396 2 M T WL MR 2 AR Vol. 39 No. 2
2024 £ 2 H Journal of Inorganic Materials Feb., 2024

FRILX DOI: 10.15541/jim20230188

ik MAX 18 #IL H iy 9 18 35 R 1 F014% sE Fou il

AER, HAHE, MRE

(1. A REILRSF HHRELOMHABRRKBDRAE L LR T/ L SMFS MBI, 5 RIE 150080; 2. »5 R
EIEKRFE FERIFE, ARIE 150025)

¥ Z: Zr,SB. HLSB. Zr,SeB. HfSeB. Hf;TeB #/&UT IR B GRE MAX AMlLY), 538 MAX fMHLL, A
AR E YT, B2 AT o A SCR 8 — M R BRI 45 A R A 190, S I ASE R R A 47 1 0 AU 7
T MAX ARBIALYI(M = Zr, HE; A =S, Se, Te)IPIAHRE M. 1t e A A R . BR0HT 48 B 5 H AT AT FH ) Se it 45
R GRIFMAMERE SR, HA MyAB 1] IRGESFTE. BN M-A 5 M-B #K A Hf /s
YRR =T Ze RAGEY), XWFEAFESEH RAEWNEE ST Zr K. % A JGE B S 3 Se [ H] Te, M-B
5 M-A BB HE N, NN S B R R B T HL, XA I AR AR R e TP A A AR I
SEINEE B, foe 55 SR R S £ DO EE LU (i K B 7R X 28 MAX AL AN T 15 58 MAX A, $ BAAE
etk - %ﬂéaa%a‘)&zb(fu%ﬁﬂ%%&ﬁﬂﬁiﬁiffr%ﬁﬁ M,AB %5 #4425 Je 4 ik 2 50(TEC), #41E 300 K LA R
BT RSP EFRE LRI R, X 5T MAX AL B MR S8 Zr R MAX M4 10T
BRI R B A LT HE R, 1 HAE 300~1300 K [X 7] 5 K4 MAX 1 MAB #—5L.
X 8 A H-VERE MAX ALY, WARRRETE J1AT R, BeETERE

hESHES: TQI34  NEIFEED: A XEHES: 1000-324X(2024)02-0225-08

Predictions of Phase Stability and Properties of
S-group Elements Containing MAX Borides

ZHANG Yuchen', LU Zhiyao', HE Xiaodong', SONG Guangping',
ZHU Chuncheng’, ZHENG Yongting', BAI Yuelei'

(1. National Key Laboratory of Science and Technology on Advanced Composites in Special Environments/Center for

Composite Materials and Structures, Harbin Institute of Technology, Harbin 150080, China; 2. School of Chemistry and

Chemical Engineering, Harbin Normal University, Harbin 150025, China)

Abstract: Zr,SB, Hf,SB, Zr,SeB, Hf,SeB, and Hf,TeB are all recently discovered S-group elements containing
MAX-phase borides, which attract much attention since the MAX phase borides are significantly unlike the typical
MAX phases. Here, the phase stability, mechanical properties and thermal properties of MAX phase borides (M = Zr,

Hf, A=S, Se, Te) were studied by using first principles and "linear optimization method", bond stiffness model and

s BHA: 2023-04-14; WEMEKFEHE: 2023-07-07; MKLHAREHE: 2023-08-21

BESWB: EXEARFESE EDH (51972080); FrFh R -G8 RHEAR B 5K 9 550 % £ 4 (JCKY S2022603C028)
National Natural Science Foundation of China (51972080); National Key Laboratory Fund of Special Environmental
Composites Technology (JCKYS2022603C028)

EEE /T KFRQ001-), 5, AFE. E-mail: 1696409105@qq.com

ZHANG Yuchen(2001-), male, undergraduate student. E-mail: 1696409105@qq.com
BIE1EE : WK%, #3%. E-mail: baiyl@hit.edu.cn

BAI Yuelei, professor. E-mail: baiyl@hit.edu.cn



226

I e

quasi-simple harmonic approximation. The results of the theoretical analysis were consistent with the currently
available experimental results. Only M,AB was found to be stable after thermodynamic and intrinsic stability
analysis. The shorter M—A bond and M—B bond lengths cause bond stiffness of Hf lineage higher than that of Zr,
which also leads to the higher hardness of Hf lineage compound than that of Zr. the A site element goes from S to Se
and to Te, the bond lengths of M—B and M—A are gradually increased, which lead to decrease in the elastic modulus.
Moreover, the bulk modulus of these compounds is determined by their average chemical bond stiffness.
Importantly, the high kyi/kn. (stiffness ratio of the weakest and the strongest bonds) shows that these MAX phases
are inherently brittle, different from conventional MAX phase. Including the contribution of lattice vibration
(phonon) and electron excitation, the isobaric heat capacity and heat expansion coefficient of M,AB increase
rapidly with increasing the temperature below 300 K and then the rise rate gradually decreases, similar to other
MAX phases. Lower bond stiffness results in an overall higher TEC of MAX phase borides in the Zr lineage than in
the Hf lineage. The TEC values of these compounds in the 300—1300 K interval are consistent with most of the

39 %

MAX and MAB phases.

Key words: first-principle; MAX phase boride; phase stability; mechanical property; thermal property

DA ool . B LA R R i
{57 P & (Ultra-High Temperature Ceramics, UHTCs)
FA R S mRE L TR pe ikt 2R R B 45 4 5 A
B, CVE RO T AT A R R A 1) ER AR %
PR AR s 1k A0 2 1 v TR B AL T e
ST ST AR ) 32 AR, R IE ) R AR
MRFEAT i LAY H 23 B K TR R R .

— R A = 0 2R &R AL R A
M, AX, FH (PR MAX M, Hd Mo E &Rt R,
A R 1A 3| VIA Rt E, X 2 CHN, n=1~3)1 =
b7 2499 VR 4 40 2 PR ORI 1 — b IR T RO (1
BB 7k, RIE e s AR I di ks gl
—BEEHIRET, AR SR ER
M, TR ERERELY R FHRRE. 2019 4,
Nb,SBU 3 & A AR E] MAX ML)
AETE . BTk, Zr,SB®. HESB®. Zr,SeBM.
Hf,SeBY A HE, TeB 4% i 42 4 %2 90 o

RUEE CRB MAX AL B A #1758 (75 5
MAX AH i A4 25 K (73 1B B O P63/mmc), {H 2 BAITIY
PEAE 5 MAX AHBH SR, FRH e . by
MR R T . Nb,SBU'5 Ze,SBU 52
I g R B IR, MAX AW A0 0 ) 4 IGAE FE 7 9~
12 GPa Ji [, #id #7 MAX #H(2~8 GPa)"Y); 4E K
J IR R IR A Ak % 00 32 4 80 3 B LR AE f
AL T A5 G 1T AN ) T 4178 MAX ARG &Y,
Bz A, b 240 1k B A (3~5 MPa-m'?) th B
BALT 8 MAX #H(6~9 MPa-m"»)!"P. 4RT, MAX
FEB A 400 2 15 8 JEL 86 DS i i ARVAE 39 1k ) 4 1 DA
Jo 10 S T e AR A

Ht T 5% B 72 bR P12 (Density Functional Theory,
DFT) ) 5 — 14 5 #7732k 0] DL v IR A% 52 5 00 7 22 A
B 6 I RE T KN 1. Wi R A AN A2, T HL
AU BT SRR, B O T B T
RIS AR RE T, 72 MAX MRT I th R 4% T
EELERUO, ftn, RS R
TP AR IR B g 2 R s PR STRT DURS B T AL S 0 4
FR RS M, R P T S R AU BL (QEHA) W A% i T 44 i
fic R et v e, fal, ) P BRI A AR 16 200
REAR A7 Hh A7t MAX A P U 2 490 1 R 457 1 75 PR ok
T 58 R B O A R BE L (ki) 24
Komin/ kimax < 1/2° B}, 4 [ IR A AL A 2 B BH 2 119
NG, R m BRI E, W ThAIC 5581
MAX M5 24 kin/kmax > 1/2 I, 24 BRI A Ab 4 B
FEMBLL, Wi A 2 PR . Sl it e —
WioR, =GR E IR R EBE  fomin/Kmax K138
Jin i AR

KTAERMSEZREBSOFT)E AR T &
M TG (S, Se, Te)MAX FMIALY I HH A2 5 14,
SRIG S G BN EE R A QHA TITI 1 A% 58 AH A LA
PERE . ASTE M R AN A LM RE . X SR ER AR o BT 45 R
5OUA B S50 HE — 5, %A BT G B A
MAX FEIA A, ok HIT e 5 2 (1 210 f s 56
W9t .

1 HEEEMSHLE

1.1 DFTIZE
AT T o — P JE P 5 R 5 T A



ER

SKRFR, S B MAX IR R A R A RE 227

I Y% J5 ¥ i) VASP (Vienna Ab initio Simulation
Package) ¥ 5e . HLFRIES T 2 1A 4R R
FH 528 I P TH 38 7 922 (PAW) 2 b B v 5 7
BN 450 eV, A He SR BEREE ] PBEP IR R X
BRI RL(GGA) PR . A7 B IX I k SRR KA
K Monkhorst-Pack 7575, MR 10x10x3. X
SN W, BB S AR 1 <1x10eV/atom.
SE R A B SR T PR SO SSHE I Dy 5 st T e R 1
e B AR L <1x107° eV/atom, HLFib¥gid R Mg
B <1x10° eV/atom, {EH T JE+ [ Hellmann-
Feynman 77 <<0.01 eV/A.

ASCH|F PHONOPY #4438 A FRAL T
T, FE BRI 3x3x1 M SR 3x3%3 [
K SRS, ORI 0.01 Ao BB R TSR
I+ 5 ¥ 1 Hellmann-Feynman 77, #Eii45 H 7%
B SR 6 ANmxdFR b E A P s, B
T (000),A(000.5), H(1/3 1/3 0.5), K (1/3 1/3 0),
I (000), M (0.500), L (0.500.5), H(1/3 1/3 0.5).
KA VASP 5 ARE, ISR B R R AR
<10%eV.

1.2 #EREEMN

AT T BENFA T R e R R E 1 A AT
L2118 .312 4 K 413 B MAX AL YI(M = Zr, HE;
A =S, Se, Te)JfaEtt. #JEfae 218 H bRl
ok & o e B 56 GeAH L H A B A AR 1 e
& . S Dahlquist 25U HS <2 P4 Ak 21 s B
A4 A R O™, 5™ F1 BYMAX A 1) 55 L 35 4+ A
HE (kR ERAK), B

min E,,,, oM, 6%,p%) = xE, (1)
i=1

:/H\:EP, Eoomp%ﬁ%*ﬁiﬂﬁ%ﬁ%%, xl';H] E;%%U%%%‘
F i BRI B I Re . 1% FEAZ B A S E
2y, Bl

Y YN S L o SE)
i=1 i=1 i=l

filtn, % 211 41, pM=2, p*=1, b = 1. R,
£— MAX HH AR XS B A8 5E 58 G A0 416 1 T8 B
AE comp FIARE N 20TH 5L

AH,, = Eyax —min E,, (b™,b%,b%) 3)

comp oy
Forft, Bwax N F AR MAX I AR A4 AHom,
KNI e B

A T 102 8 A 5 R 2D T
AT BT B ME . R A A
R A A R E A TE A B A o TESEBRIFFLI, i
B B 1 G TAT R

AV FaE, WHZAL S Y (454 A R H L
TR A, BB AR 26 7 1 R I A AN
b T JR Ik e = /M
1.3 #ERIEEDR

AR SR AL S AR K R ) (PFE R AR
TEA 7 (RIRIEE ) R AL 22 5 1) B o B, AR 45
PR ARG 1 ks 2 805 R P9 AL b o] L {5 A5 2
JEF AR B (K )d 5 P 2RI BRI &R, SR ERH
2R EBINE P 5 d/dy(dy NERIKIE 18 0 I
), ar N AR

d/dy=Cy+CP+C,P* 4)

-1

= ¢ +26,P[" (5)

L _|ded /dy)
dpP

Hep, Ci(i=0,1,2) 2 20NHE RE kN
BRI
1.4 ZHrEMEHSHEEERSE

T R R P I X MAX AR AR AT
FRASTE G THE A = AR R g, TRARAE R AR 6 &
LA R . MRS K BN 0.015 A, Xt FRA N AR
43 B8 43 e N AN 1E (0,015 A, 0.03 A)FIFAS 1
(-0.015 A, -0.03 A)hifs. ISR N EREE LN
F 107 eViatom. 3575 ¢; )5, W4 Voigt-Reuss™ i
BAHf S M4 B AR SRR &, AR ABIR E(B). BY
VIR (G). THFA () A1 KA (E).
1.5 #HFtRE

THEL I TR ) SR A e A T U 2K
HHEEE F(V,T). — B3R F(V,T), EEME Cp I H
T A IRAE:
_T62FGCT)’6FGCT):0

or? v
o, v 5T o BRI E

ASCRA QHA HE F(v,n"%, RIME B 745
RIEHE—HE N RSB R: 0= 0(V) ¥ F(V,T)
Fon N LLT & T AL

FV.T)=Ey(V)+Fy(V, )+ Fyo (V. T) (N
Hr, Eq(N)N 0 K B ERE, Fa(V, T2 BTk 7=
ATE B RE, Faa(V,T)NF T H HAE. AR T
FSEARRLL IS Z IR TR E AR,
T HHRET KRN

ho,
tha(VaT):Z|:%h(0i+kBTh’l[l—e kBTJ (8)

Cp =

(6)

Hop n N2 B R, ke SR BER 2K AL
Fo(V,T)A] LLE R gt



228 1 A 7 < = S

39 %

Fy(V.T)= Eq(V.,T)~TSy(V.T) ©)
o, Eq(V, TN E B TR P R, Sa(V,D)
R, HFEERA:
LV, D) f,(V,T)+
Sa,1)= _ngng ~ (7. T)In(l —fi(V,T»} (10)
Wtk AL AL R, ¢ = 1; Mk T
BRGNS, ¢ = 2. T LV TNk
Gt 43 A B K2
1
f”V3T):1+exp(q(V)—;4V>)
T
o, (V) DL R A B R R B,
Ea(V, 1) TR P
Eq(V.T) =22 (V. 1),(V) (12)

(1D

2 GRSt

2.1 WHEREN

M,AB. M;AB, fil MyAB; (M = Zr, Hf;, A=,
Se, Te)i] AHcomp WIEE S1 i7n . AT LUK I, M3AB, #l
M4AB; 1] AHeomp=>0 eV/atom, AT EA #J)2%
FEfaett. 1M M,AB "' Zr,SB. HESB. Zr,SeB.
Hf,SeB Fl H,TeB 1) AHeomp<<0 eV/atom, 3 BB
BAMIFRGENE, £ 1 ST IX 50T MH 1 S
WHOF S LBAEBAT TR, JFH, X&)
T 2 (& S2)r A LA, PRt A
EREE I o ZPIR M A R 58— 8 iR
FRE XM SIS TR D 2R
R, H T RN RO R A A 88 P
S, AHcomp 75 0~0.036 eV/atom 2 [A] [ AH B A5 7]
B 7E 236 BRIk AR S A S 4 4 X
AH omp = 0.0305 eV/atom ] Zr, TeB T J& T ik —
W,

R 1A T 6 Fh MAX AT BT 5FAS 2
TEIEE M, BH PBE iz BRRAN R TR 45 &
R, 2 SBOMEM S EE o c AR Vg E T
SEIR AR . ARCHITHE S R WA A X — I,
{H Zr,SeB 1] a &4, Br Zr,SeB 1 a {H4, AT
FHIEHT A w0 EARZEZ LN 1%, A48, Zr
AWEVIR S H KT 0 RAEY, H Zr.
Hf R SRk B b E A SR EON K6 K.

Jii - B 75 A A R T 5 o R A e
NIEE, DA 4 500, 75 IiZen] LR R A:

o=k (i+ij (13)

mm

Horb, ke NRAEIE - BAEFH JIHINIEE, my, my NIEF
M. AMERH, 755 S B NI R R IE AR
K, HEFE A FIL, 14 THz DL @) &
TAFERH B E AR IR, XIFET B EF K
REEAKRE. H—Jm, HT MJEFREAERK
MIEFRE, A Bl ERKHA SRS, Btk
9THz AR A FAEEMNN M T A J&FIR
3. FN, BEE A JRFREK, BERAE FHIEER
WA, H Zr JEF (B S2(a, c, e)) K175 T AR B i
T E 1) HE J5 (& S2(b, d, 1)
22 N1EFEtkge

F25H T 6 B MAX WAL Bt
FOM TR SRR B, SR T e U8 MAX AHBRAL
VIR AR B &5 BAE N xT b, e, ACHHEMTE
MAX BT AL 75 7 R (0 77 2R e e D),
ces=(c11=12)/2>0, c44>0, (cii+ein)ess—2¢13>0, R
DL b MAX MBI 2 J1 23R g 1) . AR T 46K
4 L MAX AHAL AP0 Ti3SiCo, HEINC 5F), A
SCHTE L MAX A cs3>en, RHW ¢
7 MARPUIE N I RE IR T a BT IR Hok, B
E A JET RN S, Se 3 Te), G+ B+ E ¥

&1 MAB M =Zr, Hf; A=S, Se, Te) IS AH comp<0 KL &
Table1 M,AB (M = Zr, Hf; A =S, Se, Te) of which formation enthalpy AH ;<0

Compound alA c/A VIA® Most competing phases AH omy/(eV-atom™")
Zr,SB 3.521 12.302 132.12
e 0.6Z6,8 + 0.1Zr:8, + 0.5ZrB, 00749
Exp. 3.500 12.271 130.19
Hf,SB 3.484 12.122 127.40
o 0.5Hf,S + 0.5HfS + 0.5HfB, ~0.0512
Exp. 3.467 12.105 126.01
Zr,SeB 3.573 12.733 140.78
o 0.5Zr,Se + 0.5ZrSe + 0.5ZrB, ~0.0259
Exp. 3.644 12.632 145.27
H>SeB 3.538 12.544 136.01 0.0185Hf;Sess + 0.5370Hf,Se + 0.5HIB 0.0838
. (S . [§] . —V.
Exp.”! 3.523 12.478 134.11 2 : g
Hf,TeB 3.619 13.239 150.14
e 0.5Hf;Te, + 0.5HfB, 0.0100
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Table 2 Second-order elastic constants and engineering elastic moduli of M,AB
(M =Zr, Hf; A= S, Se, Te) and several typical MAX phases
Compound c11/GPa ¢,/GPa «c¢3/GPa «¢33/GPa c¢4/GPa  G/GPa  B/GPa  E/GPa I G/B Ref.
Zr,SB 264 76 91 298 135 108 148 262 0.206 0.730  This work
Hf,SB 296 74 97 318 147 122 160 292 0.196 0.763  This work
Zr,SeB 252 64 83 277 125 105 137 250 0.197 0.766  This work
Hf,SeB 275 66 90 292 134 113 148 270 0.195 0.764  This work
Zr,TeB 198 67 78 225 104 79 118 194 0.226 0.669  This work
Hf,TeB 225 61 88 257 119 93 130 225 0.211 0.715  This work
Ti3SiC, 366 94 100 352 153 142 187 339 0.192  0.759 [16]
Ti3GeC, 357 94 97 333 143 142 182 340 0.196 0.780 [16]
Hf,InC 309 81 80 273 98 105 152 256 0.21 0.691 [37]
Hf,SnC 251 71 107 238 101 87 145 218 0.25  0.600 [37]
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Table 3 Bond length, bond stiffness and K;,/Kpnax in M;AB (M = Zr, Hf; A = S, Se, Te)
Compound M~A bond M™B bond kmin/kmax ~ Hmicrd/OPa Hpaero/ GPa
d/nm k/GPa d/nm k/GPa

Zr,SB 0.26997  458.93 0.24124 612.75  0.7490 21.29 18.40
Exp.®)  0.26844 0.24032 9-12012

Hf,SB 026800  472.37 0.23722 65232 0.7241 24.74 21.20
Exp.®l 0.26643 0.23688

Zr,;SeB  0.28062  442.87 0.24282 560.54  0.7901 21.09 19.30
Exp.®”?  0.28071 0.24729

Hf;SeB  0.27869  455.17 0.23899 59524  0.7647 22.97 20.17
Exp.®! 027735 0.23789

Zr,TeB  0.29743  432.53 0.24526 487.09  0.8880 14.45 13.12
Hf,TeB 029604  439.17 0.24156 51733 0.8489 17.90 16.16
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Fig. 2 Temperature dependence of (a) Cp and (b) ¢ of M,AB (M = Zr, Hf; A= S, Se, Te)
Colorful figures are available on website
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Fig. S2  Phonon dispersions (left) and density of states (right) of (a) Zr,SB, (b) Hf,SB, (c) Zr,SeB,

(d) Hf,SeB, (e) Zr,TeB, and (f) Hf,TeB along the high symmetry directions
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Table S1

M,AB. M;AB, #l MyAB; (M = Zr, Hf; A =S, Se, Te)BIFZ R 1& AH ¢omp
Formation enthalpy AH ., of M,AB, M3AB, and MyAB; (M = Zr, Hf; A =S, Se, Te)

Compound Included phase alA A VIA® Most competing phases AH_opp/(eV-atom™")
Zr,SB 3.521 12.302 132.12 0.675-S + 0.171-Su + 0.571B 0.0749
.6Zr AZr 5Zr 0.
Exp®  ZnS.B.ZnS.7ZnSi 3500 12271 130.19 : o ?
ngsz, er, ZrSz, ZrS3,

7Z1;SB, Z1B,, B,Ss, BS, 0.0833Zr9S, + 0.5833ZrB, + 0.8333Zr,SB 0.0919
Z14,SB; 0.1667ZryS, + 1.1667ZrB, + 0.6667Zr,SB 0.1588
Hf,SB 3484 12.122 127.40

8] 0.5Hf,S + 0.5HfS + 0.5HfB, -0.0512
Exp.!  Hf, s, B, HE,S, HFS, HfS,, 3.467 12.105 126.01
Hf;SB,  HfS;, HIB,, B,S;, BS, 0.5Hf + 0.5HfB, + Hf,SB 0.0807
Hf,SB; Hf + HfB, + Hf,SB 0.1422
Zr,SeB 3.573 12.733 140.78 0.571.Se + 0.571Se + 0.5Z:B 0.0259

.5Zr,Se +0.5ZrSe + 0.5Zr -0.
Exp!?)  Zt Se B, ZnSe, ZnSes, 3644 12632 14527 : ?
Z1Se, ZrSe,, Z1Se;, Z1B,,
Z1;SeB, BSe, 0.5Zr + 0.5ZrB, + Zr,SeB 0.1649
Z14SeBj Zr + ZrB, + Zr,SeB 0.1559
Hf,SeB 3.538 12.544 136.01 0.0185HfySe,s + 0.0838
Exp.?! Hf, Se, B, Hf;Se, Hf,Ses, 3503 12478 134.11 0.5370Hf,Se + 0.5HfB, e
HfSez, HfSe3, Hf23sezs,

Hf}S@Bz Hfsz BSez 0.5Hf + OSHfBz + HfZSeB 0.0836
Hf,SeB; Hf + HfB, + Hf,SeB 0.1457
ZrzTeB 7r. Te. B ZrzTe3 Zr3Te 3.650 13.415 154.77 0.2143Zr5Te4 + 014292r3Te + OSZI‘BZ 0.0305
Zr;TeB, ZrsTey, ZrTe, Z1Te,, ZrTes, 0.1429ZrsTe, + 0.4286Zr;Te + Z1B, 0.1321
Zr,TeB; ZrTes, ZtB, 0.0174ZrsTe, + 0.7143Zr;Te + 1.5Z1B, 0.1960
Hf,TeB 3.619 13.239 150.14

10 0.5Hf3Te, + 0.5HfB, —0.0100
Exp.'”  Hf, Te, B, HfyTe,,HfsTe,, 3.605 13.127 147.72
Hf;TeB, HfTe,, HfTes, HfB, 0.5Hf + 0.5HfB, + Hf,TeB 0.0994
Hf, TeB; Hf + HfB, + Hf,TeB 0.1613

“Exp.” refers to experimental results

RS2 M,AB (M =TZr, Hf; A =S, Se, Te)7E 300~1300 K ;B EX B M ZEEME Co IlARN I FEHLAK R
Table S2 Heat capacity at constant pressure and the average linear thermal expansion coefficient of
M,;AB (M =Zr, Hf; A =S, Se, Te) in the temperature range of 300-1300 K

Compound Curve fitting equation (300-1300 K) TEC (300-1300 K)/ K™
Zr,SB Cp=0.83x107T + 96.9 — 1.28x10°T> 10.97x10°°K™
Hf,SB Cp=0.74x10T + 96.6 — 1.25x10°T"> 9.66x10°K™!
Zr,SeB Cp=0.82x1072T + 96.7 — 1.06x10°72 11.11x10°°K!
Hf,SeB Cp=1.28x1072T + 94.4 - 0.89x10°72 10.17x10°K!
Zr,TeB Cp=1.07x10T + 94.7 — 0.84x10°T2 12.63x10° K
Hf,TeB Cp=0.83x102T + 96.1 — 0.87x10°72 10.07x10°°K™




