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a b s t r a c t 

In this work, we investigate the effect of atomic stacking on non-classical (non-Schmid) crystallographic 

slip in a class of atomically layered ternary carbides referred to as MAX phases with general formula 

M n + 1 AX n , where the value of n represents the stacking sequence. To this end, we have carried out com- 

pression tests on single crystal micropillars of Ti 3 AlC 2 with a range of crystallographic orientations and 

compared the results with that of Ti 2 AlC. Our results show that similar to Ti 2 AlC, Ti 3 AlC 2 also exhibits 

non-classical crystallographic slip, wherein the crystallographic slip depends on both the resolved shear 

stress and the stress normal to the slip plane. However, for crystallographic slip, the intrinsic critical re- 

solved shear stress in Ti 3 AlC 2 is greater than Ti 2 AlC, while the frictional resistance in Ti 3 AlC 2 is smaller 

than Ti 2 AlC. The implications of these findings on the macroscopic response of polycrystalline aggregates 

of these two MAX phases is also discussed. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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MAX phases are a family of ternary carbides and nitrides with 

eneral formula M n + 1 AX n , where n ranges from 1-3, M is an early 

ransitional metal, A is mostly an element from groups 13-16, and 

 is carbon or nitrogen [ 1 , 2 ]. MAX phases have hexagonal crys-

al structure (space group P63/mmc), where M elements are close 

acked, the X atoms fill in the octahedral sites to form M 6 X- oc-

ahedra in the M n + 1 X n layers that are interleaved with A layers 

1] . Different values of n in the formula represents the stacking 

equence of MAX phases; for example, when n = 1, one M n + 1 X n 

ayer (or two M layers) separate the A layers and so on. Due to 

he unique layered crystal structure and a combination of atomic 

onds within it, MAX phases are endowed with useful properties 

uch as good thermal stability, high specific stiffness, good machin- 

bility, thermal and electrical conductivity, thermal shock resis- 

ance and damage tolerance, while some are also oxidation resis- 

ance [ 1 , 3 ]. 

Until recently our understanding of the mechanical behavior 

f MAX phases was solely based on the mechanical testing of 

heir polycrystalline aggregates. Numerous studies on polycrys- 

alline MAX phases showed that unlike their counterpart binary 

arbides (MX), MAX phases, even at room temperature, behave in 

seudo-ductile manner due to crystallographic slip on basal slip 

ystems [4–8] and kinking [6–13] . The studies on polycrystalline 

AX phases have also highlighted the strong influence of the mi- 

rostructural features such as grain morphology and size [ 11 , 12 , 14 ].
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E-mail addresses: mradovic@tamu.edu (M. Radovic), ankit.sri@tamu.edu (A. Sri- 

astava). 

t

r

T

ttps://doi.org/10.1016/j.scriptamat.2020.113698 

359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
n particular, it has been shown that textured polycrystalline MAX 

hases at room temperature can exhibit very ductile response un- 

er compression with strain to failure exceeding 10% [8] . Thus, 

t is important to understand the single-crystal level mechanical 

esponse of MAX phases. Recent, micropillar compression experi- 

ents have enabled us to study crystallographic slip on the single 

rystal level, which is challenging to deconvolute from mechani- 

al testing of polycrystalline aggregates due to simultaneous ac- 

ivation of multiple mechanisms as well as the strong effect of 

he microstructural parameters on stress distribution in polycrys- 

als [ 11 , 12 , 14–17 ]. 

Early micropillar compression tests on Ti 2 InC [15] , Ti 4 AlN 3 

15] and Ti 3 SiC 2 [16] MAX phases have shown that depending on 

he crystallographic orientation the material either undergoes basal 

lip or cleavage, wherein the onset of yielding due to basal slip was 

ound to be extremely orientation dependent. More recently, Zhan 

t al. [17] carried out extensive micropillar compression tests of 

i 2 AlC MAX phase and showed that unlike in the case of most ma- 

erials that obey a classical Schmid law, the critical resolved shear 

tress ( τCRSS ) for the onset of basal slip in Ti 2 AlC is highly orienta-

ion dependent. This non-classical orientation dependence of τCRSS 

n Zhan et al. [17] was attributed to the strong effect of the pres-

nce of stress normal to the basal plane ( σnorm 

) on the onset of 

asal slip. The dependence of τCRSS on σnorm 

was shown to follow, 

CRSS = k σnorm 

+ τ0 , with the value of k characterizing the fric- 

ional resistance for basal slip and τ0 being the intrinsic critical 

esolved shear stress for basal slip. 

The recent observation of non-classical crystallographic slip in 

i AlC MAX phase raises a fundamental question: How does the 
2 
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Fig. 1. (a) EBSD inverse pole figure (IPF) maps showing the microstructure of 

Ti 3 AlC 2 MAX phase wherein the dotted circles mark the location of micropillars 

that were milled from these grains. (b) The associated color-coded stereographic 

triangle wherein the crystallographic orientation of the grains from which the mi- 

cropillars were milled are marked. (c) A selected but typical SE-SEM image of an 

as-milled micropillar. 

Table 1 

Euler angles ( ϕ 1 , φ, ϕ 2 ) and maximum Schmid factor for 

{ 0 0 01 }〈 11 ̄2 0 〉 slip system for all the micropillars. 

Micropillars Max. Schmid Factor Euler Angles 

ϕ 1 φ ϕ 2 
1 0.34 119.0 o 66.7 o 19.6 o 

2 0.49 157.0 o 129.0 o 6.2 o 

3 0.46 37.0 o 55.6 o 11.1 o 

4 0.28 96.5 o 162.0 o 42.7 o 

5 0.32 176.5 o 159.8 o 1.3 o 

6 0.38 96.2 o 25.2 o 51.4 o 

7 0.45 116.3 o 51.7 o 21.9 o 

8 0.42 48.7 o 118.7 o 0.8 o 

9 0.50 86.0 o 134.3 o 3.3 o 

10 0.24 51.8 o 165.6 o 58.6 o 

11 0.27 83.7 o 160.8 o 30.0 o 
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tomic stacking affect the non-classical crystallographic slip in 

AX phases? To answer this question, herein, we analyzed the ef- 

ect of the atomic stacking of MAX phases on crystallographic slip 

y carrying out a series of micropillar compression tests of Ti 3 AlC 2 

AX phase and comparing them to those reported for Ti 2 AlC [17] . 

he major difference between these two MAX phases lies in their 

tomic stacking: in Ti 2 AlC one layer of Ti 6 C octahedra are sepa- 

ated by a single atomic Al layer, while in Ti 3 AlC 2 two layers of

i 6 C octahedra are separated by a single atomic Al layer. These 

luminum-based MAX phases are some of the most promising 

tructural materials for high temperature applications due to their 

igh oxidation resistance provided by self-forming Al 2 O 3 layer [18–

0] . Our results show that Ti 3 AlC 2 also exhibits non-classical crys- 

allographic slip as Ti 2 AlC, however, with higher intrinsic critical 

esolved shear stress and smaller frictional resistance when com- 

ared to Ti 2 AlC. So that even for the same set of crystallographic 

rientations, a Ti 3 AlC 2 crystal is not always plastically harder or 

ofter than the corresponding Ti 2 AlC crystal. 

In this work, fully dense polycrystalline Ti 3 AlC 2 sample was sin- 

ered by pulsed electric current sintering following a procedure 

escribed in detail in ref. [21] . Ti 3 AlC 2 bulk sample was then an-

ealed in a tube furnace at 1300 °C for 48 h to obtain large grains.

ubsequently, the sample was ground and polished up to 0.1 μm 

iamond suspension and fine polished with 0 . 025 μm colloidal 

ilica. The polished specimen surface was characterized by Elec- 

ron Backscattered Diffraction (EBSD) with a spatial resolution of 

1 . 5 μm (FERA-3, Tescan) to determine crystallographic orienta- 

ion of the grains in selected areas. Next, micropillars were milled 

rom large individual grains of known crystallographic orientations 

sing 30 keV Ga source Focused Ion Beam (Lyra-3, Tescan). The 

nal micropillars had top diameter of ≈ 10 μm and height of 

20 μm with average vertical taper < 5 o . Micropillar compres- 

ion test in air and at room temperature were then carried out 

sing a nanoindenter (Hysitron TI 950) equipped with a 20 μm 

iameter diamond flat punch. The compression tests were carried 

ut in force-controlled mode with 0.3 mN/s loading rate. The mi- 

ropillar dimensions and the loading conditions are same as in ref. 

17] . The load – displacement data obtained from the nanoinden- 

er were converted to engineering stress – strain curves, where the 

ngineering stress was calculated by normalizing the load with av- 

rage micropillar diameters taken at the top and the mid-section. 

he deformed structures of the micropillars were also character- 

zed by Scanning Electron Microscopy (SEM) in Secondary Electron 

SE) mode (FERA-3, Tescan). 

Several micropillars were milled from large grains of Ti 3 AlC 2 

pecimen. The locations of different micropillars are marked on 

he EBSD maps and the associated color-coded stereographic tri- 

ngle in Figs. 1 (a) and (b), respectively, and a selected but typi- 

al as-milled micropillar is shown in Fig. 1 (c). The crystallographic 

rientation in terms of Euler angles ( ϕ 1 , φ, ϕ 2 ) of all micropillars 

re given in Table 1 . In MAX phases only two independent basal 

lip systems, { 0 0 01 }〈 11 ̄2 0 〉 , are operative and accordingly the max-

mum Schmid factor, μα
max = max ( | μα| ) , (where μα is the Schmid 

actor for αth basal slip system) for all micropillars are estimated 

s in ref. [17] and are given in Table 1 . The maximum Schmid fac-

or for basal slip system for all the micropillars considered in this 

ork vary in the range 0.24 to 0.50. 

The engineering compressive stress-strain curves for selected 

icropillars are shown in Fig. 2 (a). The numbers marked on the 

gure are consistent with the micropillar numbers in Fig. 1 and 

able 1 . Some of the micropillars such as micropillars 2, 6 and 

 were deformed to a compressive strain more than 2.5% and 

ost-deformation SEM image of these micropillars are shown in 

igs. 2 (c)-(e). The post-deformation SEM images of the micropil- 

ars confirm that the micropillars of Ti 3 AlC 2 under compression de- 

orm by crystallographic slip on multiple parallel slip planes. The 
2 
ompressive deformation of other micropillars such as micropillars 

, 5 and 9 were interrupted within 2.5% strain. The compressive 

tress-strain response of all tested micropillars have three charac- 

eristic stages. Initially, the stress-strain response of the micropil- 

ars is linear and with continued deformation the stress-strain re- 

ponse deviates from the linearity which marks the onset of yield- 

ng, Fig. 2 (b). Post-yielding, the stress-strain response shows brief 

eriod of hardening that eventually saturates with continued de- 

ormation. The onset of yielding i.e. yield stress ( σ0 ) from the 

tress-strain response of micropillars is identified as the 0.015% off- 

et of the average slope of the initial linear portion as shown in 

ig. 2 (b). For micropillar 4, σ0 ≈ 177 MPa while for micropillar 9, 

0 ≈ 56 MPa . These lead to a critical resolved shear stress, τCRSS = 

0 × μα
max , value of ≈ 49 . 7 MPa for micropillar 4 and ≈ 27 . 9 MPa 

or micropillar 9. Thus, the value of τCRSS for Ti 3 AlC 2 is different for 

ifferent crystallographic orientations, which confirms that simi- 

ar to Ti 2 AlC [17] , the crystallographic slip in Ti 3 AlC 2 does not fol-

ow the classical Schmid’s law. Note that the classical Schmid’s law 

tates that the value of τCRSS is a material property and is not de- 

endent upon the crystallographic orientation. 

Next, we compare the stress-strain response of micropillars of 

i 3 AlC 2 and Ti 2 AlC MAX phases with similar crystallographic ori- 

ntations. The stress-strain response of two pairs of micropillars 
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Fig. 2. (a) The engineering compressive stress-strain curves for selected micropillars. The crystallographic orientation of the numbered micropillars are given in Table 1 . 

(b) Early stage of engineering compressive stress-strain curves showing the onset of yielding in the stress-strain response of three micropillars. The dash-dot lines in (b) mark 

the initial linear portion of the stress-strain curves. SE-SEM images of the deformed micropillars milled from (c) grain number 2, (d) grain number 6 and (e) grain number 7. 

Fig. 3. A comparison of the engineering compressive stress-strain response of Ti 3 AlC 2 and Ti 2 AlC micropillars with maximum Schmid factor for basal slip systems (a) ≈ 0 . 5 

and (b) ≈ 0 . 32 . The crystallographic orientation in terms of Euler angles (in degrees) of each micropillar is also given in the figure. The stress-strain response of Ti 2 AlC 

micropillars are reproduced from the work of Zhan et al. [17] . 
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f Ti 3 AlC 2 and Ti 2 AlC with crystallographic orientations that re- 

ult in roughly the same maximum Schmid factors for basal slip 

re compared in Fig. 3 . In Fig. 3 (a), the maximum Schmid fac-

or is ≈ 0 . 49 for the Ti 3 AlC 2 micropillar (micropillar 2) while it is

0 . 5 for the Ti 2 AlC micropillar (micropillar Y1 in ref. [17] ). From

he stress-strain curve in Fig. 3 (a), the yield stress is ≈ 65 . 7 MPa

or the Ti 3 AlC 2 micropillar which is higher than the yield stress 

f ≈ 39 MPa for the Ti 2 AlC micropillar. Similarly, in Fig 3 (b), the 

aximum Schmid factor is ≈ 0 . 32 for the Ti 3 AlC 2 micropillar (mi- 

ropillar 5) while it is ≈ 0 . 31 for the Ti 2 AlC micropillar (micropillar

1 in ref. [17] ). However, unlike the high Schmid factor case, for 

his relatively lower Schmid factor case, yield stress for the Ti 3 AlC 2 

icropillar is ≈ 145 . 5 MPa which is lower than the yield stress of 

245 . 6 MPa for the Ti 2 AlC micropillar. 

From the micropillar compression tests of Ti 2 AlC MAX phase in 

han et al. [17] it was shown that Ti 2 AlC follows non-classical crys- 

allographic slip wherein the basal slip is not only dependent upon 

he resolved shear stress, τRSS , but also on the stress acting normal 

o the basal plane, σnorm 

, Fig. 4 (a). This in turn leads to the crit-

cal resolved shear stress, τCRSS , required to initiate basal slip be- 

ng dependent upon σnorm 

such that τCRSS = k σnorm 

+ τ0 , where 

 is the frictional coefficient for the basal slip and τ0 is the in- 

rinsic critical resolved shear stress for basal slip. Following this 

odel, we plot in Fig. 4 (b) the variation of τCRSS with σnorm 

for 

ll the Ti 3 AlC 2 micropillars considered in this work together with 

he results for the Ti AlC micropillars from ref. [17] . In Fig. 4 (b),
2 

3 
CRSS = σ0 cos φcos λ and σnorm 

= σ0 cos 2 φ, where φ is the angle be- 

ween the basal plane normal and the loading direction, λ is the 

ngle between the active slip direction and the loading direction, 

nd σ0 is the 0.015% offset yield strength for the micropillars of 

oth Ti 3 AlC 2 and Ti 2 AlC. As shown in Fig. 4 (b), similar to Ti 2 AlC,

he variation of τCRSS with σnorm 

for Ti 3 AlC 2 can also be repre- 

ented as τCRSS = k σnorm 

+ τ0 , with frictional coefficient for the 

asal slip, k = 0 . 20 , and the intrinsic critical resolved shear stress,

0 = 19 . 6 MPa . This shows that both Ti 3 AlC 2 and Ti 2 AlC quali-

atively follow a non-classical mechanism of crystallographic slip. 

owever, due to the difference in their atomic stacking, quanti- 

atively, the frictional coefficient for the basal slip in Ti 3 AlC 2 is 

oughly 28 . 6% smaller than that in Ti 2 AlC while the intrinsic criti- 

al resolved shear stress for the basal slip in Ti 3 AlC 2 is roughly 42%

reater than that in Ti 2 AlC. 

Prior works on polycrystalline aggregates of MAX phases have 

lso shown that their mechanical properties and hysteretic re- 

ponse under cyclic loading does significantly depend on the 

tomic stacking. For example, it has been shown that the Ti 3 AlC 2 is 

tiffer than Ti 2 AlC [22–24] , and for comparable grain sizes Ti 3 AlC 2 

as slightly higher compressive strength than Ti 2 AlC [ 11 , 21 ]. While

nergy dissipation under cyclic loading i.e. the size of the hys- 

eretic loop is shown to be greater for Ti 2 AlC compared to Ti 3 AlC 2 

25] . The initial yield point of a polycrystalline aggregate is largely 

ontrolled by the onset of crystallographic slip in the grains that 

re oriented for easy slip. Thus, our finding that the intrinsic value 
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Fig. 4. (a) A schematic showing applied uniaxial compressive stress, σ , on a cylindrical specimen, resultant normal stress, σnorm , acting on the slip plane with plane normal 

inclined at an angle φ to the compression axis and resolved shear stress, τRSS , acting on the same slip plane in the slip direction with angle of inclination λ with respect 

to the compression axis. (b) The variation of critical resolved shear stress, τCRSS , (i.e. the value of τRSS at the onset of yielding in the stress-strain response of micropillars), 

with σnorm for both Ti 3 AlC 2 and Ti 2 AlC micropillars. The data for Ti 2 AlC are reproduced from the work of Zhan et al. [17] . 
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f τCRSS i.e. the value of τ0 is greater for Ti 3 AlC 2 compared to 

i 2 AlC, to an extent, rationalizes the observed difference in the 

trength levels of these two MAX phases. On the other hand, the 

ysteretic response of MAX phases during loading-unloading cy- 

les is associated with reversible plastic flow due to continual 

uildup and relaxation of large incompatibility stresses in the ma- 

erial [ 26 , 27 ]. In line with this micromechanism, our finding that 

he value of k which represents the frictional resistance for the 

asal slip is greater for Ti 2 AlC compared to Ti 3 AlC 2 , to an extent,

ationalizes the greater energy dissipation under cyclic loading for 

i 2 AlC compared to Ti 3 AlC 2 . 

In summary, we have shown that Ti 3 AlC 2 also exhibits non- 

lassical crystallographic slip as Ti 2 AlC, however, with higher in- 

rinsic critical resolved shear stress and smaller frictional resis- 

ance when compared to Ti 2 AlC. Although, the primary difference 

etween Ti 2 AlC and Ti 3 AlC 2 is the number of layers of Ti 6 C oc-

ahedra that are separated by an atomic layer of Al, the differ- 

nce in the number of Ti 6 C octahedra layers also affects the Ti- 

l bonds in Ti n + 1 AlC n [28–30] . Thus, in MAX phases where the 

rystallographic slip is postulated to predominantly occur between 

he weakly bonded M-A layers [31] , it is not surprising that the 

tomic stacking affects the crystallographic slip in these materials. 

evertheless, the effect of atomic stacking on the nature of the 

on-classical crystallographic slip in Ti n + 1 AlC n MAX phases was 

ot at all intuitive a priori. The effect of atomic stacking on the 

on-classical crystallographic slip presented here (to some extent) 

lso rationalizes the observed differences in yielding under mono- 

onic loading and hysteretic response under cyclic loading of poly- 

rystalline aggregates of the two MAX phases. We note that the 

on-classical crystallographic slip (violation of Schmid’s law) has 

een previously observed in bcc metals [32–36] due to non-planar 

preading of screw dislocation core in the presence of stresses 

ther than the resolved shear stress [35] as a possible atomic-scale 

echanism. At present, however, the atomic-scale origin of non- 

lassical crystallographic slip in MAX phases is not clear and we 

ope that our results will instigate future works in this direction. 
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