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Abstract: To study the effects of La on the microstructure and mechanical properties of refractory high entropy alloys,
NbMoTiVSiy, alloys with different La contents were prepared. Phase constitution, microstructure evolution,
compressive properties and related mechanisms were systematically studied. Results show that the alloys with La
addition are composed of BCC solid solution, eutectic structure, MSi, disilicide phase and La-containing precipitates.
Eutectic structure and most of La precipitates are formed at the grain boundaries. Disilicide phase is formed in the
grains. La can change the grain morphologies from dendritic structure to near-equiaxed structure, and the average grain
size decreases from 180 to 20 um with the increase of La content from 0 to 0.5 at.%. Compressive testing shows that the
ultimate strength and the yield strength increase with the increase of La content, which is resulted from the grain
boundary strengthening. However, they cannot be greatly improved because of the formation of MSi, disilicide phase
with low strength. The ductility decreases with the increase of La content, which is due to the La precipitates and brittle

MSi, disilicide phase.
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1 Introduction

High entropy alloys (HEAs) containing at least
five principal elements were first put forward in
2004 [1,2]. They have attracted much attention due
to their high thermal stability and excellent
mechanical properties [3—6]. HEAs were originally
defined as homogeneous solid solutions with a
single BCC, FCC or HCP crystal structure. Among
them, refractory high entropy alloys (RHEAs)
with BCC solid solution structure are the most
potential candidates for high temperature structural

applications [6—9]. RHEAs are composed of
refractory elements such as W, Ta, Nb, Mo, Hf, Zr,
Ti and V, and are designed in equimolar or near
equimolar ratios [10—14]. Due to the high melting
point, RHEAs show high strength and excellent
performance at high temperatures.

The purpose of designing RHEAs is to extend
the service temperature of structural materials, and
most of RHEAs show the potential to extend
the service temperature of blades and disks
beyond current superalloys. Many RHEAs such
as Aly4Hfy¢NbTaTiZr, AlMoysNbTaysTiZr and
NbTiVTaAl, (x=0—1, molar ratio) have sufficient
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room-temperature compressive ductility (¢ >10%),
but there is a degree of cleavage fracture [15,16].
Other refractory high entropy alloys (AINb-
TiV [17], HfMoNbTiZr [18], AINbTiZr [19] and
NbMoTiV [20]) have attractive yield strength with
good enough ductility, which can be further
improved by alloy composition modification and
microstructure control. LIU et al [21] reported that
HfMo sNbTiV,Si, can achieve excellent strength
at elevated temperature and reasonable ductility at
room temperature by adding silicon. Many
investigations have confirmed that the addition of
rare earth element La can refine the microstructure
of steel, TiAl and many other alloys [22—-28], thus
improve their mechanical properties. However, to
the best of our knowledge, the effects of La on the
microstructure and mechanical properties of
RHEASs have not been studied.

Previous study [20] showed that NbMoTiVSiy
refractory high entropy alloy exhibited good
room-temperature compressive ductility (¢ >16%)
and high yield strength (0y,>1760 MPa). In this
study, the NbMoTiVSiy, refractory high entropy
alloys were modified by adding different contents
of La, and the alloys were prepared by vacuum arc
melting process. The effects of rare element La on
the phase constitution, microstructure evolution,
mechanical properties and the related mechanisms
were thoroughly studied.

2 Experimental

The raw materials were sponge titanium
(purity >99.98%), niobium sheet (purity >99.98%),
molybdenum block (purity >99.98%), vanadium
block (purity >99.98%), particle silicon (purity
>99.98%) and lanthanum powder (purity >99.99%).
The NbMoTiVSiy, refractory high entropy alloys
with different La contents (0, 0.1, 0.2, 0.3, 0.4, and

0.5 at.%) were prepared by the vacuum
non-consumable arc melting with tungsten
electrode. Before melting, the furnace was

evacuated to 3 x 107 Pa and filled with argon as
protective atmosphere, and then the alloys were
melted into button ingots. The ingots were melted
5 times to ensure the composition homogeneity.
Specimens with dimensions of 10 mm X
10 mm x 8 mm were cut from the ingots by
electrical-discharge wire cutting. After grinding and
polishing, phase analysis and microstructure

observation were carried out. The crystal structure
of the alloys was identified by X-ray diffractometry
(XRD, Panalytical Empyrean) with Cu K, radiation,
and the scanning angle (26) ranged from 20° to 90°
with a scanning rate of 8 (°)/min. Scanning electron
microscopy (SEM, FEI, Quanta 200FEG) was used
to observe the microstructure morphology in the
backscatter electron (BSE) mode. The compositions
of different phases were examined by energy
dispersion spectroscopy (EDS). The average grain
size of alloys was quantified by linear intercept
method with Image-Pro Plus software. Compressive
testing was conducted at room temperature with an
Instron 5569 universal tester. The samples with
sizes of d4 mm X 6 mm were tested with an initial
strain rate of 1x10°s™, and at least 3 samples were
tested for each alloy.

3 Results and discussion

3.1 Phase constitution of (NbMoTiVSij;)100-La,

alloys

Figure 1 shows the XRD patterns of alloys
(NbMoTiVSig,)i00—La, (x is molar fraction, %). The
results show that the crystal structure of the
NbMoTiVSiy, alloy without La is composed of
BCC solid solution and silicide phase M;Si;
(M:Nb,MO,Ti,V). The (NbMOTiVSio_z)gglgLa()‘l,
(NbMOTiVSiO'z)gg_gLa(),z and (NbMoTiVSi0_2)99,7Lag,3
alloys are also composed of BCC solid solution
and M;Si; silicide phase. When the La addition is
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Fig. 1 XRD patterns of (NbMoTiVSiy,)i00-.La, alloys
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increased to 0.4 and 0.5at.%, the disilicide
phase MSi,(M=Mo,Nb,Ti,V) appeared in XRD
patterns. Therefore, the (NbMoTiVSig ;)9 6Lag4 and
(NbMoTiVSig,)e9sLags alloys are composed of
BCC solid solution, MsSi; silicide phase and MSi,
disilicide phase.

Besides, the peaks of BCC phase shift slightly
to the higher 20 direction with the increase of La
content, which shows the decrease of the lattice
parameters of BCC phase. This change is resulted
from the bigger atomic radius of La (2.740 A)
compared with that of the other alloying elements
(shown in Table 1). Furthermore, the diffraction
peaks of the BCC phase become shorter after
adding La element, which indicates that the amount
of the BCC phase decreases with the increase of La
content.

The diffraction peaks of M;Si; silicide phase
for the NbMoTiVSiy, alloy are much stronger than
those of the alloys with La. This indicates that the
addition of La can decrease the amount of silicide
phase in the studied alloys. When the addition of La
is higher than 0.4 at.%, the amount of the silicide
phase will decrease and the disilicide phase will be
formed.

3.2 Microstructures of (NbMoTiVSiys)ie0-La

alloys

Figures 2 and 3 show the microstructures of
the (NbMoTiVSig,)i00-La, alloys with different
magnifications. Figure 4 shows the positions for
EDS measurement of (NbMoTiVSiy,)e99lag; alloy
with higher magnification. The results in Figs. 2—4
show that there are five different phases in the
alloys after adding different contents of La. They
are the light gray phase and the black phase at the
grain boundaries, the dark grey phase, the white
phase and the black phase in the light grey phase.
These phases were examined by EDS, and the

Table 1 Physical properties of elements in studied alloys

results are summarized in Table 2. Combining the
XRD and EDS results, it is clear that the light gray
phase marked with A4 in Fig. 4 is the primary BCC
solid solution, which is the matrix, the black phase
marked with B is MsSi; silicide phase, the dark grey
phase marked with C is the eutectic BCC solid
solution, the white phase marked with D is the
precipitate that is rich in La, and the black
phase marked with £ is the MSi, disilicide phase
that is formed in the grains of the alloy (rich in
Mo). However, the MSi, disilicide phase
cannot be detected by X-ray diffraction (XRD) in
(NbMOTiVSiO'z)gggLaO.], (NbMOTiVSio_z)gg'gLag_z
and (NbMoTiVSig,)e97Lag; alloys because the
volume fraction is too low.

Phases in Fig. 4 show that eutectic structure is
composed of eutectic BCC solid solution (dark grey
phase marked with C) and M;sSi; silicide phase
(black phase marked with B) formed at the grain
boundaries. Most of the La precipitates are also
formed at the grain boundaries, especially at the
interface of the silicide phase and the primary BCC
solid solution (shown in Fig. 3). The MSi, disilicide
phases with irregular shape are formed in the
primary BCC phase by addition of La. Therefore,
the (NbMoTiVSig,)100-La, alloys with addition of
La consist of primary BCC solid solution, eutectic
structure, La precipitates and MSi, disilicide phase.
With the increase of La addition, more La
precipitates and MSi, disilicide phase are formed,
but the size of MSi, disilicide phase is almost not
changed.

The microstructure of the NbMoTiVSiy, alloy
shows typical dendritic morphology (shown in
Fig. 2(a)), and the average grain size is about
180 um. The grains of the alloys are refined
after adding La, and the morphology changes from
the dendritic structure to near-equiaxed structure.
The eutectic structure is also formed at the grain

Element Atomic number M((gjle;rl ;rllflls)s/ Melting tggperature/ zezl:}};; Atomicl:& radius/
Nb 41 92.92 2468 8.57 1.429
Mo 42 95.94 2610 10.22 1.363
Ti 22 47.87 1670 4.5 1.462
\Y% 23 50.94 1890 5.96 1.316
Si 14 28.09 1410 2.33 1.153
La 57 138.9 921 6.15 2.740
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Fig. 2 Microstructures of (NbMoTiVSiy,)i00-.La, alloys with lower magnifications: (a) x=0; (b) x=0.1; (c) x=0.2;

(d) x=0.3; (e) x=0.4; () x=0.5

boundaries of the (NbMoTiVSig»)ig-.La, alloys.
The eutectic structure of the alloys is also refined
by the addition of La. The average grain size of the
alloy decreases with the increase of La content
(shown in Fig. 5). The average grain size is the
smallest in the alloys when the addition of La is
0.5 at.%, which is 20 pm.

The addition of rare earth element can
effectively affect the nucleation rate of the melt and

the subsequent growth of the nucleus. According
the classical nucleation theory [29,30], the addition
of rare earth element La reduces the surface tension
at the phase interface and the energy fluctuation
required to generate crystal nucleus. Consequently,
the nucleation rate of the NbMoTiVSiy, alloy melt
can be improved by the addition of La. Meanwhile,
the rare ecarth oxides at the frontier of the
solid/liquid interface are ultra-micro particles, and
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Fig. 3 Microstructures of (NbMoTiVSig,)90-.La, alloys w

(d) x=0.3; (e) x=0.4; (f) x=0.5

their melting points are higher. They can prevent
the growth of crystals and the movement of the
grain boundaries, thus the grains and the eutectic
structure of the (NbMoTiVSiy,)ip-.La, alloys are
refined.

The addition of rare earth element into Nb—Si
alloys can propel the formation of NbSi, disilicide
phase from NbsSi; silicide phase [31], and the

5T

" 3 /8

ith higher magnifications: (a) x=0; (b) x=0.1; (c) x=0.2;

phase transformation from NbsSi; silicide phase to
NbSi, disilicide phase during cooling leads to the
formation of microcracks [32,33]. In this study,
the addition of La can lead to the formation of
MSi, disilicide phase distributing in the primary
BCC solid phase, and the amount of the MSi,
disilicide phase increases with the increase of La
addition.
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EDS measurement of

Positions  for

Fig. 4
(NbMoTiVSig,)e90Lag alloy with higher magnification

Table 2 EDS results of five positions in Fig. 4

Content/at.%
Position
Nb Mo Ti v Si La

A 25.64 3536 17.35 182 242 1.04

B 18.03 3.09 3347 8.77 36.06 0.59

C 21.34 14.35 28.10 2345 1191 0.86

D 14.08 8.74 1499 1436 7.63 40.20

E 897 13,50 5.61 622 65.61 0.09
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Fig. 5 Average grain size of (NbMoTiVSij,)igo-.La,
alloys

3.3 Mechanical properties of (NbMoTiVSig2)100--
La, alloys
The compressive stress—strain curves of
(NbMoTiVSig,)i00—La, alloys are shown in Fig. 6,
and the fracture strain, ultimate strength and yield
strength of the alloys are summarized in Table 3.

The results show that the ultimate strength of
the alloys with different additions of La ranges from
2085 to 2157 MPa. The yield strength of the alloys
ranges from 1766 to 1929 MPa. The ultimate
strength of the alloys increases with increasing
addition of La except the (NbMoTiVSig;)e9slags
alloy, and yield strength of the alloys increases by
addition of La. Both the ultimate strength and yield
strength of (NbMoTiVSig,)e9slags alloy are the
highest. The ultimate strength and yield strength
of (NbMoTiVSig,)e9slags alloy are 2157 and
1929 MPa, respectively. The yield strength of
(NbMoTiVSig,)g9sLags alloy is increased by 9.3%
compared with that of NbMoTiVSiy, alloy. The
ultimate strength of (NbMoTiVSig;)g9lag4 alloy is
the lowest (2085 MPa).

The fracture strains of the (NbMoTiVSig2)100-La,
alloys decreases with the addition of La. The
fracture strain of NbMoTiVSiy, alloy is 16.47%.
The fracture strain of (NbMoTiVSips)egslaga
alloy decreases to 12.83%, and that of the

(NbMoTiVSig,)e9slags alloy with the highest
ultimate and yield strengths is 15.28%.
2400 o0
—o— x=0.1
2000 f —a— x=0.2
—— x=0.3 l
s 1600 x=0.4
% 600 _, x=0.5 2160+
< s 2120t
&0 1200 s
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Fig. 6 Compressive strength—strain curves of

(NbMOTiVSio_z)l()Qfoax alloys

Table 3 Mechanical properties of (NbMoTiVSig»)i0-+-

La, alloys

Ultimate Yield Fracture
strength/MPa strength/MPa strain/%

0 2091 1766 16.47

0.1 2120 1868 14.03

0.2 2122 1814 15.34

0.3 2130 1839 16.00

0.4 2085 1828 12.83

0.5 2157 1929 15.28
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As has been stated above, the addition of La to
NbMoTiVSiy, alloys can prevent the growth of
crystals and the movement of the grain boundaries,
and refine the grains of the NbMoTiVSiy, alloys.
Therefore, the mechanical properties of the
NbMoTiVSiy, alloys can be improved by the
addition of La for the grain boundary strengthening
effect.

The addition of La to the NbMoTiVSiy, alloys
leads to the formation of MSi, disilicide phase,
which is distributed in the primary BCC phase.
However, the transformation from NbsSi; silicide
phase to NbSi, disilicide phase during cooling can
result in the formation of microcracks. The strength
of MoSi, phase is only 350 MPa [33]. Thus, the
strength of NbMoTiVSiy, alloy cannot be greatly
improved due to the lower strength MSi, disilicide
phase.

La precipitates appear in NbMoTiVSiy, alloy
by addition of La, and the amount of La precipitates
increases with the increase of La content. The La
precipitates distributed at the grain boundaries lead
to stress concentration during testing. Consequently,
the La precipitates and the brittle MSi, disilicide
phase bring about the brittle fracture and reduce the
ductility of alloys.

Therefore, the ultimate  strength  of
NbMoTiVSiy, alloys can be improved by adding
rare earth element La, which is attributed to the
grain boundary strengthening effect. However, the
strength of the alloy cannot be greatly improved
due to the formation of low strength MSi, disilicide
phase. But the fracture strain and the ductility of the
alloys decrease because of the La precipitates
distributed at the grain boundaries and the
formation of brittle MSi, disilicide phase.

4 Conclusions

(1) The microstructure of (NbMoTiVSig2)100--
La, RHEAs with different La contents consists of
primary BCC solid solution phase, eutectic
structure, disilicide phase MSi, (M=Mo, Nb, Ti and
V) and La precipitates. Eutectic structure and most
of La precipitates are formed at grain boundaries,
and the disilicide phases are distributed in the
primary BCC solid solution.

(2) The La precipitates and disilicide phase are
formed in the (NbMoTiVSig;)i00--La, RHEAs when
La is added, and their contents increase with the

increase of La content.

(3) The grains of (NbMoTiVSiys)igo-.La,
RHEAs are refined by adding La. With the increase
of La content, the grain morphology is changed
from dendritic structure to near-equiaxed structure.
The average grain size of the alloys decreases with
the increase of La content, and the average grain
size of (NbMoTiVSig,)e9sL.ags alloy is the smallest
(20 pm).

(4) The ultimate strength and the yield strength
of the (NbMoTiVSig»)100-.La, RHEAs increase with
the increase of La content, which is resulted from
the grain boundary strengthening. But they cannot
be greatly improved due to the formation of low
strength disilicide phase. The ductility is reduced
because of the La precipitates and the brittle
disilicide phase.
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fR%T NbMoTiVSiy, A BE S
REMBAS S1F M aERIE N

P 22 MieAZ FEAL, MY OF s’ BRI kB F4 Mg

1. AR Tk R%E HLE TRESARE, SR 450001;
2. WARIE TR Y &K% HIN TE R E S E, HBI/RE 150001;
3. WARRHE RS MRS TR, F5 266590;
4. JTIRCRZEM B R m SEH TR AR, AR5E 523808

 E: N TWIR La MR R GSRMALN S AR, f]% A La 588 NbMoTiVSip, &4, Jf
X FOAHALR . R SUEAR . iR RE A SRHLIREAT RS0 45K, AF La 288G Sl BCC VA4,
SERHL MSi, ALY La A AR AR IEERAGULRER > La M HARAE B AT G T —REACIARALE S
I La MIASINAE & G AR B2 B SR AR i S5, HLBEE La S8 0 89N 0.5 at.%, &1
fbL RS 180 I/ NE 20 pme JEAFVEREMIAS B, W TR AR, & ST 08 RN e 2 2 e
La & 8R4 I sgon; (E2 i TR MSi, MR, Hagmtg AR . BT La A tHAHRIIGETE MSip HEITE
DR G & AT I B A La 25 22 (00388 0 i P11
REIE: mMA s W JLRAS MR CREAY
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