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Abstract: Solid reactions among Ta-W-Al-Si oxides discussed and the phase compatibilities of
these oxides at 1200 °C have been investigated.r@hdts showed that complex oxides of
TapW4Og7, TWOs, TaygW1g0g4, Al,W301, and AlTaQ could be formed by solid reactions.
Liquid phase formed by ADs-WOs in WOs-SiO-Al,0O3 benefits the mullitization reaction, thus
mullite can be formed at 1200 °C in ternary systeéolid solution with a formula of
(1-x)TaOs-XWO; was formed, and up to 25.0% Si@nd 6.0% AIO; can be dissolved in the
solid solution. Liquid phase first appeared in TegO3;-WO3-Al 05 ternary system at 1300 °C in
the WQs-rich corner. As the temperature increased, thedigs area expanded towards theOAt
and the TgDs-rich corners.
Key words: Tantalum oxide; Tungsten trioxide; sotehction; compatibility; solid solution;
Liquidus boundary.
1.Introduction

In recent years, advanced structural materials baea strongly required for application at
temperature of above the maximum operating temperadf conventional high temperature
engineering materials. Tantalum (Ta) and tungsténhiave very high melting point (Ta: 3233K,
W: 3693K), good erosion resistance, high strengith elastic modulus which are considered as
excellent refractory metals in aerospace indudi¥§][ Due to the poor oxidation resistance of Ta,

W and their alloys is still poor to be a barrier their further application [4-6]. Smaller ionic



radius, such as V, Al, Cu and &gduces the volume ratio of the oxides, thus allegi spalling of
the oxidation products from the surface [7]. Nowagaa large number of alloying elements
atnear-equimolar concentration have been usedito fesolid solution body-centered-cubic (bcc)
or face-centered-cubic (fcc) phase crystal strectoased on tantalum and tungsten such as
MoNbTaWV [8], TaNbHfzrTi [9] and WMOoCITIAl [10] beause of their excellent mechanical
properties at high temperature. High entropy allgpEAS) are expected to own improved
oxidation resistance of matrix metal due to strgngtduced diffusivity and formation of
complexes oxides. O. N. Senkov reported that faonabf complex oxides such as CriaO
Ta;oMo0Os3, CrNbQ, and NbZrgO,, results in better oxidation resistance of NbCgM@g sTiZr
HEAs as compared with Nb—Si—Al-Ti and Nb—Si—-Mo wtld11]. This result indicates that the
reaction between oxides could form complex oxided the oxidation mechanism has been
changed. Therefore, for developing Ta-W based sllefth high oxidation resistance, it is
necessary to know the reaction and the compayitnétween the oxides.

In this study, the solid reaction among oxides @f\W-Al-Si (TgOs-WO;3-SiO-Al, 03 ) are
discussed and the phase equilibria of these oxddesnvestigated at 1200 °C. Since the liquid
phase resulted in oxides layer can protect the &llon severe oxidation, the liquid phase region
of Ta,0s-WO3-Al,05 ternary system in isothermal section 13001400°C and 1506C, is also
studied in this work.

2. Experimental

Ta,Os (D50 = 40um, purity > 99.9%, Ning Xia Orient Tantalum Indys€o., Ltd., China),

WO; (D50 = 20um, purity > 99.9%, General Research Institute fonférrous Metals, Beijing,

China) and Si@ (D50 = 1um, purity > 99.0%, Sinopharm Chemical Reagent Cul, China)



Al,03 (D50 = 3.5um, purity > 99.0%, Sinopharm Chemical Reagent Cual, China) powders
were used as the starting materials. The Ta-W-Alr8iabbreviated as TWAS series followed with
numerical which means the mole proportion. Fordsphase reactions, power mixtures with total
mass 1.5 grams were mixed by hand with an agate pasd mortar for 2 hrs using anhydrous
ethanol as medium. After being dried, batches efgbwer mixtures were dry-pressed in a steel
mode with inner diameter of 10 mm at 30 MPa fos38nd then, each sample was heat treated at
high temperature in a sealed,®} crucible to avoid mass loss of the volatile suhsta For
investigating the reaction in binary system, hahdet of heat treatment was 6hr; for studying the
equilibrium of ternary and quandary systems, hgdime was 6hr, 30hr and 72hr, respectively,
until phase compositions had no more changes. @@led specimens were cooled in furnace with
in cooling rate of 3B/min until 506C then quenched in air.

According to thermodynamic estimation and experi@eobservations, liquid phase appears
in the TaOs-WOs-Al 03 powder mixture above 1200 °C. Liquidus regionghm phase diagrams
were determined by observation on melting of trepeetive samples after heating for 2 h at 1300
- 1500 °C. The sealed crucibles containing theispgtwere quenched into water.

The as-sintered samples were pulverized by harid avitagate pestle and mortar. To avoid
the contamination of crucible, the surface of samphs polished carefully by diamond sand
paper primarily. Phases presented were identifie-bay diffractometer (XRD-6000, Shimadzu,
Japan) with Cu K radiation in a scanning range of 10-80Typical microstructures of the
samples and compositions of the phases present measured using an electron probe X-ray
micro-analyzer (EPMA) with wave length dispersiwattors (JXA-8200, JEOL, Japan ).

3. Results and discussion



3.1 The reaction and solid solubility of binary teys

This system includes J@s-WO;, Ta0s-Al;03 WOs-Al,05, Ta0s-Si0,, WOs-SiO, and

Al,05-SiO; six binary systems. The compositions of binaryiesys are summarized in Table 1.

The reactions of ADs-SiO, binary have been report many times [12,13]. Is thinary system,

mullite is an important high-temperature structueditactory, due to its good mechanical strength,

excellent thermal shock, high creep resistance, thesvmal conductivity and high-temperature

stability. Solid-state reaction process to syniteesiullite requires extremely high temperature (>

1300 °C) [14,15]. In this study, no solid reactiwas observed at 1200 °C. The experiments in

Ta0s5-Si0, and WQ-SIO, binary systems showed that no reaction happendkdese systems,

while, phase transform of hexagonal quartz to getnal cristobalite was observed (Fig. 1)[14]. In

WO3-Al,03 binary system, J. L. Waring found that compound,@4& 5WG; (Al ,Ws0,;) can be

formed [16], while no X-ray diffraction data of hcompound can be found in PDF database, and

single crystal data indicate that the compositiérthe compound is AD3*3WQO; rather than

2A1,035WQ0s. In this study, compound AN30;, (Al;03#3W0Os) was identified (Fig. 2). As M. G.

Zuev reported, after heat treated the oxides o&ri@ V, and Al(OH) in air(in the sequence of

675 °C, 1000°C, 1200°C, and 1350°C each for 4Qle)compound of AlTag)(Ta0s- Al,O3) can

be formed [17]. In this case, after heat treatnienghrs in air, AJO; and TaOs reacted to form

AlTaO, which is confirmed with by M. G. Zuev(as seen ig.B).

Three compounds were found in ,0g-WO; binary system, TawW,Os;, TaWOg and

TareW15094[18,19]. The reaction between,g and WQ had also been discussed previously [20].

The reactions of binary systems are summarisedlieT2. The crystal lattic parameters formed

binary compounds are listed in Table 3.



The solid solubility: Schmid [21] reported a cowiiius solid solution with a formula of (1-x)

TapOsexWO;3 at 0-26.7 mol% W@ A solid solution was presented in the compositiange of

SiO:TaOs from 0 to 1:4 [22]. The addition of AXD; forms phases structurally similar to low

Ta,Os which are stable up to the solidus temperatuhessolubility is less than 6.0mol% [18,23]

3.2 Equlibria in ternary system

The compositions of sample choosen for ternaryesyss listed in Table 4.

3.2.1 TaOs-WO3-Al,Ozternary system

Typical samples were reacted 6 to 72 hr for stugltire phase equilibrium in this system and

the results are showed in Table 4. Five compourets Yormed in this system and five coexisting

triangles WQ—A|2W3012-Ta16W18094, AlegOlz'Ta15W13094'A|203, T896W13094-A|203-A|Ta04,

TagW1g004-AlTaO,-TaeWOg and  AlTaQ-TaWOg-Tap,W4Os7 constructed the compatibility

relationship of ternary system. Viewed from the Kacattered electron image of typical

TaO0s-WO3-Al 05 ternary system sample, three phases, dark, gibyvaite were coexisting as

shown in Fig. 2. EMPA results showed that the el@alecontents of these phases were

coincidence with AlITaQ TasW1g0q4, T&eWOg respectively.

It is interesting that in the sample of TWA 811 yotwo phases AlTapQand TaOs are

identified. Solid solution is predicted based omaoy system results. TWA 81H and TWA810 with

alumina content 0.3 and 0 were prepared to comgpp@esolubility of alumina. Only one phase

Ta,Os can be found in the XRD pattern, as showed in Figimultaneously, the diffraction peaks

of the (1-x)TaOs: XWOs; were shifted to lower angles, indicating incorpiara of Al,Os into the

lattice to expand the solid solution along the cosifional line of 11Tg0s- 4WGs-Al,O3. For

explanation of the lattice expansion, @4 substituted W@ with avoidance of forming O



vacancies, replacement of 1 mole W with cationusdif 137 pm by 2 mole Al with cation radius
of 236 pm would expand the lattice. The phase cutilvipiy relationship and solubility of ternary
system are summarized as Fig. 4.
3.2.2 TaOs-WO3-SiO; ternary system

The phase relationship of J2-WO3-SiO, ternary system had been published previously.
[18] Since SiQ did not take part in the reactions, the systeniained three-phase compatibility
regions, one continuous solid solution and a smidtion region.
3.2.3 TaOs-Al,03-SiO, ternary system

Similar with binary system, mullite cannot be fodnat 1200C, only ALO5-AlTaO,~SiO,
and AlTaQ-SiO»-Ta,05 coexisted. While at 150, XRD patterns of typical samples (Fig. 5)
show that due to formation of 8i,0:3(mullite) and AlTaQ, coexisting of AlSi,0,3, AlTaO,
and SiQ in sampleTAS 122, AlTaQ,Ta0s and SiQ coexisting in sample TAS 214. No solid
solution region was observed in this system. Tthes compatibilities at 120 and 1500C are
summarized as Fig. 6. Mullitization samples wereneatied at 1206C for 6 hours, no
decomposition reaction was observed, confirmingstability of mullite phase at 126G.
3.2.4 WQ-AI,03-SIO, ternary system

In the binary system, mullitization temperature wmgher than 1200C, when WQ was
added in the system. As XRD patterns of samples W&5and WAS 126 shown that the mullite
diffraction (Fig. 7) can be identified, which indies that mullite formation temperature is 100
lower than that required for binary system [19]hés been reported that mullite formation in
reaction sintering couples quartz and@y is controlled by dissolution—precipitatioractions,

where ALO; species dissolve into the Sich liquid until a critical A}JOs; concentration is



reached [24]. Higher AD; concentrations induce random mullite nucleatiorthie bulk of the
SiO, -rich phase. It was reported that the presenc¥,0f could accelerate the mullite phase
formation asv,0scould decrease the viscosity of the Siah liquid [25]. Although the melting
point of WQ; is higher than 140U, the eutectic temperature of @k and WQ is lower than
1200°C [17]. In this case, liquid phase can be formeti2@0°C by ALOs;-WOs, the dissolution of
Al,O5 benefits the formation of mullite.

In the ternary system, compound,WWs0O;, is also determined (as seen in Fig. 7) and it is
compatible with AJO;, mullite, WO, and SiQ respectively. The compatibility of
WOs-Al,05-Si0O; is showed in Fig. 8.

3.3 The compatibility of T#s-WOs-Al,05-SiO, quaternary system

Based on the compatibility of ternary system, tgpisamples selected for research the
compatibility of quaternary system are listed ib[€5. The XRD analysis results of the samples
heated at 1201 for 6 hr are also listed. No new quaternary camgowas found. From the XRD
patterns of sample TWAS1111 located in the cemtfglyramid, the coexisting of TaV1g0q4,
TaoWOg, AlTaO,, SiO, phases could be identified. The tie-line of SAITa0, established the
tetrahedron of T@Wi1g00s-TaoWOg-AITaO,-Si0,. The TagWig0g4, AlgSiOq3 AlLW30:, and
Al,O3; were coexisted in the sample TWAS14K8, it indisdtee tie-line of TaW15094-Al6Si,0:3
established the tetrahedron of 16W818004-Al 6Si,013-Al W30 -Al 5,03 and
Al W30 Ta gW1g004-Al 6Si,013-SiO, . The compatibility of TgOs-WO3-Al,03-SiO, quaternary
system is showed in Fig.9.

The solid solution has also been found in terngstesn. In the sample TWAS3113, three

phases, T#s, AlTaOjand SiQ were identified, neither the binary nor ternarpgsten oxides



were observed. It indicates that the solid solubbitungsten oxides is present. In binary system,
the solubility of WQ, Si0, and ALO; in TgOs is 0-26.7 mol%, 0-25.0 mol% and 0-6.0 mol%
respectively. In quaternary system, the oxides &atgolid solution with T#s primarily until the
solid solution limit is reached. That explained XD patterns of the sample (TWASX52G ) is
close to TgOs, , in which only one phase J3s had been identified (see Fig. 10).

3.4 Liquidus region of T8s-WOs-Al ,Osternary system at 1300 °C and above

Melting incongruently to TawW,Os; plus liquid at about 158%C was reported in the region

near TaOs of TgOs-WO; binary system[16], The W{AI,O; binary system has a eutectic
temperature at 1190 °C [14]. No eutectic point reg®rted in TgOs-Al O3 binary system.
The compositions of the samples selected to stuglliquidus region at 1300-1500 °C are listed in
Table 6. In the experiments, appearance of liquég yudged from the melting behavior of the
samples. Although some samples did not melt comlylethe characteristic deformation of the
samples indicated coexistence of liquid (L) witlicsphase (S).

The compositions of the TWAOEB and TWAO051 samples lacated in the WEAI,O3
binary system. Both samples melted completely B0PE. The ternary sample TWA181 having a
composition near this region was also melted. Whigeid present in samples TWA283,TWA285
and TWA151 indicated the liquidus region on the 3AD,O; line at 1300 °C was set in the
compositional range of W{56.0-83.0 mol%.

As the temperature increases, the liquidus regiorthe phase diagram is expanded,
especially in the samples containing a high comaéoh of WQ. For example, the liquidus
region in the Tg0s-WO; system is expanded up to 75.0 mol% Y&D1400 °C.

The liquid regions of the ternary system at 1300€13C are shown in Fig. 11. Comparing



with liquidus region of T#0s-WOs-SiO, system, liquid phase region was expanded around WO

no liquid phase could be identified in highy@®} or TaOs regions.

4. Conclusion:

(1) The reactions among oxides of Ta-W-Al-Si {JaWO0s-SiO-Al,03) at 1200 °C are

investigated. TaW,Og7, TaaWOs, TagW1g0q4, AlW304,, AlTaO, can be formed by solid

reactions. When reaction temperature was incretsd®00 °C, mullitization reaction could be

found in binary system. Compatibility of AlTaCand ALW30;, with each of oxides is

demonstrated. Liquid phase formed by@¢-WO; in WOs-SiO-Al 05 benefits the mullitization

reaction and mullite can be formed at 1200 °C rinagy system.

(2) A solid solution with a formula of (1-x) 3@s-xXWQOswas identified. AJOsand SiQ could

dissolve in the solid solution with a maximum sdalito of 25.0% SiGQ and 6.0% AIO;

respectively.

(3) Liquid phase first appeared in the Wi@h corner of the T#s;-WOs-Al,O3 ternary

system at 1300 °C. As the temperature increasedigiidus area expands towards thgOAt and

the TaOs-rich corners. A phase diagram with illustratiortteé liquidus region was constructed.
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5. Tables and Table captions
Table 1 The sample compositions for binary syster?@FC

Composition (mole)

Sample TaO: WO, ALO, SiO, Phase component
TW X5 33 5 0 0 TaOs(sS)

TW 85 8 5 0 0 Ta,W4Og7, TagWOg
TW 7L 7 10 0 0 TaWOg, TageW15004
TW 15 1 5 0 0 TagW 18094, WO3
WA 11 0 1 1 0 AbW30,,WO3,Al 05
TA 11 1 0 1 0 AlTaQ, TaOs, Tap 700165
WS 11 0 1 0 1 wg Sio,

AS 11 0 0 1 1 AlO;, SIO,

Note: X-33 mole proportion, L-10 mole proportion.



Table 2 the reactions of binary systems

Binary system Reactions at 12D Reference
Al>,03-SiO, No reaction [12,13]
Ta,05-Al 03, , TaOs+Al,03—2AITa0, [15]
Tap0s5-WO5 11T80s + AWO; —  TapW4Oe7
Ta0s +WOs—  TaWOg [16,17]
8Ta0s + 18WG; —TaeW18004
Ta,0s-Si0, TapOs +Si0—Ta0sss [14]
WO3-Al,0s, 3WOs+AI,03—Al L W301, [14]

WO3-SiO, No reaction [14]




Table 3 The crystal lattice parameters of binampgounds

Cell parameter

compound nEn?bFer Picked up from PDF card Detected value from sample
a b C o B Y a b c ol B Y
TaggW1g097 29-1323 12.28 12.28 3.88 90° 90° 90° 12.23 1223 3.8690° 90° 9O°
Ta,WOsg 29-1322 16.70 3.88 8.86 90° 90° 90° 16.73 3.87 8.8290° 90° 9O
TapW,0s, 29-1325 3.84 47.40 6.13 90° 90° 90° 3.84 4734 6.0990° 90° 9O°
AlTaO, 25-1490 6.13 7.38 8.72 90° 90° 90° 6.11 7.35 88090° 90° 9O
AlgSibO;3  15-0776 755 7.69  2.88 90° 90° 90° 7.61 7.73 287 90° 90° 9O
AlLW30;,  76-1658 1259 9.05 9.12 90° 90° 90° 1250 897 9.0790° 90° 9O°




Table 4 The sample compositions for ternary system

Sample Composition (mole) _ Phase component
TaOs WO; Al,O;  SIO 1200°C 1500°C
TWAS810 8 1 0 0 Ta,Os (s
TWAS1H 8 1 0.3 0 Ta,O5 (sS)
TWA421 4 2 1 0 TaW 4047, AlTaO,, TeyWOg
TWA331 3 3 1 0 TasW18094, AITaO,, TasWOg
TWA 113 1 1 3 0 TasW18094,AlITaO,,Al,05
TWA189 1 8 9 0 TageW 18094, AlO3, AloW30,,
TWAGS81 0.5 8 1 0 TayW 18094, WO3,Al ,W3015
TWAS11 8 1 1 0 AlTa0,,Ta,05 (s
TWSX52 33 5 0 2 T#5(SS)
TWS852 8 5 0 2 TaW40s7, TWOg, SiO,
TWS7L4 7 10 0 4 TAWOg, TaggW14094, SIO,
TWS152 1 5 0 2 T@W 15094, WO3, SIO,
TWS X5X 33 5 0 33 T#s (SS), SIQ
TAS122 1 0 2 2 AlO3,AlTa0,,Sio, AlgSib013,AITa0,,Sio,
TAS 16C 1 0 6 12 AD3,AlTa0,,SIiOo, AlgSibO13,AITa0,,SIO,
TAS214 2 0 1 4 AlTa@QTa0s,SiO, AlTaO,,Ta0s5,SiO,
TAS141 1 0 4 1 Si®AITaO,,Al,03 AlSib013,AITa0,,Al05
WAS131 0 1 3 1 AIO3,AlW304,,Al6Si013
WAS126 0 1 2 6 SiQ,AIW3045,Al6Si013
WAS513 0 5 1 3 SIQWO05,AI,W30,,

Note: H-0.3 mole proportion, G-0.5 mole proporti®kr33 mole proportion, L-10 mole proportion,
C-12 mole proportion.



Table 5 Phase components of quaternary systen0afc?2

Composition (mole)

Sample TaO. WO, ALO, SO Phase component
TWAS1919 1 9 1 9 AW30;,, TayeW1004, WO;3, SIO,
TWAS1444 1 4 4 4 AW301,, TaggW18094, AleSirO13, SIO,
TWAS14K8 1 4 20 8 TaW18094, AlgSirO13, Al,W3015, Al,O3
TWAS3113 3 1 1 3 TDs (ss), AlTaQ,Sio,
TWAS1111 1 1 1 1 T@W1g094, T&!WOg, AlTa0,,Si0O,
TWASX52G 33 5 2 0.5 T0s (SS)

Note: K-20 mole proportion, G-0.5 mole proportion.



Table 6 Sample compositions and XRD analysis redtdt sintering at 1300-1500 °C

” Phase component at different temperatures.
Composition (mole)

Sample L = liquid and S = solid
Ta205 wOo3 Al203 1300 1400 1500

TWA181 1 8 1 L

TWA283 2 8 3 L+S

TWA144 1 4 4 S
TWAOEB 0 14 11 L

TWAO051 0 5 1 L

TWA285 2 8 5 L+S

TWA151 1 5 1 L+S

TWA483 4 8 3 L+S

TWA486 4 8 6 L+S

TWA491 4 9 1 L+S

TWA145 1 4 5 L+S
TWA1Y1 1 18 1 L

TWAbL53 5 5 3 L+S
TWA441 4 4 1 L+S
TWA445 4 4 5 L+S
TWA236 2 3 6 S
TWA583 5 8 3 L
TWA587 5 8 7 L
TWA471 4 7 1 L

Note: E-14 mole proportion, B-11 mole proportior]l & mole proportion.



6. Figure captions

Fig. 1 XRD pattern of samples TA 11and WA 11

Fig. 2 BSE and EMPA analysis of typicab@a-WO;-Al ,03; sample after reacted 6h at 1200
Fig. 3 XRD pattern of sample TWA 811TWA81H and TWA810

Fig. 4 The phase compatibility and solubility in,@gWOs-Al O3 system

Fig. 5 XRD pattern of samples TAS 14TAS214 and TAS122

Fig. 6 The phase compatibility of Xas-Al ,05-SiO, system ( left120C, right 1506C)
Fig. 7 XRD pattern of formation of mullite in Wi@\I,05-SiO, system at 1208C

Fig. 8 The compatibility of W@AI,0s-SiO; ternary system

Fig. 9 The phase compatibility and solubility in,@gWOs-Al ,05-SiO, system

Fig. 10 XRD pattern of samples TWASX52G

Fig. 11 Liquidus region of T®s-WOs-Al 03 ternary system at 1300 °C-1500 °C
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We think that three aspects of the manuscript nitakéeresting to the research community.

(1) Formation of solid solution among &, WGO;, Al, O3 and SiQ is proposed.

(2) The equilibria of ternary systems are consedcbased on these results the subsolidius

equilibrium diagram is established.

(3) The liquid region was experimentally determitrethe TaOs-WO3-Al 05 ternary system

in the temperature range of 1300-1500 °C.

(4) Mullitization can be reacted at 1200 °C in W&)O,-Al O3 ternary system.



