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Attempts to synthesise quaternary MAX phases (Zr,M),AIC and Zr,(AlLA)C as a
way to approach Zr,AlC
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“Department of Materials and Centre for Nuclear Engineering, Imperial College London, London SW7 2BP, UK;
bSchool of Engineering and Material Science, Queen Mary University of London, London E1 4NS, UK; “Faculty of
Engineering and Computing, Coventry University, Coventry CV1 5FB, UK

(Received 29 October 2015, final form 12 January 2016)

Despite having never been synthesized, the MAX phase Zr AIC attracts a lot of interest owing to its foreseen properties. A possible
way to circumvent this obstacle is to stabilize Zr, AIC by partially substituting one of its constituting elements. Here we report on
attempts to synthesise quaternary MAX phases (Zr,M), AlIC and Zr;(Al,A)C where M = Cr, Ti or Mo and A = S, As, Sn, Sb and
Pb. We were notably able to produce Zry(Alg2Sng g)C, Zra(Alg35Pbg.5)C, and Zrp(Alg3Sbg 7)C, with the latter representing the

first antimony-based MAX phase ever reported.

Keywords: MAX Phases, Solid Solution, Zry AIC

Impact Statement: Numerous syntheses of Zr, AIC derived compositions were attempted. Zr,(Alg2Sngg)C, Zra(Alp35Pbg.e5)C
and Zr; (Al 3Sbg.7)C were notably produced and reported for the first time.

Introduction The MAX phases are a family of car-
bides and nitrides crystallizing with the hexagonal
P63/mmc structure in the general formula M,, | AX,, with
n being an integer, M being an early transition metal, A
being a group 13—16 element and X being C and/or N.[1]
Around 70 ternary MAX phases can be synthesized as a
bulk phase. More than half of known MAX phases with
n = | were first reported in the 1960s by Nowotny et al.
[2] and named ‘H-phases’. They were almost completely
ignored for two decades until Barsoum and El-Raghy
renewed interest in 1996 by reporting the remarkable
properties of Ti3SiC,,[3] then demonstrating these prop-
erties were shared by the other MAX phases [4,5] and
by finally defining the current ‘MAX phase’ appella-
tion and definition.[6] Owing to their structure consisting
of the stacking of n ‘ceramic’ layer(s) of MX inter-
leaved by an A ‘metallic’ plane, MAX phases show a
combination of both ceramic and metallic features (high
thermal shock resistance, good machinability and high
thermal and electrical conductivities, alike most metals;
high decomposition or melting temperature, high elastic
stiffness, and high oxidation and corrosion resistance as

common for ceramics).[1] Since the mid-2000s, discov-
eries of new stable bulk ternary MAX phases for 7 values
of 1-3 have been rare [7] presumably inferring that the
true achievable list is close to be completed.[8] More
recently research aimed to: (i) identify MAX phases with
higher #,[8] (i) produce thin films [9,10] and (iii) inves-
tigate the formation of quaternary MAX phases (i.e. the
partial substitution of either the M, A or X element
by a fourth element).[11,12] The latter is almost limit-
less in terms of possible combinations. Recently, Naguib
et al. listed 24 quaternary MAX phases for which at
least one composition was already reported in the open
literature,[11] some of them also existing with differ-
ent n values. This approach also offers the possibility
of including new elements that are not reported to form
alone a bulk ternary MAX phase, such as Mn incor-
porated in (Cr;_4Mny),GaC (0 < x < 0.3).[13] While
also adding Bi in the list of MAX phase forming ele-
ments we were able to synthesize Zr,(Aly4Bigss)C,
despite the fact that the two corresponding end-members
(Zr, AIC and Zr,BiC) seemingly cannot be.[14] Similar
effect is given by V substitution as noticed by Zhou
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et al. for (Crgs5Vs)3AlC;,.[15] While the mechanism
driving the structural stability of Zr,(Alg42Bigs8)C is
still unclear, Caspi et al. [16] Anasori et al. [17] and
Lin et al. [18] recently demonstrated by neutron diffrac-
tion or high-resolution transmission electron microscopy
that respectively (CrpsVys)3AlC,, (M02/3Ti1/3)3A1C2
and (Crp/3Tiy 3)3AlC, were stabilized thanks to order-
ing of the two M atoms of each of these compounds
onto the two different Wyckoff sites with n = 2 (e.g. Cr
is exclusively detected on the 4f sites while Ti is pre-
dominantly on the 2a sites in (Cry/3Tii/3)3AlC,). These
examples outline that quaternary MAX phases could be
synthesized to approach as close as possible the compo-
sition and properties of non stable or metastable ternary
MAX phases of interest.

Among all apparently non-synthesizable ternary
MAX phases, Zr, AIC is of prime interest, especially
for the nuclear industry [14] mostly because of the
high neutron transparency of Zr, AlC constituting ele-
ments but also its potentially good irradiation resistance
behaviour, as found in other MAX phases.[19,20] In par-
ticular, Zr,AlC is strongly considered as a protective
material in modified Accident Tolerant Fuel (ATF;[21])
assembly grids [22] since as demonstrated for other Al-
based MAX phases, a good high temperature oxidation
resistance is expected.[1]

In the present paper we report syntheses attempts
of numerous (Zr0‘75M0‘25)2AlC, (Zr0.5M0.5)2A1C and
Zr(Al_xA)C (0.25 < x < 0.6), compositions, with
M = Mo, Ti or Cr and A = S, As, Sn, Sb or Pb. The
M and A elements were chosen primarily with consid-
eration for their neutron cross-section [23] and further
selected by the fact that the M, AIC and Zr, AC ternary
MAX phases were reported to be synthesizable.[1] For
their closeness in term of properties with their MAX
phase former neighbours in the Periodic Table, Mo, As
and Sb were also selected despite not passing the sec-
ond selection criterion. This report complements a recent
paper focused on the Zr,(Alg 42Big 58)C MAX phase [14]
that also contained a non-regular A-element and also
reports on (Zry4Nbge),AlC and (Zry,Nbgg),AlC syn-
theses by Reiffenstein [24] et al. and Naguib et al. [11]
respectively.

Experimental Details Commercial reactants (pow-
ders) used were: ZrH; (>99.7%, — 325 mesh), ZrC
(>99.5%, excluding < 200 ppm Hf, — 325 mesh) TiH,
(>99%, ~40um), Cr (>99%, —325 mesh), Mo
(>99.9%, —200 mesh), Al (>99.5%, —325 mesh),
AL S; (>99%, millimetric granules), As ( >99%, — 70
mesh), Sn (>99.8%, — 325 mesh), Sb (>99.5%, —200
mesh) and Pb (>99.9%, — 200 mesh) all provided by
Alfa Aesar, and graphite ( >99.9%, <20 um) purchased
from Sigma-Aldrich. To limit as much as reasonably
possible oxygen impurities, the reactants were kept and
weighed in Nylon milling jars filled with 10 mm ZrO,

balls in an argon (Ar) filled glove box. The jars were
sealed and placed for 0.5h at 360rpm in a rotary
mill (Nanjing University Instrument Plant, China). The
mixed powders were then transferred in the glove box
and kept in sealed plastic bottles until used for the
synthesis.

As is the custom for most MAX phase synthe-
ses, stoichiometries were experimentally adjusted to
2/1.05/0.95 for (Zr + M), (Al 4+ A) and C, respectively
(Table 1). This is in order to compensate for the usual
partial sublimation of the A element(s) and the pos-
sible partial uptake of carbon from the graphite cru-
cibles and dies used. Reactions were carried out by
pressureless heating of the powders under Ar. Min-
utes before the thermal treatment, the sealed Ar-filled
bottles were opened and the powders were poured in
graphite crucibles (provided by Almath Crucibles Ltd.,
UK) which were then placed in a hot press here used
as a graphite furnace in presureless mode (FCT Sys-
teme HP W/25/1, Rauenstein, Germany) filled with
Ar (static). Four different synthesis temperatures were
used: 1900°C (10 min dwelling, then 1h at 1600°C),
1450°C (1 h dwelling), 1300°C (10 h) and 1150°C (10 h).
Heating and cooling rates were set at ~20°Cmin~!.
When needed, the obtained solids were crushed into
powder in an agate mortar using an agate pestle (usu-
ally for compounds obtained at reaction temperatures
>1300°C). The obtained powders were then anal-
ysed by X-ray diffraction, XRD, using a Bruker D2
Phaser SSD160 (Karlsruhe, Germany) equipped with a
Cu source (Ko /o, = 1.5406/1.5444 A). Routine anal-
yses consisted of 6-105° 26 scans with a 0.03° 26
step and 0.4secstep!. Crystalline phase determina-
tion was done with the help of X’pert HighScore
Plus software (PANalytical B.V. Almelo, the Nether-
lands) using ICDD (International Centre for Diffraction
Data) database. Existing Ti;AIC (29-0095), Cr,AlC
(29-0017), Zr,PbC (28-0546), Zr,SnC (29—-1355) and
Zr,SC (16-0848) datasheets were used as references
for tentative matching. Similarly, the presence of higher
order MAX phase (n =2 or 3) or other non-MAX
phases ternary layered carbides was ruled out respec-
tively by comparing to powder diffraction simulated
patterns created using Crystal Maker and Crystal Diffract
softwares (CrystalMaker Software Ltd., Oxford, UK)
and by comparison with reported XRD data ([25] and
references therein,[26]). Refinement of unit cell parame-
ters was done by full-pattern matching (Le Bail function)
using the Fullprof Suite program.[27] When required,
Rietveld refinement was also utilized using X’pert High-
Score Plus software Rietveld tool. Scanning Electron
Microscopy imaging and coupled Energy Dispersive X-
ray Spectroscopy (EDX) were carried out in a JEOL
JSM-6400 (Tokyo, Japan) scanning electron micro-
scope (SEM), equipped with an EDX detector (ultra-thin
polymer window, INCA, Oxford Instruments, Oxford,
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Table 1. Summary of syntheses results. Dwelling times are given in the experimental section. In the last column, obtained phases
are given in descending order with respect to their relative amount according to XRD and the MAX phases are rendered in bold.
The compositions of the phases identified in this table are that of the closest matching with reference datasheets. For actual MAX

phases compositions measured by EDX, refer to Table 2.

Crystalline phases
Targeted Initial powder mixture Reaction (closest match in ICDD database)
compound (30 min ball milling) temperature (°C) (MAX phases written in bold)
Zry AlC 27ZrHy; + 1.05 Al + 095C 1900 ZrC
1.05 ZrHy + 0.95 ZrC + 1.05 Al 1900 ZrC
1300°C reacted powders 1900 ZrC
27ZrHy; + 1.05 Al + 095C 1450 ZrC + ZrAly
27ZrH; + 1.05 A1 4+ 0.95C 1300 ZrC + ZrAly
1.05 ZrHy + 0.95 ZrC + 1.05 Al 1300 ZrC + ZryAls
27ZrH; + 1.05 A1 4+ 0.95C 1150 ZrC + ZrnAls
Zr, AIN 1300°C reacted powder 1900 ZrN
1ZrHy + 1 ZrN + 1.05 Al 1300 ZrN + Zr-Al alloy
(Zry.75Crp.25)2A1C 1300°C reacted powder 1900 ZrC 4 ZrAl, + (Zr,Cr)C
1.5ZrHy + 0.5Cr + 1.05 Al 4+ 0.95C 1300 ZrC + ZryAls + (Zr,Cr)C
(Zrg 5Crp.5)2AlC 1300°C reacted powder 1900 ZrC + ZrAlC,; + CrAlC
1ZrHy, + 1Cr 4+ 1.05A1 4+ 095C 1300
(Zrp75Mog25)2AIC 1.5 ZrHy + 0.5 Mo + 1.05 Al + 0.95C 1300 ZrC + ZrAl, + Mo-Al alloy
(ZrpsMog 5)2 AIC 1ZrHy + 1 Mo + 1.05 Al + 0.95C 1450 ZrC + Moz Al,C + Mo-Al alloys
1300 ZrC + Mo, C + Mo-Al alloy
1150 ZrC + Mo, C + Mo-Al alloy
(Zrg75Tip.25)2 AlC 1.5ZrHy + 0.5Ti + 1.05 Al + 095C 1300 TiC + ZrC + ZnAls
1450 TiC + ZrC + ZrAl,
(Zrp 5Tig5)2AlC 1ZrHy + 1 Ti + 1.05AI 4+ 095C 1300 TiC + ZrC + ZrAl; + ZrAlp
1150 TiC + ZrC + ZrsAls
Zr(Aly.75S0.25)C 2 ZrHy + 0.09 Al>S3 4+ 0.6 Al + 0.95C 1450 ZrC + ZrSC + ZrAly + ZrAly
1300
Zr2(Alp5S0.5)C 2 ZrHy + 0.18 Al,S3 + 0.18 Al + 0.95C 1450 Zr,SC + ZrC + ZrAlp
1300
Zr3(Alp.4S0.6)C 2 7ZrH; + 0.22 AlS3 + 0.95C 1450 Zr,SC + ZrC + ZrAl,
1300 ZrySC + ZiC + ZrAly + ZrAl3
Zry(Aly5As05)C 27ZrHp + 0.53 As + 0.53 Al + 095C 1150 ZrAs + ZrC + ZrAlp
1300
Zry(Alp5Sng5)C 2ZrHy + 0.53 Sn + 0.53 Al + 0.95C 1450 ZrC + Zr,SnC + Sn
1300 Zr;SnC + ZrC + ZrAlp
1150 Zry;SnC + ZrC + ZrAly + ZrsAly
Zr2(Aly.5Sbg 5)C 27ZrHp; + 0.53Sb + 0.53 Al + 0.95C 1300 Zr;SnC + ZrC + unknown phase(s)
Zr(AlgsPbg 5)C 27ZrHy + 0.53Pb + 0.53 A1 4+ 0.95C 1450 ZrC + Zr,PbC + Zrpy Al
1300 Zr,PbC + ZrAly + ZrC
1150 Zr,PbC + ZrC + ZrAl, + Pb
Z13(Pbg 45Big.55)C 2 ZrH; + 0.60 Bi + 0.50 Pb + 0.95C 1300 ZrC + Zr,PbC + Pb;Bi; + Bi

UK). The powders were spread and stuck onto a con-
ductive carbon tape and analysed without any further
preparation.

Results and Discussion The synthesis results are sum-
marized in Table 1. Several Zr, AIC and Zr, AIN synthe-
ses were first attempted. As expected by the absence in
the literature of an experimental report of these potential
MAX phases, no MAX phases were obtained. Heating
to 1900°C, resulted in only ZrC or ZrN, while for lower
temperatures, ZrC or ZrN were combined with different
Zr-Al alloys.

All the Zr substitution attempts by Ti, Cr and
Mo were also unsuccessful (Table 1). A limited MAX
phase presence was determined for the (ZrsCrgs5), AlC
composition, however experimental XRD and EDX

investigations strongly suggest—analogously to the case
of Zry(Al;_«xSx)C compounds detailed in the next
paragraph—that the MAX phase component is Cr, AIC,
with no quantifiable amount of Zr in it. This is notably
confirmed by the measured a and c lattice parameters
for the herein produced MAX phase (a = 2.863(2) A,
c= 12.83(1)A) which both fall right into the range
of values reported for Cr,AlC (2.844 < a < 2.865 A
and 12.814 < ¢ < 12.857A) ([12] and references
therein).

On the basis of experimental conditions employed
for synthesis of Zr,SC in the literature,[28,29] the
composition temperatures chosen to synthesize Zr,
(Al;1_xSx)C (0.25 < x < 0.6) were 1300°C and 1450°C.
From EDX, as submicron grains were obtained
(not shown), only global analyses on large areas
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Table 2. Unit cell parameters of the produced Zry(Al;_xAx)C quaternary MAX phases and comparison with existing ternary

211 MAX phases.

Targeted/ Unit cell parameters A)

obtained compound Temperature of synthesis (°C) a c Reference
Zry (Aly.75S0.25)C/Z1r,SC 13002 34111 (8) 12.151 (4) This work
Zr; (Aly 5S0.5)C/ZrSC 13002 3.4105 (4) 12.148 (2) This work
Zr; (Alp4S0.6)C/Zr,SC 13002 3.4108 (7) 12.147 (3) This work
ZrSC 1300 3.406 (2) 12.138 (4) [28]
ZrSC 1600 — 1250 3.396 12.11 [36]
ZrSC unknown 3.4 12.13 [1]
Zr) (A10‘5 Sl’l()_5)C/Zl‘2 (Alo‘z Sl’lo_g)c 1300 3.345 (1) 14.567 (5) This work
ZrSnC 1000 3.347 14.59 [37]
Zr;SnC 1250 3.3576 14.57 [4]
Zr (Al 5Sbg.5)C/Zr; (Alg.3Sbg7)C 1300 3.367 (2) 14.62 (1) This work
Viy) (Alo‘s Pbo_S)C/Zl‘z (A10‘35 pbO.éS)C 1300 3.3649 (6) 14.645 (3) This work
ZrPbC 750 3.384 14.67 [38]
ZrPbC 1200 3.38 14.66 [1]
Zry (Alg.41Big.59)C/Zr; (Alg42Big.58)C 1150 3.344 (5) 14.51 (2) [14]

4Similar unit cell parameters obtained for 1450°C syntheses.

(~10.000 pm?) were performed. They reveals Zr/(Zr +
Al + S) ratios of 0.8 to 0.85, indicating the loss of
both Al and S. Al,S; normally evaporates at 1500°C,
but it is reasonable to assume some Al-S compounds
richer in S (or Al-S-C compounds) can volatilize below
1300°C.[30] Despite this partial loss of Al and S, a
MAX phase was detected by XRD in all Zr,(Al;_xSx)C
powders. Lattice parameter refinement (summarized in
Table 2) always resulted in values close to those reported
for Zr,SC. That does not indicate per se that the Al con-
tent in the formed MAX phases is low as S substitution
by Al in the structure could potentially be achieved with-
out notable unit cell parameter changes. This is, how-
ever, unlikely considering that DFT calculations[14,31—
35] and existing lattice parameters values for other
Zr, AC and M, AIC MAX phases allow to predict that
a hypothetical Zr, AIC compound should fall in the fol-
lowing ranges: 3.1 <a < 3.4 and 13.6 < ¢ < 14.7A.
Therefore, even considering the lowest projected value
for Zr,AIC (13.6 A) the ¢ lattice parameter (12.1 A for
Zr,SC [1,28,36]) is expected to strongly increase even
for limited S by Al substitution. Lastly, Al-rich phases
ZrAl, and ZrAl; are present in significant amounts as
secondary phases (Table 1). This all suggests that Al has
very little, or no, solubility in Zr,SC.

Attempts to make a Zr,(AlysAsys)C MAX phase at
1150°C and 1300°C were also unsuccessful according
to XRD. Similarly, the synthesis of Zr,(Pbg45Bigs5)C
was attempted at 1300°C, motivated by the possible
usefulness of such a potential MAX phase in the lead-
bismuth eutectic cooled nuclear reactor design.[39] A
MAX phase was detected as a secondary phase, however
based on EDX no quantifiable amount of Bi was found
in the MAX phase, suggesting Zr,PbC was formed with
little or no Bi in it.

Three compositions were eventually determined to
produce positive results matching the initial goal of
synthesizing a MAX phase as compositionally close to
Zr, AlC as possible: Zr;(AlgsSngs)C, Zry(AlysSbgs)C
and Zr,(AlysPbys)C. According to XRD, all three pre-
sented better results (lower unwanted phase contents)
at 1300°C than at 1450°C or 1150°C. This is in agree-
ment with El-Raghy et al. [40] who determined that for
Sn and Pb-based MAX phases (including Zr,SnC and
Zr,PbC), the onset temperature of decomposition and
also the best temperature for time—effective formation
of such MAX phases were around 1200—-1300°C. They
also understood that finding the optimal reaction tem-
perature is difficult due to ZrC duality, being both a
Zr, AC precursor and its main decomposition product.
The closeness of decomposition and necessary reaction
temperatures likely explains why the syntheses 10h at
1300°C were more successful than those for the same
dwell time at 1150°C presumably because of slower
kinetics of formation, while temperature as high as
1450°C promoted the competing decomposition process.

X-ray diffractograms of these 3 compounds of inter-
est (prepared at 1300°C) are presented in Figure 1; the
results of refinement are summarized in Table2. The
Sb-based composition contains significantly more ZrC
than the other two compositions. Rietveld refinement
was additionally performed to estimate the phase mass
ratios and confirmed the 2// MAX phase content in
the 1300°C Zry(AlysSbys)C sample was low (less than
30wt %, even disregarding for refinement purpose the
unassigned diffraction lines) compared to the 57 wt % of
Z15(Aly5Sng 5)C and the 65 wt % of Zry(Aly sPbg 5)C.

SEM (Figure2), coupled with EDX characteriza-
tion, revealed that the MAX phase grains were 1—
10 um large and were agglomerated in clusters of a few
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Figure 1. (Colour online) X-ray diffractograms of the
powder samples obtained after heating the Zry(Alg 5Sng 5)C,
Zry(AlpsSbgs)C and Zry(AlpsPbgs)C  compositions to
1300°C for 10 h.

tens of micrometres, while the grains of the unwanted
phases (ZrAl, and ZrC notably) were mostly isolated
or formed smaller clusters. Additionally, to allow phase
identification in the SEM, EDX was used to deter-
mine the A/(Al + A) ratio in the MAX phases. From
about 20 independent point scans in each sample, the
compositions were determined to be Zr,(Aly20Sng.s0)C,
Z12(Aly30Sbg.70)C and Zr,(Alg35Pbg65)C, with standard
deviations of below =40.05 for all of the elements
(except carbon as it is not quantifiable with EDX). Such
low standard deviations between the measurements,
indicate all the MAX grains in each sample maintain
identical or very close compositions, as recently demon-
strated for Zr,(Aly42Bipsg)C.[14] In the aforementioned
chemistries full occupancy of two was assumed for the
Zr atomic sites.

Note that EDX revealed the targeted ratio x = 0.5
was not reached; in all cases the compounds con-
tained less Al than expected. This may be explained
by partial volatilization of Al, although this is improb-
able as ~ 15wt% of ZrAl, was detected by XRD in
Zr3(Aly5Sng 5)C and Zry(AlysPbys)C samples and this
counterbalances the deviation of x = 0.5 targeted in the
MAX phases. Furthermore, the absence of significant
Al volatilization during synthesis was indirectly ruled
out by reacting at 1300°C a new Zr,(AlysPbgs)C pow-
der batch with an excess of + 15mol% of both Al
and Pb. The X-ray diffractogram and MAX phase
lattice parameters obtained were similar to the first
attempt with the usual + 5 mol % excess and the MAX
phase grain compositions were still determined by
EDX to be Zry(Alg35Pbogs)C. As a result, it is more
likely that the Zry(Aly,Sngg)C, Zry(Alg3Sby7)C and
Zr3(Alp35Pbg 65)C compositions form over the targeted
Zr(AlpsA05)C composition because they are more
stable.

(@)

Figure 2. SEM images (secondary electron mode) of, (a)
Zry(Alp2Sng8)C, (b) Zra(Alp3Sby7)C and (c) Zra(Algss
Pbg65)C. In (a) according to EDX the shown grains only con-
sist of Zr2(Alp2Sng g)C (secondary phases present elsewhere).
In (b) and (c) the darker contrast plate grains are respectively
Zr>(Alp3Sbg.7)C and Zr; (Al 35Pbg 65)C, while the lighter sur-
rounding grains are various secondary phases (see Table1).
All images are for a reaction temperature of 1300°C (10h
dwelling).

Furthermore, for the three compounds, little or no
Pb, Sb or Sn were found in the non-MAX phase grains.
For Pb and Sn based compositions, this suggests the
MAX phases were formed up until consumption of the
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operational limiting reactant - Pb or Sn—respectively
leaving the excess Zr, Al and C to form ZrC and
ZrAl,. This likely explanation is also supported by
the phase weight ratios determined by Rietveld refine-
ment (65 wt % Pb-MAX/21 wt % ZrC/14 wt % ZrAl, and
57wt% Sn-MAX/25wt% ZrC/18 wt% ZrAly) which
sum fairly well to the initial elemental ratios.

In contrast the Zr(AlysSbys)C composition dif-
fers as the relative amount of MAX phase is much
lower (<30wt% when performing Rietveld and dis-
regarding unassigned phase(s)) and the rarity of Sb
in the non-MAX grains (determined by EDX) means
a substantial fraction of the initial Sb escaped before
completion of the MAX phase formation, presumably
by volatilization of a Sb-rich binary or ternary com-
pound; Garcia and Corbett,[41] for example, reported
quantitative Zr-Sb volatilization can occur below
1000°C.

Table 2 compares the quaternary MAX phase unit
cell parameters obtained here with those of experimen-
tal values of their most relevant ternary MAX phases.
Additionally, Figure3 displays the relative change of
unit cell parameters and volume in respect to Zr, AlC
values recently estimated by DFT.[14] For the same tar-
geted MAX phase, the different reaction temperatures
resulted in close lattice parameters (typically within the
range of associated errors), for this reason only the
values for the 1300°C samples are given. This sug-
gests that the obtained A/(Al + A) ratios are not influ-
enced by the reaction temperature, at least over the
1150—-1450°C temperature range. The unit cell parame-
ters obtained for Zr,(Aly2Sngg)C and Zr, (Al 35Pbg65)C
are lower than those reported for Zr,SnC [4,37] and
Zr,PbC respectively,[1,38] which is not too surprising
given the smaller atomic radius of Al compared to Sn
or Pb. From Figure 3, it is first worth noting that the
progressive replacement of Al by another heavier and
larger element (Sn, Sb, Pb or also Bi [14]) mainly
impacts the a lattice parameter (up to ~ + 1.7% rela-
tive expansion from Zr, AIC [14] to Zr,PbC [38]) and
much lightly the ¢ parameter (up to ~ +0.6%); in
other words the Zr, AC unit cell expand (or shrink)
relatively more along the (0001) plane than along the
c-axis when the A element atomic size increases (or
decreases). In Figure 3, Vegard’s law is followed for
both @ and c¢ lattice parameters of Zrp(Aly,Sngg)C
and Zr,(Aly35Pbg¢5)C when compared to their respec-
tive end-members. For Zr,(Aly3Sbg7)C, lattice param-
eters greater than those estimated for Zr,AlC are, as
expected, obtained. More importantly, it is worth not-
ing that both a and ¢ parameters for Zr,(Aly3Sby7)C
(Table2) are in the narrow ranges of reported val-
ues for the other experimentally synthesized Zr, AC
and Zr;(A,A’)C MAX phases: 3.34 < a < 3.38 and
1451 < ¢ < 1491 A (Table2 and [1]). This is true
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Figure 3. (Colour online) Lattice parameters a (top), ¢
(middle) and unit cell volume V (bottom) variations in the
Zry(Al} —xSny)C, Zry(Al;_xSby)C and Zrp(Al;_xPby)C MAX
phase systems as a function of x. Hollow symbols are for litera-
ture values (see Table 2 for references). Zr, AIC values (x = 0)
were selected from the most recent DFT calculation estimates
[14].

except for Zr,SC, which presumably has a pecu-
liar structural stability.[14,42] It is therefore suggested
that the stabilization of the Zr,AC and Zr,(A,A’)C
phases can only be reached in the above-defined lat-
tice parameter narrow ranges and that steric constraints
could (partially) drive the formation of Zr,(Aly,Sngg)C,
ZI'2(A10'3Sb0_7)C and Zrz(A10'35Pb0'65)C instead of the
targeted Zrp(AlysAgs)C compositions which would
fall out of this steric stability region. For such a
hypothesis to be confirmed would require additional
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investigations, both computational (e.g. DFT) and
experimental.

Conclusions and Perspectives Numerous synthesis
attempts were performed with the objective of stabi-
lizing Zr, AIC by the partial substitution of either Zr
or Al. Although (Zr,Nb),AlC solid solutions have been
reported,[11,24] partial substitution attempts of Zr by
Mo, Ti and Cr in Zr, AlC did not lead to the formation of
any Zr-containing MAX phases. Similarly, substitution
of Al by As or S did not give any favourable result.

However, partial substitution of Al by the heavier
MAX formers Sn, Sb and Pb (and Bi [14]) led to forma-
tion respectively of Zrp(Aly,Sngg)C, Zrp(Aly3Sbg7)C
and Zrz(Al()‘35Pbo_65)C (and Zrz(A10.4zBi0'5g)C). Notably,
this represents the first report of the synthesis of an
antimony-bearing MAX phase. Even though Al amounts
in these compounds are low, it nonetheless confirms
the desired Zr, AIC phase can be approached by partial
substitution(s) on the A-sites. The authors thus sug-
gest that new stabilizing elements and/or combination
of two stabilizing elements should be tried to achieve
a compound having a composition as close as possi-
ble to Zr, AIC. These experimental efforts might also
take advantage of computational calculation methods
such as DFT simulations to narrow the list of promising
candidates.

Finally it also worth mentioning that MAX phases
are also of interest for MXenes preparation [43] and
the new compositions prepared here should therefore
be considered to attempt the preparation of the so far
non-synthesisable [44] Zr,C slabs.
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