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Abstract: Tribological property of c-axis textured shell-like Ti3AlC2 ceramic was investigated using 
reciprocating sliding balls (SUS304) under loads of 1, 5, and 9 N. It was found that the textured top 
surface (TTS), corresponding to the (000l) plane, shows the lowest mean coefficient of friction in 
comparison with those measured on the textured side surface (TSS), where the sliding directions are 
parallel (TSS-1) and perpendicular (TSS-2) to c axis, under the same load. Among all the tested 
orientations, the TSS-2 exhibited the lowest wear rate of 1.51×103 mm3/(N·m) under the load of 9 N. 
The worn mechanisms on the TTS and TSS-1 were delamination, grain fracture, and grain spalling-off. 
On the TSS-2, plowing effect against balls was the dominating mechanism. This work suggests the 
criteria to maximize the wear resistance in the load range of 1–9 N. 
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1  Introduction 

Ternary compounds Mn +1AXn phases (M is the 
transition metal, A is the A group element, X is C or N, 
and generally n = 1–3) belong to a large family with 
nanolaminar microstructure and hexagonal crystal 
structure (space group P63/mmc) [1–5]. To date, more 
than fifty 211 phases, five 312 phases, and eight 413 
phases (excluding solid solutions) have been 
discovered. Recently, it has been confirmed that 514, 
615, and 716 phases also exist [6–8]. Therefore, n 
values could be extended to 4, 5, and 6. Interestingly, a 

new nanolayered 221 phase, Mo2Ga2C, has been 
recently synthesized by solid/liquid reaction and 
magnetron sputtering [9]. It is a new type of MAX 
phase not belonging to the formula Mn+1AXn, and more 
221 phases might be discovered in the following years.  

Since 1996, it has been demonstrated that some of 
MAX phases, such as Ti3SiC2, Ti3AlC2, Ti2AlC, 
Cr2AlC, etc., possess an unique combination of high 
Young’s modulus, high flexural strength, high fracture 
toughness, excellent thermal shock resistance, and 
oxidation resistance [10–13]. Notably, it was found 
that these phases offer an excellent corrosion resistance 
against molten Pb above 850 ℃ together with good 
irradiation resistance to neutron and Kr, Xe, Au ions 
[14–16]. Therefore, they could be good candidates for 
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use in the fourth generation nuclear plants.      
As for advanced structural materials, tribological 

properties of MAX phases are very important. Gupta et 
al. [17] systemically investigated the tribological 
behaviors of Ti2AlC, Cr2AlC, Ta2AlC, Ti3SiC2, Ti2AlN, 
Ti4AlN3, Cr2GeC, Cr2GaC, Nb2SnC, and Ti2SnC, tested 
against Ni-based superalloys at ambient and high 
temperatures (550 ℃). It was determined that at room 
temperature the wear rates are relatively high (≥   
10−4 mm3/(N·m)) due to abrasion against the third 
body. At 550 ℃, oxidized transfer films formed on 
both contacting surfaces, and their lubricant function 
contributed to a reduced wear rate (< 10−6mm3/(N·m)) 
[17]. Also, they found that if the counterpart is alumina 
against Ta2AlC, Ti2AlC, Cr2AlC, and Ti3SiC2, even 
when tested under dry sliding conditions at 550 ℃, no 
visible wear track is observed and tribofilms are 
mainly constituted of amorphous oxides of M and A 
elements [18].  

In wet and aggressive conditions (hydrochloric acid, 
alkalis, water, and ethanol), the tribo-corrosion 
behaviors of Ti3SiC2/Si3N4 countercouple were 
investigated. Even if the formation of SiO2 film 
decreased the coefficient of friction (COF), this was 
not effective to prevent grains detaching from the bulk. 
In Ti3SiC2, mechanical damage dominated the wear 
behavior rather than the chemical corrosion [19,20].    

Zhu et al. [21] systematically investigated the dry 
sliding tribological behaviors of Ti3SiC2 at room 
temperature in air, coupled with different counterfaces, 
including Ti3SiC2, Al2O3, Si3N4, SiC, and GCr15-    
bearing-steel. The highest wear rate (1.87×103 
mm3/(N·m)) was observed in the Ti3SiC2/Ti3SiC2 
friction pair. However, the lowest wear rate (2.09×104 
mm3/(N·m)) was obtained in the Ti3SiC2/SiC friction 
pair. They found that oxide films protect the surface of 
Ti3SiC2/SiC friction pair from direct contact and 
decrease wear rate [21].   

In order to enhance the wear resistance, Wan et al. 
[22] fabricated the SiC reinforced Ti3Si(Al)C2 
composites (10–30 vol%) and tested against AISI- 
52100 steel balls at room temperature. They found that 
with increasing SiC content, both the coefficient of 
friction and wear rate are significantly decreased. The 
enhanced wear resistance was mainly ascribed to the 
pinning effect of SiC particles by inhibiting the plastic 
deformation and fracture of softer matrix, and to the 
lubricating effect of oxide debris [22]. Similar 
behavior was confirmed for Al2O3-reinforced Ti3SiC2 
composites (10 and 20 vol% Al2O3) against 
AISI-52100 steel balls tested in dry air in reciprocating 

mode. It was determined that the hard Al2O3 particles 
pin the surrounding soft matrix and delocalize the 
shear stresses, so, reducing the wear rate [23].   

The previous reports were exclusively focused on 
isotropic MAX phases. However, because of their 
layered nature, it is expected that their wear behavior is 
strongly dependent on the crystallographic orientation. 
Recently, Hu et al. [24–27] fabricated the c-axis 
textured Nb4AlC3, Ti3SiC2, and Ti3AlC2 using the 
strong magnetic field alignment (SMFA) method 
followed by spark plasma sintering, and the resulting 
materials showed a shell-like mechanical behavior. 
These textured ceramics possessed marked anisotropic 
physical properties and outstanding mechanical 
response. For example, the tailored Nb4AlC3 ceramic 
showed the high flexural strength above 1200 MPa and 
high fracture toughness above 18 MPa·m1/2 parallel to 
the c-axis direction [28]. The latter suggests that 
textured MAX phases might exhibit excellent wear 
resistance.  

In the present work, the mean coefficient of friction 
and wear rate of textured Ti3AlC2 ceramic are 
investigated by characterizing the different texture 
directions against SUS304 balls at room temperature. 
The worn mechanisms on the different texture surfaces 
will be discussed. 

2  Experimental procedure 

The textured Ti3AlC2 ceramic was fabricated by strong 
magnetic field alignment method followed by spark 
plasma sintering as detailed in Ref. [27]. The density 
of textured Ti3AlC2 was 4.21 g/cm3. The measured 
Vickers hardness on the TTS (7.4 GPa) was about 28% 
higher than that on the TSS (5.8 GPa). Samples for 
wear testing were machined by electrical discharge 
cutting. The samples with a dimension of 2 mm × 4 mm ×   
10 mm were employed; for each of them the 4 mm × 
10 mm side was polished down to 0.5 μm diamond 
grids, resulting in a surface roughness of 20 nm. Figure 
1 presents the schematic relationship between sliding 
direction of balls and texture surface of tailored 
Ti3AlC2 . According to the anisotropic microstructure 
of textured Ti3AlC2 ceramic, the tested planes were 
named as textured top surface (TTS) and textured side 
surface (TSS-1 and TSS-2), as shown in Figs. 
1(a)–1(c), respectively.  

The reciprocating tribological testing was conducted 
by using an HEIDON facility (SHINTO Scientific Co., 
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Ltd., Tokyo, Japan) with 500 times of cycling. The 
sliding distance of counterpair SUS304 balls with a 
diameter of 3 mm was 7 mm and the sliding speed was 
1 mm/s. The load was set as 1, 5, and 9 N and the load 
error was below 10 g. For each load, three samples 
were tested along one direction (in total 27 samples 
were tested). The coefficient of friction was recorded 
in real time during the test. After testing, the collected 
wear debris and worn surface of samples and balls 
were examined by a JEOL5600 scanning electron 
microscope (SEM; JEOL Ltd., Tokyo, Japan) equipped 
with energy dispersive X-ray spectroscopy (EDS). 
After ultrasonic cleaning in ethanol for 30 min and 
drying in air, the worn samples were weighed by an 
electrical balance with a high accuracy of 0.1 mg. The 
wear volumes of samples were calculated based on the 
weight loss and density. And those of balls were 
calculated according to the diameter of worn surface 
using the spherical volume formula. Then the wear 
rates were calculated by an equation:  

MW
LD

                (1) 

in which M is the wear volume, L is the force, and D is 
the sliding distance [23]. In order to determine the 
worn mechanisms of anisotropic Ti3AlC2 ceramic, the 
ultrasonic cleaned worn surfaces were observed by 
SEM. Furthermore, Vickers indentions (50 N) on the 
worn surfaces were used to characterize the anisotropic 
wear damage of textured Ti3AlC2.  

3  Results and discussion 

3. 1  Texture microstructure of tailored Ti3AlC2   
Figure 2 shows the X-ray diffraction (XRD) patterns  

 
   2θ (°) 

  

 
Fig. 2  (a) XRD patterns of textured top surface (TTS) 
and textured side surface (TSS) of tailored Ti3AlC2 
ceramic, and SEM micrographs of fracture surfaces of (b) 
TTS and (c) TSS. 

and texture microstructure of tailored Ti3AlC2 ceramic. 
It is observed that on the textured top surface (TTS), 
the typical diffraction peaks are (000l) basal plane. On 
the textured side surface (TSS), (101), (104), and (110) 
planes are corresponded to [1120] axis direction (Fig. 

 
Fig. 1  Schematic figures of wear test along the different 
texture directions: (a) on the textured top surface (TTS), 
(b) on the textured side surface (parallel to c axis) (TSS-1), 
and (c) on the textured side surface (perpendicular to c 
axis) (TSS-2).   
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2(a)). Additionally, the fracture surfaces of TTS and 
TSS exhibit that plate grains stack orderly (Figs. 2(b) 
and 2(c)), indicating the anisotropic shell-like 
microstructure. Also, it is observed that Al2O3 particles 
(about 15.4 vol%) homogeneously distribute in the 
Ti3AlC2 matrix, which might enhance the wear 
resistance of soft Ti3AlC2 matrix [27]. 

3. 2  Tribological behaviors   
Table 1 lists the mean coefficient of friction of textured 
Ti3AlC2 as a function of load against SUS304 balls 
along different texture directions. The mean coefficient 
of friction was averaged for the whole time duration of 
the test and for the three samples tested for each 
orientation. The samples were tested under the loads of 
1, 5, and 9 N. It is seen that the mean coefficient of 
friction increases in the order of TTS, TSS-1, and 
TSS-2 under the same load. On the TTS, the mean 
coefficient of friction shows a significant increase from 
0.184 to 0.228 with the increment of load. The weak 
bondings on the basal planes between the Ti–C layers 
were fractured by the sliding balls on the contact 
surface of TTS sample [3]. Under higher load, more 
surface material on the contact region was scratched 
and removed by shearing mechanism. As a result, the 
sliding resistance became larger, resulting in higher 
mean coefficient of friction.  

On the TSS-1, by increasing the load, the mean 
coefficient of friction increases from 0.245 to 0.250 
and then decreases to 0.237. On the TSS-2, the mean 
coefficient of friction is achieved with the values of 
0.257 (1 N), 0.289 (5 N), and 0.282 (9 N). It is 
suspected that on the TSS-1 and TSS-2, the scratch 
resistance undoubtedly shows the positive effect on the 
enhancement of coefficient of friction under the loads 
of 1 and 5 N. However, the reverse tendency of 
decrease of mean coefficient of friction under the load 
of 9 N is possibly ascribed to the formation of oxide 
debris which lubricated the countercouples so as to 
weaken the sliding resistance [29]. 

Tables 2 and 3 list the wear rates of textured Ti3AlC2 
samples and SUS304 balls as a function of load, 
respectively. It is clearly seen that the wear loss of 

textured Ti3AlC2 exhibits different values along 
different sliding directions under the same load, as 
shown in Table 2. On the TTS, the wear rate is as low 
as 6.79×103 mm3/(N·m) under the load of 1 N. Under 
the same load, the wear rates on the TSS-1 and TSS-2 
are 13.58×103 and 9.05×103 mm3/(N·m), respectively. 
This suggests that the self-lubricant mechanism of 
Ti3AlC2 is comparable to the one occurring in graphite 
[30,31]. Therefore, considering the preferential 
nanolaminar microstructure of Ti3AlC2 grains, the 
lowest wear rate on the TTS is possibly ascribed to its 
self-lubricating behavior. When increasing the loads up 
to 5 and 9 N, the wear rate on the TTS exhibits an 
initial decrease to 2.49×103 mm3/(N·m) and then 
increases greatly to 85.01×103 mm3/(N·m). It is 
suggested that under the load of 5 N self-lubricity still 
contributes positively to wear rate. However, under the 
load of 9 N the material is prone to be removed quickly 
due to the weak bonding of basal planes.  

Interestingly, for the specimens of TSS-1 and TSS-2, 
the wear rates show a continuous decrease with 
increasing load. For TSS-1 sample, the wear rates are 
3.62×103 and 3.02×103 mm3/(N·m) respectively 
under the loads of 5 and 9 N. And for TSS-2, those are 
4.07×103 and 1.51×103 mm3/(N·m) respectively. The 
reason for this is the existence of oxide debris on the 
wear tracks, such as Ti–O, Al–O, Fe–O, or Cr–O 
particles [32]. Even if the third body abrasion occurred 
during the testing, these oxide debris probably plays an 
important role on lubricating the counterpairs to 
weaken the scratching effect. Additionally, Barsoum et 
al. [33] found that Ti3SiC2 ceramic shows a fully strain 
reversible deformation when being compressed up to 
1 GPa; after removing the load, 25% of the mechanical 
energy is dissipated. Such dissipation is attributed to 
the reversible formation and annihilation of incipient 

Table 1  Mean coefficient of friction of tailored 
Ti3AlC2 ceramic against SUS304 balls along different 
texture directions 

 1 N 5 N 9 N 
TTS 0.184±0.007 0.219±0.004 0.228±0.016 

TSS-1 0.245±0.019 0.250±0.003 0.237±0.014 
TSS-2 0.257±0.005 0.289±0.005 0.282±0.001 

 

Table 2  Wear rate of textured Ti3AlC2 ceramic tested 
along different directions under different loads 

(Unit: 103mm3/(N·m))
 1 N 5 N 9 N 

TTS 6.79±0.62 2.49±1.96 85.01±18.32 
TSS-1 13.58±4.75 3.62±2.07 3.02±0.85 
TSS-2 9.05±3.91 4.07±1.36 1.51±0.76 

Table 3  Wear rate of corresponding SUS304 balls 
tested along different directions under different loads 

(Unit: 105mm3/(N·m))
 1 N 5 N 9 N 

TTS 12.67±2.49 30.78±3.12 272.56±46.13 
TSS-1 2.97±0.17 7.16±1.95 15.81±1.54 
TSS-2 3.13±1.14 1.51±0.20 1.77±0.24 
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kink bands when deforming at room temperature. 
Similarly, Jones et al. [34] investigated the reversible 
hysteresis of single Ti3SiC2 crystal by nano indentation 
and confirmed that it is associated with conventional 
dislocation flow. Owing to the similar crystal structure 
of Ti3AlC2, especially the grains’ basal planes of TSS-2 
sample are parallel to the sliding direction of balls, the 
shear stresses induce the dislocation walls along the 
basal planes and after unloading the dislocation walls 
disappear following the reversible elastic deformation. 
Therefore, the wear rate of TSS-2 sample could be 
effectively decreased based on the elastic recovery and 
energy dissipative mechanism inside the material. 

In Table 3, the wear rates of SUS304 balls are   
given for the different surface orientations. The wear 
rates of balls increase from 12.67×105 to 272.56×   
105 mm3/(N·m) with increasing loads of 1, 5, and 9 N 
for TTS samples. Similarly, those of balls counter-    
facing TSS-1 samples show a continuous increase from 
2.97×105 to 15.81×105 mm3/(N·m). This is ascribed 
to the larger contact surface area and the higher 
quantity of debris formed which increase the third 
body abrasion. However, the wear rates of SUS304 
balls against TSS-2 samples show a reverse tendency, 
decreasing from 3.13×105 to 1.51×105 mm3/(N·m) 
and then 1.77×105 mm3/(N·m) with increasing load. 
This result might be associated with the less debris on 

the worn surface of TSS-2 samples with the increment 
of load, confirmed by Fig. 3.  

3. 3  Worn mechanisms   
Figure 3 shows the worn surface of textured Ti3AlC2 
under the loads of 1 and 9 N along the different texture 
directions. The correspondent worn surfaces of 
SUS304 balls were also observed, as shown in Fig. 4. 
It is seen that under the load of 1 N on the worn 
surface of TTS sample some plates are kept to support 
the sliding balls, effectively enhancing the wear 
resistance (Fig. 3(a)). Some debris forms and deposits 
in pits. However, under the load of 9 N, the damage 
becomes extensive and only debris could be found on 
the wear track (Fig. 3(b)), which indicates that the 
basal planes have been easily debonded by shearing. 
That is why the wear rate of TTS sample is so high 
under 9 N, as indicated in Table 2. Similarly, the 
counter sliding balls present a clear shear wear induced 
damage by the third body under 9 N (Fig. 4(b)), which 
is more intense in comparison with the balls tested 
under 1 N (Fig. 4(a)).  

On the worn surface of TSS-1 sample, though the 
spalling-off of grains caused by the shear stresses 
becomes more severe for 9 N than for 1 N and there 
are a plenty of debris filling in the pit regions (Figs. 
3(c) and 3(d)), the protuberant plates could still 

  

  
Fig. 3  SEM micrographs of worn surface of tailored Ti3AlC2 ceramic under the loads of 1 and 9 N along the different texture 
directions: (a, b) TTS sample, (c, d) TSS-1 sample, and (e, f) TSS-2 sample.  
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effectively endure the rubbing of balls. So, the wear 
rate of TSS-1 sample shows an inverse tendency with 
increasing load. Reversely, the wear rates of 
counterpair balls increase with the increment of load 
owing to the worse third body abrasion, as shown in 
Figs. 4(c) and 4(d). When tested at 1 N, no debris can 
be found on the worn surface of balls and a layer of 
compacted debris is formed. Under the load of 9 N, the 
loose debris adheres onto the worn surface of balls, 
accelerating the wear loss of balls. Interestingly, on the 
worn surface of TSS-2 sample (Figs. 3(e) and 3(f)), 
even under the highest load of 9 N, there are no formed 
spalling-off regions and only tiny debris can be 
observed. It is why the wear rate of TSS-2 sample 
presents the decreasing value with increasing load. 
Similarly, on the worn surface of SUS304 balls (Figs. 
4(e) and 4(f)), only compacted fish-scaled debris can 
be observed along the sliding direction. Due to the lack 
of the third body, the wear rates of balls also show the 
general decreasing tendency (Table 3).  

Figure 5 shows the SEM micrographs of debris 
collected on the worn surface of Ti3AlC2 samples 
tested along different texture directions, as well as their 
EDS results. It is clearly seen that the debris consists of 
nano sized particles (Figs. 5(a)–5(c)), which means 
that the reciprocating wear process has effectively 
crushed the surface grains. The debris serves as the 
third body to strengthen the wear effect. In addition, it 
is detected that Ti, Al, Cr, Fe, C, and O elements exist 
in the debris. Wu et al. [35] have determined that the 

    

    
Fig. 4  SEM micrographs of worn surface of SUS304 balls tested under the loads of 1 and 9 N: (a, b) against TTS sample, (c, d) 
against TSS-1 sample, and (e, f) against TSS-2 sample.   

 

 

 
Fig. 5  SEM micrographs and EDS analysis of debris on 
the worn surface of tailored Ti3AlC2 ceramic tested under 
the load of 5 N: (a) TTS sample, (b) TSS-1 sample, and (c) 
TSS-2 sample.  



J Adv Ceram 2017, 6(2): 120–128 

www.springer.com/journal/40145 

126 

dry sliding process in air could induce the oxidation of 
debris under the contact region of countercouples of 
Ti3AlC2/AISI-52100 bearing steel [35]. Possibly, TiO2, 
Al2O3, and Fe2O3, etc., have been formed during the 
sliding, which contribute to lowering the coefficient of 
friction [36]. 

Figure 6 indicates the high magnification images of 
worn regions of tailored Ti3AlC2 after ultrasonic 
cleaning. On the TTS, the material remove 
mechanisms are determined as grains’ delamination 
and peeling-off at the positions of basal planes (Fig. 
6(a)). The sliding balls have scratched the texture 
grains layer by layer. For TSS-1 sample, the damage 
mechanisms are represented by the delamination and 
pulling-out of grains by scratching (Fig. 6(b)). 
Interestingly, for TSS-2 sample, only plowing tracks 
can be observed and no crushed grains are found on 
the worn surface (Fig. 6(c)). 

In order to understand the mechanical responses of 
texture microstructure of textured Ti3AlC2 and to 
explain the worn mechanisms, the Vickers indents 

(load of 50 N) on the worn surface were examined as 
shown in Fig. 7. Clearly, it is seen that the 
morphologies of indents are different depending on the 
textured surface. On the TTS, the indent is a square 
(symmetric) and the materials are pushed out around 
the indented area by the shear stresses (Fig. 7(a)), 
indicating the isotropic (on the TTS plane) mechanical 
response. However, on the worn surface of TSS-1 
sample, the indent shows rhombohedral shape 
(asymmetrical), reflecting its anisotropic mechanical 
response. Along the sliding direction of balls, the 
materials are easy to be delaminated, crushed, and 
pushed out, exhibiting the irreversible plastic 
deformation (Fig. 7(b)). Reversely, on the worn 
surface of TSS-2 sample, the rhombus indent shows 
that no crushed grains exist at the corners along the 
sliding direction and the diagonal line is shorter, 
proving the elastic recovery after the release of stresses 
(Fig. 7(c)). It is confirmed that the soft–hard 
combination with typical nanolaminar structure 
contributes to the excellent elastic mechanical 

 

 

 
Fig. 6  Wear damages on different texture surfaces of 
tailored Ti3AlC2 ceramic when tested at 1 N: (a) TTS, (b) 
TSS-1, and (c) TSS-2. 

 

 

 
Fig. 7  Vickers indents induced by a load of 50 N on the 
worn surface of tailored Ti3AlC2 ceramic tested under 5 N: 
(a) TTS sample, (b) TSS-1 sample, and (c) TSS-2 sample.  
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reversibility. These experimental results strongly 
support that the preferential texture microstructure in 
Ti3AlC2 strongly affects its wear resistance. 

4  Conclusions 

Tribological behaviors of tailored Ti3AlC2 ceramic 
were investigated by using the reciprocating mode 
against SUS304 balls under the loads of 1, 5, and 9 N. 
The tribological properties (mean coefficient of friction 
and wear rate) were strongly affected by the 
crystallographic texturing. On the TTS ((000l) plane), 
the mean coefficient of friction showed the lowest 
value compared to those of TSS-1 and TSS-2 samples 
under the same load. On the TSS-2, the lowest wear 
rate of 1.51×103 mm3/(N·m) was achieved when 
tested under the load of 9 N, and interestingly the wear 
rate showed a decreased value with the increased load. 
The worn mechanisms on the TTS and TSS-1 were 
confirmed as delamination, grain crushing, and grain 
pulling-out, and that of TSS-2 sample was mainly 
attributed to the plowing effect by scratching.   
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