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Abstract: Materials from theA;M3O1, family are known for their extensive chemical versatility while
preserving the polyhedral-corner-shared orthorhombic crystal system, as well as for their consequent
unusual thermal expansion, varying from negative and near-zero to slightly positive. The rarest
are near-zero thermal expansion materials, which are of paramount importance in thermal shock
resistance applications. Ceramic materials with chemistry Al,_,In,W30;, (x = 0.2-1.0) were synthe-
sized using a modified reverse-strike co-precipitation method and prepared into solid specimens
using traditional ceramic sintering. The resulting materials were characterized by X-ray powder
diffraction (ambient and in situ high temperatures), differential scanning calorimetry and dilatometry
to delineate thermal expansion, phase transitions and crystal structures. It was found that the x = 0.2
composition had the lowest thermal expansion, 1.88 x 107¢ K1, which was still higher than the
end member Al,W30q; for the chemical series. Furthermore, the AlIInW301, was monoclinic phase
at room temperature and transformed to the orthorhombic form at ca. 200 °C, in contrast with
previous reports. Interestingly, the x = 0.2, x = 0.4 and x = 0.7 materials did not exhibit the expected
orthorhombic-to-monoclinic phase transition as observed for the other compositions, and hence did
not follow the expected Vegard-like relationship associated with the electronegativity rule. Overall,
compositions within the Aly_ ,In,W30;, family should not be considered candidates for high thermal
shock applications that would require near-zero thermal expansion properties.

Keywords: low thermal expansion; AllInW3O1,; high-temperature XRPD; dilatometry; DSC

1. Introduction

The ceramic phases of the general formula A;M30;, and the related families, such as
ABM301,, ABM»XOq; and ApMX5015, have potential for thermal shock resistance applica-
tions, since they can present near-zero thermal expansion over wide and technologically
relevant temperature intervals, including room temperature (RT) [1]. A potential mech-
anism for tuning the coefficient of thermal expansion (CTE) in these families is through
A3*/% and B?*/3* cation variation, which leads to changes of rigidity of the framework
octahedra [2,3]. More flexible octahedra enhance negative thermal expansion [3].

Based on the knowledge of coefficients of thermal expansion and monoclinic-
to-orthorhombic phase transition temperatures in Al W301; and InpW301; [4-7], the
Aly_InyW30y; system warrants attention. The end member, Al,W30;,, presents a low
positive CTE of 1.51 x 107% K~!, as measured by X-ray powder diffraction (XRPD) [5] and
1.17 x 107® K~! from dilatometry [6], as well as monoclinic-to-orthorhombic phase transi-
tion temperatures reported at —6 °C [4] and —22 °C [8]. On the other hand, both positive
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(3.1 x 107® K~! from XRPD [9]) and negative (—3.0 x 107% K~! from dilatometry [10])
CTEs were reported for InpW30O;,. The temperature of its monoclinic-to-orthorhombic
phase transition was reported to be between 200 °C and 250 °C [4,7,9]. This transition
is important because in this family the monoclinic phase exhibits normal positive CTEs,
whereas the orthorhombic phase has low or negative CTEs.

Despite the promising properties of the end members, reports on the Al In,W301,
system are scant [11-15]. Evans et al. presented a brief report [11] of dilatometry measure-
ments, showing near-zero to low-positive CTEs for this system in the range of 0.2 < x < 0.5,
while Mary and Sleight [12], using the same technique, reported zero thermal expansion
for the AlInW30;; phase within the temperature range between RT and 727 °C. In a more
recent study, Tzvetkov et al. [13] reported a Rietveld XRPD study of Al 5IngsW30;1, and
AlInW301,, suggesting both materials were orthorhombic (space group 60, Pnca) at RT. In
fact, based on visual inspection of XRPD patterns, those authors attributed the orthorhom-
bic structure at RT to all members of the Aly_,In,W30;; system from x =0.2to 1.4. Ina
later study [14], the same group reported co-precipitation synthesis of different phases from
the Aly_,In,W301; system, although in contrast with their previous report, the authors
stated that the phases for x > 1.3 were monoclinic at RT.

To the best of the authors” knowledge, there are no thorough non-ambient studies
on this system. Furthermore, there is a lack of knowledge on CTE, phase transition
and hygroscopicity within the Al,_yIn,W30;, system, and there are discrepancies in
the literature [13,14] concerning the RT crystal structure of some compositions from this
system. In addition, there are no comparative studies of intrinsic (XRPD) and extrinsic
(dilatometry) CTE for the Aly_,In,W301, system, so it is not clear whether this system
could be used to achieve near-zero CTE phases; therefore, the evaluation the of suitability
of the Aly_,InyW301; (x = 0.2-1.0) system for near-zero thermal expansion materials was
the main knowledge gap to be filled by the present study:.

Accordingly, the Aly_,InyW3015 system was thoroughly studied using high-temperature
XRPD, dilatometry, differential scanning calorimetry and thermogravimetric analysis over
the composition range of 0.2 < x < 1, and with wide temperature intervals, ranging from
cryogenic to high temperatures.

2. Experimental
2.1. Synthesis of Aly_,InyW301, Powders through Modified Reverse-Strike Co-Precipitation

Al(NO3)3-xHyO, In(NO3)3-xHpO (Alfa Aesar, purity > 99%) and NayWO,-2H,0O
(Sigma Aldrich, St. Louis, MO, USA, purity > 99%) were used as purchased.

Four precursor powders of Al,_,In,W301, with the nominal chemical compositions
x=0.2,0.4, 0.7 or 1 were prepared using a modified reverse-strike approach [16] through
simultaneous dripping of stochiometric aqueous 0.1 M solutions of AI(NO3)3-xH,O and
In(NO3)3-xH,0O into 0.1 M Nay WOy -2H,O with stirring at 600 rpm (Fisam, model 752a) at
RT. The pH was not adjusted and naturally tended to a value close to 4 for each mixture
(pH = 4.1 for x = 0.2, 4.0 for x = 0.4, 3.9 for x = 0.7, 3.7 for x = 1). A white precipitate
was instantaneously formed with the addition of nitrates for all chemical compositions.
The precipitates were recovered by centrifugation immediately after the formation of
precipitates, using an NT 810 centrifuge (Novatecnica, Piracicaba, Brazil) at 4000 rpm, then
afterwards were washed three times with anhydrous ethanol (Vetec, 99.9%).

The wet white precipitates were microwave oven dried for 3 min. The dried white
precipitate was heated to 600 °C for 1 h and then calcined at 950 °C for 10 h to obtain
powders with larger crystallites, which were well suited for XRPD.

2.2. Characterization of Aly_InyW301, Powders

To determine intrinsic CTEs and information concerning the possible phase transition
from the monoclinic to orthorhombic form, room- and high-temperature X-ray powder
diffraction (HT-XRPD) measurements were carried out using a Bruker D8 Advance diffrac-
tometer with Cu, radiation (A = 1.5418 A), with a 20 scanning step size of 0.01° and
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counting time of 2 s per step. High-temperature experiments were performed using a
high-temperature Anton-Paar XRK900 camera. HT-XRPD data were acquired at 50, 100,
150, 200, 250, 300, 350 and 400 °C. Intrinsic CTEs (linear and axial) were calculated using
the unit-cell parameters (with the standard uncertainties at the fourth decimal place) deter-
mined by Le Bail refinement, using Topas-Academic software. The standard deviations for
the intrinsic CTE were calculated from the linear fit in the temperature range from room
temperature to 400 °C.

Extrinsic CTEs for Al;_,In,W30;, samples in the form of bars were determined using
a DIL 402C NETZSCH dilatometer. Green bodies (bars) were prepared using 250 MPa
pressing of powders obtained by co-precipitation, mixed with 1 mass% polyethylene glycol
and 1 mass% polyvinyl alcohol. Afterwards, green bodies were sintered at 950 °C for 10 h
in air. High relative densities (>96% of theoretical density) were obtained for the as-sintered
bodies, as measured using the Archimedes method (Supporting Information, Table S1).
Dilatometric curves were acquired on sintered bars (diameter 6.5 mm; length 8 mm) on
heating from RT to 500 °C at a rate of 5 K min~! and on cooling at a rate of 3 K min~!.
Three measurements were performed for each composition and standard deviations were
calculated. The dilatometer had been previously calibrated for CTE measurements using
Al,Oj standard sample supplied by NETZSCH. CTEs were calculated from heating curves
from RT to 500 °C.

Thermogravimetric analyses (TGA) were performed on a Perkin—Elmer STA-6000
simultaneous thermal analyzer. Samples (~20 mg) were heated from RT to 950 °C at
10 K min~! in synthetic air at a flow rate of 20 mL min .

Differential scanning calorimetry (DSC) analyses were conducted in a TA Instruments
Q200, equipped with a liquid N; cooling head under He purge gas (25 mL min~—!), with a
heating rate of 20 K min~! over the temperature ranges from —100 °C to 0 °C and from
0°Cto 300 °C.

3. Results and Discussion

XRPD patterns at RT of four different phases from the Aly_,In,W3O1; system (x = 0.2,
0.4,0.7 and 1) are presented in Figure 1. All four powders were single-phased. The unit-cell
parameters of Aly_,In,W30O1; phases at RT are presented in the Supporting Information,
Table S2. Le Bail refinements of the patterns of the x = 0.2, 0.4 and 0.7 materials fit very
well within the orthorhombic system (space group 60, Pbcn); however, the XRPD pattern of
x =1 (Figure 1d) was slightly different from the results for the three phases with a lower
In®* content. It was very similar to what would be expected for the orthorhombic Pbcn
space group, but presented additional features, namely two extra diffraction lines situated
at 23.8° and 25.9° (20), while the most intense peak, close to 22.4° (20), was not divided
into two separate diffraction lines as it was for orthorhombic system (Figure 1a—). These
features have been attributed in the literature to the monoclinic system (space group 12,
P21/a) [17,18] or P2;/n (space group 14) [8,19]; therefore, the XRPD pattern for x = 1 was
adjusted to the monoclinic system, which described all experimental diffraction lines very
well. As such, the XRPD patterns at RT (Figure 1) suggested that ALInW3Oy; is monoclinic
at RT and not orthorhombic, as previously proposed [13,14].

HT-XRPD patterns of x = 0.2 and x = 1 phases are depicted in more detail in Figure 2,
while complete sets of diffraction patterns up to 400 °C for all phases are available in
Supporting Information, Figure S1. Note that the XRPD pattern of the x = 1 phase changed
to orthorhombic at 250 °C, as evidenced by the disappearance of the two diffraction lines
at 23.8° and 25.9° (20), as well as the most intense peak, close to 22.4° (20), separating into
two adjacent diffraction lines.

Proof of In®* incorporation into the orthorhombic crystal structure, in accordance
with the nominal chemical compositions of Aly_,In,W301; (x = 0.2, 0.4, 0.7 and 1), is
evident from the isothermal plot constructed for 250 °C, which obeys Vegard’s law [20]
(Figure 3). A near linear unit-cell volume increase with the increase of In®* content (x)
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in the orthorhombic Al,_,In,W3O1; phase correlates well with the larger radius of In3*
(0.80 A) in comparison to AI3* (0.535 A) [21].
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Figure 1. XRPD patterns of Aly_,In, W30, powders at RT, illustrating Le Balil fits to the orthorhombic Pbcn space group
for the compositions (a) x = 0.2, (b) 0.4 and (c) 0.7 and to the monoclinic P2;/a space group for (d) x = 1 (to highlight
the differences between orthorhombic and monoclinic patterns, the 20 angle range between 10° and 50° is presented).

Experimental profiles are represented by black lines, calculated profiles by red lines and difference profiles by green lines.

(d) The arrows show typical diffraction lines for the monoclinic system in the AyM30O;, family, which are absent in the

orthorhombic system.

Table 1 presents linear and axial CTEs for all four Al,_,In, W30, compositions over
the temperature interval between RT and 400 or 500 °C. The plots of natural logarithms
of unit-cell parameters (4, b and c) and unit-cell volumes as functions of temperature are
available in the Supporting Information, Figure S2. Axial CTEs along the b- and c-axes
increased monotonically with increasing x up to x =0.7, while the axial CTE along the g-axis
varied up to x = 0.7 in a non-monotonical manner. This discrepancy should be verified
by higher-resolution synchrotron radiation. Linear CTEs of the x = 0.2, 0.4 and 0.7 phases
are positive and increase with increasing In®* content (x), appearing more in line with the
more positive intrinsic CTE of the end-member InyW30;, (3.1 X 1070 K1), as reported
by Baiz et al. [9], than the reported negative linear CTE of InyW30s; [10]; therefore, the
phases in the range between x = 0.2 and 0.7 showed a tendency of increased linear CTE
in comparison to pure Al,W301;. Judging from this behavior, it would not be possible to
obtain near-zero CTE at RT and higher within the Al,_,In,W30;; system. The axial CTEs
were more positive along the a- and b-axes and negative or low positive along the c-axes.
The x = 1 phase showed a high linear CTE in the monoclinic form (~10~> K~1!) from RT to
100 °C, in agreement with the literature [22,23], while above 250 °C when orthorhombic it
presented a near-zero CTE (—7.9 x 1077 K.
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Figure 2. HT-XRPD patterns of Al,_,In,W30;, materials for (a) x = 0.2 (orthorhombic) and (b) x =1
(illustrating the phase transition from a monoclinic to orthorhombic structure at 250 °C). (b) The
arrows at RT show typical features for the monoclinic system in the AyM301; family, while at higher
temperatures the arrows mark separation of the most intense peak into two diffraction lines, which is

a feature of an orthorhombic pattern for the A;M30;, family.

Lattice Parameter, V (A%

Figure 3. Orthorhombic unit-cell volumes at 250 °C as a function of In3*

1200

1180
1160
1140 -
1120 A
1100
1080 -

-
1060

0.2

Standard deviations are smaller than symbol size.

content (x) in Aly_,InyW3015.



Materials 2021, 14, 4021 6 of 10

Table 1. Intrinsic and extrinsic CTEs by axis (a4, a3, #¢) and average linear CTE (x;) in the Al,_,InyW30y; system (Pbcn
space group for the orthorhombic phase and P2;/a for the monoclinic phase) with their standard deviations (standard
deviations for x = 1 in monoclinic form are one order of magnitude higher than for others, since only three points were
considered). Standard deviations for CTEs of the end-members are not reported in the literature [5,9]. Results not referenced
to the literature are from the present study. RT refers to room temperature.

X

(In>* Content in ag [K1] ap [K1] ac [K-1] a; [K1] Tﬁ::ff?ﬁ‘g]e Ref.
Chemical Formula) &
0 5.94 x 1076 —0.994 x 10~° —1.31 x 106 1.51 x 1076 RT-800 (XRPD) [5]
1.88 x 107® RT-400
02 498 x 107° 9.47 x 1077 —2.93 x 1077 +1.4 x 1077 (XRPD) i
: +1.3 x 1077 +1.3 x 1077 +1.5 x 1077 496 x 10~ RT-500
+1.8 x 1077 (dilatometry)
2.25 x 107 RT-400
04 3.80 x 10~° 2.09 x 10~° 8.77 x 1077 +24 x 1077 (XRPD) i
: +22x 1077 +24 %1077 +27 x 1077 6.29 x 10~° RT-500
+7.0 x 1077 (dilatometry)
3.88 x 10~° RT-400
o7 552 x 1076 392 x 107° 222 x 1076 +2.2 x 1077 (XRPD) i
: +12 x 1077 +32 %1077 +23x 1077 6.00 x 107 RT-500
+7.0 x 1077 (dilatometry)
1 1.83 x 107° 147 x 1072 263 x107° 1.88 x 107° RT-100 i
(P2;/a)) +7.5 x 1076 +45 x 107° +8.1 x 107 +7.7 x 1070 (XRPD)
—7.87 x 1077 250400
1 8.47 x 107 —9.32x 1077 —227x10°° +3.9 x 1077 (XRPD) i
(Pbcn) 429 x 1077 +4.0 x 1077 +4.7 x 1077 3.18 x 10~ 250-500
+1.6 x 1077 (dilatometry)
250-600
_ —6 -6 -6 -6
2 (Pbcn) 3.1 % 10 11 x 10 1.6 x 10 3.1 x 10 (XRPD) [9]

Dilatometric curves for the x = 0.2, 0.4 and 0.7 materials (Figure 4a—c) showed positive
linear extrinsic CTEs, higher than those measured by XRPD (Table 1). These orthorhombic
phases demonstrated the tendency for increased CTE with the increase of In®* content
(x), as also observed for the intrinsic linear CTEs. The increased extrinsic CTEs relative
to the intrinsic CTEs might be partially understood as a consequence of the anisotropy of
elastic constants in the AyM301, family [24]. In addition, dilatometry clearly confirmed the
phase transition in x = 1 between 150 and 220 °C (Figure 4d), from the denser monoclinic
polymorph to the more open (higher volume) orthorhombic form [25].

DSC curves at cryogenic, ambient and above ambient temperatures are presented in
Figure 5. Figure 5b shows an endothermic peak (with the onset temperature of ~195 °C)
as another indication of the monoclinic-to-orthorhombic phase transition in the x = 1
material. The enthalpy change at the phase transition (2.23 k] mol ') is in accordance with
the low enthalpy changes usually measured for displacive monoclinic-to-orthorhombic
phase transitions in this ceramic family [26], owing to small differences in internal energies
and molar volumes between the two phases. The other three DSC curves are practically
featureless in the vast temperature range from —100 °C to 300 °C. Two faint kinks registered
at ~130 °C in the DSC curves of x = 0.4 and 0.7 materials were likely artefacts, as they were
not corroborated either by HT-XRPD or dilatometric measurements.
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Figure 4. Dilatometric curves of the materials in the family of Al,_,In,W301: (a) x =0.2; (b) x=0.4; () x=0.7; (d) x = 1.
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Figure 5. DSC curves for the x = 0.2, 0.4, 0.7 and 1 compositions in the family of Al,_,In,W30Oj, at different temperatures:

(a) cryogenic temperatures: (b) ambient and high temperatures. For x = 1, the onset temperature of the monoclinic-to-
orthorhombic phase transition and the enthalpy of phase transition are presented as well.

TGA curves (see Supporting Information, Figure S3) of all four phases revealed mass
losses <1 mass% over the temperature range from RT to 950 °C, classifying these materials

as non-hygroscopic.
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The analyses of data acquired by XRPD, dilatometry and DSC strongly support
the finding of the monoclinic structure (P2;/a space group) at RT for the x = 1 material,
which transforms to being orthorhombic at ca. 200 °C. These findings are not in line with
the observations from earlier reports [12-14]. The inconsistencies can mostly likely be
attributed to erroneous interpretation and analysis of XRPD patterns at RT [13,14]. A
similar inconsistency was reported by Truitt et al. [27] for Fej 5Y(5Mo03012, for which the
orthorhombic system had been previously assigned down to —170 °C [28].

In the present study, no phase transition to a monoclinic (or other) phase was iden-
tified for x = 0.2, x = 0.4 or x = 0.7 over the temperature range of —100 °C to 300 °C
(Figures 4 and 5). This feature of Aly,_,InyW30O1; does not follow the electronegativity
rule [4], contrary to the majority of ApM30;; materials [1,29]. By this rule, phase transition
temperatures for the intermediate phases in the Aly_,InyW301; system would have values
between the phase transition temperatures of the end members, i.e., between —22 °C and
250 °C. Other notable exemptions from the electronegativity rule are AlScMo3O1; [27]
and the Aly_,ScyW301; system [30,31]. Truitt et al. [27] proposed that a large difference
in radii of the cations occupying octahedral position in A1ScMo301; (Al/Sc ratio = 0.72)
could contribute to such a finding. This difference is even higher for Al/In (ratio 0.675) and
might explain the suppression of the transition to the monoclinic form in x =0.2, x = 0.4 and
x = 0.7 materials, but is not in the line with the observed phase transition for AlInW3O1,
(at ~200 °C), which does fit the electronegativity rule. The unusual suppression of the
orthorhombic-to-monoclinic transition in the present results for Al,_,In,W301, (x=0.2,0.4
and 0.7) and in a few other systems, namely AlScMo3O12 [27] and Aly_,ScyW3017 [30,31],
still does not have a satisfactory explanation.

Intrinsic CTEs of the x = 0.2 and x = 0.4 phases are between the values of the end mem-
bers, while the linear CTE for x = 0.7 is higher than for the In,W301, end member [9]. This
behavior of CTEs has been observed in related materials [29,32]. It is also relevant to note
that the linear CTE of InyW30s; is positive [9] and very different from the negative linear
CTE reported for its molybdate counterpart, InpMo3O1, [23]. Linear CTEs of ApM301»
phases were initially correlated with the cationic radii of A3+, but now the octahedra vol-
ume distortion model [2,3] is considered to be more accurate and grounded in explaining
the behavior of the linear CTE. The linear CTE of InyW301, does not fit with cationic radii
rationalization and is yet to be assessed in terms of the octahedra volume distortion model;
however, it is confirmed by our results (Table 1 and Supporting Information, Table S1) that
the x =0.2, 0.4 and 0.7 materials in the Al__,In,W301, family have low positive thermal
expansion, as is the case for InoW30q5.

On the other hand, orthorhombic AlInW301, showed a near-zero thermal expansion
above 250 °C, in contrast with the other three compositions (x = 0.2, 0.4 and 0.7). This
peculiar behavior of AlInW301, was also noted in the phase transition, since x = 1 was the
only composition exhibiting a phase transition to the monoclinic form in accordance with
the electronegativity rule.

4. Conclusions

This study showed that the Aly_,In,W30O1; system is not promising for designing
materials with near-zero thermal expansion over a wide range that includes RT.

In contrast with some previous reports, this study provided solid proof that AlInW301,
is monoclinic at RT and transforms to the orthorhombic form at ca. 200 °C. In addition, there
was no evidence of orthorhombic-to-monoclinic phase transitions for x = 0.2, x = 0.4 and
x = 0.7 materials in the Aly_,In,W30;, family in the temperature interval from —100 °C to
500 °C.

Linear intrinsic CTEs of x = 0.2, x = 0.4 and x = 0.7 are low and positive between RT
and 400 °C (ranging from 1.88 x 107 to 3.88 x 107 K1), and higher than the linear
intrinsic CTE of the AL W301; end member in the Al,_,In,W30O1; series.

The suppression of the orthorhombic-to-monoclinic phase transition in x = 0.2, x = 0.4
and x = 0.7 materials does not align with expectations based on the electronegativity
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rule. This finding, along with other literature reports, indicates that there are likely other
mechanisms governing the orthorhombic-to-monoclinic phase transition in addition to the
electronegativity of A%* in octahedral sites.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma14144021/s1, Figure S1: HT-XRPD patterns of (a) x = 0.2; (b) x = 0.4; (c) x = 0.7 and (d)
x =1 phase, from RT to 400 °C, Figure S2-1: Natural logarithmic variations of unit-cell parameters (a,
b and c) and unit-cell volume vs. temperature for x = 0.2 phase. (d), Figure S2-2: Natural logarithmic
variations of unit-cell parameters (a, b and c) and unit-cell volume vs. temperature for x = 0.4 phase
(d). Figure S2-3: Natural logarithmic variations of unit-cell parameters (a, b and c) and unit-cell
volume vs. temperature for x = 0.7 phase (d), Figure S2-4: Natural logarithmic variations of unit-cell
parameters (a, b and c) and unit-cell volume vs. temperature for x = 1 phase (monoclinic form)
(d), Figure S2-5: Natural logarithmic variations of unit-cell parameters (a, b and c) and unit-cell
volume vs. temperature for x = 1 phase (orthorhombic form) (d), Figure S3: TGA curves of phases in
Aly_,InyW30y; system: (a) x = 0.2; (b) x = 0.4; (c) x = 0.7 and (d) x = 1. Table S1: Theoretical, real and
relative densities of Al,_,InyW301, phases with the nominal chemical compositions x = 0.2; x = 0.4;
x=0.7 and x = 1, Table S2: Unit-cell parameters at RT in Al,_,InyW3O1; system.
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