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Herein, we report on the crystal structures of the isostructural TizSiC, and Ti;GeC, phases determined by
Rietveld analysis of neutron diffraction data in the 100° to 1100 °C temperature range. The results show that
the Si and Ge atoms vibrate anisotropically with the highest amplitudes and within the basal planes. The
equivalent isotropic thermal motion behavior does not differ significantly between the two phases; the aniso-
tropic thermal motion, interatomic distances, and bond angles, however, show strikingly different behavior.
Furthermore, while the Ti-Si bonds increase linearly with increasing temperature, the Ti-Ge bonds apparently
do not. The anisotropic motion of the Ge atoms in the basal plane with the correlated motion between the Ti
and the Ge atoms is invoked as a possible explanation. The volume expansions are 9.0(=0.1) X 10 K~! and
8.7(+0.1) X 107 K~! for Ti;SiC, and Ti;GeC,, respectively; the expansions along the a and ¢ axes are a,
=8.9(*0.1)x107® K! and a.=9.4(*+0.1)x 105 K~! for Ti;SiC, and «,=8.5(+0.1)X 1078 K~! and a,
=9.2(*+0.1) X 10°° K~! for Ti;GeC,. A dramatic increase in error bars and a discontinuity in thermal motion
parameters of the Tij atoms in Ti;GeC, were also observed between 300 and 500 °C during both heating and
cooling. This discontinuity may in turn explain why the internal friction rises dramatically in that temperature

range.
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I. INTRODUCTION

The ternary compounds Ti;SiC, and Ti;GeC, are mem-
bers of a class of more than 50 thermodynamically stable
nanolaminated solids with the general form M, AX,
(MAX), where n=1, 2, or 3, M is an early transition metal, A
is an A-group element, viz., mostly groups 13 and 14, and X
is either C or N.! Since it was discovered that, as a class, the
MAX phases exhibit unusual yet attractive and sometimes
unique combinations of properties, these phases have been
studied extensively.”™ In addition to having exceptional ther-
mal shock resistance and being excellent electric and thermal
conductors, they are elastically quite stiff yet relatively soft
and readily machinable, with exceptional damage
tolerance.>>® Some are creep and fatigue resistant.”

The phases are classified according to their values of n,
that is “211” for n=1, “312” for n=2, and “413” for n=3. Of
particular interest to this work are the 312 MAX phases
Ti3SiC, and TisGeC,, which were first synthesized in pow-
der form in the 1960s.'%!! It was not until recently, however,
that they were fabricated and fully characterized in bulk form
as fully dense, single-phase solids.>®!> Both phases have a
layered hexagonal structure (Fig. 1) belonging to the space
group P65/mmc (No. 194). Titanium atoms on Wyckoff po-
sitions 4f (Ti;, adjacent to the A layer) and 2a (Tiy, between
the C layers) and carbon, C, atoms on Wyckoff position 2b
result in Ti;C, layers, interleaved with layers of hexagonal
nets of pure Si or Ge on Wyckoff position 2b.!" This struc-
ture has since been confirmed for Ti;SiC, using convergent
beam electron diffraction by Arunajatesan and Carim, who
obtained lattice parameters of a=3.06 and 17.66 A.13

The chemical bonding and thermal properties of Ti;SiC,
have been extensively investigated. Following its discovery
and structure verification, a neutron diffraction, ND, study
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was conducted to confirm the original structure and report
bond lengths and bond angles, with lattice parameters a
=3.0575 A and ¢=17.6235 A." In that study, it was found
that the Ti-C distances were comparable to normal covalent
distances in TiC, whereas the Ti-Si distance was slightly
larger than in a normal covalent bond and closer to the sum
of metallic Ti and covalent Si radii. Furthermore, a slight
distortion of the CTig octahedra, indicated by the distinctly
different bond lengths for Ti;-C and Tiy-C, was noted. Effec-
tively the C atoms relax in the direction of the Si layers
(Fig. 1). This results in slightly smaller and more distorted
octahedra than in TiC.'#

Another ND study of Ti;SiC, was conducted soon after in
the 298—1273 K temperature range to determine its thermal
properties.!> The coefficients of thermal expansion, CTE,
were determined in the a and c¢ direction to be 8.6(*+0.1)
X107 K' and 9.7(+0.1)X 1078 K~!, respectively, for
an average volume expansion of 8.9(*0.1)X 1076 K-
The latter is in fairly good agreement with the values deter-
mined from dilatometry, viz., 10(x1)X107® K12 9.2
X 107¢ K'° and 9.1(%£0.2) X 107 K~'.15

Much less information is available for Ti;GeC,. A number
of papers have been published on Ti;Si,Ge,_,C, solid
solutions®!®1 in which it was shown that both low
(4-300 K) temperature transport'® and mechanical
properties® are fairly insensitive to x. The average of the
expansions along the a and ¢ directions, 8.1(*0.2)
X107 K! and 9.7(*£0.2) X 107® K7, respectively, were
slightly higher than the dilatometric CTE of TizGeC,,
7.8 1076 K120

While Ti;GeC, and Ti;SiC, are closely related structur-
ally and exhibit similar properties, there are also a number of
differences in their thermal and mechanical properties that
are not fully understood. For example, the mechanical
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FIG. 1. (Color online) Schematic of TizSiC,/TizGeC, structure,
showing lattice parameters a and c, z coordinates of C and Ti;
atoms, positions of Tij, Tif, Ge or Si, and C, and the interatomic
distances and angles calculated in this work. Unit cell is delineated
by dashed lines.

damping—viz., internal friction, Q~!, determined over the
300-1573 K temperature range—of Ti;GeC,, TizSiC, and
other MAX phases was investigated by resonant ultrasound
spectroscopy.?! Up to a critical temperature, Q~' was nearly
constant, after which it increased dramatically. This critical
temperature was ~1273 K for Ti3SiC, and two other 312
MAX phases studied, but only ~623 K for Ti;GeC,. Given
the otherwise similar properties of Ti;SiC, and Ti3;GeC,, this
was a surprising result. A number of possibilities for explain-
ing this behavior, including increases in the mobility of dis-
locations and/or other defects such as vacancies in the A
planes, as well as an order-disorder transition (most probably
in the A planes), have been postulated.>! One of the aims of
this work is to shed some light on this unexpected mystery
by investigating the changes in the crystal structure as a
function of temperature.

Herein we use Rietveld analysis of high-temperature ND
(HTND) data to study the thermal properties of Ti;SiC, and
Ti;GeC, in the 573-1373 K and 373-1273 K temperature
ranges, respectively. We report on the lattice parameters, an-
isotropic displacement factors, bond lengths, and bond
angles (and from those the distortion of the coordination
polyhedra) as a function of temperature on both heating and
cooling. The possibility of dynamic disorder caused by cor-
related atomic motion at high temperatures for Ti;GeC, and
Ti;SiC, is also explored. And while HTND of Ti;SiC, has
been carried out previously,'” we decided to repeat these
experiments for three reasons. The first is to enhance the
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quality of the data. The second is to verify our results and
procedures by comparing our data to previous results. The
third, and most important reason, is to ensure that the results
are comparable to those measured for Ti;GeC, on the same
instrument.

II. EXPERIMENTAL DETAILS
A. Sample synthesis

To make the Ti;GeC, sample, a stoichiometric mixture of
Ti, C, and Ge powders was ball milled for ~40 min. The
powder mixture was then placed in a graphite die and heated
in a graphite-heated vacuum hot press, under a mechanical
vacuum of 10~* Torr, at a rate of 10 K/min to 1173 K, held
for 3 h after which a pressure of ~45 MPa was applied and
heating was resumed at the same rate to 1873 K where the
sample was held for 6 h before cooling. These samples were
subsequently annealed for 48 h in an Ar atmosphere at 1873
K to allow unreacted phases to react and to grow the grains.
Further synthesis details can be found elsewhere.®

The coarse-grained polycrystalline sample of Ti;SiC, was
fabricated by hot isostatic pressing. Ti, SiC, and graphite
powders were dry mixed together in a V-blender for 2 h and
cold pressed under 180 MPa into bars. The bars were then
introduced in a graphite die and hot pressed at 1600 °C
under a pressure of ~40 MPa for 4 h to produce coarse-
grained microstructure. Further synthesis details can be
found elsewhere.?

B. Neutron diffraction

HTND experiments were conducted on the high-pressure
preferred orientation neutron diffractometer (HIPPO) (Refs.
23 and 24) at the Lujan Neutron Scattering Center, Los Ala-
mos National Laboratory. For both phases, bulk samples
were placed in a vanadium holder, mounted in an ILL-type
high-temperature vacuum furnace with a vanadium setup
(heating elements and heat shields), and heated at a rate of
20 °C/min. Time-of-flight data were collected under
vacuum at selected temperature points during heating, and
again during cooling, to assess possible hysteresis. Tempera-
ture was measured by two type K thermocouples inside the
~15 cm high hot zone of the furnace about 5 cm above the
beam center. The data collection temperatures were 300, 500,
700, 900, and 1100 °C for TisSiC, and 100, 300, 500, 600,
700, 800, 900, and 1000 °C for Ti;GeC,. At each tempera-
ture, neutrons were detected with 27 detector panels of *He
detector tubes arranged on three rings with nominal diffrac-
tion angles of 40°, 90°, and 144°. The samples were mea-
sured at rotation angles of 0°, 45°, 67.5°, and 90° around the
vertical axis to allow for a full texture analysis at each tem-
perature. The count time was 15 min per orientation, result-
ing in 60 min count time per temperature, during which the
temperature was held constant for data collection.

C. Structure refinement

The neutron data were analyzed with the Rietveld method
using the general structure analysis system (GSAS) (Ref. 25)
and material analysis using diffraction/reflectivity (MAUD)
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(Ref. 26) software packages. Interference from the adjacent
WNR facility was observed in the backscattered 144° bank
at time of flight between 15 and 18 ms; this region was
excluded from the refinements. Hexagonal structures often
exhibit preferred orientation,?’ therefore texture analysis was
performed for selected data sets using the E-WIMV (Ref. 28)
algorithm as implemented in MAUD. For the GSAS analysis,
the data from detectors with the same nominal diffraction
angle were integrated and subsequently the four sample ori-
entations were summed up, therefore randomizing preferred
orientation effects. A script-controlled multihistogram refine-
ment against the 144°, 90°, and 40° data was performed with
GSAS. The crystal structure parameters from the full texture
model analyzed with MAUD agreed, within error bars, with
the random texture assumed for the GSAS analysis. For both
samples, the weak texture observed (see below) was smeared
out by integrating the individual detector panels of rings/
banks with the same nominal detector angle and then inte-
grating the data of each bank recorded for four different ro-
tations. Therefore the data were analyzed using a script
language for GSAS that assumed a random texture. Additional
phases were found and refined in both GSAS and MAUD.

The GSAS script-controlled refinement ensures that identi-
cal refinement strategies were used on both compositions and
the final refinements were conducted with sites fully occu-
pied. For instrument calibration, the room-temperature lattice
parameters determined previously from x-ray diffraction
(XRD) for TisSiC, [a=3.075 A, ¢=17.7105 A (Ref. 22)]
and Ti;GeC, [a=3.090 A, ¢c=17.764 A (Ref. 6)] were ex-
trapolated to the lowest temperatures, 300 °C and 100 °C,
respectively, using the CTE values determined herein. The
instrument alignment diffractometer constant parameter,
DIFC in GSAS was calibrated to these values for the first
runs, i.e., at 300 °C and 100 °C, and fixed for the subse-
quent runs. Refined parameters were 16 background param-
eters of GSAS background function no. 1, phase fractions of
additional phases, lattice parameters of all phases, atom po-
sitions with symmetry constraints (i.e., the z coordinate of
the Ti; and C atoms), instrument calibration (only for the first
run), peak width, absorption, and anisotropic thermal motion
parameters.

III. RESULTS
A. Texture and composition analysis

Texture analysis of the Ti;SiC, sample [Figs. 2(a)-2(c)]
showed very mild texture that did not change with heat treat-
ment. The results of the Ti;GeC, texture analysis [Figs.
2(d)-2(f)] show a mild (0002) fiber texture for the Ti;GeC,
phase; again no texture change was observed during heat
treatment. As noted above, for both samples, the parameters
obtained using MAUD to incorporate preferred orientation
were within error bars of those determined by the GSAS with
no preferred orientation. Thus the Rietveld analysis de-
scribed herein was executed in GSAS assuming random tex-
ture and full occupancy. Final bond lengths and angles were
computed with GSAS.

Table I shows the profile agreement factors for the Ri-
etveld analysis at 300, 500, and 900 °C, giving the weighted

PHYSICAL REVIEW B 82, 174109 (2010)

L uyo/::.\k§ .2.0
A
e .2.0

1 mrd

Ti,SiC,
(a) 300C

=

(b) 1100C

B IO
o w

-

mrd

el =
[T

1 mrd

O
o o

1 mrd

[l
o o

1 mrd

ANY
As v
T ETE ETE ETE =

Q
o

FIG. 2. (Color online) Pole 0002 and 1000 figures recalculated
from the orientation distribution of HIPPO data for (a) Ti;SiC, at
300 °C (before heating), (b) 1100 °C, (c) 300 °C (after heating)
and, (d) Ti;GeC, at 100 °C (before heating), (e) 900 °C and, (f)
100 °C (after heating).

pattern R index, wR,.? Figures 3(a) and 3(b) show the Ri-
etveld fit for the neutron time-of-flight data integrated for full
detector rings and the four measured orientations for the 90°
detector bank at the lowest temperatures for each sample,
viz., 300 °C for Ti;SiC, [Fig. 3(a)] and 100 °C for Ti;GeC,

TABLE 1. Profile agreement factors for Rietveld refinements for
neutron-diffraction data collected during heating and cooling.

WR,
(%)
Temperature
(°C) Ti;SiC, TizGeC,
300 1.84 1.88
500 1.60 2.00
900 1.49 2.45
900* 1.51 2.40
500? 1.63 2.23
300? 1.69 2.12

“Data collected during cooling.
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FIG. 3. (Color online) Rietveld refinement of HIPPO data from
90° detector bank for (a) Ti3SiC, at 300 °C and, (b) TizGeC, at
100 °C. In both plots, the raw data points are shown as red + and
the calculated profile is shown as a solid green line. Underneath,
markers show calculated peak positions for each phase. From top
to bottom: pure Ge in blue (Ti;GeC, only), TiC in red, and
TizGeC,/Ti3SiC, in black. Difference curve (yops—Yeae) 1S shown
as a solid purple line below.

[Fig. 3(b)]. The calculated (solid lines) and observed (+
signs) data are compared. Below these, from top to bottom,
are the markers showing peak positions for the included
phases Ge [Fig. 3(b) only], TiC, and Ti;SiC, or Ti;GeC,, and
the difference curves, Y ps—Ycalc-

In both phases, TiC, with a rocksalt structure (space group

Fm3m),*® was an impurity phase. The TiC content was
5.8(=0.2) wt% in Ti3SiC, and 19.1(*£0.3) wt% in
Ti;GeC,. These fractions remained constant with thermal cy-
cling. Peaks corresponding to 3.0(+0.3) wt % Ge—with a

cubic structure (space group Fm3m)—in the Ti;GeC, sample
were also found. At temperatures above 900 °C, the Ge
peaks disappeared, in agreement with its melting point at
917 °C.3" At temperatures 900 °C and lower, the fraction of
Ge also remained constant upon thermal cycling. No other
reactions or phase changes were observed during the thermal
cycling. In the TisGeC, sample, another minor impurity
phase—with diffraction peaks near 1.8 and 2.1 A—could

not be identified. Peaks above ~2.12 A from this phase
were not observed, and based on the relative peak intensities
and their positions we assume it is a cubic, trigonal, or hex-
agonal structure with a relatively small unit cell. Since the
inclusion, or exclusion, of less than 4 wt % Ge in the refine-
ments had very little, if any, effect on the refined Ti;GeC,
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FIG. 4. (Color online) Temperature dependence of equivalent
isotropic thermal motion U,, during heating and cooling for atoms
in, (a) Ti3SiC, measured herein and those taken from Ref. 15 and,
(b) Ti3GeC, (this work).

structural parameters, we assume that our refined parameters
for Ti;GeC, are also not affected by this unaccounted impu-
rity phase.

B. Atomic displacement

In structure refinement, the Debye-Waller factor (7) that
accounts for the thermal motion correction to the structure
factor due to anisotropic thermal motion is expressed as

T =exp[— 27 (U, h?a™? + Upk®b*? + Uy Pc™ + 2Uqsklb*c*
+ 2U13lhc*a* + 2U12hka*b*):|, (1)

where a*, b*, and ¢* are the edges of the unit cell in recip-
rocal space associated with the x*, y*, and z* axes,
respectively.”® For hexagonal structures, due to site symme-
try U,; and U3 are both equal to O and the equation
simplifies:

T= exp[— 2772(U11h2a*2 + Uzzkzb*z + U3312C*2
+ 2U12hk(1‘<b*)] . (2)

For the hexagonal crystal system, these anisotropic U;;’s may
be converted to an approximated isotropic temperature factor
U,, given by

Ueg=1/3(Uy 1 + Uy + Us3 = Uyy). (3)

Figures 4(a) and 4(b) plot the temperature dependencies
of U,, for the four unique atoms in Ti3SiC, and Ti;GeC,,
respectively. The standard deviations were calculated as out-
lined by Schomaker and Marsh.? Also plotted in Fig. 4(a)
are previous results obtained on Ti;SiC,.!> The agreement
between the two sets of results is excellent, lending validity
to both. The U,,’s of all atoms increase approximately lin-
early with temperature, with the greatest increases in U,,’s
occurring for the A-group atoms in both materials. At all
temperatures, the U,,’s for Ge are higher than those of Si.
Note that in most plots, both heating and cooling results are
displayed. In all but one case, Tiy in Ti3GeC,(see below), the
agreement between both is excellent. In figures where the
error bars are not included, it follows they were smaller than
the symbols used.

The temperature dependencies of the U;;’s for the four
unique atoms in Ti3SiC, (shown in red) and Ti;GeC, (shown
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FIG. 5. (Color online) Temperature dependence of anisotropic
U;j’s in Ti3SiC, (red) and Ti;GeC, (black) during heating and cool-
ing for, (a) Tiy, (b) Tiy;, (c) Si/Ge, and (d) C. The U,/ Us; ratios for
the various atoms in, (e) Ti3SiC, and, (f) Ti3GeC, during heating
and cooling.

in black) are compared in Figs. 5(a)-5(d). The results for the
Si/Ge atoms are more comparable [Fig. 5(c)] but here again
the Ge atoms vibrate more vigorously and anisotropically
than the Si atoms. Surprisingly, the U;;’s of Ti;, Tiy, and C
are quite different, not only in magnitude, but more impor-
tantly in their temperature dependencies and relative values.
To better appreciate these differences, the temperature de-
pendencies of the ratios of thermal motions in the a and ¢
directions, viz., U;;/Us;, are plotted for Ti3SiC, and
TizGeC, in Figs. 5(e) and 5(f), respectively. And while both
the Si and Ge atoms tend to vibrate more along the basal
planes than along the ¢ axis (i.e., U;;/Uz3> 1), the extent of
this anisotropic motion is much greater for Ge, with U,/ Us;3
values that are more than twice those of Si [compare Figs.
5(e) and 5(f)]. Note that the error bars associated with Tiy
atoms in Ti;GeC, suddenly increase dramatically between
300 and 500 °C [Fig. 5(f)]. This is not an experimental arti-
fact, however, since, (i) the error bars for the same atoms in
Ti;SiC, are quite low [Fig. 5(e)] and, (ii) the error bars at
100 and 300 °C for Ti;GeC, are also quite low.

To further accentuate the differences, the thermal ellip-
soids at three different temperatures are compared in Figs. 6
and 7 for Ti3SiC, and Ti;GeC,, respectively. A major differ-
ence between the two structures is the extent to which the Ge
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FIG. 6. (Color online) Thermal ellipsoids (99% probability) of
Ti (red), Si (green), and C (black) in Ti3SiC, at (a) 300 °C, (b)
600 °C, and (c) 900 °C. Images generated using CRYSTALMAKER
(Ref. 33).

ellipsoids are flattened relative to those of Si. Note that the
Tiy atoms in Ti;GeC, also flatten along the basal planes with
increasing temperature. The Ti; atoms, on the other hand,
tend to vibrate normal to the basal planes.

C. Atomic distances, thermal expansion, and bond angles

The strains along the a and ¢ axes are also plotted in Figs.
8(b) and 8(c), and their values are listed in Table II along
with the unit cell volumes. Least-squares fits of the lattice
parameters and unit cell volumes yield thermal-expansion
coefficients of 8.9(=0.1)X107°, 9.4(*0.1) X 107, and
9.0(+0.1) X 107% K~! for Ti;SiC, in the a direction, ¢ direc-
tion, and the volume expansion, respectively. For Ti;GeC,,
the respective CTE values are 8.5(*+0.1) X 107, 9.2(#+0.1)
X 1075, and 8.7(+0.1) X 107® KL

The only atom positions that are unconstrained by the
P63/mmc, (No. 194) space group are the z coordinates of the
Ti; and C atoms, which are listed in Table IIT for both
Ti3SiC, and Ti;GeC,. The interatomic distances at each tem-

(a) 300 °C

(¢) 900 °C

FIG. 7. (Color online) Thermal ellipsoids (99% probability) of
Ti (red), Ge (blue), and C (black) in Ti;GeC, at (a) 300 °C, (b)
600 °C, and, (c) 900 °C. Images generated using CRYSTALMAKER
(Ref. 33).
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FIG. 8. (Color online) (a) Atomic distances between the Ti and
C in Ti3SiC, (red), Ti3GeC, (black), and TiC during heating and
cooling. For lines labeled TiC, the red and black markers corre-
spond to this impurity phase in the Ti3SiC, and Ti;GeC, samples,
respectively. (b) and (c) show the temperature dependencies of the
thermal strains of the lattice parameters and interatomic distances in
Ti3SiC, and TizGeC,, respectively. For TizSiC,, the 100 °C values
were extrapolated and used for r( for comparison’s sake.

perature during heating and cooling, as well as room tem-
perature values determined in previous work,'4-16:3435 are
listed in Table IV. Based on these results, the order of the
Ti-C bonds lengths, in increasing order, is Ti;-C(Ti;GeC,)
=~ Tiy-C(Ti;3SiC,) < Ti;-C(Ti3SiC,) < Ti;-C(Ti3GeC,)  [see
Table IV, Fig. 8(a)]. Also plotted for comparison in Fig. 8(a)
are the Ti-C distances in the TiC secondary phases present in
the samples. For both ternary structures, the Ti;-C bonds are
shorter than, while the Ti;-C bonds are longer than, the Ti-C
distance in TiC. However, the Ti;-C distance in Ti;GeC, not
only is longer than that in Ti3SiC, but shows the only clearly
nonlinear increase with temperature of all bonds [Figs. 8(a)

PHYSICAL REVIEW B 82, 174109 (2010)

and 8(c)]. This nonlinear increase is indicated by an increase
in the C-atom z coordinate, z (Table III). The z coordinate
for C in Ti3SiC,, on the other hand, stays constant with tem-
perature, as expected for a structure whose bond lengths ex-
pand at the same rate as the lattice parameters. All other Ti-C
bonds increase at a rate similar to that in TiC [Fig. 8(a)].

The interatomic distances in Ti;SiC, increase more or less
linearly with temperature, with the Si-Ti bond distances in-
creasing slightly more than the bonds in the Ti-C octahedra
(Table TV). This is also clear in Fig. 8(b) where the thermal
expansions of each bond are plotted for Ti;SiC,. The thermal
strains in Ti;GeC,, however, are markedly different [Fig.
8(c)]. In this case the Tiy-C bonds increase dramatically and
nonlinearly, starting roughly at 500 °C, while the Ti-Ge
bonds appear not to increase in length at all with temperature
[Fig. 8(c)].

The temperature dependencies of the bond angles—
labeled in Fig. 1—in Ti3SiC, and Ti;GeC, are shown in Fig.
9. The Ti;-Si/Ge-Ti; bond angles (shown in top half in Fig.
9) represent the displacement of the Ti; layers either in the
direction of, or away from, the Si/Ge layers. The C-Tiy-C
angles (shown in the middle of Fig. 9) represent the com-
pression, or expansion, around the Tij; atoms shared by CTig
octahedra above and below the Ti mirror plane. The
Ti;-C-Tiy; angles (shown in the bottom half of Fig. 9) repre-
sent the distortion of the Ti-C layers. From these results it is
obvious that for Tiz;GeC,, the Ti;-Ge-Ti; bond angles de-
crease with increasing temperature; the corresponding
Ti;-Si-Ti; angles for Ti3SiC, increase slightly. Conversely,
the Tij-C-Tiy; and C-Tip-C bond angles for Ti3GeC, increase
slightly with increasing temperatures; those for Ti;SiC, are
more or less independent of temperature as in cubic TiC.

IV. DISCUSSION

The most surprising result of this work, and the leitmotiv
of this discussion, is the striking differences in the aniso-
tropic thermal motion properties between TizSiC, and
Ti;GeC, [Figs. 5(e) and 5(f); Fig. 6; Fig. 7]. Even more
intriguingly, the same is not true of the equivalent isotropic
thermal motion parameters [Figs. 4(a) and 4(b)] and the ther-
mal expansions along the a and ¢ axes [Figs. 8(b) and 8(c)].
Before addressing possible reasons for this state of affairs
and their implications, it is important to discuss the results
obtained in light of what is known about the thermal prop-
erties of Ti3SiC,, Ti;GeC, and TiC.

The results presented herein are consistent with what is
currently known about Ti;SiC,. This is best seen in Fig. 4(a)
where the results from Ref. 15 are superimposed on those
measured herein. We note in passing that the quality of the
results obtained herein is superior, with significantly less
noise. We also note that in all figures the error bars are either
smaller than the width of the symbols used or are shown.

For Ti;GeC, there are no ND data to compare our results
with. The only benchmark for the anisotropic atomic dis-
placement parameters we are aware of are the room-
temperature single-crystal x-ray results for the solid solution,
Ti;Sij 43Geg 57C,, reported by Yang et al.’ (Note that Ti; and
Tiy are swapped herein.) In agreement with the single-crystal
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TABLE II. Summary of lattice parameters and unit-cell volumes obtained from Rietveld refinements of
HTND data (numbers in parentheses are estimated standard deviations in the last significant figure of the
refined parameter), and room temperature values reported in Refs. 15, 16, and 34.

Ti5SiC, Ti;GeC,
T a c a c Vv
(°C) X &) (&%) X) X (&)
RT (Ref. 16) 3.0665 17.671 143.906 3.0874 17.806 146.990
RT (Ref. 15) 3.06557(6) 17.6300(5) 143.485(9)
RT (Ref. 34)* 3.0705 17.670 144.273 3.0823 17.711 145.721
100 3.08793(5) 17.8193(5) 147.149(4)
300 3.07468(3) 17.7190(3) 145.067(2) 3.09259(5) 17.8484(5) 147.833(4)
500 3.07947(3) 17.7477(3) 145.756(2) 3.09752(6) 17.8786(5) 148.557(5)
600 3.10003(6) 17.8943(6) 148.928(6)
700 3.08465(3) 17.7798(3) 146.510(2) 3.10259(7) 17.9103(7) 149.308(6)
800 3.10497(7)  17.9258(7)  149.666(6)
900 3.09045(3)  17.8144(3)  147.348(3)  3.10822(8)  17.9456(7)  150.145(7)
1000 3.11111(9) 17.9644(8) 150.582(8)
1100 3.09687(3) 17.8532(3) 148.284(3)
900P 3.09078(3) 17.8166(3) 147.398(3) 3.10800(8) 17.9453(8) 150.121(7)
800° 3.10491(7)  17.9246(7)  149.650(6)
700P 3.08507(3) 17.7822(3) 146.570(3) 3.10196(7) 17.9065(6) 149.215(6)
600° 3.09928(6) 17.8902(6) 148.822(5)
500P 3.07972(3) 17.7500(3) 145.797(2) 3.09654(6) 17.8735(6) 148.420(5)
300° 3.07484(3) 17.7212(3) 145.101(2) 3.09149(5) 17.8416(5) 147.672(5)
100° 3.08655(5) 17.8115(5) 146.953(4)

“Based on first-principles calculations.
PData collected during cooling.

data, we find a strong anisotropy for the A atoms. Our Uy,
and U,, values are about twice as large when extrapolated to
RT as those of Yang et al. Similarly, our anisotropic thermal
motion parameters extrapolated to RT for Ti and C atoms are
consistently higher by about a factor of 2 relative to the
single crystal results for the solid-solution sample and ex-
hibit substantial anisotropy. These differences can be attrib-
uted to the differences in compositions.

Our bond lengths for both compounds are also consistent
with those estimated at room temperature from XRD results
by Gamarnik and Barsoum'® (see Table IV). Furthermore,
the expansions along the a and c¢ directions measured
herein—8.5(+0.1) X 10® K™!  and  9.2(*0.1) X107
K~!—are in good agreement with those measured by high-
temperature  XRD, viz.,, 8.1(+02)x10°% K-! and
9.7(+0.2) X 107® K~!, respectively.?® Again, the quality of
the results obtained here are superior to those measured
previously'®2° and are the ones that should be adopted.

From the results shown in Fig. 8(a), we estimate the CTE
of the impurity TiC phase, in both Ti;SiC, and Ti;GeC, to be
8.5(+0.1) X 10® K~!. These values are higher than the 7.0
X 107 K~ (Ref. 30) or 7.4 X107 K~! (Ref. 37) reported
for near-stoichiometric TiC in previous studies. The reason
for this state of affairs is not totally clear at this time, but
could be due to either the fact that the TiC in the ternaries is
nonstoichiometric and/or the result of thermal residual

stresses. The measured TiC lattice parameters suggest it was
stoichiometric.

The bulk CTE of composites—as measured with a
dilatometer—follow, to a good approximation, the rule for
mixtures whereas the phase specific CTEs measured by dif-
fraction techniques adapt to the constraints imposed by the

TABLE III. z coordinates of Ti; and C atoms in Ti3SiC, and
TizGeC, obtained from Rietveld refinements of HTND data. Num-
bers in parentheses are estimated standard deviations in the last
significant figure of the refined parameter.

- Ti;SiC, TizGeC,
(°C) ZTil 2c ZTil 2c
100 0.13245(9) 0.57148(4)
300 0.13529(5) 0.57218(3) 0.1327(1) 0.57161(5)
500 0.13532(5) 0.57218(3) 0.1330(1) 0.57187(6)
600 0.1332(1) 0.57196(7)
700 0.13523(5) 0.57218(3) 0.1334(1) 0.57219(8)
800 0.1335(1) 0.57238(8)
900 0.13509(6) 0.57214(3) 0.1337(1) 0.5725(1)
1000 0.1342(1) 0.5732(1)
1100 0.13512(7) 0.57217(4)
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TABLE IV. Selected interatomic distances (A) deduced from Rietveld refinements of HTND data, and room-temperature values reported
in Refs. 10, 14-16, and 34. Interatomic distances in secondary phase TiC also included for comparison. Numbers in parentheses are
estimated standard deviations in the last significant figure of the refined parameter.

, Ti;SiC, Ti;GeC, TiC

(°C) Si-Ti Ti-Ti; Ti-C Tiy-C Ge-Ti Ti}-Ti; 2 Ti-C Tiy-C Ti-CP Ti—C¢
RT (Ref. 10) 2.696 3.068 2.135¢

RT (Ref. 14) 2.681 3.0575 2.088 2.176

RT (Ref. 15)  2.693(2) 3.06557(6) 2.085(2) 2.1814(8)

RT (Ref. 16)  2.6263 3.0665 2.1609¢ 2.6754 3.0874 2.16464

RT (Ref. 34)°  2.6697 3.0705 2.0931 2.2033 2.6898 3.0823 2.0943 2.2078

100 2.7521(14) 3.08793(5) 2.0871(11) 2.1907(5) 2.15939(3)
300 2.6987(7) 3.07468(3) 2.0978(6) 2.18798(28) 2.7516(15) 3.09259(5) 2.0924(12) 2.1954(5) 2.16623(7) 2.16267(3)
500 2.7025(7) 3.07947(3) 2.1015(6) 2.19140(28) 2.7512(17) 3.09752(6) 2.0968(14) 2.2016(6) 2.16943(7) 2.16612(4)
600 2.7506(19) 3.10003(6) 2.0999(16) 2.2043(7) 2.16788(4)
700 2.7084(7) 3.08465(3) 2.1043(6) 2.19516(30) 2.7493(21) 3.10259(7) 2.1020(18) 2.2086(8) 2.17293(7) 2.16968(5)
800 2.7503(22) 3.10497(7) 2.1030(19) 2.2121(9) 2.17136(5)
900 2.7156(8) 3.09045(3) 2.1073(7) 2.19893(34) 2.7507(25) 3.10822(8) 2.1057(21) 2.2159(10) 2.17679(7) 2.17359(5)
1000 2.7470(29) 3.11111(9) 2.1062(25) 2.2248(12) 2.17566(6)
1100 2.7209(10) 3.09687(3) 2.1118(8) 2.2039(4) 2.18105(8)

900f 2.7144(8) 3.09078(3) 2.1086(7) 2.1992(4) 2.7507(26) 3.10800(8) 2.1044(22) 2.2170(11) 2.17693(8) 2.17347(6)
800" 2.7485(22) 3.10491(7) 2.1037(19) 2.2124(9) 2.17126(5)
700f 2.7085(7) 3.08507(3) 2.1052(6) 2.19510(32) 2.7490(20) 3.10196(7) 2.1018(17) 2.2077(8) 2.17300(7) 2.16914(5)
600f 2.7502(19) 3.09928(6) 2.0984(16) 2.2047(7) 2.16729(4)
500f 2.7023(7) 3.07972(3) 2.1020(6) 2.19170(29) 2.7495(18) 3.09654(6) 2.0968(14) 2.2009(7) 2.16937(7) 2.16537(4)
300f 2.6971(6) 3.07484(3) 2.0994(5) 2.18804(26) 2.7492(16) 3.09149(5) 2.0922(13) 2.1951(6) 2.16611(7) 2.16178(4)
100f 2.7489(14) 3.08655(5) 2.0870(11) 2.1903(5) 2.15837(3)

‘Due to symmetry, rGe Ge=ITi1-Tit =ITi2-Ti2 =0-
TiC in Ti;SiC, sample.

“TiC in TizGeC, sample.

Yrrin.comin/ 2-

“Based on first principles calculations.

Data collected during cooling.

composite and will thereby be different from the values for
the pure phases. In our case, the higher CTE values observed
for TiC compared to reported values for pure TiC are consis-
tent with the constraint imposed by the more rapid shrinkage
of the MAX phases from high temperatures. Similarly, the
CTE values reported for the MAX phases are to be consid-
ered lower bounds, since their values for phase pure samples
would be higher. (Ge also has a lower CTE than Ti;GeC,).

The fact that the CTEs of TiC, are within error bars iden-
tical [8.5(+0.1) X 107%] in both compounds, despite the fact
that the TiC, content in the Ti;GeC, sample was =4 times
that in Ti3SiC,, is taken as strong evidence that any stresses
caused by differences in CTE do not play a significant role.
This comment notwithstanding, it is hereby acknowledged
that why the CTE of the TiC phase is as high as it is, espe-
cially if it is stoichiometric, is not clear. It should also be
noted that the Ge and TiC, phase fractions remain constant
during heating (with the exception of the melting of Ge be-
tween 900 and 1000 °C), implying that no reactions take
place as a result of heating.

One of the hallmarks of the MAX phases comprised of
elements with atomic numbers higher than Al is that the

A-group elements act as “rattlers”—i.e., atoms that vibrate
significantly more than other atoms—in the structure.! It is
this rattling effect that is believed to be responsible for the
low phonon conductivities of the MAX phases comprised of
elements heavier than Al, despite their high specific stiffness
values and high Debye temperatures.’'%!° The results shown
in Figs. 4(a) and 4(b) not only confirm this notion for
Ti;GeC, (compare the full scales of the y axes for Si/Ge and
the other atoms in Fig. 5) but as important show that Ge is
even more of a rattler than Si [Fig. 5(c)]. The latter conclu-
sion is in accordance with the fact that the phonon conduc-
tivity of Ti;GeC, at room temperature is negligible’!8 de-
spite having a Young’s modulus of over 340 GPa.'$?!

We now turn to the most surprising result of this work,
viz., the apparent lack of expansion of the Ti-Ge bonds com-
pared to the more normal response of the Ti;-Si bonds [Figs.
8(b) and 8(c)]. This is derived from the increase in the z
coordinate (Table III) for the Ti; atom with temperature (see
Fig. 1). Note that in Ti;SiC,, the z coordinates for both Ti;
and C remain constant with temperature since all interatomic
distances essentially increase uniformly with temperature.
The most likely explanation for the discrepancies can be re-
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FIG. 9. (Color online) Bond angles in Ti;SiC, (red squares) and
TizGeC, (black crosses) between atoms in Ti layers with A-group
(Si or Ge) layers (top) and C layers (middle and bottom).

lated to the pronounced anisotropic motion of the Ge atoms,
together with the resulting correlated motions of the Ti; and
Ge atoms. More specifically, the orbiting motion of the A
atoms around their average position in the a-b plane was
proposed by Togo et al.,>® who showed, using first-principles
phonon calculations, that essentially the Ti; and Ge atoms
avoid each other as much as possible. Our argument (and
evidence) is as follows: (i) The repulsion of the Ti; atom is
reduced temporarily when the Ge atom is displaced in the
basal plane away from that Ti; atom [see r, in Fig. 10(a)],
and the Ti; atoms can move closer to the Ge plane. (ii) This
in turn is evidenced by the fact that the Ti; atoms vibrate
more normal to the basal planes than parallel to them. (iii) If
the Ti; and Ge atomic motions are correlated, then the instan-
taneous bond lengths may be approximated by the distances
r, and r, [Fig. 10(a)] between the edges of the 50% prob-
ability thermal ellipsoids. [Note that 99% probability ellip-
soids are used in Fig. 10(a) to emphasize the effect.] In Fig.
10(b), r; and r, are plotted as triangles and circles, respec-
tively. The average of these two numbers is given by the red
squares [Fig. 10(b)]. Also shown on the same figure are the
values directly obtained from Rietveld analysis, i.e., distance
ry in Fig. 10(a), and denoted as blue crosses in Fig. 10(b). In
light of these calculations, the result that 3 does not increase
with temperature is but a consequence of the anisotropic and
correlated motions of the Ge atoms in the basal planes. A
similar effect was reported by Tucker er al. in quartz, ex-
plained by the difference between the instantaneous and av-
erage positions of Si and O atoms.*

The Si thermal ellipsoids, on the other hand, show ther-
mal motion that is less anisotropic (Fig. 6). Since the Si
thermal ellipsoids are not as flattened as those of Ge, the Ti;
atom does not vibrate preferentially normal to the plane into
the space provided, as it does in Ti;GeC,. Consequently, in
Ti3SiC,, the Ti; atoms vibrate with slight preference in the
basal planes, whereas the Ti; atoms in Ti;GeC, vibrate an-
isotropically normal to the basal planes. A possible reason
for the difference in the thermal behavior of the Si and Ge
atoms is their atomic masses relative to the Ti atoms. Since
Si is lighter than Ti, it is not unreasonable to conclude that
their correlated motion is not as strong and thus less aniso-
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FIG. 10. (Color online) Schematic of, and interatomic distances
in Ti;GeC,, (a) 99% probability thermal ellipsoids at 1000 °C
showing Tij-Ge instantaneous positions (solid lines, r; and r,) and
interatomic distance between time-averaged positions (dashed lines,
r3). Inset, top right, sketches the interatomic distance behavior with
(1) the movement of Ti; toward the empty space provided by the Ge
thermal motion, (2) the more rigid bond between Ti; and C, and (3)
the relatively weaker bond between Tiy; and C. (b) Temperature
dependence of the Ti;-Ge bond showing the minimum (r;, green
triangles) and maximum (r,, black circles) interatomic distances for
the 50% probability thermal ellipsoids, the average of the two (red
squares), and the distances determined by the time- and space-
averaged positions obtained by Rietveld analysis (blue crosses).

tropic. Conversely, because the Ge atom is heavier than Ti,
the correlated motion effect is stronger. Consistent with these
notions is the fact that the Al in Ti,AIN; (Ref. 40) behaves
more like Si in Ti3SiC,.

Based on the shape of the Ti; thermal ellipsoids in
Ti3SiC,, it is reasonable to assume that the correlated motion
of the Ti; is in the basal plane rather than normal to it. The
instantaneous positions can therefore be approximated by
distances r4 and rs [Fig. 11(a)]. Here the distance determined
by Rietveld analysis is given by r¢ [Fig. 11(a)]. In this case,
the average of the two “instantaneous” positions, plotted as
red squares in Fig. 11(b), are almost identical to the values
obtained from the Rietveld refinement shown as blue crosses
in Fig. 11(b). The end result is, again, quite reasonable, but
because the Si motion is less anisotropic, the increase in the
Ti;-Si bond behaves more “normally”—it expands with tem-
perature. It is important to note that when the results shown
in Figs. 10(b) and 11(b) are superimposed, at 1.71
X107 K the thermal expansion of r, is only =~20%
smaller than that of rs at 2.17X 107> K~!. Said otherwise,
the expansions are not as different as the ratio of the expan-
sions, derived simply from Rietveld analysis, viz. r3/rg
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FIG. 11. (Color online) Schematic of, and interatomic distances
in, Ti3SiCs: (a) 99% probability thermal ellipsoids 1100 °C show-
ing Tij-Si instantaneous positions (solid lines, r4 and rs) and inter-
atomic distance between time-averaged positions (dashed lines, rg).
(b) Temperature dependence of the Tij-Si bond showing the mini-
mum (ry, green triangles) and maximum (rs, black circles) inter-
atomic distances for the 50% probability thermal ellipsoids, the
average of the two (red squares), and the distances determined by
the time- and space-averaged positions obtained by Rietveld analy-
sis (blue crosses).

=~().002, would suggest. For comparison’s sake the thermal
expansion of the Ti;-C bond [Fig. 8(c)]is =1.6X 107> K~
Thus, in the final analysis, the expansion of the Ti;-Si and
Ti;-Ge bonds are comparable to those of the Tip-C bonds.

The anisotropic vibrations of the Ge atoms are also mani-
fested in the bond angles. In the case of Ti3SiC,, the lattice
expands more or less uniformly and the angles (Fig. 9) are
weak functions of temperature. In contrast, in Ti;GeC, the
expansion is accompanied by a decrease in the Ti-Ge-Ti;
angle with a concomitant and almost equal increase in the
C-Tiy-C angle. This observation is most easily explained as
follows: since the Ti;-C bond is significantly shorter than the
Tiy-C bond and therefore presumably stronger [Fig. 8(a)],
the C atom follows the temporary displacement of the Ti;
atom toward the A plane as the Ge atoms move away as
discussed above. But since the Tij; atoms are located on a
mirror plane, they cannot accommodate the Ti; displacement
toward the A plane and the Ti-C bond thus expands at a
higher rate than the Ti-C bond [see sketch in inset of Fig.
10(a)]. Said otherwise, the C-Tiy-C and Ti;-Ge-Ti; bond as-
semblies, being the weakest, act as hinges that move in op-
posite directions.

In both compounds, the Ti;-C bonds are almost identical
[Fig. 8(a)]. And while shorter than the Ti-C bonds in TiC,
their rates of expansion are very similar to the latter [Fig.
8(a)]. In contradistinction, the response of the Ti;-C bonds in
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Ti3GeC, is not “normal” [Fig. 8(a)] for the reasons outlined
above.

Lastly, we address how this unique understanding sheds
light on why the internal friction in Ti;GeC, increases dra-
matically at =427 °C. A perusal of the results presented
herein indicate that a discontinuity of sorts occurs between
300 and 500 °C in Ti;GeC,. This is best seen in Figs. 8(a)
and 8(c) where it is clear that a large increase in the Tip-C
bond lengths occurs between 300 and 500 °C. Another hint,
which may be more relevant, can be found in Fig. 5(f). Be-
low 400 °C, the error bars and the scatter in the anisotropies
of vibration of the Tij; atoms are quite low, reproducible and
consistent with the results for the Ti; atoms in TizSiCy;
above that temperature, however, the noise level increases
dramatically, not only at a given temperature, but between
heating and cooling. Such noise is unique to the Tij; atoms in
TizGeC,. At this time we cannot explain the discontinuity
observed between 300 and 500 °C in the U,/ U;; ratio for
the Tij; atoms [Fig. 5(f)] or the increase in noise level. We
speculate that the dramatic increase in uncertainty is an in-
dication that the thermal motion of Ti;; cannot be described
by an ellipsoid at temperatures above 300—500 °C. High-
resolution high-temperature neutron powder-diffraction data
that will be analyzed by pair-distribution function and en-
tropy mechanisms, of both Ti;SiC, and Ti;GeC,, will be
collected in the near future to experimentally verify this hy-
pothesis.

V. SUMMARY AND CONCLUSIONS

Herein we report on the thermal properties of Ti;SiC, and
Ti;GeC, as deduced from Rietveld analysis of HTND data.
At all temperatures, the Si/Ge atoms vibrate with a higher
amplitude than the Ti and C atoms. These results reinforce
the idea that Si and Ge act as rattlers, which, in turn, is
believed to be responsible for the low phonon conductivities
exhibited by these solids, despite high Young’s moduli and
Debye temperatures.

Intriguingly, the thermal expansions and isotropic thermal
motion behavior do not differ significantly between these
two isostructural phases. However, the anisotropic thermal
motions, interatomic distances, and bond angles show strik-
ingly different behavior. This surprising difference is tenta-
tively explained to be a result of (i) the anisotropic motion of
the Ge atoms parallel to the basal planes and (ii) their cor-
related motion with the Ti atoms.

The volume expansions calculated from HTND are
9.0(+0.1)x107% K~! and 8.7(*0.1) X 107® K~! for Ti;SiC,
and Ti;GeC,, respectively; the expansions along the a and ¢
axes are a,=8.9(*0.1)X 107 K™' and «,=9.4(%0.1)
X 107¢ K~! for Ti;SiC, and a,=8.5(+0.1) X 107® K~! and
@.=9.2((=0.1)X 10 K~ for Ti;GeC,. Discontinuity in
thermal motion results of the Tij; atoms in Ti;GeC, was ob-
served between 300 and 500 °C during both heating and
cooling, which may be related to the high mechanical damp-
ing observed previously in Ti;GeC, at =427 °C.
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