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Fig. 1. Schematic presentation of the cluster-plus-
glue-atom model. The numerical relationship between
basic cluster radius (r1) and cluster distance (r3) is

r3 = 2.6r1.
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Table 1. Structural data for Cra3Cg phase taken from Pearson’s Handbook.

Cro3Cg Structure type Pearson symbol Space %roup No.225
a = 1.06595(4) nm Cra3Csg cF116 Fm3m
Cr! 4a m3m z=0 y=20 2=0 occ.=1
Cr? 8c 43m z=1/4 y=1/4 z=1/4 occ.=1
C 24e 4m.m r = 0.2751 y=0 z=0 occ.=1
Cr? 32f .3m x = 0.38199 y = 0.38199 z = 0.38199 occ.=1
Cr? 48h m.m2 z=0 y = 0.16991 z = 0.16991 occ.=1
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Fig. 2. (color online) Interpretation of CrggC14 and Crg7.4Cs2.¢ eutectic points using a dual-cluster formula.

For CrgeC14 and Crg7.4Cs2.6 eutectic points, two clusters being derived from eutectic phases Cr and Cra3Cg,

Cr7C3 and Cr3Cs respectively.

3) F FH & 1 22 5 (19 i Diamond) %
FHIR S 7454, IRAF DA E] 1 5 A2 O 2 BJE
FHAT TS WL, B, {E CrogCo MH, ¥ CIRT1EA
O R T, HANEEET C3 i T ClR 7k
AR FE R AL, 4K 0.21121 nm; AR 445 R
Crt i, 5 CJRF 2 [ 8K 5 0.21301 nm; 2
=AM HEA E 1A et JR P, 5 C R T2 1A [
£:40.29324 nm.

4) 7€ X ULE A A AN A 5 o5 AL 0 1 [

i B R R U715 B T CrasCe A 4 4,
Reoe/Re =~ 1.39, LLCJR F/E N H 0 R 7, 153

rg = 0.21121 nm, N [ 5% &% B 85 2 10 F R
r, = 1.5 x rg = 0.316815 nm. 0 CJHE T 58F

g s W . i B3 0.20324 nm [
LA Ot LT, BT Rt A= i T 2 1 2

1E 75 1 CN9 377 % T 44 '6; BT —5%
JE ) 44 C J5 744 il CN13 3277 2 T A . %
2% 5 2 R 5 O R R EE RS 0.33903 nm
R T A e A i B 1) B BRAEL, BRI 2 X [C-Crrg] A9
CrazCe #HH LA C IR F O W B, [RIFEHb, AT 3k
131Z A0 H DAAS [ S5 o5 A2 R0 1 AN BT, 53 03
A [Cr-Cr12Cg), [Cr-Crig], [C-Crg], [Cr-C3Cryp] #
[Cr-CoCria], S RUEL 2 Fr1. Sk, K3 ME 4%

$0.21301 nm A #1582 T (4488 R R 5 Cr® Al i 1 Cr7Cs M A CraCo Al o ELAS [ JR 7 o5 A2 09 0
AAEF R R Ced) M ot 8 = A B A2 AN IETT ISR IR 7oy AP SN P
#2 (MTIRA) CroszCe AHAFNET b SLx 5 1 141 %
Table 2. (color online) Clusters centered by different non-equivalent sites in CrasC.
Center atom Cr! Cr? c Cr? Cr
Cluster [Cr-Cry5Cy [Cr-Cryg] [C-Crq] [Cr-CsCryg] [Cr-CsCrys)

- B W
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Table 3. (color online) Clusters centered by different non-equivalent sites in Cr7Cs.
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Table 4. (color online) Clusters centered by different non-equivalent sites in CrzCa.
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Table 5. For phase Cra3Cg, the innermost shell distances, complete clusters, reduced clusters, atomic shells,

coordination numbers and cluster radius r1 centered by non-equivalent sites.

Non-equivalent Innermost shell

Complete clusters Reduced clusters

Atomic shells CN 71/nm

sites distances rg/nm
Cr! 0.25614 [Cr-Cr12Cs) [Cr-Cr12Cs) Cri,Ct 18  0.2685
Cr2 0.24369 [Cr-Crig] [Cr-Crq] CriCri, 16  0.2803
C 0.21126 [C-Crg] [C-Cr3.5] Cr3CriCri} 9 0.2211
Cr3 0.21126 [Cr-C3Cry0) [Cr-Co.75C1.75) cloricr3Crd 14 0.2476
Cr? 0.21301 [Cr-C2Cri2] [Cr-Co.5Crop.92] C%Cr%Cr}CriCrZCr% 15 0.2565
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same as the center atom of the cluster.
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Fig. 4. (color online) Radial distribution of total atomic density centered by different non-equivalent sites

in the phase Cr7Cs.

160
120
80

160
120
80

160
120
80

160
120
80

160
120
80

Radial distribution of total atomic density n(r)/nm=—3

ST T T T T T T [T T T T T " T T T 1"

o

5  (MFREA) CraCo Ml LA R R 1 b iyt i8R 5 AR 18 70 Al

Fig. 5. (color online) Radial distribution of total atomic density centered by different non-equivalent sites

in the phase Cr3Cs.

092101-7


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

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 092101

4 % #®

AR RN E 42 IR - 45 MR AL 5N Cr-C A4
2, 153 7L E A Cr, CrasCg, CryCs Fl CrsCsy
XTI A%, DA A% B AT B % i - HE A 1Bk A
JRPE e, I e ot (4] 7 85 HE 2, A A IE )
A%, FEIC 2, 4806 A4 IR 748 R A1 7% 34 b =X,
BT T Cr-C AR R AL 5 sy, 1531 7 s
1B R B 3L i U7 2 CrgeCra & [C-Crg+Cr-
Cry4]CrCs 1 Crgr.4Cs0.6 &~ [C-Crg+C-Crg]Cq. A
SCTEARZE T LSRR AT R HE P 3R, CrC iR R
()L B B fBEATT 45 R — DR S T BN i 4 5
TR AE L i SRR ) E M, IR T B S
FEAH AR R R UL

SE

[1] Jellad A, Labdi S, Benameur T 2009 J. Alloy. Compd.
483 464

[2] Jelinek M, Kocourek T, Zemek J, MikSovsky J, Kubi-

nova S, Remsa J, Kopeéek J, Jurek K 2015 Mater. Sci.

Eng. C 46 381

] Taherian R 2014 J. Power Sources 265 370

[4] Wang H, Turner J A 2010 Fuel. Cells 10 510

] Miracle D B 2006 Acta Mater. 54 4317

] Tian H, Zhang C, Zhao J, Dong C, Wen B, Wang Q 2012

Physica B 407 250

[7] ShiL L, Xu J, Ma E 2008 Acta Mater. 56 3613

[8] Mudry S, Shtablavyi I, Shcherba I 2008 Arch. Mater.
Sci. Eng. 34 14

[10]

092101-8

Pasturel A, Jakse N 2011 Phys. Rev. B 84 134201
Sterkhova I V, Kamaeva L V 2014 J. Non-Cryst. Solids
401 241

Guo J, Liu L, Liu S, Zhou Y, Qi X, Ren X, Yang Q 2016
Mater. Design 106 355

Miracle D B 2004 Nat. Mater. 3 697

Sheng H W, Luo W K, Alamgir F M, Bai J M, Ma E
2006 Nature 439 419

Dong C, Wang Q, Qiang J B, Wang Y M, Jiang N, Han
G, Li Y H, Wu J, Xia J H 2007 J. Phys. D: Appl. Phys.
40 R273

Ma Y P, Dong D D, Dong C, Luo L J, Wang Q, Qiang
J B, Wang Y M 2015 Sci. Rep. 5 17880

Luo L J, Chen H, Wang Y M, Qiang J B, Wang Q, Dong
C, Héussler P 2014 Philos. Mag. 94 2520

Dong D D, Zhang S, Wang Z J, Dong C, Héaussler P 2016
Mater. Design 96 115

Miracle D B, Sanders W S, Senkov O N 2003 Philos.
Mag. 83 2409

Dong D D, Zhang S, Wang Z R, Dong C 2015 J. Appl.
Crystallogr. 48 2002

Friedel J 1958 Nuovo. Cimento. 7 287

Héussler P 1992 Phys. Rep. 222 65

Pearson W B, Villars P P, Calvert L. D 1985 Pear-
son’s Handbook of Crystallographic Data for Intermetal-
lic Phases (Materials Park, Ohio: ASM International)
Du J, Wen B, Melnik R, Kawazoe Y 2014 Acta Mater.
75 113

WuZ W, Li M Z, Wang W H, Liu K X 2015 Nat. Com-
mun. 6 6035

Wang Z R, Qiang J B, Wang Y M, Wang Q, Dong D D,
Dong C 2016 Acta Mater. 111 366

Oberle R, Beck H 1979 Solid State Commun. 32 959
Nagel S R, Tauc J 1975 Phys. Rev. Lett. 35 380
Héussler P 1985 J. Phys. Collogues 46 C8-361


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.jallcom.2008.07.220
http://dx.doi.org/10.1016/j.jallcom.2008.07.220
http://dx.doi.org/10.1016/j.msec.2014.10.035
http://dx.doi.org/10.1016/j.msec.2014.10.035
http://dx.doi.org/10.1016/j.jpowsour.2014.04.081
http://dx.doi.org/10.1002/fuce.v10:4
http://dx.doi.org/10.1016/j.actamat.2006.06.002
http://dx.doi.org/10.1016/j.physb.2011.10.042
http://dx.doi.org/10.1016/j.physb.2011.10.042
http://dx.doi.org/10.1016/j.actamat.2008.04.002
http://www.amse.acmsse.h2.pl/vol34_1/3413.pdf
http://www.amse.acmsse.h2.pl/vol34_1/3413.pdf
http://dx.doi.org/10.1103/PhysRevB.84.134201
http://dx.doi.org/10.1016/j.jnoncrysol.2014.01.034
http://dx.doi.org/10.1016/j.jnoncrysol.2014.01.034
http://dx.doi.org/10.1016/j.matdes.2016.05.119
http://dx.doi.org/10.1016/j.matdes.2016.05.119
http://dx.doi.org/10.1038/nmat1219
http://dx.doi.org/10.1038/nature04421
http://dx.doi.org/10.1088/0022-3727/40/15/R01
http://dx.doi.org/10.1088/0022-3727/40/15/R01
http://dx.doi.org/10.1038/srep17880
http://dx.doi.org/10.1080/14786435.2014.920542
http://dx.doi.org/10.1016/j.matdes.2016.02.020
http://dx.doi.org/10.1016/j.matdes.2016.02.020
http://dx.doi.org/10.1080/1478643031000098828
http://dx.doi.org/10.1080/1478643031000098828
https://doi.org/10.1107/S1600576715018920
https://doi.org/10.1107/S1600576715018920
http://dx.doi.org/10.1007/BF02751483
http://dx.doi.org/10.1016/0370-1573(92)90018-U
http://dx.doi.org/10.1016/j.actamat.2014.04.052
http://dx.doi.org/10.1016/j.actamat.2014.04.052
http://dx.doi.org/10.1038/ncomms7035
http://dx.doi.org/10.1038/ncomms7035
http://dx.doi.org/10.1016/j.actamat.2016.03.072
http://dx.doi.org/10.1016/0038-1098(79)90806-8
http://dx.doi.org/10.1103/PhysRevLett.35.380
https://doi.org/10.1051/jphyscol:1985854

32 % R  Acta Phys. Sin. Vol. 66, No. 9 (2017) 092101

Explanation of Cr-C eutectic points using the
cluster-plus-glue-atom model”

Wang Tong" Hu Xiao-Gang"? Wu Ai-Min? Lin Guo-Qiang"
Yu Xue-Wen?  Dong Chuang?

1) (Key Laboratory of Materials Modification by Laser, Ion and Electron Beams Ministry of Education, Dalian University of
Technology, Dalian 116024, China)

2) (Dalian Nano-Crystal Tech Co. Ltd, Dalian 116600, China)

( Received 9 November 2016; revised manuscript received 3 February 2017 )

Abstract

Cr-C system is an important protective coating material for its high hardness, good corrosion resistance and electrical
conductivity. It is also a typical eutectic system, where all stable phases are involved in the eutectic reactions. According
to our previous work, binary eutectic liquids satisfy the dual-cluster short-range-order structural model, i.e., a eutectic
liquid is composed of two stable liquid subunits respectively issued from the two eutectic phases and each one formulates
the same ideal metallic glass [cluster] (glue atom)1 or 3, where the nearest-neighbor cluster is derived from a devitrification
phase. Therefore a eutectic liquid can always be formulated as two nearest-neighbor clusters plus two, four, or six glue
atoms. The key step towards understanding a eutectic composition is then to obtain the right clusters from the two
eutectic phases for use in the formulation of the glassy/eutectic composition, which we call the principal clusters. In
this paper, Friedel oscillation and atomic dense packing theories are adopted to identify the principal clusters of Cr-C
eutectic phases for the objective of establishing the dual cluster formulas for the eutectic compositions. First, clusters
in eutectic phases Cr, Cr23Cg, Cr7Cs and CrzCs are defined by assuming that all the nearest neighbors are located
within the first negative potential minimum zone in Friedel oscillation, which causes a cutoff distance to be less than
1.5 times the innermost shell distance. Second, by comparing all the radial distribution profiles of total atomic density
centered by each cluster in a given phase structure, the one exhibiting the most distinct spherical periodicity feature
is selected as the principal cluster. Moreover, the principal clusters are the most separated from each other among
all the clusters in the same phase, showing the highest degree of cluster isolation. Under the criteria of the cluster
distribution following spherical periodicity order and of the cluster isolation, the following principal clusters are derived:
rhombidodecahedron CN14 [Cr-Cri4] from Cr, capped trigonal prism CN9 [C-Crg] from Cr23Cg and Cr7Cs, and [C-Crs]
from Cr3Cs. Via these examples, the principal cluster identification procedures are detailed. Third, the thus selected
principal clusters are matched with appropriate glue atoms to construct the dual cluster formulas for the Cr-C eutectics
CrgsC1a and Crer.4Cs2.6, i.e., [Cr-Cria+C-Crg]CrCs & Crgs.2Ci3.8 and [C-Crg+C-Crs]Cs ~ Cres.0Cs2.0, respectively.
This work proves the universality of the cluster-plus-glue-atom model in explaining the composition of binary eutectics

and lays a theoretical foundation for the composition design of Cr-C based materials.

Keywords: Cr-C, cluster-plus-glue-atom model, eutectics, principal cluster
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