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Abstract - The present work investigated the formation of V4AlC3 MAX phase via Mechano-

thermal process. Vanadium, Aluminum and Graphite powders were milled by high energy ball 

mill for 30 hours. After, milled powders were annealed at 700 oC in inert atmosphere. XRD 

and SEM analysis showed that V4AlC3 max phase successfully synthesized. But it was shown 

that different phases also were formed at the end of the process not only max phase.  
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1. Introduction,  

MAX phase is shortly the abbreviation of Mn+1AXn. Where M represents a transition metal, 

A represents the group A, X may be either C or N in periodic table [1]. MAX phases have 

great features and they have both metallic and ceramic properties. Generally, there are 

strong covalent bonds between M-X in MAX phases, while M-A bonds are weaker [1-2]. That 

explains how the MAX phases show both ceramic and metallic properties at the same time. 

Moreover, MAX has a mostly hexagonal crystal laminar structure. This is the reason why 

they both exhibit similarities and anisotropic properties in unique structure [3-4]. MAX 

phases can be produced in a variety of ways such as; combustion synthesis [5], chemical 

and physical vapour deposition [6-7], self-propagating high-temperature synthesis [8], 

arc melting [9], mechanical alloying and sintering processes [10-11], etc. V4AlC3 max 

phase structure is M4AX3 type structure (Figure 1). There is different many synthesis 

method for V4AlC3 max phase. C. Hu et al [1] investigated the crystal structure of V4AlC3 

by the reactive hot pressing of the V-Al-C system with the stoichiometric molar ratio 

of V:Al:C = 4:1:3 at 1700 °C. The results obtained by them almost demonstrated that using 

the stoichiometric composition of V, Al and C mixture with heat treatment at 1700 for 

60 min led to the formation of the dominant phase of VC alongside V4AlC3. Hamm et al. 

[2] also prepared the V4AlC3 MAX phase using microwave heating at 1000 W for 60 min and 

post densification by SPS at 1350 °C and microwave heating could lead to the formation 

of V4AlC3. But the XRD patterns taken after the DSC analysis revealed only V2AlC formation 

at 1200 °C. However, while Hamm et al. [2] studied the formation of V4AlC3 with microwave 

heating, they did not mention the final microwave heating temperature and the reason for 

using such a molar ratio of starting elements with the ultra-high amount of Al; also, 

their investigation did not display the successful synthesis of V4AlC3 by applying SPS, 

as this method was only used for the densification purpose of the synthesized powders. 

V2AlC or V4AlC3 max phases which consist from V-Al-C, have a great potential for 

structural material applications due to their high strength behaviour both at room 

temperature and high temperatures. 

2. Experimental Details 

In this study, elemental Vanadium (V) powder (Merck 99%), aluminium (Al) powder (Carlo 

Roth 99.5%) and hexagonal graphite powder as carbon source (Merck 99.5%) were used as 

synthesis material. The powders were weighed as molar (V: Al: C = 4: 1: 3). The powder 

mixture was milled using a Retsch PM 100 brand apparatus. Under an argon (Ar)   

atmosphere using a 8 mm steel balls, the powder mixture was subjected to milling for 30 

hours and 300 rpm was selected as the milling cycle. The ground powders were subjected 

to X-ray analysis.   

Powders obtained at the end of milling were sintered at 700 °C. The X-ray analysis and 

a Scanning Electron Microscope (SEM, Zeiss Ultra55) observation was performed on the 

synthesised. 

diagram of the measurement system was given in Fig 1. 

temperatures. 

2. Results and Discussions 

The temperatures above 1400 °C are needed for the formation of the V2AlC or V4AlC3 max 

phase. Thanks to the mechano-thermal treatment, the temperature of such a transformation 

can be reduced by half degrees. For this purpose, elemental powders are first milled for 

a long time in a high energy ball mill. The elemental V-Al-C powders are welded to one 

another with the effect of ball impacts during milling, while at the same time increases 

in their internal energies occur. At the end of the milling process, the powders are 

fully mechanically alloyed to one another. At the same time, the temperature values to 

be forming for MAX phase are reduced to very low points. Following the milling process, 
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the synthesis of the max can be carried out by a thermal process at relatively low 

temperatures. 

 

Figure 1. X-ray analysis from the samples obtained at the end of 30 hours of milling 

XRD analysis from the powders obtained at the end of the milling process is shown in the 

Figure 1. As can be seen from the Figure 1. after 30 hours in the structure of both the 

internal energy increased elemental powders and intermediate structures emerged at the 

end of the milling process are seen. Al-C powders in the structure caused Al4C3 carbide 

to be formed due to ball impacts and energy provided by these impacts during the milling 

process. At the same time, oxygen contained in the structure combined with vanadium has 

caused the formation of V2O5. 

SEM images taken from milling is shown in Figure 2. As seen from in the Figure 2. the 

structure consists of many particles of different sizes. In fact, due to the decrease 

in particle size, agglomeration has occurred and dense bulks are seen. It is possible 

to find bulks of various sizes ranging from 2-100 µm. 
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Figure 2. SEM images of the samples obtained at the end of the milling process 

After milling, the powders were heated to a relatively low temperature of 700 °C to 

convert the powders into heat treated and internal energized powders. The results of XRD 

analysis from the samples obtained after the thermal treatment are given in Figure 3. 

The most intensive peak seen in the XRD analysis is the Al2O3 peak. The following one is 

the peak of the V4AlC3 in max phase. In addition to that, there is a small amount of V2O5 

and VC. As shown in Figure 3, the max phase was successfully synthesized. Changes in 

this sample compared to milled powder was defined as the formation of Al2O3 in the 

structure, the formation of VC, and the formation of max phase. VC which is a stable 

carbide in the structure, is expected to occur with increasing temperature. Al2O3 is also 

expected to occur due to its high affinity to oxygen. The fact that the entire structure 

is not transformed into the V4AlC3 max phase and the intermediate phases are formed is 

related to the milling process. The powder milling process is a non-homogeneous and non-

homogeneous process. In some regions, powder are normally milled, while in some of the 

dead zones of the container the powder is limited. This situation caused the material 

not to reach enough internal energy and thus transformed into different structures at 

the end of the thermal process. Considering the intensity and width of the XRD peaks, 

it can be said that if the heat treatment temperature is increased slightly, the 

crystallization will increase. Likewise, an increase in the milling time is thought to 

increase the crystallization. 

Figure 4 shows the SEM images taken from the samples obtained at the end of the thermal 

process. It can be said that the layered structures seen in the structure are the max 

phases. Due to the milling process, these layers are in different widths between 1-50 

µm and the layers are not properly shaped. 
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Figure 3. Results of XRD analysis of milled powders obtained from the samples obtained 

after heat treatment 

There are white particles around or above the layers and these particles are carbides 

or oxides that appear in XRD. During the mechano-thermal process, the V4AlC3 max phase 

is thought to be formed by following a series of reactions. During the milling of the 

elemental powders a solid solution was formed between Al-V. These solid solutions are 

those given as V peak in the XRD analysis in Figure 2 During the long milling process, 

the carbon only occurred carbide with aluminum is due to the fact that the starting 

powder is in hexagonal structure. 
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Figure 4. SEM images from samples obtained at the end of heat treatment 

Throughout the the milling process, the crystal structure of the carbon is deteriorated 

and amorphization occurs. For this reason, Al4C3, which is a weak and easy to form 

carbide, was formed in the first step. Between the heat treatment process and the powders 

milling process, the oxygen concentrations increased when the active powders exposed to 

the atmosphere. The increase of aluminum oxides in the structure after heat treatment 

is attributed to that. V-Al solid solutions formed during milling reacted with the heat 

treatment applied and caused some intermediate phases. The reaction is given in equation 

1. 

Al8V5 + 3C = 2V2AlC + VC + 6Al                               (1) 

As seen, in the first stage of the heat treatment V-Al solid solution and/or intermediate 

compound reacted with carbon in the structure causing form of V2AlC and VC. The VC 

structures seen in the XRD analysis in Figure 3 are formed in the first stage of the 

heat treatment and remained as non-transformed. With the increasing temperature and 

duration, the reaction given in equation 3 was realized and the max phase occurs. 

V2AlC + 2VC = V4AlC3                                                  (2) 

4. Conclusions 

The V4AlC3 max phase was successfully synthesized using the mechano-thermal process 

using elemental V-Al-C powders. The non-homogeneous conditions in the milling process, 

due to the oxygen effects in the air, have not completely transformed into the max phase. 

In addition to the max phase, some oxidized compounds and non-transformed intermediate 

phases were also observed. Further studies and analyzes for max phase synthesis with 

V4AlC3 method are ongoing. 
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