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Table 1. U-based amorphous alloys reported in the early works.

HEER RG] /)L i %% Fik e
U-Si UsSi, UsSia i [10]
U-Mn Mn & & <20% 5% >35% SRR 2R [11,13]
U-Co Co & & 10%—58% SRR 2 [11,13]
U-Ni Ni & & ~14%, 24% 5% >30% (LS [11,13]
U-Cr Cr &8 16%—40% R 2R [11,13]
U-Pd Pd & # 30%—40% SRR [11,13]
U-Os U79Os30 TN [11,13]
U-Ir Urolrso RS [11,13]
U-Fe Fe & <14% 5 >30% FER S AR [11]
U-Sb Sb & & 35%—55% SAHTTIA [17,18]
U-(P, As, Bi, Se, Te, Po) U & 15%—85% AT [17,18]
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Fig. 1. Contrast of U- and Zr-based master alloys and

amorphous ribbons.

(a) ¢ UCo phase # UFe phase

r

UzsFear

S N

Intensity /arb. units

. Iy ™, Usg6.7Co33.3
w

21N Ugg.2Co29Al1 5

M Uz9Cog7Al3z

20 30 40 50 60 70 80

2¢/(°)
2 BhEEIARSG &R XRD 45 R

ot R IR, AT B ATER RS LOF e R
gt B 1 (b) o 7l 2 oAk & e BHEE A,
ARSI RO, o & a RIFRTREE
A&, RYVB AR 5 5 H AR S e i % 057k BAT 4k
ARG HEE.

2.2 moTER

TESRBA SRR G, N T B2 & K BUE &
A, R X528 AT 5 (XRD, Cu Ker) #4743,
B2 (a) 5 H T LR 0 = J0/k &R b i R A& 421
XRD 453, B2 (b) 441 T UCo #AT & S LT Bk
Ugg.2Co30.8 M1 (FeH M = Sn, Si, Be, Cu, Pd, Y,
Zr) =R RFIXRD & . W F 2ok R, Wik
T X} U-Co, U-Fe, U-Cr JL O A 4 R B E & ¥ %
BRI, W TF =0 R, KEHZNHUESE
R, BLHE B RO Al R R T B S A R AR I R
1) U-Co- Atk F; X T Zuth R, R THESIE
s T RBE JT I & 4, BRI A O X T 100 K 1)
U-Pd-Ni-Si & &k R, XA R &K
IHNTFR2.

¢ UCo phase

Usgg.2Co30.8

|

U69003USI’11

n

b=

=]

= N e UggCo30Siy

s

= M«\w UgoCoszoBe;

< P

: M UssComCry

g % i
UggCos0Y1
UgoCozpZry

1 1 1
20 40 60 80 100

20/(%)

(a) B =05 =054 (b) &S HIRIUE) UggCosgo My H4x

Fig. 2. XRD patterns of U-based amorphous alloys: (a) Typical binary and ternary alloys; (b) micro-alloyed

UggCoszpM; alloys.
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Table 2. The compositions and thermal parameters of U-based amorphous alloys.

Ry Tg/K  Tp/K  Tw/K Tu/K  Tp/TL  He/Jg™'  Hw/Jg™' SHEK
UsgoFeq 564 993 1009 0.559 2.7 9.3 [22]
UgsFesq 563 991 1007 0.559 3.7 11.4 [22]
Usg.2Fes0.8 563 992 1011 0.557 3.9 12.9 [22]
UrsFear 558 992 1017 0.549 3.9 13.9 [22]
UzsFeas 556 992 1063 0.523 4.2 11.8 [22]
UrgFeas 553 992 1075 0.514 4.7 13.1 [22]
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Table 2. The compositions and thermal parameters of U-based amorphous alloys (continued).

FEE%ix Tg/K  Tp/K  Tw/K Tu/K  To/TL  He/Jg™'  Hw/Jg™'  ZFHLR
UgoFez2o 549 991 1082 0.507 5.0 13.2 [22]
Uss.3Fe16.7 533 991 1092 0.488 5.3 12.6 [22]
Us2.5Co037.5 544 1010 1057  0.515 7.9 — [27]
UgsCoss 545 1010 1026 0.531 7.6 — [27]
Us6.7C033.3 550 1013 1028 0.535 8.5 — [27]
Us9.2C030.8 543 1010 1026 0.529 7.0 — [27]
Urz2Co2s 541 1010 1068 0.507 6.2 — [27]
UrsCoz2 534 1010 1099 0.486 4.8 — [27]
Ug7Cras 686 1140 1154 0.594 — — [28]
Us9.2Cr30.8 699 1140 1154 0.606 — — [28]
Ur73Crar 690 1141 1152 0.599 — — [28]
Urz5Cras 680 1141 1154 0.589 — — [28]
Us1Crig 649 1141 1156 0.561 — — [28]
Usgs.2Fe30.8Sn1 564 989 1004 0.562 3.9 12.6 [22]
Ugs.2Fe30.85n3 568 989 1006 0.565 3.5 12.1 [22]
Uga.2Fe30.85n5 548 573 988 1005 0.570 3.9 9.9 [22]
UraFe27Sn; 559 990 1045 0.535 3.8 12.4 [22]
UroFe27Sn3 563 989 1037  0.543 3.7 12.4 [22]
UggFea7Sns 544 568 988 1040 0.546 4.1 12.0 [22]
Usgz.3Fe16.75m1 541 988 1088 0.497 4.2 11.7 [22]
Usgo.3Fe16.75n3 555 1031 1087  0.511 4.9 12.6 [22]
Urs.3Fe16.75n5 562 1025 1081 0.520 4.6 11.1 [22]
UggCos0Sny 552 1013 1055 0.523 8.97 — [24]
UggCoz0Siz 552 1012 1057  0.522 10.88 — [24]
UggCozoBey 551 1011 1058 0.521 7.32 — [24]
UggCoz0Cuy 548 1005 1051 0.521 7.87 — [24]
UggCozoPd; 548 1000 1055 0.520 7.52 — [24]
UgoCoz0Y1 549 1012 1059 0.518 7.09 — [24]
UggCoz0Zry 550 997 1061 0.518 7.20 — [24]
Ue7.8Co030.2Al2 563 1007 1058 0.532 4.76 — [23]
Ugs.7Co29.3Al5 587 1006 1080 0.544 5.48 — [23]
UpaCoog 5Al7 5 617 638 1056 1087  0.587 3.58 — [23]
Ugo.5Co27Al12 5 640 1056 1095 0.584 3.58 — [23]
Uss.sCoz6.2Al15 625 641 1057 1096 0.585 3.64 — [23]
Ugg.2Co29Al1 5 595 639 1055 1107 0.577 4.47 — [23]
Ugg.2Co25.8Al5 577 1008 1089 0.530 4.62 — [23]
Usg.2C020.8Al10 643 1055 1115 0.577 3.56 — [23]
Ugg.2Co18.3Al12.5 614 649 1105 1119 0.580 3.04 — [23]
Ug2.5Co35Al2 5 584 1007 1086 0.537 4.98 — [23]
Us2.5Co30Al7 5 581 1008 1074 0.541 4.63 — [23]
Ug2.5Co25Al12 5 593 1005 1081 0.549 4.77 — [23]
Ug2.5Co20Al17 5 622 649 1105 1119 0.580 3.59 — [23]
UpaCo3z4Aly 557 1005 1020 0.546 6.55 — [23]
UgoPd15Ni5Si0 656 718 1023 1199 — — — [26]
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Fig. 3. The DSC curves of the amorphous alloys in U-Co-Al (a), (b) and U-Fe-Sn (c), (d) systems: (a) and (c)

the crystallization curves; (b) and (d) the melting curves. x stands for the atomic percentage of U and y for

those of Al or Sn.
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Fig. 5. Thermodynamic and kinetic characteristic parameters of UgsCo2g.5Al7.5 amorphous alloy: (a) DSC curves

of UgaCozg.5Al7 5 amorphous alloy at different heating rate, the arrows indicate the glass transition temperature

T, crystallization temperature T, and peak of crystallization temperature Tp; (b) Kissinger plots to calculate the

activation energies relative to Ty, T, and T}, respectively, the fragility m can be deduced from these values; (c) com-
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Fig. 6. Evolution of crystallization process in UgqCog2g.5Al7.5 amorphous alloy: (a) DSC curves of the wholly

crystallization process at different heating rate; (b) the relation between crystallization fraction z and temperature

T; (c) the plots of In(0) versus 1000/T at z ranging from 0 to 1 at the interval of 0.1; (d) the evolution of crystallization

activation energy with = from the Ozawa and Kissinger calculations; (e) plots of In(—In(1 — z)) against 1000/T;

(f) the dependence of n(z) on z.
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Fig. 8. Mechanical properties of U-based amorphous alloys from nanoindentation testing: (a) Three load-depth
curves of typical nanoindentation testing for the Usg gCo26.2Al15 glass; (b) the dependence of reduced Young’ s
modulus (E;) on Al content for Ugg.2- and Uga.5-series glasses; (c) the load-depth curve of 15 cycles loading for

Usg.gCo26.2Al15 glass; (d) Er and hardness (H) as a function of penetration depth for the same glass; (e) comparison

between the calculated (E.,1) and experimental elastic modulus (Eyg) of various types of metallic glasses.
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Table 3. Electrochemical data for uranium and its crystalline and amorphous alloys.

Structure Composition Ecorr/mV icorr/nA-cm~2 Rp/kQ-cm™2

Pure uranium —562 415.5 13.2

Crystalline U-5.5 wt.%Nb —430 141.1 30.6
UgoPd15Ni5Sii0 —520 7877 0.457
Us9.2C030.8 —52 71.7 136.9
UgaCoag.5Al7 5 —147 20.5 167.6

Amorphous

UgaCozaAlg —-90 49.9 76.8

UgoPdi15Nii5Sii0 —142 s 190

176104-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176104

Horpr Ry, MRAL RURH, ba A1 b S BH AR AN B Tafel £5
Rt AR, B AT LA B, iR S a0
AN 136.9 k2 /em? (Ugg 2Coz0.8), 167.6 kQ/cm?
(UgsCosg 5Al75), 76.8 kQ/cm? (UgyiCozqAly),
190 kQ/cm? (U-Pd-Ni-Si), i & T U-Nb & &
(30.6 kQ/em? 54 U 4 J& (13.2 kQ/em?) [ £ {A.
LA KRE, MiEEAERG SESERA N AR T
A Bl B AR P A R

0.2
(a)
0 -

5
& —0.2
g — UsiCozsAl,
i —0.4 — Ug4Cozg5Al75
3 — Glass-UPdNiSi
£ —-0.6 — Ue9.2C0308
8 —_ U-55Nb
& —u o

—0.8 — Crystl-UPdNiSi

—1.0

ul ul ul ul ul ul ul ul
10711072 107% 1077 107 107° 107* 107% 1072 107!
Current density/A-cm—2

Ju—
[}
T

Current density/A-cm—2
[
S
T

Amorphous
01 1 1 1
—600 —500 —400 —300 —200 —100 0

Potential/V vs. SCE

Ko JURERSS MM &SNt (a) ik
HHEE; (b) Ji v o T2 5 A fb v s

Fig. 9. (a) The potentiodynamic polarization curves

and (b) the current density (icorr) versus polarization
potential (FEcorr) plot of the several U-based amor-

phous alloys and crystalline uranium alloys.
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( Received 31 May 2017; revised manuscript received 26 June 2017 )

Abstract

Uranium-based amorphous alloys are a unique family of amorphous materials, which have so far been less studied
due to the high chemical activity and radioactivity of uranium metal. In this paper, we review the compositions,
preparations and thermal stability characteristics of U-based amorphous alloys obtained in the early experimental studies,
and summarizes our recent results of the preparations and material properties of stable U-based amorphous alloys. The
latest progress in our study of U-based amorphous alloys is presented in the three aspects. Firstly, the preparation
methods, alloy systems and compositions, formation and crystallization behaviors of the new U-based amorphous alloys,
along with the preliminary mechanisms for their formation and structure stabilization are reviewed. A number of new
uranium-based amorphous alloy systems have been established based on eutectic law and structural packing model.
These alloys show high ability to form glass, and the reduction of glass transition temperatures of some alloys to those
of conventional amorphous alloys. The formation rules of binary (U-Fe/U-Co/U-Cr), ternary (U-Co-Al/U-Fe-Sn) and
multicomponent alloy system have been investigated. It was found that the ability to form glass is strongly related
to some physical parameters such as the local cluster structure, the electron concentration, the enthalpy of mixing,
the electronegativity of the alloy component as well as the atomic size. The fragilities of U-based amorphous alloys
indicate that they belong to a class of strong glass forming system, which means that the critical dimensions of such
amorphous alloys can be further enhanced, and bulk amorphous samples are expected to be prepared. The crystallization
activation of this kind of amorphous alloy is higher, and the crystallization process is dominated by nucleation. Then,
the microstructures especially the first high-resolution electron microscopic results of the unique amorphous materials
are reviewed. Finally, the micro-mechanical and anti-corrosion properties are reported in great detail. It is found that U-
based amorphous materials show excellent mechanical properties and corrosion resistance, and the strength and hardness
are much higher than those of conventional crystalline uranium alloys, and the corrosion resistance is also superior to
the latter, which may be caused by its disorderly amorphous structural characteristics. Amorphous alloys have been
the subject of intense fundamental and application research in recent years. Stable U-based amorphous alloys appear to
cover all physical phenomena displayed by amorphous alloys. The discovery of outstanding properties in these new alloys
therefore would stimulate both the fundamental studies including structure, electronic, glass transition, crystallization,

etc., and the application-orientated studies of the thermal stability, mechanical and corrosion properties.

Keywords: amorphous alloy, uranium alloy, glass forming ability, crystallization
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