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Ti,AIC and TisAlC, belong to an interesting family of layered compounds called MAX phases. A composite
approach is tested here to improve the intrinsic brittle behaviour of such compounds. To this end, a bulk
MAX compound and a MAX/TiAl, composite have been deformed under surface severe plastic deformation
(SSPD) by surface mechanical attrition treatment (SMAT). Grain delamination and grain decohesion oc-
curred to a depth of 100 pm below the surface for the bulk compound. Resulting cracks and grain pullouts
were witnessed by a decrease in the surface and sub-surface hardness. Comparatively, the presence of
intergranular TiAl, effectively prevented such failure for the composite. Thus, the SSPD of this cohesive
composite created a surface hardening (+60%) gradient extending down to a depth of 250 pm. Witness
marks of plasticity were revealed in both the MAX and TiAl, phases.

1. Introduction

M,+1AX,, phases (where n = 1-3) are composed of a transition
metal M, an A-group element A and usually nitrogen and/or carbon
for X [1]. MAX phases belong to a promising class of materials be-
cause of their potentially wide range of applications. They combine
properties of both ceramics (refractory, high stiffness, low density at
room temperature) and metals (high thermal and electric con-
ductivity, thermal shock resistance, mechanical resistance). MAX
phases have a layered structure with a hexagonal lattice (space
group: P63/mmc) and they exhibit an elevated crystalline anisotropy
(c/a> 3) [2]. It is commonly observed that during their synthesis,
grains of MAX phases grow as platelet in a stack of atomic layers
parallel to basal planes [3]. These platelets have a high aspect ratio,
because of the high crystalline anisotropy. The platelet grain shape is
likely to foster grain decohesion from stress concentrations at grain
boundaries [4,5]. It is established that MAX phases deform by kink
bands (KB) [2]. Under further deformation, KBs lead to buckling and
formation of delamination cracks within individual grains [6].

Moreover, due to their particular crystallography and their particular
grain shape, these materials involve mainly strong plastic anisotropy,
non-Schmid effects and lack of independent glide systems [4,5,7,8].
MAX phases exhibit a brittle-to-ductile transition around 800 °C
thus leading to massive failure after a very limited plastic regime at
room temperature and pressure [1,9,10].

Regardless of the material, surfaces in particular are exposed to
complex solicitations during service (wear, higher stress con-
centration, corrosion.), so that they are often the site for fracture
initiations. Therefore, one of the major concerns for engineers is to
explore original routes allowing surface tailoring. Promising intense
shot peening techniques, such as ultrasonic shot peening (USP) or
surface mechanical attrition treatment (SMAT) involving surface
severe plastic deformation (SSPD), have been used to modify the
surface and improve properties [11-18]. In particular, the SMAT
technique proceeds via numerous collisions of the peening media
having random trajectories inside a confined chamber [11,12,14,15].

As one could expect on a brittle material, no SSPD has been
tested to date on MAX phases. However, unlike most ceramics, an
individual MAX phase grain is quite damage tolerant [7,19]. Failure
occurs through grain decohesion, because of the weak binding force
at grain boundaries. In an attempt to prevent it, a composite ap-
proach is used here to strengthen the MAX phase grain boundaries.
This study reports the first results of SSPD on MAX phases and the
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relevance of the composite approach to achieve a resistant gradient
material.

2. Materials and methods
2.1. Material processing

A fully dense Ti,AIC material was synthesized by powder me-
tallurgy as detailed in [20]. Briefly, 99.5 wt% purity powders of Ti, Al
and TiC were mixed in stoichiometric proportions and pressure less
sintered at 1400 °C. This first material will be referred to as bulk
material throughout the article. A second material was sintered in
contact with oxygen at 1400 °C and subsequent cooling leading to a
mixture of MAX phases with an additional intergranular phase. This
second material will be referred to as composite material throughout
the article.

2.2. Initial microstructures

X-ray diffraction (XRD) was carried out using a cobalt X-ray tube
on both the bulk and composite materials. The different phases were
further analysed by Scanning Electron Microscopy (SEM) using a
Zeiss Supra 40 FEG-SEM (Oberkochen, Germany) coupled with
Energy-dispersive X-ray spectroscopy (EDS). The relative fractions of
the different phases were estimated by image analysis of several
SEM micrographs using the FIJI software. Grain sizes were estimated
by mean linear intercept method in random directions using the FIJI
software.

Fig. 1 plots the diffractograms acquired by XRD. The bulk material
is mainly composed of Ti,AIC. Some Al,03 and possibly some traces
of TizAlC, within uncertainty of XRD are also revealed by the ana-
lysis of the XRD peaks. In comparison, the XRD diffractogram of the
composite material revealed essentially TisAlC,, with additional TiAl,
and traces of Al,0s. The identified structure for TiAl, is the L1, based
superstructure of HfGa,-type [21].

Typical micrographs imaged under backscattered electrons (BSE)
conditions are given in Fig. 2 together with EDS maps. The overall
quantification results are gathered in Table 1 together with hardness
values.

Both in the bulk material (Fig. 2.a.) and the composite material
(Fig. 2.b.), Ti-Al-C MAX phases appear in the brightest contrast. Al;03
appears in the darkest contrast while TiAl, appears in dark grey
contrast around the Ti3AIC, grains of the composite material
(Fig. 2.b.). This is better seen at higher magnification in Fig. 2.c. The

bulk material is composed of 99.4% Ti,AlC and 0.6% Al,03, while the
composite is composed of 89.4 vol% TisAlC,, 2.5% Al,03 and about 8%
TiAl, (Table 1).

Titanium, aluminium, carbon and oxygen EDS mappings made in
the same region are given in Fig. 2.d. They confirm the expected
distributions of different elements in the identified phases. Each
phase composition provided in Table 1 was determined by EDS point
quantification as the mean value of five measurements. The com-
positions agree well with the different stoichiometry of the phases.

The formation of TixAl, intermetallics between MAX phase grains
has already been documented after synthesis [7,22]. Our EDS
quantifications and the Ti-Al phase diagram [23] have confirmed the
intermetallic to be TiAl,. Under oxidation, the Ti,AlC decomposes
into TiC by forming an intermediate phase of Ti3AIC, while Al dif-
fuses easily along the MAX phase basal planes to form the Al,03
oxide [20]. Consistently, the MAX phase composition after oxidation
is closer to Ti3AlC, than Ti,AlC within the composite material. Due to
the different processing conditions, the average size of the TizAIC,
grains (19 um) is slightly larger than the TiAlC one (15 um).

2.3. Deformation and characterisation of the deformed states

SMAT was carried out for 3 min using 100C6 @2 mm spherical
shots set in motion by a sonotrode vibrating at 20 kHz with an
amplitude of 40 pm using a Sonats stressonic equipments (Carquefou,
France). Vickers microhardness were measured using a Zwick Roell
microindenter (Ulm, Germany). The in-depth evolution of hardness
after SMAT was conducted using a 100 g load for a step size of 50 pm.
Each hardness value is an average of six indentation results with an
error bar representing one standard deviation ( * ¢). Grain internal
misorientations were mapped with the electron backscatter dif-
fraction (EBSD) technique and analysed with the ATEX software
developed at LEM3 laboratory (Metz, France) [26]. For better ima-
ging conditions, the samples where ionically polished in a Gatan
PECS II (Pleasanton, USA). The crystallographic defects within the
different phases were further observed in the SEM by Electron
Channelling Contrast Imaging (ECCI) [27-31].

3. Results
3.1. Microstructures after SMAT

Fig. 3 compares BSE micrographs of the bulk and composite ma-
terials cross-sections after SMAT, with deformed surfaces facing top.
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Fig. 1. XRD diffractograms of both bulk and composite materials before SMAT.
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Fig. 2. BSE micrographs of (a) bulk and (b) composite. (c) Higher magnification BSE micrograph of the composite (d) and its corresponding Ti, Al, C, O EDS maps.

Table 1
Characterisation of the as-sintered materials.

EDS quantification [at%] p-hardness Image analysis phase fraction (%)

Ti Al C (0] HVO0.1 MAX phases TiAl, Al,03
Bulk material 479 20.1 23.8 8.2 337 99.4 - 0.6
Composite material 432 18.1 26.6 12.0 409 89.4 8.1 2.5
Ti,AIC [at%] 52.8 22.7 24.5 - 337
Ti5AIC, [at%] 531 16.2 30.7 - 357(24]
TiAl, [at%] 345 65.5 - - 600[25]
Al,O5 [at%] - 39.6 - 60.4 -

First, it appears that the surface of the bulk material is damaged
(Fig. 3.a.), as opposed to the composite material which has retained
its surface integrity (Fig. 3.b.). Second, a layer of severely cracked
grains damaged by SMAT can be measured to a depth of 100 um
inside the bulk material (Fig. 3.c.). The higher magnification micro-
graph in Fig. 3.e. better shows the important number of cracks
within and between the Ti,AlC grains. Intragranular cracks are either
arrowed as “delamination” or “perpendicular cracks”, respectively
aligned with or perpendicular to the MAX phase platelets. Local
grain decohesion and pullout are arrowed as well in Fig. 3.e. Com-
paratively, less damage occurred in the composite material, as only
slight delamination and almost no grain decohesion nor pullout are
visible in Fig. 3.f.

3.2. Microhardness gradients
Fig. 4 plots the Vickers microhardness evolutions measured on

the cross-section at different depths from the deformed surfaces. As
shown in the insets, indentations cover multiple grains, thus

providing a mean hardness value of the different phase mixtures
composing the materials.

Whereas the hardness of the bulk material drops near the treated
surface, the composite material is effectively hardened, reaching 648
HV (+58%) at a depth of 50 um. Towards the material cores, both
curves reach a plateau consistent with the hardness measured be-
fore SMAT, respectively 409 HV for the composite and 337 HV for the
bulk (Table 1).

As previously stated, the structure of the MAX phase is different
in the bulk and composite samples, as it changed from Ti,AIC to
Ti3AlC, due to the oxidation process. Since the mechanical proper-
ties of Ti,AIC and TizAlIC; are very close [2] and both exhibit the same
brittle behaviour, the MAX phase structure alone cannot explain the
opposite evolution of the hardness gradients.

As the MAX phases are intrinsically hard and brittle, analysis of
the defects in the different phases has been done in the following
section to see if the strain hardening in the composite comes from
the deformation of the binding intermetallic phase solely or if some
hardening could also come from the MAX phases.



‘ SMAT DIRECTION | SMAT DIRECTION ‘

Composite after SMAT

Fig. 3. BSE micrographs of bulk material (a,c,e) and composite material (b,d,f.) after SMAT. (a,b) surface aspect; (c,d) cross section of the surface and subsurface showing the affected

zone; (e,f) higher magnification images showing structural defects at the treated surface.
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Fig. 4. Vickers microhardness gradients measured from the surfaces treated by SMAT.
The insets show SEM micrographs of indentations left in the composite and bulk
materials.

3.3. Lattice misorientations and crystallographic defects within the
phases

Local lattice misorientations were calculated from the EBSD
maps of both deformed materials. Fig. 5 represents the lattice mis-
orientation angle relatively to the grain average orientation for each
pixel in the MAX phases. Only misorientations above 3° are con-
sidered. For both materials after SMAT, the lattice misorientation in
the MAX phases is of low magnitude, hardly exceeding 15°. The map

of the bulk material in Fig. 5.a. shows higher lattice misorientation
than the map of the composite material in Fig. 5.b. The bar graph in
Fig. 5.c. better compares both material lattice misorientation by
counting the number of pixels for each 0.5° angle of misorientation
from 3° to 20°. This number of pixels is expressed as an area fraction
of the micrograph. As shown in the bar graph the misoriented area is
more than twice as big in the bulk material than in the composite
material, for each misorientation value from 3° to 20°.

Fig. 6 gathers several micrographs of the composite material after
SMAT for which the sample was slightly tilted (4.2°) under ECCI
conditions - as explained in [30] - to visualize the structural defects
within both the Ti3AlC; MAX and TiAl, intermetallic phases. The
MAX phase grain in the middle of Fig. 6.a. is located at 130 pm below
the surface treated by SMAT. According to EBSD, the basal plane of
this grain has only a 7.8° angle to the image plane of the micrograph.
The edges of light grey contrast visible at the sample surface, marked
by white arrows in Fig. 6.a., are due to the ionic polishing. These
edges are visible in secondary electron imaging and cannot be
mistaken with structural defects such as dislocations or sub-grain
boundaries. A line of bright contrast consisting of dislocation pile-
ups runs across the Ti3AlC, grain. A higher magnification of a part of
this pile-up is given in Fig. 6.b. Other dislocation networks are also
visible within the MAX phase along the MAX/ TiAl, phase boundary
imaged in Fig. 6.c. Such dislocation networks have already been
observed in a MAX phase deformed at room temperature under
confining pressure [32] and confirm the relative plasticity of the
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Fig. 5. Lattice misorientation relative to grain average orientation, drawn in ATEX software from EBSD maps. (a) shows the deformed bulk, (b) shows the deformed composite. (c)

plots a wider area fraction of misorientations within the bulk.

MAX phase in response to the SMAT treatment. Several parallel
straight-lined defects are visible within the TiAl, phase. They are
better seen at higher magnification in Fig. 6.d. and 6.e. These straight
lines suggest twins or antiphase boundaries (APB) within TiAl,. They
are a footprint of the intermetallic phase deformation and demon-
strate its contribution to the hardening of the composite material.
Further analysis on the exact nature of these structural defects is
beyond the scope of the present contribution but should be done in a
near future for a clear understanding of the deformation mechan-
isms in the TiAl, phase.

4. Discussion

A first interesting aspect revealed in the present contribution is
the opposite response of the two materials to the same treatment. As
shown in Fig. 4, while the hardness value drops towards the surface
of the bulk material, the hardness increases up to 60% towards the
surface of the composite material. Moreover, while the composite
material has retained its surface integrity, the surface of the bulk
material was damaged and the decohesion of several MAX phase
grains was revealed. Since the mechanical properties of Ti,AlC and
Ti3AIC, - respectively composing the majority of the bulk and com-
posite materials - are very close [2] and both exhibit the same brittle
behaviour, the MAX phase structure alone cannot explain the op-
posite evolution of the hardness gradients. These differences in be-
haviour can be understood by considering the deformation and
damaging mechanisms of the MAX phases and the role of the
binding intermetallic TiAl, phase present within the composite ma-
terial.

For the bulk material, hardness starts to drop within 100 pm from
the surface, which is the depth to where decohesion and delami-
nation are visible in Fig. 3.c. As stated in the introduction part, MAX
phases are brittle at room temperature and pressure. The most likely
mechanism of failure is grain decohesion and/or delamination [2],
respectively caused by intergranular and intragranular fracture [33].
In Fig. 3.e.,, two types of intragranular cracks are actually distin-
guishable: (i) those parallel to the platelet length, i.e. along basal
planes due to delamination, and (ii) those perpendicular to the

platelet length, due to the microstructure anisotropy of MAX phases
as explained in [4,5]. These mechanisms were fully operative for the
bulk material, thereby introducing damages to the first 100 um under
the surface during the SMAT operation. Grain decohesion is re-
sponsible for grain pullout at the sample surface and at the polished
cross-section. Grain decohesion and delamination weaken the ma-
terial, which hardness value drops below the phase intrinsic hard-
ness [22]. It explains the drop in hardness of the bulk material
despite the strain hardening of the MAX phase grains. In addition,
because of the decohesion between the MAX phase grains near the
surface, there is no load transfer towards the depth of the sample, so
that no hardening is observed below the damaged zone of 100 um in
the bulk material.

For the composite material, the occurrence of decohesion/dela-
mination events is drastically reduced despite it having a slightly
coarser mean grain size. Although initially harder than its bulk
counterpart, the composite material is much more cohesive under
SMAT. This is due to the presence of the intergranular TiAl, inter-
metallic phase which is binding the TizAlC; MAX phase in the
composite material. Other literature studies have also reported that
under uniaxial compression tests, the ductile Ti,Al, phases inhibit
crack propagation within MAX phases [7]. Thus, the brittle behaviour
of the MAX phases is successfully prevented by the presence of TiAl,
for the composite material. The cohesive and preserved grains within
the composite material are able to transfer the load imparted by the
SMAT shots deeper in the microstructure. As seen in Fig. 6, de-
formation was witnessed both in the TiAl, phase and TizAlC; MAX
phase present in the composite material, resulting in a progressive
hardening gradient reaching a depth of nearly 250 pm.

Even if surface hardening occurred under SMAT in our composite
material, there are two important differences in the behaviour of this
material compared to what is usually observed on processing of
metals and alloys by SSPD. First, the hardening of the composite
material is not due to surface nanocrystallisation by grain refine-
ment. Actually, none of our bulk and composite materials have gone
through any significative grain size reduction in the micrograph
observations in Fig. 3. This is unlike metals usually hardened by
SMAT, for which the surface hardening results from the formation of



Fig. 6. BSE micrographs of the composite material in ECCI conditions. (b) dislocation wall within Ti3AIC, (c) and dislocation networks near the grain boundary. (d,e) Parallel

straight-lined defects in TiAl,.

a microstructure gradient having nanoscale and/or submicrometric
grain sizes extending over several tens of microns near the surface
(Hall-Petch effect) and a deformed zone underneath [11,12,14,17].
During plastic deformation, mobile dislocations stored in the crystal
gather into dislocation walls or low-angle grain boundaries (LAGBs).
In highly deformed metals, the continuous increase in misorienta-
tion often leads to the progressive subdivision of grains in a con-
tinuous dynamic recrystallisation (CDRX) process [34]. For MAX
phases, the formation of LAGBs leads to the formation of KBs, the
main deformation mechanism of MAX phases. Such deformation
mechanism has already been observed after SMAT by EBSD on a p-Ti
alloy [35]. At further deformation, KBs cause delamination instead of
CDRX and, in the absence of a binding cohesive phase, to a deco-
hesion between the deformed MAX phase grains. Therefore, in our
study the hardening after SMAT relies on different mechanisms than
in the case of usually treated metals. Second, the extent of hardening
is here limited to about 60% of the initial core material while it can
reach values of hundreds of % in metals treated by SSPD and un-
dergoing grain size refinement [12,14]. The increase of 60% in surface
hardness is consistent with the degree of microstructure modifica-
tion imparted by the SMAT to the composite material where both
phases sustained the plastic deformation without grain refinement.
The misorientation in Fig. 5 indicates that the MAX phase present

within the bulk material was more highly strained than in the com-
posite material, because of the absence of the binding Ti,AIC phase
having a damping effect. Thus, the damaging process of the MAX
phase was more advanced in the bulk material, leading to delami-
nation and decohesion.

For the composite material, the SEM analysis under ECCI condi-
tions given in Fig. 6 has revealed structural defects in both the
TizAlIC, MAX phase and the TiAl, intermetallic phase. The TiAl,
phase surrounding the MAX phase blocks acts as a damping media
providing with the ability to accumulate defects through the mi-
crostructure without triggering grain delamination and decohesion.
This is the key parameter controlling the hardening of the composite
material without losing structural integrity. This capacity was ac-
quired due to the presence of the intergranular TiAl, which binds the
MAX phase block system, thus preventing grain delamination and
decohesion.

These results point to a promising new way to get around the
brittleness of MAX phases, thus enabling SSPD for the surface
hardening. To our knowledge, this is the first report on such a
composite approach for MAX phases, although hardening via solid
solution has recently been performed [36,37]. New phases are reg-
ularly added to the MAX compound family. Recent research suc-
cessfully designed MABs compounds, with bore replacing



conventional X elements [38,39], or high entropy MAX phases
[40,41]. As no additional element other than those composing the
MAX phase are required to form the intermetallic phase, the com-
posite approach can be easily implemented. The composite approach
opens the way to the exploration of several combinations of inter-
metallics and MAX phases to adjust the resulting composite struc-
ture to the required mechanical properties.

5. Conclusion

In this study, a bulk Ti,AlC MAX phase and a TisAlC;/TiAl, com-
posite were deformed under SSPD by SMAT to test the effectiveness
of a composite approach to strengthen the Ti-Al-C MAX phase
system. The main conclusions can be listed as follows:

For the bulk MAX phase compound,

- SMAT applied on a bulk MAX phase damaged the surface and
grain delamination followed by grain decohesion occurred.

- These damages were witnessed by a drop in surface hardness to a
depth of 100 um.

- Grain decohesion inhibits load transfer, so that no subsurface
hardening was observed.

For the MAX|/TiAl, composite,

- The binding TiAl, intergranular phase strengthens the MAX
phase block system so that the cohesive composite material kept
its structural integrity.

- Witness marks of deformation were observed in both MAX and
TiAl, phases. Thus, the plasticity of both phases contributes to the
hardening of the composite material.

- A load transfer was possible so that hardening of the composite
material occurred to a depth of 250 um with increased surface
hardness of about 60%.
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