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Introduction

Magnesium (Mg) and its alloys, especially AZ31, are known to be the lightest structural metals that can be used in 
engineering. They have a density of about 1.74 g/cm³ [1]. Due to their high specific strength and ability to dampen vibrations, 
they are great for the automotive, aerospace, and portable electronics industries [2]. However, their use in high-performance 
environments is limited by their high Coefficients of Thermal Expansion (CTE), low wear resistance, and low thermal 
stability at high temperatures [3]. To address these limitations, Metal Matrix Composites (MMCs) fortified with ceramic 
particles have been created. Traditional reinforcements such as SiC and Al₂O₃ frequently exhibit inadequate interfacial 
compatibility and significant CTE mismatches, resulting in residual stresses [4]. MAX phases (Mₙ₊₁AXₙ), a group of layered 
ternary carbides and nitrides, have become promising reinforcements because they have a unique mix of metallic and 
ceramic properties, such as high thermal stability, damage resistance, and adjustable electrical conductivity [5]. Friction Stir 
Processing (FSP) provides a solid-state method for integrating these reinforcements, avoiding the porosity and interfacial 
degradation typical in liquid-phase processing [6]. MAX phases strengthen Matrices Made of Metal (MRM) and Polymer 
(MRP). 

Gupta et al. [7] say that they have different stages of friction and wear at room temperature. These nanolaminates have 
both metal and ceramic properties, which makes them stronger, stiffer, and better at conducting heat [8]. They can be used 
in electronics, aerospace, and sensing technologies because they can handle heat well, resist corrosion, and have adjustable 
electrical properties [9]. Recent progress in nanostructured MAX phases has sparked interest in research for high-temperature 
and nuclear applications [10]. Adding Ti3SiC2 makes polymers harder and stronger by delaying third-body abrasion. MAX 
phases, on the other hand, don’t wear down or create friction at high temperatures [11]. Prior research has predominantly 
concentrated on mechanical improvements; however, there exists a deficiency of systematic studies correlating MAX-phase 
chemistry with the functional electrical and thermal characteristics of Mg-based composites. This study seeks to address 
this deficiency by assessing the electrical conductivity, thermal conductivity, and thermal expansion characteristics of AZ31 
composites augmented with Ti₃AlC₂, V₂AlC, and Cr₂AlC MAX phases. The electrical and thermal properties of MAX phases 
are essential factors influencing their efficacy in functional applications, demonstrating considerable variability contingent 
upon chemical composition and stoichiometry. Ti₃AlC₂ and Cr₂AlC are better at conducting electricity than other materials. 
Their conductivity is about 3.48 × 10⁶ Ω⁻¹m⁻¹ and 3.45 × 10⁶ Ω⁻¹m⁻¹, respectively, which means they have low resistivity 
values of 0.29 × 10⁻⁶ Ω·m [12]. On the other hand, Ti₄AlN₃ has much lower conductivity (0.5 × 10⁶ Ω⁻¹m⁻¹) and higher 
resistivity (2 × 10⁻⁶ Ω·m). This is because the charge carriers don’t move around as easily. Ta₄AlC₃, Ti₂AlC, and Nb₄AlC₃ have 
intermediate values, with conductivities between 1.33 and 2.59 × 10⁶ Ω⁻¹m⁻¹ [13-15]. All phases act like metals, with positive 
temperature resistivity coefficients that range from 0.002 K⁻¹ for Ti₂AlC to 0.0075 K⁻¹ for Ti₄AlN₃. This means that electronic 
resistance goes up in a straight line as temperature goes up. Thermal properties further set these materials apart, especially 
when it comes to how they move heat and expand. Ta₄AlC₃ has the highest thermal conductivity at room temperature, at 
38.4 W·m⁻¹K⁻¹. This is much higher than Nb₄AlC₃ (13.5 W·m⁻¹K⁻¹), Cr₂AlC (17.9 W·m⁻¹K⁻¹), and Ti₄AlN₃ (12 W·m⁻¹K⁻¹) [16]. 
Most phases have thermal expansion coefficients between 7.2 × 10⁻⁶ K⁻¹ (Nb₄AlC₃) and 9.7 × 10⁻ K⁻¹ (Ti₄AlN₃). 
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Magnesium alloys are being used more and more in lightweight structural applications, but their high 
thermal expansion and low thermal stability make them hard to use widely. This study examines the electrical and 
thermal characteristics of AZ31 magnesium alloy matrix composites augmented with MAX-phase particles (Ti₃AlC₂, 
V₂AlC, and Cr₂AlC) produced through Friction Stir Processing (FSP). The findings indicate that the integration of 
MAX-phase improves dimensional stability, albeit at the expense of transport properties. The electrical conductivity 
dropped from 21.8 MS/m for monolithic AZ31 to between 19.42 and 20.12 MS/m for the composites. This was because 
electrons scattered at the interfaces between the matrix and the reinforcement and because of defects caused by FSP. 
Thermal conductivity showed a small drop, going from 139.29 to 146.22 W/m·K, because of phonon scattering (Kapitza 
resistance). On the other hand, the coefficient of thermal expansion (CTE) dropped by 23-25%, from 23.2 × 10⁻⁶/°C for 
AZ31 to 17.4-17.8 × 10⁻⁶/°C for the composites. V₂AlC had the most balanced profile of the reinforcements, keeping 
the highest thermal conductivity, while Cr₂AlC had better dimensional stability. These results show that MAX-phase 
reinforced Mg-MMCs could be useful for thermal management tasks that need very precise dimensional control.

Abstract



Page 2/4

Copyright  : Alqarni AM

Citation: Alqarni AM, Bamasag A, Ahmed I (2026) Influence of MAX-Phase Reinforcements on the Electrical and Thermal Behavior of AZ31 Magnesium Matrix 
Composites Fabricated Via Friction Stir Processing. J Miner Sci Materials. 7: 1135

However, Cr₂AlC is an exception because it has a much higher value of 13.3 × 10⁻⁶ 
K⁻¹. The heat capacity values are different, with Ta₄AlC₃ having the highest value (185 
J·mol⁻¹K⁻¹) and Ti₂AlC and Cr₂AlC having lower values (around 84-87 J·mol⁻¹K⁻¹). 
These variations highlight the tunability of MAX phases, allowing for the selection 
of specific combinations of M, A, and X elements to customize electrical and thermal 
responses for specific engineering needs. This study seeks to address the existing gap 
by methodically assessing the impact of MAX-phase chemistry on the functional 
electrical and thermal properties of AZ31 magnesium alloy matrix composites 
produced through Friction Stir Processing. The study examines the electrical 
conductivity, thermal conductivity, and coefficient of thermal expansion of AZ31 
composites enhanced with Ti₃AlC₂, V₂AlC, and Cr₂AlC particles. This study aims to 
facilitate application-specific reinforcement selection for next-generation lightweight 
composites in thermal management and high-performance structural contexts by 
correlating reinforcement type with transport properties and dimensional stability.

Materials and Methods

Materials

The matrix material was made up of rolled sheets of AZ31 magnesium alloy that 
were 150 × 150 × 10 mm³ in size. There was 2.5-3.5 wt% Al, 0.6-1.4 wt% Zn, and the rest 
was Mg in the chemical makeup. The reinforcement powders were Ti₃AlC₂, V₂AlC, and 
Cr₂AlC MAX phases with particle sizes of 1 to 5 μm and purities of more than 98.5%. 

Composite fabrication

Composites were fabricated using Friction Stir Processing (FSP) on a vertical 
CNC milling machine. The AZ31 plates were machined with a groove to hold the 
reinforcement powder. We used a hardened H13 steel tool with a triangular pin profile 
(8 mm diameter, 6 mm length) and a shoulder diameter of 25 mm [17]. The processing 
parameters were kept at a rotation speed of 800 rpm, a traverse speed of 30 mm/min, 
and a tilt angle of 3° [18]. Before the composite was processed with friction stir, the 
sheets were prepared by making a regular pattern of holes that were 3 mm wide and 2 
mm deep to hold the reinforcement mixture.

Characterization

a)	 Electrical Conductivity: Measured with a Keithley 6517B Electrometer using the 
four-point probe method to get rid of contact resistance. The measurements were 
done at 30°C [19].

b)	 Thermal Conductivity: Measured at room temperature (25°C) with a Hongjin 
Thermal Conductivity Tester (model HJ-TC) that uses Transient Plane Source 
(TPS) technology.

c)	 Thermal Expansion: A Netzsch DIL 402 PC dilatometer measured the coefficient 
of thermal expansion (CTE) from 30°C to 500°C at a rate of 5°C/min in an argon 
atmosphere.

d)	 Microstructure: We used Scanning Electron Microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) to check the distribution of particles and 
the integrity of the interface.

Results and Discussion

Physical properties 

The Metal Matrix Composites (MMCs) were fabricated via a modified Friction 
Stir Processing (FSP) route. Rolled Magnesium AZ31 alloy sheets (150 × 150 × 10 
mm³ )served as the matrix material. To introduce the reinforcement phase, a central 
longitudinal groove was machined into each plate using CNC milling, with dimensions 
strictly controlled at width w = 3 mm, depth d = 2 mm, and length l = 100 mm. Three 
distinct MAX-phase powders-Ti3AlC2, V2AlC and Cr2AlC-were individually packed 
into the grooves of separate plates to produce three composite systems: , 

, and .

Volume fraction and weight percentage calculations: The theoretical 
reinforcement volume fraction (Vf) was determined by the ratio of the packed powder 
volume (Vp) to the effective stir zone volume (Vsz) defined by the tool pin geometry 
(diameter D = 8 mm, length L = 6 mm). The reinforcement volume was calculated as: 

The stir zone volume swept by the rotating pin is 
given by: 

Accordingly, the calculated volume fraction for all composite variants was 
. Corresponding weight percentages (Wt) were derived using the rule of 

mixtures, incorporating the specific densities of each MAX-phase the AZ31 
matrix , as summarized in Table 1.

The compositional analysis of the three AZ31-based MAX-phase composite 
systems shows that all of them had a consistent theoretical volume fraction of 2% 
(Figures 1 & 2). However, the weight percentages varied a lot because the densities 
of the reinforcements were different. The reinforcement density chart (Figure 3) 
shows that the MAX-phase particles’ density increased from Ti₃AlC₂ (4.2 g/cm³) to 
V₂AlC (4.8 g/cm³) to Cr₂AlC (5.2 g/cm³). This directly affected the weight percentage 
calculations in Figure 1. So, even though the volumetric reinforcement content was 
the same, the weight percentages went up from 4.58 wt% for AZ31/Ti₃AlC₂ to 5.20 
wt% for AZ31/V₂AlC and finally to 5.61 wt% for AZ31/Cr₂AlC. This increase in weight 
percentage of about 22.5% from the Ti-based to the Cr-based composite, even though 
the volume fractions are the same, is because chromium has a higher atomic mass than 
titanium and vanadium in the MAX-phase crystal structures. The constant volume 
fraction across all systems guarantees that subsequent variations in mechanical, 
thermal, and electrical properties can be ascribed to the inherent characteristics of 
each MAX-phase reinforcement, rather than disparities in reinforcement content. 
This facilitates a systematic assessment of the impact of transition metal chemistry on 
composite performance.

Table 1: Physical properties and reinforcement content of the fabricated composites.

Composite 
System

Reinforcement 
Density (g/cm3)

Volume 
Fraction (Vf​, %)

Weight Percentage 
(Wt​, %)

AZ31/Ti3​AlC2​ 4.2 2 4.58

AZ31/V2​AlC 4.8 2 5.2

AZ31/Cr2​AlC 5.2 2 5.61

Figure 1: Composite density. 

Figure 2: Reinforcement content of the fabricated composites.
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Microstructural evolution and particle distribution

Figure 3 shows SEM micrographs that show the surface morphology and 
reinforcement distribution in the composites that were made. The monolithic AZ31 
alloy (Figure 3a) shows a microstructure that is fairly uniform, with grain boundaries 
that are typical of FSP-processed material. The reinforced composites (Figure 3b-
3d), on the other hand, clearly show bright MAX-phase particles spread out over the 
darker magnesium matrix. The V₂AlC-reinforced composite (Figure 1) has separate 
reinforcement particles that don’t group together very much. On the other hand, 
the Ti₃AlC₂ composite (Figure 3c) has a higher density of particles spread out across 
the stir zone. The Cr₂AlC-reinforced composite (Figure 3d) also has well-dispersed 
particles, but there are some areas where particles are grouped together. The overall 
particle distribution seen in these micrographs supports the idea that the FSP method 
works well to break up initial powder agglomerates and achieve a fairly uniform 
reinforcement dispersion within the AZ31 matrix. This is important for improving the 
mechanical and functional properties of the resulting surface composites. The SEM-
EDS test showed that all three MAX-phase reinforcements were successfully added to 
the AZ31 matrix. The FSP process effectively broke up particle agglomerates and spread 
them out evenly across the stir zone, which is what you would expect from solid-state 
processing, which involves severe plastic deformation and dynamic recrystallization. 
Elemental mapping confirmed the presence of characteristic signatures: Ti (6.23 wt%) 
for Ti₂AlC, V (57.83 wt%) for V₂AlC, and Cr (37.98 wt%) for Cr₂AlC composites. The 
high aluminum content in all of the composites, which was higher than the base AZ31 
composition (~3 wt%), showed that both the matrix and the reinforcement phases were 
working together. There were very few voids or debonding in the interfacial regions, 
which shows that FSP’s intense stirring action made the mechanical bond work well.

Electrical conductivity

Adding MAX-phase reinforcements made the electrical conductivity lower than 
that of the monolithic AZ31 alloy. Figure 4 shows that AZ31’s baseline conductivity 
was 21.8 MS/m. The composites had these values: AZ31/Ti₃AlC₂ (20.12 MS/m), AZ31/
Cr₂AlC (19.84 MS/m), and AZ31/V₂AlC (19.42 MS/m).

This decrease is due to a number of factors that are all connected. First, 
reinforcement scattering happens when MAX phases, which are conductive for 
ceramics, have lower conductivity than the Mg matrix. This makes it harder for 
electrons to flow. Second, the high level of plastic deformation that comes with FSP 
increases the density of dislocations, which creates more scattering centers [20]. Third, 
dynamic recrystallization-induced grain refinement makes grain boundary scattering 
stronger. Lastly, the interfacial resistance between the matrix and MAX phases 
changes with chemistry. The V₂AlC composite had the biggest drop, which suggests 
that certain electronic structure interactions at the V₂AlC/AZ31 interface may make it 
harder for charges to move than Ti or Cr-based composites.

Figure 3: SEM micrographs showing the surface morphology and reinforcement 
distribution of (a) monolithic AZ31 magnesium alloy and AZ31-based surface 
composites reinforced with (b) V₂AlC, (c) Ti₃AlC₂, and (d) Cr₂AlC MAX-phase 

particles.

Thermal conductivity

Thermal conductivity is important for getting rid of heat in structural parts. 
The monolithic AZ31 had a thermal conductivity of 150.22 W/m·K. Reinforcement 
caused drops of 2.66% to 7.28% (Figure 5). The order of thermal performance was: 
AZ31/V₂AlC (146.22 W/m·K) > AZ31/Cr₂AlC (142.79 W/m·K) > AZ31/Ti₃AlC₂ (139.29 
W/m·K). Interfacial thermal resistance, which is also called Kapitza resistance, is 
the main reason for this degradation. Phonons, the main carriers of heat, run into 
the interfaces between the AZ31 matrix and the MAX-phase particles, which act 
as scattering centers. The size of this resistance is determined by how well the two 
materials bond and how well they match in terms of sound. The V₂AlC composite 
exhibited superior retention of thermal conductivity, owing to the enhanced electron 
and phonon transport properties characteristic of vanadium-based MAX phases in 
comparison to titanium and chromium counterparts. Even though the values went 
down, all of the composites still had values higher than 139 W/m·K, which means they 
could still be used for thermal management.

Property trade-offs and selection

The data reveals a critical engineering trade-off. While mechanical properties 
(hardness and modulus) generally improved with reinforcement addition (as detailed 
in companion mechanical studies), thermal and electrical conductivities exhibited 
modest reductions.

Figure 4: Electrical conductivity of the fabricated composites.

Figure 5: Comparative thermal conductivity measurements showing the effect 
of different MAX-phase reinforcements on the heat transfer capability of AZ31-

based composites, with AZ31/V2AlC exhibiting the highest retained thermal 
conductivity.
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a)	 V₂AlC emerges as the most balanced option, delivering substantial mechanical 
enhancement while minimizing degradation of thermal conductivity (highest 
retention among reinforced systems).

b)	 Cr₂AlC offers maximum stiffness and thermal expansion control but incurs the 
greatest thermal transport penalty.

c)	 Ti₃AlC₂ provides moderate mechanical gains with superior oxidation resistance 
at elevated temperatures but the lowest thermal conductivity retention [21].

Conclusion

This study successfully demonstrated the viability of MAX-phase particles 
(Ti₃AlC₂, V₂AlC, and Cr₂AlC) as advanced reinforcements for AZ31 magnesium alloy 
matrix composites fabricated via Friction Stir Processing. The key conclusions are:

a)	 Electrical Conductivity decreased by 7.7-10.9% relative to baseline AZ31, 
governed by electron scattering at interfaces and increased defect density from 
FSP-induced deformation.

b)	 A modest reduction of 2.66-7.28% was observed, primarily due to interfacial 
phonon scattering (Kapitza resistance). V₂AlC reinforcements retained the 
highest thermal conductivity (146.22 W/m·K).

c)	 V₂AlC is recommended for applications requiring efficient heat dissipation 
coupled with moderate dimensional stability (e.g., heat sinks), while Cr₂AlC is 
preferred for components subjected to severe thermal cycling where dimensional 
tolerance is paramount.

These findings enable application-specific reinforcement selection based 
on performance priorities, facilitating the design of next-generation lightweight 
composites for high-temperature structural and thermal management applications.
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