Acta Materialia 257 (2023) 119136

ELSEVIER

Contents lists available at ScienceDirect
Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Full length article

The effect of orientation on the deformation behavior of Cr,AlC

J.T. Piirstl >, T.E.J. Edwards>”, F.D. Le6n-Cézares *, R.P. Thompson®, N.M. della Ventura ¢,

N.G. Jones®, W.J. Clegg*

2 Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Road, Cambridge CB3 OFS, United Kingdom
Y Laboratory for Mechanics of Materials and Nanostructures, EMPA, Swiss Federal Laboratories for Materials Science and Technology, Feuerwerkerstrasse 39, 3602

Thun, Switzerland
¢ Sandia National Laboratories, 7011 East Avenue, Livermore, CA 94550, United States

4 Department of Materials, The University of California, Santa Barbara, CA 93106, United States

ARTICLE INFO ABSTRACT

Keywords:

MAX Phases
Ceramics
Micromechanics
Non-Schmid
Dislocation Theory

The MAX phases are a group of ternary carbides and nitrides with potential for use in advanced high temperature
applications. Numerous studies have shown their main deformation mechanism to be basal plane slip, even in
extreme orientations, yet the fundamentals of this mechanism and dependencies on size and applied stress state
remain inconclusive. Based on similar studies in Ti3SiCy, Ti3AlC, and TioAlC, the current work investigated the
onset of basal plane slip as a function of loading orientation by compressing single crystal micropillars of CrpAIC.

The results suggest clear changes in the critical resolved shear stress with loading orientation (non-Schmid ef-
fects), and attempts were made to rationalize this behavior by comparison with models of dislocation activity. On
this basis, it is proposed that external influences on dislocation mobility are likely the governing factor in the
observed non-Schmid effects in the MAX phases.

1. Introduction

The MAX phases, where M is a transition metal, A is an A group
element and X is C or N, are a group of ternary carbides and nitrides with
layered hexagonal crystal structures [1]. They are well known for their
unusually high deformability that facilitates machinability and macro-
scopic deformation, whilst also retaining high hardness, high elastic
moduli, and good high temperature stability. With this combination of
properties, the MAX phases are widely regarded as attractive candidates
for advanced high temperature applications, for example in the nuclear
or aerospace industries [2-4].

Over the past two decades, numerous studies have focused on
gaining a full picture of the mechanisms that give rise to the ductility of
MAX phases [5-18]. Its origin was attributed mainly to the remarkably
easy slip along the basal plane with critical resolved shear stresses
(zcrss) of as low as 77 MPa [5,16], coupled with the formation of kinks
and similar structures that bend the crystal lattice [5-7,10,11,15,17-20].
Although other modes of plasticity have been reported under extreme
stress states [8,21], the bulk of deformation is facilitated by basal plane
shear and kink band formation, in both single crystals and
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polycrystalline samples [5,6]. However, the exact mechanisms under-
lying basal plane slip are still widely debated.

Several transmission electron microscopy (TEM) and ab initio studies
suggest basal plane dislocations with a Burgers vector § a (1120) to be
the most likely dominant deformation mechanism [12,15,22]. Yet, in
parallel, it has also been suggested that ripplocations, a completely
different mechanism, are the element underlying basal plane slip, in a
manner similar to other nanolayered structures such as mica [13]. This
theory could substantiate the model of unstable, or incipient, kink band
formation in MAX phases, which is believed by some authors to lie at the
origin of the fully reversible hysteresis observed in cyclic loading of
polycrystalline samples [6,13]. On this basis, ripplocations were also
proposed to lie at the origin of a dependency of the 7cgss on the loading
orientation, which was recently observed in micropillar compression of
Ti3AlC, and Ti2AlC [17,18]. However, experimental as well as compu-
tational evidence for the existence of ripplocations is scarce, and both
reversible hysteresis in MAX phases [11,23], and general changes of
7crss With a change in loading axis [24-26], can also be explained by
dislocation-based mechanisms.

A thorough understanding of MAX phase basal plane slip would not
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only be key to potentially facilitating the use of MAX phases in structural
applications but may also provide a promising starting point for the
development of similar toughened intermetallic-base materials for
future high temperature applications [14].

As such, this work aimed to extend the current understanding of
MAX phase deformation by basal plane slip through the compression of
single crystal micropillars of CrAlC. This approach allowed for basal
plane slip to be targeted without the need to grow large single crystal
samples, and facilitated direct comparison with other similar studies and
models of basal plane slip. The primary aim was to further investigate
the dependence of the critical resolved shear stress on the loading
orientation, whilst tests of different pillar sizes were carried out to
eliminate any effects of sample size [27]. On this basis, an approach is
proposed by which the measured critical resolved shear stress for basal
plane slip can be rationalized through dislocation mechanisms. The
choice of material not only complements similar studies conducted in
TizAlC, TizAlC, and TigSiCp, but may also aid ongoing assessments of
Cr,AlC for industrial application [28-30].

2. Methods

A high purity polycrystalline bar of CrpAlC was produced at the
Université de Poitiers through hot isostatic pressing (HIP) of elemental
powders in stoichiometric quantities at 1450 °C and 50 MPa for 8 h. An
outline of the processing procedure and the structural characterization
of the thus produced compound can be found in reference [31]. A
scanning electron micrograph (SEM) of the as-produced material,
revealing dense CrAlC grains with sizes ranging between 10 — 150 pm,
is shown in Supplementary Figure S1. SEM analysis in combination with
energy dispersive X-ray spectroscopy (EDS), also carried out at the
Université de Poitiers, show small amounts of Al;03 and Cr3C; impu-
rities accumulating along grain boundaries. A disk (~2 mm in height,
10 mm in diameter) was cut from the bar and parallel surfaces were
achieved by grinding with SiC paper (800 — 2500 grit). One surface was
subsequently polished using diamond suspensions (6 — 0.25 pm) and, in
the final step, a buffered colloidal silica (OPS) solution (pH 7, 0.04 pm).

Electron backscatter diffraction (EBSD) was performed in a ZEISS
GeminiSEM equipped with an Oxford Instruments Symmetry Detector,
using an acceleration voltage of 20 kV and a tilt angle of 70°. Orientation
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maps were generated using the AZtecHKL software (Oxford Instruments)
at a step size of 2 pm. Indexing of the Kikuchi patterns was carried out
based on the standard reference crystal parameters determined by
Jeitschko et al. [32] (a = 2.86 A, ¢ = 12.82 A), which are in accordance
with the crystallographic parameters determined in reference [31].
Further orientational analysis, including Schmid factor calculation, was
carried out using MTEX [33].

Cylindrical pillars for micro-compression testing were prepared
using annular focused ion beam (FIB) milling in an FEI Helios Nanolab
dual beam FIB/SEM, operated at 30 kV. Pillar preparation was carried
out in single grains in multiple steps with decreasing ion beam current to
optimize milling time whilst minimizing ion beam induced damage.
Pillars were fabricated with nominal diameters of 1, 2, 3.5, 5 and 7 pm.
The final milling step was carried out at 30 pA for the 1 pm pillar and 50
PA for all remaining pillar sizes, resulting in a reduction of the average
pillar taper to below 3°. To optimize the pillar-punch alignment [34], all
pillars were milled in the bulk of the chosen grains, so as to avoid any
etch rounding near grain boundaries that might have arisen during
sample preparation.

All pillars were compressed in situ using an Alemnis nanoindenter
within a ZEISS CrossBeam FIB/SEM. A 5 pm diameter flat punch was
used for compression of the 1 pm pillar, and a 10 pm diameter punch for
compressing all of the other pillar sizes (both obtained from Synton
MDP). Pillar compression was carried out in displacement control to a
maximum strain of 5%, at constant displacement rate corresponding to
an initial strain rate (normalized by pillar height) of 10 s,

3. Results

An EBSD map of the as-produced material is shown in Fig. 1. From
this information, several grains were selected for pillar milling to give a
range of different crystal orientations, with Schmid factors for basal
plane slip varying between 0.50 and 0.01. A summary of all pillar ori-
entations is provided in Supplementary Table S1. Pillars of all sizes were
prepared in high Schmid factor orientations (SF > 0.47) and a broad
range was fabricated in low Schmid factor orientations; either with the
basal plane almost parallel to the loading axis (e.g., Grain 11), or with
the basal plane approaching 90° to the loading axis (e.g., Grains 8, 9,
10).

Fig. 1. EBSD map with grains selected for micropillar investigation. The color scheme refers to inverse pole figure (IPF) coloring, with the reference color scheme
indicated in the inset. The selected grains and their crystal orientation are marked in the map.
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Fig. 2. Post compression images (a) — (d), slip directions activated (e) - (g) and load displacement curves (h) — (k) for pillars with varying orientation (representative
selection). (a),(e),(h) 1 pm pillar in Area 3 (Schmid factor 0.47). Activated slip directions are [1120] (SF 0.47) and [1210] (SF 0.29). (b),(),(i) 5 pm pillar in Area 7
(Schmid factor of 0.5). Activated slip directions are [1120] (SF 0.50). (c),(g),(j) 2 pm pillar in Area 9 (Schmid factor 0.13). Activated slip directions are [1210] (SF
0.13) and [1120] (SF 0.09). (d),(k) 2 pm pillar in Area 11 (Schmid factor 0.006); both, post compression image and loading curve suggest that the pillar bent during
compression.
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Table 1
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Orientational information, 6, and 7¢gss for pillars shown in Fig. 2. Orientational reference is stated by means of the miller indices of loading axis, the angle ¢ between
slip plane (0001) and loading axis, the angle 4 between slip direction (1120) and loading axis (for maximum SF) and the Schmid factor cosgcosi.

Crystallographic Loading Axis 9 () A0 Schmid factor for (0001)(1120) oy (MPa) 7crss (MPa)
1ym
Grain3 Pillarl [—-0.1488 —0.2455 0.3943 —0.1884] 35.27 55.13 0.47 964 + 7 453 + 3.3
2um
Grain9 Pillarl [-0.0170 —0.1378 0.1548 0.2236] 7.69 82.49 0.13 1210 + 8 157 + 1.04
Grainl1 Pillarl [0.0288 —0.6111 0.5823 0.0017] 89.57 27.61 0.01 - -
Sum
Grain7 Pillarl [-0.2389 —0.2524 0.4913 0.1619] 14.25 77.03 0.22 320 £+ 22 160 + 4.84

All compressed pillars deformed by basal plane slip, with exemplar
images shown in Fig. 2a-d. It was noted that the slip directions linked to
the highest Schmid factor were activated for most pillars as predicted,
but deviations were observed for some pillars with a smaller diameter
(1-2 pm) or low Schmid factor orientations (SF < 0.22). In these cases,
slip was observed to proceed along multiple slip directions. Examples of
compressed pillars are shown in Fig. 2e-g. The related zcrss were eval-
uated based on the highest Schmid factor orientations only.

Load displacement data for the compressed pillars shown in Fig. 2a-
d are given in Fig. 2h-k. Yield stresses (o,) for the onset of basal plane
slip were determined based on the method proposed in [35], where
individual load drops were selected for yield stress determination. The
primary indicator for selection was taken to be the displacements at
which load drop events occur, which were then compared to slip steps
formed in the pillar, in an attempt to create a pillar deformation history.
In particular, this approach should allow for any marked changes in
pillar cross section to be detected, for example where slip steps intersect
the top of the pillar, or where slip steps proceed along multiple slip di-
rections, such that subsequent stress calculations may be adjusted where
necessary. Slip through the pillar top may be expected at the start of the
loading cycle, as a consequence of initial alignment between punch and
pillar. Particles or misalignment between pillar top and punch surfaces
are likely causes of such deformation. Yield points were thus selected
after initial low load regions in the plastic regime of the loading curves.
The here stated o, are averages from all determined yield point-load
drop combinations selected from a given pillar, as also proposed pre-
viously [35].

The average o, and the related 7crgs for the (0001)(1120) slip sys-
tems with the highest Schmid factor are summarized in Table 1 for the
exemplary pillars stated. No values were considered for 2 pm Grain 11
Pillar 1, given that severe bending (and thus induced reorientation of the
basal plane) and the uncertainty of selecting a cross section for stress
conversion [35] renders the confidence of any stress calculation too low
for further analysis. Values for the remaining pillars are given in Sup-
plementary Table S1.

4. Discussion
4.1. Basal plane slip

Within the present work, the sole operating deformation mechanism
observed in all pillars was basal plane slip. No slip steps along any other
slip system were observed, nor were any other deformation mechanisms,
such as twinning, detected based on the morphologies of the deformed
pillars. This substantiates previous research, e.g., in reference [8], which
concluded that the shear stresses required for activation of slip on other
slip systems, or twinning, are markedly higher compared to basal plane
slip in the MAX phases. Such prevalence of basal plane deformation was
also reported for micro-compression testing in the MAX phases Ti2AlC
[17], TigSiCy [15], TisInC and Ti4AINg [10], where this was accompa-
nied by kinking, or fracture/delamination parallel to the basal plane.
The absence of any such failure in the current study may be associated
with the displacement-controlled indenter system employed (in

combination with small applied displacement rates), which avoids the
large strain bursts often observed with load-controlled indenter systems,
and hence excessive deformation and potentially catastrophic failure of
the pillar. It is noted that, as the pillar sizes in the above-mentioned
studies are comparable to those in the present study, size effects are
unlikely to explain the observed inhibition of kinking, fracture or
delamination.

4.2. Size effects

Plots of the critical resolved shear stresses necessary to activate basal
plane slip as a function of pillar size are shown in Fig. 3a and reveal a
distinct size effect in CrAlC. In line with previous observations in
numerous materials [27,36-46], the data in Fig. 3a may be described by
a power law relationship, which is commonly stated as:

Terss = Ad " (@)

where A is a constant, m is the power law exponent and d is the pillar
diameter.

Size effect data in Fig. 3a has been obtained from different pillar
orientations. These can be roughly grouped into three classes by Schmid
factor: high Schmid factor (SF > 0.47), medium Schmid factor (SF =
0.22) and low Schmid factor (SF = 0.13). Fig. 3b shows a fit of Eq. (1) to
pillars with a high Schmid factor. This approach is consistent with the
methodology most commonly used in the literature and enables com-
parison with early studies in fcc and bee metals [27,43]. The power law
exponent, m = 0.65, lies in the fcc metals range [41,43].

Further consideration of data in Fig. 3a reveals that the size effects
appear to vary with varying Schmid factor; in particular, the data for
pillars with medium Schmid factor (SF = 0.22) and low Schmid factor
(SF = 0.13) orientations is consistently lower than for the high Schmid
factor orientations (SF > 0.47). A quantitative reference of this effect is
further shown in Fig. 3b, considering data from medium Schmid factor
orientations, which gives a power law exponent m = 0.48. This indicates
a change in the size dependence of the high and medium Schmid factor
orientations. A similar observation was also made by Byer and Ramesh
[47] for basal plane slip activated in micropillar compression of another
hexagonal material, Mg, in comparable orientations.

A rationalization of the discrepancy in the size effects for different
grain orientations was attempted by assessing the parameters likely to
influence micropillar deformation behavior. For this purpose, the
single-arm dislocation source model of Parthasarathy et al. [48] was
employed, which is commonly used to explain the size-dependent
strength of micropillars [43,46]. This model is limited to micropillars
where deformation is facilitated by individual dislocation sources
(source-controlled behavior).

Parthasarathy et al. [48] predicted that the resolved shear yield
strength in micropillars can be estimated by

Tersscal = To + 71 + Ter (D) 2

where 7y denotes the friction stress (lattice resistance), 7t is a forest
(Taylor) hardening term and 7gy is the stress needed to operate a half
Frank-Read or single-arm dislocation source. Whilst 7o and 7r are
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nominally pillar-size independent, 7gg is taken as a bowing stress and,
thus, is a function of pillar dimensions,
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TFR = Of 2.1

/lmax

where a is a geometric factor, G is the shear modulus, b the Burgers
vector of the dislocation, and Amax is the average arm length of the
source. This latter value is generally taken to be the (on average) sta-
tistically longest, and thus weakest, source on a given slip plane in a
pillar with a given diameter.

As suggested in [48], Imax can be evaluated via the probability of
finding a source with length Anay in a (statistically valued) sample of slip
planes with their normal lying at an angle ¢ from the loading axis and
containing a sample of n randomly distributed pins within a pillar of
diameter D (or radius R), a homogeneously distributed total dislocation
density p,, height h and number of slip systems s, through:

R
n—1
Zmax = / |:1 - —H(R — Amax)(B — imax):|
nRB
0

x (ﬂ[(R — j'maxlz-;‘B(B - }bmax)]

)nﬁmaxdﬂmax (22)

where B = R/cosp. The number of pins, n, is determined by the mobile

dislocation density p,, =2 and the pillar dimensions, through n =
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Fig. 4. Determination of asymptotic stress values for high and medium Schmid
factor orientations, using a fitting function of the form y =y, + gx", where y
= yo equals Tpy, to be used in Eq. (3). SF > 0.47: ¢ = 317, n = -1.58; SF = 0.22:
g =169, n =-1.42.
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(b) size effect for varying pillar orientation.

10 Schmid factor orientations (Schmid factor =
0.22), to highlight the effect of a variation in

Whilst the model does not predict an obvious dependency of either 7,
or 7t on parameters other than G or b, it does suggest that 7pg is a
function of pillar orientation (zgr = f(¢)). To ascertain whether this
functional relationship may partly rationalize the experimental trends
observed in the current study, 7crss ca1(D) (Eq. (2)) was computed for all
tested orientations, assuming taper-free pillars with an aspect ratio of
2.75. 70+ 7r, pior as Well as @ were estimated for this purpose. An initial
estimate of 7o+ zr was facilitated through comparison with the
experimental results of the current study (Fig. 4), by taking

To + Tt = Thulk 3

based on the implied size-independence of these terms. The extraction of
this value can indeed be promoted by questioning on the determination
of the property volume element that governs the material and property
description; that is, the existence of a length scale or dimension above
which the value of stress remains constant. Small-scale testing per-
formed at varying length scales can be used to delve into this aspect,
empowering the extraction of the mentioned value. To this end, the
values of 7,y were associated to the asymptotic value of the stress
versus pillar diameter curve for each orientation. A specific fitting
function was used for evaluation: y =y + gx", with y = y, being tpyi.
The fitted power law function reveals a change in 7y, With Tpypigh =
151 £ 17 MPa predicted from the high Schmid factor orientations, and
Thulk medium = 119 £ 23 MPa for the medium Schmid factor pillars. Un-
fortunately, with synthesis routes being limited to hot isostatic pressing
or similar techniques, restricting the production of bulk single-
crystalline MAX phase samples, the availability of literature data for
comparison with the estimated values is limited. p,,, was estimated to 2
x 102 m'z, following the work of Lee and Nix [43]. This moderates
between the low dislocation densities observed in pristine MAX phase
samples [22,49-52] with the elevated dislocation densities observed in
FIB milled pillars [38,40,42,45]. As the geometric factor a is not linked
to a definite value [48], it is here used as a scaling factor to enable the
best fit between the model and the experimental data. A summary of all
material parameters used for computation is given in Supplementary
Table S2.

The results of the above computation are summarized in Fig. 5.
Fig. 5a and 5b show the fits of Eq. (2) using a as the fitting parameter.
For a dislocation density of 2 x 10'2 m a value of @ = 2.8 is obtained as
the best fit (Fig. 5b). However, none of the calculated fits can predict the
change in trends between high and medium Schmid factor orientations
observed experimentally. Shown in Fig. 5c is in particular the variation
of 7pg, as the only factor dependent on pillar orientation in Eq. (2);
contrary to the experimentally observed trends, 7gg increases marginally
with decreasing Schmid factor, due to the dependence of Ap,x on the
angle from the loading axis ¢ (Eq. (2.2)). The main factor determining
the experimentally observed variation in size effects is thus the variation
in 7pyk. Additionally, it was found that the trends observed in Fig. 3b
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could only be replicated if the term 7gg for medium Schmid factor ori-
entations were scaled by an additional factor A, such that 7gg medium = A
"j’mib A then obtained fit overlaps with the experimental data for A = 0.5,
as shown in Fig. 5d.

The need for this additional, non-physical factor A suggests that 7z
varies with crystal orientation in a manner that cannot be accounted for
by the orientational dependence of Ay alone. If it is assumed that the
single-arm dislocation source model suitably reflects the experimentally
observed deformation of CrAlC in the present study, then another
parameter of zcrsscal (G, b, @, 79 or 7r) must be a function of crystal
orientation. Of the parameters of 7gg it is most likely that a could be a
parameter that changes with orientation. Nevertheless, as shown in
Fig. 3b and implied in Eq. (3), 7pyx varies with crystal orientation, so it is
expected that one or both of 7y and 77 are dependent on orientation also.
On this basis, it may be argued that the predicted scaling of gz by A
might additionally reflect a change in material parameters, potentially
70.

4.3. Orientation effects

The evaluation of 7cpss from uniaxial testing is typically based on
Schmid’s law [53]. This is defined as 7rss = 04c0s@cosi, where o, is the
stress applied, mg = cosgcos/ is the Schmid factor, with ¢ as the angle
between the loading direction and the slip plane normal and A that be-
tween the loading and slip directions, and 7gss is the resolved shear
stress. At the time of yield, this gives

Tcrss = OyMi, ()]
from which the 7crss for a particular slip system is commonly regarded a
constant materials parameter. However, the data from the micropillar
results obtained here show clear deviations from Schmid’s law for the
7crss for basal plane slip in CroAIC. These are summarized as a function
of the Schmid factor in Fig. 6. As such, a change in 7crss with varying
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orientation is an observation that is not expected from classical uniaxial
mechanics, and hence is commonly referred to as non-Schmid behavior
[24,25,54,55]. Such non-Schmid behaviors may be rationalized
considering the effects of stress components other than the resolved
shear stress on slip. Two examples are the stress normal to the slip plane
(normal stress, 0,) and the shear stress acting on the plane perpendicular
to the Burgers vector (Escaig stress, 7).

Non-Schmid zcpss effects have recently been reported also for
micropillar compression of the MAX phases Ti,AlC [17] and TizAlC,
[18]. The authors principally associated these findings with a change in
the (compressive) stress normal to the slip plane, termed normal stress,

(5)
Zhan et al. [17,18] found that for both, TioAlC and Ti3AlCy, the 7cgss

Oy = 0yC08°.

Terss (MPa)

0.5

0 !
0 0.1

0.2 0.3 0.4
Schmid Factor cosg cosA (-)

Fig. 6. Variation of 7cgss with a change in Schmid factor for micropillar
compression of Cr,AIC.
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increased concomitantly with ¢,, and a functional relationship of the
form zcrss = 79 + ko, was proposed. Here, 7, refers to the intrinsic crit-
ical resolved shear stress for basal plane slip (i.e., the critical resolved
shear stress for pure shear, independent of a normal stress), and k is
termed a frictional coefficient. The authors did not expound a mecha-
nism behind the observed relationship, but a link was proposed between
the present relationship and earlier results obtained from cyclic loading
of MAX phases [6,13].

Normal stresses have been deemed responsible for non-Schmid ef-
fects also in several metals [54,56,57], where they are thought to orig-
inate from variations in the Peierls stress produced by a change in
interatomic spacings [58].

The relationship between the 7crss and the o, for the present study is
shown in Fig. 7a for pillars with diameters of 1, 2, 3.5 and 5 pm.
However, with the 7crss seemingly decreasing for increasing values of
o,, the trends observed by Zhan et al. [17,18] do not hold in the present
study.

Several TEM studies [9,15,22] have confirmed the presence of basal
plane dislocations in MAX phases. A dissociation of these dislocations
into Shockley partials on the basal plane, bounded by an intrinsic
stacking fault (ISF):

I . .
% a (1120) >3 @ (1010} +ISF+ a (0110) ®)

has been shown recently by both, energy considerations obtained by ab
initio studies [12,15], and HAADF-STEM [15].

By that means, another stress component that may have an influence
on the observed effects is the Escaig stress [59]. This is the shear stress
component that acts on the slip plane but perpendicular to the Burgers
vector, which at the time of yield is calculated as
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T = 6,COS(COSA,, )

where 1, is the angle between the direction within the slip plane and
normal to the Burgers vector, and the loading axis. While the Escaig
stress has no effect on a perfect dislocation, it exerts Peach-Koehler type
forces of equal magnitude but opposite directions on the individual
partials [60]. In particular, this may affect the width of the extended
stacking fault between partials, which has been argued to influence the
mobility of the dislocation [59]. Positive Escaig stresses are hereby
defined as those that promote an increase in the stacking fault width. In
hcep crystals, half of the basal planes experience positive Escaig stresses
while the other half experience negative ones for any non-zero Escaig
stress [61]. The magnitude of the Escaig stresses are reported in the
following analysis.

A complete partial decorrelation in CryAlC is unlikely due to the high
stacking fault energy (may be estimated to 0.5 - 1 J from calculations in
TipAIC [12] and TizSiCy [15]), yet small variations may be possible. The
relationship between the zcrss and the 7 for the present study is shown
in Fig. 7b. A decreasing 7crss with increasing 7g is apparent, similar to
the effect of o,.

The observed effects of ¢, and 75 on 7crss may be explained from a
perspective of dislocation motion. Where a dissociation into partials is
likely, both, an increasing o, and 7g can result in an increase in the
spacing between partials [60]; a widened dislocation core is obtained,
decreasing the Peierls stress [62,63].

Nevertheless, from studies of non-Schmid effects in L1, ordered
structures and bcc metals, non-Schmid effects may also arise from the
structure of the dislocation cores [24,26]. It is noted that Peierls analysis
assumes a planar dislocation core. However, recent studies by Plummer
et al. [64] via molecular dynamics in Ti3AlC, suggest a more complex
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Fig. 7. Relationships between pillar strength (zcrss) per size on stress components other than the resolved shear stress. (a) 7crss as a function of the stress normal to
the slip plane, ,. (b) 7crss as a function of the Escaig stress, i.e., the shear stress within the slip plane normal to the Burgers vector, 7g.
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O M (Cr, Ti)
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Fig. 8. MAX Phase unit cell with stoichiometry M,AX, divided into M-A and M-
X regions parallel to the basal plane. Basal plane dislocations glide between M
and A (in the M-A layer), but are bounded by the (stronger) M-X layers.

dislocation structure in the MAX phases — in particular with dislocation
pairs having been predicted as the stable dislocation configuration.
While edge basal dislocation pairs appear planar, screw basal dislocation
pairs partially extend onto the pyramidal planes, likely reducing their
mobility. In bee transition metals [26], or L1, alloys [24] non-planar
screw dislocation cores may rearrange with an increase in g, resulting
in a more planar configuration. As no changes in core structures have
been observed for 6, up until 3 GPa in the MAX phases [64], the screw
dislocation core may be equally altered by the influence of 5.

Importantly, any of the above effects do not mutually exclude the
discrepancies observed between TisAlC/TizAlC; and CryAlC. Basal plane
slip in the MAX phases proceeds between the M and A layers [12,15]: the
extent of a non-planar dislocation core into the pyramidal planes is thus
bounded by the CrC and TiC layer respectively (Fig. 8). The Ti-Al and
Cr-Al layers show differences in bonding [65,66], hence the extent of
any non-planar dislocation component onto the pyramidal plane may
differ between compositions for a given basal plane inclination with
respect to the loading axis. In TipAlC/Ti3AlCy, this extent may be pro-
nounced, resulting in decreased dislocation mobility on the basal plane
(increased 7crss) as the basal plane normal rotates towards the loading
axis (which geometrically corresponds to increasing oy,); in CrpAlC it
may be however less pronounced, making other effects more dominant,
such as an increased partial separation. Indeed, an additional compo-
sitional variation resides in the different stacking fault energy (which
determines partial separation), and its dependency on externally applied
pressure, for Cr-Al versus Ti-Al. A large increase in partial separation
may be possible in CroAlC, whereby it may be limited in TizAlCy/TioAlC.
Confirmation of the above effects remain matter of future investigations,
as further ab initio analysis is required in all studied compositions.

Unfortunately, it is geometrically impossible to fully decouple the
effects of the normal and Escaig stresses within uniaxial testing.
Considering all possible stress states for uniaxial compression as pre-
dicted by the Mohr’s circle, and recalling that the resolved shear and
Escaig stress are the orthogonal components of the shear stress 7 on the
slip plane (2 = 7255+ 72) [67], the following expression is readily
obtained:

Terss + T = On (0~ ‘7")' ®)

The coupling between different stress components, in particular o,
and 7cgss, has already been noted by Barendreght and Sharpe [54], who
instead tested under biaxial load to superimpose normal stresses for
evaluation of non-Schmid effects in Zn. Consequently, to fully under-
stand the nature of MAX phase deformation, we propose that further
experimental investigation of the observed non-Schmid behavior must
be able to establish effects of the normal and Escaig stresses indepen-
dently, for example through the use of a pure shear setup.
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5. Summary and Conclusions

Basal plane slip is widely observed to lie at the origin of the signif-
icant deformability of MAX phases, yet aspects of its operating mecha-
nism remain inconclusive. The current work aimed to enhance our
understanding of the dependence of 7crss with loading orientation
through single crystal micropillar compression of a CroAlC MAX phase.
The main findings were:

- Basal plane slip was observed as the only deformation mechanism
regardless of pillar size and crystal orientation.

The measured 7crss showed an orientational dependence suggesting
non-Schmid behavior, in line with recent observations in the Ti3AICy
and Ti;AlC MAX phases.

A distinct size effect was measured, but this also appeared to be a
function of orientation, which again implies non-Schmid behavior.
However, the current results do not show the same relationship be-
tween 7crss and the normal stress across the slip plane (o,) that has
been previously used to rationalize non-Schmid behavior in Ti;AlC
and TigAng.

- Alternatively, we propose a combination of normal stresses (stress
normal to the slip plane) and Escaig stresses (stress perpendicular to
the slip direction), versus a possible extension of dislocation cores
onto pyramidal planes as a function of local compositional variation
in the MAX phases, as possible origin of the observed behavior. In
particular, we suggest that these factors influence the mobility of
basal plane dislocations and the partials they dissociate into, through
variation in dislocation core structure and changes in the extended
stacking faults between partials.

The results prompt further investigation by means of atomistic
studies of different MAX phase compositions under varying stress
states. Additional experimental investigation of these effects will
require different methodologies, such as pure shear testing, to enable
the influence of the normal and Escaig stresses to be resolved
independently.
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