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Powder metallurgymethodswere utilized to prepare lanthanum-doped titanium–zirconium–molybdenum (La-
TZM) and traditional TZM alloy plates. Tensile and Charpy impact tests were employed to study the room tem-
perature and cryogenic mechanical properties of the two kinds of TZM alloys. For the same process conditions,
the lanthanum doping has significantly improved the tensile strength and elongation, which increased by
28.2% and 32.8%, respectively. For these process conditions, the La-TZM has higher density and smaller evenly
distributed secondary phases. Compared with TZM, the secondary phase in La-TZM is finer, and hinders the
spreading of cracks. This is why the La-TZM alloy plates have higher strength and elongation. By doping lantha-
num, the ductile-to-brittle transition temperature of the TZM alloy decreased from−80 °C to−120 °C. The sec-
ondary phase La particles refine the grain and hinder fracture expansion across the grains during the impact
fracture of the La-TZM alloy. TZM alloy improved room temperature and cryogenic mechanical properties signif-
icantly expand its application range.

© 2015 Elsevier Ltd. All rights reserved.
Table 1
Composition of the TZM alloys (wt%).
1. Introduction

TZM alloy contains 0.5–0.8 wt.% titanium, 0.08–0.1 wt.% zirconi-
um, 0.016–0.02wt.% carbon andmolybdenum balance. Molybdenum
TZM alloys are highly desirable for a wide range of critical applica-
tions due to their high electrical and thermal conductivity, strength
and creep resistance at elevated temperatures, high temperature sta-
bility, low coefficient of thermal expansion and excellent corrosion
resistance in liquid metals [1–7]. They are widely used in aerospace,
power generation, nuclear and fusion reactors, and military, indus-
trial and chemical applications, where these alloys are subjected to
high temperatures, liquid metal corrosion and other aggressive envi-
ronments [8].

However, TZM alloy is brittle at room temperature and has a
high ductile-to-brittle transition temperature (DBTT), which is
not desirable for manufacturing and applications [9–11], also lim-
ited by the poor high temperature oxidation resistance. To expand
the scope of applications, many studies were conducted to im-
prove the mechanical properties and high temperature oxidation
resistance.
The ductile-to-brittle transition temperature of a metal repre-
sents the point at which the fracture energy reduces below a pre-
determined point. DBTT is important, since once a material is cooled
below the DBTT, it has a much greater tendency to shatter on impact
instead of deforming plastically. DBTT is a very important consider-
ation in material selection when the material in question is subject
to high mechanical stresses. The most accurate method of measuring
the ductile-to-brittle transition temperature of a material is by frac-
ture testing, such as the Charpy impact testing and four-point bend
testing [12].

Previous studies have shown that doping La2O3 into traditional TZM
alloy can significantly improve its strength and toughness [9,13]. Effects
of lanthanumdoping on the oxidation behavior of TZM alloys have been
previously researched by this group [8]. This article investigates the ef-
fect of lanthanum doping on themechanical properties and the DBTT of
TZM alloy plates.
Sample Ti Zr Stearic acid La(NO3)3 Mo

#1 0.5 0.1 0.25 1.99 Balance
#2 0.5 0.1 0.25 0 Balance
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Fig. 1. The tensile specimen geometry of the La-TZM and TZM alloy plates. Dimensions are
given in mm.

Fig. 2. Optical images of the cross-sectional microstructure of (a) TZM alloy and (b) La-
TZM alloy plates.

Fig. 3. Tensile stress–strain curve of (a) La

Table 2
The tensile test data of the La-TZM and TZM alloys.

Sample TZM La-TZM Average growth rate (%)

Strength (MPa) 1096 ± 20 1405 ± 20 28.2
Elongation (%) 7.0 ± 0.5 9.3 ± 0.5 32.8
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2. Experimental procedure

2.1. Preparation of TZM and La-TZM alloys

Based on the design composition, listed in Table 1, two kinds of TZM
alloys were prepared: La-doped TZM alloy (#1) and traditional TZM
alloy (#2). Both kinds of alloys were manufactured into two plates,
0.5 mm and 10 mm thick. The preparation of the 0.5 mm thick TZM
and La-TZM alloy plates is described in a previous publication [8]. The
preparation of the 10 mm thick plates is also described in reference
[8], except for the last processing step of warm rolling.
2.2. Tensile testing

The tensile specimensweremade from the 0.5mm thick rolled alloy
plates and the geometry is shown in Fig. 1. The tensile tests were con-
ducted using the 5 kN hydraulic universal testing machine with the
crosshead speed of 0.5 mm/min.
2.3. Charpy impact testing

The impact test specimens were made from the 10 mm thick rolled
alloy plates in the standard size. The impact tests were conducted using
the JBDW-300Y testingmachinewith the test temperature ranged from
−180 °C to 20 °C.
2.4. Samples characterization

TheOLYMPUSGX51metallographicmicroscopewas used formicro-
structure characterization. JSM-6460LV scanning electron microscope
(JEOL, Japan) was used for the tensile and impact test specimen fracture
morphology characterization at the microscopic level. Digital camera
DXM1200F (Nikon, Japan) was used to obtain the fracture macroscopic
morphology of the impact test specimens at the macroscopic level.
-TZM alloy and (b) TZM alloy plates.



Fig. 4. The fracture morphology and secondary phase EDS spectra of (a) (b) TZM and (c) (d) La-TZM alloy plates.
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3. Results and discussion

3.1. Cross-sectional metallography analysis

The structure of TZM and La-TZM alloys was observed in cross-
section, using the metallography analysis. The optical micrographs are
shown in Fig. 2.

The TZM and La-TZM alloy plates both show significant deformation
texture after distinct plastic deformation. The secondary phase in the
TZM alloy is coarse, asymmetrically distributed and segregated. The
secondary phase of the La-TZM alloy is fine and uniform in both mor-
phology and size. The volume and quantity of the secondary phase in
La-TZM alloy are higher than that in TZM alloy, contributing the smaller
grain size of La-TZM. In addition, the fiber texture in La-TZM is more
tenuous and longer than that in the TZM alloy.
Fig. 5. Impact absorbed energy curves of the La-TZM and the traditional TZM alloys.
3.2. Tensile test results

3.2.1. Stress–strain curve analysis
The tensile stress–strain curves of the La-TZM and TZM alloys

are shown in Fig. 3. From the stress–strain curves and the data in
Table 2, the tensile strength of the TZM alloy manufactured using
the same process is 1096 MPa, while the strength of the La-TZM
alloy is 1405 MPa at room temperature. Both properties are superi-
or compared with the literature values [13–16]. The tensile elonga-
tion of the TZM alloy is 7%, while the La-TZM is 9.3%. Therefore,
lanthanum doping increases the tensile strength of the TZM alloy
by 28.2%, and the elongation by 32.8%. In conclusion, lanthanum
doping has significantly improved both the tensile strength and
elongation.
3.2.2. Fracture SEM morphology
The SEM was used for observing the tensile fracture of the TZM and

La-TZM alloy plate specimens, as shown in Fig. 4, along with the energy
dispersive X-ray spectroscopy (EDS) results.

Fig. 4 exhibits obvious transverse cracks in the microscopic view of
the tensile fracture. The interlining layer of the transverse cracks
shows the lamellar structure with steps. In this area, the cracks distrib-
ute in a certain direction and they are step-shaped, which is character-
istic of the intergranular fracture. Near the transverse cracks there is
shape of tearing, characteristic of the crack growth regions. Around
the tear cracks, there exist some light reflecting facets, which are cleav-
age planes. Therefore, the fracture region is a mixture of intergranular
fracture and quasi-cleavage fracture.

As seen in the EDS image of Fig. 4, the secondary phase of TZM
alloy mainly contains carbon, oxygen, titanium and zirconium,
then that of La-TZM alloy mainly contains carbon, oxygen, titanium
and lanthanum. And then, the morphology of the La-TZM alloy
plate specimen fractures shows similar characteristics with TZM,
while there are more secondary phase particles of the La-TZM
alloy plates per unit area and the particles are smaller, mostly



Fig. 6.Morphology of the La-TZM alloy fractured at different temperatures: (a) −40 °C; (b)−60 °C; (c)−80 °C; (d) −100 °C; (e)−120 °C; (f)−140 °C; (g) −160 °C; (h)−180 °C.
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distributed around the grain boundaries. The secondary phase hin-
ders the expanding of tearing crack. Near the transverse cracks,
there are little cleavage facets and more step-shape structures,
characteristic of the intergranular fracture. It supports some plastic
deformation, which is why the La-TZM alloy plates have higher
elongation than TZM.

The secondary phase pins in the grain boundaries and hinders the
moving of the dislocation. Moreover, the smaller and uniform distribut-
ed secondary phase contributes to the segmentation of grain during the
process of rolling, refining the grain size of alloymatrix. According to the
theory of Hall–Petch [17], the smaller the grain size, the higher the ten-
sile strength of alloy. This is why the La-TZM alloy has higher strength
than the TZM alloy.
3.3. Charpy impact test results

3.3.1. Impact absorbing energy
Fig. 5 shows the impact absorbed energy curve of the La-TZM and

traditional TZM alloys in the−180 °C to 20 °C temperature range.
As seen in Fig. 5, the impact absorbed energy curves of the La-TZM

and traditional TZMalloys clearly showDBTT.With the decrease of tem-
perature, the impact energy of both TZMand La-TZMdecreases. This be-
havior indicates that a ductile-to-brittle transition happened in both
alloys during the decrease of temperature. Based on the Charpy impact
test, the ductile-to-brittle transition temperature of the La-TZM and tra-
ditional TZM alloys is determined as−120 °C and−80 °C, respectively.
On the other hand, the impact absorbed energy of the La-TZM alloy is



Fig. 7. Morphology of the TZM alloy fractured at different temperatures: (a)−20 °C; (b) −40 °C; (c)−60 °C; (d) −80 °C; (e)−100 °C; (f)−120 °C; (g) −140 °C; (h) −160 °C.

135P. Hu et al. / Int. Journal of Refractory Metals and Hard Materials 52 (2015) 131–136
always higher than that of the TZM alloy for the same test temperature.
These characteristics indicate that La doping can significantly improve
the low temperature ductility of the TZM alloy with the DBTT reduction
of 40 °C.

3.3.2. Fracture morphology
Figs. 6 and 7 show the fracture morphology of the La-TZM and TZM

alloys fractured at different temperatures. As seen in Fig. 6, the La-TZM
alloys fractured at −40 °C and −80 °C exhibit evident intergranular
fracture. Dimples can be seen in Fig. 6(a)–(c), and microcracks along
the grain boundaries indicate plastic fracture. The alloy starts to gradu-
ally exhibit brittle fracture with the temperature decrease. At −100 °C
and −120 °C, transgranular crack surfaces appear with significant re-
duction of the number of dimples. A mixed fracture characteristic of
intergranular and transgranular fracture can be seen in Fig. 6(d) and
(e), which indicates that a change of fracture form has happened during
the decrease of temperature. When the temperature is below−140 °C,
dimples disappeared and the fracture surface is characterized by
transgranular fracture, which is present in classic brittle fracture. This
indicates that the fracture ductile-to-brittle transition of the La-TZM
alloy starts between−100 °C and −120 °C.

For the TZM alloy fractured between −20 °C and −60 °C, ductile
fracture with ductile step-shaped tears can be seen in Fig. 7(a)–(c).
Transgranular fracture appears at −80 °C in Fig. 7(d), starting the
ductile-to-brittle transition. With further temperature decrease, brittle
fracture and transgranular cracks become more apparent. Therefore,
the fracture ductile-to-brittle transition of the TZM alloy starts at
−80 °C.



Table 3
The impact data and fracture modes of the La-TZM and TZM alloys at different
temperatures.

Temperature (°C) Akv (J) Fracture mode

TZM La-TZM TZM La-TZM

20 11.2 12.19 Ductile Ductile
0 11.17 12.24 Ductile Ductile
−20 11.18 12.03 Ductile Ductile
−40 10.44 12.12 Ductile Ductile
−60 9.19 11.81 Ductile Ductile
−80 6.28 10.87 Ductile/brittle Ductile
−100 4.51 9.51 Ductile/brittle Ductile
−120 3.09 6.24 Brittle Ductile/brittle
−140 2.05 3.38 Brittle Ductile/brittle
−160 1.91 2.34 Brittle Brittle
−180 1.76 2.23 Brittle Brittle

136 P. Hu et al. / Int. Journal of Refractory Metals and Hard Materials 52 (2015) 131–136
As seen in Figs. 6 and 7, the secondary phase lanthanum oxide parti-
cles exist in both grains and grain boundaries of the La-TZMalloy,which
hinder the transgranular fracture and the expanding of tearing crack. In
addition, the lanthanumoxide particles refine the alloy grain size,which
also improves toughness. Compared with the TZM alloy, the secondary
phase in the La-TZMalloy promotes plasticity and reduces its ductile-to-
brittle transition temperature. Table 3 sums up the impact energy data
and fracture modes of the La-TZM and TZM alloys at different
temperatures.

Combining the impact energy data and the fracture modes, one can
draw a conclusion of the 40 °C DBTT decrease caused by the lanthanum
doping of the TZM alloys. While the DBTT of the La-ZTM alloy is
−120 °C, the DBTT of the traditional TZM alloy is −80 °C.

4. Conclusions

1) The strength and elongation of the La-TZM alloy plates exhibit better
performance than the traditional TZM. For the same process condi-
tions, the lanthanum doping has significantly improved tensile
strength and elongation, which increased by 28.2% and 32.8%, re-
spectively.

2) For these process conditions, themicrostructure shows fiber texture.
The La-TZM has higher density and smaller evenly distributed sec-
ondary phase, which is the main reason for the La-TZM alloy higher
strength.

3) Compared with TZM, the secondary phase seen in the fracture sur-
faces of La-TZM is finer, and hinders the cracks spreading. That is
why the La-TZM alloy plates have higher elongation than the TZM
alloy plates.

4) By doping lanthanum, the ductile-to-brittle transition temperature of
the TZM alloy was decreased by 40 °C to −120 °C. The secondary
phase La particles refined the grain and hindered the fracture expan-
sion across the grain in the Charpy impact fracture of the La-TZMalloy.
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