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In situ compression tests combined with neutron diffraction were performed on Ti,AIN MAX
polycrystals with lamellar anisotropic microstructure: the diffraction peak evolution (position and
profile) with applied stress reveals that lamellar grains parallel to compression axis remain elastic
while lamellar grains perpendicular to compression plastify, both families being subjected to strong
variations of heterogeneous strains (types II and III). We demonstrate that this behavior originates
from the complex response of the very anisotropic lamellar microstructure and explains the
observation of reversible hysteretic loops when cycling MAX polycrystals even in the elastic
regime. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884601]

MAX phases are nanolaminated ternary carbides or
nitrides with hexagonal lattice." They show a unique combi-
nation of metal-like and ceramic-like properties such as high
electrical conductivity, machinability, high stiffness, temper-
ature, and corrosion resistance.! Regarding the mechanical
properties, they exhibit a brittle-to-ductile transition around
800°C which leads to massive failure after a very limited
plastic regime at room temperature (RT)." A very intriguing
behaviour is observed when MAX samples are subjected to
load-unload cycles in the elastic regime: reversible hysteretic
loops are recorded.” These features are, respectively, illus-
trated in this study by the compression stress-strain curves
shown in Fig. 1 obtained on Ti,AIN MAX polycrystal. The
formation of open loops suggests an energy dissipative pro-
cess although in the elastic regime: a “kinking non-linear
elastic” model has been developed involving Incipient Kink
Bands (IKBs), that are entities composed of dislocation loops
lying in parallel basal planes and stacked on top of each
other.*> The IKBs are supposed to nucleate and expand
when load is applied and to collapse when load is removed.
This “reversible” dislocation-based micro-mechanism is
invoked to explain the above-mentioned energy dissipation
observed in the elastic regime.” Besides the fact that IKBs
have never been observed, the observation of open-loops at
very low stress somehow contradicts this model involving a
critical shear stress needed to overcome the energy barrier
associated to dislocation nucleation. In a very recent work,
Jones et al® have shown, by in-situ deformation under
x-rays and simulation, that the MAX polycrystal can be
described as an ensemble of soft and hard grains, with each
grain having a limited number of available slip systems due
to the hexagonal lattice. The reversible hysteretic behaviour
can therefore be explained by this plastic anisotropy and the
associated Bauschinger effect, i.e., within the classical
framework of crystal plasticity in polycrystals.

An aspect which was however not taken into account in
the mechanical behaviour so far is that the MAX polycrystals,
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fabricated by powder metallurgy techniques, exhibit very
anisotropic microstructure with grains being highly elongated
in the basal plane direction, as illustrated in Fig. 2(a) for
Ti,AIN. Such complex grain morphology and associated
grain interactions are expected to play a major role in the me-
chanical response of MAX polycrystals, as already suggested
in Ti,AIC and Ti;SiC,.%’

In this Letter, we combine compression tests, neutron
diffraction, and Scanning Electron Microscopy (SEM) obser-
vations to uncover further aspects of the deformation of
MAX polycrystals by taking into account the real micro-
structure features of these complex materials.

Fully dense Ti,AIN samples were prepared by powder
metallurgy based on hot isostatic pressing:® all the details of
the synthesis are given in Ref. 8. Two types of microstruc-
tures were produced: (1) mean grain size of 17 um (standard
deviation: 9 um), labelled “small-grain;” (2) bimodal distri-
bution around 20 um and 88 um (standard deviation: 12 um),
labelled “coarse-grain.” Both microstructures exhibit the pre-
viously described anisotropic grain morphology (Fig. 2(a)).
In the following, only the results recorded for “coarse-grain”
samples are given but the same conclusions can be drawn for
“small-grain” samples, the only difference being a higher
elastic limit observed for the latter as a result of gain refine-
ment strengthening (~500 MPa vs. ~300 MPa).

The experiments were conducted at the Swiss spallation
neutron source (SINQ, Paul Scherrer Institut, Switzerland)
using the high resolution time-of-flight diffractometer with
multiple pulse overlap (POLDI), with a polychromatic beam
and a beam size of 4 x 4 mm”.° The neutron beam is oriented
at 45° from the compression axis (CA), the one-dimensional
position-sensitive *He-detector being positioned at 90° from
the incident beam, with an angular range of =15°. Two types
of in situ compression tests were performed at room tempe-
rature on samples with dimensions of 4 x 4 x 10 mm”, at a
strain rate of 1.2 x 10~* s~': monotonous or cyclic compres-
sions, as seen in Fig. 1. In the first case, the compression was
paused at intermediate stress states to record the neutron dif-
fractograms (during more than 4 h, after 15 min relaxation)
up to the (partial) failure of the samples (Fig. 1(a)); in the

© 2014 AIP Publishing LLC



241910-2 Guitton et al. Appl. Phys. Lett. 104, 241910 (2014)
(@) (b)
400 E
~300 MPa / ~300 MPa
¥ I/
—~ 300 - Crack :
D“.S racks — 100 MPa %’ FIG. 1. RT stress-strain compression
s —— 200 MPa g curves obtained in-situ at the POLDI
~ 200 1 — 300 MPa beamline on coarse-grain Ti,AIN
© — 350 MPa MAX polycrystals: (a) during monoto-
nous compression and (b) during load-
unload cycles (each cycle is artificially
100+ 1 shifted for clarity).
0 T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 0 1 2 3 4 5 6 7

& (%)

second case, diffracted neutrons are collected at unloaded
and loaded states (2 cycles at 100 MPa and 200 MPa, 4
cycles at 300 MPa) (Fig. 1(b)). In all cases, neutrons are scat-
tered on {hkil} planes that are perpendicular to the CA: each
(hkil) peak of the collected diffractogram is associated to an
ensemble of grains (a grain family) having in common
{hkil} planes perpendicular to CA; the angle between (hkil)
planes and basal (0001) planes being known, it is possible to
assign each (hkil) peak a value of the angle o between the
normal to basal plane (NBP) and CA. Since most grains are
elongated in the basal plane direction, each (hkil) peak is
associated to a set of lamellar grains having the same orien-
tation vs. CA: for example, the (0001) peak corresponds to
o=0° i.e., lamellar grains perpendicular to CA (see Fig.
2(b)).

After indexation of the diffractograms, the highest inten-
sity peaks are individually fitted by single Gaussian func-
tions that provide, among other parameters, the peak
position, dp;, and the peak full width at half maximum,
Wi, With respective errors of 5 X 10°°A and 2 x 107*A
(in the following, error bars are always smaller than symbol
size). The lattice (elastic) strain is then calculated as
ter = Ad/d° = (dpit — diiir”)/diiin’, Where dyy® is the peak
position in unloaded initial state. The relative peak width is
calculated as AW/WO = (thﬂ — thﬂo)/thﬂO, where thilo is
the peak width in unloaded initial state.

During compression, the lattice strain & is expected to
become negative. The decrease of ¢ is first linear as a func-
tion of applied stress o (elastic regime) whatever the grain

compression

NBPt a=0°

a= 45°CA

NBP

a=90°
NBP
*

FIG. 2. SEM micrograph of coarse-grain Ti,AIN MAX polycrystal, with
emphasis on the lamellar shape of the microstructure. (b) Definition of the
angle o between the NBP and the CA in different grain families.
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family; then depending on the orientation of the grains, some
experience plasticity leading to a stagnation of ¢, (a decrease
of the slope |J(&)/0(0)|), while other elastic grains experi-
ence an increase of & (an increase of |0(ee)/0(0)|). Such
behaviour is due to load transfer from plastic to elastic
grains.'®!"! Regarding peak width, besides grain size that is
considered constant during the compression tests, the evolu-
tion of wy is a footprint of heterogeneous strains in the
grain family, which origin is type II (grain to grain stress var-
iation because of polycrystal effect) and type III (disloca-
tions) microstresses.' !

Fig. 3(a) presents the evolution of the lattice strain at
different applied stresses for 6 {hkil} grain families, each
associated to a different o value, ranging from 27.8° to 81.8°
(i.e., corresponding to lamellar grains being more and more
parallel to CA). Below 200-250 MPa, the lattice strain of
each grain family behaves linearly as a sign of elastic defor-
mation (“domain 1—elastic”). This result can be directly
compared to the macroscopic information obtained from mo-
notonous and cyclic applied stress-strain curves (Fig. 1)
showing that the macroscopic elastic limit is reached around
300 MPa. Above this threshold, two opposite behaviours are
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FIG. 3. (a) Evolution of the lattice strain (&, in %) versus applied stress
measured from different {hkil} reflections in grain families where the orien-
tation of the basal plane is given by the angle o defined in Fig. 2(b). (b)
Relative evolution of the peak width (Aw/w° in %) versus applied stress for
the same {hkil} reflections (shaded area is a guide to the eye).
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observed in the diffraction data: the slope (|0(e.))/O(0)|) of
lattice strain starts to decrease in grain families with o < 70°
while the slope increases in grain families with o > 70°. We
can therefore consider “domain 2-plastic” and “domain
2—elastic” to be, respectively, associated to “plastic grains”
and “elastic grains,” with here an obvious threshold between
the plastic/elastic behaviour, at o~ 70°. On Fig. 3(b), the
evolution of the relative peak width with applied stress is
shown: surprisingly, there is no dependence of Aw/w" with
respect to o, i.e., all grain families exhibit a noticeable
increase of heterogeneous strains in domain 2. In the “plastic
grains” (x < 70°), this increase is related to the presence of
dislocations, i.e., type III microstrains, which cannot be the
case in “elastic grains.”

Fig. 4 brings further credit to these observations by
showing the same quantities (lattice strain and relative peak
width) as a function of applied stress during the cyclic com-
pression. Two extreme cases are considered: (1) the
{—1 0 1 10} grain family with «=27.8° (lamellar grains
close to perpendicular to CA) in Figures 4(a) and 4(b); (2)
the {—2 0 2 2} grain family with o =79.2° (lamellar grains
close to parallel to CA) in Figures 4(c) and 4(d). The first
grain family obviously reaches the plastic regime (decrease
of |0(ee)/O(a)|) when cycled at 300 MPa, as confirmed by
the build-up of a small residual tensile strain after final
unloading (arrow on Fig. 4(a)). The second grain family
remains in the elastic regime (increase of |0(e.)/0(a)|), even
at 300 MPa, and undergoes a load transfer from plastic grains
that is retained in the form of a small residual compressive
strain after final unloading (arrow on Fig. 4(c)). In both
cases, the relative peak width increases in a reversible man-
ner (within experimental and fit uncertainties) with load-
unload cycles, suggesting that the microstresses evolve in
both grain families: only type II in elastic families (large «
value), type II and type III in plastic families (small o value).
And this, as the macroscopic stress-strain curves exhibit
widely open reversible loops at 300 MPa (Fig. 1(b)).

Fig. 5(a) presents a post-mortem SEM observation of
the sample surface showing that the “coarse-grain” polycrys-
tal can be seen, as a first approximation, as composed of
coarse lamellar grains connected to each other and embedded
in a polycrystalline “matrix” (as schematized in Fig. 5(b)).
Interestingly, the coarse grains can be divided into two types:
(1) the lamellar grains close to the perpendicular to CA (i.e.,
with low o value) exhibit slip traces (and cracks but we shall
not discuss this aspect here) as a clear footprint of dislocation
activity and (2) the lamellar grains close to the parallel to
CA (i.e., with high « value) show no sign of plastic events
suggesting a purely elastic behaviour. These surface observa-
tions (similar to those observed in the "small grain" samples)
have been similarly obtained on large areas of several
deformed MAX polycrystals; they are also in line with the
analysis derived from diffraction data: it is therefore reasona-
ble to extrapolate them to the 3D behaviour of the
polycrystal.

First, the diffraction data and microstructure observa-
tions show that the “plastic grains” are characterized by
0° < o< 70°. In a classical equiaxed microstructure submit-
ted to uniaxial compression, the Schmid law suggests that,
on average, the first plastic grains have their slip plane
(here the basal plane, supposed to be the main glide system
in MAX phases') close to 45° and that the Schmid factor is
very small when the slip plane is either parallel or perpen-
dicular to load axis.'” Here, the large spanning of o values
is associated to deviations from Schmid law and suggests
that plasticity is governed by a complex internal stress field,
far from the uniaxial case: in particular, the lamellar mor-
phology and the complex interconnection of the grains may
lead to a multi-axial stress tensor in the different grain
families.

Second, all grain families exhibit a large increase of dif-
fraction peak width: in the “plastic” grains, this can be
understood as an increase of both type II and type III micro-
strains, respectively, related to heterogeneous elastic strains
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FIG. 5. (a) Post-mortem SEM observation of the in-situ deformed samples.
(b) Schematic of the same observed microstructure. (c) Post-mortem SEM
micrograph illustrating the grain-to-grain interactions. Solid and dashed
circles correspond to the stress concentrations zones.

and dislocations strain field; in the “elastic” grains, this is
solely due to an increase of type II heterogeneous elastic
strains. In the latter case, a “reversible” mechanism involv-
ing dislocation nucleation should be excluded as this would
be associated to a reduction of the slope |0(&.)/0(a)|, i.e., the
grain families would belong to ‘“domain 2-plastic” in
Fig. 3(a): in other words, they would be considered as
“plastic.” We must therefore find the origin of the observed
large variations of heterogeneous elastic strains in a mecha-
nism involving elastic and plastic grains, with complex
arrangement.

It is well established that the mechanical response of a
polycrystal depends not only on the absolute value of the
macroscopic applied stress but also on its direction, with a
reverse (compressive) flow stress often lower than forward
(tensile) flow stress. The observed asymmetry—so-called
“Bauschinger effect”—of the flow stress is usually ascribed
to the build-up of internal stresses due to dislocation-
microstructure interactions and/or directionality of mobile
dislocations or annihilation with reverse strain. This asym-
metry results in open loops when reversing the macroscopic
load.">™'® In the case of complex microstructure (such as
nanostructured multiphase metals), the presence of very soft
and very hard phases leads to the extreme case where open
loops are observed even when cycling in tension or

Appl. Phys. Lett. 104, 241910 (2014)

compression, i.e., without the need to reverse the load direc-
tion.'® The open loops are then the footprint of the complex
multi-axial stress-strain path undergone by each grain fami-
lies, as a result of their interactions. These considerations are
in agreement with the results of Jones et al N

From this knowledge, and taking into account the spe-
cific results reported in this work, we propose the following
scenario: '’

Stage 1: corresponding to “domain l-elastic” in
Figures 3 and 4: when applying a macroscopic compressive
load to the “coarse-grain” MAX polycrystal, the lamellar
grains close to the parallel to CA (large o) push on the lamel-
lar grains close to the perpendicular (small o) to which they
are connected (solid circles on Fig. 5(b)), the latter start to
bend elastically with a stress concentration at connection
point. This is experimentally illustrated in Fig. 5(c). A fur-
ther increase of the macroscopic load leads to the elastic
bending of the large-o lamellar grains that laterally push
further on the small-o lamellar grains (dashed circles on
Figs. 5(b) and 5(c)).

Stage 2: small-o lamellar grains are subjected to com-
plex multi-axial stresses resulting from bending and stress
concentrations: they are the first grains to experience plastic
events (dislocation nucleation) and correspond to “domain
2-plastic” in Figures 3 and 4. The other grains (among which
are the large-o lamellar grains) remain elastically distorted
(as reported in Ref. 6) and correspond to “domain 2—elastic”
in Figures 3 and 4.

Stage 3: when removing the load, the internal stress
landscape is modified with “plastic” and “elastic” grains
retaining, respectively, tensile and compressive residual elas-
tic strains. In the “plastic” grains, only the early plastic re-
gime has been reached: the low density of dislocations
nucleated at stress concentration within grain boundaries
glide on parallel basal planes and have a high probability to
cross the grains without being stored within the grain inte-
rior, as suggested by Figure 5(a) with slip traces crossing
entirely the “plastic grains:” the dislocations are either stored
at opposite grain boundaries or run back to their nucleation
site upon unloading.

This scenario agrees well with the diffraction data: stage
1, associated to macroscopically elastic regime, leads to the
build-up of type II heterogeneous elastic strains in all grains
and explains the peak broadening observed in the elastic re-
gime (similar behaviour has been recently reported in cubic
polycrystalline metals'®). Stage 2, associated to macroscopi-
cally plastic behaviour, results from the combination of plas-
ticity in small-oo lamellar grains, exhibiting elastic strain
saturation, and of further increase of elastic strain in large-o
lamellar grains. Both types of families exhibit a significant
peak broadening associated, respectively, to type II+ type
IIT microstrains (“plastic grains”) and solely type II micro-
strains (“‘elastic grains”). Stage 3 explains the apparent re-
covery of peak broadening, i.e., recovery of microstrains, in
the different grain families.

The complex variations of type II and type III micro-
strains undergone by the different grain families are expected
to lead to variations of internal stresses that will result in
non-linear elastic strain variations and apparent elastic
energy dissipation, even in elastic regime: in this scenario,
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the formation of open stress-strain loops when cycling the
MAX polycrystal in the elastic regime can be explained by
the complex response of the very anisotropic microstructure.
Noteworthy, the same scenario can be applied to “small-
grain” MAX polycrystals as long as they exhibit a lamellar
anisotropic microstructure (which is the case here).!” The
present results add the microstructure anisotropy to the plas-
tic anisotropy as a key ingredient responsible for the very
specific mechanical behaviour of MAX polycrystals.

In summary, in situ deformation of Ti,AIN polycrystals
combined with neutron diffraction and SEM observations
allowed for original insights into the MAX phase deforma-
tion mechanisms usually explained by the IKB model: the re-
versible hysteretic loops observed when MAX polycrystals
are subjected to elastic load-unload cycles can be as well
explained by the complex response of the very anisotropic
microstructure that generate strong variations of microstrains
in all grains, even in the elastic regime.

This work is based on experiments performed at the
Swiss spallation neutron source SINQ, Paul Scherrer
Institute, Villigen, Switzerland. This research project has
been partially supported by the European Commission under
the 7th Framework Programme through the “Research
Infrastructures” action of the ‘“Capacities” Programme,
NMI3-II Grant No. 283883. This work partially pertains
to the French Government program “Investissements
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d’Avenir” (LABEX INTERACTIFS, reference ANR-11-
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