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Abstract: The isothermal section of the Li-Si-Zr ternary system at 470 K was studied through equilibrated alloy method
by scanning electron microscopy and X-ray diffractometry. The results show that there is (Si)+ZrSi,+ZrLiSi three-phase
equilibrium at this isothermal section. Based on the measured data obtained in this work and some information on
experimental phase diagram in literature, the thermodynamic assessment of the Li-Si-Zr ternary system was performed
with the CALPHAD method. Firstly, the Li-Zr binary system was thermodynamically assessed. The solution phases
including liquid, BCC, FCC and HCP were described with a substitutional model, of which the excess Gibbs energies
were formulated with the Redlich-Kister polynomial. Then, combined with the thermodynamic parameters of the Li-Si
and Si-Zr binary systems cited from literatures, the Li-Si-Zr ternary system was thermodynamically assessed. The
calculated results agree well with the experimental data. A set of rational thermodynamic parameters for the ternary
system are obtained.
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Table 1 Crystallographic parameters of compounds in Li-Si-Zr ternary system

Compound Space group a/nm b/nm c¢/nm Reference
Li,Sis F23 1.8751 [7]
Li»Siy Pnma 0.8610 1.9738 1.4341 [8]
Lij3Siy Pbam 0.7990 1.521 0.443 [9]
Li;Si; R3m 0.4435 1.8134 [10]

C2/m 0.770 ﬁ:oﬁi 1 4 0.656 [11]
ZrSi, Cmem 0.3721 1.4680 0.3683 [12]
ZrSi Pnma 0.6995 0.3786 0.5296 [13]
Cmcem 0.3757 0.9915 0.374
Zr5Siy P4,2,2 0.7123 1.3002 [14]
Zr5Sis P63/mem 0.7886 0.5558 [12]
Zr3Si, PA/mbm 0.7082 0.3714 [15]
Zr,Si IA/mem 0.6609 0.5294 [16]
Zr3Si Ph,/n 1.101 0.545 [12]
ZrLi,Si P3ml 0.4340 1.7448 [6]
ZrLiSi P3ml 0.3239 0.5163 [6]
Zr,Li, 35Sis Cmem 0.3769 0.9898 0.3757 [6]
(xzzré#;yzso“l’yz) P2,/m 0.3701 1;21306 ; 30 0.7581 [6]
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Table 2 Compositions and phases identified by XRD of

alloys
Nominal
Al\lllooy composition, x/% Phase identified by XRD

Li Si Zr

Al 8 45 47 ZI'5Si4+ZI'Si+ZI'4Li1_3gSi4

A2 8 50 42 ZrSi2+ZrSi+Zr4Li1A3gsi4
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Fig.1 XRD patterns of Li-Si-Zr alloys Al and A2 annealed at 470 K for 720 h: (a) Alloy Al; (b) Alloy A2

20/(%)

(a)

(b)

| } |
40 50 60
20/(°)
2 ATFHEI Zrgli; 55Sis F1 ZrLiSi ) XRD i

30 70

30 40 50 60 70
200%)

Fig. 2 Calculated XRD patterns of Zr4L1i; 35514 and ZrLiSi in this study: (a) Zr4Li, 35514, (b) ZrLiSi
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Fig. 3 XRD pattern (a) and back scattered electrons micrograph (b) of Li-Si-Zr alloy A3 annealed at 470 K for 720 h
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Fig. 4 TIsothermal section at 470 K of Li-Si-Zr ternary system:

(a) In reference!® ; (b) In this work
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Fig. 5 Calculated binary phase diagrams in Li-Si-Zr ternary system'®'): (a) Li-Si system in Ref. [18]; (b) Si-Zr system in

Ref. [19]
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Table 3 Thermodynamic parameters solution phases and Li-Si compounds in Li-Si-Zr ternary system
Phase Thermodynamic parameter/(J-mol ") Reference
OLp% =96229.2+7.7643T [18]
L1 =—36662.8+21.9999T [18]
L% =14202.8 [18]
Liquid OLg, =—200000+15.2454163T [19]
'L§%, =10.001T [19]
011, =80922.4+10.0357T This work
'Lp,=300.8 This work
BCC LS va = 85000 This work
FCC 0L} Grova = 9000 This work
HCP OLgfgr:Va = 85000 This work
0GB =—730215+1403.2413T-220.0727664TInT-1.113647454T *+6.21622 X 10 *T*+
Lip,Sis 956935.674T ' +956935.674T '-2.15241 X 107774298 K<T<900 K)=—1086346.111+ (18]
7022.06951857358T —1084.125187TInT (900 K<7<1800 K)
Gl =—530510.5+1182.9824T-195.203826TInT—0.444458634T -+ 0.000176596 T *+
Li;5Siy 245969.2345T '-4.79768 X 10 °T* (298 K<T<1000 K)=—699391.7323+ 3830.93977— (18]
599.7736TInT(1000 K<7<1800 K)
OGHEH =—290956+178.1727-25.499093 TInT-0.4853576557 *+2.23419 X 10 *T">
Li;Sis —421905.5357'—5.64805 X 10 874223 K<T<1100 K)=—434530.7235+ [18]
2410.68817 —374.0714TInT(1100 K<7<1800 K)
0GE =—551495.9+1352.86087—229.555359TInT—0.433418633T -+0.0001211197 *+
Li;;Siy 325569.446T '—2.38286 X 10 *T 4298 K<T<1100 K)=—743901.2423+4347.28817 — (18]
683.80897InT (1100 K<7<1800 K)
N o N 3000
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Fig. 6 Calculated Li-Zr binary phase diagram in this work
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Fig. 7 Calculated phase diagram and liquidus projection of Li-Si-Zr ternary system in this work: (a) 470 K isothermal section; (b)

Liquidus projection
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Table 4 Thermodynamic parameters of Si-Zr binary compounds and Li-Si-Zr ternary compounds in Li-Si-Zr system

Phase Thermodynamic parameter/(J-mol ") Reference
Si.7 G =—222061.041+368.126626 T-63.16867TInT-7.67745 X 10 °T2~1.972048 X 10 ' T3+ (19]
1,41 ’
139751.17 "
Siz OGS ——194314.133+262.834906T-45.1863 1 TInT—4.393865 X 10T >+5.49699 X 101 T3+ (19]
od1LT ’
148517.57 "
451z OGLSE = 181206.562+255.269353T-45.18631TInT—4.393865 X 10T *+5.49699 % 10~ 73+ (19]
141 ’
148517.57 "
. "Gg‘fiz‘;zrs =-916070.026+1437.791157-240.256 TInT—0.0109481 7 %+6.591183 X 10T *+
aSiyZrs ’ [19]
20064257 "
. 0GLSIA%% =——900000+1430.255267-240.256 TInT—0.01094817 >+6.591183 X 107 /T >+
BSisZrs : [19]
20064257 "
SipZry 0Gg 75 ==510000+845.5011597-140.1037In7—0.003701 7 *+1.028333 X 10 'T*+1167755T ' [19]
SisZrs OGSijers =—722777.555+1052.014477-87TInT-0.0161754T >+5.22283 X 10 °73+3812107 [19]
Sizr 0G5 =—286874.745+422.938902T—72.43244TInT-5.46177 X 10> T *~4.0442633 X (19]
2
10°73+306730.457
SiZry 0G5 ==319952.243+478.254739T-82.328 TInT-0.0263963 T +1.54326 X 10 °T*~347007 "' [19]
OGZZIILI:llzgll =_272000+ OG;I"CP +2 OGECC 4 OG;)iiamond Thls Work
ZrLiSi N _
Leih 7esi =—345000+3 0GP +0Ggmen This work
ZrLiSi 0GZLISE =253000+  GHCP + OGECC + 0 G Diamond This work
ZryLi, 55Siy 0GZEutiaSie =—840000+4 G +1.38 "GPCC +4 0GR This work
0GFsskonZis = —238000+1.83 *GLT +0.29 °GPCC +0.88 *Ggramend This work

ZrZ,xLierySi 1-y

(x=0.17,y=0.12) 0 Lg,ﬁ{dzi(r)azs‘,ismg —326000+3 oGélrcp 420 Gé)iiamond This work
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Table 5 Calculated temperatures and compositions of invariant equilibria with liquid phase
x/%
Invariant equilibria Type Temperature/'C
Si Zr
L+ Zr, \Liy,Siy,+ ZrLiSi = ZrLi,Si P1 3177 19.55 0.75
L+ Zry (Li,Sij—, = Zr4Li, 33Si4 + ZrLiSi Ul 2878 61.64 5.59
PSisZrs+ L= fSiZr + Zr, Li,Siy, u3 2207 52.79 47.21
PSiZr + ZryLi; 38814 = L +Zr,Li,,Si -, Us 1975 69.17 30.83
(Zr) + Zry Li,,Si;, = FCC_Al + L u7 1844 0.65 99.03
PSiZr + L = SipZr + ZryLi; 35Siy U9 1620 80.33 19.65
(Si) + SiyZr + Zr4Li; 38Si4= L P2 1342 91.55 7.61
(Si) + ZrLiSi = L + Zr4Li; 34Si4 uU10 1117 70.56 0.004

4 £t
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R TP R ) SR DG R

2) XM CALPHAD J5i%, NH Thermo_Calc #X
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X Li-Si-Zr ZJCRMAT T RIS, TR 4R
5 HAR T SR E, SRR BRI

REFERENCES

[1] HUGGINS R A. Lithium alloy negative electrodes formed from
convertible oxides[J]. Solid State Ionics, 1998, 113: 57-67.

[2] PARK S E, KIM B E, LEE S W, LEE J K. Employment of
encapsulated Si with mesoporous TiO, layer as anode material
for lithium secondary batteries[J]. Transactions of Nonferrous
Metals Society of China, 2009, 19(4): 1023—1026.

[3]1  ZrWAtn, E&EX, FARZE, g, M, B OH. ME
FGTELE Tl SYC A M EHERE W] HEA SR
24, 2013, 23(4): 1059-1064.

SU Ming-ru, WANG Zhi-xing, GUO Hua-jun, LI Xin-hai,
HUANG Si-lin, GAN Lei. Effect of binders on performances of
Si/C composites for Li-ion batteries[J]. The Chinese Journal of

Nonferrous Metals, 2013, 23(4): 1059—1064.

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

WA, XIS, HHE T bR SO R Sk R (], M
BHFAR, 2011, 25(9): 140-143.

YANG Shao-bin, LIU Yuan-peng. Research Progress of Silicon
Based Anode Materials for Lithium-ion Batteries[J]. Materials
Review, 2011, 25(9):140—143.

LEE S J, LEE H'Y, BAIK H K, LEE S M. Si-Zr alloy thin-film
anodes for microbatteries[J]. Journal of Power Sources, 2003,
119/121: 113-116.

ZATORSKA G M, DMYTRIV G S, PAVLYUK V V,
DAVYDOV V M, BARTOSZAK-ADAMSK E, JASKOLSKI M.
Crystallographic investigation of the ternary compounds in the
Zr-Li-Si system[J]. Journal of Light Metals, 2002, 2(2): 77-80.
FRANK U, MULLER W, SCHOOFER H. On the knowledge of
the LiySis phase[J]. Z Naturforsch B, 1975, 30(1): 10—13.
SCHAFER H, AXEL H, WEISS A. New phases in the Li-Si
system[J]. Z Naturforsch B, 1965, 20(12): 1302.

SCHAFER H, AXEL H, MENGES E. Crystal structure of the
phase Li;Si,[J]. Z Naturforsch B, 1965, 20(10): 1010.
SCHNERING N G, NESPER R, TEBBE K. Structure and
properties of Lij4Sis(Liz33S1), the violet phase in the lithium-
silicon system[J]. Germany Z Metallkd, 1980, 71(6): 357-363.
AXEL H, SCHAFER H, WEISS A. The crystal structure of
lithium silicide Li,Si[J]. Angewandte Chemie International
Edition in English, 1965, 4(4): 358.

VAUGHAN P A, BRACUTI A. The crystal structure of
zirconium disilicide[C]// Abstract of Paper Presented at Meeting
of the American Crystallographic Association. Pasadena:
Program Summer, 1955(8/9): 8-9.

KARPINSKII O G, EVSEEV B A. Crystal structure of the
compound ZrSi[J]. Bulletin of the Academy of Sciences of the
USSR, 1965, 1(3): 337-339.


http://c.wanfangdata.com.cn/Periodical-cldb.aspx
http://c.wanfangdata.com.cn/Periodical-cldb.aspx
http://adsabs.harvard.edu/cgi-bin/author_form?author=Lee,+S&fullauthor=Lee,%20Seung-Joo&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Lee,+H&fullauthor=Lee,%20Hee-Won&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Baik,+H&fullauthor=Baik,%20Hong-Koo&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Lee,+S&fullauthor=Lee,%20Sung-Man&charset=UTF-8&db_key=PHY

F25 B S W

T, % Li-Si-Zr = 7oAl I B SRIRAT IS A Ak

1235

[14]

[15]

[16]

[17]

[18]

KARPINSKII O G, EVSEEV B A. Crystal structure of the
compound ZrsSis[J]. Inorg Mater, 1968, 4(8): 1094—1099.
SCHOB O, NOWOTNY H, BENESOVSKY F. Structure
Determination of Some Phases in the Systems: Zr-Al-Si and
Hf-Al-Si {ZrAl(Si); ZrSi(Al); Hf(Si,Al); Zr;Si; Hf3Six}[J].
Monatsh Chem, 1961, 92(6): 1218-1226.

HAVINGA E E, DAMSMA H, HOKKELING P. Compounds
and pseudo-binary alloys with the CuAlL(C16)-type structure 1.
Preparation and X-ray results[J]. Journal of the Less Common
Metals, 1972, 27(2): 169—-186.

KAUFMAN L, BERNSTEIN H. Computer calculation of phase
diagrams with special reference to refractory metals[M]. New
York: Academic Press, 1970.

WANG Pei-sheng, KOZLOV A, THOMAS D, MERTENS F,
RAINER S F. Thermodynamic analysis of the Li-Si phase

(19]

[20]

[21]

[22]

equilibria from 0 K to liquidus temperatures[J]. Intermetallics,
2013, 42: 137-145.

CHEN Hong-mei, ZHENG Feng, LIU Hua-han, LIU Li-bin, JIN
Zhan-peng. Thermodynamic assessment of B-Zr and Si-Zr
binary systems[J]. Journal of Alloys and Compounds, 2009,
468(1): 209-216.

BALE C W. The Li-Zr (lithium-zirconium) system[J]. Journal of
Phase Equilibria, 1987, 8(1): 48—50.

PINSDALE A T. SGTE data for pure elements[J]. CALPHAD,
1991, 15(4): 317-425.

SUNDMAN B, JANSSON B, ANDERSSON J O. Calphad-
computer coupling of phase diagrams and thermochemistry[J].
Calphad, 1985, 9: 153—190.

(%R )



