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Abstract 
Introducing magnetic elements into the A site of Ti3AlC2 can greatly improve its 
magnetic properties, and obtain a material with magnetic single-atom layers. In this 
work, a series of new MAX phases Ti3(Al, A)C2 (A=Fe, Co, Ni, Mn) solid solution were 
synthesized. Using X-ray diffraction (XRD), SEM(Scanning Electron Microscope) and EDS 
(Energy Dispersive Spectrometer), the formation of Ti3(Al, A)C2 (A=Fe, Co, Ni, Mn) solid 
solution by high temperature solid phase synthesis was confirmed. magnetic atoms 
entered the A sites of Ti3AlC2 to form the magnetic monoatomic layers. In this work, a 
series of MAX phases with magnetic monoatomic layers was obtained, which has 
potential application value in the field of spintronics and current sensors. 
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1. Introduction 

The MAX phase is a type of ternary layered compound with hexagonal lattice structure, its space 
group is P63/mmc. Its molecular formula is Mn+1AXn (M is a transition metal, A is mainly a group 
IIIA and IVA group element, X is carbon or nitrogen). It is formed by alternately stacking Mn+1AXn 
layers and A atom planes, n = 1, 2 or 3, commonly referred to as 211, 312 and 413 phases. MAX 
phase combines the unique properties of ceramics and metals, it has high strength, high toughness, 
high thermal conductivity, low radiation activity, excellent damage resistance and thermal shock 
resistance, and high temperature resistance, oxidation resistance, can be processed and has good 
material connection performance, which has potential application value in high temperature 
electrodes, friction and wear, and nuclear energy structural materials[1-5]. 

Magnetic MAX phases have unique layered structure and potential applications in the field of 
spintronics. For example, the giant magnetoresistance (GMR) effect found in magnetic layered 
materials has completely changed data storage and magnetic recording [6]. The GMR sensitivity is 
expected to be the highest when the single-atom layer was obtained in magnetic layered materials, 
because the alignment of the magnetization vectors of adjacent ferromagnetic atoms has the lowest 
energy cost [7]. So, introducing magnetic elements into the A site of MAX phase is a meaningful 
work. 

There is a lot of researches about introducing magnetic atom into the site of MAX phase. In Li Y’s 
work, the magnetic elements such as Fe, Co, Ni, and Mn were introduced into the A site of V2SnC 
to form V2(Sn, A) C(A = Fe, Co, Ni, Mn), and the magnetic single-atom layers were formed [7]. By 
adjusting the combinations of magnetic elements, they obtained 15 new MAX phase materials, and 
these samples show magnetic behavior obviously by vibrating sample magnetometer (VSM). Inspired 
by this work, the Fe atoms were introduced in to the A site of Ti3AlC2 and a new Ti3(Al, Fe)C2 was 
obtained [8]. This research not only synthesis a new MAX phase with magnetic single atom layers, 
but improved the saturation magnetization to 1.564 emu/g (the value is 0.096 emu/g for V2(Sn, 
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A)C(A = Fe, Co, Ni, Mn)), which is an important progress. However, there are still some 
shortcomings in this work. For example, firstly, they just introduced one kind of magnetic atom (Fe) 
into the Ti3AlC2, and other elements was not considered in this work. And then, Li Y. has introduced 
different combinations of magnetic elements into the A site and a series of high-entropy MAX phases 
were obtained. We want to introduce more magnetic atoms to the A site of Ti3AlC2, which can 
expand the kinds of MAX phase materials and offer more choices for us in the future when the 
magnetic single-atom layers materials were used in the field of spintronics. 

In this work, some simple substances (Ti, Al, Fe, Co, Ni, Mn, C power) were used to synthesis the 
new magnetic single-atom layered MAX phases through the high-temperature solid-phase synthesis 
method. This method is not only simple to operate, but also conducive to large-scale industrial 
production. The samples were characterized by X-ray diffraction (XRD), SEM(Scanning Electron 
Microscope), and EDS (Energy Dispersive Spectrometer). 

2. Material and Methods 

Ti (> 99.9 wt% purity, 325 mesh), Al (> 99.7 wt% purity, 300 mesh), C (> 99.7 wt% purity, 325 
mesh), Fe (> 99.1 wt% purity, 225 mesh), Co (> 99.1 wt% purity, 225 mesh), Ni (> 99.1 wt% purity, 
225 mesh), Mn (> 99.1 wt% purity, 225 mesh) powders were chosen as the raw materials in this 
experiment. The raw materials were mixed in an agate mortar for 2 h to form mixtures. Then, the 
mixtures were pressed at 15 MPa to obtain green compacts with a diameter of 15 mm and a thickness 
of 5 mm. Finally, the green compacts were placed in alumina crucibles and sintered at a temperature 
of 1400 °C for 3 h in an argon (99.999%) atmosphere. The mole ratios of the raw materials and the 
sintering temperatures of the samples are shown in Table 1. 

3. Results and Discussion 

3.1 Synthesis of Ti3AlC2 

 
Fig. 1. X-ray diffraction test results of Ti3AlC2. 

 

In order to find the best experimental conditions, the Ti3AlC2 sample was synthesized, firstly. The 
Fig. 1 is the XRD pattern of the samples with the initial raw material molar ratio of Ti:Al:C = 3:1.4 
(or 1.2):1.9, which is sintered at 1300 ~ 1400 ℃ for 2 h, the detail information was given in Table 1. 
Most of the sample’s peaks can be identified as Ti3AlC2, and the only impurity is TiC, which is 
similar to the result of Xu B’s the report [9]. It is found that the sample with raw material molar ratio 
of Ti:Al:C = 3: 1.2:1.9 has the least impurities, and we have charactered it by SEM (scanning electron 
microscope), the picture is shown in Fig. 2. Because Ti3AlC2 was obtained, so, the typical layered 
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structure of MAX phase is observed in the picture. In conclution, the best experiment condition is 
that sintered the mixture of which initial raw material molar ratio of Ti:Al:C is 3: 1.2:1.9 at 1400 ℃. 

 

Table 1. The molar ratio of starting mixtures, sintering temperatures and phase composition. 

Raw material Molar ratio Sintering Temperature (℃) Phase composition 

Ti/Al/C 3:1.4:1.9 1400 Ti3AlC2/TiC 

Ti/Al/C 3:1.2:1.9 1400 Ti3AlC2/TiC 

Ti/Al/C 3:1.2:1.9 1350 Ti3AlC2/TiC 

Ti/Al/C 3:1.2:1.9 1300 Ti3AlC2/TiC 

 

 
Fig. 2. SEM micrographs of the sample Ti3AlC2 sintered at 1400 °C for 2h, raw material molar 

ratio is Ti:Al:C = 3:1.2:1.9. 

3.2 Synthesis of Ti3(Al, Fe) C2 

 
Fig. 3. X-ray diffraction test results of Ti3(Al, Fe)C2. 
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Table 2. The molar ratio of starting mixtures, sintering temperatures and phase composition in the 
synthesis of Ti3(Al, Fe)C2. 

Raw material Molar ratio Sintering Temperature (℃) Phase composition 

Ti/Al/Fe/C 3:1.02:0.18:1.9(Fe15%) 1400 Ti3AlC2/TiC/Fe 

Ti/Al/Fe/C 3:1.08:0.12:1.9(Fe10%) 1400 Ti3AlC2/TiC/Fe 

Ti/Al/Fe/C 3:1.14:0.06:1.9(Fe5%) 1400 Ti3(Al, Fe)C2/TiC/Fe 

Ti/Al/Fe/C 3:1.2:0:1.9(Fe0%) 1400 Ti3AlC2/TiC 

 

Fig. 3 is the XRD pattern of the samples with the different raw material molar ratio of Ti/Al/Fe/C, 
which is sintered at 1400 ℃ for 2 h, the detail information was shown in Table 2. It is found that 
Ti3(Al, Fe)C2 only synthesized when the raw material molar ratio of Ti:Al:Fe:C = 3:1.14:0.06:1.9, 
which is accordance to the result of Gou B’s report: only a few Fe atoms could be introduced into the 
A site of Ti3AlC2[8].. Compared with Ti3AlC2, the main peak position of the sample is significantly 
shifted to the low-angle direction Because the doping of atoms with a larger atomic radius in the 
lattice will cause the XRD peak to shift to a low angle [10]. In other samples, the main peak position 
has not changed. Fig. 4 shows the SEM micrographs and EDS result of the Ti3 (Al, Fe)C2. It has the 
typical layered structure of MAX phase and Fe element is evenly distributed on the sample. The 
Ti3(Al, Fe)C2 solid solution was synthesized in this research. 

 

 
Fig. 4. SEM micrographs and EDS result of the sample Ti3 (Al, Fe)C2 sintered at 1400 °C for 2h, 

raw material molar ratio is Ti:Al:Fe:C = 3:1.14:0.06:1.9. 
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3.3  Synthesis of Ti3(Al, Co) C2 

 
Fig. 5. X-ray diffraction test results of Ti3(Al, Co)C2. 

 

Fig. 5 is the XRD pattern of the samples with the different raw material molar ratio of Ti/Al/Co/C, 
which is sintered at 1400 ℃ for 2 h, the detail information was shown in Table 3. It is found that the 
main peak of both Ti:Al:Co:C = 3:1.14:0.06:1.9 and Ti:Al:Co:C = 3:1.14:0.12:1.9 shifted obviously 
to a low angle, which means that Co atoms have been introduced into the A site of Ti3AlC2. But the 
intensity of the MAX phase’s diffraction peak becomes weaker with the increase of Co content. So, 
the best raw material molar ratio to synthesis Ti3(Al, Co)C2 solid solution is Ti:Al:Co:C = 
3:1.14:0.06:1.9. In Fig. 6, the SEM shows that the sample has layered structure and the Co element 
is evenly distributed on the sample. In conclution, Ti3(Al, Co)C2 solid solution has been synthesized 
in this experiment. 

 

 
Fig. 6. SEM micrographs and EDS (Energy Dispersive Spectrometer) result of the sample Ti3 (Al, 

Co)C2 sintered at 1400 °C for 2h, raw material molar ratio is Ti:Al:Fe:C = 3:1.14:0.06:1.9. 
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Table 3. The molar ratio of starting mixtures, sintering temperatures and phase composition in the 
synthesis of Ti3(Al, Co)C2. 

Raw material Molar ratio Sintering Temperature (℃) Phase composition 

Ti/Al/Co/C 3:1.02:0.18:1.9(Fe15%) 1400 Ti3AlC2/TiC/Co 

Ti/Al/Co/C 3:1.08:0.12:1.9(Fe10%) 1400 Ti3(Al, Co)C2/TiC/Co 

Ti/Al/Co/C 3:1.14:0.06:1.9(Fe5%) 1400 Ti3(Al, Co)C2/TiC/Co 

Ti/Al/Co/C 3:1.2:0:1.9(Fe0%) 1400 Ti3AlC2/TiC 

3.4 Synthesis of Ti3(Al, Ni) C2 

 
Fig. 7. X-ray diffraction test results of Ti3(Al, Ni)C2. 

 

Table 4. The molar ratio of starting mixtures, sintering temperatures and phase composition in the 
synthesis of Ti3(Al, Ni)C2. 

Raw material Molar ratio Sintering Temperature (℃) Phase composition 

Ti/Al/Ni/C 3:1.02:0.18:1.9(Ni15%) 1400 Ti3AlC2/TiC/Ni 

Ti/Al/Ni/C 3:1.08:0.12:1.9(Ni10%) 1400 Ti3(Al, Ni)C2/TiC/Ni 

Ti/Al/Ni/C 3:1.14:0.06:1.9(Ni5%) 1400 Ti3(Al, Ni)C2/TiC/Ni 

Ti/Al/Ni/C 3:1.2:0:1.9(Ni0%) 1400 Ti3AlC2/TiC 

 

Fig. 7 is the XRD pattern of the samples with the different raw material molar ratio of Ti/Al/Ni/C, 
which is sintered at 1400 ℃ for 2 h, the detail information was shown in Table 4. The result of this 
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experiment is similar to that of synthesizing Ti3(Al, Co) C2. The best raw material molar ratio to 
synthesis Ti3(Al, Ni) C2 solid solution is Ti:Al:Ni:C = 3:1.14:0.06:1.9. Fig. 8 shows the typical 
layered structure and Ni element is evenly distributed on the sample. The Ti3(Al, Ni) C2 solid solution 
was synthesized successfully. 

 

 
Fig. 8. SEM micrographs and EDS (Energy Dispersive Spectrometer) result of the sample Ti3 (Al, 

Ni)C2 sintered at 1400 °C for 2h, raw material molar ratio is Ti:Al:Ni:C = 3:1.14:0.06:1.9. 

3.5 Synthesis of Ti3(Al, Mn) C2 

 
Fig. 9. X-ray diffraction test results of Ti3(Al, Mn)C2. 
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Table 5. The molar ratio of starting mixtures, sintering temperatures and phase composition in the 
synthesis of Ti3(Al, Mn)C2. 

Raw material Molar ratio Sintering Temperature (℃) Phase composition 

Ti/Al/Mn/C 3:1.02:0.18:1.9(Mn15%) 1400 Ti3AlC2/TiC/Mn 

Ti/Al/Mn/C 3:1.08:0.12:1.9(Mn10%) 1400 Ti3AlC2/TiC/Mn 

Ti/Al/Mn/C 3:1.14:0.06:1.9(Mn5%) 1400 Ti3(Al, Mn)C2/TiC/Mn 

Ti/Al/Mn/C 3:1.2:0:1.9(Mn0%) 1400 Ti3AlC2/TiC 

 

Fig. 9 shows the XRD pattern of the samples with the different raw material molar ratio of Ti/Al/Mn/C, 
which is sintered at 1400 ℃ for 2 h, the detail information was shown in Table 5. Based on the XRD 
pattern, it is concluded that the best raw material molar ratio to synthesis Ti3(Al, Mn)C2 solid solution 
is Ti:Al:Mn:C = 3:1.14:0.06:1.9. Because the main peak shifted to a low angle in this sample, and 
other samples’ peak are not changed. In Fig. 10, the typical layered structure and of Ti3(Al, Mn) C2 
could be observed vividly, and Mn element is evenly distributed on the sample. 

 

 
Fig. 10. SEM micrographs and EDS (Energy Dispersive Spectrometer) result of the sample Ti3 (Al, 

Mn)C2 sintered at 1400 °C for 2h, raw material molar ratio is Ti:Al:Mn:C = 3:1.14:0.06:1.9. 

 



International Core Journal of Engineering Volume 8 Issue 1, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202201_8(1).0072

 

528 

3.6 Synthesis of Ti3(Al, A) C2, A=FeCo, FeNi, FeMn, NiCo, NiMn, CoMn 

 
Fig. 11. X-ray diffraction test results of Ti3(Al, A)C2 (A=FeCo, FeNi, FeMn, NiCo, NiMn, CoMn) 

 

Table 6. The molar ratio of starting mixtures, sintering temperatures and phase composition in the 
synthesis of Ti3(Al, A) )C2 (A=FeCo, FeNi, FeMn, NiCo, NiMn, CoMn). 

Raw material Molar ratio Sintering Temperature 
(℃) 

Phase composition 

Ti/Al/Fe/Co/C 3:1.02:0.06:0.06:1.9(FeCo5%) 1400 Ti3(Al, Fe, Co)C2/TiC/Fe/Co 

Ti/Al/Fe/Ni/C 3:1.08:0.06:0.06:1.9(FeNi5%) 1400 Ti3(Al, Fe, Ni)C2/TiC/Fe/Ni 

Ti/Al/Fe/Mn/C 3:1.14:0.06: 0.06:1.9(FeMn5%) 1400 Ti3(Al, Fe, Mn)C2/TiC/Mn/Fe 

Ti/Al/Ni/Co/C 3:1.2:0.6:0.6:1.9(NiCo5%) 1400 Ti3(Al, Ni, Co)C2/TiC/Ni/Co 

Ti/Al/Ni/Mn/C 3:1.2:0.6:0.6:1.9(NiMn5%) 1400 Ti3(Al, Ni, Mn)C2/TiC/Ni/Mn 

Ti/Al/Co/Mn/C 3:1.2:0.6:0.6:1.9(CoMn5%) 1400 Ti3(Al, Co, Mn)C2/TiC/Co/Mn 

 

The XRD pattern of the samples with the different raw material molar ratio to synthesis Ti3(Al, 
A) )C2 (A=FeCo, FeNi, FeMn, NiCo, NiMn, CoMn) is shown in Fig. 11. These samples are sintered 
at 1400 ℃ for 2 h. The detail information was shown in Table 6. According to Fig. 11, the best results 
was obtained in the sample of synthesizing Ti3(Al, Fe, Co)C2. The XRD pattern of this sample shows 
strong diffraction peaks of MAX phase, and the peaks are weakness in other samples. Fig. 12 shows 
the SEM micrographs of these sample, it is obvious that Ti3(Al, Fe, Co)C2 sample has the clearest 
layered structure. Other samples’ layered structure is not clear and have a large number of impurities 
such as TiC. It is concluded that Ti3(Al, Fe, Co)C2 solid solution was synthesized, successfully. 
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Fig. 12. SEM micrographs of the sample to synthesis Ti3(Al, A)C2 (A=FeCo, FeNi, FeMn, NiCo, 

NiMn, CoMn) sintered at 1400 °C for 2h. 

4. Conclution 

In this paper, a series of new magnetic single-atom layered MAX phases were synthesized through 
the high-temperature solid-phase synthesis method with Ti, Al, Fe, Co, Ni, Mn, C power. 
Characterized by XRD, SEM, and EDS, Ti3(Al, Fe)C2, Ti3(Al, Co)C2, Ti3(Al, Ni)C2, Ti3(Al, 
Mn)C2, Ti3(Al, Fe, Co)C2 were synthesized successfully. This research not only broadens the types 
of magnetic MAX phase materials, but also provides more choices for the application of magnetic 
single-atom layered MAX phase in field of spintronics. 
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