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The effect of titanium- and zinc reinforcing particles in aluminum composites on the development of local corrosion was 

investigated. Two types of alloy A6061 T6-based composites reinforced with 2, 4, and 6 mass % Ti and Zn respectively, 

were fabricated by friction stir processing (FSP). The microstructure and the phase content were studied by SEM, EDS, 

and XRD. Intergranular (IGC) and pitting corrosion (PC) susceptibility tests were performed. IGC corrosion resistance 

was evaluated by standardized methods and metallographic observations. The results showed that Zn- and Ti reinforced 

composites were resistant to IGC. The results of cyclic polarization corrosion tests showed that alloy A6061 T6-based 

composites reinforced with Zn and Ti particles were susceptible to pitting corrosion. The reference alloy A6061 T6 is the 

most resistant to pitting corrosion and has the lowest corrosion potential Ecorr, compared to Ecorr of the composites 

reinforced with 2 and 6 mass % Ti. The composite reinforced with 6 mass % Zn is the most susceptible to pitting corrosion. 
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1. INTRODUCTION 

Aluminum matrix composites (AMCs) reinforced with 

fibers, particles, or filaments [1] have certain advantages 

over conventional metals, such as higher strength, hardness, 

wear resistance, and thermal conductivity [2, 3], which are 

essential for their durability, especially in applications 

where they are subjected to high temperatures, speeds, or 

heavy loading [4 – 6]. Nevertheless, there are cases where 

the use of AMCs is limited due to the complex fabrication 

process and the relatively high cost [2].  

The technologies for friction stir processing (FSP) 

[3, 7 – 10] and friction stir welding (FSW) [11, 12] are 

applied to fabricate AMCs due to the excellent opportunities 

for in-situ fabrication of composite materials and their 

joining in non-detachable joints. FSP is appropriate for 

selective alloying of metals and for improving some local 

specific properties. In the case of FSP, composites are 

fabricated in the plastic state of the metal, thus avoiding 

some of the disadvantages of the melting process, namely 

the formation of coarse-grained anisotropic structures and 

brittle metastable phases [13]. 

The effect of the type, size, shape, distribution, and 

orientation of the reinforcing particles on the mechanical 

properties of AMCs has been the subject of various studies 

[12 – 17]. In aluminum composites with Ti reinforcing 

particles fabricated by FSP, an increase in strength of the 

material was observed without a decrease in the ductility, 

which is explained by the uniform distribution of Ti 

particles and their strong bond with the aluminum matrix 

[14]. It was found that in an Al-based composite with Zn 

particles fabricated by multi-pass FSP process [15] the 

hardness in the zone of stirring was significantly improved 
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compared to the reference metal. The segregated Zn 

particles at the grain boundaries restrict their excessive 

growth and favor the development of microstructure with 

fine equiaxed grains. 

The initial objective of this study was to investigate the 

influence of Ti and Zn reinforcing particles on the 

mechanical properties and wear resistance of alloy A6061 

T6-based AMCs obtained by FSP. However, in the process 

of research, the authors found that there is not sufficient 

amount of published data on the influence of different types 

of reinforcing particles on the corrosion resistance of AMCs 

based on one type of alloy obtained by FSP [18 – 20]. So the 

authors set the goal to supplement the existing research on 

the influence of Ti and Zn reinforcing particles on the 

mechanical properties of alloy A6061 T6-based AMCs 

obtained by FSP with research on the influence of Ti and Zn 

reinforcing particles on the corrosion behavior of such 

AMCs. 

2. MATERIALS AND METHODS 

2.1. Materials 

Alloy A6061 T6-based composites (1 % Mg, 0.63 % Si, 

0.19 % Cu, 0.06 % Cr, 0.09 % Mn, 0.31 % Fe, 0.12 % Zn, 

and balance Al) reinforced with Zn and Ti particles with 

sizes of 120 µm and 44 µm, respectively, were obtained by 

FSP. Zinc was chosen as a reinforcing element because of 

its high solid solubility (82.8 mass % at 381 °C), which is 

the highest among the alloying metals. Besides, the 

interaction between Zn and Al is weak, and no intermetallic 

phases are formed. Zinc improves the sliding along the Al 

grain boundaries, and the fine-grained Al-Zn alloys exhibit 



high ductility both at ambient and elevated temperatures 

[21]. On the other hand, the Ti-alloyed aluminum alloys 

have improved specific strength and resistance to oxidation 

and burning. 

The technological process for the fabrication of 

composites by FSP is described in detail in our previous 

publications [22, 23]. Zn and Ti reinforcing particles were 

introduced into holes with a diameter of 2 mm and a depth 

of 2 mm in A6061 T6 plates measuring 200  100  12 mm. 

These plates were then subjected to FSP. The FSP tool 

consisted of a threaded conical pin with three grooves and a 

shoulder. The pin dimensions were as follows: base 

diameter 5.5 mm, tip diameter 4 mm, length 4 mm and 

shoulder diameter 13 mm. One FSP pass was performed 

with the following parameters: a tool rotation speed of 900 

rpm and a linear speed of 60 mm/min. The maximum 

temperature, as measured by thermocouples at the boundary 

of the stirring zone, was 374.6 °C. 

The quantities of Zn or Ti reinforcing powders to fill 

one hole are pre-calculated, and the desired concentration of 

reinforcing particles in the composite is achieved by varying 

the number of holes. The plates with reinforcing particles 

were subjected to FSP. Test specimens for corrosion tests 

with dimensions of 25  10  4 mm were cut by water 

cooling both from the FSP-ed plates and the reference plate 

of alloy A6061 T6. 

Three types of sample plates were prepared: 1) samples 

of alloy A6061 T6 without reinforcing particles, denoted 

BA; 2) samples of alloy A6061 T6-based composites 

containing 2 %, 4 %, and 6 % Ti reinforcing particles, 

denoted CTi2, CTi4, CTi6, respectively; 3) samples of alloy 

A6061 T6-based composites containing 2 %, 4 %, and 6 % 

Zn reinforcing particles, denoted CZn2, CZn4, CZn6, 

respectively. 

2.2. Characterisation methods 

To characterize the microstructure and phase content of 

the fabricated composites with different concentrations of 

Ti and Zn, scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) methods were used. The microstructure 

was observed using a HIROX SH-5500P scanning electron 

microscope with EDS microanalysis system QUANTAX 

100 Advanced-Bruker in the secondary electrons mode. The 

phase content was determined through XRD analysis using 

Bruker D8 Advance powder X-ray diffractometer 

(Karlsruhe, Germany) with Ni-filtered Cu Kα radiation and 

LynxEye solid-state position-sensitive detector. The PDF-2 

(2021) database package of the International Center for Data 

Diffraction (ICDD) and the DiffracPlusEVA software v.4.0 

(Bruker AXS 2010-2014, Karlsruhe, Germany) were also 

applied to perform the phase analysis. 

2.3. Corrosion test methods 

To study the corrosion behavior of A6061 T6-based 

composites, an intergranular corrosion (IGC) test according 

to ASTM G67 and pitting corrosion (PC) susceptibility test 

were carried out. 

2.4. Intergranular corrosion test 

The total surface area of each test specimen was 

calculated before the IGC test. The specimens were cleaned 

by immersion in 5 % NaOH solution at 80 °C for 1 minute 

and rinsed with water. The specimens were then immersed 

in diluted HNO3 for 30 seconds, rinsed, and air-dried. After 

the preparation, the specimens are weighed with an accuracy 

of ± 0.1 mg and immersed in concentrated HNO3 at 30 °C 

for 24 hours. After the test, the specimens were rinsed with 

water and brushed to remove any adhering particles. Then 

the specimens were weighed again, and the mass loss 

[mg.cm−2] was calculated. The corrosion resistance of each 

type of composite was evaluated according to Standard 

ASTM G67. 

Metallographic analysis of the specimens was 

performed after the IGC testing. The cross-sections of the 

tested surfaces were observed, and the depth of penetration 

of corrosion changes was determined. 

2.4. Pitting corrosion test 

To study the pitting corrosion susceptibility of AMCs 

reinforced with Ti and Zn, cyclic potentiostatic corrosion 

tests were carried out in a three-electrode cell with 3.5% 

water solution of NaCl at room temperature. The working 

electrode with a surface of 1 cm2 was fabricated from the 

tested specimen. Ag/AgCl was used as the reference 

electrode and a standard Pt sheet electrode was used as 

counter electrode. AUTOLAB PG204 potentiostat and 

NOVA 2.1 software were used. The open circuit potential 

(OCP) was determined. The potentiodynamic curves were 

recorded in scan range from -0.5 V to + 1.0 V with a scan 

rate of 1 mV/s. 

3. RESULTS AND DISCUSSION 

The microstructure observations were performed after 

preparation of the specimens according to the standard 

procedure, i.e., grinding, polishing, and etching the surfaces. 

The results of the analysis for each specimen are presented 

in Fig. 1 – Fig. 7. SEM micrographs of the FSPed zone of 

each type specimen at 1000x magnification are shown 

(Fig. 1 a, Fig. 7 а). The locations where the distribution of 

Ti (Fig. 2 b, Fig. 3 b, Fig. 4 b) or Zn reinforcing particles 

(Fig. 5 b, Fig. 6 b, Fig. 7 b) was studied by EDS analysis is 

also shown, and the distribution of Ti and Zn particles was 

mapped (Fig. 2 c, Fig. 7 c). The microstructure of the FSPed 

zone in the reference specimen BA was uniform. Pores and 

cracking were not observed (Fig. 1 а). In specimens CTi2, 

CTi4, CTi6 (Fig. 2 а, Fig. 3 а, Fig. 4 а) containing 2, 4, and 

6 mass % Ti respectively, the microstructure is visibly 

refined. The EDS analysis reveals uneven distribution of Тi 

and Ti-phases in the zone of stirring. Ti segregates and 

separates along the boundaries of the zone of FSP and Al-

matrix (the purple particles in Fig. 3 c, Fig. 4 c). 

The distribution of the reinforcing particles in the 

FSPed zone of CZn2, CZn4, and CZn6 (Fig. 5 а, Fig. 7 а), 

containing 2, 4, and 6 mass % Zn, respectively, is uneven 

and layered (Fig. 5 с, Fig. 7 с). 

Surface-open pores are observed in the mixing zones 

of the samples shown in Fig. 7 b, although their size and 

depth were not quantitatively measured. No pores were 

detected in the other composite types. In our previous study 

[24], we demonstrated that the effect of pores on corrosion 

cannot be evaluated solely by their size or quantity, but 

rather as an interplay between the composite’s architecture 



and chemical composition. We examined Al-based 

composites with identical compositions but varying pore 

sizes and found that, when reinforced with Al₂O₃, 

composites with larger pores corrode more slowly than 

those with smaller pores, due to enhanced passive film 

stability. Conversely, in SiC-reinforced composites, larger 

pores intensify the activity of corrosion micro-galvanic 

cells between the reinforcing particles and the aluminum 

matrix, accelerating corrosion compared to composites 

with smaller pores. This finding, emphasizing the need for 

a comprehensive assessment of pore effects, is confirmed 

in the present study. The underlying reasons for the 

increased corrosion rate in this case are discussed further 

below. The EDS analysis reveals layers in the zone of 

stirring of CZn6 (Fig. 7 с) in which Zn is completely 

absent. The Zn content in other FSPed regions of CZn6 

varies within the range 0.10 – 8.02 mass %. 

FSP is a thermomechanical process in which the 

material flows around the tool at elevated temperature with 

a deformation rate in the range from 10 s−1 to 100 s−1 

[13, 25] reaching effective strains in excess of 40 % [26], 

which are prerequisites for the separation of different 

phases. In the zones of stirring of composites CTi2, CTi4, 

and CTi6 (Fig. 8 a,) the XRD analysis identifies phases of 

Al(Cu, Mg) and Al3Ti, as well as peak concentrations of 

the reinforcing Ti particles. As the concentrations of 

reinforcing Ti particles increase, the intensity of the peaks 

of phase Al(Cu,Mg)-phase increases too. The Al3Ti-phase 

is identified only in composite CTi4. In the zones of 

stirring of composites CZn2, CZn4, and CZn6 only peaks 

of the main phase Al(Cu,Mg) are identified, as well as 

peaks of Zn particles  concentration in CZn2 and CZn4 

(Fig. 8 b). There is no indication of Al-Zn alloy formation 

or Zn segregation at grain boundaries that could affect 

corrosion. 

   

a b c 

Fig. 1. Microstructure and chemical analysis of the FSP zone of Al6061 T6 BA: a – SEM micrograph of the FSP zone; b – EDS-analyzed 

area; c – EDS element distribution map 

   

a b c 

Fig. 2. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 2 mass % Ti: a – SEM micrograph of the FSP zone; b – EDS-

analyzed area; c – EDS element distribution map 
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Fig. 3. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 4 mass % Ti: a – SEM micrograph of the FSP zone; b –  EDS-

analyzed area; c – EDS element distribution map 



   

a b c 

Fig. 4. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 6 mass % Ti: a – SEM micrograph of the FSP zone; b – EDS-

analyzed area; c – EDS element distribution map 
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Fig. 5. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 2 mass % Zn: a – SEM micrograph of the FSP zone; b – EDS-

analyzed area; c – EDS element distribution map 
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Fig. 6. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 4 mass % Zn: a – SEM micrograph of the FSP zone; b – EDS-

analyzed area; c – EDS element distribution map 
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Fig. 7. Microstructure and chemical analysis of the FSP zone of Al6061 T6 + 6 mass % Zn: a – SEM micrograph of the FSP zone; 

b – EDS-analyzed area; c – EDS element distribution map 
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Fig. 8. XRD patterns of composites reinforced with: a – Ti particles; b – Zn particles 

 

The results for the calculated mass loss and the 

uncertainty after IGC tests, as well as the sustainability 

assessment according to ASTM G67 are presented in 

Table 1. 

Table 1. Assessment of the corrosion resistance of AMCs 

reinforced with Ti and Zn particles 

Designation 

of specimens 

Reinforcing 

element, 

mass % 

Mass loss, 

mg.cm−2 

Assessment 

according to 

ASTM G67 

BA 0 1.67 ± 0.3 Sustainable 

CTi2 2% Ti 2.21 ± 0.4 Sustainable 

CTi4 4% Ti 2.47 ± 0.5 Sustainable 

CTi6 6% Ti 1.72 ± 0.3 Sustainable 

CZn2 2% Zn 3.46 ± 0.4 Sustainable 

CZn4 4% Zn 3.58 ± 0.4 Sustainable 

CZn6 6% Zn 9.08 ± 0.6 Slightly sensitive 

According to the standard practice of ASTM G67, the 

mass loss should be within the range 1 – 8 mg.cm-2 with 

measurement uncertainty of 0.2 ± 3.9, mg.cm-2. All samples 

except CZn6 prove to be resistant to IGC, as the reference 

alloy BA having the highest IGC resistance (lowest mass 

loss) equal to 1.67 mg.cm-2. 

The Ti-reinforced composites show better IGC 

resistance (less mass loss) compared to the Zn-reinforced 

specimens. Composite CTi6 shows IGC resistance almost 

equal to that of the reference alloy A6061 T6 (specimens 

BA). With increasing the concentration of Zn particles, there 

is a general decrease in IGC resistance, which is lowest in 

composite CZn6. In this case, the mass loss is 5 times greater 

than the mass loss of the reference alloy A6061 T6 and 

composite CTi6. 

The IGC penetration was visually assessed, too. Fig. 9 

shows micrographs of the cross-sections of the IGC test 

specimens after immersion in c. HNO3 for 24 hours. The 

visual evaluations confirm the results of the gravimetric 

tests. The surface of specimen BA (Fig. 9 a) is smooth, 

without corrosion penetration into the depth of the specimen 

or disintegration of the composite grains. The specimens 

reinforced with 2, 4, and 6 mass % Ti also do not show the 

typical changes for IGC (Fig. 9 b, c, d). The surfaces are 

smooth, without corrosion penetration and grain fallout. 

There are insignificant surface changes on the cross-section 

of specimens CZn2 and CZn4 (Fig. 9 e, f). The roughness of 

the surfaces is most likely due to the FSP treatment and the 

reinforcing Zn particles, which are almost three times larger 

than the Ti particles. The surface of specimen CZn6 

(Fig. 9 g) is strongly streaked due to the development of 

IGC. 

The results for the main electrochemical characteristics, 

i.e., open circuit potential (OCP), corrosion potential (Ecorr) 

and pitting potential (Epit), obtained from the cyclic 

potentiostatic curves, are shown in Fig. 10 and Fig. 11. OCP 

dependence on time provides information about the 

corrosion behaviour of the studied material without the need 

for external polarisation [27]. OCP of specimens CTi2, 

CTi6, and CZn2 (blue, purple, and dark green lines in 

Fig. 10 a, respectively) show a positive change during the 

first 10-20 minutes of the test and subsequent stabilization. 

OCP of specimens CZn6 and BA (light green and red lines, 

respectively) is constant throughout the duration of the test. 

The higher OCP values of BA and CTi6 compared to the 

other tested composites indicate their ability to form good 

protective surface films [27]. 

The polarization dependencies of all studied composites, 

shown in Fig. 10 b, are characterized with a wide cathodic 

region. The reference alloy A6061 T6 has the lowest 

corrosion potential Ecorr (-0.640 V) (Fig. 11 b). The other 

specimens show a shift in Ecorr in the cathodic region 

relative to Ecorr of A6061 T6, with the Ti-reinforced 

composites showing a negligible shift of about 0.20 V, while 

the Zn-reinforced composites show a shift of about 0.300 V. 

The cyclic polarization curves of BA and Ti- or Zn 

reinforced composites show sensitivity to local corrosion 

(Fig. 10 b). The positive hysteresis in all polarization curves 

indicates for development of pitting corrosion. The greater 

difference between the standard potentials of Al (1.676 V) 

and Zn (-0.762 V) compared to that of Al and Ti (1.210 V) 

[28] is a prerequisite for the greater tendency of Zn-

reinforced composites to pitting corrosion. The hysteresis of 

the reference alloy BA and composites CTi2 and CTi6 is 

more pronounced than those of composites CZn2 and CZn6. 

The shift in Epit for different types and concentrations of 

the reinforcing particles is shown in Fig. 11 a. 
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Fig. 9. Cross sections of the IGC tested specimens: a – reference alloy BA; b – composite CTi2; c – composite CTi4; d – composite CTi6; 

e – composite CZn2; f – composite CZn4; g – composite CZn6 

 
 

a b 

Fig. 10. Ti- and Zn reinforced A6061 T6 composites: a – OCP curves; b – cyclic polarization curves 
 

The pitting potentials of the reference alloy BA  

(-0.575 V) and composites CTi2 (-0.568  ) and CTi6  

(-0.558 V) are more positive than those of Zn-reinforced 

composites CZn2 (-0.877 V) and CZn6 (-0.894 V), which is 

indicative for a better resistance to pitting. With increasing 

the Ti concentration, the pitting corrosion resistance of the 

composites improves. 

Phases Al(Cu,Mg) and Al3Ti separated during FSP 

have a cathodic relation with respect to the anodic Al-alloy 

matrix and form microgalvanic elements, which are 

potential sources for the development of local corrosion 

[29]. In Ti-reinforced composites, the corrosion process is 

less pronounced, with corrosion behaviour very close to that 

of the reference alloy BA. It is known that in aluminium 

alloys alloyed with Ti, Ti and Al form an adhesive, 

protective oxide layer of Al₂O₃, as well as a mixed TiO₂-

Al₂O₃ layer [30]. The barrier film formed on Ti-reinforced 

composites is thicker and more stable than that formed on 

pure aluminium, making it more resistant to corrosion. TiO₂ 

is stable, has insulating properties, and is non-conductive, 



which decreases the rate of anodic dissolution [31, 32]. 

Evidence of the increased corrosion resistance of Ti-

containing composites can be seen in the shift of the OCP of 

CTi6 towards the most positive values compared to the other 

studied composites (Fig. 10 a). 

 

a 

 

b 

Fig. 11. Ti- and Zn reinforced A6061 T6 composite: a – corrosion 

potential Ecorr; b – Pitting potential Epit 

In this case, adding 6 % titanium to the aluminium alloy 

shifts the OCP towards more positive values compared to 

the OCP values of Zn-reinforced composites and the 

reference BA alloy. 

As expected, the corrosion of Zn-reinforced composites 

is accelerated for several reasons. The main reason is the 

cathodic behaviour of zinc particles in relation to the anodic 

aluminium matrix. Their larger size and concentration 

enhance the electrochemical interaction effect between them 

and the matrix. Another reason is FSP technology, which 

involves an asymmetric flow of material in the mixing zone, 

as well as the combined effect of different degrees of 

deformation and temperatures during FSP [4, 22, 23]. This 

leads to an uneven distribution of Zn particles (see Fig. 5, 

Fig. 6 and Fig. 7). Thirdly, the pores formed during FSP in 

the mixing zone (Fig. 7 b) increase the active 

electrochemical surface area, thereby enhancing the 

corrosion process. This intensifies the anodic dissolution 

process and increases the amount of corrosion product 

released, resulting in a loss of mass per unit area according 

to ASTM G67. 

Therefore, although reinforcement with Ti and Zn 

particles improves the wear resistance and strength of 

A6061 T6-based composites obtained by FSP, products 

made from these composites are not recommended for use 

in environments containing aggressive ions. 

Our future research will focus on several directions: 

optimizing the FSP process parameters to minimize pore 

formation that promotes corrosion; optimizing the type and 

concentration of added particles and evaluating their 

influence on the mechanical properties and corrosion 

resistance of aluminium composites; and conducting long-

term testing of novel composite types in various corrosive 

environments. 

4. CONCLUSIONS 

The following conclusions can be drawn from the 

corrosion studies performed on Ti- and Zn- reinforced alloy 

A6061 T6-based AMCs obtained by friction stir processing: 

In both types of alloy A6061 T6-based aluminium 

matrix composites reinforced with Zn- and Ti particles, 

corrosion processes by microgalvanic mechanism. 

Alloy A6061 T6-based AMCs reinforced with Zn- and 

Ti particles are resistant to intergranular corrosion, but are 

susceptible to pitting corrosion. 

Ti-reinforced AMCs are more resistant to pitting 

corrosion. They have a more positive pitting potential 

compared to the reference alloy A6061 T6 and the Zn-

reinforced AMCs. 

Despite the good wear resistance, Zn-reinforced AMCs 

are not recommended for applications in environments 

containing aggressive ions. 
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