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Compression experiments of the brittle MAX phase Ti,AIN were
performed under confining gas pressure at room temperature.
Subsequently, a complete dislocation analysis was performed by transmis-
sion electron microscopy. In particular, the Burgers vectors and the
dislocation lines were studied via the weak beam technique: dislocation
reactions are reported for the first time in a MAX phase, as well as dipole
interactions. Footprints of a high lattice friction were also observed. All
these features point towards classical dislocation activity, eventually
leading to hardening.
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1. Introduction

The ternary nitride Ti»AIN is a hexagonal layered compound belonging to the family
of M, 1AX,, phases, where n=1-3, M is a transition metal, A is an A-group element
and X is nitrogen or carbon [1]. The lattice anisotropy (¢/a~4.5) and the lamellar
structure of Ti,AIN, as for all MAX phases, have a major impact on deformation
mechanisms via the formation of kink and shear bands and eventually grain
delaminations, leading to brittle-like behaviour below ~800°C [1,2].

The deformation mechanism of MAX phases is based on dislocations movement.
From energy considerations, Barsoum et al. [3] suggested that only basal dislocations
play a role in the plastic behaviour of MAX phases; due to the anisotropic and
lamellar lattice, nucleation of dislocations is supposed to occur only in the basal
plane. To date, the majority of transmission electron microscopy (TEM) studies have
concerned deformed Ti3SiC, polycrystals and have revealed the presence of perfect
dislocations belonging to the basal plane (0001) with a Burgers vector b= %(11-20)
[4-6]. Moreover, dislocations are organised into pile-ups (on the same basal plane) or
into walls (perpendicular to basal planes). Recent experimental studies via atomic
force microscopy (AFM) or TEM, have demonstrated that out-of-basal-plane
dislocations also exist in MAX phases, although the nucleation and gliding of
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dislocations in the basal plane is probably the main deformation mechanism [7,8].
Observations of stacking faults is the second major microstructural feature, the fault
vector being R =(0005), but their role in the deformation mechanism is yet unclear
[4,7,9]. According to Barsoum et al. [2], the formation of dislocation walls is at the
origin of the kink band (KB) formation: the proposed elementary micro-mechanism,
the so-called incipient kink bands (IKBs) [10], is associated to nucleation of the
parallel basal dislocation loops. No direct evidence of these IKBs has been yet
obtained. The KBs give rise to misorientation of the lattice with a so-called ‘stove-
pipe’ shape. For high deformation, this mechanism leads to buckling and
delamination cracks within individual grains [2]. According to the KB formation
model, the mechanical properties of MAX phase materials is thus mainly ascribed to
basal plane dislocations, which are able to freely glide without dislocation reactions,
allowing dislocation wall formation.

In this paper, we present a TEM analysis of Ti,AIN material synthetised by
powder metallurgy and compressed under confining pressure at room temperature.
The use of a weak beam technique allows for detailed analysis of dislocations
configurations. In particular, the Burgers vector and the dislocation line can be
determined. All results are discussed within the framework of comprehension of the
deformation mechanisms of MAX phases.

2. Experimental details
2.1. Synthesis

Fully dense samples were prepared by using hot isostatic pressing (HIP). To
synthesise Ti,AIN polycrystalline samples, Ti (grain size < 149 um) and AIN (grain
size < 10 um) powders were mixed in stoichiometric proportions and placed into a
hot isostatic press where they are heated up to 1450°C under a pressure of 80 MPa.

After the HIPing process, porosity measurements and X-ray diffraction (XRD)
were carried out, respectively, with a He pycnometer and a Bruker D8 diffractom-
eter: a porosity of less than 1% was measured while the lattice parameters calculated
by Rietveld analysis (with MAUD software [11]) were a4=2.98846+7.10°A and
¢=13.5917+5.10"*A. Moreover, EDX analyses were performed and showed the
presence of a small amount of TiN and Al,Os3, not detectable by XRD. Their volume
fraction was estimated to be less than 5%.

Ti,AIN samples were cut into parallelepipeds with dimensions of about
3.8x2.5x7.3mm’ and all faces are carefully polished, one of the lateral faces
being chemo-mechanically polished to reveal the grains. The SEM observations
performed on as-grown samples enabled one to determine that the grains have an
average area of 211 pm? (corresponding to an average size of 15 um if one assumes a
square shape).

2.2. Compression test under confining pressure

To perform the uniaxial compression tests in the Paterson apparatus, each
parallelipedic sample must be inserted into an annealed aluminium cylindrical
jacket to respect the cylindrical symmetry of the compression device [12]. In the



present case, the deformation tests were performed at room temperature under a
confining argon pressure of 320 MPa and at a strain rate of 5x 107°s~'. As the
recorded stress—strain curves were associated with the assembly “‘sample + alumin-
ium jacket,” the stress—strain data of the Ti,AIN sample alone were extracted by a
deconvolution procedure based on the rule of mixtures, as described in [13]. After
deformation, the Ti,AIN samples were removed from the aluminium jackets to carry
out TEM analysis.

2.3. Thin foils preparation

The TEM foils were cut at 45° from the compression axis and thinned by mechanical
polishing down to 30 um by the Tripod technique, followed by dimpling down to a
few microns. Subsequently, the thin foils were glued on molybdenum grids and
further thinned with a precision ion polishing system (PIPS from Gatan). TEM weak
beam and extinction techniques were performed on a Phillips CM20 microscope
operated at 200kV.

3. Results
3.1. Compression under confining pressure

Thanks to the confining pressure, the closure of cracks inside the brittle sample
allowed reaching a plastic strain of 5.15% after return to room pressure and removal
of the Ti,AIN sample from the Al jacket. The stress—strain curve of one Ti,AIN
sample is presented in Figure 1. This curve shows elastic and plastic regimes with a
maximum compressive stress of 1.3 GPa. A hardening regime was followed by a
softening regime tending to zero hardening.

3.2. TEM observations

Figure 2 shows an area of interest with typical microstructure observed in deformed
Ti,AIN; the diffraction condition is such that electrons are perpendicular to the basal
plane and the used diffracting vector is g;=-1-120. In such conditions, all
dislocations and stacking faults generally reported in MAX phases (b= "(11-20)
and R="7(0008)) are expected to be in contrast [7]. Figure 2 illustrates the large
variety of dislocation directions and configurations. No stacking faults are observed
here. The white squares in Figure 2 emphasise the configurations studied in detail
below and presented in Figures 3-6. All these configurations have been
observed using the same g vectors: g, =-1-120, g, =10-1-3, g;=1-10-3, g4=-101-3
and g5s=0-11-3.

Figure 3 presents the dislocations of configuration A. The weak beam contrast
enables one to determine the Burgers vector from extinction conditions (g.h=0)
using different diffracting vectors g. Figure 3a—d show micrographs obtained with g,
2>, g3 and gs. Comparison of these images shows that five dislocation segments can
be distinguished with different extinction conditions corresponding then to different
Burgers vectors. For instance, in Figure 3d, segment 5 is clearly out of contrast with
the diffracting vector gs=0-11-3. Consequently, the contrasts of segment 5 are
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Figure 1. Stress—strain curve of Ti,AIN deformed at room temperature under confining
pressure (320 MPa).

g1=-1-120

Figure 2. TEM micrograph showing a typical landscape observed in deformed Ti,AIN,
viewed using the diffracting vector g;=-1-120 in the (0001) zone axis. The white squares
localise the studied areas presented in Figures 3, 4, 5 and 6.

consistent with a Burgers vector h;=4%[-2110]. This extinction analysis was
repeated for each dislocation segment constituting configuration A, and is presented
in Table 1. The reported configuration A appears to be a classical node reaction
between two dislocations by + b, =bh3 (2+3 =5 and 1 +4 =5) with bh; = +%[-12-10],



Figure 3. TEM micrographs of configuration A showing reaction between two dislocations
observed with (a) g; =-1-120, (b) g, =10-1-3, (c) g3 =1-10-3 and (d) gs=0-11-3. (e) Schematic
of the reaction. The Burgers vector direction is symbolised by the arrows.

by, =4%[-1-120] and b3 =+%[-2110] lying in the same basal plan, as schematised in
Figure 3e. Concerning the dislocation line ¢, it was determined as the intersection
between the different planes which contain the dislocation and can be determined
from observation of the dislocation with different crystal orientation. The disloca-
tion lines € is reported in Table 1 for each segment; surprisingly, the dislocation



Figure 4. TEM micrographs of configuration B showing a dipole interaction observed with
(a) g1 =-1-120, (b) —g; =11-20, (c) gz = 1-10-3 and (d) g5s =0-11-3. (e) Schematic of the dipole.
The Burgers vector direction is symbolised by the arrows. The dipole plane is (-1010).

nature is never random: values of angle between dislocation line € and Burgers vector
b, a=(b;), are always observed to correspond to pure screw (0°), 30° or 60°
configurations. Such results are reported for the first time in MAX phases.
Configuration B is presented in Figure 4. The micrographs are observed with
different g vectors (g, =-1-120, —g; = 11-20, g5 =1-10-3 and g5 =0-11-3). Analysis of
the dislocation segment contrasts and the dislocation lines are presented in Table 2.
All dislocation segments are out of contrast with the same diffracting vector
g4=-101-3 (not shown here). Therefore, the Burgers vector is unique for all segments
of the configuration and is consistent with b ==4%[-12-10]. Moreover, when tilting
the thin foil (Figure 4a, c and d), one observes a finite distance between segments 3
and 6. Additionally, images of the segments 3 and 6 obtained with g; (Figure 4a) and
its opposite (Figure 4b) show that both contrasts are displaced from one side of the
dislocation position to the other side. Combining all these data leads to the
conclusion that segments 3 and 6 form a dislocations dipole lying in the prismatic
plane (—1010), with Burgers vector being, respectively, b=4%[-12-10] and
—b=+%[1-210]. The fact that the dipole does not annihilate suggests that
dislocation cannot cross-slip from the basal to the prismatic plane. Abrupt direction
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Figure 5. TEM micrographs of configuration C showing dislocation interactions observed
with (a) g;=1-10-3, (b) g»=10-1-3 and (c) gs=0-11-3. (d) Schematic of the interaction.
The Burgers vector direction is symbolised by the arrows.

Figure 6. TEM micrograph showing complex interactions between dislocations, producing
cells (observed with g; =-1-120).

changes are observed between the different straight segments, their nature
corresponding again to pure screw (0°), 30° or 60° dislocations.

The last configuration, C, presented in Figure 5, shows another set of dislocation
interactions that could be observed many times in the thin foil. For each dislocation
segment, extinction conditions and dislocation line data are summarised in Table 3.



Table 1. Contrasts of dislocations under different diffraction conditions (configuration A,
Figure 3).

Burgers
g1=-1-120 g,=10-1-3 g3=1-10-3 g4=-101-3 gs=0-11-3 vectorb Linel « (°)

LU[-1-120] [1-210] 60
LU[-12-10] [2-1-10] 60
+%4[-1-120] [1-210] 60
+4[-12-10] [1-100] 30

LU[-2110] [-1-120] 60
+%[-12-10] [1-210] O
+%[-12-10] [1-210] O

qomthH
ANCE NN
R G QRN
A NENE LR N
x X N XN\ XN
NN NN

Notes: v: in contrast; X: out of contrast; €: dislocation line; «: the absolute value of the angle
between b and €.

Table 2. Contrasts of dislocations under different diffraction conditions (configuration B,
Figure 4).

Burgers
—g1=-1-120 g, =11-20 g;=1-10-3 g4=-101-3 gs=0-11-3 vector b Linel « (°)

+%[-12-10] [-1-120] 60
+%[-12-10] [0-110] 30
+%[-12-10] [1-210] O
+%[-12-10] [1-100] 30

L[1-210] [-1-120] 60
LU[1-210] [1-210] 0O
+£%[1-210] [1-100] 30

N U AW —
AN NN NN
AN N NN Y
AN NN N
X X X X X X
AN NN NS

Notes: v: in contrast; X: out of contrast; €: dislocation line; «: the absolute value of the angle
between b and €.

Table 3. Contrasts of dislocations under different diffraction conditions (configuration C,
Figure 5).

Burgers
g,=-1-120 g,=10-1-3 g3=1-10-3 g4=-101-3 gs=0-11-3 vectorb Linel « (°)

1 v X v X v LU[-12-10] [0-110] 30
2 v v v v X +%[2-1-10] [-1-120] 60
3 v X v X v L%[-12-10] [1-210] 0
4 v X v X v +[1-210] [-1-120] 60
I v v v v v L%[2-1-10] [0-110] 90

+U4[-12-10] 30
11 v v v v v +£%[2-1-10] [0-110] 90

+U[-12-10] 30
11 v X v X v +%4[-12-10] [0-110] 30

L4[1-210]

Notes: v: in contrast; X: out of contrast; €: dislocation line; «: the absolute value of the angle
between b and €. I, IT and III are configurations with two dislocations.



The studied network is actually composed of several dislocation arrays
belonging to parallel basal planes: the different dislocation families strongly interact
but do not react. For instance, regions I or II are both composed of two segments
with different Burgers vectors: by ==+%[2-1-10] and b, ==4%[-12-10] aligned in
parallel basal planes. The origin of these strong interactions is unclear: the driving
force could be either the formation of a node (b; + b,) that is frustrated by the
difficulty for the dislocations to cross-slip or the alignment of dislocations
along specific directions associated to 30° and edge character (see Table 3).
Note that region III corresponds to a dislocation dipole, as observed in previous
configuration.

4. Discussion

First of all, TEM micrographs unambiguously show that Ti,AIN was successfully
plastically deformed at room temperature. The wide variety of dislocation directions
and configurations is due to the confining pressure that closes cracks to the favour of
the plasticity during compression with the Paterson apparatus. Note that, under
room pressure condition, only the rise in temperature enables reaching significant
plasticity before intergranular failure: at room temperature, the plastic strain is
usually almost zero and the maximum compressive stress is of the order of 400 MPa,
compared to the 1.3 GPa recorded here [14].

An overview of the TEM observations reveals that a large number of dislocation
interactions exist between the numerous dislocation arrays produced inside the grain.
In other words, isolated dislocations are almost never observed. More precisely,
many configurations correspond to dislocation reactions forming nodes, a
situation that is very common in deformed hexagonal materials [15] but reported
for the first time in MAX phases. Actually, such interactions have been observed
but not analysed in detail in deformed Ti4AIN; and TizAlC, [7,16]. As a rule, all the
observed dislocation families belong to the basal plane and strongly interact
with each other to form nodes, dipoles (Figure 4) or alignments along
common directions.

An important result of the present study is the systematic observation of
dislocations aligning along directions associated to screw, 30°, 60° or edge character.
Recent ab initio simulations [17,18] allowed for the calculation of the elastic
constants (Cj) of Ti,AIN, revealing a rather low elastic anisotropy in the basal
planes. In light of these results, the observed dislocation alignments along specific
orientations could be the sign of an elevated lattice friction rather than the effect of
elastic anisotropy. The combination of all these features is illustrated by Figure 6,
where a high density of nodes and alignments result in the formation of complex and
very dense hexagonal cells that are very similar to those observed in severely
deformed metals [15]. Work in progress suggests that these features are very common
to the deformation landscape of MAX phases. Dislocation reactions may play an
important role in deformation mechanism; in particular the presence of dense
dislocations networks may hinder displacement of dislocations walls or piles-up.
Combined with the ease of the dislocation reaction, this preferential alignment along
specific crystallographic directions may explain the strain hardening regime observed



in the stress—strain curves of the MAX phases, leading to an upper compressive stress
followed by mechanical softening associated to damage production and eventually
leading to brittle-like failure (especially at low temperature where thermally activated
processes are not favoured).

5. Conclusion

From TEM analyses, the deformation microstructure of RT-deformed
Ti,AIN was studied, giving new insights into the deformation mechanisms of
MAX phases. First, compression tests at room temperature under confining
gas pressure were performed up to large amounts of plastic strain. This high
strain gives access to original microstructures never studied before for this kind
of materials.

Second, classical node reactions between dislocations lying in the basal plane and
dipole interactions were observed. Moreover, when interacting, dislocations align
along specific directions leading to segments with screw, 30°, 60 or edge character,
indicative of an elevated lattice friction. The ease of the dislocation reaction and
the preferential alignment along specific crystallographic directions have to be
related to the strain hardening observed in the stress—strain curves of the MAX
phases. Such features shed new light on our comprehension of the deformation
mechanisms.
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