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Abstract

Phase relations in the ternary system Nb±Si±U were established for the isothermal sections at 1000°C and 850°C.

Experimental techniques used were optical microscopy, X-ray microanalyser (XMA) and X-ray powder analysis of arc

melted samples which were annealed at 1000°C for 144 h and/or at 850°C for 300 h. Phase equilibria are characterised

by the formation of two ternary compounds. Rietveld X-ray and neutron powder data re®nements con®rmed the

stoichiometric behaviour for U2Nb3Si4, and established isotypism with the ordered Zr5Si4-type (Sc2Re3Si4-type). The

second phase, U2ÿxNb3�xSi4,x ' 0.25, crystallises in the partially ordered Sm5Ge4-type (Ce2Sc3Si4-type). At 1000°C

both compounds form a narrow two-phase equilibrium. Due to the established two-phase equilibria: c-

(U,Nb) + U2Nb3Si4 and Nb5Si3 + c-(U,Nb) there is no compatibility between U3Si2 and niobium metal at 1000°C and

at 850°C, respectively. U2Nb3Si4 is weakly ferromagnetic below Tc ' 35 K. The remanence of only 0.0088 lB/U atom

probably results from a non-linear antiferromagnetic structure, too weak to be discovered by neutron powder dif-

fraction. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In continuation of our systematic studies [1±3] of

strong electron correlation in higher order intermetallics,

we herein focused on the constitution, the structural

chemistry and in particular on the occurrence of co-

operative magnetism in 5f-element based ternary alloy

systems with the early 4d-elements and silicon (transi-

tion from local-moment anti-ferromagnetism to a heavy

fermion ground state). The present paper deals with the

phase relations in the isothermal section of ternary sys-

tem Nb±Si±U, with the crystal structure of the ternary

compounds observed as well as with the magnetic be-

haviour of the novel phases in the temperature range

from 1.4 to 300 K and in ®elds up to 2 T. As far as the

phase equilibria are concerned, the research reported

herein is related to low enriched uranium (LEU) pro-

liferation resistant reactor fuel systems [4,5].

2. Experimental

Samples were usually of a total weight of 1 g and

were prepared by argon arc-melting platelets of depleted

uranium (claimed purity of (99.9%, supplied by Merck,

Darmstadt, D) pieces of 6N-silicon (Alfa Ventron,

Karlsruhe, D) and precompacted powders of niobium

99.9%, Metallwerk Plansee, A). The U-platelets were

surface cleaned in diluted HNO3 prior to melting. For

homogeneity the samples were remelted several times

and weight losses ®nally were less than 0.5 mass%. A

part of each button was annealed at 1000°C on a W-

substrate in a high vacuum furnace with a W-sheet

thyristor-controlled heating system under a dynamic

vacuum better than 10ÿ4 Pa. After heat treatment the

samples were cooled by switching o� the power to the

furnace. Most alloys particularly the uranium±rich al-

loys were also annealed at 850°C for 300 h. These
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specimens were contained in a small alumina crucible

and sealed under vacuum in a quartz tube, which after

heat treatment was submersed in cold water.

Further details of sample preparation, of the X-ray

techniques used as well as a general description of the

magnetic measurements (SQUID-magnetometer) may

be found from our preceding publication on binary

uranium silicides [6].

Neutron powder di�raction in the temperature range

from 1.5 to 120 K was performed at the ORPHEE 14

MW reactor (CEN-Saclay) using the G4-1 double-axis

multicounter neutron powder di�ractometer with a he-

lium cryostat (wavelength kn� 0.24268 nm; resolution

Dd/d P 4 ´ 10ÿ3; see Ref. [7]). Preferred orientation ef-

fects were minimised by powdering the sample in a steel

mortar to a grain size smaller than 30 lm. Further de-

tails concerning the experiment are summarised in Table

1. Precise atom parameters, occupation numbers, iso-

tropic thermal factors and pro®le parameters were de-

rived from a least squares full matrix Rietveld

re®nement routine [8] including simultaneous re®nement

of the background. Neutron scattering lengths were ta-

ken from a recent compilation by Sears [9]. The various

reliability measures calculated are de®ned in Table 1 and

equally apply to Rietveld re®nements of X-ray powder

di�raction data collected at room temperature from ¯at

specimens in a D5000 automatic di�ractometer.

The microstructures of uranium-rich alloys were in-

spected by optical microscopy on surfaces prepared by

SiC-grinding and polishing the resin-mounted alloys

with diamond pastes down to 1/4 lm grain size. Etching

was e�ected by a mixture of 1 cm3 HF + 5 cm3 H2O2 in

94 cm3 of H2O. A CAMEBAX SX50 wavelength dis-

persive X-ray microanalyser (XMA) was used for proper

identi®cation of the phases and precipitates. Quantita-

tive analyses were performed comparing the U-Ma1,

Nb-La1 and the Si-Ka1 emissions of the three elements

in the alloys with those from elemental Nb or SiO2 and

UO2 as reference materials applying the PAP correction

procedure [10]. The experimental parameters employed

were: 15 kV acceleration voltage, 15 to 20 nA sample

current and spectrometer crystals such as PET for the

U-Ma1 and Nb-La1 and TAP for the Si-Ka1 radiation.

3. Results and discussion

3.1. The binary boundary systems

The binary boundary systems Nb±U and Nb±Si were

accepted from a critical assessment of binary alloy phase

diagrams by Massalski [11]. There are, however, minute

changes for the isothermal reaction temperatures in a

more recent compilation of the Nb±Si system by [12]. A

reinvestigation of the binary Nb±Si compounds pre-

pared from Sn or Cu ¯ux is due to [13]. The U±Si used

herein is the version established in a recent reinvestiga-

tion by the authors [6]. The uranium-rich part of the

diagram up to 4 at.% Si is taken from Ref. [4]. A listing

of the crystallographic data of the binary boundary

phases is given in Table 2. Information on the magnetic

Table 1

Experimental data for Rietveld re®nements of U2Nb3Si4 (Sc2Re3Si4-type)a

Parameter Neutron data X-ray data

Sample container Aluminium cylinder, B� 3 mm Flat specimen

Temperature (K) 1.4, helium cryostat 293

Radiation wavelength (nm) kn� 0.24268 kCu Ka� 0.154056

Absorption correction ÿ0.1 ´ sin 2H ÿ
Reactor, di�ractometer ORPHEE, CEN-Saclay Siemens di�ractometer D5000

Monochromator pyrolitic graphite Secondary monochromator (graphite)

Detector 800 cells, linear multidetector, BF3 Scintillation counter

2H range (°) 3.03±82.93 13.00±100.00

Step-scan increment (2H) 0.10 0.02

Neutron coherent scattering lengths (fm),

X-ray form factors

U: 8.417 Nb: 7.054 Si: 4.149 Hartree±Fock wave function

Number of contributing re¯ections 43 136

Background interpolated, 6 background coe�cients Interpolated, 6 background coe�cients

Preferred orientation [0 0 1] [0 0 1]

Number of variables 28 30

Biggest element of correlation matrix 0.8 0.86

Maximum D/r 0.1 0.8

a Residual values: Re � ��N ÿ P � C�=PxiYi�obs�2�1=2
, RI �

P jIi�obs� ÿ �1=c�Ii�calc�j=P jIi�obs�j, RF �
P j�Ii�obs��1=2 ÿ �Ii�calc��1=2j=P�Ii�obs��1=2; v2 � �RxP=Re�2; RP �

P jYi�obs� ÿ �1=c�Yi�calc�j=P Yi�obs�, RxP � �
P

xijYi�obs� ÿ �1=c�Yi�calc�j2=Pxi jYi�obs�j2�1=2
.

Symbols used: Ii, integrated intensity of re¯ection i; xi, weighting function; Yi, number of counts (background corrected at 2H); c, scale

factor.

T. Lebihan et al. / Journal of Nuclear Materials 277 (2000) 82±90 83



T
a
b

le
2

C
ry

st
a

ll
o

g
ra

p
h

ic
d

a
ta

o
f

th
e

b
in

a
ry

b
o

u
n

d
a

ry
p

h
a

se
s

o
f

th
e

U
±
N

b
±
S

i
sy

st
em

P
h

a
se

P
ea

rs
o

n

sy
m

b
o

l

S
p

a
ce

g
ro

u
p

S
tr

u
k

tu
r-

b
er

.

D
es

ig
n

.

P
ro

to
-t

y
p

e
L

a
tt

ic
e

p
a
ra

m
et

er
s

(n
m

)
V

o
lu

m
e

V

(n
m

3
)

C
o

m
m

en
ts

R
ef

er
-

en
ce

s

a
b

c

(N
b

)
cI

2
Im

� 3
m

A
2

W
0
.3

3
0
0
4

..
.

..
.

0
.0

3
6
0

<
2
4
6
9
°C

[1
1
]

0
.3

2
9
9
5

..
.

..
.

0
.0

3
5
9

a
t

1
0
0
0
°C

[1
2
]

0
.3

3
0
4

..
.

..
.

0
.0

3
6
1

S
i-

sa
tu

ra
te

d

('
3

a
t.

%
S

i)

[1
2
]

(S
i)

cF
8

F
d

� 3
m

A
4

C
d

ia
m

o
n

d
0
.5

4
3
0
6

..
.

..
.

0
.1

6
0
2

<
1
4
1
4
°C

[1
1
]

(c
-U

)
cI

2
Im

� 3
m

A
2

W
0
.3

5
3
3
5

..
.

..
.

0
.0

4
4
1

1
1
3
5
±

7
7
4
.8

°C
;

a
t

7
8
7

°C

[1
8
]

0
.3

5
4
9
8

..
.

..
.

0
.0

4
4
7

a
t

1
0
0
0
°C

[1
9
]

(b
-U

)
tP

3
0

P
4

2
/m

n
m

A
b

bU
1
.0

7
5
8
9

..
.

0
.5

6
5
3
1

0
.6

5
4
4

7
7
4
.8

to

6
6
7
.7

°C
[1

8
,1

9
]

(a
-U

)
o

C
4

C
m

cm
A

2
0

aU
0
.2

8
5
3
7

0
.5

8
6
9
5

0
.4

9
5
4
8

0
.0

8
3
0

<
6
6
7
.7

°C
[1

8
,1

9
]

N
b

3
S

i
tP

3
2

P
4

2
/n

..
.

T
i 3

P
1
.0

2
2
4

..
.

0
.5

1
8
9

0
.5

4
2
4

1
9
7
5
±
1
7
6
5
°C

[1
2
]

b-
N

b
5
S

i 3
tI

3
2

I4
/m

cm
D

8
m

W
5
S

i 3
1
.0

0
1
8

..
.

0
.5

0
7
2

0
.5

0
9
0

2
5
1
5
±
1
6
4
5
°C

;

3
7
.5

±
4
0
.5

a
t.

%
S

i

[1
2
]

0
.9

9
7

..
.

0
.5

0
8

0
.5

0
5
0

S
i-

ri
ch

[1
2
]

1
.0

0
4
0

..
.

0
.5

0
8
1

0
.5

1
2
2

N
b

-r
ic

h
?

[1
2
]

a-
N

b
5
S

i 3
tI

3
2

I4
/m

cm
D

8
1

C
r 5

B
3

0
.6

5
7
1

..
.

1
.1

8
8
9

0
.5

1
3
3

<
1
9
3
5
°C

;

3
6
.7

±
3
9
.8

a
t.

%
S

i

[1
2
]

N
b

S
i 2

h
P

9
P

6
2
2

2
C

4
0

C
rS

i 2
0
.4

8
1
9

..
.

0
.6

5
9
2

0
.1

3
2
6

<
1
9
3
5
°C

[1
2
]

0
.4

7
8
3
4

..
.

0
.6

5
6
7
3

0
.1

3
0
1

R
e®

n
ed

a
t

R
.T

.

[2
0
]

0
.4

8
4
1

..
.

0
.6

6
5
8

0
.1

3
5
1

R
e®

n
ed

a
t

1
0
0
0
°C

[2
0
]

U
S

i 3
cP

4
P

m
� 3

m
L

1
2

C
u

3
A

u
0
.4

0
3
5
3

..
.

..
.

0
.0

6
5
7

<
1
5
1
0
°C

[1
1
,6

]

U
S

i 2
tI

1
2

I4
1
/a

m
d

C
c

T
h

S
i 2

0
.3

9
2
2

..
.

1
.4

1
5
4

0
.2

1
7
1

<
4
5
0
°C

(m
et

a
st

a
b

le
)

[1
1
,1

9
]

U
S

i 2
ÿx

tI
1

2
I4

1
/a

m
d

C
c

d
ef

-T
h

S
i 2

0
.3

9
4
2
3

..
.

1
.3

7
1
2

0
.2

1
3
1

<
1
7
1
0
°C

,
6
5

a
t.

%
S

i

[1
1
,6

]

U
S

i 2
ÿx

o
I1

2
Im

m
a

..
.

d
ef

-G
d

S
i 2

0
.3

9
5
3

0
.3

9
2
9

1
.3

6
5
6

0
.2

1
2
1

a
t

6
4

a
t.

%
S

i
[6

]

U
3
S

i 5
(o

2
)

o
P

6
P

m
m

m
(?

)
..

.
d

is
t-

A
1
B

2
0
.3

8
9
3

0
.6

7
1
7

0
.4

0
4
2

0
.1

0
5
7

a
t
'

6
3

a
t.

%
S

i
[6

]

U
3
S

i 5
(o

1
)

o
P

6
P

m
m

m
(?

)
..

.
d

is
t-

A
1
B

2
0
.3

8
6
4

0
.6

6
6
0

0
.4

0
7
3

0
.1

0
4
8

a
t

6
3

a
t.

%
S

i
[6

]

U
3
S

i 5
(h

)
h

P
3

P
6

/m
m

m
C

3
2

d
ef

-A
1
B

2
0
.3

8
4
7
5

..
.

0
.4

0
7
4
0

0
.0

5
2
2

<
1
7
7
0
°C

[1
1
,6

]

U
S

i
tI

1
3

8
1

4
/m

m
m

..
.

U
S

i
1
.0

5
8
7

..
.

2
.4

3
1
0

2
.7

2
4
7

<
1
5
8
0
°C

[1
1
,2

1
]

U
S

i
o

P
8

P
n

m
a

B
2

7
F

eB
0
.7

5
8
5

0
.3

9
0
3

0
.5

6
6
3

0
.1

6
9
7

Im
p

u
ri

ty
(O

)

st
a
b

il
iz

ed

[9
2
R

em
]

[1
1
,1

9
]

84 T. Lebihan et al. / Journal of Nuclear Materials 277 (2000) 82±90



behaviour of the binary uranium silicides is provided

in [6]; magnetic data for the uranium±niobium solid

solution are listed in the review article by Sechovsky and

Havela [14].

3.2. The ternary system Nb±U±Si

3.2.1. Phase relations at 1000°C

Phase relations within the Nb±Si±U ternary system

have been established for the complete isothermal sec-

tion at 1000°C (Fig. 1), revealing two ternary com-

pounds with close compositions: U2Nb3Si4 crystallises in

the ordered Zr5Si4-type (Sc2Re3Si4-type, Ref. [15]) and

U2ÿxNb3�xSi4, x ' 0.25, with the Sm5Ge4-type

(Ce2Sc3Si4-type, Ref. [16]) (see Table 3). At 1000°C both

phases were observed to form a narrow two-phase

equilibrium. Phase analyses and lattice parameters of a

series of ternary alloys are listed in Table 3. From the

variation of the lattice parameters in ternary three-phase

alloys the existence of homogeneity ranges for the two

modi®cations at 1000°C can be judged to be rather small

(Table 3). This is in perfect agreement with the results of

X-ray microanalyses on the alloys U45Nb25Si30 and

U55Nb10Si35 annealed at 1000°C which con®rmed the

stoichiometric composition U22:4Nb33:9Si43:7 for one

phase (Sc2Re3Si4-type) and an o�-stoichiometric for-

mula U19:3Nb37:4Si43:3 (i.e., U2ÿxNb3�xSi4) for the second

phase (Ce2Sc3Si4-type). As seen from the micrograph of

the annealed sample with the composition U55Nb10Si35

(Fig. 2) both compounds tend to crystallise in long

needles or plates which in many cases seem to precipitate

along a common crystallographic plane. As most of the

binary boundary phases engage in two-phase equilibria

with stoichiometric U2Nb3Si4, a relatively high ther-

modynamic stability of this ternary compound is in-
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Fig. 1. Isothermal section at 1000°C of the Nb±Si±U system.
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ferred. Lattice parameters and unit cell dimensions of

the boundary phases obtained from ternary multiphase

alloys annealed at 1000°C compare well with those of

the pure binary phases. This result backs the conclusion

for small and in most cases negligible mutual solid sol-

ubilities among binary uranium and binary niobium si-

licides (see Table 3 and Fig. 1). This is particularly true

for a-Nb5Si3 and U3Si2 which from XMA showed

practically no solubility for uranium and niobium, re-

spectively at 1000°C. Even in the as-cast alloys XMA

revealed less than 0.6 at.% U in a-Nb5Si3

(U0:6Nb62:2Si37:2) and less than 1.5 at.% Nb in U3Si2

(U57:8Nb1:5Si40:7).Due to the generally very tough me-

chanical structure, silicon-poor alloys with less than 20

at.% Si revealed widely broadened and blurred X-ray

re¯ections unsuitable to derive proper lattice parameters

in order to determine the vertex of the c-(U,Nb) + a-

Nb5Si3 + U2Nb3Si4 threephase ®eld at the c-(U,Nb) so-

lution. Short term annealing of the heavily cold-worked

®ne powders in vacuum improved the quality of the X-

ray recordings, however, c-(U,Nb) was never present

due to rapid decomposition below the monotectoid/eu-

tectoid reaction temperature of the U-Nb binary re-

vealing a-U instead. Optical and XMA inspection of the

micrograph of the alloy U45Nb25Si30 quenched from

1000°C (see Fig. 3) revealed the presence of the two

phases U2Nb3Si4, U2ÿxNb3�xSi4 and a-Nb5Si3 in a ma-

trix of practically pure U dissolving about 1 at.% Nb

and less than 0.1 at.% Si. Similarly the alloy U55Nb10Si35

(annealed at 1000°C and quenched; Fig. 2) shows large

grains of U3Si2 and plates of U2Nb3Si4, U2ÿxNb3�xSi4 in

a matrix of uranium which dissolved ca.0.5 at.% Si but

practically no niobium. These results at ®rst seem to be

contradictory, however, according to the U±Si phase

diagram [4], a small region of liquid phase appears near

U90Si10 at 1000°C, which solidi®es on quenching the

samples giving raise to the non-equilibrium structures

revealed in Figs. 2 and 3. From the observation of a two-

phase equilibrium between a-Nb5Si3 and U84:9Nb15:0Si0:1

in the alloy U60Nb30Si10 at 1000°C as well as from the

results obtained at 850°C (see below) it is therefore

safely concluded that at 1000°C a-Nb5Si3 is in equilib-

rium with the full range of the c-(U,Nb) solid solution

(see Fig. 1).

Table 3

Crystallographic data of ternary alloys U±Nb±Si annealed at 1000°C

Nominal compos.

(at.%) U±Nb±Si

Phase Space

group

Proto-type Lattice parameters (nm) Volume V

(nm3)

c/a

a b c

12.5±12.5±75.0 NbSi2 P6222 CrSi2 0.48009(6) . . . 0.65948(6) 0.13163(3) 1.3737

USi3 Pm �3 m Cu3Au 0.40403(4) . . . . . . 0.06595(1) 1.0000

Si Fd �3 m Cdiamond Traces . . . . . . . . . . . .

18.5±16.0±65.5 NbSi2 P6222 CrSi2 0.47969(7) . . . 0.6590(3) 0.1313(1) 1.3738

USi1:88 I41/amd def-ThSi2 0.3956(1) . . . 1.3665(7) 0.2139(2) 3.4540

23.5±20.5±56.0 NbSi2 P6222 CrSi2 0.4794(1) 0.6582(5) 0.1310(1) 1.3730

USi1:88 I41/amd def-ThSi2 0.39456(5) . . . 1.3730(2) 0.2138(1) 3.4799

U2Nb3Si4 P41212 Sc2Re3Si4 0.7001(2) . . . 1.2923(4) 0.6333(4) 1.8460

30.0±15.0±55.0 U3Si5(h) P6/mmm def-AlB2 0.3848(2) . . . 0.4071(3) 0.0522(1) 1.0578

U3Si5(ol) Pmmm(?) dist-AlB2 0.3876(2) 0.6672(4) 0.4067(3) 0.1052(1) 1.0491

U3Si5(o2) Pmmm(?) dist-AlB2 0.3886(3) 0.6739(6) 0.4030(3) 0.1056(1) 1.0372

U2Nb3Si4 P41212 Sc2Re3Si4 0.7019(2) . . . 1.2959(8) 0.6384(5) 1.8463

40.0±10.0±50.0 U3Si5 P6/mmm def-AlB2 0.3850(1) . . . 0.4069(8) 0.0522(2) 1.0568

U2Nb3Si4 P41212 Sc2Re3Si4 0.7048(1) . . . 1.2983(8) 0.6450(5) 1.8421

USi I4/mmm USi 1.0618(3) . . . 2.4395(7) 2.7505(2) 2.2975

15.0±37.7±47.3 U2ÿxNb3�x

Si4

Pnma Ce2Sc3Si4 0.6760(2) 1.3141(5) 0.6932(2) 0.6157(3) 1.0255

NbSi2 P6222 CrSi2 0.47966(7) 0.6590(2) 0.1313(1) 1.3740

a-Nb5Si3 I4/mcm Cr5B3 0.65765(5) . . . 1.1911(1) 0.5150(1) 1.8108

40.0±15.0±45.0 U2Nb3Si4 P41212 Sc2Re3Si4 0.7040(1) . . . 1.2998(9) 0.6442(5) 1.8463

USi I4/mmm USi 1.0609(6) . . . 2.4371(7) 2.7431(3) 2.2971

U3Si2 P4/mbm U3Si2 0.7352(3) . . . 0.3912(2) 0.2115(2) 0.5321

22.2±33.3±44.5 U2Nb3Si4 P41212 Sc2Re3Si4 0.70389(1) . . . 1.2984(1) 0.6433(1) 1.8446

35.0±25.0±40.0 U2Nb3Si4 P41212 Sc2Re3Si4 0.7035(2) . . . 1.2982(4) 0.6425(5) 1.8453

U3Si2 P4/mbm U3Si2 0.7345(1) . . . 0.3899(1) 0.2103(1) 0.5309

a-U Cmcm aU 0.2861(1) 0.5874(8) 0.4945(4) 0.0831(4) 1.7287

37.7±33.2±29.1 U2Nb3Si4 P41212 Sc2Re3Si4 0.70332(6) . . . 1.2982(4) 0.6421(2) 1.8458

a-Nb5Si3 I4/mcm Cr5B3 0.65771(9) . . . 1.1888(3) 0.5143(2) 1.8075

a-U Cmcm a-U 0.28593(5) 0.5875(4) 0.4949(2) 0.0831(1) 1.7309
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3.2.2. Phase relations at 850°C

Evaluation of the samples annealed at 850°C by op-

tical micrography, XMA and X-ray powder di�raction

resulted in the phase distribution presented in Fig. 4.

Again there is practically no solid solubility of Nb in

U3Si2 (U59:5Nb0:1Si40:4), in U3Si (U75:3Nb0:1Si24:6) and

there are virtually no Si and Nb dissolved in the urani-

um-rich matrix (U99:3Nb0:6Si0:1) in contact with the ter-

nary phase U2Nb3Si4 (U21:4Nb34:7Si43:9). XMA also

con®rmed the three±phase equilibrium between uranium

(U99:3Nb0:7Si0:0), a-Nb5Si3 (U1:0Nb63:9Si35:1) and

(U2Nb3Si4) (U22:1Nb34:1Si43:8) (see Fig. 5). Equilibria in

the uranium-poor regions of the diagram were checked

on a few samples and were found to be consistent with

the phase ®eld distribution at 1000°C. The observation

of U2ÿxNb3�xSi4 at 850°C, however, may be in¯uenced

Fig. 4. Isothermal section at 850°C of the Nb±Si±U system.

Fig. 2. Backscattered electron image of the alloy U55Nb10Si35

annealed at 1000 °C. Dark plates or needles are U2Nb3Si4

parallel to slightly brighter plates of U2ÿxNb3�xSi4. Large grey

grains are U3Si2. Bright matrix is U99:4Nb0:1Si0:5.

Fig. 3. Alloy U45Nb25Si30, (above) absorbed electron image of

as-cast alloy. Black square particles are Nb5Si3. Plates or nee-

dles are U2Nb3Si4. Matrix is U98:6Nb1:5Si0:1. (below) Backscat-

tered electron image. Elongated dark particles are U2Nb3Si4

and U2ÿxNb3�xSi4 (slightly brighter). Round dark particles are

Nb5Si3. Matrix is U98:9Nb1:0Si0:1.

Fig. 5. Backscatter electron image of alloy U54Nb25Si21, an-

nealed at 850°C. Black particles are U2Nb3Si4. Grey particles

are Nb5Si3. Bright matrix is uranium (U99:3Nb0:7Si0:0).
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by retarded reaction kinetics due to slow di�usion

mechanisms.

3.3. Powder X-ray and neutron Rietveld re®nement of

U2Nb3Si4

3.3.1. Re®nement of U2Nb3Si4 with the ordered

Sc2Re3Si4-type

Room temperature X-ray powder patterns of

U2Nb3Si4 alloys, annealed and quenched from 1000°C,

were successfully indexed on the basis of a primitive

tetragonal unit cell (Table 4). Extinctions were observed

only for the screw axes 41 and 21, (0 0 l ) and (h 0 0) ex-

tinct for l� 4n + 1 and h� 2n + 1, respectively, and thus

are compatible with P41212 as the highest symmetric

space group. The chemical formula, the unit cell di-

mensions, crystal symmetry and X-ray intensities

strongly suggest isotypism with the ordered Zr5Si4-type

(Sc2Re3Si4-type; Ref. [15]). Assuming the atom order

and the atom parameter set of Sc2Re3Si4, a full matrix-

full pro®le Rietveld re®nement of a Siemens D5000 ¯at

specimen intensity recording satisfactorily converged at

a reasonably low residual value RF� 0.046 (Table 4, Fig.

6) and with only slightly modi®ed atom parameters. The

isotypism of U2Nb3Si4 with the crystal structure of

Sc2Re3Si4 has been con®rmed from a Rietveld re®nement

of a neutron powder pro®le recorded at 1.4 K (Table 4).

Despite only a limited 2H range from 3° to 83° has been

used at a long wavelength of kn� 0.24268 nm, the pre-

cision obtained for the atom parameters unambiguously

Table 4

Crystallographic data for U2Nb3Si4 (Sc2Re3Si4-type) Space group: P41212±D4
4. No. 92, origin at 212

X-ray powder di�raction data at 295 K

a� 0.70389(1) nm, c� 1.29837(3) nm, c/a� 1.8446, V� 0.6433 nm3

Atom Site x y z Occ. Biso (nm2)

U 8b 0.0029(4) 0.3357(4) 0.2182(1) 1.0 0.1

Nb1 8b 0.1580(7) 0.0020(7) 0.3772(6) 1.0 0.2

Si1 8b 0.2979(28) 0.0509(25) 0.1916(11) 1.0 0.3

Si2 8b 0.3779(25) 0.2854(30) 0.3195(12) 1.0 0.3

Nb2 4a 0.1726(10) 0.1726(10) 0.0 1.0 0.2

Reliability factors: RI � 0.064, RF� 0.046, RxP � 0.097, Re� 0.051, v2� 1.90

Neutron powder di�raction at 1.4 K

a� 0.7026(2) nm, c� 1.2950(6) nm, c/a� 1.8433, V� 0.6392 nm3

Atom Site x y z Occ. Biso (nm2)

U 8b 0.995(3) 0.342(2) 0.2180(7) 1.0 0.1

Nb1 8b 0.165(2) 0.000(2) 0.370(2) 1.0 0.2

Si1 8b 0.295(5) 0.040(4) 0.183(2) 1.0 0.3

Si2 8b 0.377(5) 0.296(6) 0.329(2) 1.0 0.3

Nb2 4a 0.170(3) 0.170(3) 0.0 1.0 0.2

Reliability factors: RI � 0.064, RF� 0.107, RxP � 0.058, Re� 0.016, v2� 13.2

Interatomic distances (given in nm) within the ®rst gap (as calculated from the X-ray data); standard deviations are generally less than

0.003 nm

U 1 U 0.3470 Nb1 1 Si2 0.2570 Si1 1 Si2 0.2408

2 U 0.3635 1 Si1 0.2626 1 Nb1 0.2626

1 Nb2 0.3282 1 Si2 0.2634 1 Nb1 0.2638

1Nb1 0.3312 1 Si1 0.2638 1 Nb1 0.2723

1 Nb2 0.3318 1 Si2 0.2675 1 Nb2 0.2775

1 Nb1 0.3351 1 Si1 0.2723 1 Nb2 0.2776

1 Si1 0.2858 1 Nb2 0.3077 1 U 0.2858

1 Si2 0.2887 1 Nb2 0.3086 1 U 0.2907

1 Si2 0.2902 1 U 0.3312 1 U 0.2927

1 Si1 0.2907 1 U 0.3351

1 Si1 0.2927 Si2 1 Si1 0.2408

1 Si2 0.2970 Nb2 2 Sil 0.2775 1 Nb1 0.2570

1 Si2 0.3016 2 Sil 0.2776 1 Nb1 0.2634

2 Si2 0.2893 1 Nb1 0.2675

2 Nb1 0.3077 1 Nb2 0.2893

2 Nb1 0.3086 1 U 0.2887

2 U 0.3282 1 U 0.2902

2 U 0.3318 1 U 0.2970

1 U 0.3016
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re¯ects the Sc2Re3Si4-type. Occupancies have been re-

®ned for all atom sites revealing no deviation from the

atom distribution given. Due to the usually strong cor-

relation between occupational and thermal parameters,

the isotropic temperature coe�cients were individually

analysed and kept constant throughout the re®nement.

The ®nal structure and pro®le parameters and the reli-

ability values obtained from the least squares re®ne-

ments are presented in Table 4 including interatomic

distances. Data in Table 4 were made consistent with a

standardised setting of the atom positions employing the

program Structure Tidy [17].

3.3.2. U2ÿxNb3�xSi4 with the ordered Ce2Sc3Si4-type

The X-ray powder pattern of an alloy with the

nominal composition U20Nb35Si45 (in at.%), annealed

and quenched from 1000°C, revealed a fairly homoge-

neous pattern but of a di�erent structure type than the

one observed at the composition U22Nb33Si45 (in at.%)

for stoichiometric U2Nb3Si4. Retarded reaction kinetics

prevented the formation of a single-phase product even

after long term annealing treatments (up to 3000 h) still

revealing signi®cant amounts of U2Nb3Si4 with the

Sc2Re3Si4-type and of a-Nb5Si3. Due to this fact and in

view of the large quantity of overlapping re¯ections of

the two structure modi®cations, we did not attempt to

employ Rietveld re®nement nor magnetic susceptibility

measurements. Subtracting the secondary phases, the X-

ray Guinier pattern, however, was completely indexed

on the basis of a primitive orthorhombic unit cell. Ex-

tinctions observed for (0 k l), k + l� 2n + 1 and (h 0 0),

h� 2n + 1, respectively, are consistent with Pnma as the

highest symmetric space group. The chemical formula,

the unit cell dimensions, crystal symmetry and X-ray

intensities are all compatible with the Sm5Ge4-type with

only a small deviation (U2ÿxNb3�xSi4, x� 0.25) from a

full atom order as for the Ce2Sc3Si4-type, Ref. [16].

3.4. Magnetism

The magnetic properties of U2Nb3Si4 (Sc2Re3Si4-

type) were investigated on a SQUID magnetometer in

the temperature range 5±300 K and in ®elds up to 2 T.

The inverse susceptibility could be ®tted in the temper-

ature interval 80±300 K using the modi®ed Curie±Weiss

law v � �C=�T ÿHp�� � v0 with an e�ective paramag-

netic moment leff � 2.34 lB/U atom, the paramagnetic

Curie temperature Hp�ÿ21 K and a temperature in-

dependent term v0� 33.9 ´ 10ÿ9 m3/mol. Weak ferro-

magnetic interactions were observed below '35 K; the

magnetisation curve (see inset in Fig. 7) reveals a re-

manence of 0.0088 lB/U atom. None of the possible

impurities from the binary boundary phases (see i.e.,

Ref. [3]) are magnetically ordered, therefore this be-

haviour is assumed to be intrinsic. Considering the

negative paramagnetic Curie temperature the magnetic

structure should essentially be antiferromagnetic, but a

neutron powder di�raction experiment at 1.4 K failed to

reveal any magnetic contribution (see inset in Fig. 6),

which suggests that the magnetic moments are certainly

smaller than � 0.3lB.

4. Conclusion

Phase relations in the ternary system Nb±Si±U, es-

tablished for the isothermal sections at 1000°C and

850°C, are characterised by the formation of two ternary

compounds: stoichiometric U2Nb3Si4 (Sc2Re3Si4-type)

and closely related U2ÿxNb3�xSi4, x ' 0.25 with the

partially ordered Sm5Ge4-type (Ce2Sc3Si4-type). The

occurrence of these structure types is in line with the

observations in the ternary uranium silicide systems with

neighbouring T-elements [1], but is also consistent with

Fig. 6. Neutron powder di�raction pro®le for U2Nb3Si4

(Sc2Re3Si4-type). Inset: Neutron powder di�erence pro®le (1.4±

50 K) revealing the absence of magnetic contributions

(strongest nuclear peak I�302� � 20 000 counts).

Fig. 7. Reciprocal susceptibility for U2Nb3Si4 (Sc2Re3Si4-type)

and magnetisation versus magnetic ®elds up to 2 T (inset).
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the formation of rare earth containing compounds

RE2Nb3Si(Ge)4 [2]. The observed two-phase equilibria:

c-(U,Nb) + U2Nb3Si4 and Nb5Si3 + c-(U,Nb) prove,

that there is no compatibility between U3Si2 fuel and

niobium metal at 1000°C and at 850°C, respectively.

U2Nb3Si4 is weakly ferromagnetic below Tc ' 35 K with

a rather small remanence of only 0.0088 lB/U atom.
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