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Abstract: Mn+1AXn (MAX) phase materials present an attractive potential for friction reduction
and wear resistance applications due to the ternary layered structure. This work was done to
investigate how the combination of Ti2AlC and Ti3AlC2 MAX phase particles with zinc dialkyl
dithiophosp (ZDDP) additives in the lubricant affected the tribo-surface by means of a reciprocating
test rig with cyclic impact loading. The results indicated that the friction and wear properties of
Ti3AlC2-containing lubricant were better than those of Ti2AlC-containing lubricant. The distinctive
microstructure of worn surface caused by the Ti3AlC2 particles was characterized by the uniform
distribution of many fine scratches, while the other was distributed with more peeling pits by the
Ti2AlC particles. The tribo-chemical reaction of ZDDP involving Ti3AlC2 particles promoted a larger
regional distribution of the tribofilm and the generation of short-chain phosphates. The synergistic
effect of Ti3AlC2 particles and ZDDP additives led to excellent tribological properties.

Keywords: friction and wear; MAX phase particle; microstructure; tribofilm

1. Introduction

Mn+1AXn (MAX) phase materials are a group of ternary compounds, where M rep-
resents an early transition metal (such as Ti or Nb), A mostly represents a IIIA and IVA
group element (such as Al or Si), and X is either carbon or nitrogen [1,2]. MAX phase
materials have generated many attractive application scenarios due to their high thermal
conductivity, thermal shock resistance, oxidation resistance, etc. [3–6]. Ti2AlC and Ti3AlC2
are typical representatives of MAX phase materials. Their ternary nanolayer compounds
with the layered structures may contribute to the development of self-lubricating properties
and offer great potential in tribology applications, especially as lubricant additives added
into the lubricating oil.

When a portion of the particles are brought into the contacting area of tribo-couple
by the lubricant, these particles then produce different mechanisms of action on the worn
surface [7]. Some of the particles adhered to the sliding surface, providing the effective
lubricating film thickness, and thus avoiding direct contact of micro-asperities [8]. Ad-
ditionally, the original sliding friction was converted to the sliding friction plus rolling
friction [9,10]. Some of the particles flattened the micro-topography through filling and/or
polishing the tribological surface, thus facilitating the spreading and distribution of the
fluid lubricant film [11]. Some of the particles were involved in the tribo-chemical reac-
tions and formed a layer of chemical reaction film, which served to reduce shear strength,
repair surface defects, etc. [12–15]. These mechanisms might act simultaneously or exist
alone. Despite many views about the mechanism of action by the particles, the lubrication
mechanism of Ti2AlC and Ti3AlC2 particles remains unclear.

At extreme pressure conditions, zinc dialkyl dithiophosphates (ZDDP) additives
generally develop the tribo-chemical reaction film in response to the heat and/or stress con-
centration [16,17]. When the ZDDP additives and the particles contained in the lubricating
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oil are delivered to the tribo-surface, the tribo-chemical reaction will be necessarily affected
by the particles. Nehme and Dib demonstrated that a tightly bound fluorocarbon and metal
fluoride material was formed on the metal surface for ZDDP oils containing FeF3+PTFE
blends, enhancing wear protection and reducing surface tension [18]. Varlot et al. proposed
that tribo-chemical interactions between ZDDP and micellar calcium borate occurred with
the formation of a calcium and zinc borophosphate glass tribofilm [19]. Aldana et al.
showed that a 50–60 nm tribofilm was formed by the synergetic action between WS2
fullerene-like nanoparticles and ZDDP additives [20]. Sharma et al. observed that TiO2
nanoparticles coated with boron-rich plasma films showed good anti-wear performance
when used with 350 ppm of ZDDP in the oil [21]. Berkani et al. identified that goethite mi-
croparticles in the dispersion led to the formation of a depolymerized zinc-iron phosphate
tribofilm [22]. Vyavhare et al. presented that an additive mixture of fluorinated ZnO and
ZDDP exhibited a reduction in the coefficient of friction and significantly improved wear
performance [23]. In addition, some particles displayed better lubricating performance,
showing a trend that might replace or assist ZDDP additives [24–28]. From the above anal-
ysis, it is clear that different particles produce different lubrication mechanisms. Regarding
Ti2AlC and Ti3AlC2 particles added into ZDDP oil, it still needed to explore these layered
structured particles’ effect on the impact of friction and wear performance and clarify the
tribo-mechanism of such particles under the action of ZDDP.

In this paper, Ti2AlC and Ti3AlC2 particles were separately added into the ZDDP-
containing lubricating oil. Friction and wear properties of lubricants containing these two
different particles were compared through a reciprocating test rig of cyclic impact loading.
The worn surface morphology and tribo-chemical reaction films were analyzed to explore
the interaction mechanism between ZDDP and titanium aluminum carbide particles. This
exploration may provide some insight into the design of lubricant additives using Ti2AlC
and Ti3AlC2 particles.

2. Experimental Details
2.1. Experimental Materials

Both Ti2AlC and Ti3AlC2 were purchased from Zhongxin New Materials Co., Ltd.,
China. Figure 1 shows the SEM images of the two layered particles. The length-width sizes
of both irregular flat-shaped particles are approximately 10 µm with the average thickness
of 1–2 µm. It can be seen that the laminar structure was mixed with some small pieces
of particles. The crystal structure of Ti2AlC and Ti3AlC2 was further confirmed by XRD
analysis, as shown in Figure 2. Both Ti3AlC2 and Ti2AlC were pure phase particles, and no
intermediate phase was observed. Each particle was added separately to the lubricating oil
at a concentration of 0.33 wt%. In order to use the selected particles in a real engine, engine
oil 10 W-40 CF-4 was purchased from the Great Wall Lubricant Corporation of China. It
contained approximately 1 wt% of ZDDP additive. It had a viscosity index of 139 and a
kinematic viscosity of 103.7 mm2/s at 40◦C and 13.9 mm2/s at 100 ◦C.

Although the engine oil was selected from the perspective of the actual application
of the engine, engine oil was initially formulated to the additive already present in the oil.
This might bring some concerns due to the miscibility of MAX particles in the engine oil.
Therefore, the dispersant oleic acid was used to stabilize the mixture of engine oil and MAX
particles. The amount of oleic acid added in the oil sample was 0.5 wt% of the oil. Base oil
HVI H5 containing the dispersant oleic acid was also selected to verify the differences in
friction and wear performance between the Ti2AlC and Ti3AlC2 particles.

To maintain the stability of particle suspension in the oil sample prior to friction and
wear tests, the oil samples were prepared by the steps of magnetic stirring of oleic acid,
probe sonicating, and ultrasonic vibrating of the particles [29]. First, the particle and oleic
acid solution samples were mixed in lubricant for 3 h using a magnetic stirrer at room
temperature. Then, the mixture was homogenized for 4 h using a probe sonicator with a
power output of 93 W, a frequency of 19.66 kHz, and a 60% amplitude. Finally, the mixture
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was ultrasonically vibrated at 120 W and 40 kHz for 3 h. This could minimize the effect of
particle settling on experimental results in friction and wear tests.
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Figure 2. The XRD patterns of Ti2AlC (a) and Ti3AlC2 (b) particles.

In order to reduce testing errors and ensure consistency in the condition of the tested
materials, piston ring and cylinder liner used in real engines were chosen as the original
tribo-couple to distinguish the tribological behavior of lubricants containing different
particles. The difference in tribo-behavior between Ti2AlC and Ti3AlC2 particles can be
obtained through a series of repetitive friction and wear experiments. Cast iron cylinder
liners with a honing surface were supplied by Yantai Vast Co., Ltd., China. The cylinder
liner with an inner diameter of 110 mm was uniformly cut into samples with a length of
43 mm and a thickness of 10 mm. Piston rings with chromium-based ceramic composite
coating (CKS) were purchased from Shuang Huan Piston Ring CO., LTD., China. The
commercial piston ring with an inner diameter of 70 mm, an outer diameter of 110 mm, and
a thickness of 3 mm was cut into 20 samples along the circumference. In order to weaken
the influence of hoop stress on wear test, only piston ring samples taken from the opposite
side of the gap clearance were used.

2.2. Friction and Wear Tests

Friction and wear tests were performed as reported earlier using a piston ring re-
ciprocating cylinder liner test rig which can simulate the cyclic impacts of peak cylinder
pressure [30,31]. The experimental conditions are shown in Table 1. For each test, the speed
was set at 200 r/min, corresponding to a reciprocating frequency of 6.67 Hz. The lubricating
oil was supplied along a 30 mm stroke at a dosage of 0.1 mL/min. The testing started
with a low load in a running-in regime. Afterwards, it increased the load and ran the test
for 180 min. The maximum nominal pressure 50 MPa in the steady state corresponded to
1275 N. The temperature was set at 200 ◦C. These experimental conditions were suitably
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enhanced to simulate the friction and wear behavior of a piston ring and cylinder liner at
the top dead center in a marine diesel engine.

Table 1. Experimental conditions in friction and wear tests.

Experimental
Stage

Experimental Parameters

Speed
(r/min)

Max. Impact Load
(MPa)

Temperature
(◦C)

Oil Supply Rate
(mL/min)

Time
(min)

Running in 200 10 200 0.1 10
Steady state 200 50 200 0.1 180

As the applied normal force between the tribo-couple was known, the coefficient
of friction at the dead center was calculated from the ratio of the largest friction force to
the normal force. The wear depth measured by an OLYMPUS LEXT OLS 3100 optical
microscope (Olympus Corporation, Tokyo, Japan) was used to characterize the wear
loss of the tribo-couple. The wear depth of the sample was obtained by measuring the
height difference of the worn and unworn surfaces. At least three repetitive experiments
were carried out under the same test conditions to obtain the coefficient of friction and
wear depth. The average values and its standard deviation were calculated from three
valid results.

The crystal structures of the particles were analyzed using X-ray diffraction (XRD,
D/Max-Ultima+, Rigaku, Japan). The worn surfaces were examined using a SUPRA 55 SAP-
PHIRE scanning electron microscope (SEM, Carl Zeiss NTS GmbH, Oberkochen, Germany)
and energy dispersive X-ray spectroscopy (EDS, Carl Zeiss NTS GmbH, Oberkochen, Ger-
many). The instrument for detecting and analyzing the chemical composition of the worn
surface was a K-Alpha 1063 X-ray photoelectron spectroscope (XPS, Thermo Fisher Sci-
entific, Waltham, MA, USA). The X-ray source was a monochromatic Al Kα (1486.6 eV)
beam, run at 72 watts. The analyzed area was approximately 400 µm × 300 µm. Spec-
tral data processing was performed using the Avantage program with the subtraction of
a Smart-type background and mixed Gaussian-Lorentzian peaks, with 30% Lorentzian
character (GL (30)), fitted to the raw data. After fitting the data, the x-axis of all spectra was
charge-calibrated to the C–C component in the C1s fit at 284.8 eV.

3. Results and Discussion
3.1. Comparison of Friction and Wear Performance

Figure 3 shows the variation of friction force throughout the stroke during the stable
wear stage. In Figure 3a, the friction force of the lubricating oil containing Ti2AlC particles
was slightly higher than that of the lubricating oil without particles in the middle stroke, but
the difference in friction force increased significantly at the dead center. For the lubricating
oil containing Ti3AlC2 particles, the friction force was clearly the lowest. It exhibited a
friction-reducing effect in the entire stroke. As a comparison, the magnitude of the friction
force did not vary in the ranking order among base oil containing particles. However, the
differences in friction force among base oil containing particles was significantly smaller
than the differences among engine oil containing particles in the whole stroke, as shown
in Figure 3b.
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As the sliding speed gradually decreased to zero, the dead center became the location
where friction force was highest and wear loss was most likely to occur. Figure 4 shows
the comparison of the coefficient of friction and wear depth at the dead center for different
compositions of lubricants. Coefficient of friction was taken from the stable wear stage,
as shown in Figure 4a. It can be seen that coefficient of friction of the lubricant without
particles was about 0.115. The coefficients of friction of lubricants containing Ti2AlC and
Ti3AlC2 particles were about 0.133 and 0.084, respectively. The coefficient of friction of
lubricants containing Ti3AlC2 particles was 27.0% lower than that of the lubricant without
particles, while the coefficient of friction of lubricants containing Ti2AlC particles was
15.7% higher than that of the lubricant without particles. For the lubricant without particles,
the wear depth of the cast iron was about 1.73 µm but increased to about 1.92 µm for Ti2AlC
particles and decreased to about 1.62 µm for Ti3AlC2 particles (Figure 4b). The variation
trend of CKS wear depth was similar to that of the cylinder liner. These results indicate that
Ti3AlC2 particles improved the friction and wear performance of cast iron/CKS, but Ti2AlC
particles were not good friction modifiers. For the base oil containing particles in Figure 5,
the coefficient of friction and wear depth were much larger. There was no essential effect
on the ranking order. The friction and wear performance of base oil containing Ti3AlC2
particles were still better than those of base oil containing Ti2AlC particles. Thus, the
following analysis focused on a worn surface lubricated by engine oil containing particles.
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3.2. Worn Surface Analysis

Figures 6–8 present the worn surface morphology and element distribution of a
cylinder liner lubricated with different engine oil samples. The surface lubricated without
particles (Figure 6a) was slightly smoother as compared to that lubricated with lubricant
containing particles (Figures 7a and 8a). Its honing textures on the cylinder liner surface
were no longer clear, only keeping the deeper textured grooves. While the honing textures
basically disappeared with the lubricant containing Ti2AlC particles (Figure 7b), the honing
textures were clearly visible with the lubricant containing Ti3AlC2 particles (Figure 8b).
Along the sliding direction, it was difficult to see scratches on the surface when using
lubricant alone. However, there were many fine scratches on the surface in the case of
Ti2AlC particles, while more narrow scratches were distributed on the surface with the
Ti3AlC2 particles. This may have been due to the different damage mechanisms arising
from abrasive wear of Ti2AlC and Ti3AlC2 particles. It seems that Ti3AlC2 particles were
more likely to slip in the contact area of the cast iron surface than Ti2AlC particles.

In contrast to the elemental distribution at positions 1 and 3, S, P, and Zn could be
detected at position 2 on the cast iron surface lubricated without particles, indicating the
generation of a ZDDP tribo-chemical reaction. For the lubricant containing Ti2AlC particles,
P, S, and Zn could be observed in both the platform (position 4, position 6) and the groove
(position 5) of the honing surface. This indicated that Ti2AlC particles may have caused
scratching to the ZDDP tribofilm or severe plastic deformation to the surface. For the
lubricant containing Ti3AlC2 particles, P, S, and Zn from the ZDDP tribo-chemical reaction
could be found on the platform of the honing surface (position 7, position 8), but not in the
groove (position 9). In addition, Ti and Al from Ti2AlC (position 6) and Ti3AlC2 (position 8)
particles could both be found on the platform around the grooves of the honing surface.
This demonstrated that the particles were embedded on the cast iron surface.

Figure 9 shows the worn surface morphology and elemental distribution of CKS
with different engine oil samples. In Figure 9a, the CKS surface used lubricant alone was
scattered with scratches of a certain width along the sliding direction. Other than Cr and
C existing inside the scratch (position 10), Fe, S, P, and Zn were also found outside the
scratches (position 11). This indicated that some tribo-chemical products may have been
transferred from the cast iron to the chromium plating layer. As shown in Figure 9b, the
CKS surface with lubricant containing Ti2AlC particles was distributed with some small
scratches of varying lengths along the sliding direction. From the EDS of positions 12 and 13,
Al and Ti adhered to the surface of the chrome-based piston ring. S, P, and Zn were basically
undetected. Flaking occurred in some locations. Surfaces lubricated without particles had
more spalling pits than surfaces lubricated with Ti2AlC particles. In Figure 9c, Ti3AlC2
particles in the lubricant caused many scratches of uniform lengths on the CKS surface.
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However, unlike the CKS surfaces lubricated with Ti2AlC particles, the surface lubricated
with Ti3AlC2 particles detected P, S, and Zn from the ZDDP tribo-chemical reactive product
(positions 14 and 15). Few iron-based materials were present on the surface.
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3.3. XPS Analysis on Tribofillms of Worn Cast Iron Surface

Peak area ratio, difference between binding energies of the doublets, and full-width at
half-maximum (FWHM) were constrained in order to obtain information with the most
appropriate chemical meaning [32]. The FWHMs of the peaks constrained to be as equal
or as similar as possible for the same element. The signals of phosphorus, sulfur, zinc,
titanium, and aluminum of the 2p orbital exhibited two peaks, 2p3/2 and 2p1/2, due to
spin-orbit splitting with an area ratio of 2:1. The difference in energy was maintained to
0.87 eV for phosphorus, 1.16 eV for sulphur, 23 eV for zinc, 6.0 eV for Al–Ti–C bonds, 5.7 eV
for Ti–O bonds, and 0.40 eV for aluminum [33,34].

The detailed spectra of O1s, P2p, S2p, Zn2p, Ti2p, and Al2p recorded on tribofilms
formed on the worn surface of cast iron are shown in Figure 10. For P, the P2p3/2 peaks
appeared around 132.8–133.5 eV (Figure 10(a1–a3)), corresponding to the chemical states of
glass-phase phosphates, while the P2p3/2 peaks around 134.3 ± 0.1 and 135.5 ± 0.1 eV
(Figure 10(a3)) indicated the existence of short-chain phosphates [35]. This could be further
verified by the spectra of O1s. Two phosphate-related peaks of NBO (531.9 eV) and BO
(533.3 ± 0.3 eV) require special attention [36]. The ratio of BO to NBO, which is closely
related to phosphate polymerization, is an important parameter for evaluating phosphate
species and their chain lengths [37]. The ratios of lubricated surfaces without particles
(Figure 10(b1)) and with Ti2AlC (Figure 10(b2)) and Ti3AlC2 (Figure 10(b3)) particles were
0.27, 0.43, and 0.14, respectively. This was basically in agreement with the states of P2p.
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The proportion of short-chain phosphates on the surface lubricated with Ti3AlC2 particles
was greater than that on the surfaces lubricated with Ti2AlC particles and without particles.
This demonstrated that Ti3AlC2 particles promoted the depolymerization process of ZDDP.
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In the case of S, FeS with the binding energy of S2p3/2 at 161.5± 0.1 eV was de-
tected in the tribofilms of all three samples (Figure 10(c1–c3)) [32,38]. The S2p3/2 peaks
around 168.3 ± 0.3 eV (Figure 10(c1–c3)), corresponding to the chemical states of sul-
fates [20]. The centered peaks located around 1021.7–1022.0 eV indicated the existence of
ZnO (Figure 10(d1–d3)) [38,39]. In addition, other binding energies of Zn2p3/2 around
1023.2 ± 0.2 eV are considered to be zinc phosphate with different chain lengths [40].

For the surface lubricated with the Ti2AlC particles, the peak located at 458.69 eV of
Ti2p3/2 (Figure 10(e1)) indicated the existence of TiO2, while Al2O3 with the binding en-
ergy of Al2p3/2 around 74.6 ± 0.1 eV (Figure 10(f1)) was also detected in the tribofilm [41].
Moreover, the peaks around 454.6 ± 0.1 and 456.4 ± 0.1 eV of Ti 2p3/2 (Figure 10(e1)),
72.2 ± 0.1 eV of Al2p3/2 (Figure 10(f1)) corresponded to the chemical state of the Ti2AlC
particles [42]. The peak distribution of Ti2p (Figure 10(e2)) and Al2p (Figure 10(f2)) on the
surface lubricated with Ti3AlC2 particles was similar to that on the surface lubricated with
Ti2AlC particles [43]. Although the difference in Ti2p and Al2p peak positions between sur-
faces lubricated with Ti2AlC and Ti3AlC2 could not be clearly distinguished due to the low
content, it still indicated that oxidized (458.8 ± 0.1eV of Ti2p3/2, 74.2 ± 0.4 eV of Al2p3/2)
and unoxidized particles (454.9 ± 0.2 and 456.4 ± 0.1 eV of Ti2p3/2, 72.2 ± 0.1 eV of
Al2p3/2) were embedded in the tribofilms of the surface lubricated with Ti3AlC2 particles.
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3.4. Lubrication Mechanism Analysis of Lubricants Containing Ti2AlC and Ti3AlC2 Particles

Through a series of friction and wear tests, it was shown that lubricants containing
Ti3AlC2 particles had better friction reduction and anti-wear performance than those
containing Ti2AlC particles for the cast iron/CKS pair.

Observing the surface of CKS and cast iron, Ti2AlC particles not only underwent ma-
terial transfer to the cast iron/CKS surface, but also spalled the surface with the formation
of pits (Figures 7b and 9b). However, for the surface lubricated with Ti3AlC2 particles,
many tiny scratches were found to be evenly distributed like the sliding tracks of a train
(Figures 8b and 9c). These fine parallel sliding textures created by the Ti3AlC2 particles as
well as the presence of honing textures might help to facilitate the distribution of liquid
lubricating oil, providing the passages for the directional delivery of lubricants to the
contacting interface [44].

Through the EDS measurement, S, P, and Zn were detected on the cast iron surface
lubricated with Ti2AlC particles, but these elements were rarely distributed on the CKS
surface. For the Ti3AlC2 particles, larger distribution of S, P, and Zn were detected both on
the cast iron and the CKS surface. This demonstrated that the tribo-surface structure formed
between ZDDP additives, and the sliding surfaces adapted to the sliding conditions with
cyclic impact loading [45]. Compared with Ti2AlC particles, Ti3AlC2 particles promoted a
larger regional distribution of the tribofilm and more tribo-chemical reactions of ZDDP. XPS
analysis demonstrated that the tribofilms had more short-chain phosphates on the surface
lubricated with Ti3AlC2 particles than that on the surface lubricated with Ti2AlC particles.
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Figure 9. Worn morphology and element distribution of a CKS surface lubricated without particles
(a) and with Ti2AlC (b) and Ti3AlC2 (c) particles at a temperature of 200 ◦C with maximum impact
load of 50 MPa and rotation speed of 200 rpm for a 180 min test duration.

Based on the above analysis, the lubricating mechanism of lubricants containing
Ti2AlC and Ti3AlC2 particles is shown in Figure 11. Compared with the surface lubricated
with Ti2AlC particles, evenly distributed sliding textures could achieve the directional flow
of lubricants and promoted the tribo-chemical reaction of ZDDP on the cast iron/CKS
surface lubricated with Ti3AlC2 particles. In addition, the tribofilms were present together
on the surfaces of CKS and cast iron, avoiding the direct large-area contact between the
surface micro-asperities and between the micro-asperities and Ti3AlC2 particles without
causing serious damage. These mechanical and tribo-chemical interactions generated good
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synergistic relation among lubricating oil, ZDDP additives, and Ti3AlC2 particles on the
cast iron/CKS surface.
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particles at a temperature of 200 ◦C with maximum impact load of 50 Mpa and rotation speed of
200 rpm for a 180 min test duration.
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Figure 11. Schematic diagram of lubrication mechanism for the cast iron/CKS surface lubricated
with Ti2AlC (a) and Ti3AlC2 (b) particles.

4. Conclusions

At a maximum cyclic impact load of 50 MPa, Ti2AlC and Ti3AlC2 particles presented
different tribological behaviors for the ZDDP-containing lubricant and generated different
microstructures on the cast iron/CKS surface at a temperature of 200 ◦C and a speed of
200 r/min. Compared with Ti2AlC particles, Ti3AlC2 particles seemed to be good modi-
fiers for lubricants in terms of friction reduction and wear resistance at the strengthened
conditions. The ZDDP additives and Ti3AlC2 particles contained in the lubricant could
achieve larger region existence of tribofilms on the cast iron/CKS surface with a uniform
sliding texture distribution. In addition to FeS, ZnO, TiO2, Al2O3, and unoxidized particles
detected in the tribofilm, short-chain phosphates were present in a larger proportion on
the cast iron surface lubricated with Ti3AlC2 particles. Future work should consider more
experimental conditions (mainly in terms of loads and speeds) on the effect of Ti2AlC and
Ti3AlC2 particles and further verify the differences at different lubricating conditions.
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