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A B S T R A C T   

The size of the secondary phases affects the lanthanum-doped titanium‑zirconium‑molybdenum (La-TZM) alloy 
properties. In this study, the microstructure and mechanical properties of the La-TZM alloys were regulated by 
adding carbon and Ti/Zr elements, which resulted in different secondary phase characteristics. Adding nano-TiC 
and ZrC decreased the micron secondary phase size of the La-TZM alloy by 26.7%, and increased the yield 
strength by 27%, reaching 1239 MPa. The effects of secondary phase size and distribution on yield strength were 
analyzed. This study contributes to the design and theoretical analysis of new molybdenum alloys.   

1. Introduction 

Lanthanum-doped titanium‑zirconium‑molybdenum (La-TZM) alloy 
has better mechanical properties, higher recrystallization temperature 
and oxidation resistance, and lower ductile-to-brittle transition tem
perature than titanium‑zirconium‑molybdenum (TZM) alloy and other 
Mo alloys. Fine-grain strengthening, solid solution strengthening, and 
dispersion strengthening are effective methods to improve the me
chanical properties of the La-TZM alloys [1]. 

Formation mechanisms of TiO2, ZrO2, ZrC, TiC, MoC, ZrTiO4, La2O3, 
and La2Ti2O7 secondary phases were analyzed for the La-TZM alloy [2]. 
Cracks are associated with the micron La2Ti2O7 secondary phase. Thus, 
it is pivotal to reduce the quantity and size of the La2Ti2O7 secondary 
phase in order to improve the alloy mechanical properties. The La2Ti2O7 
secondary phase is formed when La2O3, TiO2, and ZrO2 react at high 
temperatures. The original size of TiH2 and ZrH2 powders used for alloy 
preparation is 3–5 μm. In the process of alloy preparation, the size of 
added alloy powder is reduced by ball milling. Therefore, the size of the 
coarse La2Ti2O7 secondary phase can be effectively reduced by lessening 
the formation of oxides or the size of original powder particles [3]. 

Browning et al. [4] took advantage of the nano‑titanium carbide to 
improve TZM sintered density from 98.5% to 99% along with increasing 
alloy hardness by 75% and improving its flexural strength. Luo et al. [5] 

utilized carbon nanotubes (CNTs) to prepare Mo–0.5Ti–0.1Zr–0.03CNTs 
(wt%). The microstructure changes of the composite powders induced 
by ball milling improved the relative density, Vickers hardness, and 
yield strength. Goller et al. [6] added 5 wt% B4C to the TZM alloy, which 
increased the hardness from 1.9 GPa to 7.8 GPa. Ahmadi et al. [7] added 
TiC and ZrC to TZM and produced TZM-20vol%TiC and TZM-20vol%ZrC 
(9.34 g/cm3 density) samples. Grain size decreased to 6.5 μm for the 
TZM-20vol%TiC and 6.6 μm for the TZM-20vol%ZrC composites. The 
highest values of Vickers hardness were measured as 4.1 GPa for TZM- 
20vol%TiC and 3.88 GPa for TZM-20vol%ZrC. In summary, the me
chanical properties of the TZM alloy can be improved by doping with 
TiC, CNTs, B4C or ZrC. However, the above studies focused on the effects 
of alloying elements on the grain size, without an in-depth analysis of 
the alloying elements effects on mechanical properties. 

In this paper, carbon, Ti(SO4)2, Zr(NO3)4, and nano TiC, ZrC were 
used to regulate the secondary phases in La-TZM alloys. The effects of 
carbon doping modes and Ti, Zr elements on the size and volume frac
tion of secondary phases and their corresponding effects on mechanical 
properties were studied. The improved strength and toughness of La- 
TZM alloy makes it one of the candidate materials for the replacement 
of zircon cladding tube in the core fuel of reactor in the future, and also 
makes it promising to be applied to the heat-resistant components of 
rocket and aircraft engines in the future. 
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2. Experimental procedures 

With the same composition (Mo-0.5Ti-0.08Zr-1.0La-0.04C, wt%) 
and different alloying modes, different reducing agents were used for 
doping the alloy, including CNTs, fructose, and graphite as carbon 
sources, and TiH2, ZrH2, producing Mo-0.5TiH2-0.08ZrH2-3.0La 
(NO3)3–0.04CNT and Mo-0.5TiH2-0.08ZrH2–3.0La(NO3)3–0.12
Fructose, along with Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04Graphite 
and different Ti, Zr-doped producing Mo-3.0Ti(SO4)2–0.45Zr(NO3)4 
–3.0La(NO3)3–0.12Fructose and Mo-0.63TiC-0.11ZrC-3.0La(NO3)3 
–0.12Fructose (wt%) alloys. 

The La-TZM alloys were produced via the powder metallurgy route 
using a mixture of Mo powder, Ti, Zr, C, and La elements. After these 
mixed powders were milled, they were cold isostatic pressed, sintered at 
1950 ◦C and rolled into a 0.5 mm thick plate (95% deformation). The 
sintered billet sheet was used for the follow-up performance testing and 
observations. 

An electronic universal tensile testing machine (Instron 8001, USA) 
was used for the tensile strength and yield strength measurements, and 
two samples were tested for each composition per ASTM E8. The 
microstructure of secondary phases was characterized by scanning 
electron microscope (SEM) equipped with energy-dispersive X-ray 
spectroscopy (EDS, Oxford 7718). For SEM investigations, samples from 
the as-sintered material were ground and polished. The hardness was 
tested by the digital Vickers micro-hardness tester (401 MVD). The 
microstructure of polished and K3[Fe(CN)6]:NaOH:H2O = 10:1:1 etched 
samples were examined using SEM. The detailed microstructure of the 
precipitates was examined using transmission electron microscopy 
(TEM). Thin foil specimens were mechanically polished to ~30 μm 
thickness followed by double spray electrolytic milling for electron 
transparency. 

3. Results and discussion 

3.1. Secondary phases size and distribution 

The La-TZM alloy microstructure is shown in Fig. 1. The grain sizes of 
Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT, Mo-0.5TiH2-0.08ZrH2- 
3.0La(NO3)3–0.12Fructose, Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04
Graphite, Mo-3.0Ti(SO4)2–0.45Zr(NO3)4–3.0La(NO3)3–0.12Fructose 
and Mo-0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose are 17.86 ± 2 μm, 
17.0 ± 1.76 μm, 15.85 ± 2 μm, 12.05 ± 1.6 μm and 32.89 ± 5.4 μm), 
respectively in Fig. 1(a), (d), (g), (j), and (m). Grain size slightly 
decreased from carbon nanotubes to graphite-doped La-TZM alloy. The 
grain size of Mo-Fructose-Ti(SO4)2-Zr(NO3)4-La(NO3)3 alloy is smaller 
than any other alloy, but the grain size of nano TiC-ZrC-doped alloy is 
the largest of all the alloys. In addition, spherical micrometer size sec
ondary phase particles distribute around grains in Fig. 1(b), (e), (h), (k), 
and (n). These secondary phase particles are on the grain boundaries and 
hinder grain boundaries movement and grain growth. 

With different alloying methods, the particle size of the secondary 
phases of La-TZM alloy was statistically analyzed, as shown in Fig. 1(c), 
(f), (i), (l), and (o). The average sizes of the micron secondary phase 
particles doped with CNT, fructose, graphite, Ti(SO4)2-Zr(NO3)4, and 
nano TiC-nano ZrC are 2.5 μm, 2.2 μm, 2.4 μm, 2.1 μm, and 1.8 μm, 
respectively. Among them, the particle sizes of different carbon-doped 
micron secondary phases are distributed in the 0–8 μm range, and the 
main size is distributed in the 1–3 μm range. The particle sizes of 
different Ti, Zr-doped micro secondary phases are distributed in the 0–4 
μm range, and the main size is distributed in the 0–2 μm range. The 
secondary phase particles obtained by doping nano-TiC and nano-ZrC 
have the smallest particle size. In addition, the volume fraction of the 
micron secondary phase particles of different carbon sources are 6.16%, 
6.02% and 6.05%, and Ti(SO4)2-Zr(NO3)4/TiC-ZrC doped alloy is 
12.16% and 11.92%, respectively. 

With the change of particle sizes and distribution, the grain size also 

changes. Through different alloying methods, one can effectively 
improve the microstructure, including grain size and distribution of the 
secondary phases. Alloying additives generate uniform fine secondary 
phase particles. Small secondary phases can effectively reduce fracture 
cracks in the coarse secondary phases. 

3.2. Grain size control 

La-TZM alloy prepared with different doping methods has different 
volume fraction and particle size of the secondary phases, and conse
quently, the grain size makes a difference. According to the theoretical 
calculation of grain size with secondary phase size and volume fraction 
(eq. 1), the calculated grain size of Mo-0.5TiH2-0.08ZrH2-3.0La 
(NO3)3–0.04CNT, Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.12Fructose, 
Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04Graphite, Mo-3.0Ti(SO4)2– 
0.45Zr(NO3)4–3.0La(NO3)3–0.12Fructose and Mo-0.63TiC-0.11ZrC- 
3.0La(NO3)3–0.12Fructose are 40.1 μm, 36.4 μm, 39.2 μm, 17.5 μm and 
15.2 μm, respectively. 

df =
d
f

(1) 

Here, df is the new grain size, d is the average size of secondary 
phases particle, and f is the volume fraction of the secondary phases. 

According to the Gladman’s theory [13], the secondary phases 
control the grain size of the matrix. The criterion for the grain size of the 
secondary phases to be evenly distributed on spherical grains is as 
follows: 

dc =
πd
6f

(
3
2
−

2
Z

)

(2) 

Here, dc is the calculated grain size. Z=DM/D0 is the grain size in
homogeneity factor, where DM is the largest grain, and D0 is the average 
grain size. Uniformly pinned or weakly pinned solution after grain 
growth is when the Z value is up to 3, and the corresponding proportion 
coefficient Z is about 0.44. Uniform nail-pierced or strong abnormal 
grain growth in the aftermath of the pinned pierced solution is when the 
Z value is above 9, and the corresponding proportion coefficient is 0.67. 

Fig. 2 is the theoretical calculation of the different pinning modes of 
the secondary phases. The secondary phases can produce pinning at the 
grain boundaries without coarsening at high temperatures, and the grain 
size of the five doped modes is different. The calculation results show 
that the grain size difference between homogenization pinning and non- 
homogenization pinning is about 9 μm, while the actual grain size is 
close to the homogenization pinning. Therefore, the secondary phases 
exist in homogenized Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT, 
Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.12Fructose, Mo-0.5TiH2-0.08 
ZrH2–3.0La(NO3)3–0.04Graphite, Mo-3.0Ti(SO4)2–0.45Zr(NO3)4–3.0La 
(NO3)3–0.12Fructose alloy has non-homogenization pinning, and Mo- 
0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose alloy has neither homoge
nization pinning, nor non-homogenization pinning. 

The secondary phase particles size of the Mo-0.63TiC-0.11ZrC-3.0La 
(NO3)3–0.12Fructose alloy decreased, but the main grain size increased 
by 93.5%. Gladman and Rohrer considered that the smaller secondary 
phase particles can pronounce dragging of a moving grain boundary 
[13–14]. Eq. (3) represents the pinning force of the secondary phase for 
the grain boundary: 

fmax = 1.5cγ/r (3) 

Here, r is the spherical particle radius, γ is the specific energy of 
planar grain boundary, c is the volume fraction of the particles, which is 
equal to 4/3πr3N, and N is the number of particles. 

Recrystallization and grain growth are described by the Zener eq. (2) 
for the two-phase alloys. The coherent interface makes the boundary 
sweep the particle according to Gottstein & Shvindlerman [15]. Thus, 
the reason for the increase in grain size is because the volume fraction of 
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Fig. 1. The microstructure of the La-TZM alloy with different alloying elements: (a, b) Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT; (c) statistical data analysis of 
secondary phase particles in (b); (d, e) Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.12Fructose; (f) statistical data analysis of secondary phase particles in (e); (g, h) Mo- 
0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04Graphite; (i) statistical data analysis of secondary phase particles in (h); (j, k) Mo-3.0Ti(SO4)2–0.45Zr(NO3)4–3.0La 
(NO3)3–0.12Fructose; (l) the statistical data analysis of secondary phase particles in (k); (m, n) Mo-0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose; (o) the statistical 
data analysis of secondary phase particles in (n). 
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the micron secondary phases at the grain boundary reaches 11.9%, and 
the micron secondary phase particles get distributed at the grain 
boundary, while the nano-secondary phase particles are mainly 
distributed inside the grains. The microstructure is strip-like in Fig. 3(a). 

There are fewer nanometer secondary phase particles in Fig. 3(b) and 
(c). The size of the micrometer secondary phase is 1.8 μm in Fig. 3(d). 
The nanometer secondary phase in the crystal and the micron size sec
ondary phase at the grain boundary cannot prevent the growth of grains. 

Fig. 2. Calculation of the secondary phases grain size for different pinning methods.  

Fig. 3. TEM microstructure of the Mo-Fructose-TiC-ZrC-La(NO3)3 alloy (a, strip-like microstructure; b&c intragranular nano secondary phase; d, intragranular 
micron secondary phase.) 
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Thus, the grain size of Mo-0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose 
alloy reaches 33 ± 5.4 μm. The large uniform grain size reduces the 
mechanical properties of the alloy but increases its high-temperature 
stability. 

3.3. Different alloying modes properties 

The hardness and yield strength values of the La-TZM alloy sintered 
blank and rolled plate with different alloying methods are shown in 
Fig. 4: Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT alloy (175 ± 15 
HV, 1018 ± 23 MPa), Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.12Fructose 
alloy (189 ± 7 HV, 1060 ± 22 MPa), Mo-0.5TiH2-0.08ZrH2-3.0La 
(NO3)3–0.04Graphite alloy (205 ± 12 HV, 1055 ± 5 MPa), Mo-3.0Ti 
(SO4)2–0.45Zr(NO3)4–3.0La(NO3)3–0.12Fructose alloy (162 ± 2 HV, 
1104 ± 3 MPa), Mo-0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose alloy 
(146 ± 1 HV, 1293 ± 14 MPa. The yield strength, tensile strength, and 
elongation of the Mo-0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose plate 
are 1025 ± 21 MPa, 1253 ± 33 MPa, and 9.5% after annealing at 950 ◦C 
for 1 h. It can be seen that the Mo-0.5TiH2-0.08ZrH2-3.0La 
(NO3)3–0.04Graphite sintering billet has the highest hardness. After 
rolling, the yield strength reaches 1293 ± 14 MPa. Compared with the 
Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04Graphite alloy, the yield 
strength increased by 27%. The tensile strength of the annealed alloy 
decreased by 22%, but the elongation increased from 2% to 9.5%. 
Refined secondary phase particles effectively increased the yield and 
tensile strength by hindering dislocations. 

3.4. Micron secondary phases enhancement 

According to the multi-scale microstructure of the La-TZM alloy, the 
fine grain structure and micron size distribution of different alloying 
methods were observed at the grain boundaries and inside the grains. 
The secondary phases of the La-TZM alloy are mainly composed of TiO2, 
ZrO2, TiC, ZrC, La2O3, MoC, ZrTiO4, and La2Ti2O7. These formed phases 
are high-strength ceramic phases, which belong to non-deformed par
ticles. The non-deformable secondary phase reinforcement is repre
sented by eq. (4). 

σp =
ФGb

dparticle

(
6fparticlefMo

π

)1/2

(4) 

Here, Ф represents the Taylor factor, G and b are the shear modulus 
and Burgers vector, fMo, and fparticle are the volume fraction of the Mo 
phase and particles, and dparticle is particle size. Muñoz-Morris et al. [8] 
have taken the Taylor factor as 2.5 for the bcc crystal structure. The 
shear modulus of molybdenum alloy is taken as 140 GPa and the Burgers 

vector in the (a/2 〈111〉) crystal orientation is 2.72 × 10− 10 m according 
to Zhang et al. [9]. Analyzing statistical results in Fig. 1, the values of 
micron secondary phase enhancement (σP) for the La-TZM alloys are 
obtained. 

The micron phase particles strengthening effect by the Orowan 
strengthening of the Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT, Mo- 
0.5TiH2-0.08ZrH2–3.0La(NO3)3–0.12Fructose, Mo-0.5TiH2-0.08ZrH2- 
3.0La(NO3)3–0.04Graphite, Mo-3.0Ti(SO4)2–0.45Zr(NO3)4–3.0La 
(NO3)3–0.12Fructose and Mo-0.63TiC-0.11ZrC- 3.0La(NO3)3–0.12
Fructose alloys increased their strength by 12.8 MPa, 14.3 MPa, 13.2 
MPa, 20.1 MPa, and 23.5 MPa, respectively. 

The effects of different carbon sources (CNT, fructose, graphite), Ti 
(SO4)2/Zr(NO3)4, and TiC, ZrC-doped La-TZM alloy were 1.26%, 1.35%, 
1.25%, 1.82%, and 1.82%, respectively. This shows that the proportion 
of the secondary phases strengthening is different for different doping 
modes. The smaller the particle size of the micron secondary phases, the 
higher the strengthening effect. However, the micro-secondary phase 
particle strengthening effect of different C sources and Ti, Zr elements 
was not significant, since for the La-TZM alloy nanoparticles, phase 
precipitation strengthening plays a leading role in the improvement of 
yield strength. By comparison, the Mo-0.63TiC-0.11ZrC-3.0La 
(NO3)3–0.12Fructose alloy exhibits higher yield strength and the grain 
size is larger. The nanoparticle precipitation strengthening affects the 
strength differently. 

In the sintered blank, the hardness value is related to the secondary 
phase particles, especially those with a micron size. The secondary phase 
type is the same in different doping modes, consequently, the larger the 
micron particle size is, the larger the hardness, which is consistent with 
the size of micron phase particles in the La-TZM alloy with different 
alloying elements. It can be seen from the test data that the hardness of 
the sintered blank is inversely proportional to the yield strength. The 
microstructure can be effectively regulated by alloying and reduction of 
alloying elements. The secondary phases refinement and the reduction 
of coarse particles have different effects on the hardness and yield 
strength. They reduce the hardness and effectively improve the yield 
strength. The initial amount of added elements is the same, and the 
increase of the size of coarse and large micron phase particles leads to 
the decrease of the strengthening. In plate processing, the strengthening 
effect of the nanometer phase is significantly higher than of the micron 
phase, and accordingly, the yield strength increases significantly with 
the decrease of the coarse and large micron phases. 

As shown in Fig. 5, La-TZM alloy was prepared by sintering, hot, 
warm, and cold-rolling. The different scales of particle phases appeared 
in the matrix, and the microparticles and nanometer particle phases 
before the recrystallization temperature exist in the grain boundary in 

Fig. 4. Hardness and yield strength of the La-TZM alloy doped with different elements: (a) hardness and yield strength; (b) tensile stress-strain curves.  
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Fig. 5(a). Above the recrystallization temperature, the grain boundary 
migration and the majority of micro and nanoparticles are inside the 
grain in Fig. 5(b). The grains get crushed during tensile deformation and 
nano/micro secondary phases at the grain boundary during the hot 
rolling deformation processes. However, some secondary phases are still 
located inside the grains. Until cold rolling deformation, many disloca
tions and strengthening phase particles interact. The mismatch degree 
was achieved through different nanometer particles and micron parti
cles. When dislocations meet the lower mismatch nanoparticles, dislo
cations glide through the particle phase under low stress. When the 
dislocations meet the higher mismatch particles, more stress was needed 
to pass. Therefore, the strengthening effect caused by nanoparticles, and 
the higher the degree of mismatch, the higher the reinforcement in Fig. 5 
(c). When a dislocation wants to pass through the micron particles, it 
doesn’t pass because the particles are polycrystalline and arrange into 
complex grains. A large number of dislocations start to accumulate 
around the micron phase, so the stress concentration is receded at the 
grain boundary. The deformation of the microphase particles effectively 
reduces the distribution configuration of dislocations, thus improving 
toughness. However, the micron phase particles had a weak effect on the 
strength improvement of the material in Fig. 5(c). 

The La2Ti2O7 micro secondary phase has a low degree of mismatch 
with the matrix. The small size of the micron particle phase accumulates 
a small number of dislocations but does not lead to premature crack 
formation. This structure changed the dislocation configuration. The 
weak interface bond strength is more conducive to energy dissipation in 
the process of fracture, so a small amount of uniformly distributed 
La2Ti2O7 micron particles help alloy plasticity. Nanometer particles, 
including TiC, La2O3, TiO2, and others, produce reinforcement and 
coherent ZrC dislocations after reinforcement, reducing the quantity or 
size of the La2Ti2O7 phase, which can significantly change the structure 
and improve the strength. 

4. Conclusions  

(1) The microstructure and properties of the La-TZM alloy can be 
regulated by different C sources, Ti(SO4)2, Zr(NO3)4 and nano 
TiC, ZrC particles.  

(2) The size of the secondary phases of the nano-TiC/ZrC-doped La- 
TZM alloy is not uniform, and the main distribution of the 
nanometer phase and the internal crystals leads to the grain size 
in the sintering process of 33 ± 5 μm, larger than other alloys.  

(3) The calculation of pinning type of secondary phase in La-TZM 
alloy shows that Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT, 
Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.12Fructose, and Mo- 
0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04Graphite alloys have ho
mogenization pinning, Mo-3.0Ti(SO4)2–0.45Zr(NO3)4–3.0La 
(NO3)3–0.12Fructose alloy has non-homogenization pinning, Mo- 
0.63TiC-0.11ZrC-3.0La(NO3)3–0.12Fructose alloy has neither 
homogenization nor non-homogenization pinning.  

(4) Among La-TZM molybdenum alloys doping methods, the highest 
strength was achieved by the Mo-0.63TiC-0.11ZrC-3.0La 
(NO3)3–0.12Fructose alloy (1293 ± 14 MPa), while the yield 
strength of the Mo-0.5TiH2-0.08ZrH2-3.0La(NO3)3–0.04CNT 
alloy was the lowest, among which the increase of the volume 
fraction of micron phase was the main reason for the decrease of 
yield strength. 
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