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Since their discovery, the MAX phases have elicited engineering interest as potential choices for wear resistant
parts. One such compound is TizAlC, with nano-layered structure, low density (4.25 g/cm®), good oxidation
resistant and self-lubrication properties. The purpose of this investigation was to evaluate the dominant effect of
the A-site solid solution elements addition on dry sliding characteristics of Ti3AlC; against 0.45% C steel (S45C)
disk, a material which is widely used in wear-critical applications such as impeller, gear and axles. Dry sliding
tribological behaviors of hot-pressed TizAlg.94Ca, TizAlg.78Sng.22C2 and TizAlg e7Sip.28C2 solid solutions were
conducted using a block-on-disk type tester at surface sliding speed range from 10 to 30 m/s and in the normal
load range from 20 to 80 N. The results show that friction coefficient of TizAlp94Co is higher than that of
TizAlp.78Sng.22C2, but lower than that of TizAly e7Sip.28C2. However, the change in wear rate as a function of
normal load for different sliding speed shows almost reversed trend. Difference in the phase composition of
friction films were found to be responsible for observed change in tribological behaved after partial substitution
of Al in TizAlCy with Sn and Si. This study shows that friction coefficient of Ti3AlC; can be adjusted from 0.2 to

0.38 by partially substituting Al with Si and/or Sn.

1. Introduction

Advanced materials with lower wear rate, appropriate and steady
friction coefficient that can be applied over a wide range of conditions
have been of the particular interests for different industrial applications
in recent years [1-3]. Numerous studies have shown that M, 1AX;,
phases (where M is an early transition metal, A is mostly a group IIIA or
IVA element, X is either C or N, and n = 1, 2 or 3) can show good
tribological performance combined with excellent thermal shock resis-
tance, thermal and electrical conductivity, and in some cases good
oxidation resistance and crack healing ability [4-10]. It is attributed to
the unique nano-layered, hexagonal crystallographic structure that
ceramic (MX) layers are interleaved with weakly boned layers of A-site
element of MAX phases.

The most studied MAX phase with promising applications as high
temperature wear resistant material is Ti3AlC, because of low density
(4.25 g/em®), good oxidation resistant and self-lubrication properties
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[4-6,9,11-17]. The formation of self-generating wear resistance
tribo-film on the contact surface, that contains mostly Al oxide, is a
crucial for understanding observed tribological behavior of Ti3AlCy [13,
18]. Formation of this tribo-film is attributed primarily to the decom-
position of MAX phases by diffusion of weakly bonded Al towards
contact surface under external effects such as mechanical loading and
elevated temperatures, and its reaction with ambient air to form oxides
during dry sliding processes. The similar phenomenon also leads to a
good oxidation resistance and crack self-healing ability of TizAICy [9,
19-22]. For example, small cracks in TizAlC; can completely self-heal as
they became filled with predominately Al,O5 at high temperature in air.
This preferential oxidation to form predominately Al;O3 is due to the
high activity and diffusivity of Al in TizAICy [19]. It has been also shown
that when using Ti3AlC, as reinforced phases to prepare metal matrix
composites, the easy diffusion of Al out of MAX phase to metallic phase
such as Cu, Ni, NiTi or TiAl results in solid solution strengthening of
metallic phase and/or formation of complex intermetallic compounds
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[23-26]. The latter can even result in the formation of composite with
sub-stoichiometric TiCx phases formed as a result decomposition of
Ti3AlCy, and metal matrix with the improved mechanical properties
[26].

Formation of the tribo-film on MAX phases depends on external
friction conditions such as sliding speed and normal load [13,27-29].
The tribo-film on MAX phases was found to be thicker, smother and
more continuous in case of high frictional speeds, especially on Ti3AlCy
that is one of the candidates for high-speed tribological applications.
However, the application of Ti3AlC, for structural components can be
limited due to its relatively lower hardness and strength, and thus solid
solution strengthening and hardening effects have been explored for
Ti3AlCy and other MAX phases [30-38]. Partially substitution of Al in
Ti3AlCy by Si or Sn to form TizAl(Si)Cy and Ti3Al(Sn)Cq solid solutions
was widely studied [30-37]. For example, Zhou et al. [32] revealed that
Vickers hardness, flexural strength and compressive strength of
TigAlg 75Sig.25C2 solid solution was enhanced by 26%, 12% and 29%,
respectively, when compared with pure TizAlC,. Gao et al. [34] syn-
thesized a serious of Ti3(A1xSix)Ca, they reported that Vickers hardness
of TizAlg 4Sip.6Co was 5.6 + 0.2 GPa, much higher than that of TizAlC,
(4.1 £+ 0.14 GPa) and Ti3SiC, (4.2 + 0.37 GPa), and the elastic moduli
increased monotonically as increasing from 0 to 1. Huang and Xu et al.
[35,36] synthesized Ti3AlSng 2Co and TizAlj gSng 4Cs solid solutions by
hot-pressed sintering method and reported that flexural strengths of the
two compounds to be 560 MPa and 620 MPa, respectively, i.e. almost
51% and 67% higher than that of pure TizAlCy (~370 MPa). Interest-
ingly, Huang et al. [36] further reported that the friction coefficient of
Ti3AlC; increases from 0.13 to 0.16 to 0.26-0.30 and 0.30-0.33 when
dry sliding against low-carbon steel under the normal load range of
20-80 N after the substitution of 20% and 40% of Al with Sn, respec-
tively, at a sliding speed of 30 m/s. Thus, they revealed that
TigAlkSnj 4xCo could be adjusted to fall within the friction coefficient
range of 0.13-0.33 after adding different amounts of Sn and tailor it for
wide range of tribological conditions. With exception of that study, all
other studies on Ti3AlySn;.xCo and Ti3Al,Si;.xCo solid solutions have
mainly been focused on synthesis, structural and mechanical perfor-
mance, while the tribological mechanism has not received much
attention.

This study reports on the dry sliding behaviors of TizAlCo,
TigAlp gSnp.2Co and TizAlg gSip.2Co against 0.45% C steel (S45C) at the
same conditions within a sliding speed of 10-30 m/s under normal loads
from 20 to 80 N Tribological performance of these three samples were
MAX phase compositions in terms of friction coefficient, wear rates,
microstructures of friction surface and phase composition of tribo-film.
The microstructure and phase composition of friction surfaces were
characterized using scanning electron microscopy, energy dispersive X-
ray spectroscopy, electron probe microanalysis and X-ray photoelectron
spectroscopy techniques. The effects of partial substitution of Al with
different A-site elements on tribological properties of Ti3AlC, were also
discussed.

2. Experimental procedures
2.1. Materials preparation

Ti3AlCq, TizAlp.gSng 2C2 and TizAlj gSig 2Co aggregates were synthe-
sized from reactant (starting) powder mixtures consisting of Ti (48 pm
average particle size, 99.5 wt% purity), Al (75 pm average particle size,
99.5 wt% purity), Sn (75 pm average particle size, 99.5 wt% purity), Si
(75 pm average particle size, 99.5 wt% purity) and TiC (48 pm average
particle size, 99.5 wt% purity), all from Sinopharm Chemical Reagent
Co., Ltd. (China). Powders were weighed to achieve molar ratios of Ti:
Al:C 1:1.1:1.85, Ti:Al:Si:C 1:1:0.2:1.85 and Ti:Al:Sn:C
1:1:0.2:1.85. Excess Al was added to the starting powder mixtures to
compensate the loss due to Al volatilization during the reaction sintering
process, and deficient amount of C was also introduced into the starting
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composition to obtain a single phase, as recommended in other reports
[36,37]. The as-synthesized Ti3AlC2, Ti3A10,85n0_2C2 and Ti3A10_gSi0'2C2
aggregates were ground into powder (~200 mesh) by high energy ball
milling. Those powders were further reaction sintered in fully dense
samples following procedure reported elsewhere [33]. To make friction
specimens, sintered material was cut into 10 mm x 10 mm x 12 mm
samples by electro-discharge machining (EDM). The 10 mm x 10 mm
sliding surfaces were polished using SiC-grit paper up to #800, ultra-
sonically cleaned in alcohol and finally dried.

Dry sliding tribological behaviors of the bulk samples were per-
formed on a block-on-disk type tester that was described in more details
elsewhere [39]. A S45C steel disk which is widely used in wear-critical
applications such as impeller, gear and axles with hardness of 3.2 + 0.1
GPa and size of ®300 mm x 10 mm was selected as the friction coun-
terpart. The steel counterpart is fixed above the sample stage so that the
sample was always in contact with an area of 10 mm x 10 mm. The
loading system of the tester is connecting and maintains balance with
the sample stage through the oil hydraulic transmission system. When
during the sliding process, the loading caused adequate oil pressure
drives the sample stage to move up making the friction surface extrude
with the counterpart, so that the frictional surface is always in extrusion
contact with the counterpart even though the frictional surface is
constantly being consumed during the sliding process. Friction tests
were carried out with surface sliding speeds ranging from 10 to 30 m/s,
and the normal load was applied in the range of 20-80 N for each sliding
speed. A continuous sliding distance was kept as 12,000 m. The friction
coefficient at any time was recorded automatically by data acquisition
software connected to friction teste machine, and the wear rate was
calculated as the following formula:

Am

WR=—+1+

pFL
Where WR refers to the wear rate, the unit is mm®/Nm; Am is the mass
loss before and after each friction test, the unit is g; p is the Volume
density, which were calculated to be 4.19 g/cm? for TizAlCy, 4.9 g/cm®
for TigAly gSng »Co and 4.32 g/cm® for TizAlg gSig 2Ca [33,36]; F refers to
the normal load, the unit is N; and L refers to the sliding distance, the
unit is m.

The pre-abrasion was performed firstly when tested on each new
sample or changed any of the sliding condition to eliminate any possible
influence. The same sample should be tested three times under each
condition to get the average value.

2.2. Phase and microstructure characterizations

Phase identification of the synthesized materials was identified by X-
Ray Diffraction (XRD) analysis with Cu Ko radiation (X* PERT-PRO
MPDT, Netherlands). Microstructure and compositions of the friction
surface and cross-section areas were analyzed using scanning electron
microscope (SEM, ZEISS EVO 18, Germany) equipped with an energy
dispersive X-ray spectrometer (EDS, Bruker Nano XFlash detector 5010)
and an electron probe microanalysis (EPMA, Cameca SXFive, France)
equipped with a wave dispersive spectroscopy (WDS). For each phase,
the composition was determined in five point using WDS and their mean
value calculated and reported herein. The chemical states of elements
detected on the friction surface were further examined by X-ray
Photoelectron Spectroscopy (XPS, ESCALAB 250Xi).

3. Results
3.1. Phase COTTlpOSiﬁOTlS Of Ti3AlC2, Tl'gAlg.gSTlo.gCg, Ti3Alo,85io,2C2
XRD diffraction spectra in Fig. la indicate that sintered Ti3AlCy,

TigAlg gSip.2Co and TigAlj gSng 2Co samples were XRD pure, without any
detectable XRD peaks that can be related to the common impurity
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Fig. 1. (a) XRD patterns of bulk Ti3AlC,, TizAlggSng 2Cs and TizAlg gSip.2Co with indexed peaks of MAX phase; (b) enlarged XRD patterns of (a).

phases such as TiC, Al3Ti, TigSns or TisSiz. Only minor peaks related to
SiC secondary phases were detected in TigAlj gSip 2Co. As shown in the
enlarged XRD pattern for selected peaks in Fig. 1b, the characteristic
peaks shift with addition of the Si and Sn due to the lattice deformation
caused by substitutions on the A-site. In addition, the average phase
compositions of the sintered samples identified by EDS are also pre-
sented in Table 1 for all three samples. As it can be seen in Table 1, the
composition of the sintered samples slightly deviates from the nominal
(targeted) one due to volatilization of the low melting points A-site el-
ements (especially Sn and Al) during reaction sintering, and thus final
sintered samples had compositions TizAly.94Co, TigAlg7gSng.20Co and
TizAlg.g7Sig 28Co. Note that the amount of carbon cannot be detected
accurately in EDS, and thus it is assumed that Ti:C atomic ratio is 3:2 in
all samples. Density, Vickers hardness and flexural strength reported in
the previous studies [33,36] from the same set of samples, were also
listed in Table 1 for comparison, and they suggest that solid solutions
hardening and strengthening can be achieved in this system.

3.2. Friction coefficients and wear rates

Fig. 2a-c shows the variation curves of friction coefficient with
normal load at different sliding speeds, for all three samples examined in
this study. When at the low sliding speed of 10 m/s, friction coefficient
of TizAlp.94C2 increases from 0.25 to 0.33 accompanied by normal load
increasing from 20 to 40 N, after that load it remains almost constant.
However, for TizAlg 78Sng 22Co, the friction coefficient is 0.35 under 20
N and it remains almost constant up to the normal load of 80 N, after
some small fluctuations. For TizAlg g7Sip 28C2, when the normal load is
20 N, the corresponding friction coefficient is 0.32 and it increases to
0.38 under 30 N, after that remains almost constant with increasing
normal loads to 80 N. At the medium sliding speed of 20 m/s (Fig. 2b),
the friction coefficient only slightly increases from 0.24 to 0.25 for
TizAlg.94Cs, from 0.23 to 0.29 for TizAlg 78Sng 22Co and from 0.31 to 0.32
for TizAlg 67Si0.28C2, With normal load goes from 20 N to 80 N. when at
higher sliding speed of 30 m/s, friction coefficients for TizAlyg4Co,
TigAlo]gSl’lo_zzCz and Ti3A10.67Si0_28C2 are around 022, 0.2 and 025,

Table 1

respectively, and remain almost constant as the normal load increases.
Comparison of Fig. 2a-b clearly shows that friction coefficient notably
reduces with increasing sliding speed from 10 to 30 m/s for all three
samples, while it only slightly changes with increasing normal load,
primarily at the lower sliding speeds and below critical normal loads of
20-40 N. Overall, the friction coefficient of TizAly 7Sig.28Co is higher
than that of TizAlp 94Co, and that of TizAly78Sng 22Co for each sliding
speed. This suggests that the friction coefficient of TigAlp 94Cz could be
adjusted by forming a TizAlg 78Sng.22C2 or TigAlg 67Sig.28C2 solid solu-
tion to widen its application range.

Selected, but typical plots of friction coefficients vs. sliding distance
collected under 80 N at sliding speeds of 10, 20 and 30 m/s in turn are
shown in Fig. 2d-f, respectively. The initial transition behavior, during
which the friction coefficient is slightly affected by sliding distance, can
be observed in Fig. 2d-f, and it is most likely caused by the thermal
instabilities of friction surfaces. After this transition, it reaches to the
steady state in which coefficient of friction is almost impervious to
sliding distance. However, friction coefficients show varying degrees of
fluctuation in the steady state, which is most likely due to the interfer-
ence of asperities between contact friction surface. The transition region
before relatively steady state regime and the random fluctuation
behavior are typical of the dry-sliding friction, and have been reported
elsewhere [13,27,28,40].

Fig. 2g-i shows the variation curves of wear rate with normal load for
different sliding speeds. The wear rate of TizAlp 94Cy increases slightly
from 2.04 x 107% to 2.43 x 10~% mm®/Nm when the normal load in-
creases from 20 N to 80 N at 10 m/s. It also increases from 2.52 x 10~®
to 3.2 x 107® mm®/Nm along with normal load for TizAly 78Sng 22Co,
while in the case of TigAlj ¢7Sig 28Co, it only varies slightly from 3.47 x
107% to 3.42 x 107® mm®3/Nm. Nevertheless, the wear rate decreases
from 2.72 x 107 t0 2.39 x 10~® mm>/Nm, and from 4.67 x 107° to 3.2
x 107° mm3/Nm with increasing normal load for TizAlp94Cy and
TigAlg 78Sng.22Cy at 20 m/s, respectively, while it slightly varies from
2.51 x 1070 2.68 x 10~® mm®/Nm for TizAlg ¢7Si0 28C2. As of 30 m/s
for TigAlg 94Co, the wear rate decreases slightly from 3.12 x 107%t0 2.9
x 107 mms/Nm, while it varies from 4.2 x 107° to 4.68 x 10~® mm?®/

Elements compositions from EDS and stoichiometry formula of TizAlC,, TizAlj gSig 2C»> and TizAlg gSng »C» in this work, and density, Vickers hardness and flexural

strength values referred from Ref. [33,36].

Nominal molecular Composition (at.%) from EDS Stoichiometry Volume Density (g/ Vickers hardness Flexural strength
3

formula Ti Al on Si c formula cm®) (GPa) (MPa)

Ti3AlCy 52.79  16.58 30.63  TizAlp94Co 4.19 3.1 375 [36]

TizAlg gSng.2Ca 50.64 13.37 3.74 32.25  TizAlg78Sn0.22C2 4.9 3.53 560 [36]

TizAlg Sio.2Ca 51.82  11.89 518 31.11  TisAlge;Sio25Ca 4.32 5.3 609 [33]
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Fig. 2. (a), (b) and (c) show friction coefficients of TizAlp 94Cs, TizAlg 78Sng 22C2 and TizAlg ¢7Sio.28C2 as function of normal load for sliding speed of 10 m/s, 20 m/s
and 30 m/s, respectively; (d), (e) and (f) show friction coefficients vs. sliding distance obtained under normal load of 80 N at sliding speed of 10 m/s, 20 m/s and 30
m/s, respectively; and (g), (h) and (i) show wear rates of TizAlg 94Ca, TizAlg 78Sn0 22C2 and TizAlg 67Sio.28C2 as function of normal load at sliding speed of 10 m/s, 20

m/s and 30 m/s, respectively.

Nm for TizAlg 7gSng 22oCo and from 2.7 x 107°t0 2.96 x 10~ mm®/Nm
for TigAlg ¢7Sig.28Ca. In contrast to the observed difference of the friction
coefficient with sliding rate discussed above, the speed-dependent per-
formance of the wear rate in Fig. 2g-i suggest that the wear rate in-
creases along with the sliding speed. In addition, Ti3Alg ¢7Sig.28C2 with
the larger friction coefficient but shows lower wear rate, especially at 30
m/s.

3.3. Friction surface characterization

Selected, but typical SEM images of the sliding surfaces of
Ti3A10494C2, Ti3A10_785n0_22C2 and Ti3Al()_67Si0.23C2 after three successive
tests for different sliding speed in each test, are shown in Fig. 3 to
illustrate different features observed on the sliding surfaces. In addition,
results of the quantitative EDS analysis in specific locations marked as A-
L in Fig. 3, are provided in Table 2.

As it can be seen in Fig. 3 and Table 2, the fraction of sliding surface
covered by tribo-oxide film for all three samples depends on the sliding
speed. While the tribo-oxide film on the sliding surface is distributed
discretely after the tests at 10 m/s, the friction surface is almost covered
by continuous tribo-film after testing at 30 m/s. Evidence of tribo-film
peeling, most likely due to the weak adhesion, shear stress and

fatigue, can be observed and higher sliding speeds, together with lon-
gitudinal crack and furrows on the friction surface. Part of wear debris
was gradually crushed into the worn surface to generate continuous and
impacted tribo-films as the sliding speed increases. The formation of
tribo-films has been proven to prevent the worn surface from further
deterioration, and consequently contributes to the low friction coeffi-
cient [13,27,28]. Previous study [39] also showed that surface rough-
ness of self-generated film decrease with increasing the sliding speed by
Atomic Force Microscopy (AFM). Therefore, it was reasonable to
conclude that the smoother friction surfaces after testing at higher
sliding speeds led to lower friction coefficients.

Table 2 lists the chemical composition of the sliding surface in
different locations denoted in Fig. 3. It can be observed that the entire
worn surface contained large amount of oxygen, suggesting that the
tribo-film forms through tribo-oxidation reaction during the sliding
process. Oxygen content in the regions with sporadic distribution of the
film, such as in locations A, F, and I in Fig. 3, is lower than that in other
regions covered by oxygen-rich tribo-films. It suggests that sufficient
continuous tribo-films gradually grow on the friction surface. Small
amount of iron is also detected in tribo-oxide film on the sliding surfaces
by EDS, and it is most likely transferred from steel counterpart disk due
to adhesive wear between the surfaces of tribological pairs.
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Fig. 3. SEM micrographs of sliding surfaces for TizAlg 94Co after sliding speed at (a) 10 m/s, (b) 20 m/s and (c) 30 m/s; for TizAly 78Sng 22C> after sliding speed at (d)
10 m/s, (e) 20 m/s and (f) 30 m/s; and for TizAlg 67Sio 28C2 after sliding speed at (g) 10 m/s, (h) 20 m/s and (i) 30 m/s under normal load of 80 N.

Table 2
Results of the quantitative EDS analysis in specific locations denoted as A-L in Fig. 3.
Samples Location Ti Al Si Sn C (o} Fe
at.% at.% at.% at.% at.% at.% at.%
TizAlp.04C2 A 33.5 11.6 23.5 29.8 1.6
B 18.6 5.0 7.4 57.7 11.4
C 21.1 6.1 7.8 56.5 8.4
D 16.3 4.8 8.2 58.5 12.2
TizAlg.78Sn0.22Co E 19.3 4.7 1.5 8.5 57.2 8.9
F 32.3 8.8 2.3 27.3 27.4 1.9
G 24.1 6.7 1.4 8.0 56.9 2.9
H 25.5 6.3 1.2 6.4 58.4 2.2
TizAlp 67Si0.28C2 I 34.5 10.6 3.3 29.8 10.9 1.0
J 12.3 3.1 1.0 8 56.4 19.3
K 27.8 7.5 2.7 15.4 43.7 3.0
L 18.8 4.7 1.5 5.8 58.8 10.4

Additionally, even in the case of the formation of continuous tribo-oxide
film at sliding rate of 30 m/s, its composition is not uniform, with re-
gions richer in Ti and Al oxides and regions richer in Fe, as it is illus-
trated in Fig. 4 for TizAlpg4Cy (results for TizAlyygSng22Ca and
TizAlg.67Sip.28C2 were not show here but have an analogous appear-
ance). Nevertheless, when those results are put in conjunction with the
results of friction coefficient measurements in Fig. 2a—c, it is reasonable
to conclude that the coverage of tribo-oxide film has a positive effect on
friction performance.

Cross-sectional SEM micrographs through the friction surfaces for
TizAlg 94Co, TizAlg78Sng.22C2 and TizAlg 67Sio.28Co, after three succes-
sive tests under the normal load of 80 N, sliding speeds of 10-30 m/s and
the sliding distance of 12,000 m in each test, together with corre-
sponding WDS elemental maps and line analysis through the tribo-film
are shown in Figs. 5-7, respectively. In all three figures, self-generated
and continuous friction films can be observed attached to the friction
surface. Thickness of the tribo-oxide film on Ti3Alp 94Cy is 0.85-0.93 pm,
thus slightly larger than the thickness of tribo-oxide film of 0.54-0.68
pm on TizAly 78Sng 22Ca, but lower than the thickness of the tribo-film of
0.9-1.1 pm on TizAlg 67Sip 28C2. Corresponding elemental WDS maps in
Figs. 5-7 clearly show that the tribo-films consist of Ti, Al and Fe oxides
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for TigAlg.94Co, Ti, Al, Fe and Sn oxides for TizAlg 7gSng 25Co, and Ti, Al,
Fe and Si for TigAlp ¢7Sip.28C2, which are in good agreement with EDS
results summarized in Fig. 3 and Table 2. The tribo-film can be divided
into different sub-scales, namely the outer, middle and inner one. For
TigAlg 94Co, a thin Al-rich inner sub-scale can be observed, followed with
Ti-rich middle sub-scale and relatively thick Fe and Ti rich outer sub-
scale, Fig. 5b. For TizAlp 78Sng 22Co, faint inner sub-scale rich in Ti and
Sn, followed by a middle sub-scale consisting of primarily Ti and Al
oxides, and thicker Fe oxides rich outer subscale can be observed in
Fig. 6b. As of TizAlg 67Si0.28C2, inner and middle sub-scale consists pri-
marily of Al, Si and Ti oxides, while outer sub-scale contains larger
amount of Fe, Fig. 7b. Elemental WDS analysis through the tribo-oxide
film in Figs. 5¢, 6¢ and 7c also confirmed high Fe content close to the
outer surface of the tribo-oxide film in all three MAX phases. Those re-
sults also show that contents of Al, Sn and Si increase moving from the
outer towards inner sub-scale, and further to the substrate.

To further confirm that Ti, Al, Fe, Sn and Si detected in the tribo-film
by EDS and WDS indeed form oxides, XPS analysis is employed in this
study. Note here, that oxide phases in the tribo-film could not be iden-
tified with the high level of confidence using XRD of the sliding surface
because of the very thin oxide scale with complex, multicomponent and
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Fig. 4. Ti, Al, Fe and O EDS elemental maps of Ti3Al 94C; sliding surface after testing at sliding speed of 30 m/s and normal load of 80 N.
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Fig. 5. (a) Cross-sectional SEM image, with (b) elemental WDS map and (c) elemental line analysis along the blue line of the frictional film for TizAlp ¢4C> tested at
sliding speed of 30 m/s and normal load of 80 N. The arrow line in (a) indicates the scanning direction from outer to inner position. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (a) Cross-sectional SEM image, with (b) elemental WDS map and (c) elemental line analysis along the blue line of the frictional film (a) for Ti3Alg ¢,Sip.28Ca
tested at sliding speed of 30 m/s and normal load of 80 N. The arrow line in (a) indicates the scanning direction from outer to inner position. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

multiphase structure. Fig. 8 shows the XPS spectra of Ti 2p, Al 2p, Sn 3d,
Si 2p and Fe 2p detected in the tribo-film formed on TizAlg 94Co,
Ti3A10.735I10‘22C2 and Ti3A10.67Si0.23C2 sliding surfaces after dI'y sliding
under normal load of 80 N with sliding speed of 30 m/s. As to the XPS
spectrum of Ti 2p (Fig. 8a), the bonding energies at 458.7 eV and 465.4
eV can be assigned to Ti 2ps,, and Ti 2p; /2 in TiO5 [14,41]. The main Ti
2p peaks for tribo-films formed at TigAly 7gSng 22C2 and TizAlg 67Sip.28Ca
are slightly shifted when compared to that detected in the tribo-film
formed on TizAlj 94Ca, but they can still be associated with Ti in TiOs.
In the Al 2p XPS spectrum (Fig. 8b), the peaks can be attributed to Al in
Al,Os for all three samples [14,41], while peaks in XPS spectra for Fe 2p
(Fig. 8c) can be associated with binding energies in Fe;O3 [41]. The
binding energy of Sn 3d peaks at 498.95 and 486.05 eV (Fig. 8d) are

associated with SnO,, while the binding energies for the Si 2p peaks
(Fig. 8e) of 101.95 and 104.1 eV suggests formation of Al;SiOs and SiO5
in the tribo-film [41]. Obviously, the characteristic XPS peaks of MAX
and MAX solid solutions disappeared after sliding, indicating that the
tribo-film formed on the sliding surface contains only Ti, Al, Sn and Si
oxides.

Last but not least, the sliding debris generated during dry sliding
testing of TizAlg.94Co, TizAly7gSng22Co and TizAlgg7Sig.28Co was
collected and examined under SEM. Fig. 9a—c shows selected but typical
SEM micrographs of the sliding debris, while Fig. 9d-f shows corre-
sponding EDS results for wear debris generated during dry sliding test at
80 N and sliding speed of 30 m/s. As it can be seen in Fig. 9, for most of
the wear debris have a flake-like shape, suggesting that it forms because
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Fig. 8. (a) Ti 2p, (b) Al 2p and (c) Fe 2p XPS spectra of tribo-film formed on TizAlg 94C», TizAlg 78Sn0.22C2 and TizAlg 67Sig 28C2; (d) Sn 3d XPS spectrum of tribo-film
formed on TizAlg 78Sn0.22Co; (e) Si XPS spectrum of tribo-film formed on TizAlg ¢7Sip.28C> after tribo-testing at sliding rate of 30 m/s under 80 N normal load.
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Fig. 9. SEM micrographs of wear debris collected during dry sliding testing of (a) TizAlp.94Ca, (b) TizAlp 78Sn9 22C2 and (c) TizAlg ¢7Si0.28C2 and corresponding EDS
analysis of wear debris collected during dry sliding testing of (d) TizAl.94Cs, (e) TizAlp 78Sng 22C2 and (f) TizAlg 67Sig.28Co-

of the tribo-film peeling (or spallation) during dry sliding test. For
TizAlg.94C2 and TizAlg 78Sng 22Co, a few relatively larger tracts of wear
debris were observed in SEM (circled by dished lines in Fig. 9a and b),
while the wear debris collected during dry sliding of TisAlg ¢7Sip 28Ca
appears to be more uniform in size (Fig. 9c). More importantly, the EDS
results of the wear debris in Fig. 8d-f also suggest that it consists of
mixed oxides, similar to that detected by EDS, WDS and XPS in the tribo-
film. Therefore, it is reasonable to conclude that wear debris is primarily
caused by the tribo-oxide film peeling, instead of directly wearing out
the MAX phase matrix [13,27,28,35,36,39]. Therefore, the formation of
the tribo-oxide film actually prevents the friction surfaces from wear off,
contributing to the good wear resistance of all the three samples. In
addition, the fact that large tracts of debris could be seen for Ti3Alg 94Ca
and TigAlj 7gSng.22Co with lower thickness of tribo-films (Figs. 5-7) but
higher wear rates (Fig. 2i) measured under normal load of 80 N at sliding
speed of 30 m/s, suggests that peeling and pulverization of the scraps
from tribo-oxide film results in the higher wear rate. Therefore, the more
oxide is consumed in the formation of the wear debris the more oxide
films form on the exposed wear surfaces.

4. Discussion

Results of this study show that the tribo-oxidation induced film plays
a crucial part in tribological performance of TizAlp¢4Ca; MAX phases,
and two MAX phase solid solutions, namely TizAlg7gSng22C2 and
TizAlg.67Sip.28C2, during dry sliding against S45C steel. It is found that
the friction coefficient and wear rate (Fig. 2) are related to the self-
generated tribo-films during sliding (Fig. 3) on the friction surface, the
properties of that film and its adhesion to the matrix MAX phase
(Figs. 4-9).

It is precisely because of the tribo-induced oxidation that facilitates
the formation of those self-generated friction films on the sliding surface
during dry sliding against S45C steel, as it can be concluded form the
EDS, WDS and XPS analysis of the tribo-films (Table 2 and Figs. 4-8).
EDS analysis (Table 2 and Figs. 4-6) shows very small amount of Fe on
the friction surface after sliding test at sliding speeds 30 m/s, this limited
transfer of Fe into the tribo-oxide film can be attributed to the fact that
smooth and compact tribo-oxide film fully covering the sliding surface
forms primarily by the tribo-oxidation of primarily the MAX phase
matrices.

When put in the conjunction with previously published results [13,
27,28,35,36,39], this study clearly shows that sliding speed and normal
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load as the external variables, have significant effect on tribological film
formation in MAX phases. As it can be concluded from results presented
in Figs. 2, 3 and 9, the friction surface is ploughed and scratched heavily
at lower sliding speed and normal load. It consequently leads to higher
friction coefficients and wear rates under those testing conditions.
Subsequently, as sliding speed and normal load increase, wear debris
were impacted and compacted into continuous and smooth tribo-films
adhered to the sliding surface, which is favorable for reducing the fric-
tion coefficient. Previous studies [13,27,28,35,36,39] have also
demonstrated that the wear debris formed films acted as lubricants in
MAX phases, and thus the MAX phases that form compact and stable
tribo-film in this study exhibited excellent wear resistance under high
sliding speed and normal loads. Indeed, as it can be seen in Fig. 3 for
Ti3A10_94C2, Ti3Alo_7gsn0_22C2 and Ti3A10_67Si().28C2, coverage of Sliding
surface with compact and stable tribo-films increases with increasing
sliding speed from 10 to 30 m/s resulting in obvious decrease in friction
coefficients in Fig. 2. Therefore, it is reasonable to conclude that the
wear mechanisms can be attributed to abrasion wear caused by debris
particles and adhesive wear at lower sliding speeds and normal load,
while it changes to the two body abrasion wear and oxidation wear as
sliding speed and normal load increase.

In general, the higher sliding speed accelerates the generation of
oxides due to the higher tribo-induced instantaneous temperature, such
a tribo-oxidation process depends on the frictional heat, that is pro-
portional to the normal load, sliding speed, as well as the friction co-
efficient. Actually, the tribo-oxidation is identified as a dynamic
oxidation process of oxide formation, its consumption due to peeling of
the surface and re-oxidation of oxide-free surfaces [13,27,28]. With the
continuous formation of the tribo-oxide film, the oxides would be
consumed as wear debris form during sliding. Subsequently, once the
tribo-films happens to peel off, new ones could be formed by
tribo-oxidation. In order to generate and maintain the tribo-oxide film
on the friction surface, it is necessary to satisfy that the generating rate is
larger than the consuming rate [42]. Therefore, the redundant oxides
will be peeled off as wear debris, resulting into larger wear rate by de-
grees for TizAlp94Cz and TizAlp78Sng20C2 when comparted to
TigAlg 67Si.28C2 in this work. Herein, the result shows that at sliding
speeds of 10 and 20 m/s, wear rates of TizAlg ¢7Sip.28C2 were larger than
those of TigAlj 94Co, but lower at sliding rates of 30 m/s.

Results of this study also show that the chemical phase constitution
and physical states of the formed tribo-film were responsible for the
tribological behaviors of MAX phases [36], since TigAlpg4Co,



L. Cai et al.

TigAlp 78Sng 22Co and TizAlg 67Sip.28Co exhibited different tribological
performance. Partially substituting Al with Sn or Si to form
TizAlg 78Sng 22Co and TizAlg g7Sig.28Co affected the combination of
mixed oxides with formation of an extra tin oxides and silicon oxides. As
for TigAlg 67Sig.28Co, the formation of aluminosilicate glassy phases of
Al,SiOs and SiO» in tribo-oxide film has been detected using XPS. The
glassy phases played an important role in the friction and wear perfor-
mance of TizAlp 75Sip.25C2, since they are glassy and even maybe in the
liquid form at high temperatures during sliding and thus they can easily
fill pores and micro-cracks during the sliding, which might increase the
bonding strength of tribo-layers [43,44]. In addition to this, liquid state
oxides were hardly to peeled off as wear debris. Accordingly, wear rates
of TizAly 75Sip 25C2 decreased with the sliding speed increase from 20 to
80 N. Formation of tin oxide on sliding surfaces has been shown to adjust
the friction coefficient of TizAl(Sn)C, within the range of 0.13-0.33
[36]. Previous study [45] showed that the substitution of Al by Sn led to
a non-protective SnO; layer that forms first during the oxidation of
TizAlg.gSng 2Co at 800-1000 °C and lead to the formation of a multi-
layered tribo-film consisting of TiO3, SnO2, and Al,O3. The presence of
Sn in the solid solution promoted the oxidation process. Given this,
when TizAlg 7gSnp.22C2 was tested in dry sliding at high speeds and
normal loads in this work, the more tribo-oxide layers formed and they
peeled off easier as large tracts of debris (see Fig. 9), resulting into
higher wear rate.

On the basis of the above discussion, it is practicable to adjust the
tribological performance of TizAlp 94C2 phase to enlarge its application
by adding various A-site elements to prepare A-site solid solutions.

5. Conclusions

In this work, dry sliding behaviors of hot pressed TizAlpg4Co,
TigAlp 78Sng 22C2 and TizAlg 67Sip.28C2 samples against S45C steel
counterpart disk in the normal load range of 20-80 N and sliding speed
range of 10-30 m/s were investigated. The results of the study show
that:

(1) The friction coefficient and wear rate were strongly influenced by
sliding speed and normal load for all three MAX phases.

The wear mechanisms were combination of abrasion wear caused
by debris particles and adhesive wear at lower sliding speeds and
normal load, while it changed to the two body abrasion wear and
oxidation wear with increasing the sliding speed and normal
load.

The friction coefficient of TizAlg 67Sip.28C2 was found to be higher
than that of TizAlg 94Co, While friction coefficient of TizAlg 94Co
was found to be higher than that of TizAly 7gSng 22Cs. It could be
adapted within the friction coefficient range of 0.2-0.38 after
partial substitution of Al by Sn and Si in TizAlp94Cy while
retaining excellent wear resistance. Thus, substitution of Al with
Sn and Si can be used to adjust friction coefficients of TizAlp 94Ca
to that needed for the particular application.

The chemical phase composition and physical states of the
dominated tribo-oxide film were responsible for observed tribo-
logical behavior. The tribo-films contained of a Fe-rich oxide on
the outer surface, while inner layers of the tribo-film contained Ti
and Al oxides, and in the cases of Ti3Alp7gSng22Co and
TizAlp 67Si0.28C2, Sn and Si oxides, respectively.
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