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Fig. 1. (a) X-ray diffraction patterns and (b) HRTEM im-
ages of (Fey4Z1900Bo.o7)100 M (z = 0, 3; M = Nb, Ti, Al)
metallic glass ribbons, the inset of panel (b) is the corres-
ponding selected area electron diffraction images.
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Fig. 2. DSC curves of (FeggsZryooBoor)ioo oM, (z = 0, 3;
M = Nb, Ti, Al) metallic glass ribbons with heating rate is
20 K/min.
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Table 1.  Fragility index for high temperature (m’) liquid and supercooled liquid (m) of (FeggsZro.09Bo.o7)100 «M,s (2 = 0, 3;
M = Nb, Ti, Al).
% T m E/(kJ-mol™) R? TN R m
Feg,ZroB, 129.3 413.8 0.976 95.2
(Feo.84Zro.09Bo.07)97Nb3 127.6 512.3 0.962 30.3
(Feo.84Z10,00B0.07)o7 T3 — 489.5 0.976 29.1
(Feg g4Zr0.00Bo.07)orAls 126.7 436.6 0.90 26.4
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Fig. 4. DSC curves of Feg,ZryB; metallic glass ribbons with different heating rates; (b) the fitting curses of Kissinger’s formula for

# 2 (FeysiZronoBoor)ioo.M, (# =0, 3; M = Nb, Ti, Al) B R B Al A AN ) Tl AR (10—40 K/min) T BRI b
FRIREE T,
Table 2. Initial crystallization temperatures T, of (Fegg4Z1(09Bo.07)100-:Ms (2 = 0, 3; M = Nb, Ti, Al) metallic glass rib-
bons at different heating rate (10-40 K/min).
A FHREHR/ (K-min!) WG AL T, /K FHEHR/ (K-min) WG AR T,/K
Feg,Zr,B; 10 854.5 20 859.3
30 866.1 40 868.4
(Feg 84Zr0.00Bo.07)o7ND3 10 879.8 20 885.2
30 893.1 40 897.1
(Feg 84Zr0.00Bo.07) Tlgrs 10 875.0 20 881.7
30 886.5 40 889.2
(Feg 84Zr0.00Bo.07)o7Als 10 840.7 20 846.1
30 852.3 40 854.3
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Nb, Ti, Al) as functions of temperature.

4 3 ®
T Fe-Zr-B-M A Zarh % B 103 i s A 4 E

TEARZAAZ IR, 5 FeSiB(Nb), FeSiBNb(Cu),
FeBY (Nb) 1 FeMoCB 4§ Fe 4 J& 3% 38 14 & b

%3
So/kp , IRA I FIEE BB A I LEXHE |AH ™ x S, /kg|
Table 3.

A 52 45 SR — 35 RO IR SR s % AR 02 Fe B4R
RS WAR IR 3h 51 1 ARk SRS A8 R AL AT L
JE HERARFEASFEE 1842 SRR R R0 8 1 22 e 4
MRS — AR

f=m'/m. (5)

M f= 1, FRAIFRERE IR A SRR AR
DX PR A AR [F) v AR R, AR R R R AR R i e A
MY f > 1B, WAk RTE R R 20 1M
4E Arrhenius 17 4[] Arrhenius $5P4: A9 5 A8 i #2
T RIS B SO T AR TE 2ok Vo W R DX 486 ) e AR
R ZURR B, FRR R, 2 IR ) 435 ) o 2 e
R 3 PRI 4 Fh G A Ry R L 8 R BT A,
3PARFITR B, #2 FE BN, Hrpds
I Nb JTTRG [/ (4.21); Fe-Zr-B-M 1K £ 1Y 5%
i 2 A8 FR B 3 R T SCHR [20] B Y FeMoCB {4
% (2.3—2.9) Fl FeB 1A% (2.0—3.6).

& 2 FE 4 fi s iy DSC £ /T, Fe-Zr-
B-M {4 & ik = WA 1 3 B 5 A R AR A LR 2
B, W TCE A T, 52802 R R SR IE il
e 1. IR AL TS RE AT DA S b BT i
LRI RE ST, PR A B9 R A0S BE AR D DAL
Fe-Zr-B-M 4 @B A RBEIL ALAE ST (GFA) 1)
TRbR, PN T3 3. WNIRTI2 A FE o3 b, i ) db Ak
T AR M R R T 22 v IR K I B 22 4 B A= iy
b, FWTHAR & A 2A SR RE F RS A 4 i #A
FoE k. CAMFRERM, XFIAEETES GFA &
B AEAE IE AR 181, ZE AR [ 1] 2 45 1 FnAR U 43 1
HIHE T, SHE — 2L Ak T M BIE REfE ) GFA
M ALFE PR,

N 6(a) AR, Fe-Zr-B-M {4 2 it 58 ifs 4% 25
A f5 AL EIG e BB U O (f o
1/E), Bl {5 E 23R B E, LU/
FIA) R i 2 7 B R X 7 T v ) A AU e AR A

(Feg 84Zr0.00Bo.07)100-:M, (z = 0, 3; M = Nb, Ti, Al) WIRIEHERE £, WALBIGRE B, IREGH AHS | HEA

The fragile-to-strong trasition parameter (f), the activation energy of crystallization (E), mixing enthalpy (AH®"™),

mismatch entropy (Ss/kp ) and their absolute multiplication of (Feg g4Zr¢09Bg.07)100 «M, (z = 0, 3; M = Nb, Ti, Al).

% SRR RES  SLEOEREE WA AHM /(kJmol ) SEEING So /ks  |AHD™ x S, /kg|
FegZryB; 5.13 413.8 -12.9 0.219 2.82
(Feq 54Zr9,09B0.07)97ND3 4.21 512.3 ~14.1 0.227 3.20
(Feg84Zr0.09B0.07)97 T3 4.29—4.46 489.5 14.2 0.227 3.22
(Feg.84Z10.09B.07)97Al3 4.80 436.6 13.6 0.219 2.97
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Zr-B-M 1K R B E L RE 1 A T A o0, 3T
e 1B KR S A B B TR A = ) () i — 2
T Fe-Zr-B-M (R RWIEAKS (AH) FEEECKE (S,).
RAK:

> e, (6)
i=1; i#j
L, 2, 0 i TCEAN 5 703 [E) RV AR B AR
BHG Qy=4AHTS | AHTS BEICE SCEk [45), &
4R a 4 EET, AHW = AHTS _(AHT™S) /2
(AH"s : B4 R 4R IS MER).
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Fig. 6. (a) Correlation between the activation energy of
crystallization (E) and the fragile-to-strong trasition para-
meter (f) of Fe-Zr-B-M; (b) the critical sample thickness
(Dpax) for glass formation, the fragile-to-strong trasition
parameter (f) versus the fraction of Cu in CuZr alloy series.

B C AR :
So =[5 (=)t 20—
(- ne=n+ma-w]. @
Ho ERLRE G =1/(1 - ¢), BL0.64.
ntytys=1, (®)

1 n
=3 > (di+dy) (di — d;)eicy,  (9)

j>i=1

Yo = (;T)2 Z (did;) (d; — dj)*cicy, (10)
ys = (09)°/(0%), (11)
o =Y el k=23 (12)

X, e N i TCRNA Sy d o i JCR IR IR
KARREAR 6], BEELIR S, DY R 252 W8 ke HEATEY
k., 1eVE S, /ks .

R RS TR A RS RS O 1) 115845 59
F% 31, Nb, Ti Ml Al 7T Z (018 24 {fi Fe-Zr-B-
M G AR AHREL, FE S, WK, XWHZ
B DMEIVE A B AR R BRTE i aE g 1240,
F A PEAR X A R R ON;, AR R | A H-S, 11
RMEEATEN bR (6 3). #E— R kB, T8
50 M AR 28 F I AR e st
| A H-S,MELER S, X6 07 9 VR A A 4 ik I i A 22 B0
I KX O RS IR i AR RECS kT
TAE B R RMXTRL, RN T Fe-Zr-B-M 1K R 1)
SR BN N AR R X N TR R Y b
PG RE B KBV AH-S |8, & 4 B B i) D% 55
JERCRE ST . a4 R A MALEGERE E XA H-S,|
EE R R PR LA ILE 7. & @R R W)
TE BCHIL T v IR 2 RNl 3 22 PR A # B A T 53 AT
MR, P2 e AV & R B e
FCUR T4 fAH P SRR A, AR SR A
BARRY LS S IK s W T AE S J12# 20, B J12e AR
R TR 4 i % 30 U)o 91 o 45 5 ) ) 2 AR ok St
A taE 7 R BoR, TR EE R,
BRI AH 58 S, LFEEH T B RTE
A AH A AR P . S bR e P 4 o AR 2 BRI
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Fig. 7. (a) The fragile-to-strong trasition parameter (f),
(b) the activation energy of crystallization (E) , and (c)
|AH™ xS, /kg| of Fe-Zr-B-M system.

FeZrB, Nby, Ti; il Aly PR3 10785 4 Pk %
SHEME, K HA43 4 196 4 1.97 nmx 1.97 nm 953
HriXak, ikl 8(a) Frzn, 3K H Digital Micrograph
BAF) AR ZL (autocorrelation function, ACF)
HREHEAT 93 M, TCIF A M R BN BIE 2580 (R R
T B AR R RRAE), AT P A2 R 5 4y
D0 22 BRI S0 (OGP AT SR BREARL) . o B o T 4 2R
7~ (E 8(b)—(e)), ANIFLAY Y 4 Jm B 5 H 547
P REAAAE 5 25 5, 4 Fh L3 92 S AR 285y LU 451 43
B4 FeZrB (14.8%), Nby (8.7%), Ti; (9.2%) F
Aly (12.2%). {HA5F B J&, Nbg Al Tig £ F 5
H AR A 2R AR ZE R LU ], 3 538 3 rf AR
e Y AR ARG REEE AR &, RS T LR 3L
WIENEE ). X — S5 RAURAIE T S A RE1E A
R R BRI LR I PPN AR R0 3E FE, RIS
T TR SCRE S RO S5 HLTR, BITESR e AR AR B
B/INEY Nbg I Tig B, T AR A 7 1) 28
AT R i A0 i sz 2 AN, 28 A AR
AT RE R SR A5 (GRS FL B30 8.7% Fi
9.2%), HATH AL RS, 5 Z I8 Ut BT 1
e HA B ME AR 1) FeZrB 457, 255 A1 1%
Fo il ik 14.8%, 5N S VERGHR , BEREIE 1 AE
FIAIRTE 22 . X —25 SR IO S5 #A FE #7019
SR 5 BT INCRE ) M 5 RN I S M Z A B N T
KHR. X T Fe-Zr-B-M R R 19 4 B B, B3R

8 (a) IETTIRMRINN T3k (b)—(e) FesyZrgBr, (FeqsiZro.00Bo.or)erNbs, (Feo.s1Zr0.00Bo.07)orTis B (Fegs4Zro.09Bo.or)orAly A 15
Fig. 8. (a) Method of dividing the HRTEM images into cells; (b)—(e) autocorrelation images of Feg,ZrgBy, (FeggaZrg09Bo.o7)97Nbs,

(Fegs4Z10.09B0.07)07Ti5 and (Feg 84Zrg09Bo.o7)97Als.
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Bl 9 Fe-Zr-B-M A F 751 A i 2 v ) PR K 82 7 3 PR, 0 B8 AR 0 €0 B8] i 20 AR e 28 A TR R — - TR AR AT 7R, OO €6 [ i AR

R F o ARy S A

Fig. 9. Schematic diagram of clusters evolution of Fe-Zr-B-M during the cooling process, the blue and red dots represent the crystal-

like and the icosahedra clusters in the liquid, respectively, while the gray dots represent the free atoms or other local structural con-

figurations.
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Abstract

Glass-forming liquids exhibit unique dynamic transition behavior during temperature changes. The system
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undergoes a transition from the fragile liquid to the strong liquid, which is known as the fragile-to-strong
transition as the temperature decreases. In order to address the issue of poor glass-forming ability (GFA) in Fe-
based alloys, through studying the kinetic behavior of the Fe-Zr-B-M (M = Nb, Ti, Al) alloy system, the
mechanism of ductile-brittle transition is revealed and the relationship between the degree of ductile-brittle
transition and the GFA is established. In this study, through viscosity measurements, a pronounced fragile-to-
strong transition behavior in this system is revealed. By using crystallization activation energy as an evaluation
criterion, a negative correlation between the degree of the fragile-to-strong transition and the GFA in the Fe-Zr-
B-M system is established. The results indicate that the crystal-like clusters play a critical role in the
solidification process of the Fe-Zr-B-M metallic glasses. Based on this, a fragile-to-strong transition mechanism
involving the structural transformation from the icosahedral clusters to the crystal-like clusters is proposed.
Through theoretical calculations of mixing enthalpy and mismatch entropy and by combining microstructural
characterization, it is found that alloy compositions with more negative mixing enthalpy and higher mismatch
entropy can effectively suppress the tendency of icosahedral structures to transform into crystal-like structures,
thereby hindering crystallization and promoting the formation of a more disordered amorphous structure. This
structural feature not only corresponds to superior glass-forming ability but also exhibits a weak fragile-to-
strong transition phenomenon. In this work, the intrinsic correlation between viscosity characteristics and the
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GFA is revealed, providing a theoretical basis for developing Fe-based metallic glasses with high GFA.
Keywords: metallic glass, fragile-to-strong transition, viscosity, glass-forming ability
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