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ABSTRACT

M3A,X phases, named 321 phases, are an atypical series of MAX phases featuring in the MA-triangular-
prism bilayers, with the A = As/P, exhibiting excellent elastic properties. This work systematically studies
the thermal expansion properties of 321 phases. We found their average linear thermal expansion co-
efficients (TECs), @y = 5-6 uK~!, are the lowest among the reported values of MAX phases. The lowest
average TEC was found in Nb3As,C (aa = 4.46(4) uK!, ac = 5.09(4) uK1, ap = 5.09(4) uK™1). The
average TEC and anisotropy factor (o¢/aa) of Nb3As,C and Nb3P,C were lower than the ones of the cor-
responding 211 phases. The best isotropy performance was found in NbsP,C (o¢/oq = 1.11). Moreover,
our first-principles calculations demonstrate that the weaker chemical bonding between Nb-As/P than
Nb-C induces thermal expansion in M3A,X phases. Furthermore, a relatively weaker anharmonic effect
in 321 phases than in the 211 phases was revealed by the as-calculated average Griineisen parameters,
which account for the lower TECs in 321 phases. The low TECs and enhanced thermal isotropy make
321 phases outstanding among MAX phases, which could be sound candidates for varying-temperature

structural-functional components.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

MAX phases [1-3] are a series of layered ceramics in a gen-
eral chemical formula of My 1AXy, in which M = transition metals,
A = main group elements, X=C/N/B, and n = 1-6. With more and
more new MAX phases being discovered, including MAX borides
[4-10], high/middle-entropy MAX phases [11-15], and so on, the
MAX phases have been expanded to a big family with more than
160 members. Due to their layered biomimetic microstructure like
abalone, superior mechanical properties were found in them [16].
Meanwhile, due to the coexistence of good performance [16,17] on
thermal stability and electrical/thermal conductivity, MAX phases
show promising application prospects as structural and functional
materials [16,18]. Generally, the structure of MAX phases can be
regarded as an alternating stacking of single MA-layer and n-layers
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of MX-layers [19]. The most common MAX phases are 211, 312, and
413 phases [1,2], which are named based on the number of contin-
uously stacked MX-layers. Meanwhile, when the M site is occupied
by two different metal atoms, ordering arrangement and superlat-
tice can be found in them [20,21].

In 2019, a series of atypical MAX phases [19], named 321 phases
with A = As/P, was discovered, including Nb3As,C, Nb3P,C, V3As,C,
and Ta3P,C. In contrast to the single-layered MA layer in other
MAX phases, the MA-triangular-prism layers of 321 phases are in a
face-sharing bi-layered form. Superior elastic properties [19,22-24]
of As/P-containing MAX phases were found, including large bulk
modulus according to the high-pressure X-ray diffraction studies,
and elastic properties based on theoretical calculations. Regarding
the thermal expansion properties of As/P-containing MAX phases,
only a 211 phase Nb,AsC has been studied experimentally. The
strong anisotropy («¢/oq = 3.66) and low thermal expansion co-
efficient (5.47(1) wK™1) in Nb,AsC, make it outstanding among
MAX phases. While the effects of the unique MA-bilayers of As/P-
containing 321 phases on their thermal expansion properties are
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https://doi.org/10.1016/j.jmst.2023.01.022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2023.01.022&domain=pdf
mailto:hungxchen@163.com
mailto:pqdai@126.com
https://doi.org/10.1016/j.jmst.2023.01.022

H. Chen, Z. Zhang, J. Deng et al.

still unclear, experimental investigations are also needed to reveal
their application prospects in varying temperature environments.
Here, we performed varying-temperature powder X-ray diffrac-
tion (XRD), and first-principles calculations, to reveal the influence
of the introduction of MA-triangular-prism bilayers on the thermal
expansion properties of 321 phases. We found the thermal expan-
sion coefficients of 321 phases, in the range of 5-6 uK-!, which are
the lowest among the MAX phase family. Opposite to the larger
elastic anisotropy in 321 phases, the thermal anisotropy of 321
phases is smaller than 211 phases. A typical example is Nb3As,C,
oc/aa = 1.44, much lower than that of NbyAsC (o¢/oa = 3.66). Ac-
cording to the bond distance analysis, thermal expansions of 321
phases are dominated by the dilation of the M-A (M1-A, M2-A)
bonds, in which the bonding strength between M2-A is stronger
than M1-A. Furthermore, based on quasi-harmonic approximation,
we make further insight into the origin of the excellent thermal
expansion properties of As/P-containing MAX phases. A relatively
weaker anharmonic effect was found in 321 phases than in 211
phases, as indicated by the Griineisen parameters, which should
be the underlying reason for the lower thermal expansion behav-
ior of 321 phases. Our work revealed the superior thermal expan-
sion properties of 321 phases and the underlying mechanism be-
hind them, experimentally and theoretically, which is helpful for
their further application studies on the varying temperature uses.

2. Experimental details

Sample preparation: Samples were prepared by both the solid-
state synthesis method and the molten-salt synthesis method as
reported in previous works [19,25].

XRD characterizations: Low-temperature XRD patterns of
Nb3As,C and Nb3P,C in the temperature range of 10-300 K
were collected in a NEW Cryostat chamber (CRT-006-H5RD, Ul-
vac Cryogenics) with a controllable temperature range of 4 K
to 300 K £ 0.2 K equipped on a Rigaku SmartLab9kW with Cu
K, radiation, in which the temperature sensor is on the top of
the sample. A radiation shield was equipped inside the vacuum
chamber. The high-temperature powder XRD patterns of Nb3As,C,
Nb3P,C, and Ta3zP,C were collected by a Rigaku SmartLab diffrac-
tometer with Cu K, radiation (Cu Kyq: 1.5406 A, K,,: 1.5444 A)
equipped with an Anton Paar TTK 600 chamber and a germanium
monochromator in a reflection mode. A constant temperature was
maintained for more than half an hour before each powder X-ray
diffraction (PXRD) measurement, and a 3 °C min~! heating rate
was applied between the different measurements. After that, the
height of the sample was adjusted for consistent alignment before
each measurement. We noticed that the setting temperature
may significantly differ from the actual sample temperature for
high-temperature measurements. Herein, we made a temperature
correction by measuring a standard silicon sample in the same
measurement configuration, then taking the as-measured lattice
parameters of the silicon standard sample to refer to the pre-
viously reported lattice parameter of silicon [26]. Therefore, the
difference between the setting temperature and actual temper-
ature was corrected, as shown in Fig. S1 in the Supplementary
Material.

Phase/structure analysis: Multi-phase Rietveld refinements [27-
29| were applied to determine the lattice parameters, atomic posi-
tions, and the phase content in the mole ratio of each as-identified
phase by using the FULLPROF program suite [30].

First-principles calculations: The density functional theory (DFT)
calculations were carried out by the Vienna Ab initio Simula-
tion Package (VASP) [31,32] with the projector augmented wave
(PAW) [33] pseudopotentials and the Perdew, Burke, and Ernzer-
hof (PBE) [34] for the exchange-correlation functional. The cutoff
energy for the plane wave expansion was 500 eV, and the Bril-
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Fig. 1. The crystal structure of 211 and 321 MAX phases.

louin zones were sampled by a Monkhorst and Pack [35] k-point
mesh 0.02 x 27 A-! in the self-consistent calculation. The self-
consistent field procedure was considered converged when the en-
ergy difference between two consecutive cycles was lower than
106 eV. Atomic positions and lattice parameters were relaxed un-
til all the forces were less than 10-3 eV A-1. The Crystal Orbital
Hamilton Population (COHP) analysis was carried out with the
LOBSTER package [36,37]. Charge density difference was obtained
by subtracting the free atomic electron densities from that of the
crystals. Phonon dispersions were calculated with quasi-harmonic
approximation as implemented by the Phonopy package [38]. The

Griineisen parameters yq, for each phonon modes v at g point
_ v dayg .
was calculated by yqy = - o Then the average Griineisen pa-

rameters was obtained by (}" yqu)/ngy, where ngy is the sum of gq
qv

points and phonon modes.
3. Results and discussion

The crystal structure of the 211 and 321 MAX phases is shown
in Fig. 1. In contrast to the only one M atomic site in 211 phases,
there are two kinds of M atomic sites, M1 and M2, in 321 phases
with different chemical environments. M2 atoms are coordinated
by six A atoms in a triangular-prism form, while one M1 atom is
coordinated by three carbon atoms and three A atoms in an octa-
hedron form.

PXRD of 321 phases at various temperatures was collected. By
using the crystal structure (P6s/mmc) as shown in Fig. 1, the Ri-
etveld refinement was performed on each XRD pattern. The XRD
patterns of Nb3As,C in selected diffraction angles at high and low
temperatures, as shown in Fig. 2. A detailed room-temperature re-
finement results of Nb3As,C is given in Fig. S2, with reliability pa-
rameters Ry, = 4.50%, Rwp = 7.08%. Moreover, the XRD patterns in
whole measured diffraction angles are given in Figs. S3 and S4. As
shown by the colored solid lines in Fig. 2, the fitted patterns are
well in line with the experimental results. With the rising temper-
ature, the peaks of (100), (105), and (110) shifted to smaller 26 an-
gles suggesting an increase in lattice parameters. The detailed XRD
patterns and refinement results of Nb3P,C and TasP,C are shown
in Figs. S5-514.

Based on the Rietveld refinements, the variations of lattice pa-
rameters as a function of temperature are summarized in Fig. 3. As
shown in Fig. 3(a), the lattice parameters of Nb3As,C obey a clas-
sical thermal expansion behavior. At low temperatures, the lattice
parameters (a, ¢) change slightly with the temperature increase. At
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Fig. 2. Temperature-dependent XRD patterns of Nb3As2C. (a) XRD patterns col-
lected at high temperatures (300-663 K). (b) XRD patterns collected at low tem-
peratures (10-300 K). The colored cycles are the experimental data, and the solid
lines are the calculated patterns from Rietveld refinements.

higher temperatures (200-663 K), a and c are almost linearly pos-
itively dependent on the temperature. The lattice parameters are
a = 3.35690(1) A, ¢ = 18.6773(3) A at 10 K, while they expand to
a = 3.35993(3) A and ¢ = 18.70037(24) A at room temperature and
further increase to a = 3.3653(1) A, ¢ = 18.7432(2) A at 663 K.

By using a linear fit of the temperature dependence of lattice
parameters, the TECs of the as-prepared MAX phases were given
by o = % in which k = dI/dT is the slope of the as-fitted lines, I

is the lattice parameter, and [y is the lattice parameter at 300 K.
Consequently, the TEC along the a and c directions, «; and o, are
obtained. The average linear TEC is derived by op = (2ca + ot¢)/3.
The TECs of 321 phases and the related As/P-containing 211 phases,
are determined by the same method and summarized in Table 1
alongside the reported value of Nb,AsC [39].

Compared with the TECs of NbyAsC (aa = 2.9(1) uKT,
ac = 10.6(1) uK1) [39], the value of Nb3As,C along the a di-
rection (o = 4.46(4) K1) is enhanced by ~54%, while the
one along the c direction (¢ = 6.35(5) uK1) is significantly re-
duced by ~40%. Furthermore, the average linear TEC, o) = 5.09(4)
uK-1, is ~7% smaller than the one in Nb,AsC (5.47(1) uK™1) [39],
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which is also the lowest among the measured MAX phases in
this work. On the other hand, the thermal expansion anisotropy
is valued by /s = 1.42, much smaller than the one of Nb,AsC
(c/aa = 3.66). Based on the above comparison between Nb3AsC
and Nb,AsC, we found that Nb3As,C has a lower TEC and better
isotropy.

In the case of NbsP,C, the temperature dependence of the
lattice parameter also shows a similar behavior as the one in
Nb3As,C. Both a3 = 5.18(7) uK! and o = 5.74(7) uK! are lower
than the ones in Nb,PC (a3 = 5.56(8) uK', ac = 6.61(7) uK1).
The oy is 5.37(7) uK-! which is ~9% less than the one in Nb,PC
(5.91(10) wK-1). The isotropy in Nb3P,C (ac/ora = 1.11) was slightly
improved compared with Nb,PC (a¢/ag = 1.19) but does not show
such a significant difference between Nb3As,C and Nb,AsC.

It should be noted that the 211 phase has never been reported
in the Ta-P-C system; only the 321 phase Ta3P,C has been syn-
thesized. Therefore, the comparison cannot be applied in the Ta-
P-C system. The direction dependent TEC are oy = 4.97(4) uK1,
ac = 5.59(5) wK-1. The average TEC is 5.17(5) uK-'. The value of
oc/aa = 112 in TazP,C is close to that in Nb3P,C, indicating the
well thermal isotropy of it.

As summarized in Table 1, the average TECs As/P-containing
MAX phases are in the range of 5-6 uK-'. Here we collected
the reported linear TECs and the anisotropy factor of other
MAX phases [39,43-57], measured by XRD or neutron diffrac-
tion. We noticed some compounds have various reported values
with small/large differences, which should be caused by the dif-
ferent measurement conditions, including the accuracy of the as-
determined temperatures and the temperature range for the linear
fit. The detailed values of each phase, the linear-fit temperature
range, and the characterization method are summarized in Table
S2. As shown in Fig. 4, the anisotropy factors of most MAX phases
are in the range of 0.5-1.5, while Nb,AsC V,GeC, and Nb,SnC show
abnormally strong anisotropy [39]. As shown by the red circle on
the left-down corner, the TECs of As/P-containing MAX phases re-
searched in this work are the lowest among reported MAX phases,
and the anisotropy factors are close to 1.0, revealing the outstand-
ing thermal isotropy performance of them, especially for Nb3P,C
and Tas3P,C.

According to the Rietveld refinement results of single-phase
Nb3As,C and NbsP,C, the bond lengths between Nb1-C, Nb1-A,
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Fig. 3. Thermal expansion of 321 phases. The lattice parameter ¢ normalized to their lowest measured value of (a) Nb3As2C, (c) Nb3P2C, (e) Ta3P2C, and (g) Nb3P2C. The
lattice parameter a normalized to their lowest measured value of (b) Nb3As2C, (d) Nb3P2C, (f) Ta3P2C, and (h) Nb2PC.
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Table 1
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TECs derived by linear fits in the temperature range of (200-663 K), and anisotropy factor of As/P-containing MAX phases. The last

column is the source of the data.

Formula a, (K1) ac (uK™1) ap (uK) acfo, ke/ka Ea/E. AY Refs.
NbsAs,C 4.46(4) 6.35(5) 5.09(4) 1.42 0.47 0.98 0.62 This work
0.51 0.85 0.72 [19]
0.60 0.95 0.55 [40]
Nb3P,C 5.18(7) 5.74(7) 5.37(7) 1.11 0.54 0.89 0.45 This work
0.56 0.96 0.41 [19]
0.54 0.94 0.43 [40]
TasP,C 4.97(4) 5.58(5) 5.17(5) 1.12 0.41 0.90 0.71 This work
0.48 0.94 0.43 [19]
0.52 0.95 0.42 [40]
Nb,AsC 0.64 1.19 0.50 This work
2.9(1) ¢ 10.6(1) € 5.47(1) 3.66¢ 0.62 1.23 0.55 [39]
Nb,PC 5.56(8) 6.61(14) 5.91(10) 1.19 0.71 1.16 0.37 [41]
0.65 1.07 0.35 [42]
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Fig. 4. The comparison of the average thermal expansion coefficient and the 2.58} . . . . 1 . ] )
anisotropy factor (ac/aa) between the As/P-containing MAX phases and other MAX 300 400 500 600 700 300 400 500 600
phases [39,43-57] obtained by diffraction methods. The red circle marks the data T (K) T (K)

reported in this work. Some data are contributed by solid-solution samples, and the
value x is in the range of 0-1.

and Nb2-A, where A = As/P, can be obtained. As shown in Fig. 5(a),
the bond length dypi.c does not change significantly with in-
creasing temperature, ranging from 2.235 to 2.240 A. The vari-
ations of dypi.as and dypp-as Show a compensating effect, and
it seems that dyy;.as varied more significantly than the dypy-as
bonds. While we think it should be carefully discussed because
dnbi-as and dypa-as are sensitive to the atomic position of A
atoms. The average distance between M and A was calculated by
dv-a = (dvi-a + dyo-a)/2. As shown in Fig. 5(b), the dyp.as al-
most linearly increases with the rising temperature. According to
the linear-fit result, the TECs of dy,.as and dyp.c, are equal to
ANpas = 6.64(5) uK! and ayp.c = 3.0(8) uK1, respectively. Sim-
ilar results were found in Nb3P,C, in which oyy_p = 2.5(11) uK-1,
Anpc = 7.55(7) uK-1. Thereby, the bond distance of M-C did not
change obviously with increasing temperature, and the thermal ex-
pansion mainly occurred in the MA layers.

Chemical bonding is essential to understand thermal expansion
behavior. Thus, we performed COHP calculations to get insight into
the influence of chemical bonding on the thermal expansion prop-
erty. According to our calculations, the phase stability was further
supported by the positive value of the partial -COHP (-pCOHP) be-
low the Fermi level as shown in Fig. 6. The integral of the -pCOHP

213

Fig. 5. Structure information of Nb3As2C and Nb3P2C obtained by single-phase Ri-
etveld refinements. Bond lengths of (a-d) Nb3As2C and (e-h) Nb3P2C.

(ICOHP) below the Fermi surface gives the bond strength of M1-
C, M1-A, and M2-A, listed in Table 2, along with the experimental
and theoretical values of the bond lengths. The theoretical values
of distances between neighboring atoms are slightly larger than
the experimental ones, and dy;;_5* is longer than dy;_*, consistent
with the experimental results. The bond strength of M1-C, Eypq.c, in
the range of 3.18-3.25 eV, is higher than those of M1-A and M2-A,
indicating that M-C has a stronger covalent bonding than M-A and
can resist high temperatures. Thus, the M-A bond length is sensi-
tive to temperature, consistent with experimental observations. As
shown in Table 2, the Ey.c of 321 phases is slightly lower than
that of 211 phases. In 321 phases, the Eyp.a is about 0.3-0.4 eV
stronger than the Eyj_a. The Eyppa of 211 phases ranges between
Emi.a and Eppp.a of the corresponding 321 phases. The average
bonding energy of M-A in 321 phases, Eyi.a = (Evi-a + Ev2-4)/2,
is larger than that of 211 phases, with a shorter average bond dis-
tance, leading to their lower TECs.

The anisotropy of the elasticity usually can be related to the
thermal expansion anisotropy [16,39,53]. Based on the elastic con-
stants C; and compliance matrix S; derived from first-principle cal-
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Table 2

The experimental and theoretical bond distances (d), and the bonding strength (E) obtained by the integral of COHP (ICOHP) curve below
the Fermi level. The theoretical bond distances by DFT are superscripted with a star symbol.

dwic (A) dmic* (A)  Ewnc (eV)  dmia (A) dura* (A)  Empa (€V)  dupa (A) dvza* (A)  Enpa (eV)
NbsAs,C  2.2366(4)  2.2526 _3.18 2.6812(10)  2.7083 _231 25867(8) 26124 267
Nb,AsC 2.2292(7) 2.2416 -3.24 2.6596(10) 2.6918 -2.42
NbsP,C 2.2286(1) 2.2419 -3.22 2.594(3) 2.6154 -2.47 2.499(4) 2.5234 -2.81
Nb,PC 2.2153(11) 2.2377 -3.25 2.5678(14) 2.5902 -2.62
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Fig. 7. Elastic anisotropy of Nb3As2C and Nb2AsC. (a) 3D plot of the direction-dependent Young’s modulus of Nb3As2C. (b) Elastic anisotropy of Nb2AsC and Nb3As2C in the
xz plane. (c) Elastic anisotropy of Nb2PC and Nb3P2C in the xz plane. The vertical axis and horizon axis are along the c-axis and a-axis, respectively.

culations as summarized in Table S3, the elastic modulus can be
obtained. To evaluate the anisotropy, three parameters are used,
including the ratio of Young’s modulus along the ¢ and a direc-
tions [58], A4 = Ea/Ec, an anisotropy index for a purely dilatational
deformation mode [58]

As = ke/ka, and the universal elastic anisotropy index AY [59].
The detailed equations of them are given in Supplementary Mate-
rials. The calculated values are listed in Table 1.

The departure of A4 from 1, As from 1, and AY from zero, de-
fines the extent of anisotropy. Based on different source data of
elastic constants, the as-calculated values will show slight differ-
ences as shown in Table 1. According to our results, the AY value
of Nb3As,C (0.62) is larger than Nb,AsC (0.50). Based on the AY
value and As value, the elastic anisotropy is more significant in 321
phases than in 211 phases, which is contrary to the comparison of
their thermal expansion properties.
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The direction dependence of elastic modulus E is given here to
further reveal the elastic anisotropy. For a hexagonal crystal [60],
the elastic modulus can be expressed as,
E=1/((1-B)Su+ 1S+ B(1 - ) 251 +Su)). (1)
where I3 = cosf in the polar-axis system E(6,¢). As shown in
Fig. 7(a), the 3D view of the field-dependent Young’s modulus of
Nb3As,C is dumbbell shaped. According to the as-calculated elas-
tic constants, a comparative plot of the directional Young’s mod-
ulus in the ac plane of Nb3As,C and Nb,AsC, NbsP,C and Nb,PC
are given in Fig. 7(b, c), respectively. It should be noted that the
E. > E; in Nb3As,C (E; = 214.5 GPa, E. = 218.6 GPa) and Nb3P,C
(Ea = 251.5 GPa, E. = 283.2 GPa). However, in 211 phases, the E. is
smaller than E,, NbyAsC (E; = 238.8 GPa, Ec = 201.4 GPa), Nb,PC
(Ea = 298.3 GPa, E. = 279.3 GPa). The difference in the anisotropy
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of the elasticity along the a and c directions between 211 and 321
phases could be correlated to the difference in the thermal expan-
sion anisotropy.

It is well known that thermal expansion behavior is strongly
related to the anharmonic effect in lattice [61,62], which could be
estimated by the Griineisen parameter. As revealed by the calcula-
tions, the average Griineisen parameters (y) of 321 phases (1.584
for Nb3As,C and 1.557 for NbsP,C) are lower than 211 phases
(1.622 for Nb,AsC and 1.661 for Nb,PC). This suggests the re-
duced anharmonic effect due to introducing more MA layers in 321
phases, which may be the underlying reason for the lower TECs in
321 phases than in 211 phases.

4. Conclusion

In this work, we give a systematical study about the thermal
expansion and the elastic/thermal anisotropy of As/P-containing
MAX phases, including Nb3As,C, Nb3P,C, Nb,PC, and TasP,C, ex-
perimentally and theoretically. According to the varying temper-
ature XRD results, their average linear TECs are in the range of
5-6 uK-!, with an excellent isotropy thermal expansion behav-
ior. Contrary to their elastic anisotropy, lower TEC and lower ther-
mal expansion anisotropy were found in 321 phases than in 211
phases. As revealed by the COHP analysis and Rietveld refinement
results, the MA layers dominate the thermal expansion behaviors,
in which the bonding strength and bond distance between M2-A
atoms are stronger and shorter than M1-A. Based on the quasi-
harmonic approximation, the theoretical results demonstrate the
smaller Griineisen parameters in 321 phases than in 211 phases,
suggesting a weaker anharmonic effect in 321 phases than in 211
phases, which should account for the lower TECs of 321 phases.
The low TECs of 321 phases, which are the lowest among reported
MAX phases, and the enhanced isotropy are beneficial for the fu-
ture application of 321 phases in varying temperature structural-
functional uses.
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