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Abstract: Al–TiC nanocomposite materials have been prepared by a new in situ 

synthesizing technique. A mixture of aluminum, titanium, and graphite has been prepared 

using ball milling technique and then melted in a high frequency induction heat furnace 

(HFIHF) at different sintering temperatures, namely 900, 1100, and 1300 °C. The effect of 

sintering temperature on the corrosion of the Al–TiC composite in 3.5% NaCl solutions 

was investigated using cyclic potentiodynamic polarization, chronoamperometric  

current-time, open-circuit potential, and electrochemical impedance spectroscopy 

measurements. The surface of the composites after their corrosion in the test solution was 

investigated using scanning electron microscopy and energy dispersive X-ray analyses. It 

has been found that all manufactured composites suffer uniform corrosion. All corrosion 

test techniques were consistent with each other and confirmed clearly that the corrosion 

resistance of Al composites increased according to their sintering temperature in the 

following order 900 > 1100 > 1300 °C. 
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1. Introduction 

Aluminum and its alloys are versatile materials thanks to their excellent properties such as high 

strength to weight ratio, good machinability, excellent corrosion resistance, acceptable appearance, and 

being heat-treatable [1–5]. Therefore, they have been widely used in several industrial applications 

such as electrical conductors, construction material of aircrafts, anode material for alkaline batteries 

and cathodic protection systems, packages, household appliances, etc. [1–5]. The corrosion resistance 

of aluminum results from the natural oxide film that spontaneously forms on its surface once it is 

exposed to air. This oxide film is more immune to corrosion than the aluminum itself. While, in harsh 

environments and corrosive aqueous solutions, the corrosion of aluminum takes place as a result of the 

environmental attack to the aluminum oxide layer formed on the surface leading to its dissolution 

either via uniform or pitting corrosion or even through the occurrence of both corrosion forms  

together [2,4,6]. 

The corrosion resistance of aluminum and its alloys has been reported to be improved in many 

ways. This includes modifying the surrounding environments to decrease its corrosiveness action through 

using powerful corrosion inhibitors [6,7]. Also, by increasing the immunity of aluminum itself via 

adding more noble alloying elements to aluminum [8–10], reducing the grain size of aluminum [11,12], 

anodization of aluminum [13,14], and using the appropriate heat treatment parameters [15–18].  

The inhibition of aluminum corrosion in 3.5% NaCl solution and Arabian Gulf seawater by  

3-amino-5-mercapto-1,2,4-triazole (AMTA) has been investigated [6,7]. It is found that the presence 

of AMTA molecules inhibits the corrosion of aluminum via its adsorption onto the aluminum surface 

protecting from being attacked by the surrounding corrosive ions and this effect was found to increase 

with the increase of AMTA concentration. Moreover, the addition of graphite (Gr) as an alloying 

element [8,9] was found to affect the corrosion behavior of aluminum, where the presence of Gr up to 

3.0 wt. % increases the corrosion rate of aluminum in 3.5% sodium chloride solutions on short 

immersion periods of time, 40 min. Increasing the immersion time of the aluminum containing Gr to  

three days decreases the rate of corrosion of aluminum through increasing the resistance of its surface 

to both pitting and uniform attacks. Adding iron in low percentages, 0.04–0.42 wt. %, to aluminum 

increases the pitting and uniform corrosion by increasing the oxygen reduction and hydrogen evolution 

reactions [10]. In this case, the heat treatment was found to cause depletion in the solute content of Al 

containing Fe matrix, leading to the increase of its anodic reactivity. 

The corrosion behavior of aluminum and its alloys was also found to be influenced by refining the 

size of their grains. The refining of grain size can be achieved in different ways, including high 

pressure torsion and equal channel angle pressing (ECAP). It has been reported [19–22] that ECAP is 

one of the most employed methods for producing ultra-fine microstructures of Al alloys. The ECAP 

technique was also reported to remarkably improve the mechanical properties and increase the 

corrosion resistance of Al alloys [11,12,23–25]. The aim of the present work was twofold. First, the 
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manufacturing of Al–TiC composites with chemical composition of 65 wt. % Al, 30 wt. % C, and  

5 wt. % Ti, at 900, 1100, and 1300 °C. Second, reporting the effect of the different sintering 

temperatures on the corrosion behavior of the manufactured composite. The study was carried out 

using a high energy ball mill to uniformly mix the powders of the alloying elements. A high-frequency 

induction heat sintering at the named temperatures was also employed to obtain the solid form  

of the composites. The corrosion behavior was tested in 3.5% NaCl solutions using cyclic  

polarization, chronoamperometric, electrochemical impedance spectroscopy, and scanning electron 

microscopy investigations. 

2. Experimental Part 

2.1. Manufacturing of Al–TiC Composites 

Aluminum (Al, 98% purity), titanium (Ti, 98% purity),and graphite (Gr, 99.5% purity) fine powders 

with micro particle size were purchased from Loba Chemie, India and were used as received. The Al 

fine powder was mixed with the Gr and Ti powders to get a mixture of 65Al–30C–5Ti in weight 

percent (wt. %). The powders were uniformly mixed in a high energy ball milling using steel balls with 

ball-to-powder ratio of 5:1 using a Desktop 220V High Energy Vibratory Ball Mill from Across 

International Company (Livingston, NJ, USA). The mixture of powders was placed in 80 mL steel jar 

at 2000 rpm and 30 min mixing time. The mixed powders were sintered in a 10 mm graphite die as 

shown in Figure 1 using high-frequency induction heat sintering. The sintering process was done under 

10 MPa pressure (low pressure sintering) at different temperatures of 900, 1100, and 1300 °C, 

respectively for 4 min. The compaction and sintering processes were done simultaneously at vacuum 

level of 1 × 10−3 Torr in order to prevent the grain growth and the oxidation of the surface of the 

composites. The sintered specimens were finally left to cool down to reach room temperature, then 

were taken out from the chamber of the furnace via the extraction mechanism shown in Figure 1b. 

 

Figure 1. (a) Graphite die during sintering and (b) sample extraction from the graphite die. 
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2.2. Test Solution and Electrochemical Cell 

The pure sodium chloride salt (99%) was obtained from Merck and was used in the preparation of 

the 3.5 wt. % NaCl solution as received. A conventional electrochemical cell accommodates for  

250 cm3 and having a three-electrode configuration was used for the electrochemical measurements. 

The Al composite, an Ag/AgCl electrode (in saturated KCl solution), and a platinum wire were used as 

working, reference, and counter electrodes, respectively. The Al electrode was prepared and polished 

for electrochemical measurements as previously reported [8,26]. 

2.3. Electrochemical Techniques 

The electrochemical measurements were carried out using an Autolab Potentiostat-Galvanostat that 

was purchased from Metrohm Autolab B.V. (Amsterdam, The Netherlands). The cyclic polarization 

curves were measured after 1 h immersion in the NaCl solution by scanning the potential from −1.70 V 

towards the positive direction to 0.0 V at a scan rate of 0.001 V/s against the Ag/AgCl reference 

electrode. Then, the potential was scanned in the reverse direction at the same scan rate until the end of 

the run [8,9]. The chronoamperometric experiments were carried out after 1 h immersion in the test 

solution after which the potential of Al electrodes was kept at a constant potential value of −0.1 V for  

1 h. The open-circuit potential measurements were carried out for 24 h. The electrochemical 

impedance spectra were acquired after 1 h immersion in the chloride solution from the open-circuit 

potential value [8,9,26]. The frequency was scanned from the range of 100,000 Hz to 0.1 Hz using an 

AC wave of ±5 mV peak-to-peak overlaid on a DC bias potential. The software to collect the 

impedance data was Powersine software at a rate of 10 points per decade change in frequency [8,9,26]. 

Each experiment was performed using new portion of the test solution and a fresh electrode surface. 

2.4. Surface Characterization 

A scanning electron microscope from JEOL (Tokyo, Japan) was used and its images obtained the 

surface of the Al composites, which were immersed in 3.5 wt. % NaCl solution for 1 h before applying 

a constant potential value of −0.0 V for 1 h. 

3. Results and Discussion 

3.1. Cyclic Polarization Experiments 

Cyclic potentiodynamic polarization (CPP) measurements were carried out in order to report the 

corrosion parameters obtained in studying the effect of sintering temperature on the corrosion behavior 

Al–TiC composites in the chloride test solution. Figure 2 shows the CPP curves obtained in 3.5% NaCl 

solutions for the Al–TiC composites sintered at (1) 900, (2) 1100, and (3) 1300 °C, respectively. The 

values of the corrosion parameters obtained from the polarization curves such as cathodic Tafel (βc) 

and anodic Tafel (βa) slopes, the corrosion potential (ECorr), corrosion current density (jCorr), 

polarization resistance (Rp), and corrosion rate (RCorr) are presented in Table 1. The values of these 

parameters were obtained as reported in our previous studies [8,9]. 
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Table 1. Parameters obtained from the polarization curves for the different Al composites 

in the 3.5% NaCl solutions. 

Sintering Temperature 
Corrosion Parameter 

βc/V dec−1 ECorr/V βa/V dec−1 jCorr/µA cm−2 Rp/Ω cm2
 RCorr/mpy 

900 °C 0.18 −0.855 0.22 7 478.3 0.0996 

1100 °C 0.20 −0.830 0.23 9 664.5 0.0775 

1300 °C 0.24 −0.965 0.195 27 155.9 0.3321 

The CPP curve obtained for Al–TiC composite sintered at 900 °C (Figure 2, curve 1) shows a 

decrease of current with increasing potential in the less negative direction until the open-circuit 

potential (ECorr) value was obtained at which the value of jCorr is reached. This is due to the oxygen 

reduction that occurs on the surface of Al via the cathodic reactions that can be expressed by the 

following equations [9,26–28]: 
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Figure 2. Cyclic potentiodynamic polarization curves obtained after 1 h immersion  

in 3.5% NaCl solutions for the Al–TiC composite sintered at (1) 900, (2) 1100, and  

(3) 1300 °C, respectively. 

The consumed electrons in the cathodic reaction are produced from the anodic reaction in which the 

aluminum dissolves under the aggressiveness action of the chloride ions as well as the increase of 

potential values in the less negative direction as per the following reaction [9,11,26]: 

3Al Al 3e   (3) 

In the early stages of the anodic branch, the aluminum surface develops an oxide film, which is 

indicated by the large passive region shown on the curve, this may be expressed as follows [9,11,26]: 

3Al + 3OH Al(OH) 3e    (4) 
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2 3 22Al + 6OH Al O 3H O 6e     (5) 

The formed oxide layer gets destroyed with increasing the applied potential at the most negative 

values in the presence of the corrosive chloride species. This, in turn, leads to the dissolution of Al via 

the occurrence of uniform corrosion, as proven by the increase of current shown in Figure 2. This can 

be explained according to the following reaction [29,30]: 

3+

4Al + 4Cl AlCl   (6) 

According to reaction (6), a salt barrier is formed within the pits on their formation, in this case 

AlCl3, which could then form AlCl4
− and diffuses into the bulk of the solution. Another opinion 

claimed is that the chloride ions do not enter into the formed oxide layers but they are chemisorbed 

onto the oxide surface and act as a reaction partner, aiding the oxide to dissolve via the formation of 

oxychloride complexes, as per the following reaction [29,30]: 

3+

(crystal lattice of oxide) 2 2Al + 2Cl 2OH Al(OH) Cl     (7) 

Increasing the temperature of sintering to 1100 °C (Figure 2, curve 2) led to increasing the cathodic, 

anodic, and corrosion (jCorr) currents as well as the value of RCorr, shifting ECorr slightly to the more 

negative, and decreasing the value of Rp. The highest sintering temperature, 1300 °C (Figure 2,  

curve 3) raised the values of cathodic and anodic currents, jCorr and RCorr, while decreasing the value of 

Rp and shifted ECorr further in the more negative direction with no indication on the occurrence of 

pitting corrosion. This was confirmed by the values of the corrosion parameters displayed in Table 1. 

The polarization results thus revealed that the best performance for the manufactured Al composite 

against corrosion in 3.5% NaCl solution was recognized to be for the sample sintered at 900 °C 

followed by the one at 1100 °C, while the worst resistance against corrosion was proven to be for the 

sample sintered at 1300 °C. This is due perhaps that the increase of sintering temperature increases the 

diffusion of Al metal and thus decreases the corrosion resistance of the composite’s surface.

 

3.2. Chronoamperometric Measurements 

In order to throw more light on the effect of sintering temperature on the pitting corrosion of the 

different manufactured Al composites, chronoamperometric current-time (CCT) curves were collected 

after 1 h immersion in 3.5% NaCl solutions followed by the application of a constant value of 

potential, −0.1 V vs. Ag/AgCl for another 1 h. Figure 3 shows CCT curves obtained in 3.5% NaCl 

solutions for the Al–TiC composites sintered at (1) 900, (2) 1100, and (3) 1300 °C, respectively. The 

lowest current is seen to be recorded for the composite that was sintered at 900 °C (Figure 3 curve 1), 

where the current initially decreased due to the presence of a preformed oxide film. Further decreases 

in the current with increasing time across the whole time of the experiment were recorded. This is 

because the composite at this condition does not corrode via pitting corrosion and also has a high 

corrosion resistance against uniform attack. 
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Figure 3. Potentiostatic current-time curves obtained at −100 mV for the Al–TiC 

composite sintered at (1) 900, (2) 1100, and (3) 1300 °C after 1 h immersion in 3.5%  

NaCl solutions. 

Similar effects, but with slightly higher current values, were shown by sintering the Al–TiC 

composite at 1100 °C (Figure 3 curve 2). On the other hand, increasing the temperature of sintering to 

1300 °C (Figure 3 curve 3) increased the absolute current values for the composite up on its immersion 

and over the time of the run to be much higher than those currents recorded for samples sintered at  

900 and 1100 °C. This prevails that the composite that was sintered at 1300 °C suffers the highest 

general dissolution but no pitting corrosion occurs, as the current does not increase with time. The 

CCT data thus confirms the results obtained by CPP measurements that the best performance against 

corrosion was shown by the composite sintered at 900 °C, followed by the one sintered at 1100 °C. 

3.3. Surface Morphology Investigations 

In order to report the effect of sintering temperature on the surface morphology of the  

Al–TiC composite and whether pitting corrosion occurs after applying more active potential value, the 

scanning electron microscopy (SEM) investigations were carried out. Figure 4 shows the SEM 

micrographs obtained for Al–TiC composites sintered at (a) 900, (b) 1100, and (c) 1300 °C, 

respectively, after their immersion in 3.5% NaCl solutions for 1 h before applying −0.1 V vs. Ag/AgCl 

for another hour. The sample sintered at 900 °C (Figure 3a) depicts that its surface does not have any 

indications for the occurrence of pitting corrosion confirming its CCT behavior, where the current 

values were always decreasing with time as seen in Figure 3 (curve 1) [29,30]. Moreover, all other 

images taken for the composites sintered at 1100 and 1300 °C did not show any pits, but showed a 

corrosion attack towards the surface. The highest deterioration was evident for the Al sample sintered 

at 1300 °C, which may be due to the increased Al at the composite’s surface. The SEM investigations 

are, thus, in good agreement with the data obtained by both CPP and CCT measurements. 
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Figure 4. SEM images obtained for the surface of Al–TiC composite sintered at (a) 900, 

(b) 1100, and (c) 1300 °C after its immersion for 1 h in 3.5% NaCl solutions followed by 

applying a constant value of −0.1 V (Ag/AgCl) for another 1 h. 

3.4. Open-Circuit Potential Measurements 

The effect of increasing the sintering temperature on the free corrosion potential (open-circuit 

potential, OCP) of the Al–TiC composites was reported. The variation of the OCP of metals and 

composites with time usually gives valuable information on their corrosion phenomena. The variation 

of OCP with time (20 h) curves obtained for the Al–TiC composite sintered at (1) 900 °C, (2) 1100 °C, 

and (3) 1300 °C in 3.5% NaCl solutions are shown in Figure 5. It is clear from Figure 5 (curve 1) that 

the potential shifts rapidly at the early moments of immersion towards the negative direction as a result 

of the dissolution of a pre-immersion formed oxide layer. Then the potential shifts slightly to less 

negative values with time due to the equilibrium between the corrosion attack to the electrode surface 

and the formation of an oxide film on the surface. Increasing the sintering temperature (Figure 5,  

curve 2) greatly shifted the absolute potential of the composite to the less negative values from the first 

moment of electrode immersion and across the whole time of the experiment. This indicates that 

sintering the composite at 1100 °C increases its corrosion via dissolving the electrode surface by the 

chloride ion attack presented in the test solution. The highest sintering temperature, 1300 °C, as seen 

from the curve 3 of Figure 5 decreased the values of OCP in the negative direction with time, which 

indicates that the increase of temperature increases the corrosion of the fabricated composites. The 

results obtained from the change of the OCP with time thus confirm the data obtained by polarization 
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and chronoamperometric measurements that the corrosion resistance of the manufactured Al 

composites decreases according to their sintering temperature in the order of 900 > 1100 > 1300 °C. 
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Figure 5. Change of the open circuit potential versus time curves obtained for the Al–TiC 

composite sintered at (1) 900, (2) 1100, and (3) 1300 °C in 3.5% NaCl solutions. 

3.5. Electrochemical Impedance Spectroscopy (EIS) 

Our EIS experiments were carried out to report the kinetic parameters for the composite/surface 

interface in the chloride test solution. Typical Nyquist plots obtained for the Al–TiC composite 

sintered at (1) 900, (2) 1100, and (3) 1300 °C after 1 h immersion in 3.5% NaCl solutions are shown 

respectively in Figure 6. The EIS plots were best fitted to the equivalent circuit shown in Figure 7. The 

values of the parameters obtained from fitting EIS data with the equivalent circuit depicted in Figure 7 

are displayed in Table 2. According to universal convention, the symbols of the equivalent circuit are 

defined as following: RS a solution resistance; Q constant phase elements (CPEs); RP1 a polarization 

resistance that represents the resistance between Al composite and a corrosion product layer;  

Cdl double layer capacitors; and RP2 a second polarization resistance for the corrosion product and 

solution interface. 

The Nyquist plots of Figure 6 have only one semicircle for all Al composites after the different 

sintering temperatures, the bigger the diameter of the obtained semicircle the higher the corrosion 

resistance of the composite. The biggest diameter is seen for Al composite sintered at 900 °C followed 

by the one sintered at 1100 °C, but the smallest diameter was obtained for the sample sintered  

at 1300 °C. This behavior was also confirmed by the values of the parameters recorded in Table 2. 

Where the highest polarization (RS, RP1, and RP2) values were assigned for the two composites sintered 

at 900 and 1100 °C, respectively. Also, the values of Q (CPEs) with their n values close to 0.5 

represent Warburg impedance, which indicates that the corrosion of the Al composites does not take 

place via mass loss. The values of CPEs and also the values of Cdl were the smallest for 900 and  

1100 °C, respectively and confirm that their corrosion was the lowest. The EIS data thus agree with the 

results obtained by polarization, chronoamperometry, and open-circuit potential that the composite 

fabricated at 900 °C has the best performance against corrosion in 3.5% NaCl solution. 
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Figure 6. Typical Nyquist plots obtained for the Al–TiC composite sintered at (1) 900,  

(2) 1100, and (3) 1300 °C after 1 h immersion in 3.5% NaCl solutions. 

 

Figure 7. The equivalent circuit model used in the fitting of the obtained EIS data. 

Table 2. Electrochemical impedance spectroscopy parameters obtained for the different Al 

composites in the electrolytic 3.5% NaCl test solution. 

Sintering Temperature 

Parameters 

RS/Ω cm2 
Q 

RP1/Ω cm2 Cdl/F cm−2 RP2/Ω cm2 
YQ/F cm−2 n 

900 °C 16.09 0.002525 0.49 1.283 0.000381 545 

1100 °C 15.48 0.002543 0.51 0.985 0.000524 419 

1300 °C 13.97 0.007555 0.43 0.322 0.000145 243 

4. Conclusions 

In situ synthesizing of Al–TiC composites by HFIHF at sintering temperatures of 900, 1100, and 

1300 °C was reported. The corrosion behavior of these composites in 3.5% NaCl solution was 

investigated using different electrochemical and surface analysis techniques. All measurements 

indicated that sintering the Al–TiC composite at a temperature of 900 °C presents the highest corrosion 

resistance by minimizing the values of jCorr and RCorr as well as increasing the value of RP and 

preventing the occurrence of pitting corrosion. Manufacturing the composite at 1100 °C sintering 

temperature was found to also decrease the severity of corrosion through decreasing corrosion 

parameters against uniform and pitting attacks but the corrosion resistance of this composite was a bit 

lower than the composite sintered at 900 °C. The composite that was sintered at the highest 
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temperature, 1300 °C, showed the lowest resistance against uniform corrosion, although this composite 

did not suffer any pitting corrosion. Results together confirmed that the manufactured Al–TiC 

composites provided the best performance against corrosion at 900 °C followed by the samples 

fabricated at 1100 °C and the lowest resistance was obtained at 1300 °C. 
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