show lower fluctuation in their COF plots. 
Considering the worn surface morphologies   
(Figs. 12 and 13), the improved friction behavior of 
surface-modified samples can be explained by the 
formation of a stable tribolayer on their worn 
surfaces. Tribolayer is an oxide-rich porous layer 
that exhibits very low shear strength [48,49]. 
Therefore, increasing its stability decreases the 
average value of COF and its fluctuations by 
different mechanisms such as lower probability of 
adhesion between mating surfacing, reduction of 
the force required to overcome the interfacial shear 
strength, and lowering the amounts of entrapped 
wear particles between the sliding pairs, thereby 
decreasing the abrasion of counterface [48,49]. 
 
4 Conclusions 
 

(1) FSP refines and evenly distributes the 
composite microconstituents, especially the large 
SiP particles and casting defects, decreases the 
interspacing of SiP particles, and encourages the 
formation of ultrafine dynamically recrystallized 
grains. 

(2) These microstructural modifications 
substantially improve the mechanical properties of 
the composite. The optimum improvement was 
observed in 4-pass FSPed alloy, compared to the 
base alloy, its USS and normal displacement were 

improved by 21% and 100%, respectively. 
(3) Applying 4-pass FSP improves the 

composite tribological properties. At an applied 
pressure of 0.75 MPa, applying 4-pass FSP 
decreased the wear rate and COF of the composite 
by 53% and 50%, compared with the base alloy, 
respectively. 

(4) Increasing the substrate resistance against 
sliding-induced plastic deformation and formation 
of stable tribolayers on the surfaces of FSPed 
composites are likely the most important factors 
responsible for their improved tribological 
properties. 
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搅拌摩擦加工 SiP/ZA40 原位复合材料的摩擦学行为 
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Department of Materials Science and Metallurgy, Imam Khomeini International University (IKIU), Qazvin, Iran 

 

摘  要：研究不同搅拌摩擦加工(FSP)工艺参数如转速(400，630，800 和 1000 r/min)和移动速度(25 和 50 mm/min)

对 Si 颗粒增强 Zn−40Al−2Cu 基原位复合材料摩擦性能的影响。经过初步优化，选择 800 r/min 和 25 mm/min 作

为最佳 FSP 参数。结果表明，采用多道次 FSP 能改善材料的摩擦性能。例如，在 0.75 MPa 载荷下，经四道次 FSP

的复合材料磨损率和平均摩擦因数(COF)分别比未加工的复合材料降低 53% 和 50%。磨损表面和磨屑的扫描电 

镜结果显示，显微组织相尤其是粗硅颗粒的密集细化和均匀分布、硅颗粒间距的减小和铸造缺陷的消除是提高基

体抗滑移变形能力的重要因素。这些因素促使形成稳定的摩擦层，从而改善材料的摩擦性能。 

关键词：Zn−40Al−2Cu 合金；硅；复合材料；摩擦学；搅拌摩擦加工 
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