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ARTICLE INFO ABSTRACT

Keywords: The room temperature abrasive wear behavior of three selected MAX phases, Ti3SiC,, solution strengthened
MAX phase Ti, 7Zr 3SiC, and Cr,AlC, is investigated by low velocity scratch testing using a diamond conical indentor with a
Microstructure

final radius of 100 um and a cone angle of 120° and applied loads of up to 20 N. All three materials showed a
relatively low wear resistance in comparison to most engineering ceramics such as Al,O5, SizN4 and SiC. For all
three materials, the wear rate scaled more or less linearly with the applied load. The softer Ti3SiC, with a
hardness of 2.8 GPa showed the lowest wear resistance with extensive ploughing and grain breakout damage,
both within and outside the direct wear track, in particular at the highest load. The hardest material,
Tig 7Z10.3SiCy, with a hardness of 7.3 GPa, showed a 5 times better wear resistance. The Cr,AlC with a hardness
of 4.8 GPa showed a wear resistance equal to or even better than that of the Ti, ;Zr 3SiC,. The wear mechanism
depends on the applied load and the microstructure of the MAX phase materials tested. For the TisSiC, sample, a
quasi-plastic deformation behavior occurs below a point load of 10N, resulting in grain bending, kink band
formation and delamination, grain de-cohesion, as well as trans-and intra-granular fracture near the scratch
groove. At this load, the Ti, ;Zr, 3SiC, and Cr,AlC MAX samples display plastic ploughing, grain boundary cracks

Wear resistance
Scratch damage

and material dislodgments.

1. Introduction

Advanced engineering ceramics are being used extensively in de-
manding wear resistant components due to their unique combination of
desirable properties such as high hardness and strength, good wear
resistance and exceptional stability [1-3]. They perform well as sliding
components in a variety of engineering applications including engine
components like bearings, rollers, dies, tappets, valves, fuel injectors,
but also biomechanical components, like dental restorations and hip
prostheses where contact, scratch and wear damage are critical factors
for their performance [1-3]. However, a major drawback of en-
gineering ceramics is their intrinsic brittleness and related machin-
ability issues. To overcome these disadvantages, efforts have been made
to enhance their toughness and reduce their damage sensitivity [2]. In
addition, ceramic composites with crack-healing ability have been de-
veloped for high temperature applications to make them more robust
and (contact-) damage resistant [4-6].

Recently, machinable nano-layered ternary ceramics denoted as
M, +1AX, phase (n=1 to 3), where M is an early transition metal, A is
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an A group element, and X is either carbon or nitrogen, have attracted
quite some attention due to their unique crystal structure and unusual
combination of ceramic and metallic-like properties [7,8]. These MAX
phases have a hexagonal crystal lattice (space group P63/mmc) with an
edge-sharing [M¢X] octahedral interleaved by a layer of A atoms. In this
nano-layered structure, the M and X atoms are connected by strong
covalent bonds, while the M and A atoms are connected by weaker
metallic bonds [7,8]. Most of these MAX phases possess a high thermal
and electrical conductivity, are damage tolerant [9], and show self-lu-
brication [2,3]. In particular, MAX phases with Al and Si as A-element
are oxidation resistant and exhibit crack healing abilities at higher
temperatures in oxygen containing atmospheres [10-12]. Moreover,
MAX phases are easy machinable. Therefore, MAX phases are con-
sidered as promising material for tribological applications. Hence, wear
behavior or tribological properties of monolithic bulk MAX phase ma-
terials [13-18], MAX phase based composites [19-21], MAX phase
coatings [22] have been investigated and reported in literatures. For
example, under dry sliding conditions against a low carbon steel disk,
the friction coefficient of TizAl(Sn)C, could be tailored by incorporation
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of different amounts of Sn in the TizAlC, MAX phase [17]. The steady
state friction coefficient could be tuned from a value of 0.1 to a value of
0.4 by tailoring the formation of self-adaptable friction film composed
of Ti, Sn, Al and Fe oxides.

Provided the appropriate conditions are selected, single point
scratch testing is an efficient way to evaluate the multi-body wear and
damage behavior of materials since the indenter tip can be considered
as a model of contact asperity and a variety of experimental parameters
can be tested, such as: sliding speed, applied force, constant or pro-
gressive load, single or repeated scratching, etc. [23-27]. This tech-
nique offers the opportunity to study the material resistance at condi-
tions mimicking either light or heavy abrasion. In the present work,
single point scratch testing is utilized to examine the abrasion behavior
of three selected MAX phases with different grades of purity and
hardness, viz.: Ti3SiC,, Ti,7Zrg3SiC, and CrAlC. The effect of the
scratch load, phase composition and microstructure on the room tem-
perature wear properties is evaluated.

2. Experimental details

The synthesis of the Ti3SiC, and Ti, ;Zr 3SiC, samples is described
in detail elsewhere [28]. Briefly, a reactant mixture with a molar ratio
of 1.0Ti-1.0Si-1.9TiC and 0.7Ti-0.3Zr-1.0Si-1.9TiC is homogeneously
mixed and then loaded into a graphite die with an inner diameter of
20mm and covered from both sides with graphite punches. Next,
powder mixtures are Spark Plasma Sintered (SPS) in a SPS installation
(HP D 25 SD, FCT system GmbH, Germany) for 1h at temperatures
ranging from 1450 to 1650 °C, respectively, under a pressure of 50 MPa.
During the sintering process the furnace is flushed with pure Ar (5N
purity, Linde, The Netherlands) to minimize the risk of oxidation of the
constituent phases. The heating and cooling rate was 50 °C/min.

For the synthesis of CroAlC MAX phase, a reactant mixture of 2Cr-
1.1A1-1.0C powder was prepared. To avoid leakage of unreacted liquid
Al during sintering SPS processing, the pressure versus time profile was
modified based on a large number of less successful experiments to
obtain dense and pure materials. Prior to heating, the powder mixture is
pre-pressed at 50 MPa for 5min. Then, the pressure was reduced to
5MPa and the heating was started. When reaching the sintering tem-
perature of 1200 °C, it was held for 30 min at a pressure of 5 MPa. Next,
the pressure was gradually increased up to 50 MPa within 10 min.
Thereafter, the pressure of 50 MPa and the temperature of 1200 °C were
maintained for another hour. The heating and cooling rate were set to
30 and 50 °C/min, respectively.

To prepare three materials for scratch testing, the samples were cut
into small plates of 15 X 8 x 2 mm?® making sure that the samples were
sufficiently far removed from the surfaces of the SPS produced samples.
One of the cut sample surfaces was polished with SiC emery paper
starting with 240 grit and finishing with 4000 grit. Finally, this surface
was polished with 1 um diamond grain suspension on a soft cloth.

For abrasion experiments, a computer controlled CSM micro-scratch
tester (CSM-instruments, Switzerland) was used. A diamond Rockwell
indenter with a tip radius of 100 um and a cone angle of 120° was
mounted on this scratch tester. The sliding speed was set at 1.5 mm/min
and the scratch length was set to 3mm. All tests were conducted at
room temperature. The wear rate (W,) of the MAX phases was calcu-
lated from following formula:

Table 1
Phase composition, grain size and hardness of MAX phase materials.
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CrAl intermetallic

(c)
Fig. 1. Phase composition and microstructure of Cr,AlC MAX phase material:
(a) X-ray diffraction pattern, and (b) SEM backscattered electron image.

MAX Phase material Second phase (vol%)

Grain size (um) Vickers hardness (GPa)

TisSiCy 2 (TiC)

Tiy.,Zr0 3SiCs 17 (TiC)

Cr,AIC 5 (Cr3Cy + CryCs)

Length: 41 + 10 2.8 + 0.1 [28]
Width: 14 = 4

Length: 20 + 7 7.3 £ 0.2 [28]
Width: 6 + 2

21 =7 4.8 = 0.8
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Fig. 2. Scratch behavior of Ti3SiC,, Tis 7Zr¢ 3SiC, and Cr,AlC materials: (a) Scratch depth as a function of scratch distance, and (b) Scratch depth and width as a

function of applied loads.
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Fig. 3. 3D profiles of the scratch groove in Ti3SiC; MAX phase material for
different loads: (a) 5N, (b) 10N, and (c) 20 N.
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Where V,, is the volume of removed worn material, F, is the applied
load and S is the sliding distance. To determine the volume of worn
material removed, a Keyence VHX-100 optical microscope (Osaka,
Japan) was used to obtain a 3-D profile of the grooves produced.

The microhardness of the MAX phase materials was measured using
a Zwick/Z2.5 hardness tester (Ulm, Germany) using a Vickers indenter
and applying loads in the range of 1 to 100 N with a constant contact
time of 10s.

The phase composition was determined with X-Ray Diffraction
(XRD) analysis using a Bruker D8 Advance diffractometer operated with
Co-Ka radiation. The diffractograms were recorded in the 26 range of 8
to 80° with a step size of 0.02° and a counting time per step of 1 s. These
diffractograms were evaluated using the Bruker Diffrac EVA software
(version 3).

The microstructure of the MAX phase samples before and after
scratch testing was observed with scanning electron microscopy (SEM)
using a JSM 6500F (JEOL, Japan). Grain size of MAX phase and volume
fraction of the seconds phases was determined with image analysis
using Image J software (version 1.49).
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Table 2
Wear rate of MAX phase materials determined by scratch testing with different
loads and comparison with other ceramics.

Materials Loads (N) Scratch Scratch width ~ Wear rate Ref.
depth (um)  (um) (x10°°
mm?/Nm)
Ti3SiCy 5 8.7 =+ 1.1 82 + 9.6 24 + 2 This
10 151 = 1.8 106.2 = 3.8 67 = 8 work
20 299 + 1.5 172.8 = 12,5 289 + 16
Tip 7210 351Ca 5 3.2 + 0.2 43.1 £ 6.5 6.7 + 0.8 This
10 6.4 + 0.5 67.3 = 2.9 13 +1 work
20 171 = 1.2 107.4 = 5.8 28 £ 1
Cr,AlC 5 44 + 0.1 53.2 + 1.4 7.6 = 0.6 This
10 6.8 + 0.1 66.6 = 5.8 14 =1 work
20 11.4 = 0.2 120.6 = 5.3 31 £ 1
SiC-10 vol%Si 4 - 27.8-35.5 - [27]
Al,03 4 - 15.5-26.7 -
SizNy 4 - 10.0-28.2 -
a-SiC 4 - 20.3-21.6 -
TiAlIC coating 8 - 39-45 - [27]1

3. Results
3.1. Materials

The grains of the Ti3SiC, and Tis ;Zrg3SiCo MAX phases have an
elongated shape but there is no macroscopic preferred orientation of
their long axis. The length and width of the Ti3SiC, grains were
41 + 10um and 14 * 4pm, respectively. The length and width of the
Tip 7Zro.3SiC, grains were 20 = 7pum and 6 * 2 pum, respectively, see
Table 1. As shown in Table 1, the volume fraction of TiC impurities was
2% for the stoichiometric Ti3SiC, material. For the solid solution
strengthened material Ti, ;Zrg 3SiCs, the TiC concentration increased to
17 vol% [28].

In the Cr,AlC material, the grains are equiaxed with an average size
of 21 = 7um. They contain about 5vol% of two chromium carbides
(viz. Cr3C; and Cr,C3) as secondary phases. These chromium carbides
are mainly distributed along the grain boundaries (see Fig. 1).

3.2. Scratch behavior

The scratch depth profiles of the MAX phase materials are shown in
Fig. 2 for three applied loads 5, 10 and 20 N. For the Ti3SiC, sample, the
scratch depth fluctuated significantly over the tested distances for all
applied loads; see Fig. 2(a). This indicates that Ti3SiC, experienced
locally varying deformation and cracking behavior, but at distances
much larger than the size of the individual grains. Much less scratch
depth fluctuations were observed in the scratch depth of Ti, ;Zrg 3SiCy
and Cr,AlC MAX phase materials; see Fig. 2 (a). A typical example of
the scratch depth and scratch width profile of Ti3SiC, created at the
three different loads are shown in Fig. 3. It shows that the edges of the
scratch track are relatively straight and that positions with a deeper
local scratch depth show extensive upward extrusions outside the
scratch track. Similar behavior has been found for the other two ma-
terials.

The average scratch depths and widths as a funtions of the load are
plotted in Fig. 2(b) for the three MAX phase investigated. For all ma-
terials, the measured scratch depth and width increases linearly with
the applied load. At loads of 5 and 10 N, comparable scratch depth and
width values were recorded for the Ti, ,Zrg 3SiC, and Cr,AlC materials.
At a load of 20N, the scratch depth for the Ti,;Zr, 3SiC, material
(17.1 = 1.2um) is slightly larger than the that for the Cr,AlC material
(11.4 = 0.2pum). At any load, the scratch depth and width values for
the Ti5SiC, material are much larger (up to a factor 2) than those for
Tis 7Z1ro3SiCo and CryAlC materials. The higher scratch depth and
scratch width values for the Ti3SiC, material result in much higher wear
losses for this material than for the Ti, ,Zr( 3SiC, and Cr,AlC materials;
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Fig. 4. Scratch damage of Ti3SiC, MAX phase when applying a load of 5N: (a)
SEM secondary electron image, (b) enlargement corresponding to the white
rectangle, and (c) enlargement corresponding to the black rectangle.

see Table 2. Finally, in the same Table the scratch depth values of the
three materials are compared to similarly obtained values published in
the literaturature for engineering ceramics (SiC, SisN4 and Al,O3 and
SiC with 10vol% Si) and a Ti,AlC coating. It is very clear that the
scratch damage in these MAX phase materials is much more severe than
that in the engineering ceramics. The relatively superior scratch re-
sistance of the Ti,AlC MAX phase coating material is attributed to the
finer grain size.

3.3. Scratch damage observations

The top view of the microstructure of the Ti3SiC, material after
scratching with a load of 5 N is shown in Fig. 4. The micrograph shows a
lot of plastic deformation and short local cracks. No larger and con-
tinuous cracks, such as partial cone cracks or radial cracks, commonly
observed in scratch tracks for brittle ceramics [3,24,25] or glasses [26],
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Fig. 5. Scratch damage of Ti;SiC, MAX phase when applying a load of 10 and
20N: (a) SEM secondary electron image for 10N, (b) enlargement corre-
sponding to the white rectangle, and (c) SEM secondary electron image for
20N.

were observed. At the middle of scratch groove, delamination along the
basal planes and micro-cracking perpendicular to the scratch direction
was observed; see Fig. 4(b). At the edge of the scratch groove, “quasi-
plastic” deformation (i.e. partly plastic and partly fracture, cf [29])
occurred by grain buckling, slip line, kink band formation and dela-
mination, grain pull out and push in and boundary cracks; see Fig. 4(c)
and (d). Such compound failure modes have frequently been observed
in deformed or fractured MAX phases [30-32]. Also some cavities could
be observed near the edge of the scratch groove. This is likely due to
decohesion of grains during the scratch event, which ultimately leads to
dislodgment of individual grains [24,33,34]. Similar scratch damage
mechanisms were observed at a load of 10N (Fig. 5(a) and (b)).
However, at an applied load of 20N, almost no “quasi-plastic” de-
formation was observed near the edge of the scratch groove; see
Fig. 5(c). In contrast to ploughing, boundary cracking and material
dislodgments leading to a large amount of material removal (see
Table 2) were the dominant failure modes.

In the Ti, ;Zr 3SiC, MAX phase material, ploughing and boundary
cracks formation were observed as the main wear mechanisms, while
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* microcrack

Fig. 6. Scratch damage of Tis ;Zrq 3SiC; MAX phase with different loads, SEM
secondary electron image for: (a) 5N, (b) 10N, and (c) 20 N.

almost no “quasi-plastic” deformation was observed (Fig. 6(a)) at a load
of 5N, When increasing the applied load up to 10N, grain dislodg-
ments, in addition to ploughing and boundary cracks, at the edge of the
scratch groove took place; see Fig. 6(b). Upon further increasing the
scratch load to 20 N, material removal by grain dislodgments became
the dominant wear mechanism; see Fig. 6(c). Many micro-cracks per-
pendicular to the scratch direction formed in the middle of the scratch
groove. No signs were observed which linked the wear pattern to the
presence of 17 vol% of fine TiC carbides.

Lastly, in the Cr,AIC MAX phase, the microstructure after scratching
is very similar for all applied loads. In this case, ploughing is the
dominant wear mechanism and grain boundary cracks and grain dis-
lodgments occurred simultaneously; see Fig. 7. However, the scale of
the damage was smaller than that observed in the Ti, ;Zry 3SiC, mate-
rial. No signs were observed which linked the wear pattern to the
presence of the (5 vol %) chromium carbides.

4. Discussion

The microstructure of the MAX phase materials has significant im-
pact on the deformation or material removal mechanisms upon
scratching. In the almost pure Ti3SiC,; MAX phase having the largest
grain size, “quasi-plastic” deformation behavior, such as grain buckling,
kink band formation and grain delamination, slip lines, grain decohe-
sion, grain boundary cracking, as well as transgranular fracture were
observed when a scratch load of less than 10 N was applied; see Fig. 8.
The deformation damage is similar to that observed after uniaxial
compression of MAX phases [30-32,35]. The plastic deformation and
kink band formation can either attribute to dislocation gliding along the
basal plane of the hexagonal crystal lattice [36] or to incipient kink
band (IKB) model by Barsoum [37]; see Fig. 8. To render the dislocation
gliding on the basal plane of the hexagonal MAX phases to form kink
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Fig. 7. Scratch damage of Cr,AlC MAX phase with different loads, SEM sec-
ondary electron image for: (a) 5N, (b) 10N, and (c) 20N.

bands or ridges and grain delamination, a critical load generating a
stress above a certain threshold should be applied. This threshold stress
is a function of the grain size and follows the Hall-Petch relation
[35,37]. For example, the threshold stress for fine grained TizAlC; MAX
phase (~10 um in width) is about 244 MPa [31], while this threshold
for coarse grained Ti3AlC, (~25um in width) is about 125 MPa [32].
This rather strong grain size dependence could in part explain the larger
plastic deformation in the Ti3SiC, material than that in the
Tis 7Z10.3SiCo and Cr,AlC materials both having a grain size half that
Ti3SiCy; see Table 1.

In a recent study [28], the effect of Ti substitution by Zr in Ti3SiC,
on the elastic and plastic properties of these solid solution strengthened
materials has been studied in detail and the result confirm the increase
in hardness due to the solid solution hardening effect of Zr while the
elastic modulus remains more or less unchanged. However, it was ob-
served that the increase in nano-hardness was significantly smaller than
the Vickers hardness increase. So, part of the higher hardness of
Ti, 7Zro.3SiC, material is due to the material itself and part of it due to
the finer grain size.

The hardness of the CryAlC sample was lower than that of
Tis 7Zro.3SiCo material while the grain sizes were more or less equal. As
there is no contribution of solid solution hardening in Cr,AIC, this lower
hardness is to be expected. Recent work [38] on SPS produced Cr,AlC
material starting with fine or coarse powders has shown that there is no
strong effect of grain size on hardness, but also showed that for finer
grain sizes texture effects may have a beneficial effect on fracture
toughness. The grain size of our material is in between two grain sizes
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Transgranular fracture
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Fig. 8. Schematic of MAX phases deformation.

reported in [38] and this may indicate that some micro texture of
[0001] plane could have been present. If so, the increase in fracture
toughness would have a beneficial effect on the wear rate. More dedi-
cated studies are required to establish a relationship between micro
texture and wear rate in MAX phase materials.

5. Conclusions

Three different SPS produced MAX phases materials, viz.: Ti3SiC,,
Tip 7Zr0.3SiCs and Cr,AlC were subjected to room temperature scratch
tests at various loads to determine their abrasive wear behavior. The
Ti3SiC, material having the largest grain size has the lowest scratch
resistance. The scratch resistance of Ti, ;Zrg 3SiC, and CrAlC having a
smaller grain size was significantly better and equal, not withstanding
their different hardnesses.

The scratch damage mechanisms near the scratch grooves depends
on the applied load and the microstructure. The soft coarse grained
Ti3SiC, showed “quasi-plastic” deformation behavior where grain
bending, boundary cracks, kink band formation and delamination as
well as transgranular fracture occur. On the other hand, the harder fine
grained Ti, ;Zrg 3SiC, and CryAlC materials showed deformation by
ploughing, boundary cracks and materials dislodgments. The relatively
good scratch resistance of Cr,AlC may be due to micro texture effects.
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