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ABSTRACT

Herein, we report on mechanical deformation of single-crystal Ti,AIC MAX phase using compression
testing of micropillars with a range of crystallographic orientations. Our results show that depending
on the crystallographic orientation, the Ti; AIC micropillars either undergo only non-classical (non-
Schmid) crystallographic slip, non-classical crystallographic slip followed by cleavage or cleavage
without any appreciable crystallographic slip. The non-classical crystallographic slip is found to be a
result of the strong dependence of crystallographic slip on both, the resolved shear stress and the

stress normal to the slip plane.
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This work elucidates single-crystal level non-classical deformation mechanism(s) of a MAX phase and
unravels the observed extreme plastic anisotropy of MAX phases.

Introduction

A family of ternary carbides and nitrides with the gen-
eral formula M,,+1AX,,, where M is an early transitional
metal, A is mostly from groups 13 to 16, X is carbon or
nitrogen and n varies from 1 to 3, are referred to as MAX
phases [1]. These are lightweight, stiff, thermodynam-
ically stable and refractory, like ceramics, but damage-
tolerant, (pseudo) ductile at elevated temperatures and
readily machinable, like metals [2,3]. Many of the unique
properties of MAX phases are attributed to their nanolay-
ered hexagonal crystal structure, where M elements are
close-packed with X atoms in the octahedral sites and
My 11X, layers are interleaved with A layers [3]. How-
ever, the nanolayered hexagonal crystal structure renders
MAX phases extreme plastic anisotropy and they lack
five independent slip systems needed to accommodate an
arbitrary shape change [3,4].

While MAX phases have only two independent basal
slip systems [5-7], the existence of additional defor-
mation and failure mechanisms facilitated by their

nanolayered structure distinguishes them from other
materials with an insufficient number of slip systems.
The weakly bonded MX-A interlayers in the MAX
phases not only facilitate crystallographic slip but also
cleavage, buckling of layers, ripplocations and kinking
[3,4,8-12]. All these additional deformation and failure
modes of MAX phases also contribute to their anisotropic
mechanical behavior. Indeed, textured polycrystalline
MAX phases in compression exhibit ductile response
even at room temperatures with strain to failure exceed-
ing 10% [13]. Thus, it is important to understand the
single-crystal level mechanical response of MAX phases
to unravel the observed extreme plastic anisotropy of
polycrystalline MAX phases at macroscale.

Several attempts have been made to characterize
the single-crystal level mechanical response of MAX
phases using nanoindentation [9-11,14,15]. However,
the indentation experiments by nature are extremely
non-linear and the stress-strain state during indenta-
tion are quite complex. A more direct approach to
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characterize the single-crystal level mechanical response
of a polycrystalline material is using micropillar com-
pression tests [16]. In this approach, micropillar speci-
mens are milled from individual grains and are
subsequently deformed under uniaxial compression with
a flat-punch nanoindenter. Recently, limited micropil-
lar compression tests of TiInC [17], Ti4AIN3 [17] and
Ti3SiC, [18] MAX phases have been carried out. These
tests have shown that under circumstances where crystal-
lographic slip is not restricted, basal slip is the only oper-
ative deformation mechanism in MAX phases. Building
on these recent works, here we carry out an exhaustive
micropillar compression tests of Ti; AIC MAX phase with
a wide range of crystallographic orientations.

Out of most MAX phases, Ti, AIC is one of the most
promising materials for structural applications in air
and humid environments at high temperature, due to
its high oxidation resistance provided by self-forming
Al O3 protective layer [19]. Our micropillar compression
test results show that depending on the crystallographic
orientation, Ti;AIC MAX phase either undergoes only
non-classical crystallographic slip, non-classical crystal-
lographic slip followed by cleavage or cleavage without
any appreciable crystallographic slip. We note that non-
classical crystallographic slip, i.e. violation of Schmid’s
law has been readily observed in bcc metals [20-24], but
to the best of our knowledge, this is the first observation
of non-classical crystallographic slip in a MAX phase.

Material and method

A two-step process was followed to produce high-purity
TiAIC MAX phase. In this process, Ti;AlC powder was
first synthesized by pressure less sintering and then den-
sified into bulk compact material by Spark Plasma Sinter-
ing, for more details, see ref. [25]. The fully dense Ti, AIC
sample was annealed at 1400°C in a high-vacuum tube
furnace under Ar atmosphere for 48 h to obtain coarse-
grained microstructure. The coarse-grained Ti; AIC sam-
ple was mechanically polished using diamond paste and
colloidal silica suspension, following procedure detailed
in ref. [26]. The electron backscatter diffraction orien-
tation maps were acquired from the polished samples
using a Tescan FERA-3 model GMH focused ion beam
(FIB) microscope with a spatial resolution of ~ 1.5 um.
Subsequently, cylindrical micropillar compression speci-
mens were milled from grains of known crystallographic
orientations using a Tescan Lyra-3 model GMH FIB
Microscope with 30keV Ga ions. The top diameters of
the micropillars were ~ 10 um with a vertical taper of
~4° and height/diameter ratio were ~ 2. The micropil-
lars were deformed under uniaxial compression in ambi-
ent conditions using a Hysitron TI 950 triboindenter

equipped with a 20 um diameter flat-punch diamond tip
ataloading rate of 0.3 mN/s. The load-displacement data
obtained from the nanoindenter were converted to nom-
inal (engineering) stress and strain, where the nominal
stress was calculated by averaging the diameters at the top
and the mid-section of the micropillars. The secondary
electron images of all the deformed micropillars were
also acquired using the scanning electron microscope in
Tescan FERA-3.

Results and discussion

The microstructure of annealed Ti; AIC MAX phase con-
tains elongated grains with an average grain length of
~ 100 pem, Figure 1(a). Several micropillars were milled
from large grains with different crystallographic orien-
tations. Selected but typical SEM image of an as-milled
micropillar is shown in Figure 1(c). The grains from
which micropillars were milled are indicated in the EBSD
maps in Figure 1(a) and their crystallographic orientation
in terms of Euler angles (¢1, @, ¢) are given in Table 1.
The MAX phases are hcp crystals with two independent
basal slip systems, (0001) < 1120 >, as the dominant
slip systems. Following this, the maximum Schmid fac-
tor, ., = max(u®), (where u® is the Schmid factor for
a'th basal slip system) for all micropillars are also given in
Table 1.

To calculate the Schmid factor, u%, for «th basal slip
system, the slip plane normal, m, and the three slip
directions, s%, are first transformed from the four-index
scheme, (hkil)[uvtw], to a three-axis orthogonal coordi-
nate system, (h'k’l')[t/v/w'], using the relation,

mi = (K1) = (zh + k, /3K, «/51%) :
V3 3 c:| W

st =, vV, W] = |:(2u—|- V)T’VE’W;
The slip system written in the three-axis orthogonal
coordinate system are then normalized and rotated into
the fixed (sample) frame of the micropillars as, m; =
gij(mj/Imj|) and s} = g;; (s;-" / |S;¥ |), where the rotation ten-
sor, gij, in terms of the Euler angles are given by,

COS ] COS o — sin @] cos ¢ sin ¢;
&i= sin @] cos ¢y + cos @1 cos ¢ sin @o

sin @ sin ¢
— COs @] sin ¢y — sin @] cos ¢ cos @) sin @1 sin ¢
—sin g singy + cos @1 cosPpcospy  —cosgsing ¢ (2)
cos ¢y sin ¢ cos ¢

Now, given the (compression) axis of the micropillar is
along z, [001], in the fixed sample frame, the Schmid fac-
tor for ath slip system is calculated as, u* = (z;m;)(z;5;).
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Figure 1. (a) EBSD maps of the microstructure of Ti; AIC MAX phase indicating grains (dotted circles) from which micropillars were sub-
sequently milled. (b) The color-coded stereographic triangle associated with the z-axis EBSD maps in (a). (c) Selected but typical SE-SEM
image of an as milled micropillar with axis along z. The scale bar in (a) is 100 pm and in () is 5 um.

Table 1. Euler angles and maximum Schmid factor, 1%, for all
the micropillars.

Euler angles

Micropillar ~ Max. Schmid factor [ ) 02

B1, B2 0.1540.01 168°£0.3 80°+0.3 37°4+0.2
Y1 0.50 4 0.001 85°+0.3 139°+0.2 59°40.2
Y2 0.50 4 0.001 163°+£0.3 47°+03 60° £ 0.2
Y3 0.50 4 0.0001 65°+0.2 44°+0.2 56°+0.2
P1,P2 0.3540.003 68° 1+ 0.6 155°+0.3 35°4+0.5
G1,G2 0.07 £0.01 75°+0.3 86°+ 0.5 7°+03
01 0.31+0.003 137° £ 0.4 161°+0.2 1°+04
R1 0.30 £ 0.01 161° £ 1.1 159°+£1.0 32°+1.0

The maximum Schmid factor, %, ., of the micropillars
considered in this work varies over a wide range, i.e. from
0.07 to 0.5, see Table 1.

The nominal compression stress—strain curves for O1,
Y1 and Y3 micropillars are shown in Figure 2(a). The
Y1 and O1 micropillars were deformed to large com-
pressive strains, whereas the compressive deformation
of Y3 micropillar was interrupted after achieving ~ 3%
strain. The stress—strain response of all three micropil-
lars exhibit three characteristic stages. In the initial stage
the stress—strain response appears to be linear and with
continued deformation the stress—strain response devi-
ates from linearity marking the onset of yielding. Fol-
lowing yvielding, a brief period of steep strain-hardening
is observed, and with further increase in deformation,
the strain-hardening rate decreases appreciably. Also,
the extent of steep strain-hardening post yielding in
the micropillars depends on the crystallographic orien-
tation. All three micropillars O1, Y1 and Y3 are ori-
ented for a single slip with the values of u§ ., being
0.31, 0.50 and 0.50, respectively, on one of the three ath

basal slip systems. The post-deformation observation of
all three micropillars in the SEM indeed shows defor-
mation by crystallographic slip on a single slip system,
Figure 2(b,d,e). The deformation by crystallographic slip
is confirmed by the SEM image of deformed Y1 micropil-
lar after ion-polishing in Figure 2(c) that does not show
any remnant features. The post-deformation SEM image
of O1 micropillar, however, differs from that of Y1 and Y3
micropillars. As shown in Figure 2(e), the O1 micropillar
deformed like a slightly inclined stack of poker chips in
contrast to Y1 and Y3 micropillars that underwent rather
localized slip-on parallel slip planes.

The nominal compression stress—strain curves of
micropillars with two lowest values of u% .. are shown
in Figure 3(a). The value of uy,, for micropillar B2
is 0.15 and that for micropillars G1 and G2 is 0.07.
The stress—strain response of the B2 micropillar exhibits
all three characteristic stages as was observed for the
micropillars in Figure 2. However, the stress—strain
response of G1 micropillar is almost linear all the way
up to ~ 1.0 GPa and thereafter the load bearing capac-
ity of the micropillar drops rapidly. The G2 micropillar
that was milled from the same grain as the G1 micropil-
lar and was deformed only up to ~1% compressive
strain (or ~ 0.85GPa stress level) confirmed the lack
of early stage yielding in these micropillars. The post-
deformation observation of B2 micropillar in the SEM,
Figure 3(b,c), shows an onset of crystallographic slip on
a single slip system which is followed by bulging and
cleavage normal to the basal plane. The SEM image of
deformed G2 micropillar, Figure 3(d), shows no rem-
nant features of deformation and that of G1 micropillar,
Figure 3(e), shows cleavage normal to the basal plane.



278 (&) Z.ZHANETAL.

—~
=
-’

6004

4501

300

Compressive Stress [MPa)
g

>

S0 0.2 0.03°
Compressive Strain

Figure 2. (a) Nominal compression stress—strain curves for micropillars milled from O1, Y1 and Y3 grains. The crystal orientations of all
grains are shown as inset in (a). The dash-dot lines in (a) highlight the initial linear response of the micropillars. (b) SE-SEM image of the
deformed micropillar milled from Y1 grain. (c) SE-SEM image of deformed micropillar in (b) that has been ion-polished along the dashed
line shown in (b). SE-SEM images of deformed micropillars milled from (d) Y3 and (e) O1 grains. The scale bar in SEM images (b)—(e) is

5pum.
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Figure 3. (a) Nominal compression stress—strain curves for micropillars milled from G1, G2 and B2 grains. The crystal orientations of all
grains are shown as inset in (a). The dash-dot line in (a) highlights the initial linear response of B2 micropillar. (b) SE-SEM image of the
deformed micropillar milled from B2 grain. (c) Zoomed view of the region marked by a dashed ellipse in (b). SE-SEM images of deformed
micropillars milled from (d) G2 and (e) G1 grains. The scale bar in SEM images (b)-(e) is 5Sum.

The results presented in Figures 2 and 3 clearly show
that at single-crystal level the mechanical response of
Ti;AIC MAX phase is extremely anisotropic. This is
further highlighted in Figure 4(a) where the nominal
compression stress—strain curves of six micropillars with
the values of u% . ranging from 0.07 to 0.5 are com-
pared. To an extent, the extremely anisotropic mechan-
ical response of micropillars is because, depending on
the crystallographic orientation, the micropillars either
undergo only crystallographic slip, crystallographic slip
followed by cleavage or cleavage without appreciable
crystallographic slip. The activation of cleavage in the

micropillars of TiAIC MAX phase with low values of
U is in contrast to the observed deformation of
micropillars of hcp metals with similar values of 1% . . For
example, the micropillars of titanium with low values of
ue . undergoes deformation by prismatic slip [27] while
under similar circumstances twinning is observed in
magnesium [28].

All the micropillars except G1-G2 micropillars exhibit
initial yielding, Figure 4(a). The stress at the initial yield
point, oy, of these micropillars is identified as the point
of intersection between the stress—strain curve and a
straight line with a slope equal to 95% of the average slope
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Figure 4. (a) Nominal compression stress—strain curves for micropillars milled from six grains. (b) Early stage compression stress—strain
curves showing the onset of yielding in the stress—strain response of micropillars milled from three grains.

of the initial linear portion of the stress—strain curve,
Figure 4(b). For micropillar R1, op = 219MPa and for
micropillar Y1, og & 39MPa. This results in the value of
critical resolved shear stress, Tcrss = 09 X U .. to be
~65.7 MPa for R1 and ~19.5MPa for Y1 micropillar.
Thus, the value of tcrss for Tip AIC MAX phase depends
on the crystallographic orientation which is contrary to
the classical Schmid’s law. The classical Schmid’s law pre-
dicts that the value of tcrgs is a material property and is
independent of the crystallographic orientation.

We hypothesize that the non-classical crystallo-
graphic slip in Ti;AIC MAX phase is most likely due
to the fact that crystallographic slip in this mate-
rial not only depends on the resolved shear stress,
TRss = O COS Y cos A, but also on the stress normal to
the slip (basal) plane, oporm = o (cos ¥)?, as shown
schematically in Figure 5(a) where cos Y = z;#;, cos A =
max(z;sy), and o is the imposed compressive stress. To
test this hypothesis, the variation of Tcrss with oporm is
plotted in Figure 5(b) for nine micropillars. As shown
in Figure 5(b), the variation of tcrss with oporm can be
represented as, Tcrss = kOnorm + To, where k = 0.28 and
79 = 13.8MPa are the fitting constants.

Non-classical crystallographic slip, i.e. violation of
Schmid’s law has been readily observed in bcc metals
[20-24], and it has been postulated that it is due to the
non-planar spreading of the screw dislocation core in the
presence of stresses other than the resolved shear stress
[23]. In MAX phases, dislocation glide is confined to the
basal plane [5-7], and in ref. [6], it was shown that this
results in strong interactions and dislocation alignments
along specific orientations that may lead to elevated lat-
tice friction. The latter can give rise to non-classical
crystallographic slip shown in Figure 5(b). However, the

strength of some other layered materials such as Mica
also exhibits (confining) pressure sensitivity [29]. More
recently, it has been suggested that in layered materi-
als, including MAX phases, ripplocations and not the
basal dislocations are the operative micromechanism of
deformation [12]. In principle, the value of T¢rss needed
to move ripplocations will increase with an increase in
stress normal to the basal plane [11], which can also
give rise to non-classical crystallographic slip shown in
Figure 5(b). Thus, more work is needed to confirm the
micromechanism of non-classical crystallographic slip in
MAX phases.

Next, we analyze the propensity of cleavage normal
to the basal plane in a micropillar subjected to uniaxial
compression. To this end, we compute the elastic strains
in the micropillars using, 8iej = SijklUkl, where Sijkl is the
4th rank compliance tensor and oy; is the imposed stress
state, i.e. 033 equals to unit compressive stress and all
other components being zero. The compliance tensor,
Szjkl: in the crystallographic orientation of the micropil-
lar is obtained using the rotation tensor g;j;, Equation (2),
and the values of the elastic constants of Ti, AIC MAX
phase calculated in ref. [30]. The elastic strain normal to
the basal plane, &norm, in a micropillar is then obtained as,
€norm = m;e;;m;. Out of all the micropillars considered
here, the value of eporm > 0 (tensile) only for BI-B2 and
G1-G2 micropillars, with the value of enorm for G1-G2
micropillars being greater than that for B1-B2 micropil-
lars. This together with the fact that the value of u¥ .
and hence trgs for G1-G2 micropillars is very small,
results in cleavage normal to basal plane without any
appreciable crystallographic slip in these micropillars.
While for B1-B2 micropillars, the value of u2  is rea-
sonable, but the steep strain-hardening following initial
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Figure 5. (a) A schematic showing the applied axial compressive stress, o, on a cylindrical pillar, resolved normal stress, onorm, On the
slip plane and resolved shear stress, Trss, on the slip plane in the slip direction. (b) The variation of critical resolved shear stress, Tcrss
(i.e. the value of tgrss corresponding to the onset of yielding in the stress—strain response of micropillars), with oyorm-

yielding makes continual crystallographic slip harder.
Thus, resulting in cleavage normal to the basal plane post
limited crystallographic slip.

Conclusion

The single-crystal level mechanical response and defor-
mation mechanism of Ti;AIC MAX phase have been
elucidated using compression tests of micropillars with a
range of crystallographic orientations. The results show
that depending on the crystallographic orientation, the
material can either undergo only non-classical (non-
Schmid) crystallographic slip, non-classical crystallo-
graphic slip followed by cleavage or cleavage without
appreciable crystallographic slip. The non-classical crys-
tallographic slip is revealed to be a result of the strong
dependence of crystallographic slip on both, the resolved
shear stress and the stress normal to the slip plane.
While the onset of cleavage normal to the basal plane
is found to be associated with the difficulty of crystallo-
graphic slip and tensile strain normal to the basal plane.
The microscale single-crystal level deformation mech-
anism elucidated here will potentially help unravel the
observed extreme plastic anisotropy of polycrystalline
MAX phases at the macroscale.
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