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Abstract

Ti,AIN MAX phase with a hexagonal crystal structure exhibits great potential as structural material for
operation under harsh environments due to its excellent mechanical performance. For a reliable application,
a comprehensive understanding of the mechanical behavior, and in particular of the anisotropic properties
is needed. Thus, in this study, we combined nanoindentation and electron-backscatter diffraction
experiments to correlate elastic modulus and hardness of TiAlN to the crystallographic orientation. We
used two different modeling approaches to better understand, validate, and in the long run to predict the
anisotropic mechanical behavior of MAX phase materials. While we observed consistent trends in both
experiments and modeling, elastic modulus and hardness showed different dependencies on the crystal

orientation.
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1. Introduction

In the year 2000, the “Mn+1AXn” ceramics were initially reported by Barsoum et al. [1], defined as ternary
carbides and nitrides, where “M” is an early transition element, A represents elements of group IIIA to VIA
and “X” corresponds to either C or N [2-3]. Currently, more than 150 different MAX phase materials have
been discovered and all of them possess a hexagonal crystal structure, where alternating near-close-packed
layers of MeX octahedral interleave with A-A layers [4]. This unique crystal structure combines metallic
and covalent/ionic bonding [5], resulting in properties that are typical of ceramics, such as low density, high
elastic modulus, and excellent oxidation and corrosion resistance at high temperature [4], as well as
characteristics typical of metals, such as high electrical and thermal conductivities, good thermal shock
resistance and damage tolerance, and easy machinability [4].

Considering the attractive properties listed above, MAX phase materials are promising candidates as
structural materials for applications which expose them to aggressive environments, due to the excellent
mechanical performance at ambient and high temperatures, as well as their good oxidation and corrosion
resistance [3-4]. In particular, Ti.AIN, one member of aluminum-based MAX phase ceramics, exhibits an
excellent combination of such properties for high temperature applications [5-6]. Currently, bulk Ti;AIN
ceramics are widely investigated, which are mainly fabricated via hot pressing [7-11], spark plasma
sintering [12-14], hot isostatic pressing [15], shock-activated reaction synthesis [16] and microwave
sintering [17] on the basis of Ti/Al/TiN or Ti/AIN powder mixtures.

MAX phases are usually consolidated as polycrystalline bulk material or thin film, and usually the
anisotropic structure can be preserved only at a microscopic level [18]. However, single crystals are
required to characterize the full anisotropy of the compounds [18]. Single-crystalline phases have been
obtained either by thin layer heteroepitaxy [19-21], bulk crystal growth or as textured epilayers [19, 22-24].
In addition, various single crystals were synthesized, such as single crystalline platelets of Cr,AlIC with
typical areas in the range of a few mm? [18], and single crystals of TasAICs and TasAIC, with lateral
dimensions of 0.02 mm, thickness of 0.005 mm, i.e. a volume of 0.02 x 0.02 x 0.005 mm?* [22].
TisSiCzsingle crystals were obtained with dimensions of a few hundred microns thick and several
millimeters in length and width [23-24]. The preparation methods exhibit some limitations, including

complexity of the processing, high cost, and rather small dimensions.

Regarding the textured MAX phases, more information is already available, and more compositions have
been processed. TisSiC, presented inhomogeneous texturing [25], while better results have been obtained

for NbsAIC; with a Lotgering orientation factor £(0010) of approximately 1 on textured top surfaces [26-



28], TisAIC, and Ti,AlC with texturing degree f(000) on textured top surfaces of 0.51 and 0.49,
respectively [29]. Higher Lotgering orientation factors £(00!) of Ti,AlC and TizAIC, were achieved, i.e.
0.82 and 0.71 respectively, via a two-step hot pressing procedure [30]. Ti2AIN with Lotgering orientation
factor £(000) on textured top surfaces of 0.8 [31], and Cr,AIC with low texturing degree [32] were
synthesized. Especially Ti;AIN is a very suitable representative of the MAX phase family, allowing the

investigation of the mechanical performance and potential effects of the crystallographic orientation.

Recently, the deformation behavior of micron-sized single-crystal Ti2InC and TisAIN3 specimens has been
investigated under uniaxial compression [33]. It was observed that deformation behavior was associated
with the slip on single planes or sets of parallel planes. Moreover, the direct observation of nucleation and
propagation of basal plane dislocations within Nb,AIC using nanomechanical testing inside a transmission
electron microscope was reported [34], the different loading directions with respect to the basal plane
contributed to a completely different plastic response due to the pronounced anisotropy of the layered
crystal. Furthermore, the anisotropic deformation of TisSiC; single crystals has been investigated at room
temperature as a function of loading axis orientation and specimen size by microcompression tests [35],

where the basal slip appeared to be the operative slip system at room temperature.

Often nanoindentation testing is used for characterization of elastic modulus and hardness of materials [36].
This technique offers several advantages, including the need for only small samples, straightforward sample
preparation since only a flat well-polished surface is needed, well-defined test procedures, and easy
handling of instrumentation [37-40]. Indentation experiments are often applied to characterize single grains
and textured or single crystal epitaxial thin films [41]. Often it is assumed that for such anisotropic materials
the elastic modulus is a polycrystalline average of the elastic constants or corresponds to the elastic modulus
in the direction of the indentation [41]. However, the indentation process induces a half-spherical
deformation field, making it difficult to determine the properties for a particular direction. Only apparent

properties are derived that are a representation of the deformation field.

Some previous works concentrated on comparisons of experimental results with data derived from
analytical and numerical approaches. For example, experimental stress—strain curves and crystallographic
texture evolution effects for an initially-textured polycrystalline magnesium alloy AZ31B were compared
to a crystal-mechanics-based model regarding the inelastic deformation of HCP metals deforming by slip
and twinning via an implementation into the finite-element program ABAQUS [42], furthermore, the
behavior of single crystal Mg, a-Ti-7 wt.% Al alloy and single crystal 6H-SiC was compared to simulations
using anisotropic elastic contact theory and Hertzian contact mechanics [43-45], the behavior of textured

KSr,ShsO15 ceramics was compared to ab-initio calculations [46], austenitic stainless steel (grade A304) to



finite element simulations [47], the behavior of polycrystalline ZrB, [48] and Al.O; [49],
Li13Alo3Ti17(PO4)s [50], WC [51] and S-SisN4 [52] was studied using the Vlassak-Nix and easy-slip models
[49-50, 53-54]. The Vlassak-Nix model [41] was shown to predict the indentation elastic modulus of
anisotropic solids such as brass and copper, and was later successfully applied to characterize a number of
different materials [48-52, 55-57]. The easy-slip model was introduced by Csanadi et al [51-52] to calculate
the hardness-orientation dependency of WC material [51] and the influence of crystal orientation on nano
hardness and indentation modulus of grains in polycrystalline 5-SisN4 [52]. The calculated results were in
good agreement with experimental results. Although it is not possible to predict the exact value of a
material’s hardness, the variation of the relative hardness determined still reveals the dependence on the
orientation. In order to investigate the anisotropic mechanical properties of the MAX phase, nano-
indentation and EBSD analyses were combined to study the correlations of elastic modulus and hardness

with the crystal orientation.

The aim of this work is to investigate the anisotropy of the mechanical properties of TiAIN phase. The
experimentally derived elastic modulus and hardness of Ti,AIN are presented to gain insight into orientation

effects. The results are compared with the data derived from the Vlassak-Nix and easy-slip models.
2. Experimental procedure
2.1 Fabrication of polycrystalline Ti,AIN material via FAST/SPS

The fabrication process of bulk Ti2AIN has been reported in detail elsewhere [12]. Briefly, titanium (-325
mesh, 99.5% pure), aluminum (-325 mesh, 99.5% pure) and titanium nitride (-325 mesh, 99.5% pure)
powders (all from Alfa Aesar, Germany) were used as starting precursors. The powders were weighted
according to the formula of Ti: 1.02Al: TiN, and mixed using a roller bench with ethanol as liquid media
for 24 h at 250 r.p.m. After the ball mixing, the slurry was dried at 60 °C in air for 2 days.

Dense and highly pure bulk Ti.AIN samples were sintered via Field Assisted Sintering Technology/Spark
plasma sintering (FAST/SPS) (FCT-HPD5, FCT Systeme GmbH, Germany). The mixed powder was first
heated up at 20 K/min and a uniaxial pressure of 20 MPa up to 1000 °C, followed by a heating rate of 50
K/min and a pressure of 40 MPa up to the maximal temperature 1400 °C, with a dwell time of 30 min. The
as-obtained bulk Ti-AIN samples were cut and embedded in water-free epoxy resin, then ground with 400-
4000-grid SiC sandpapers and polished with 3 um and subsequently 1 pm diamond polishing paste
(Diamond Polishing Compound, MetaDi, BUEHLER, USA) followed by colloidal silica suspension (50
nm Alkaline, CLOEREN TECGNOLOGY GmbH).

The densities were measured applying the Archimedes principle in water at room temperature. The phase

compositions and the amount of different phases within the bulk materials were identified by X-ray



Diffraction (XRD, D8-Discover, Bruker, US) and Rietveld refinement on the polished surfaces. The
microstructures were characterized via field emission scanning electron microscopy (SEM, Merlin, Zeiss
Microscopy, Oberkochen, Germany). In addition, electron backscatter diffraction (EBSD, Oxford
NordlysNano) was employed to characterize grain sizes and crystal orientations of the obtained Ti-AIN
samples and the surface topography of the imprint was studied by atomic force microscopy (AFM,

Dimension Icon, Bruker, Santa Barbara, USA).
2.2 Nanoindentation

The indentation tests were conducted at room temperature using a NanoTest Xtreme test setup from Micro
Materials® (Wrexham, UK) equipped with a diamond Berkovich tip. The samples were indented at constant
load rate of 2.5 mN/s to maximum depth of 300 nm. When the maximum depth was reached, the load was
held constant for 10 s before unloading the sample. The analysis of the data was based on an automatic
procedure of the instrument following the Oliver-Pharr methodology [36] and ASTM E2546-07 [53].
Modulus and hardness were derived from the load-displacement data via the determination of contact
stiffness from the unloading portion, yielding apparent properties for the anisotropic materials that require
further comparison with modelled data and deconvolution. Poisson’s ratio and Young’s modulus of
diamond were assumed as vi = 0.07 and E; = 1141 GPa, respectively. Considering the assumed anisotropic
nature of Ti:AIN MAX phase material, the apparent properties termed indentation modulus (M)
representing the elastic behavior of the anisotropic material was derived from the reduced indentation
modulus data (E;), M is determined from [41]:

1 1 1-¢°

M E E

In addition, indentation hardness as another apparent property, was also obtained [36, 53].

H — Pmax
Ap

Where Pmax is the peak indentation load and Ay is the projected area of the indent.

After nano indentation testing, the orientations of the indented grains were characterized by EBSD. Due to
the test limitation of the indenter (allowing a maximum of 400 indents per test set), four individual arrays
were prepared. The distance between the indents was fixed to 8 um to avoid interaction of the stress fields
of neighboring indents. When establishing the dependence of indentation results on grain orientation, only
indents inside TiAIN grains were considered, while indents close to a grain boundary were not taken into

account. Only grains with at least three indents were considered for further analysis.



The orientation of the Ti>AIN grains was analyzed using the open source MATLAB toolbox MTEX [54].
In the EBSD analysis, the Bunge Euler angles (41, @, ¢2) are used to describe the grain orientation. As
Ti,AIN has a hexagonal structure, only @ and ¢, angles were considered as the relevant indices to determine
the possible effect of orientation on the elastic modulus and hardness. The three angles are theoretically in
the range of [0, 2x]. According to the hexagonal symmetry, @ is in the range of [0, 7/2], while ¢ is in the
range of [0, n/3]. In this work, the angle @ is the angle of crystal rotation from the parallel of the basal

(0001) orientation plane to the vertical of the basal plane. The angle ¢, represents the angle of the indented

plane rotating from the prismatic (101 0) type plane to another (1010) plane through the prismatic (1120)
type plane.

2.3 Prediction of elastic modulus and hardness

The Vlassak-Nix and easy-slip models were adopted for comparison with the experimental results to
understand the mechanical anisotropy of Ti.AIN material.

An assumption is about the slip systems of the TiAIN material for both models, which is different in this
work compared to that of WC reported in [51]. Because of the layered nature of the crystal structure as well
as the very high c/a ratios, MAX phase compounds are predicted to exhibit strong anisotropy in the plastic
deformation and fracture behavior [58-66]. Previous experimental studies have indicated that polycrystals
of the MAX phase compounds such as TisSiC; and TiAIN deform by the predominant activation of basal
slip, kink band formation and delamination along basal planes [58-64], while a predominant activation of

basal slip is usually observed in HCP metals with a relatively large c/a ratio [65-66].

In order to simplify the Vlassak-Nix model, the contact area is converted to a circular area, which leads to
the calculation of the indentation modulus M as shown in equation (1). The ho here is the first term in the
Fourier series representation of function %(6) related to 8, which is demonstrated in equation (2). Here 9 is
the angle representing the direction variation of point load in a specific surface ranged in [0, n]. The a
represents the direction cosines of the angle between the load direction and the crystal coordinate system

axes. Equation (3) and equation (4) are the expansion form of equation (2) and equation (3), respectively.

- - > -
Regarding equation (3), one right-hand Cartesian coordinate (m, n, t)is built where the t axis was vertical

- - -
to the load direction, in which ¢ is the angle between vector mand a fixed vector in the (m, n) plane. The

Cijm in equation (4) contains the elastic parameters of the anisotropic material based on the elastic constants

of the material. The relationship between the parameters Ciym and the elastic constants Cyq are as follows:



the tensors ij (or km) are reflected on the tensor p (or g) as 11 — 1,22 — 2,33 — 3,23 and 32 — 4, 13
and 31 — 5,21 and 12 — 6.
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Here, the elastic constants of Ti>AIN reported in [67] with the unit GPa as given in equation (5), were

0
0
0
0
13

employed in the Vlassak-Nix model. Taking the symmetry of the hexagonal structure into consideration in
the Vlassak-Nix model, the angle & from basal plane to the perpendicular direction with 1° per step, and
for different angles of ¢, in the basal plane, were adopted to calculate the orientation dependency of the

indentation modulus.

The “easy-slip” model, which has been adopted here to predict the hardness variation related to the
orientation of the anisotropic material, is based on the assumption that the stress distribution confined in
the indentation area is uniform, i.e., the stress component surrounding the indenter is compressive and
perpendicular to the indenter profile [51-52].The hardness can be calculated via equation (6). A conical
rigid indenter with a semi-angle y of 65° was used in the model to simplify the calculation and ensure
comparability with the Vlassak-Nix model. Additionally, friction during indentation is neglected. Another
assumption is that just one dislocation slip system family is operative contributing to the plastic deformation.
Slip can only occur when the shear stress reaches a critical value for a specific direction, which results in
the name of “easy-slip”. Here, the Schmid factor for calculating the normal stress, as illustrated in our
previous work [50], is introduced in equation (7), assuming that the critical resolved shear stress is constant.

The calculation of normal stress follows equation (8).

In total six slip systems are first considered in the easy slip model with 7n; as the normal vector for the slip
plane and V;; as the slip direction vector as illustrated in previous work [50]: g = (0001): Vo7 = [1120],

Vos = [2110], Yoz = [1210], 757 = (1120): 55 = [1100], 755 = (1210): ¥5; = [1010], 713 = (2110):



v3: = [0110]. The vectors 7; and Wshould be normalized during calculation. In the current study, only
Mg, Vo1, Voz and Vi3 were considered based on the predominant slip systems discussed in the introduction

section for TiAIN materials. The glide systems are{0001} <1120 > in basal plane, whereas the slip in

prismatic and pyramidal planes are out of consideration based on the arguments presented above. Similar
to the previous work [50], an improvement of the original model is made according to [52], i.e. the average
of the maximum Schmid factor at the specific rotation angle @ is considered rather than the maximum
Schmid factor directly as shown in equation (9). With these assumptions, the relation between the hardness
and the orientation of the Ti.AIN material can be expressed as a ratio of the hardness for a specific plane
and the hardness for the prismatic plane as demonstrated in equation (10), which is equal to the inverse

ratio of the corresponding average maximum Schmid factor.
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Where F, A, A., o are applied load, projected area, contact area and the compression stress acting on the
cone surface, respectively. 7,7crss, dF, dA, dA', m, Magmax, o and g present the local shear stresses, the
critical shear stress, the elementary force, elementary area, elementary area of the slip plane, the Schmid
factor, the average of the maximum Schmid factor, the angles between the slip direction, the slip plane

normal vectors and the elementary force vector, respectively.
3. Results and Discussion
3.1 Microstructure and orientation distribution

Fig. 1 presents the XRD pattern of the sintered sample with all diffraction peaks corresponding to Ti,AIN.

The amount of different phases and the lattice parameters, which were also derived by Rietveld refinement,



are summarized in Table 1. Based on the Rietveld refinement, the as-obtained Ti,AIN specimen has no

detectable impurities, similar as reported in previous work [12], confirming the high purity of the material.

The lattice parameters of Ti,AlIN, calculated from the Rietveld refinement, are a* = b* = 2.987 A, ¢* =
13.645 A, and in good agreement with the values reported in literature [3, 13]. The Ti.AIN samples have a
density of 4.30 + 0.01 g/cm? (theoretical density is 4.31 g/cm? [3, 13]), yielding a porosity of less than 1%.
SEM images of a polished surface and a fracture surface are displayed in Fig. 2. It is clear from Fig. 2(a)
that the material is almost fully dense. In addition the typical nano-laminated microstructure of the MAX

phase ceramics is presented in Fig. 2(b).

In order to characterize the grain distribution, the phase and orientation mappings are given in Fig. 3. As
shown in Fig. 3(a), the red phase corresponds to Ti-AIN grains, while the yellow phase represents traces of
Al;Os. Based on the EBSD technique, the area ratios of Ti,AIN and Al,O; presented in Table 1 are 99.7 %
and 0.3 %, respectively, which fits well with the purity calculated via Rietveld refinement above although
slight difference on the purity of the as-obtained TiAIN material due to the detection accuracy for XRD

characterization. In addition, the grain size of TiAIN was determined as 13 &= 7 um via EBSD.

The Lotgering orientation factor £ (1) [27, 30] was determined as follows: f(1) = (P — Py)/(1 — P,). For
c-axis orientation, P and P, were obtained from the ratio of };(000)/ Y.(hkl). Here, P corresponds to the
textured Ti>AIN sample and P, was obtained from the XRD data (PDF card No: 18-0070). };(007) and
Y.(hkl) were the sums of peak intensities corresponding to the (001) and (hkl) planes, respectively. The
Lotgering orientation factorf (001)for the top surfaces of the obtained Ti,AIN specimen was calculated to
be as low as 0.07. Furthermore, the orientation of the phases of Ti,AIN grains shown in Fig. 3(b-d) clearly
reveals that the TiAIN grains are orientated highly randomly. Therefore, it is possible to obtain sufficient

mechanical data for different orientations from the sample, which has no obvious texture.

The areas that were chosen for nano-indentation testing are presented in Fig. 4(a). Typical morphologies of
imprints at different magnifications are displayed in Fig. 4(b) and Fig. 4(c). It can be seen in Fig. 4(a) that
the indentations are homogeneously distributed across the polished surface. The distance between the
indents was fixed at 8 um. No obvious interaction between the imprints inside the grain is visible in Fig.
4(b-c), which manifests that the indentations represent a local property of each individual TiAIN grain.
Moreover, as presented in the Fig. 4 (d), the additional AFM image and corresponding line scan did not
reveal any pronounced effect of pile-up, hence, overall, the Oliver-Pharr approach that was used to analyze

the data appears to be appropriate.



As illustrated in Fig. 5(a), some of the imprints are close to grain boundaries. In the further analysis, only
imprints having a regular shape and at sufficient distance from grain boundaries were considered. The

orientation mapping of the indentation matrix is shown in Fig. 5(b-c).
3.2 Mechanical properties

Typical indentation load-depth curves for the three specific planes are presented in Fig. 6. The specific

planes are illustrated in Fig. 6 (a). Figure 6(b) shows the curves of an indent into the basal plane and the
prismatic (1010) and (1120) planes. In addition, no obvious creep behavior was observed during the

dwelling time as presented in Fig. 6(c). The shape of the curves is different for the three planes, which
indicates anisotropic mechanical properties. As expected, the maximum loads for the two prismatic planes

are very similar, whereas the maximum load for the basal plane is much higher.

The indentation modulus (M) and hardness (H) of the Ti-AIN sample are shown in Fig. 7 with the two axes
representing the angle from the basal orientation (@) and the angle from prismatic orientation (¢2). Here the
surface mapping has no physical meaning and is only used to guide the eye and point out the dependency
of the mechanical properties on the rotation angles. To permit a deeper understanding of the graphs the

deviations of M and H are shown and discussed in more detail below.

It can be seen in Fig. 7(a-b) that indentation modulus and hardness of Ti,AIN show a different trends
regarding the variation of the angles from the basal plane & and the prismatic plane ¢.. Note that, with
increasing of @ describing the angle of the indented plane rotating from the basal plane towards the
prismatic plane, the value of M first increased from ~296 to ~308 GPa for the angle ranging from 1 to 30°
then decreased dramatically to ~239 GPa at the angle of 90°. The hardness changes slightly, first decreasing
from 15 GPa to 11 GPa with @ ranging from 0° to 43°, then slightly increasing to 12 GPa at 90°, as shown
in Fig. 7(a-b). In order to gain clearer observation of the tendency of the values, corresponding 2D color-
maps of the data were presented in Fig. 7(c-d), for ¢, which is the angle of the indented plane rotating from
the prismatic (101 0) type plane to another (1010) plane through the prismatic (1120) type plane, the
indentation moduli and hardness are almost constant considering the measurement uncertainty. Hence, ¢
has no effect on the mechanical response. Therefore, the rotation angle @ is the predominant factor
influencing the anisotropic behavior of the Ti>AIN material, which agrees well with results reported for
Li13Alo3Tiy7(POs)s (LATP) ceramic electrolyte with a rhombohedral crystal structure [50] and the
hexagonal material S-SisN. [52].

As mentioned above, the Vlassak-Nix and easy-slip models were adopted to calculate indentation modulus

(M) and hardness ratio (normalized H using a reference value of the hardness at @ = 90°), respectively, for



the rotation angles of the crystal structure, as shown in Fig. 8. The indentation modulus and hardness ratio
are derived as a function of @ from 0° to 180° with 1° per step to further illustrate the variation. In order to
illustrate the effects on the mechanical properties with respect to angle ¢, i.e., the angle for calculation
between the normal of the indented surface and the X-Z plane of the crystal coordinate system at X-Y plane,
typical plots at ¢, = -30°, 0° and 30°, are selected for the calculation of both indentation modulus and

hardness ratio.

Regarding & ranging from 0° to 90°, i.e. the indented plane being rotated from the basal plane to the
prismatic plane, the indentation modulus first increases from 0° to 37° followed by a continuous decrease
with a maximum value of ~303 GPa at 37° and a minimum value of ~290 GPa at 90°. With respect to the
hardness ratio, values for the hardness at 90° are used as a reference, and the highest ratio is ~1.34 at 0°,

which decreases to ~0.64 at 45°. Afterwards the value rises to ~1 at 90°.

The value of ¢, corresponding to -30°, 0° and 30° also result in the same values on indentation modulus.
Therefore, the angle ¢2 has only a small or even negligible effect on both the indentation modulus and the
hardness ratio. It is confirmed that the angle @& is the predominant factor affecting the anisotropic
mechanical properties of the hexagonal Ti>AIN material. The & angle is only considered in the comparison

of the mechanical properties derived from experiments and calculation for the TiAIN material.
3.3 Comparison of experimental and calculated results

In order to compare the results obtained experimentally with the calculation results, elastic modulus and
hardness obtained from experiment and simulation are plotted as a function of angle @ in Fig. 9, where the

experimental hardness is normalized using a reference value of the hardness at @ = 90°.

As shown in Fig. 9(a), the experimental indentation modulus exhibits the same trend as the one calculated
using the Vlassak-Nix model. However, the elastic modulus values obtained by indentation, especially at
@ angles ranging from 50° to 90°, are lower than the data derived from the theoretical model. In the current
work, the calculated experimental indentation modulus started from ~297 GPa for the basal plane and
increased to ~303 GPa at 37°, then decreased to ~290 GPa for the prismatic plane. It is notable that the
minimum value of the experimentally obtained indentation modulus is much lower than the one predicted

by the Vlassak-Nix model, with a difference of about 18 %.

The hardness and the normalized hardness both show an initial decrease followed by an increase with an
increasing angle, similar to that of the data derived from the easy-slip model (Fig. 9(b)). The maximum
normalized experimental H ratio is around 1.24, being slightly lower than that of 1.34 derived from the

easy-slip model, the general behaviors determined from experiment and calculation are comparable. The



easy-slip model yields a minimum value of ~0.64 at & of 45°, which is slightly lower than that from
experiments at @ of 43°. Due to the limitation of the easy-slip model, small differences between the
hardness derived from the experiments and the prediction exist. In addition, no absolute value of hardness

can be calculated and only relative values can be estimated.

Considering the uncertainty associated with the grain orientation within the selected areas and possibly a
slight texture (f(001) = 0.07) resulting from FAST/SPS procedure, experimental data in the @ range from
0° to 30° are missing. The differences between the experimental and calculated values can result from
different factors. First, the selection of different elastic constants of Ti,AIN material based on those reported
in the literature will result in different values obtained from calculation. Second, the assumption of active
slip systems without the consideration of the less possible ones and unidirectional slip reduce the accuracy
of the model predictions. In spite of this, the Vlassak-Nix model and easy-slip model allow for a very
reasonable estimate of the elastic modulus and hardness of the hexagonal Ti.AIN material, especially
regarding the general tends, thus providing the feasibility for extending the investigation to other members
of the MAX phase family.

Actually, in the current work, a minor effect of pile-up leading to slightly and leading to an increase
indentation contact area, however, note that such any increase in contact area would lead actually to a
decrease of the modulus, hence modulus values thus derived would be even lower, leading to even less
agreement of experimental data and calculated curve. Moreover, regarding the experimental data, the
modulus decrease with increasing angle above 30° whereas the hardness is rather constant above 30°, hence,
any association of this behavior with pile-up is not reasonable, since both would be affected in a similar
way and, in fact, the hardness even to a stronger extend since it is related to the contact area whereas the

modulus is related to its square route.

On the other hand, regarding the calculated modulus values, the Vlassak-Nix model which derived the
apparent to be measured value for indentation testing from the elastic parameter matrix, will be affected in
the same way by any pile-up in different directions, since the area is integrated. Therefore, it will have the
same uncertainty, if any since, however, consideration of pile-up by the model is not possible and hence in
a comparison any effect related to pile-up will cancel. Regarding the hardness this only slightly different,
since it is normalized using the easy-slip model. However, since the derivation as well as the experiment

data do not consider pile-up, the effect should again cancel each other.

Considering all discussed above, the pile-up is negligible in the contact of this work, and the comparison

of the values derived from experiments and modellings in the current work is reasonable.



4, Conclusions

The anisotropic mechanical properties of the layered Ti.AIN MAX phase with a hexagonal structure was
investigated for the first time via indentation mapping tests combined with EBSD characterization. The
experimentally determined values of indentation modulus and hardness as a function of rotation angles of

Ti,AIN ceramic were rationalized, based on the Vlassak-Nix and easy-slip model, respectively.

While the mechanical properties of Ti.AIN material are clearly anisotropic, indentation modulus and
hardness do not follow the same trend. As expected, ¢. has a negligible influence and @ was the
predominant factor for the anisotropy of the mechanical response. As @ increased, the modulus increased
in the range of 0° to 30° then decreased strongly, while the hardness decreased at first for 0° to 43° and
increased slightly for higher angles. Based on the Vlassak-Nix and easy-slip models, it is shown that ¢, has
a negligible effect. For increasing @, the indentation modulus based on the Vlassak-Nix model increased
at first and then decreased continuously, while the hardness ratio determined from the easy-slip model

decreased to the minimum value at 45° and then increased slightly.

The general behaviors of the experimentally determined modulus and hardness are well estimated by the
Vlassak-Nix and easy-slip model, respectively. The minimum modulus value at @ = 90° (~290 GPa) is
higher than that obtained experimentally (~239 GPa), but the maximum values for both experiment and
simulation are almost the same. The differences between the experimental results and the calculated ones
are likely related to the selection of elastic constants and the assumption of slip systems. Overall, this work
demonstrates a promising methodology to investigate the mechanical properties of the novel and highly
anisotropic MAX phase materials, and also further provides a guideline for the design and development of

the MAX phase materials in various application fields.
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Fig. 1. XRD scan of Ti,AIN specimen.
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Fig. 2. SEM images of Ti>AIN specimen: (a) polished surface, and (b) fracture surface.



Fig. 3. (a) Phase map and the inverse pole figure maps of the TiAIN samples determined from EBSD
with respect to (b) X0, (¢) YO0, and (d) ZO0.




Fig. 4. SEM images of (a) the selected areas, (b) a typical indentation array (Array 3), (c) representative
imprints and (d) AFM image of the imprint after nanoindentation.
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Fig. 5. (2) EBSD band contrast and grain boundaries image and the inverse pole figure orientation maps
with respect to (b) X0, (¢) YO, (d) Z0 of array 3.
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indentation modulus and (d) hardness of the TioAIN as a function of the angles from the basal
(@) and prismatic planes (42).
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Table 1 Characteristic parameters of the as-obtained Ti,AIN material.

Amount 1** Amount 2***
Lattice parameters
(wt. %) (vol. %)
Ti,AIN
Space a* b* ¢*(A) « B v Ti,AIN Ti,AIN  Al,Os
P63/m 298 298 1364 90 90 12 ~100 99.7 0.3

*The lattice parameters were characterized via XRD using Rietveld refinement.
**The amount 1 is the purity obtained via XRD using Rietveld refinement.

***The amount 2 refers to the purity obtained via EBSD technique.



