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Abstract

Machinable layered ternary carbides and nitrides (MAX phases) are a class of
multifunctional materials combining the advantages of both ceramics and metals, making
them of vital technological importance. Understanding their mechanical behavior is critical
for practical applications and failure analysis. However, there is still no in situ investigation
on their strength and plastic deformation under high pressure/stress. In this study, we
investigate the strength and texture development of Ti;AIC, under nonhydrostatic pressure
up to 41 GPa. Clear strength anisotropy was observed and the lattice stress states of
different planes were determined. At 41 GPa, the highest differential stresses supported by
the (10-10) plane and (0008) plane are approximately 13.7 GPa and 4.5 GPa, respectively.
The average strength exceeds that of stishovite, one of the strongest oxides. A strong 0001
deformation texture developed under ultra-high stress. This work clearly reveals the
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lattice-stress states and deformation behavior of Ti,AIC, under high stress, offering direct experimental insights for
the design and processing of MAX phase materials.

INTRODUCTION

Machinable layered ternary carbides and nitrides, known as MAX phases and represented by the general
chemical formula M, ,AX, (where M is an early transition metal element, A is an A group element, X is C or
N, and nis 1-3), combine advantages of ceramics and metals, making them of vital technological
importance! . All MAX phases crystallize in the hexagonal system with space group Pe./mmc. The unique
properties of MAX phases are attributed to their layered structure consisting of M _X octahedra separated by
layers of A atoms where the M X octahedra are identical to those found in the corresponding binary MX
carbides. Like ceramics, MAX phases are refractory, oxidation resistant and can maintain their high strength
at elevated temperatures. Like metals, they exhibit high electrical and thermal conductivity, excellent
machinability and thermal shock resistance'>*. Furthermore, MAX phases have also shown other unique
properties: at room temperature, they can fully recover after being compressed under stresses as high as 1
GPa while dissipating 25% of the mechanical energy!®’; at higher temperatures, they undergo a
brittle-to-ductile transition and their mechanical behavior is strongly affected by the deformation rate.
Dislocation plays a crucial role in the deformation of MAX phases. Previous reports show that dislocations in
uniaxially deformed MAX phases are predominantly confined to the basal plane””. In addition to the basal
plane dislocations, less common out-of-basal-plane dislocations have only been reported in nanoindented
TiSnC,", Ti,AIN deformed under gaseous confining pressure at 900 °C'""", and Ti,AlC, compressed at 1,200

°C with a stain rate of 10 702,

To stimulate the wide application of MAX materials, it is essential to study their mechanical behavior
systematically. Previously, high-pressure experiments have been carried out on many different MAX phases
and their high-pressure behaviors have been investigated through both experiments and theoretical
calculations!*"*). While most studies focused on the structure change with pressure and the equation of state,
the strength and plastic deformation behavior of MAX phases under high pressure have still rarely been
characterized. By using first principle calculation, Zhao et al. studied the mechanical and thermodynamic
properties of Ti,AlC, and Ti,SiC, under high pressure and high temperature"”. Results showed that pressure
could not only enhance the resistance to deformation but also improve the ductility and elastic anisotropy.
However, relevant experimental investigations remain quite insufficient. Here, with the radial X-ray
diffraction technique in a diamond anvil cell (rDAC-XRD), we investigate the strength and deformation
behavior of a typical MAX phase, Ti,AlC,, in situ under high pressure up to 41 GPa. Both density function
theory (DFT) calculations” " and coherent inelastic neutron scattering experiments on Ti,AlC,”* have
proved the quasi-isotropic nature of its elastic constants, different from Ti,SiC,, which has been
experimentally confirmed to exhibit shear stiffness””?. In this work, we also consider Ti,AIC,’s elastic
modulus as quasi-isotropic and try to figure out its strength and texture evolution under high pressure.
rDAC-XRD has proven to be a reliable and powerful technique for investigating the strength and
deformation behavior of materials®*. Together with the lattice strain theory, it is used to determine the
yield strength of this material under high pressure.

MATERIALS AND METHODS
High-pressure deformation and in situ X-ray diffraction
Ti,AlC, powder samples were synthesized via the hot-pressing process. In situ rDAC-XRD experiments on

the powder sample were performed at beamline 12.2.2 at Advanced Light Source, Lawrence Berkeley
National Laboratory. A panoramic-type diamond anvil cell with large openings was used to enable radial
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X-ray diffraction. The ground sample with grain sizes of around a few microns was loaded into an
X-ray-transparent boron-epoxy gasket featuring a centrally drilled hole and inserted into a Kapton
support®. A piece of Cu foil was also loaded into the sample hole to use as a pressure marker. To maximize
the deviatoric stress on the sample, no pressure medium was used. Monochromatic X-rays with a wavelength
of 0.5651 A were collimated to a beam size of 30 pm x 30 um and focused onto the sample. Instrument
parameters, such as the sample-to-detector distance, beam center, and detector tilt, were calibrated using a
CeO, standard prior to the experiment. The pressure was determined based on the equation of state of Cu.

The experiment was carried out at room temperature.

Data processing

Using the Rietveld refinement implemented in the software program package MAUDP"*, diffraction data
were quantitatively analyzed for cell parameters, phase proportions, textures, grain sizes, stress, and
microstrains. Crystal size and microstrain (root mean square microstrain, the average lattice distortion due
to plastic strain in a crystal) were calculated assuming an isotropic grain size. A Vogit function was used to fit
the diffraction peaks and the microstrain was calculated using the width of the Gaussian component**.
Crystallographic textures were fitted using the E-WIMW algorithm®*, with an orientation distribution
function (ODF) resolution of 15° and assuming cylindrical symmetry about the compression direction. The
ODF was subsequently smoothed with a 7.5° Gauss filter in BEARTEX. Finally, inverse pole figures (IPFs)
that show the relationship between the crystallographic directions of crystallites and the compression
direction were generated. Due to the hexagonal crystal symmetry, a 30° partial IPF is sufficient to represent
the ODF.

According to the lattice strain theory developed by Singh et al.”, the stress state in a polycrystalline sample
under uniaxial compression in the diamond anvil cell can be described by a maximum stress along the cell
loading axis, ¢,, and a minimum stress in the radial direction, ¢,. The difference between ¢, and ¢, is termed

the differential stress ¢, t = o, - o,. The orientation-dependent lattice strain can be fitted with"*
do (kL 0) = dp (hkl) [1 + Q(hkl) (1 ~ 3cos? w)] 1)

where d, (hkl,) is the measured d-spacing, d (hkl) is the hydrostatic d-spacing,  is the angle between the

diffraction plane normal and the loading axis, and Q(hkl) is the lattice strain parameter, which is given by"”
Q(hkl) = 1/3{a [2GR(hkD)] ™" + (1 - @) (2Gy) ™'} )

where ¢ is the differential stress, G,(hkl) and G, are the shear moduli of the aggregate under Reuss (isostress)

and Voigt (isostrain) approximations, respectively, and o is a value between 0 and 1 describing the continuity
behavior of the polycrystalline materials.

According to Equation 1, there should be a linear relationship between d, (hkI) and (1 - 3cos’y), while the
d-spacing at (1 - 3cos’y) = 0, namely = 54.7°, equals to d,(hkl). d (hkl)/ Q(hkl) is the slope in the d, (hk)
versus (1 - 3cos’y) graph.

According to Equation 2, if we assume the isostress condition, we have t/G = 6<Q(hkl)>, where <Q(hkl)>
represents the average lattice strain Q(hkI) of observed reflections, and G is the aggregate shear modulus of
the polycrystalline sample. The #/G ratio can be extracted from the diffraction data during fitting with
MAUD using the Triaxial Stress Isotropic E strain model, which can refine a first value of differential stress ¢
using the Young’s modulus E and Poisson ratios v of Ti,AlC, at ambient conditions (/G = 2t(1+v)/E).
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Figure 1. XRD patterns of Ti;AlC,. (A) Integrated pattern at ambient conditions. The inset shows the morphology and crystal structure of
Ti;AIC, A distinct layered structure can be observed in the SEM image. Scale bar =5 pm. (B) Two-dimensional diffraction images
collected under pressure. XRD: X-ray diffraction; SEM: scanning electron microscope.

However, for anisotropic materials like Ti,AlIC,, the stress on each diffraction plane is supposed to be
different. Hence, t(hkl) and Q(hkI) for each plane have been calculated based on its own d, (hkl) vs. (1 -

3cos’y) relation. If the uniaxial stress component ¢ has reached its limiting value of yield strength at high
pressures, it will reflect the ratio of yield strength to shear modulus.

RESULTS AND DISCUSSION

Phase stability under nonhydrostatic pressure

The sample was first checked at ambient conditions via XRD. All peaks can be indexed to the hexagonal
Ti,AlC, phase (Ps,/mmc), indicating a pure phase [Figure 1A]. The inset crystal structure and scanning
electron microscope (SEM) image clearly display the layered nature of the material. High-pressure XRD was
conducted in the radial geometry up to 41 GPa, while diffraction images were collected during both
compression and decompression. Figure 1B shows diffraction images collected at 0.1 and 41 GPa,
respectively. Under pressure, the diffraction ring became distorted from a perfect circle and intensity
variation could also be observed for each ring, providing deformation information about the sample under
uniaxial compression. This information can be better seen from the unrolled diffraction patterns [Figure 2].
The variation of diffraction angle with azimuth angle represents the lattice strain of the sample and was
caused by the shear stress generated under the nonhydrostatic environment. The systematic intensity
variations on each pattern represent the lattice preferred orientation of the sample. The sample was pressed
into thin dense foils before being put into the gasket chamber, which helped obtain a better diffraction signal.
This is also the origin of the slight initial texture at 0.1 GPa. With the increase in pressure, both lattice strain
and lattice preferred orientation are enhanced, as indicated by the curved shape and the intensity variation of
the pattern. No new peak appeared until 41 GPa [Figure 2A-D], indicating no phase transition during this
pressure range.
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Figure 2. Unrolled diffraction patterns as a function of 20 for the whole azimuthal range under pressure. Patterns collected during
compression at 0.1 GPa (A); 4.9 GPa (B); 21.6 GPa (C); and 41 GPa (D). Patterns collected during decompression at 15.6 GPa (E) and 0.1
GPa (F). Arrows on the right show the compression direction. Major diffraction peaks are labeled.

Based on previous high-pressure experiments of many MAX phases, no phase transition has been observed
under hydrostatic pressure in the pressure range that has been experimentally reached so far [13-17].
Theoretical simulation predicts that a large shear strain would induce the a-to-p transition in Ti,SiC,".
These two polymorphs have been observed by transmission electron microscopy (TEM), X-ray and neutron
diffraction”**. Both of them are in the same space group. The difference is that the Si atom in the a phase
occupies the 2b Wyckoff position with fractional coordinates (0, 0, 1/4), while the g phase has the Si atom
filling the 2d Wyckoff position with fractional coordinates (2/3, 1/3, 1/4). However, no experimental
evidence has been reported yet to prove that this phase transition could occur in this compound under high
pressure.

Wang et al. claimed that Ti,GeC, underwent the a-to-g transition under nonhydrostatic pressure of 26.6
GPa!. However, it should be mentioned that for both structural polymorphs, all XRD peak positions are the
same and the only difference is the peak intensity variation. It is well known that the peak intensity under
nonhydrostatic pressure will be affected by lattice preferred orientation induced by the differential stress.
Consequently, the peak intensity variation in this case cannot be directly attributed to the phase transition
and further evidence is needed to identify the a-to-p transition. In our work, it can be clearly seen from
Figure 1B that there is no obvious change except the development of texture and lattice strain during
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Figure 3. Fitting example of Ti,AIC, at 41 GPa. The lower portion of the pattern shows the experimental data, while the upper portion
displays the calculated pattern obtained from the Rietveld refinement. Green arrows indicate the compression direction.

compression. Based on our experiment, no indication of phase transition can be found in Ti,AlIC, up to 41

GPa nonhydrostatic pressure [Figure 2].

During decompression, the lattice strain was released and all peak lines became almost straight when the
pressure was back to 0.1 GPa [Figure 2E and F]. On the contrary, the strong texture was retained in the
quenched sample.

Microstructure evolution under pressure

The diffraction patterns were fitted using the software MAUD. One fitting example at the highest pressure of
41 GPa is shown in Figure 3. It can be seen that the data could be fitted very well. Based on the fitting, lattice
parameters and volume change were first obtained, and the results are shown in Figure 4.

The lattice constant for Ti,AlC, at ambient conditions was fitted to be: a = 3.0737(3) A, ¢ = 18.5673 (6) A.
Both of them decrease with pressure, while a shows a linear decreasing trend and ¢ decreases nonlinearly
[Figure 4A]. The ratio of ¢/a has also been plotted as a function of pressure [Figure 4B]. The c axis is
significantly more compressible than the a axis. This is easy to understand due to its layered structure. With
the increase in pressure, the ¢/a ratio drops dramatically before 20 GPa, indicating the strong compressibility
anisotropy of this material. Above this pressure point, the decreasing trend is slowed down and the ratio
eventually becomes stable with pressure. Li et al. have also observed an anomaly of the ¢/a ratio under
hydrostatic pressure and claimed it as an isostructural phase transition"*’. However, the volume change is
always continuous under both hydrostatic and nonhydrostatic compression. Based on our results, the shift in
the ¢/a ratio is more likely related to the deformation behavior under extreme compression.

The unit-cell volume as a function of pressure is shown in Figure 4C and it is fitted using the
Birch-Murnaghan equation of state (EOS). The zero-pressure bulk modulus K, = 202 + 5 GPa is obtained

with the pressure derivative K,’ fixed to 4. This value is higher than 156 + 5 GPa and 166.7 + 1 GPa (K,” = 4)

obtained under hydrostatic pressure by Zhang et al."* and Li et al."", respectively. However, it is lower than
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Figure 4. Structure evolution of Ti,AIC, as a function of pressure. (A) Lattice parameters; (B) ¢/a ratio; (C) Unit-cell volume. In all figures,
solid symbols display values obtained during the compression process and hollow symbols represent values obtained from the
decompression process. The dashed line in (C) is the Birch-Murnaghan EOS fitting. The error bars, when not shown, are inside the symbol.
EOS: Equation of state.

the value of 226 + 3 GPa (K, = 4) measured for Ti,(Al, Sn,,)C,, which has the same lattice constant of Ti,AlC,
with Al as pressure medium!®. Our results agree well with ab initio calculation values of 190 GPa"*” and 187
GPa'*'l. It has been previously reported that the nonhydrostaticity in a diamond anvil cell has a profound
effect on the calculated bulk modulus™*?, which could explain the difference between our result and that
obtained from hydrostatic conditions. For all parameters, the data obtained during the decompression
process are also shown in the figure as hollow symbols. Basically, they follow the opposite trend to that
during compression.

Crystal size and the microstrain can also be obtained from the refinement and have been plotted as a
function of pressure in Figure 5. Crystal size decreased significantly with pressure at the initial stage and then
stayed relatively stable above 20 GPa. This is due to the differential stress generated under uniaxial
compression, which breaks original large grains into smaller grains. On the contrary, the microstrain initially
increased rapidly with pressure to around 0.006 and then kept this value during further compression. The
rapid linear increase occurs when the sample is in the elastic range before the bulk yield, while the deviation
from this linear variation marks the onset of plastic deformation, indicating that the bulk material can no
longer support further differential or shear stress in an elastic sense.

Lattice strain anisotropy

Figure 6 shows the variation of the d-spacing as a function of 1 - 3cos’y for some representative reflections of
Ti,AlC, at the lowest and highest pressure. The information on the differential stress supported by each plane
and the shear modulus are all provided by the slope of each line. As indicated by the theory, the measured
d-spacing varies linearly with 1 - 3cos’y and the slope increases with pressure. At 0.1 GPa, all three lines are
flat and the slope is nearly 0. At 41 GPa, a strong anisotropy can be observed from the figure, with (10-10)
displaying the highest slope and (0008) showing the lowest.

The t(hkl)/G(hkl) ratios obtained from plotting the slope of d-spacing vs. 1 - 3cos’y reflect the elastically
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Figure 6. Dependence of measured d-spacing on 1- 3cos?y. (A) 0.1 GPa, (B) 41 GPa. Data are shown for three diffraction planes of Ti,AIC:
(10-10), (10-13), and (0008). The solid lines represent linear fits to the experimental data. At 41 GPa, (10-10) shows the highest slope
while (0008) shows the lowest.

supported differential strain in the lattice planes under an imposed differential stress. The values as a
function of pressure for six representative planes are shown in Figure 7A. The average t/G value calculated
from /G = 2t(1 + v)/E has also been shown in the figure. In all cases, the t(hkl)/G(hkl) increases with pressure
before reaching a plateau of around 0.015 for (0008) planes and 0.05 ~ 0.07 for (10-1/) planes, respectively,
indicating a high lattice strain anisotropy. The average t/G follows the same trend and shows weak pressure
dependence above ~ 20 GPa. It also means that Ti,AlC, starts to yield to plastic deformation at this pressure

point.

It should be mentioned that for the (0008) plane, another plateau could be observed at a pressure of ~ 2 GPa,
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Differential strain [t(hkl)/G(hkI)]1; (B) Differential stress; and (C) The relative orientation of the six lattice planes in Ti;AIC, used in this
work.

indicating a premature yield of grains with [0008] parallel with the compression direction. This is similar to
that observed in Ti,AIN particle reinforced TiAl, in which the (0002) planes of Ti,AIN show yielding or even
plastic deformation at a very low true stress level®. It is proposed that this could be attributed to the atomic
ripplocations, a unique phenomenon for layered crystalline solids in response to compressive strain***,
Under compression, deformation will occur through atomic-scale ripples on the (000/) substrate planes and
then induce stress release. Consequently, the lattice strain of the (0008) plane would exhibit a yielding
behavior under very low pressure (stress).

Differential stress
To estimate the differential stress supported by Ti,AlC, at elevated pressures, the ambient shear modulus
140.2 GPa and its evolution with pressure (dG/dP = 1.3 GPa) for Ti,AlC, from the theoretical calculation is

used here””. The maximum differential stress corresponds to the yield strength of the material.

Figure 7B shows differential stress as a function of pressure for the six studied lattice planes. Clearly, the
differential stress increases with pressure. As seen in the figure, the (10-10) plane is the stiffest plane and is
able to support the highest differential stress of 13.7 GP at the highest measured pressure. In contrast, the
(0008) plane can support a much lower differential stress of 4.5 GPa at the same pressure point. This
anisotropy in the differential stress supported by each plane is likely due to the layered crystal structure of
Ti,AlC,. The (0008) plane is orthogonal to the ¢ axis and lies parallel to the layers of Ti, Al, and C [Figure 7C
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]. Tt is well accepted that there are only limited slip systems that can be activated in MAX materials, and only
the basal plane is operative under high temperatures'*’. It is possible that the basal plane is also the slip plane
under high nonhydrostatic pressure, which makes it a location for strain release in the material. IPFs in
Figure 8A show clearly that Ti,AlC, develops a strong (0001) texture under nonhydrostatic pressure and the
preferred orientation increases with pressure until reaching 6 mrd at 41 GPa. This texture is similar to that
observed in hexagonal metals such as zinc and cadmium and is suggested to be due to basal slip*’. This
result is also consistent with dislocations observed in Ti,AlC, under high-temperature uniaxial
compression?. Pole figures (PFs) of selective planes at the highest pressure are also shown in Figure 8B. For
(0001), one maximum can be observed at the center, indicating that {0001} planes are aligned perpendicular
to the compression plane. For (10-10) and (10-11), only one weak maximum can be observed at the edge of
the pole figure, that is, at y = 90°, which means that these two sets of planes are along the compression
direction. Hence, it is obvious that (000l) planes support the lowest differential stress while the (10-10) plane,
which is perpendicular to basal planes, is able to support the highest differential stress. As expected,
differential stress supported by other planes shown in the figure lies between those values of (10-10) and
(0008), and decreases monotonously with the ratio between its components perpendicular and parallel to the
¢ axis.

A similar stress anisotropy effect has been reported in ReB, in radial geometry high-pressure experiments by
Chung et al."”!. They anticipated and observed this effect in hardness measurements: under the same load,
indentations along the direction with a larger component parallel to the c axis resulted in a higher average
hardness as compared with the value obtained with indentations parallel with (00l) planes'*”. Similarly,
researchers have also reported that the hardness of Ti,SiC, was anisotropic and higher when loaded along the
¢ direction: the hardness was 4.9 = 0.2 GPa with basal plane oriented perpendicular to the surface and
increased to 7.3 + 0.1 GPa with basal plane parallel with the surface!*
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The average differential stress obtained for Ti,AlC, increased to about 4.5 GPa at ~ 20 GPa, the plastic yield
point, and then became relatively stable and slightly increased to about 6.5 GPa at the highest pressure 41
GPa. The differential stress of this material is much higher than that measured for metals like Au (~ 0.7
GPa)™!, Gd (~ 0.45 GPa)"*, Fe (~ 4.5 GPa)"", and W (~ 4.8 GPa)"”, and is comparable with that of Re (~ 6.2
GPa)"* at a similar pressure range. This value is also higher than that obtained for stishovite (~ 4.5 GPa)",
one of the strongest known oxides. However, this differential stress is still lower than values measured for
superhard ceramic materials like ReB, (~ 7.2 GPa)"*, TiN (~ 8 GPa)"* and significantly lower than that of
B,C (~ 12 GPa)"*, WB, (~ 15.8 GPa)"*”, nanocrystalline y-Si,N, (~ 17 GPa)""", and microcrystalline B.O (~ 20
GPa)" in the measured pressure range.

Previously, the plastic deformation of MAX phases was investigated through experiments and simulations.
However, the understanding of this topic remains limited and contradictory. Micropillar compression on
Ti,SiC, single crystals at room temperature reveals that the basal slip is the only operative slip”®”. When the
loading axis is parallel to the basal plane, kink band formation also originates from the basal dislocations.
Recently, it has been postulated that ripplocations, rather than dislocations, are responsible for the formation
of kink boundaries commonly observed in deformed MAX phases'®. However, it was later argued that
ripplocations are not energetically viable in MAX phases, attributing to elastic isotropy, substantial interlayer
friction, and adhesion'*). Using molecular dynamics simulations of the Ti,SiC, MAX phase, pyramidal
dislocation loops were discovered to be the operating mechanism of kinking under load parallel to the
layers'®). In our work, the texture intensity increases with pressure, indicating a rise in dislocation density
under extreme compression. Compared with previous work, we believe that basal slip is operative and is
responsible for the alignment of the {0001} planes perpendicular to the compression plane. Since the initial
sample is a powder with grains of random orientation, kinking might also occur during compression in
specific grains with basal planes parallel with the load direction. However, further experiments are still
needed to confirm this.

CONCLUSIONS

In conclusion, the strength and plastic deformation of a typical MAX phase Ti,AlC, have been studied in situ
using radial XRD in a diamond anvil cell at pressures up to 41 GPa. The strength presents a strong
anisotropic behavior and the (10-10) plane supports the largest differential stress. This agrees well with the
0001 texture developed under nonhydrostatic pressure by basal plane slip. The result also shows that the
average strength of Ti,AIC, is higher than that of most metals and even higher than stishovite, one of the
strongest oxides. This work provides a clear physical figure on the mechanical properties of MAX phases,
which is crucial for material engineering and technological application.
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