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Abstract

The synthesis, reaction process, and mechanical properties of medium-entropy
(TiVND)2AIC MAX phase materials were investigated. The Ti, V, Nb, Al, and C powders
were mixed and sintered by the powder metallurgy method. The experimental results
showed that the highest purity M2AIC phase with a mass fraction of 95.8% was obtained
when the raw material ratio was M(Ti:V:Nb):Al:C =2:1.2:0.7 and the sintering temperature
was 1450 °C. In order to explore the sintering process reactions and optimize the purity of
sintered products, sintering was carried out under different temperatures and various
molar ratios of raw materials. During the sintering process, the metal elements firstly re-
acted with aluminum to generate intermetallic compounds (IMCs), and with the increase
in temperature, the IMCs gradually reacted with carbon to generate M2AIC. Mechanical
property tests revealed that the Vickers hardness of the medium-entropy (TiVNDb):AIC
material was 6.52 GPa, significantly higher than both the theoretical prediction based on
the rule of mixtures and the hardness of traditional MAX phases. The severe lattice dis-
tortions in the polymeric solid solution structure contributed to this significant increase in
hardness. In addition, the medium-entropy (TiVNDb)2AIC exhibited temperature-depend-
ent friction behavior within the temperature range of room temperature to 400 °C, with
the lowest friction coefficient observed at 200 °C when the sample was in contact with the
bearing steel. This study provided an important theoretical and experimental basis for the
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Medium- and high-entropy MAX phase ceramics, as a branch of MAX phase materi-
als, have attracted much attention in recent years due to their unique layered structure
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and hardness of the solid solution [6-8].
The MAX phase is a ternary layered compound with a hexagonal structure (space
group P63/mmc) with the general formula Mn:1AXn, where M is an early transition group
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metal element; A is a group IIIA and IVA element; X is carbon or nitrogen; and n =1, 2, or
3 [9,10]. In the MAX phase structure, M and X are covalently bonded, and M and A are
metallically bonded, and the MX and A atomic layers are stacked alternately along the c-
axis [11,12]. As shown in Figure 1, this unique structure makes MAX phase materials not
only have high strength, high temperature resistance, and oxidation resistance like ceram-
ics but also have electrical and thermal conductivity, impact resistance, and easy pro-
cessing like metals. As a result, they are also known as “metallic ceramics” [13-15]. The
unique combination of the advantages of metals and ceramics contributes to the MAX
phase having a broad application prospect in many fields such as high-temperature ther-
mal protection, wear, nuclear protection, and electrochemistry [16-19].

Figure 1. The typical crystal structure of MAX phases (take M2AC for example).

The performance limitations of the traditional MAX phase in complex service envi-
ronments have prompted researchers to explore medium- and high-entropy strategies to
break through the performance bottleneck. Studies have shown that multi-element solid
solutions can be realized at all three elemental sites of the MAX phase, and multi-element
solid solutions can make the MAX phase materials exhibit richer properties [20,21]. For
example, the solid solution of ferromagnetic elements such as Fe, Co, and Ni effectively
improved the magnetic properties of MAX phase materials [22,23]; the solid solution of
elements such as Al and Si improved oxidation resistance [24]; and the addition of light-
weight elements reduced the density [25,26]. The M elements of MAX phase materials are
chemically active and have abundant d-electrons, which have a great influence on its
physicochemical properties, so in this paper we choose to solid solution at the M-position
to improve the properties of the MAX phase [27,28]. The synthesized high-entropy MAX
phase (TiosNboisZroiMooiTao1Woos)2AIC by Li et al. was remarkable in its hardening,
strengthening, and toughening compared to Ti2AIC [29]. Tan et al. synthesized multicom-
ponent  413MAX  phase solid  solutions (TioseNbo2rTaos7)sAlC2s  and
(Tio28Nbo2sTao2sVo18)4AlC29, and the composites showed a high flexural strength of 720
MPa and a 9.5 MPa. m°5 high fracture toughness [30]. Bo et al. prepared porous high-
entropy MAX phase (Tio25Zr02sNbo2sTao25)2A1C, which exhibited good corrosion resistance
in 6 M HCI [31]. Du et al. synthesized a novel high-entropy (TiVCrMo);AlC2 MAX phase
with outstanding hardness and oxidation resistance, and it had good dry sliding friction
properties in the temperature range from room temperature to 600 °C with SisN4 counter
grinding [32].

During this process, the approaches to achieve multicomponent uniform solid solu-
tions, as well as the precise control of thermodynamic parameters and kinetic conditions,
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are all problems that need to be solved urgently [33]. Therefore, the research on the prep-
aration process and phase transformation process of medium- and high-entropy MAX
phases is particularly important. Researchers have conducted some investigations to ad-
dress the above problems. Ge et al. prepared the ideal TisAlC2 product by combustion
synthesis through adjusting the initial ratios of titanium, aluminum, and carbon powder
or adding TiC as an additive. The formation mechanism is that the TiC formed in the
preliminary stage dissolves into the molten Ti-Al compounds and then precipitates lay-
ered TizAlCz from the liquid phase [34]. Hu et al. demonstrated that single-phase Ta:AIC
can be prepared through hot-press sintering under an Ar atmosphere at 1550 °C, with the
optimal composition of Ta:Al:C = 2:1.2:0.9. Ta2AIC was generated by the reaction of Ta2Al
with C, or the reaction of TasAlsC and TaC with C, in the temperature range of 1500-1550
°C. Above 1600 °C, Ta2AlC decomposed readily into TasAlCs and then into TaCx [35]. Yuan
et al. analyzed the heating process of M-Al-C coatings (M = Ti, V, Cr) deposited on Ni-
based alloy substrates. Due to its higher formation energy and density of states, Ti2AIC
has a higher formation and decomposition temperature compared to V2AIC and Cr2AIC.
Additionally, no intermediate phase forms prior to the generation of the Ti2AlIC phase
[36]. Sijuade et al. found that the purest V2AIC samples were obtained by pressureless
sintering at 1300 °C when the Al molar ratio was 1.2 [37]. Wang et al. prepared V:AIC by
the molten salt method with a ratio of V:Al:C = 2:1.2:1. The addition of NaCl led to the
early generation of V2AIC at 1050 °C, and annealing at 1400 °C allowed the removal of
ViAlzs and C impurities from the products [38]. Zhang et al. prepared dense Nb2AIC by in
situ reaction/hot pressing method using NbC, Nb, and Al powders as raw materials at
1650 °C under 30 MPa [39]. Bo et al. successfully synthesized a multicomponent porous
MAX phase (Tio25Zro2sNbo2sTao2s)2AlC with mixed-element powders using the pressure-
less sintering method. It was demonstrated that the formation reaction of the MAX phase
occurs above 1200 °C, with the optimal sintering temperature being 1600 °C; however, an
excessively high sintering temperature (1700 °C) results in a significant loss of aluminum
atoms and the decomposition of the MAX phase [40].

Existing studies have focused on the unitary MAX phase and high-entropy MAX
phase, but too many solid solution elements may trigger phase separation and synthesis
difficulties, while the ternary medium-entropy system can not only maintain the ad-
vantages of the solid solution but also facilitate the control of their reaction processes.
However, the phase transition mechanism and kinetic process (involving the elevation of
elemental diffusion barriers and the enhancement of the tendency to generate competing
phases and so on) under the synergistic effect of multiple elements are more complicated
than that of the traditional unitary MAX phase, involving the elevation of elemental dif-
fusion barriers, the enhancement of the tendency to generate competing phases, and so
on. Therefore, the reaction process of the medium-entropy MAX phase still needs to be
further studied.

In this paper, the synthesis method as well as the reaction process of medium-entropy
(TiVNDb)2AIC are explored in detail through the powder metallurgy method by mixing Ti,
V, Nb, A], and C powders, and the reaction kinetic characterization of the ternary solid
solution system is elucidated by the pressureless sintering process [41]. The hardness of
the medium-entropy (TiVNDb)2AIC phase is compared with the three MAX phases of
Ti2AlC, V2AIC, and Nb2AIC MAX phases. This study provides theoretical support for the
controllable preparation of medium-entropy MAX phases.
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2. Experimental Details
2.1. Fabrication Process

Simple commercially available powders, titanium (99.9% purity, 325 mesh), vana-
dium (99.7% purity, 325 mesh), niobium (99.95% purity, 400 mesh), aluminum (99% pu-
rity, 325 mesh), and carbon (99.95% purity, 750-850 mesh), were used to synthesize
(TiVND)2AIC materials [42]. The raw materials were weighed at molar ratios of M:AL:C =
2:1.2:0.6, M:AlL:C = 2:1.2:0.7, M:AL:C = 2:1.2:0.8, M:AL:C = 2:1.2:0.9, M:AL:C = 2:1.2:1, and
M:AL:C = 2:1.2:1.1, respectively (corresponding the samples named 0.6C, 0.7C, 0.8C, 0.9C,
1C, and 1.1, respectively), in order to determine the optimum ratio. For these composi-
tions, M=Ti:V:Nb=1:1:1, with a slight excess of Al added to compensate for its loss during
sintering [43]. The weighed powders were fully mixed by passing them through a 200-
mesh sieve and subsequently sintered in a high-temperature tube furnace (GSL-1700X,
Hefei Kocrystal Material Technology Co., Ltd., An Hui, China) at 1450 °C for 2 h, with a
temperature increase rate of no more than 10 °C/min. To find the optimum sintering tem-
perature of (TiVNDb)2AIC, the raw material powders were then weighed according to this
optimum ratio and sintered at 1250 °C, 1350 °C, 1450 °C, and 1550 °C for 2 h, respectively.
In addition, the mixed powders were also sintered at 750 °C, 850 °C, 950 °C, 1050 °C, and
1150 °C in order to study the phase transition process during sintering. The products after
pressureless sintering were ground into powder, mixed thoroughly, and sintered into
dense blocks using SPS at 1200 °C under 30 MPa for further characterization and tests.

2.2. Characterization

The phase compositions of the sintered samples were characterized by X-ray diffrac-
tometry (XRD, D8 ADVANCE, Bruker., Karlsruhe, Germany) using Cu Ka radiation, and
the mass share of each phase in the samples was approximated by the K-value method:

W; = IL/—KL X 100% (1)

© XL L/

where W; is the mass fraction of the i phase, I; is the highest peak value of the i
phase, and K; is the reference intensity of the i phase [44]. The surface micromorphol-
ogy of the samples was analyzed using a scanning electron microscope (SEM, 54800, Hi-
tachi, Tokyo, Japan), while the elemental composition and distribution of the samples
were analyzed using an energy spectrometer (EDS, Aztec UltimMax 100, Oxford Instru-
ments, Abingdon, UK). The Vickers hardness of the prepared samples was determined by
using a microhardness tester (MH-500D, SINOWON, Guang Dong, China) at a load of 100
kgf with a holding time of 15 s, and the average value was taken for five determinations
[45]. A high-temperature pin-on-disk friction and wear testing apparatus was employed
to conduct counterface grinding between the specimen and bearing steel balls (5 mm,
G25), thereby enabling the measurement of friction force and the coefficient of friction at
any specified time interval. The load was applied perpendicular to the test surface with a
magnitude of 4 N. The sample stage rotation speed was 200 r/s, and each test lasted 40
min. The test temperature ranged from room temperature (R.T.) to 400 °C, with a temper-
ature gradient of 100 °C. Each test was performed three times under the same experi-
mental conditions, and the average value was taken as the final test result. Finally, the
wear rate under each test condition was calculated using Equation (2):

_ wt
R™2Frn
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where Wy is the wear rate, w is the wear scar width, t is the wear thickness, F is the
normal load, and 7 is the number of sample rotation cycles, which satisfies the following
relationship: n = rotational speed x test time.

3. Results and Discussion
3.1. The Effect of the Sintering Process on Purity

The XRD results of the sintered products with different raw material ratios are shown
in Figure 2. When the ratio was M:Al:C = 2:1.2:0.6, the peaks of M2AIC were mainly ob-
served, accompanied by some intermetallic compound IMC and carbide MC characteristic
peaks, which indicated that a M2AIC phase with limited phase purity was generated at
this ratio. The XRD results are shown in Figure 2. When the ratio was M:Al:C = 2:1.2:0.7,
the peaks of M2AIC were enhanced, and there were almost no IMC characteristic peaks,
indicating that the purity of M2AIC was improved [46]. With the ratio of M:Al:C=2:1.2:0.8,
the peak intensity of M2AIC weakened, while the peak of MC was still present. As the
ratio of C increased to 0.9, the peak intensity of MC increased significantly, and the char-
acteristic peak of MsAlICs appeared, suggesting that the impurity content increased signif-
icantly and the purity of M2AlIC decreased. When the ratio was M:Al:C =2:1.2:1, the inten-
sity of the MbAIC peak decreased, while the intensity of the peaks of M4AICs and MC
increased, indicating a further decrease in the purity of M2AIC. When the ratio of C in the
feedstock reached 1.1, the peak intensity of M2AIC significantly weakened, and the char-
acteristic peak intensities of MsAlCs as well as MC were significantly enhanced, indicating
that the purity of M2AIC was at a lower level under this condition. Therefore, a higher
purity of M2AIC was obtained with the ratio of M:AL:C = 2:1.2:0.7.

YM,AIC &IMC eCarbide AM,AIC,
2:1.2:1.1
) 2:1.2:1
A S S L 2:12:0.9]
2z \
I N 2:1.2:0.8
2 !
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*w__,'\\ - S —
N} v w\:@,‘“ﬂ.\’v 'y v v s v v 2:1.2:0.6
M,AIC
10 20 30 40 50 60 70 80 90
26/degree

Figure 2. XRD patterns of sintered products at different ratios.

Using the K-value method to approximate the mass percentage of each phase in the
above samples, the mass fraction of M2AIC was obtained as shown in Figure 3. As the
proportion of C in the raw materials increased from 0.6 to 1.1, the mass fraction of M2AIC
started to increase from 42.3%, reached a maximum of 95.8% at M:Al:C = 2:1.2:0.7, and
then gradually decreased to 15.1% (M:Al:C = 2:1.2:1.1). Thus, the purity of M2AIC pre-
pared in the ratio of M:AL:C = 2:1.2:0.7 was the highest.
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Figure 3. Mass fraction of M2AIC in sintered products with different ratios.

In order to find the optimum synthesis temperature of M2AIC, sintering was carried
out at different temperatures with the ratios M(Ti:V:Nb = 1:1:1):AL:.C = 2:1.2:0.7, and the
XRD patterns of the products are shown in Figure 4. It can be seen that at the sintering
temperature of 1250 °C, there were already peaks of M2AIC in the XRD pattern but were
accompanied by some IMC and MC impurities, such as TiAl, NbAls, NbsAl, and TiC, as
well as partially unreacted carbon. This indicates that the purity of the sintered products
was relatively low at lower temperatures. As the sintering temperature increased, the
peaks of IMC gradually decreased, while the peaks of M2AIC increased, suggesting that
more IMC and MC reacted to form M2AIC. When the sintering temperature reached 1450
°C, the peak intensities of IMC and MC decreased significantly, indicating that the purity
of M2AIC increased and the impurity content in the product decreased significantly at
1450 °C. Above 1450 °C, the MC peaks increased, indicating that the MAX phase under-
went decomposition into carbides, which limited the upper limit of the sintering temper-
ature.

Using the K-value method to approximate the mass percentage of each phase in the
above samples, the mass fraction of M2AIC was obtained as shown in Figure 5. With the
increase in sintering temperature, the mass fraction of M2AIC gradually increased from
35.5% at 1250 °C, reached a maximum of 95.8% at 1450 °C, and then decreased to 93.1% at
1550 °C. Therefore, the highest purity of M2AIC was obtained when the sintering temper-
ature was 1450 °C. In summary, the raw material ratio of M:AL:C = 2:1.2:0.7 was selected
to sinter M2AIC with the highest purity at 1450 °C.
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Figure 4. XRD patterns of sintered products at different sintering temperatures.
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Figure 5. Mass fraction of M2AIC in sintered products at different temperatures.

3.2. The Phase Evolution During the Reaction

In order to study the reaction paths during the sintering of M2AIC, the XRD spectra
of the sintered with Ti, V, Nb, Al, and C powders in the ratios of M(Ti:V:Nb = 1:1:1):Al:C
= 2:1.2:0.7 at temperatures ranging from 750 to 1450 °C are shown in Figure 6, and the
detected phases are listed in Table 1. When the sintering temperature was 750 °C, the
melted aluminum reacted with some M metal elements to generate intermetallic com-
pounds and some weaker intensity peaks of TiAls and VsAl could be detected in XRD,
which indicated that the corresponding reactions started to proceed. The corresponding
reaction equations were as follows:

Ti + 3A1 = TiAl, 3)

3V + Al =V;Al (4)

As the sintering temperature increased, the peak intensity of the intermetallic com-
pound M-AI continued increasing, while the peak intensity of each M-site metal de-
creased. This indicated that more and more metals reacted with Al, and the unreacted Ti
continued reacting with its Al-rich phase. The main reaction equations were as follows:
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TiAl; + Ti = TiAl, + TiAl ")

TiAl; + TiAl, + 3Ti =5TiAl (6)

TiAl, + 8Ti = 3TiAl 7)

Nb + 3Al = NbAl, ®)

When the sintering temperature reached 1050 °C, the peak of Nb2Al appeared in the
XRD plot, indicating that Nb further reacted with its Al-rich phase to form intermetallic
Nb:Al, which followed the following reactions:

S5Nb + NbAl; = 3Nb,Al )

2Nb + Al = Nb,Al (10)

As the sintering temperature increased, the IMC peaks also increased, while the in-
tensity of the peaks of M metal elements gradually decreased. At a sintering temperature
above 1250 °C, weaker carbide peaks appeared in the XRD diagram, indicating that a re-
action occurred between the M metal powder and its IMC or C-powder. The transition
metal peaks of the raw material disappeared completely and were replaced by the peaks
of various intermetallic compounds and carbides, while MAX phases were generated. The
corresponding reactions were as follows:

TizAl + TiAl + 2C = 2Ti, AIC (11)
TisAl + C = Ti,AlIC + TiC (12)

TiC + TiAl = Ti, AIC (13)

Nb + C = NbC (14)

5NbC + 2Nb,Al + NbAl; = 5Nb,AIC (15)
V;Al +2C = V,AIC + VC (16)

At the temperature of 1250-1450 °C, the peak of M2AIC was enhanced and the peak
of IMC gradually weakened, while the peak of carbide was enhanced, which could be
explained as follows: when a variety of metal elements were mixed, an Al-rich eutectic
phase was formed in the sintering process, and the formation and mobility of this eutectic
phase led to the depletion of aluminum in the reaction of the formation of the MAX phase,
and the excess of other elements could only react to form carbide [39]. In addition, as the
temperature increased, the mobility of elements increased, favoring the formation of car-
bides [40]. At a sintering temperature of 1450 °C, the intermetallic compound was com-
pletely converted to M2AIC, accompanied by a small amount of carbide impurities, and
its peak intensity was much lower than that of the M2AIC peak. Above this sintering tem-
perature, part of M2AlC decomposed into medium-entropy carbide MC due to the high
temperature, and at the same time, the intensity of the M2AIC peak increased due to grain
growth.
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Figure 6. XRD patterns of phase compositions at various sintering temperatures for raw materials
ratios of M:Al:C =2:1.2:0.7.

Table 1. Summary of phase compositions at various sintering temperatures for raw material ratios
of M:AL:C =2:1.2:0.7.

Temperature/°C Phase Composition
R.T. Ti, V, Nb, Al, C
750 Ti, V, Nb, C, V3Al, TiAls
850 V, Nb, C, VsAl, TiAls, TiAly, TiAl, NbAls, TisAl
950 V, Nb, C, VsAl TiAls, TiAl, NbAls, TisAl
1050 Nb, C, TiAl, Nb2Al, NbAls, VsAl, TisAl
1150 Nb, C, TiAl, Nb2Al, VsAl, TisAl
1250 C, NbAls, TiAl, Nb2Al, MC, M2AIC,
1350 Nb2Al MC, M2AIC,
1450 MC, M:AIC
1550 MC, M:AIC

Figure 7 shows the morphologies and EDS elemental surface releases of the sintered
products with the raw material ratios of M:Al:C = 2:1.2:0.7 at 850 °C, 1150 °C, 1250 °C, 1350
°C, and 1450 °C, respectively. The EDS results showed that the sintered products at 850
°C were dominated by the intermetallic compounds IMC of Ti-Al and Nb-Al, as well as
by the raw materials (Figure 7a). This suggested that the reaction between elements had
just begun to occur at 850 °C, and molten Al reacted preferentially with Ti and Nb to pro-
duce Al-rich phase products. When the temperature increased to 1150 °C, a small amount
of carbide MC appeared in the product in addition to IMC (Figure 7b), indicating that the
M element reacted with C. When the sintering temperature was 1250 °C, the product
showed a small amount of carbide MC and M2AIC phases, as well as IMC. The EDS im-
ages showed an overlap of the Al element as well as the C element with the M elements
(Figure 7c). As the sintering temperature reached 1350 °C, the EDS results showed an in-
crease in the carbide structure and a decrease in the IMC structure. In addition, the lamel-
lar structure of the MAX phase could be recognized in the microscopic morphology (see
Figure 7d), which suggested that the M metals, the IMC, and C particles continued to react
to form the MC. The IMC structure almost disappeared as the sintering temperature in-
creased to 1450 °C. The typical structure of the MAX phase in Figure 7e shows that the
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intermetallic compounds were converted into M2AIC, with the increasing purity of M2AIC
and the uniform distribution of each element in the sintered solid solutions.

The quantitative EDS elemental analysis of (TiVNDb)2AIC obtained by pressureless
sintering at 1450 °C is shown in Table 2. The results showed that the overall ratio was
basically in accordance with the ratio of M(Ti:V:Nb =1:1:1):Al:C = 2:1:1, and the aluminum
content in the final product reached the desired value due to the excessive addition of
aluminum before sintering, so it can be concluded that the synthesis of meso-entropic
(TiVND)2AIC was feasible under this sintering process.

Figure 7. SEM image and the corresponding EDS mapping of sintered products at (a) 850 °C, (b)
1150 °C, (c) 1250 °C, (d) 1350 °C, and (e) 1450 °C.

Table 2. EDS analysis of (TiVNDb):AIC powder sintered at 1450 °C with a ratio of M:AL:C =
2:1.2:0.7.

Temperature/°C

Percentage of Elements/%

Ti A Nb Al C Total

1450

17.02 15.84 15.86 25.18 26.10 100.00

3.3. Mechanical Properties

Table 3 lists the measured and theoretical values of the Vickers hardness of
(TiVND)2AIC and the hardness of the associated ternary MAX phase. The theoretical hard-
ness of (TiVND):2AIC satisfied the following equation:

Hri,aictHy,aictHuw, ac

HTheoretical= 3 (17)

The hardness of (TiVNDb)2AIC from the measurements was 6.52 GPa, which was
higher than the theoretical prediction of the mixing law and the hardness of the three
single MAX phases. As we know, in solid solutions, the difference in the metal atomic
radius is a measure of the lattice distortion. The excess hardness was mainly attributed to
severe lattice distortions in the polymeric solid solution structure. The degree of atomic
radius difference (4,) was defined as

AV:M x100% (18)
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For the solidification in the M sites, i.e., (TiVNDb)2AIC, the differences in the atomic
radius of Ti, V, and Nb (Ti: 1.32 A, V: 1.22 A, and Nb: 1.34 A) led to the atomic radius
difference index A,=9.3%. This value exceeded the solid solution critical distortion
threshold (4, >5%), indicating the presence of significant lattice distortion within the sys-
tem [1]. The differences in multi-element diffusion kinetics led to the formation of high-
density dislocation networks during sintering. The local stress fields generated by distor-
tions hindered dislocation slip, requiring extra energy to overcome the barriers, which
further enhanced the resistance to plastic deformation [2,47—49].

Table 3. Hardness of medium-entropy (TiVNDb)2AIC and related materials.

(TiVNDb)2AIC
Properties (TiVND)2AIC Standard Deviation  (Theoretical = TiAIC [50] V:AIC [51] Nb2AIC [52]
Value)
Vickers hardness (GPa) 6.52 0.35 4 2.8 2.8 6.1

3.4. Friction and Wear Performance

Figures 8 and 9 present the coefficient of friction (COF)-time curves and average COF
values under different experimental temperatures, respectively. At room temperature, the
COF curve remained generally stable, while at 100 °C, the fluctuations in the COF curve
increased, with the average COF decreasing from 0.65 to 0.56. The rise in temperature and
the contact between surface asperities reduced material strength and enhanced plastic de-
formation, resulting in increased adhesive friction [53]. Meanwhile, the initial slight oxi-
dation was insufficient to form an effective lubricating film. At this stage, the “adhesion-
induced friction increase” and “oxidation-induced friction reduction” competed, causing
fluctuations and an overall increase in the COF. Overall, the friction-reducing effect of the
oxide film could not counteract the COF fluctuations caused by the formation and subse-
quent shearing fracture of adhesive contacts, resulting in an insignificant decrease in the
average coefficient of friction.

1.0
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Figure 8. The curve of the samples” COF varying with time at different temperatures.
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Figure 9. Average COF of samples at different temperatures.

During the experiment at 200 °C, the average COF further decreased to 0.39, and the
COF fluctuation significantly reduced. From room temperature to 200 °C, the average
COF maintained a nearly consistent decreasing rate, indicating that with increasing tem-
perature, the oxide film gradually increased on the friction surface. A discontinuous lu-
bricating film formed at the friction interface (as shown in Figure 10b,c), reducing the ad-
hesive contact area. Consequently, the frictional resistance caused by the adhesion and
shear was relatively reduced, leading to a decrease in the average friction coefficient.

When the temperature increased to 300 °C, the friction coefficient curve fluctuated
more drastically, and the average COF rose sharply. This analysis suggested that as the
temperature continued to rise, on one hand, the oxidation reaction intensified at the fric-
tion interface, forming a continuous lubrication layer which could theoretically further
reduce the friction coefficient. However, the elevated temperature also significantly re-
duced the sample’s yield strength, leading to increased plastic deformation at contact
points and intensified adhesive wear (as shown in Figure 10d). As a result, the friction
coefficient fluctuated more greatly, and instead of decreasing, it rose. When the tempera-
ture increased to 400 °C, the average COF slightly decreased but fluctuated violently. This
was likely due to the thickening oxide layer being prone to brittle spalling during friction,
which generated debris distributed across the friction interface and increased the proba-
bility of three-body abrasion. Figure 10e also shows the increased surface roughness of
the friction interface. Therefore, sustained high temperatures led to the decreased stability
of the lubrication film and intensified dynamic changes in properties and morphology of
materials at the friction interface.

The wear rate of the sample in the temperature ranges from R.T. to 400 °C was calcu-
lated and is shown in Figure 11. The wear rate gradually decreased from 1.88 x 104
m3Nm (R.T.) to 0.89 x 10-* m3/Nm (200 °C), a reduction of more than 50%. At 300 °C, it
rapidly increased again to 2.54 x 10-* m3/Nm and then slightly decreased to 1.77 x 10-4
m?/Nm at 400 °C. The variation pattern of the wear rate was consistent with the change in
the friction coefficient with temperature.
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Figure 10. The microscopic morphology of the wear tracks on the sample surface after friction at
different temperatures for different magnifications.
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Figure 11. Wear rate of samples at different temperatures.
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Figure 12 shows the elemental distribution in the worn region at 200 °C. Fe enrich-
ment could be detected in the micro-protruding areas, indicating adhesive wear and ma-
terial transferred from the steel ball to (TiVNDb)2AIC. The overlapping colors of the O ele-
ment with Ti, V, and Nb confirmed the formation of a continuous coverage layer, which

can provide relatively stable lubrication [54].

Figure 12. EDS image of the wear scar at 200 °C.

The core electron energy levels of C 1s at different temperatures are shown in Figure
13a. The deconvolution peak at 282.7 eV corresponded to carbon—-metal (C-M) bonding,
while the deconvolution peaks at 284.8 eV and 286.3 eV were attributed to C-H and C-O
bonds, respectively. The V 2p peak was located at ~518 eV (see Figure 13b), and the peak
fitting indicated it belonged to V5 (V205), suggesting the formation of high-valence vana-
dium oxide during oxidation. The Al 2p orbital spectrum generated a deconvolution peak
between 74 eV and 76 eV (Figure 13c), which was attributed to Al-O bonds. The peak
fitting of the Nb 3d orbital showed peaks at ~206-207 eV (Figure 13d, Nb%, Nb20s), indi-
cating the formation of niobium oxide during oxidation, which may have enhanced the
stability of the oxide layer. The Ti peak was located at ~458.5 eV (Figure 13e), correspond-
ing to Ti*, i.e., TiO», indicating that titanium oxide became dominant at high tempera-
tures, synergistically protecting the substrate with AL2Os.
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Figure 13. XPS spectra of (a) C 1s, (b) V 2p, (c) Al 2p, (d) Nb 3d, (e) Ti 2p, () Si 2p, (g) O 1s, and (h)

Fe 2p after friction at different temperatures.
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Table 4 presents the friction performance of (TiVNDb):AIC and the corresponding
three ternary MAX phase materials. It can be observed that, under similar testing condi-
tions, (TiVND)2AIC exhibits a relatively low wear rate with a more stable trend. This phe-
nomenon can be attributed to several factors:

The formation energy of MAX phase materials decreases as the number of transition
metal elements increases, and the formation energy of (TiVNDb)2AIC is significantly lower
than that of the corresponding ternary MAX phases, indicating enhanced thermodynamic
stability [55]. Meanwhile, the solid solution of three different atoms at the M sites induces
lattice distortion, which hinders dislocation motion and multiplication. During friction,
material deformation and delamination require dislocation activity for coordination.
Therefore, the more difficult it is for dislocations to move, the more resistant the material
is to wear, resulting in a lower wear rate, which is consistent with the high hardness of
(TiVND)2AIC. Furthermore, the complex and disordered chemical environment slows
down the surface oxidation rate, leading to the formation of a thinner and more stable
protective mixed oxide film. In contrast, excessively thick and unstable oxide films tend
to spall off and act as abrasives, thereby exacerbating wear.

Table 4. Approximate wear rate ranges for different materials.

Properties

(TiVND):2A1C

The counter
Temperature (°C)
Linear velocity (m/s)

. Ti2AlC [56] V2AIC [57] (W-Alloys)-Nb2A1C-Sn [58]
(This Paper)
Wear ratess (m3/Nm) 0.89 x 1014 -2.54 x 104 104 -5.5x 1013 1016 -2.07 x 10713 2.51 x 1013 - 6.49 x 10-13
Bearing steel Inc718 AlOs SisN4
R.T.-400 R.T.-550 R.T.-3800 R.T.
0.1 1 0.01 0.1-0.2
4 3 10

Load (N)

4. Conclusions

In this study, medium-entropy (TiVNb):AlC MAX phase materials were successfully
synthesized, and their synthesis methods, reaction processes, and mechanical properties
were systematically investigated. The optimum conditions for the preparation of high-
purity (TiVNDb)2AIC were determined by controlling the sintering process. The main con-
clusions are as follows:

The highest purity M2AlC phase with a mass fraction of 95.8% could be obtained with
the raw material ratio M(Ti:V:Nb):Al:C = 2:1.2:0.7 and a sintering temperature of 1450 °C.
Excess carbon (>0.7 mol) or elevated temperatures (>1450 °C) promoted carbide formation
and degraded MAX phase purity.

The reaction proceeded through two stages: Stage I (750-1150 °C)—the formation of
intermetallic compounds (IMCs) (e.g., TiAls, VsAl, Nb2Al) dominated as molten Al pref-
erentially reacted with transition metals. Stage II (1250-1450 °C) —IMCs reacted with car-
bon to form (TiVND)2AIC, while partial decomposition into MC carbides occurred above
1450 °C due to aluminum depletion [59].

The results of mechanical property tests showed that the medium-entropy
(TiVND)2AIC material exhibits excellent performance in terms of hardness, with a Vickers
hardness of 6.52 GPa, which was significantly higher than the theoretical prediction of the
law of mixing and the hardness of the conventional single MAX phases (e.g., Ti2AIC,
V2AIC, and Nb2AIC).

Friction tests against bearing steel revealed distinct regimes: at 25-100 °C, the COF
decreases from 0.65 to 0.56 due to nascent oxide film formation, competing with adhesion-
induced fluctuations; at 200 °C a minimum COF (0.39) was achieved with reduced fluctu-
ations, attributed to discontinuous lubricating oxide films suppressing adhesive wear; and
at 200400 °C, the COF sharply increased (>0.60), with severe fluctuations caused by
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material softening, adhesive welding, and brittle oxide layer spallation inducing three-
body abrasion.
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