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Abstract 

 
      This work involves the manufacturing of MAX phase materials include V2AlC and Cr2AlC using powder metallurgy as 

a new class of materials which characterized by regular crystals in lattice. Corrosion behavior of these materials was 

investigated by Potentiostat to estimate corrosion resistance and compared with the most resistant material represented by 

SS 316L. The experiments were carried out in 0.01N of NaOH solution at four temperatures in the range of 30–60
o
C. 

Polarization resistance values which calculated by Stern-Geary equation indicated that the MAX phase materials more 

resistant than SS 316L. Also cyclic polarization tests confirmed the resistivity of MAX phase materials through disappears 

of hysteresis loop.  
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1. Introduction 

 
      Materials technology is a very vital part of 

modern technology. Technological development is 

often limited by the properties of materials and 

knowledge about them. Some properties, such as 

that determining corrosion behavior, are most 

difficult to map and to control [1]. In general, the 

development of modern society and industry has led 

to a stronger demand for engineers with specialized 

knowledge in corrosion. There are a number of 

reasons for this; The application of new materials 

requires new corrosion knowledge, Industrial 

production has led to pollution, acidification and 

increased corrosivity of water and the atmosphere, 

Stronger materials, thinner cross-sections and more 

accurate calculation of dimensions make it 

relatively more expensive to add a corrosion 

allowance to the thickness, The widespread use of 

welding has increased the number of corrosion 

problems, and other factors [2] 

      Many authors were interested fabrication of 

MAX phase materials and studied of some their 

physical and mechanical properties. Zhou et al. in 

2001 determined the electronic and structural 

properties of the layered ternary compound Ti3AlC2 

using the ab initio pseudopotential method based on 

density functional theory [3]. Wang and Zhou in 

2002 investigated the isothermal oxidation behavior 

of Ti2AlC at intermediate temperatures of 500, 600, 

700, 800, and 900°C in flowing air by means of 

thermogravimetric analysis, X-ray diffraction 

(XRD), Raman spectroscopy, and scanning electron 

microscopy (SEM)/energy dispersive spectroscopy 

[4], also they fabricated the microstructure of 

polycrystalline Ti3AlC2 by the solid–liquid reaction 
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synthesis and simultaneous in situ hot pressing 

process was investigated by SEM and TEM [5]. 

      Zhimei et al. [6] performed theoretical studies of 

the bulk modulus of M2AlC, where M5Ti, V, Cr by 

means of ab initio total energy calculations using 

the projector augmented wave methods. The bulk 

modulus of M2AlC increases as Ti is substituted 

with V and Cr by 19% and 36%, respectively. This 

can be understood since the substitution of Ti by V 

and Cr is associated with an extensive increase in 

the M–Al and M–C bond energy. 

      Jochen et al. [7] calculated the equilibrium 

volume and the density of states (DOS) of Cr2AlC 

for antiferromagnetic (AFM), ferromagnetic (FM) 

and paramagnetic (PM) configurations by ab initio 

total energy calculations. Based on a comparison of 

the cohesive energies as well as the DOS for all 

three magnetic configurations we have identified 

the FM configuration to be metastable. 

Furthermore, they report the structural 

characterization of polycrystalline Cr2AlC thin films 

grown by magnetron sputtering. The charge density 

distribution suggests that the chemical bonding 

between Cr and C in Cr2AlC is very similar to the 

one in cubic CrC. 

      Hettinger et al. [8] investigated the electronic, 

magnetotransport, thermoelectric, thermal, and 

elastic properties of four M2AlC phases: Ti2AlC, 

V2AlC, Cr2AlC and Nb2AlC. The electrical 

conductivity, Hall coefficient, and magneto-

resistances are analyzed within a two-band 

framework assuming a temperature-independent 

charge carrier concentration. With room 

temperature thermal conductivities in the 25 W/m K 

range - 45 W/m K for V2AlC, they are also good 

thermal conductors. 

      Yuri et al. [9] synthesized a near-single-phase 

Ti3AlC2 ternary carbide from 3Ti–1.1Al–1.8C 

powder blend, both by the wave propagation and 

thermal explosion (TE) modes of self-propagating 

high temperature synthesis. Zhimei et al. [10] 

studied M2AlN phases, where M = Ti, V, and Cr, by 

means of ab initio total energy calculations. The 

bulk modulus of M2AlN is generally higher than 

that of the corresponding M2AlC phase, which may 

be explained by an extra electron in the former 

phases contributing to stronger chemical bonding. 

      Wubian et al. [11] fabricated Cr2AlC ceramics 

by hot-pressing using Cr, Al and C powders as 

starting materials. The phase assemblages of the 

samples consisted of Cr2AlC, as a major crystalline 

phase, together with a very small amount of Cr7C3 

and an unknown phase. Its thermal and electrical as 

well as mechanical properties were determined. 

Wu-bian et al. [12] fabricated dense and 

predominantly single-phase samples of Cr2AlC, 

together with a trace amount of Cr7C3 by hot 

pressing of a mixture of chromium, aluminum, and 

graphite powders at 14001C for 1 h. The hardness, 

Young’s modulus, flexural strength, and 

compressive strength of Cr2AlC samples were 5.2, 

288 GPa, 483729, and 1159723 MPa, respectively, 

which are comparable with those of Ti3AlC2 and 

Nb2AlC. The material exhibits good damage 

tolerance. 

      Denis et al. [13] studied the electronic structure 

of Tan+1AlCn (space group P63/mmc, n = 1–3) under 

uniform compression from 0 to 60 GPa and at 

temperatures from 0 to 1500 K using ab initio 

calculations.  

      Yanchun et al. [14] synthesized new layered 

compounds, (V0.5Cr0.5)3AlC2, (V0.5Cr0.5)4AlC3, and 

(V0.5Cr0.5)5Al2C3 by reactive hot pressing V, Cr, Al, 

and graphite powders. The crystal structures of 

these new phases were determined using a 

combination of X-ray diffraction and scanning 

transmission electron microscopy. 

      Wubian et al. [15] studied the isothermal 

oxidation behavior of Cr2AlC ceramics oxidized in 

air at 1100 and 1250 
o
C for 20 h.  Wubian et 

al. [16] studied the compressive properties of 

ternary compound Cr2AlC at different temperatures 

and strain rates. Zhou et al. [17] synthesized dense 

bulk Cr2AlC by hot-pressing of Cr, Cr3C2 and Al 

powders as starting materials. The results showed 

that Cr2AlC grains have columnar and plate-like 

shapes, and that it is a good electrical and thermal 

conductor. Chang et al. [18] studied the Cr2AlC 

ternary carbide in chemical and oxidation 

resistances as well as mechanical properties at high 

temperatures. 

      The aim of present work is fabricate the V2AlC 

and Cr2AlC materials by powder metallurgy and 

study their corrosion behavior in basic medium of 

0.01N NaOH solution  and comparison their 

behavior with SS 316L which act as most metallic 

resistant alloy at four temperatures 30, 40, 50 and 

60
o
C.  
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2. Experimental Procedure 

 
      To fabricate the V2AlC and Cr2AlC samples V, 

Cr, C, and Al powders (99% pure) were mixed in 

stoichiometric proportions, ball milled (BAIRD & 

TATLOCK) for 20 min at high level of speed for 

each sample, cold pressed using the hydraulic press 

machine type (Mega 50 Ton Max) and placed in a 

graphite die in a vacuum hot press (MTI 

Corporation GLS 1500X). The latter was evacuated 

and heated to 1100-1350 °C for 6 h. The sample 

was held at the maximum applied uniaxial pressure 

~3 ton for 10 min.  

To characterize the prepared MAX phase 

material, X-ray Diffraction (XRD) analysis was 

used in order to find out the composition and phase 

identification of each sample using Shimadzu X-ray 

diffractometer (type XRD- 6000/7000). 

Potentiostatic and cyclic polarization 

measurements were carried out with WINKING 

MLab 200 Potentiostat from Bank-Elektronik with 

electrochemical standard cell and SCI 

electrochemical software at a scan rate 5 mV.sec
-1

. 

Polarization experiments were started when the rate 

at which open circuit potential (Eoc) changed was 

less and more 300mV[19]. Saturated calomel 

electrode (SCE) was used as reference electrode and 

Pt as counter electrode, while working electrodes 

were V2AlC, Cr2AlC and SS 316L. The three 

electrodes arranged as shown in Fig. 1. The 

specimens were polished, degreased with acetone 

and rinsed with distilled water and then they put in 

holder to insulate all but one side with exposed 

surface area (1 cm
2
). The main results obtained 

were expressed in terms of the corrosion potentials 

(Ecorr) and corrosion current density (icorr) in addition 

to measure the Tafel slops by Tafel extrapolation 

method [20]. From the values of Tafel slopes and 

corrosion current density, the polarization 

resistances values can be calculate according to 

Stern-Geary equation as follow: 
 

𝑅𝑝 =  
𝑑𝐸

𝑑𝑖
 
𝑖=0

=
𝑏𝑎 ∗ 𝑏𝑐

2.303∗ 𝑖𝑐𝑜𝑟𝑟 ∗  𝑏𝑎+𝑏𝑐 
                 … (1) 

where bc and ba are cathodic and anodic Tafel slop 

respectively. 

Electrolyte solution was 0.01N NaOH at 

(pH=12) which used for corrosion tests. All 

experiments were achieved at four temperatures 

include 30, 40, 50 and 60
o
C which adjusted by 

water bath in jacket cell as shown in Fig. 1-b. 
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(b) 

 
Fig. 1. Set up of corrosion test, (a) Electrical circuit, 

(b) Standard cell. 

 

 

3. Results and Discussion 

 
The X-ray powder diffraction patterns collected 

at 1 atm for V2AlC and Cr2AlC are shown in 

Fig.(2). For two materials, all major peaks were 

assigned to the hexagonal structure with the space 

group P63 /mmc. A few low intensity impurity 

peaks were not identified.  

The variation of potentials with time for MAX 

phase materials and SS 316L (for comparison only) 

in basic medium of sodium hydroxide are shown in 

Figure (3) for 600 sec. at scan rate 5 mV.sec
-1

, these 

figures indicate that there are protective film may be 

formed on material surfaces in basic medium for 

prepared MAX phase materials. Generally, the 

potentials of V2AlC more noble than these for 

Cr2AlC and SS 316L at constant temperature due to 

breakdown and repairing of Cr2O3 in the last two 

materials. In the other word, polarization 
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characteristics recoded in 0.01N NaOH show that 

V2AlC undergoes active dissolution at potentials 

more positive than other materials, ex., Ecorr of 

V2AlC was -473.5 mV at 60
o
C, while for Cr2AlC 

and SS 316L were -1191.8 and -1200.7 mV 

respectively at the same temperature (see Table 1). 

 

 
 

 
  

Fig. 2. XRD for prepared MAX material. 

 

 

Figure (4) shows the polarization test of three 

materials in 0.01N NaOH solution at four 

temperatures, indicating the cathodic and anodic 

regions. The variation of potentials with current 

densities for V2AlC and Cr2AlC curves more than 

for SS 316L due to stable protective film in MAX 

phase materials compared with SS 316L in addition 

to the high resistance needed to rupture the regular 

crystals in structure. Corrosion parameters were 

calculated by Tafel extrapolation method are found 

in Table (1) and the order of corrosion current 

densities take the following sequence: 
 

icorr in 0.01N NaOH 
       

V2AlC  < Cr2AlC  < SS 316L 
 

 
 

 
 

 
 

Fig. 3. Potential–time measurements of Materials in 

0.01N NaOH at four temperatures. 
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Table 1, 

Corrosion parameters for V2AlC, Cr2AlC and SS316L in 0.01N NaOH at four temperatures. 

Material 
Temp. 
oC 

-Eoc 

mV 

-Ecorr 

mV 

icorr 

μA.cm-2 

-bc 

mV.dec-1 

+ba 

mV.dec-1 

Rp x103 

Ω.cm2 

V2AlC 

30 289 394.7 5.23 147.8 151.4 6.209 

40 340 431.0 5.50 86.4 183.2 4.635 

50 337 497.1 10.32 93.9 98.9 2.029 

60 377 473.5 11.45 130.5 364.8 3.645 

Cr2AlC 

30 1209 1166.5 16.60 150.9 241.1 2.428 

40 931 975.3 18.47 267.6 266.5 3.139 

50 1123 1133.6 19.29 152.8 317.8 2.323 

60 1144 1191.8 31.26 106.2 164.1 0.896 

SS 316L 

30 1184 1183.5 37.81 91.0 134.7 0.624 

40 1191 1181.6 86.24 136.8 201.2 0.410 

50 1199 1187.8 99.89 154.5 234.2 0.405 

60 1207 1200.7 221.08 170.6 271.6 0.206 

 

 

 
 

 
 

 
 

Fig. 4. Tafel plot of materials in 0.01N NaOH at four 

temperatures. 

The term (Rp) corresponds to the resistance (R) 

of the metal/solution interface to charge–transfer 

reaction. It is also a measure of the resistance of the 

metal to corrosion in the solution in which the metal 

is immersed. The values of Rp are presented in 

Table (1). These data indicate that the polarization 

resistance was good agreement with the results of 

corrosion current density, where can be seen that the 

polarization resistance values were for V2AlC 

followed by Cr2AlC and then for SS 316L. 

The polarization resistance of MAX phase 

materials varied with increasing temperature due to 

variation of cathodic and anodic sites on the 

material surface, but at constant temperature the 

resistance of these materials more than for SS 316L, 

for example at 60
o
C, the polarization resistance of 

V2AlC was 3.645 Ω.cm
2
, while for Cr2AlC and SS 

316L were 0.896 and 0.206 Ω.cm
2
 respectively. 

Generally, the sequence of Rp take the order:  
 

Rp Ω.cm
2
 

 

V2AlC  > Cr2AlC  > SS 316L 
 

The corrosion current density (icorr) is a kinetic 

parameter and represents the rate of corrosion under 

specified equilibrium condition. Any factor that 

enhances the value of (icorr) results in an enhanced 

value of the corrosion rate on pure kinetic ground.    

According to the results of corrosion current 

density, can be say that the highest corrosion rate 

was for SS 316L followed by Cr2AlC. While V2AlC 

has lowest corrosion rate. 

The cyclic polarization of MAX phase materials 

shows no chance to pitting compared with SS 316L, 

which is recognized as a dangerous form of 
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corrosion, in tested media as shown in Figure (5). 

This means that V2AlC and Cr2AlC materials were 

exhibited a good resistance to corrosion in 0.01N 

NaOH solution at different temperatures in the 

range of 30 – 60
o
C. 

 

 
 

 
 

 
 

Fig. 5. Cyclic polarization of materials in 0.01N 

NaOH at four temperatures. 

 

 

4. Conclusion 

 
From the study of corrosion behavior for MAX 

phase materials can be concluded that these 

materials have good corrosion resistance in basic 

medium. This conclusion was confirmed through 

the potential – time measurements, polarization test 

and cyclic polarization due to homogenously 

structures and regular crystal in lattice of these 

ceramic materials. The corrosion parameters 

indicated that the Eoc and Ecorr values were more 

negative for SS 316L followed by Cr2AlC and then 

V2AlC. The corrosion current density (or corrosion 

rate) take the order SS 316L > Cr2AlC > V2AlC. 

Polarization resistance values which calculated 

depending on Tafel slopes and current density 

indicated that the most resistance was for V2AlC 

due to protective layer on its surface which is more 

stable than that formed on Cr2AlC and SS 316L 

surfaces. 
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هيذروكسيذ في  بالمقارنة مع الفىلار المقاوم للصذأ Cr2AlCو  V2AlCكلي للمىاد آالسلىك الث

عنذ اربع درجات حرارية  الصىديىم
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الخلاصة 

 
عذ ٍِ اىَىاد اىجذيذة اىََيزة ببّخظبً في اىشبنت اىبيىسيت ببسخخذاً ٍيخبىىسجيب اىَسبحيق، وحٌ دساست اىخي ثتُ  MAXيخضَِ هزا اىبحث حصْيع ٍىاد اىطىس 

اجشيجْ . 316Lببىفىلار اىَقبوً ىيصذأ ميي ىهزٓ اىَىاد ببسخخذاً اىَجهبد اىسبمِ ىخقذيش ٍخغيشاث اىخأمو واىَقبسّت ٍع اىَبدة الامثش ٍقبوٍت واىََثيت آاىسيىك اىج

وقذ بيْجْ . دسجت ٍئىيت 60  –30ّىسٍبىيت وعْذ اسبع دسجبث حشاسيت ضَِ اىَذي  0.01جَيع اىخجبسة في وسط قبعذي ٍِ هيذسومسيذ اىصىديىً بخشميز 

مَب اُ الاسخقطبة اىحيقي امذ . ٍِ اىفىلار اىَقبوً ىيصذأجيشي ببُ اىَىاد اىَحضشة حَخيل ٍقبوٍت افضو -ّخبئج ٍقبوٍت الاسخقطبة اىَحسىبت بَعبوىت سخيشُ

 .ٍقبوٍيت هزٓ اىَىاد ٍقبسّت ٍع اىفىلار اىَقبوً ىيصذأ ٍِ خلاه عذً ظهىس اىحيقت اىهسخيشيت
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