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Experimental evidence of zonal dislocations in the Ti2AlC MAX phase 
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A B S T R A C T   

The dislocation configurations of a Ti2AlC-MAX phase deformed under severe plastic deformation by surface 
mechanical attrition treatment have been analyzed by transmission electron microscopy. Results show that the 
microstructure of the deformed Ti2AlC sample is composed of numerous 〈a〉-dislocations, which interact with 
each other notably with dipolar configurations. In addition, we report here 〈a〉-dislocation dissociations in the 
basal plane with a dissociation distance of approximately 20 nm, following the reaction 1

3 〈2110〉⇔ 1
3 〈1100〉+

1
3 〈1010〉. Finally, evidence of zonal dislocations is reported. These original results are discussed in the context of 
the fundamental deformation mechanisms of nanolayered ternary alloys.   

1. Introduction 

MAX phases are a unique class of materials that are stiff, lightweight, 
machinable, resistant to oxidation and thermal shock, and capable of 
remaining strong up to temperatures above 1300 ◦C even in air [1]. 
About fifty compounds were synthesized with the same range of prop-
erties. Because of their composition, these materials were named 
Mn+1AXn phases, where M stands for a transition metal; A for A-group 
element; X for carbon and/or nitrogen and n is an integer from 1 to 3 
[1,2]. 

MAX phases have a laminated structure with a hexagonal lattice 
(P63/mmc) and a c

a higher than 3 [3]. MAX phases exhibit a brittle-to- 
ductile transition around 800 ◦C [2,4]. 

MAX polycrystals, fabricated by powder metallurgy, exhibit aniso-
tropic microstructure with grains being highly elongated in the Basal 
Plane (BP) direction [5]. It has been shown that the MAX polycrystal can 
be described as mixture of soft and hard grains leading to a high local 
concentration of non-uniaxial stresses at grain boundaries [6,7]. When 
MAX samples are subjected to load-unload cycles an intriguing behavior 
is observed: reversible hysteresis loops are recorded for a given loading 
axis [8]. This reversible hysteresis behavior can be explained by this 
microstructure anisotropy and the associated Bauschinger effect [9], i.e. 

within the classical framework of crystal plasticity in polycrystals [6]. 
Furthermore, nanoindentation experiments on single MAX phase grains 
seem to indicate that microstructural anisotropy cannot be solely 
responsible of the reversible hysteresis loops [10]. 

It has been argued that the formation of Kink Bands (KBs) in MAX 
phases is favored because mechanical twinning is excluded due to their 
high c

a [11–13]. However, this paradigm must be changed because of 
recent evidence of {1122} and {1121} deformation nanotwins in 
nanoindented-Ti2AlN [14]. Because of the high c

a rendering non-basal 
slip is energetically costly [13,15], Room-Temperature (RT) deforma-
tion involves 〈a〉-type dislocations (b = a

3 〈1120〉) gliding in (0001) BPs 
as single slip [12,16], forming large pile-ups and walls [12,17]. The 
walls may interact to form pairs of low-angle grain boundaries (or kink 
boundaries) [18,19]. Concerning Stacking Faults (SFs), they were 
observed in numerous MAX phases, but they originate from stacking 
errors in the layer sequence during synthesis [20]. Basal dislocations are 
expected to dissociate according to the reaction: 1

3 〈1120〉⇔ 1
3 〈1010〉 +

1
3 〈0110〉 + SF [15,21]. These partials are subjected to glide on BPs and 
they may contribute to the deformation process [20]. The value of the 
dissociation distance between both partials was estimated to be about 
0.6 nm [21]. The Stacking Fault Energy (SFE) has been computed to be 
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equal to approximately 0.6 J • m− 2 for MAX phases [15,22–24]. Addi-
tionally, numerous dislocation dipoles, alignments and nodes have been 
observed in RT-deformed Ti2AlN [16]. Such dislocation reactions result 
in the formation of cells [16]. Dislocations have been also observed to 
align along specific directions leading to segments with screw, 30◦, 60◦

or edge character, indicative of an elevated lattice friction [16,21]. In 
addition, out-of-basal-plane dislocations are observed in as-grown 
Ti4AlN3 [22] and in Ti3SnC2 [25]. At high temperature, it is observed 
that out-of-BP dislocations are not anecdotal events and therefore cross- 
slip plays a key role in the deformation [26,27]. This increase of avail-
able glide systems is likely to promote some ductility at high tempera-
ture. Note also that evidence of Frank partial 〈c〉-dislocations associated 
with a diffusion mechanism of Cu into Ti2AlC has been recently reported 
[28]. 

Despite numerous characterizations of dislocation configurations in 
MAX phases, the majority of literature is focused on the onset of plas-
ticity. Only few of them report detailed characterizations after sub-
stantial amount of plasticity [14,16,17,25,29]. MAX phases are brittle at 
RT. Thus, deformation set-ups coupled with confining pressure (gas or 
solid) are required to create a hydrostatic (or quasi-hydrostatic in the 
case of nanoindentation) confining pressure that hinders cracking and 
enables reaching enough plasticity. 

In this paper, we bring new insights on the dislocation configurations 
after RT severe plastic deformation. For this, Surface Mechanical Attri-
tion Treatment (SMAT), a Severe Plastic Deformation (SPD) technique 
that consists of numerous collisions of a peening media having random 
trajectories inside a confined chamber, has been used [30,31]. Burgers 
vectors and dislocation line directions are determined by Transmission 
Electron Microscopy (TEM). 

2. Materials and methods 

Fully dense Ti2AlC was synthesized by powder metallurgy as detailed 
in [32]. Briefly, 99.5 wt% purity powders of Ti, Al and TiC were mixed in 
stoichiometric proportions and pressure less sintered at 1400 ◦C. An 
additional 10 wt% of Al was added to the initial powder mixture to 
compensate evaporation. Then, the surface of the specimen was severely 
deformed by 3 min of SMAT using 100C6 Ø2 mm spherical shots set in 
motion by a sonotrode vibrating at 20 kHz with an amplitude of 40 μm. 
Detailed characterizations of the deformed surface are presented in [33]. 
A thin lamella was prepared perpendicular of the SMATed surface 
within one grain by Focused Ion Beam (FIB) using the in-situ lift-out 
technique in a dual-beam ThermoFisher Helios PFIB G4. Then micro-
structure analysis was carried out on the electron microscopy facility of 
the Advanced Characterization Platform of the Chevreul Institute, with a 
FEI® Tecnai G220Twin microscope, operating at 200 kV equipped with a 
LaB6 filament using Weak-Beam Dark Field (WBDF) technique and 
extinction diffraction condition technique. The technique of extinction 
diffraction condition consists in tilting the sample to select several 
diffraction vectors g which satisfy the relation g • b = 0 [34–38]. To 
improve these characterizations, dislocation contrasts were analyzed 
considering that the contrast is linked with g • b in WBDF conditions 
[37] (see Supplementary Materials for more details). 

3. Results 

3.1. Overview of dislocation configurations 

The microstructure of the Ti2AlC specimen (see Fig. 1) comes from 
the cross-section of the SMATed surface (the studied grain has been 
selected following electron channeling contrast analyses). This micro-
structure is rich (dislocation density of approximately 4.3 × 1013 m− 2) 
and complex, it shows many dislocations in interaction. Contrasts 
consistent with a dipole with a3 = 1

3 [1120] as Burgers vector is pointed 
out by two yellow arrows in the middle of Fig. 1. From the invisibility 

and contrast criteria, both dislocations have the same Burgers vectors 
with opposite signs as they mutually attract each other. The acquisition 
of a tilt-series (54 micrographs obtained with projected angles1 ranging 
from − 54◦ to 52◦ every 2◦) provides to an accurate measurement of the 
distance between both dislocations (see Supplementary Materials). Note 
that this distance is roughly estimated since the position of the dislo-
cation intensity peak of a WBDF micrograph is different from the real 
dislocation core position [38]. This resulting distance is 37.5 ± 2.5 nm 
(the uncertainty has been obtained considering the curve thickness in 
Supplementary Materials). 

Fig. 2 is a detailed zone of the center of Fig. 1 (we focus on the circle 
located on the far left) obtained for several diffraction vectors. Six WBDF 
micrographs obtained with six specific diffraction vectors are shown in 
Fig. 2 (the tilt-series has been acquired with g1 = (2110)). These mi-
crographs allow to determine Burgers vectors. Table 1 gives access to the 
different values of |g • b| for the six g and the expected b in MAX phases 
[16,19]. 

3.2. Dislocation dissociations 

The first configuration analyzed in this work is localized by the letter 
“B” in Fig. 2.a. It will be referenced as “B zone”. This configuration is 
composed of two parallel segments of dislocations. They are separated 
by 19.7 ± 0.8 nm between both dislocations. This is lower than the 
presumed dislocation dipole distance previously measured (37.5 ± 2.5 
nm), thus suggesting a dislocation dissociation, while two partial dis-
locations can be distinguished in Fig. 2.a; only one partial is visible in 
Fig. 2.b; and the other partial one in Fig. 2.c. From Table 1, |g • b| is 
equal to 1 with g1 (diffraction condition of Fig. 2.a) for the two partials 
p2 = 1

3 [1010] and p3 = 1
3 [1100]; comparatively, |g • b| is equal to 0 with 

g2 (diffraction condition of Fig. 2.b) for the partial p2 and equal to 1 for 
the partial p3, while it is equal to 1 with g3 (diffraction condition of 
Fig. 2.c) for the partial p2 and equal to 0 for the partial p3. Therefore, the 
dissociation reaction is consistent with: 

a1 ⇔ p2 + p3 + SF (1) 

Fig. 1. WBDF micrograph, obtained with 2110, revealing the dislocation 
microstructure of the SMATed Ti2AlC specimen, with a projection angle of 
− 20◦. A dislocation dipole is pointed out by two yellow arrows and four 
dislocation configurations (zone labelled “A”) are pointed out by yellow circles. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

1 A projection angle corresponds to the angle between the electron beam 
direction and the normal of the thin foil for a given tilt angle. 
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Fig. 2. Indexations of Burgers vectors. (a) WBDF micrograph obtained with 2110: the contrast of dislocation 4 is high, medium for dislocation 3, and weak contrast 
for dislocations 1 and 2; both partial dislocations of a dissociated dislocation (indicated by the letter “B”) are in contrast (pointed out by an orange asterisk and an 
orange disk); (b) WBDF micrograph obtained with 1210: only the partial dislocation pointed out by an orange disk is in contrast; (c) WBDF micrograph obtained with 
1120: only the partial dislocation pointed out by an orange asterisk is in contrast, and two partial dislocations are noted on dislocation 3 (indicated by the letter “A”); 
(d) WBDF micrograph obtained with 0113: dislocations 1, 2 and 3 are in contrast and dislocation 4 is out of contrast; both partial dislocations pointed out by the letter 
“B” on (a) are out of contrast; (e) WBDF micrograph obtained with 1103: dislocations 1, 2 and 3 are out of contrast and dislocation 4 is in contrast; both partial 
dislocations pointed out by the letter “B” on (a) are out of contrast, but only the stacking fault is in contrast (pointed out by an orange triangle); (f) WBDF micrograph 
obtained with 1013: dislocations 1, 2 and 3 are in contrast and an extended node is noticeable between these dislocations; both partial dislocations pointed out by the 
letter “B” on (a) are out of contrast. Zooms of dislocation 3 and zone “B” (pointed out by a yellow squares) are done on each micrograph. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
|g • b| for the six diffraction vectors used in this study.  

|g • b| g1 = (2110) g2 = (1210) g3 = (1120) g4 = (0113) g5 = (1103) g6 = (1013)

a1 =
1
3
[2110] 2 1 1 0 1 1 

a2 =
1
3
[1210] 1 2 1 1 1 0 

a3 =
1
3
[1120] 1 1 2 1 0 1 

p1 =
1
3
[0110] 0 1 1 2

3 
1
3 

1
3 

p2 =
1
3
[1010] 1 0 1 1

3 
1
3 

2
3 

p3 =
1
3
[1100] 1 1 0 

1
3  

2
3  

1
3   
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Since the plastic deformation of MAX phases operates predominantly 
through the glide of 1

3 〈2110〉 dislocations on basal planes [16,18,20], 
their dissociations occur in basal planes as well [21]. Indeed, the di-
rection of the dislocation line is along u = [1210] i.e. edge for p2, mixed 
with 30◦character for p3 and mixed with 60◦ character for a1. 

Using the same methodology, Fig. 2 shows another dissociation re-
action (pointed out with a white letter “A” in Fig. 2.c): 

a3 ⇔ p1 + p2 + SF (2) 

It will be referenced as “A zone”. Only one partial is visible in Fig. 2.a 
(diffraction condition: g1); the other partial in Fig. 2.b (diffraction 
condition: g2); and the two partials in Fig. 2.c (diffraction condition: g3). 
Considering the difference in contrasts in Fig. 2, note a priori that the 
partials (labeled 1 and 2) of the A zone tend to split up. By looking at 
values of |g • b| for g1 (see Table 1), several interpretations can be made: 
(i) |g • b| will be equal to 0, if partials p1 are assumed; (ii) those products 
will become equal to 1, if either partials p2 and p3 or perfects a2 and a3 
are considered; (iii) they will be equal to 2, if perfect dislocations a1 are 
expected. To summarize, there would be two different contrasts 
(ignoring the configuration where dislocations are out of contrast) on 
WBDF micrographs obtained with g1. 

Fig. 3 is an analysis of dislocation contrasts observed in the region of 

interest. Table 2 provides the value of the intensity peak I of the dislo-
cations labelled 1, 2, 3 and 4 (see Fig. 3) averaged over the tilt-series. 
The WBDF conditions, obtained with diffraction vector g1, are pre-
cisely maintained all over the tilt-series, as performed in previous works 
[40–42], perfectly aligning g1 with the principal axis of the sample- 
holder (i.e. the tilt axis). Three contrasts are clearly identified, since 
dislocations labelled 1 and 2 are weakly contrasted (the average value of 

Fig. 3. Contrast analyses of dislocations 1, 2, 3 and 4 (obtained with the sum of 50 profiles) in WBDF condition with 2110 for a: (a) projection angle of − 30◦; (b) 
projection angle of − 16◦; (c) projection angle of − 12◦; (d) projection angle of − 2◦; (e) projection angle of 8◦; (f) and a projection angle of 26◦. Each intensity is 
indicated in Table 2. 

Table 2 
Intensity peak maximums (averaged over 50 profiles) of the four dislocations 
labelled on Fig. 2 and Fig. 3, for several micrographs extracted from the tilt- 
series (the intensity peak maximum of dislocation 4 is fixed at 16).  

Extracted 
Micrographs 
From the tilt- 
series 

Dislocation 
1 
I / 

̅̅
I

√
(a.u.) 

Dislocation 
2 
I / 

̅̅
I

√
(a.u.) 

Dislocation 
3 
I / 

̅̅
I

√
(a.u.) 

Dislocation 
4 
I / 

̅̅
I

√
(a.u.) 

− 30◦ 0.9 / 1.0 1.0 / 1.0 4.6 / 2.2 16 / 4 
− 16◦ 1.2 / 1.1 0.9 / 0.9 4.8 / 2.2 16 / 4 
− 12◦ 1.3 / 1.1 0.7 / 0.8 4.2 / 2.0 16 / 4 
− 2◦ 1.3 / 1.1 0.7 / 0.8 3.1 / 1.8 16 / 4 
8◦ 1.4 / 1.2 0.9 / 0.9 4.8 / 2.2 16 / 4 
26◦ 1.4 / 1.2 0.9 / 1.0 3.6 / 1.9 16 / 4  
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̅̅
I

√
is 1); dislocation labelled 3 has a medium contrast (the average value 

of 
̅̅
I

√
is 2); and the dislocation labelled 4 is highly contrasted (the 

average value of 
̅̅
I

√
is 4). 

Moreover, a SF should be spread between dislocations 1 and 2 if they 
were partials. But, from Fig. 2.f (diffraction condition: g6), it can be 
clearly noticed an extended node between dislocations 1, 2 and 3. 
Additionally, using the invisibility and contrast criteria on dislocations 1 
and 2, such dislocations are perfect with a3 as Burgers vector (Fig. 2), as 
they are both in contrast with g1, g2 and g3 (with a higher contrast for 
g3), and out of contrast with g5 (see Table 1). Note that several similar 
configurations are identified (see yellow circles on Fig. 1). 

4. Discussion 

TEM micrographs unambiguously show that Ti2AlC was successfully 
plastically deformed. The wide varieties of dislocation directions and 
configurations are due to the solid confining pressure that closes cracks 
to the favor of the plasticity during SMAT [5,16]. Note that, under room- 
pressure condition, only the rise in temperature enables reaching sig-
nificant plasticity before intergranular failure [26,39]. Our TEM obser-
vations reveal that numerous dislocation interactions exist. More 
precisely, some configurations correspond to 〈a〉-dislocation dipoles, 
already reported in MAX phases [15] and 〈a〉-dislocation dissociations 
following the reaction 1

3 〈2110〉⇔ 1
3 〈1100〉+ 1

3 〈1010〉+ SF, as already 
reported in [23]. 

As mentioned earlier, the separation distance between both partials 
in the C zone is estimated to be equal to 19.7 ± 0.8 nm (see letter “C” on 
Fig. 2.a). This distance is out of the range of the calculated one reported 
in [21], which was estimated equal to ~0.6 nm. It is below the resolu-
tion of conventional TEM, where the resolution in WBDF is of the order 
of few nm. Therefore, both partials appear as one perfect dislocation. An 
explanation for this wider separation can originate in the fact that cal-
culations in [21] were carried out at 0 K, far from the current experi-
mental conditions. Although SMAT was carried out at RT, at the surface 
it is well established that there is some temperature rise due to the 
impact of the colliding media [43,44]. Local temperature rising has been 
modelled and estimated as high as 200 ◦C under the impact where 
deformation occurs [42]. Note that we neglect a possible Suzuki effect 
[45]. From this separation distance between both partials, it is possible 
to calculate the SFE (see Supplementary Materials). It gives: ~53 mJ •
m− 2. Note that this value is a rough estimation, since the tilt parameter 
(ω) is here lower than 5 (ω = 3.8), thus giving a non-quantitative value 
of the SFE [38,46]. Nevertheless, it has the advantage of providing an 

order of magnitude. 
Concerning the second dissociation observed in Fig. 2 (see letter “A”) 

or in Fig. 3, the observed contrasts are not consistent with a simple 
configuration of partials. Such configuration can be described as Basal 
Dislocation Pair (BDP), where dissociations occur on BPs. Fig. 4 sche-
matizes this configuration: two a3-perfect dislocations (labelled a3 and 
a′

3 in Fig. 4) are lying in two successive BPs (labelled (B) in Fig. 4), thus 
forming a BDP. Each a3 dislocation dissociates into two partials p1 and 
p2, both lying in their respective BPs (B). This results in the two couples 
{p1;p′

1} on one hand, and {p2;p′
2} on the other hand, are stacked on top 

of one another. Which can also be viewed as two zonal dislocations 
[15,47,48]. Such zonal dislocations were predicted in MAX phases by 
Plummer et al. [15], but they have not yet been reported experimentally 
in MAX phases. In addition, Plummer et al. concluded that BDP disso-
ciates as zonal dislocations over much larger distances compared with 
normal dissociation into partials [15], thus making them visible here by 
TEM. Then, the a3 dislocation crosses slip from the (B)-plane into 
another plan (P)-plane, while a′

3 remains on its (B)-plane. Note that 
cross-slip of 〈a〉-dislocations was already reported in the Ti2AlN MAX 
phase deformed at 900 ◦C [26]. Finally, since both {a3;a′

3} are not in 
zonal configuration anymore, their dissociation into p1 + p2 (or p′

1 +

p′
2) is not detectable by TEM, as discussed in [21]. 

5. Conclusions 

The large amounts of plastic strain reachable by this SPD technique 
gives access to original microstructures never observed before for MAX 
phases. In conclusion, the deformation microstructure of SMATed 
Ti2AlC was studied, giving new insights into the deformation 
mechanisms. 

Numerous dislocation interactions, such as presumed dipoles and 
dissociations of 〈a〉-dislocations were characterized. Moreover, evidence 
of zonal dislocations was brought. Interestingly, mechanical twinning 
was recently reported in MAX phases [14]. In addition, in several ma-
terials, some mechanisms suggest that mechanical twinning and zonal 
dislocations are strongly related to each other [47–50], and zonal dis-
locations can be viewed as the embryos of mechanical twinning. Such 
outcomes should be considered in the comprehension of the funda-
mental deformation mechanisms of MAX phases and more generally of 
nanolayered materials. 

Fig. 4. Schematic of the dissociation configuration (A zone) characterized in Fig. 2. (B) stands for basal plane and (P) for a non-basal plane. a3 and a′
3 are the two 

perfect dislocations, thus forming a BDP. They will dissociate into two partials: p1 + p2 and into p′
1 + p′

2 respectively. The two couples {p1;p′
1} and {p2;p′

2} are 
zonal dislocations. Then a3 crosses slip into (P), while a′

3 remains lying (B). 
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