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ABSTRACT

Lanthanum-doped titanium-zirconium-molybdenum (La-TZM) alloys have good mechanical properties,
including high strength and toughness due to complex secondary phases. Herein, the formation process
of the secondary phases in the La-TZM alloy was revealed by thermodynamics calculations. The AG
values of possible reactions during sintering were obtained. Results show that the formation process of
the secondary phases was controlled by different reactions at different stages. At the first stage (0
—500°C), the main reactions are listed as follows: TiHy+03(g)—TiO2+H21(g), ZrH+02(g)—
ZrOy+Hz1(g), CeH1206—[Cl+ Hz01, [C]+ O02(g)—COx(g)1, [C]+Mo—MoC, La(NO3)3-6H0—
Lap03+NOz 1+ NO1+031+H0; [C]+TiH,—TiC + Ha(g)1, [C]+ZrH,—ZrC + Hy(g)1. At the secondary
stage (680—960 °C), the dominant reactions include: TiH, —Ti + Hy(g)1, ZrH, —Zr + Hy(g)1. At the last
stage (>1200 °C), the primary reaction is Ti + Zr+[O]— ZrTiO4. The secondary phases in the La-TZM alloy
include TiOg, ZrO,, ZrC, TiC, MoC, ZrTiO4, Lay03 and the solid Ti and Zr phases. These results can guide the
design of new ingredients for Mo alloys.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Titanium-zirconium-molybdenum (TZM) alloys have high
recrystallization temperature and high-temperature strength than
pure molybdenum [1-3]. These alloys have been widely used in
nuclear and aerospace industries as high-temperature dies, fusion-
reactor diverter components and missile combustion chambers
[4—7]. Oxide dispersion strengthened (ODS) molybdenum (or Mo-
La) alloys consist of fine-grained molybdenum doped with
lanthanum oxide particles and are suitable for nuclear applications
with high enough strength at high temperature [8].

Solid solution strengthening and dispersion strengthening are
effective methods to improve the mechanical properties of TZM
alloys [9]. Small additives, such as oxides or carbides that act as
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grain refinement agents, are mixed into TZM alloys. Al,0O3 additives
can improve the oxidation and wear resistance of Mo [10—12].
Spinel (MgAl;04), La;03 and other rare earth oxide additives in-
crease ductility of alloys [13,14]. Grain growth and structural fail-
ures can be inhibited by the formation of fine titanium and
zirconium carbides at the grain boundaries in TZM alloys [13—15].
In addition to the aforementioned strengthening methods, we
designed a new type of lanthanum-doped TZM (La-TZM) alloy us-
ing powder metallurgy. The oxidation resistance, mechanical
properties, corrosion properties, ductile-to-brittle transition and
recrystallization processes of the La-TZM alloy were studied
[16—23]. Liu et al. [24] reported that the La;03 secondary phase
existed in La(NOs3)3 doped Mo-La alloy. Liang et al. [25] investigated
the formation mechanism of TiC, ZrC and MoyZr in a TZM alloy
during sintering. Fan et al. [26] found that Zr mostly formed Zr
oxides and very little Zr diffused into the Mo matrix in a Mo-Zr
alloy. Moreover, in the Mo-Ti alloy, some Ti diffused into Mo and
formed Mo-Ti solid solution and the rest formed as MoxTiyO, oxide
particles.
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Paul et al. [27] reported that the addition of nano-titanium
carbide effectively improved the sintered density of TZM as well
as hardness and flexural strength. TiC particles partially react with
Mo in the TZM matrix during sintering according to the following
reactions: 3Mo + TiC — MoTi + MoyC and MoOyx + TiC—
TiCxOy + MoyC. Sujoy et al. [28] studied the phase stability in the
Mo-Ti-Zr-C system using thermodynamic modeling. Mo,Zr, Mo,C,
TiC, ZrC were made through spark plasma sintering (SPS) of carbide
powders with ultrahigh purity. Li [29] prepared Mo-12Si-8.5 B al-
loys doped with lanthanum oxide by the liquid—liquid doping
method. These alloys were composed of three phases, including o-
Mo, MosSi and MosSiBy(T;), as verified by TEM observations.
However, they [27—29] did not investigate the formation process of
secondary phases in high-temperature alloys by powder metal-
lurgy, especially in TZM alloy.

Previous studies [30] show that doping lanthanum into tradi-
tional TZM alloys can significantly improve their strength (up to
1295 MPa) and toughness (up to 8%). The mechanical properties of
La-TZM alloys are affected by different secondary particles that play
different roles in these alloys. However, the formation process of
the secondary phases in La-TZM alloys, including Ti, Zr, C and La
additives has been rarely studied. In this study, we elucidate the
formation process of secondary phases by using thermodynamics
calculations. Moreover, the secondary particles of La-TZM alloy
were investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM) equipped with energy dispersive spectroscopy
(EDS) and by transmission electron microscopy (TEM).

2. Experimental procedure

The nominal composition of the La-TZM alloy is listed in
Table 1, which include TiH,, ZrHy, Mo powder, CgH1206, and
La(NOs3)3-6H,0 additives. The details are listed as follows: pure
Mo powder (FMo-1, <6 um, Jinduicheng Molybdenum Co., Ltd.),
TiH, powder (<5 um, Xi'an Baode Powder Metallurgy Co., Ltd.),
ZrH, powder (<4 um, Xi'an Baode Powder Metallurgy Co., Ltd.),
organic carbon (CgH1206), and La(NOs)s (Ganzhou Jiarun New
Materials Co., Ltd.). The alloy was doped with lanthanum by the
solid-liquid doping method.

The samples were fabricated through the following steps:
mixing the powder, ball milling, compacting and sintering, fol-
lowed by rolling into a 0.6 mm thick plate (90% deformation rate),
as shown in Fig. 1. In addition, Fig. 1 also shows the content of
impurity elements in FMo-1 powder. O impurities are less than
0.15 wt % and other elements are less than 0.015 wt %.

Fig. 2 shows the sintering process of the La-TZM alloy. The
powders were heated from 25°C to 1950°C. According to the
powder metallurgy of Mo alloy, the powders undergo a series of
physical and chemical changes during the sintering process:
evaporation of water or volatile organic material, removal of
adsorbed gas, stress relief, reduction in surface oxide powder par-
ticles, interparticle mass transfer, recrystallization and grain
growth [31]. Thus, the process was divided into five stages to make
sure that each process is completed in a hydrogen furnace.

XRD (Bruker D8 Advance) was used to investigate the phases in
the material formed during sintering. The microstructure of

Table 1
Nominal composition of the La-TZM alloy (wt.%).

Sample  Ti Zr C La (¢] Fe Ni Mo
La-TZM 065 0.07 0.03 0983 044 0.013 0.007
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Fig. 1. Schematic illustration of fabrication processes of La-TZM alloy and content of
impurity elements in FMo-1 powder.
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Fig. 2. Sintering process of the La-TZM alloy.

secondary phases was characterized by SEM equipped with EDS
(JSM-6460LV) and TEM (JEM-200CX). TEM samples were prepared
by grinding and polishing to 30 um thickness foil, followed by
twinjet electropolishing with a solution of alcohol and 5% HCIOg4, N-
butanol and methanol at —40°C.
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Fig. 3. TGA and DSC curves for fructose (CcH120g).
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3. Results and discussion
3.1. Differential thermal analysis of fructose decomposition

The C element is added in powders by fructose (CsH1206). Fig. 3
shows the differential scanning calorimetry (DSC) and thermal
gravimetric analyzer (TGA) curves of fructose at argon atmosphere.
The DSC curve has three endothermic peaks below 300 °C and TGA
curve shows weight loss. There is an endothermic peak at 364 °C
and the TGA curve weight loss reaches 70.33% between 215 °C and
676 °C. The TGA curve is stable when the temperature reaches
676 °C. The total weight loss of TGA curve is 81%, including mois-
ture, so the thermal decomposition of fructose mainly exists in the
form of C atoms or activated atomic carbon at the molecular level at
100—-676 °C.

3.2. Thermodynamics calculations of the secondary phases
formation

The chemical thermodynamics is used to study the energy ex-
change process, which determines the direction and limitation of
the reaction, whether A;GY (T) is less than zero, and the problem of
chemical thermodynamics must be solved based on thermody-
namics calculations [31]. Calculation formulas of AH, (T), A(S% (T)
and A;GY (T) are shown as follows:

rHn(T) = > VaAeHp (T) (1)
ASH(T) = VeASKH(T) (2)
AGHL(T) = S VBA(GY (T) = AHYLA(T) — A:S%A(T) (3)

Here, T is the temperature, ArH% A(T) and ArG% A(T) represent
the standard enthalpy of formation and standard Gibbs free energy.
These values are obtained from the thermodynamics general
manual. For any temperature T, ArH?nA(T) and ArG?nA(T) can be
calculated according to the design method through the state
function:

T
AHY (T) = ArHO, + ACpdT (4)
298.15
T
ASY(T) = ASY + ACpdInT (5)
298.15

If the molar heat capacity follows the Cpm = a + bT + cT? form
at constant pressure, then

ACp = Aa + AbT + AcT? (6)

Plugging Eq. (6) into Eq. (4) and Eq. (5), and then integrating
yields:

AHY (T) = AHg + AaT + AbT2/2 + AcT3/3 (7)

ArSS(T) = Aa + IR + AalnT + AbT + AcT2/2 (8)
2

ArG\(T) = AHg — IRT + AaTInT — # — AcT? / 6 9)

Here, AHp and I are integration constants. Solving for T=0°C
yields:

2 3
AHo = ArH® (298.15) — 298.15Aa — 298157\, , 29815

5 3Ac

(10)

All A;HY, A,GY and heat capacity data were manually checked.
The above formula can be used to calculate the A.HJ (T) and
AGY(T).

However, the computational complexity of this method is
relatively high. Some reactions can be found from the corre-
sponding ArG?n(T) at various temperatures by using the thermo-
dynamics manual. The standard Gibbs free energy expression is
AGY (T) =A+ BT.

Linear

Reaction equation
TiH,+0,(¢)=TiO,+Hy(g)
ZeH,+0,(g)=Zr0,tHy(g)

AG (T/C)
-187.460 (RT)
217965 (RT)

DeltaG, Kcal

C+0,(2)=COs(e) -94255 (RT)
2C+0,(2)=2C0(e) -65.573 (RT)
CHTHATICH @ 18109 (RT)
CHZiH=71CtHy(g)  |-14981 (RT)
ZiH =7t () -0.003 (960)
TiH,=Ti+H,(g) -0.177 (780)
Ti+C=TiC -43.225 (RT)
7rtC=7:C -46.173 (RT)

Zr+0,(g)=Z10,
2Ti+0,(g)=2Ti0
Ti+0,(g)=TiO,
Ti+Zr+20,(g)=ZtTiO,
Mo+0,(g)=MoO,
2Mo+30,(g)=2Mo0;

-249.158 (RT)
245358 (RT)
-212.576 (RT)
-457.869 (RT)
-127.172 (RT)
-319.069 (RT)

Mo+C=MoC -6.968 (RT)
Ly 8] aMotC=MoC -12.041 (RT)
00200 400 600 800 1000 1200 1400 1600 1800 1950 Possible reaction

T,°C

Fig. 4. Possible thermodynamic equilibrium reactions during sintering.
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Possible reactions are shown in Fig. 4 (reactions 1—-16), along
with the corresponding free energy. First, the reactions cannot
proceed when AG is positive according to thermodynamics. Thus,
reactions 1—16 will not happen above the 960°C due to their
negative /\G. O can react with Mo, forming MoO3 because AG is
the lowest. Then ZrH, reacts with O, producing H,. Because AG for
the reaction (2) is lower than that of (1), reaction (2) is more likely
to happen, and then the reaction (1) happens. After that C reacts
with O, producing CO;. Because AG of the reaction (3) is lower
than (4), reaction (3) is more likely to happen. Reaction (5) and (6)
start when oxygen is depleted by C. The reactions (8) and (7)
happen at 780°C and 960 °C. Similarly, reaction (14) will happen
when Ti and Zr form by reactions (7) and (8). AG for reaction (14) is
lower than for (9-14). C reacts more easily with Ti and Zr. Reactions
(9) and (10) are more likely to happen because AG for reactions (9)

and (10) is lower than for (17) and (18). Reactions (17) and (18) may
happen because AG is lower than zero. As a result, when the
temperature reaches 1950 °C, reactions (11-13), (15) and (17) may
happen as well at atmospheric pressure. Therefore, ZrTiOg4, ZrO,,
TiO, TiO2, MoO; and MoOs phases may appear in the La-TZM alloy
during sintering.

3.3. Thermogravimetric analysis

Possible reactions characterized by thermogravimetric mass
spectrometry (TG-MS) are shown in Fig. 5. The test sample was
made using the La-TZM alloys, which were mixed and dried at 25 °C
in argon gas. The sample weight for the TG-MS test was 52.6 mg.
The H,0, NO, NO,, CO, and H; gases were vented out during the
heating process and the weight loss was 6.25 mg. Weight loss

a 0
—H,0-18 -
— CO-28 4.
@ —NO-30
:J: -
= — CO,-44
= 14 %"
'S —NO,-46 A
< —H,-2 ' )
Z {16 =
: — 3
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Sample temperature, °C
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Fig. 5. TG-MS of La-TZM mixed powders (a, TG-MS curve; a;, MS curve of H,0; a;, MS curve of NO,; a3, MS curve of NO; a4, MS curve of H,; as, MS curve of CO,; ag, MS curve of CO).
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Fig. 6. XRD patterns of La-TZM from 25°C to 1200°C.

accounted for 12% of the total mass in Fig. 5a. Water vapor was
mainly produced below 300 °C, as shown in Fig. 5a;, and NO, NO,
and CO, were generated below 500 °C, while hydrogen was mainly
produced below 1000 °C, especially at 100 °C and 650 °C.

TG-MS revealed that a small amount of H, was generated at
100—500 °C because TiH, and ZrH, reacted with [O] and TiH, and
ZrH; reacted with [C], which is decomposition by organic carbon.
The reaction system releases CO; when the temperature is
100—1000 °C because [C] reacts with [O], as shown in Fig. 5as. NO
and NO; are produced by La (NOs)3 decomposition reaction until
400°C, as shown in Fig. 5a; and a3. When the system temperature
is up to 650°C, the system releases lots of H, due to the decom-
position of TiH,. When the temperature continued to rise to 960 °C,
the system let out a small amount of H; for ZrH, decomposition in
Fig. 5a4. The TG-MS curves reflect the reaction processes in the
whole system.

The phases of powder sample at different temperatures are
shown in Fig. 6. The phases are tested from 25 °C to 1200 °C. The
test environment was vacuum (<1072 MPa).

High-temperature XRD results show the molybdenum phase
stability during the reaction process. At the start, the main phases
are Mo, TiO,, TiHy, ZrH,, C, MoC and La;0s. After that, the charac-
teristic peak of C element rises from 25 °C to 400 °C, and then re-
duces from 400 °C to 700 °C. The TiH, and ZrH; characteristic peaks
have been weakened at high temperature, until they disappeared at
1200 °C. The characteristic peaks of La;03 are gradually strength-
ened. Liu [32] detected the LayOs3 particles in the NS-Mo, which

showed up in particles diffraction pattern. The last stable phases
mainly include Mo, TiO,, MoC and La,0s3, but Mo characteristic peak
shifts to the left. In fact, such secondary carbide-forming reactions
are quite common in ferrous alloys. Alloys, such as TZM (Mo-0.5Ti-
0.08Zr-0.03C) and TZC (Mo-1.2Ti-0.3Zr-0.1C), owe much of their
high-temperature strength and microstructural stability to MC and
M,C carbide phases [33].

At the beginning, system has generated TiO,, C, MoC and La;03
because of the drying process after mixing powder. With the in-
crease of test temperature, TiH, gradually disappears at 900 °C,
ZrH, gradually disappears at 1100 °C, but La;0O3; phase does not
disappear. C element mainly produces organic carbon decomposi-
tion, but C element characteristic peak disappears after 600 °C. C
reacts with O, TiH, and ZrH, and gets consumed. La;03 character-
istic peak is formed by La(NO3)3-6H20 decomposition, and it does
not react with other substances. The characteristic peaks of TiH;
and ZrH; disappear because of the TiH, and ZrH; reactions with [O]
and [C].

The secondary phases of TiC and ZrC are difficult to be detected
by XRD because of their small amount. For the XRD, the phase
cannot be measured accurately when its content is less than 1%,
therefore, EDS and TEM diffraction were used to detect some
products.

The morphology and distribution of secondary phases are
shown in Fig. 7. The secondary phases are in huge quantity and are
distributed uniformly. Majority of secondary phases have spherical
shape and a small portion of secondary phases are in the form of
irregularly shaped particles. In Fig. 74, a, large amount of secondary
phases are mainly on the grain boundaries and smaller secondary
phases are mainly in the grain. There are different sizes of pores at
grain boundaries.

EDS analyses reveal that the secondary phase included C, O, Ti,
Zr, Mo and La elements in Fig. 7b. The major ingredients of the
secondary phase are O, Ti and La. The secondary phase of ZrO, and
TiO, was formed before the La;03, so La;03 was formed on the
particles surface of ZrO, and TiO,. The secondary phase size is
larger than others because large TiH, and ZrH, powders are
oxidized in situ. Some secondary phases were aggregated by Lay03
and TiO,, based on atomic ratio calculations. The right secondary
phase is formed by Mo and oxide elements. Li [29] showed images
of Lay0O3 particles in MosSiB; when doping lanthanum oxide into
Mo—12Si—8.5 B alloys by the liquid—liquid doping method.

Fig. 8 shows some secondary phases in La-TZM alloys and their
corresponding diffraction pattern. From the secondary phase
morphology, different secondary phases appear in the La-TZM
alloy. As seen from the diffraction pattern (Fig. 8a—d), the sec-
ondary phases include TiC, ZrC, ZrTiO4 and MoC, but La,;03 particles
are not detected in the alloy. The reason is that the La,0s3 particles

Fig. 7. SEM images and EDS spectra of secondary phases of the La-TZM alloy.
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500 nm

500 nm

500 nm

Fig. 8. TEM images of La-TZM microstructure (a, diffraction pattern of TiC; b, diffraction pattern of ZrC; c, diffraction pattern of ZrTiOy; d, diffraction pattern of MoC).

are wrapped by other elements. This is seen in the EDS analysis in
Fig. 7b. The particle size of TiC is about 200 nm, and ZrTiO4 is 50 nm,
however, the particle size of MoC and ZrC is about 500 nm. The
morphology of secondary phase is similar to spheres. This plateau
in the carbide fraction is contrary to Wadsworth's [34] thermody-
namic calculations for MC carbide precipitates (specifically HfC) in
tungsten and molybdenum alloys. According to the characteristics
of powder metallurgy, after mixing powder, all kinds of reactions
during sintering will be prioritized based on coacervate phase
interface of particles. With the densification and solid-state diffu-
sion of the elements, reactions occur between the aggregate par-
ticles, sub-grain boundaries or grain boundaries. Alloying elements

can easy form carbides. Ti and Zr form carbides with C atoms
precipitate out of molybdenum substrate during cooling [25].
However, ZrTiO4 was also formed in the La-TZM alloy due to the O
atoms precipitated out of molybdenum substrate. This enlarges
secondary phases in the TZM alloy.

The content of O in the Mo lattice is about (20—40) x 1076, 0
reacted with solid Zr and Ti at high temperature. The secondary
ZrTiO4 phase is formed, but it is of smaller size and weight in the
alloy.

Secondary phases in La-TZM and product formed during sin-
tering were analyzed based on thermodynamics calculations.
Micro-characterization results of the secondary phases products by

La:0s
Zr atom

Ti atom
Mo atom
ZeTiO.
C

IR 0 «
ARSI

TiC

MoC
TiO:
Zr0:

Mo powder

ZrH; powder

:

@

o

@

]

S
’ TiH: powder
..

Fig. 9. Schematic diagram of secondary phases formation in the La-TZM alloy: (a) mixed powder; (b) organic carbon and La(NO3); decomposition, TiOz, ZrO, and MoC form, part of
TiC and ZrC form; (c) TiH, and ZrH, decomposition; (d) Ti and Zr solid and form ZrTiOy4; (e) secondary phases exist in the La-TZM alloy finally.
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can be obtained from the following reactions below 1200 °C:

TiH2+02(g) — TiO2-+Hx(g) (11)
ZrHy+02(g) — ZrO2+Hy(g) (12)
CeH1206— [C]+H20 (13)
[C]+02(g)— COx(g)1 (14)
[C]+TiH2 - TiC + Hy(g)1 (15)
[C]+ZrHy— ZrC + Ha(g)t (16)
La(NO3)3-6H20 — Lay03+NO, 1 +NO1 +021+Ha (17)
[C]+Mo— MoC (18)
TiH, —Ti + Hy(g)1 (19)
ZrHy —Zr + Hy(g)1 (20)
Ti + Zr+[0] —ZITiO4 (21)

Generated secondary phases mainly include a small amount of
TiOy, ZrOy, TiC, ZrC, Lay03, MoC, ZrTiO4 Ti and Zr, and then Ti and Zr
solid solution in the matrix. The whole process is shown in Fig. 9. It
is assumed that solid powder and additives are in the granular
form.

3.4. Experimental results and thermodynamic assessment

Thermodynamic calculations provide the possibility of various
reactions in the La-TZM alloy. Fig. 4 lists 18 kinds of possible re-
actions in the 25—1950 °C temperature range, along with the cor-
responding AG values. At the first stage, a small amount of
hydrogen is released at 100 °C in Fig. 5a4. Only TiH, and ZrH, are
oxidized by oxygen or restored by carbon, however, fructose begins
to decompose to carbon above 100 °C in Fig. 4. The reason is that
the TiH; and ZrH; are oxidized by oxygen. After that, hydrogen gas
is generated at 300—500°C, as shown in Fig. 5a4, which is only
produced with TiH, and ZrH; restored by carbon. For this reason,
TiOy, ZrO,, TiC and ZrC are formed in the Mo matrix. According the
thermodynamic assessment, the AG values of the TiH, and ZrH;
reactions with oxygen are less than with carbon. The TiH, and ZrH,
are oxidized easier than reduced. This result is consistent with the
high temperature XRD, SEM and TEM data in Figs. 6—8. At the same
time, the CO; gas is exhausted from the system at 100—500 °C in
Fig. 5as, for which the AG of CO; is less than CO in the 100—700 °C
temperature range in Fig. 4. Thus, the system cannot release CO in
Fig. 5ag. C atoms also react with Mo after O on the powder surface
runs out of C. The AG of the MoC reaction is less than zero at
100—-500 °C. The result is revealed in Figs. 6 and 8.

From the MS curve, H, gas is produced at about 700 °C and
1000 °C. The AG of TiH; is less than zero when the temperature is
higher than 780°C, and ZrH; above 960 °C in Fig. 4. Thermody-
namics calculation results are consistent with the experimental
results. After Ti and Zr atoms are decomposed by TiH, and ZrHy,
Z1rTiO4 is most easily formed because AG is the smallest in all re-
actions. The ZrTiO4 is detected in the alloy by TEM, as shown in
Fig. 8.

Fig. 9 shows the formation process of secondary phases in the
La-TZM alloy. All the powders are mixed uniformly by mixing and
ball-milling at the first stage, but powders exist in different form in
Fig. 9a. TiH, and ZrH; powders (<5 um) replace Mo (<6 pm) when

the granularity of TiH, and ZrH, powders reaches 83.3% of the Mo
powder. However, other tiny powders exist in the Mo powder. The
reaction of CgH1206—[C]+H20 and La(NOs3)3-6H,0
—Lay03+N0O31+NO1+051 +H30 can proceed below 500 °C. The
reaction of TiHy+02(g) =TiO2+H(g), ZrH+0,(g) =ZrO,+Hx(g),
[C]+02(g)—COa(g)1r, [C]+TiH,—>TiC + Ha(g)t [C]+ZrHy—ZrC
+ Hy(g)1 and [C]+Mo—MoC can proceed between 25 °C and
500 °Cin Fig. 9b. Then TiH, — Ti + Hy(g) begins to decompose. After
that ZrH, —Zr + Hy(g) begins to decompose, as shown in Fig. 8c.
Then Ti and Zr become solid in the lattice. The solid solution O
exists in molybdenum lattice, so Zr + Ti+205(g)— ZrTiO4 starts to
react, as shown in Fig. 9d. TiO,, ZrO,, ZrC, TiC, La;03, MoC and
ZrTiOy4 exist in the La-TZM alloy, as shown in Fig. 9e. Most of the
secondary phases exist at the grain boundaries and the others exist
transgranular in Figs. 7a and 9e.

4. Conclusions

(1) Thermodynamic calculations can provide criteria for re-
actions of secondary phases. TG-MG and high temperature
XRD verify the reactions.

(2) The whole reaction process includes the following below
1200 °C. At the first stage (0—675.96 °C) TiH, and ZrH; react
with Oy and then form TiO, and ZrO,. Fructose gradual
decomposition generates carbon at the molecular level, and
then carbon reacts with oxygen, Mo, TiH, and ZrH; generate
carbon dioxide, MoC, titanium carbide, zirconium carbide
and hydrogen. At the same time, La(NO3)3-6H,0 decomposes
into lanthanum oxide, nitric oxide and nitrogen dioxide. At
the secondary stage (680-960 °C) TiH; and ZrH, decompo-
sition generates titanium, zirconium and hydrogen. At the
last stage (>1200°C) titanium and zirconium generate
ZrTiO4 by reacting with solid solution oxygen.

(3) The secondary phases of La-TZM alloy include TiO», ZrO,, ZrC,
TiC, MoC, ZrTiOg4, Lay03, Ti and Zr solid phases.
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