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Fig. 1. Micrographs of the Zr-Cu-Ni-Al amorphous alloy and the true stress—strain curve of the specimen: (a) TEM image of the
specimen showing dark regions surrounded by bright regions (corresponding to hard and soft regions, respectively); some of the soft
regions have been thinned into pores®; (b), (c) scanning electron microscopy (SEM) images of the specimen surface corresponding
to true plastic strains of ~2.7% and ~159, respectively. In Figure (b) the shear bands are wavy, black arrows indicate winged shear
bands, and the inset shows winged shear bands propagating along a prematurely formed wavy shear band (arrow)®; (d) true

stress-strain curve of the specimen tested at room temperaturel2.

020801-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 2 (2026) 020801

H 1.2—1.5 GPa B AR, #ad 10% 1= iEHL
f9E M, 24 170 MPa-m'/? BT 24807 DL K & 3k
340 kJ/m? B2 R IWT L RE . b BRAHL AR 2 f7

SET B A A AR RS 1A AR

Ak f-AE S XUARZE B S . 20 20 70 4FAR, iR
K FAE A A 9K S A TR A AR SR
SER 0 TR & BTN, MfTTHE Fe-P-C71, Pd-
Sil? J Cu-Zel HE fh G 4 R A A S AR -IE
MUHSS M. BfJ5, 20 TH40 80 4R, i@ WLl ak fiF 5
SRR A R BT, A3 S AR st kR
B AR A SR R dh, TR T AR S5k
AT AF K SRR )2 1), 25 T T T R 2R A AR
WM (TRIP) 00 51 AJEdH A 4, 20104F,
Wu %5 PV FE ZrsCuyy 5Coq s Aly fi I -AF & 52 & 41
B RX — 5. BEJS, 2011 4, fib A2 i 3 4
AlWRTFH &8 (3%—8%), 7E Zr-Cu-Al & 4
HIE K B2-CuZr A2 53 A AR i & B 2 A 451,
1E2 I 3 FE vh, B2-CuZr B [CARRE 2%y B19' L [T
W, AR S EAA T A BT 5 S AR AR AR,
FEI0 50 (R AE S B 2017 4F A ATk —
A3l 3 JEA T AT S A4 T 3 ) SRR S T
B2-CuZr 3| B19'-CuZr 19 5 [RARAHAE, #n T 4k
A 4 TRIP SO A ROALE] BY. Z )5,
B2 YL 3 Bk B e 19930 o BT ik e
PO B8] R IR L B R 7R iR 8l 19 S5 AH AR I A5 %
R IR. Bf A fnAR-TE AOBURH R il £ 2 AR AS T 1k

S, WHTEE MR BUEATHE Sy 2A A me 1o |t P 121

HEPERE 9| i SRR 7 () BB A TG 149 S5 i 3R
IR R H

L Z R, AR -3 A AE L B 7T AP 4
M. UEA 21 e, whos s s s AR A 4
BT AR -3 AR AR 564 Ph B[R RE T S R
Az Al f-AE S AHZE . Du %8 U8V fE PA-Ni-P BB 4
) SR EIAE S A 4 TR el AR A e A, Pt
— AR B AR A4 L, SCEE T AT TR A
fn-dE f A4S ; Lan 45 49 7 PdsoNigsPy; JEMA 4
Hh K PR “RRORE Y A A I 2R - AR AR
Cao 2 50 7R 25 P /R Ti-Zr-HE-Cu-Ni B aE e 4
HASURIN 2] 72 52 22 iy U AR

3 MmE-EREER-ELHNETRE
FER BRI, N TE R R 2R

RARE A AR | AR AR ZE R ) R - A -
ARTSUAHATTIREAE | AR URAR R B2 54 FALb i 27.9]
BRI BT R R B RO IR B8 o B
A FIFALL PROR S A A AL DT E AR, B
T RGO LRI R R] 5 T 2 AR

3.1 #HHEEESMEE

FUE 20 42 80 AFARHLA & 24 id i DL
#Ho s T AR R SRS -IE A AR . 1984 4F
Miyoshi F1 Buckley!®) F1| F 4 s 2 firh 5 148, 7EE
A A AR5 & R Ak, T R R-E AU 2.
2003 4, Tsuchiya %5 5U %F TiNi 1 ZrCu 4 J& [A]
A& Wit v AL AR T, BRI 2] i A -
FIFAAE. FEBFFEITR A, P (0] Jet 2| EEfg (42
G5 AR A L R AR AR AR B 2 far X
Bz R I . R R SRR S, AT EE
A EEAEAS T A AR DL R AR R A L R SRS
TRIP %)i.

311 BHEAFHE

ARME EESEE R R v, BB TH ™ A Y 1 5 V)1
AN B, Be G Abae s HAR T, (A5 EE iR m
KA AR S A AR AR, SEEUSUH 2 ) R A AR 5K 38
T P B T ) A% 1 o A S SUAH S5 ), TE T
TR AR RE R AR RO B S5 U B AT )2 1 N
FH 531, BRI AR AR AR A LR 7 AR SRR
mmOSCRH A8, AT v G A EE A R S IR A -aE
n 2o i OBUAHZS R4 ) SRR 2. 1984 4F, Miyoshi il
Buckley P 38 i R B BRI AR AR & S R TA RN
Kfbd K. 2013 4F, Ren %P4 7E (CoCrNi)gsMoy, H1
5 G A AN ER A T BEAEE vy ORI 281 PB4 5% 1 1Y) PRk
A Sn b, 250 Hh e R TR U EE 45 5 AH AR P W] Y
-3 SR IEHL R . 2023 4, Luo 45 B3 16 2 ik
PEIAAE T, JEAAES TaMoNb I AR -4
KA AHEE L, $a7R 1 e R 4EE 5 AH AR P ] B SUAH
JE AL

FEJEE 5 A AR A8 SR R R i SR S5 # 11 3F
b, R R R E AT PO Liu 48 BT B TR
BIGEAT IR A T (NDTiZr)7Agys & 4 W, X
Hilbf7 T EREAEEAR, A aRZHEAPASR
RN, AT B G ik TR fb R i
HH. N 2(d), (e) s, RIAELEZHAT K
I EARYY 10 nm WAKE, B8]0 TAE sk
Prfrh. XSGR A E A Ag oR (Bl 2(a), (b)),

020801-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 2 (2026) 020801

JE SR B A O 2(c)). Ag FIFETE B E R ik
TEERR)Z I AR ALY, AR T IR AR, S
FEES AR TP RS SR A BTG B T Ak (s b
FEH IR K 2 i Fe, RIRTRICMERIZA), Ag
5 Nb BIERAH (16 kJ/mol) Vi #1240k 5 1
PEHET Ag 0K ARG A, FE R IR 2 A 2
JMb-GOK B A ZKRE A RIS 1
SR IBE, i HE R B S8 NDTiZe AR T2y
2 ME R (1F] 2(1)).

3.1.2 shik-dEdh 5 3Edh-3E 44 TRIP %=

TRIP SN SE e AU A E T, & AR A AR
FHOULZH U 4, DT A28 Jmy 3 1 ) £ v, S o
PEAL ARG . HA R fE S R i 2 i R 4 35 11
PR S8 B AR T, — NI B KRR ks i
T A B8 R, TRIP 0 A9y E 4
HIYER A}, SIERI J 7 AIE 22E S7 BL ER A )  £
TREEAS MU BG R, MORER BB ) 5 Hh A5 31 2%

(a)

(b) [

I B 85% Ag .

< 100

c
Z sof Amorph g
o morphnous =
el <
T 60 b - 2
o 9
g a
£ o) AN
\/\/A\/r‘/\ \/\«/\. AL(R
£ X e

o 2 4 6 8 10

Distance/nm

2

—-30

(NDTiZr)75A g5 A <o 18I A B 452 3o 782 v JEUASE FA) S A e - 24 K XU 454

i, oL TP AT AT RCHHER T AR B R R,
PRIAYE, [RIRT iy FARAR P A T B Y 5 AR, B
bR FE AT 3] T RIF LT 0200 TRIP 9 (A&
FTF 1967 4 Zackey &5 01 $ 1 HIMiL I 21 21 5
BATREM . DL R LG, T ReiR A D i
L [GAAK. 1971 4, Richman FI1 Bolling!®2 fiff 5¢ & i
IRPEASTE N [CAAR AR AR A 4 5 F R HLA S M52
M. 1973 4F, Parker 45 1% PE 40 b 1118 T TRIP X
FIMLIRIERE (R BE | ZE S L RS AL R B 2401 )
SR MBORASI R, IWE, FFHAT TRIP
WA WIIR A, 22 R BN T35 5 B
{A— I QAR A8 76 452 TN AL LS 1 A8 TE e ) 7
T A R AR H (64691,

2 21 22 W), =T A IR i A o AR T 1T 155
SRR A 4 A HAE. Sheng 45 BT 2007 4F 8 1o
JEA R X BTAT ST (XRD) #iAR, AR A 4

Cess Alys TR ENE -HE 4% 2. R4, Zeng 55 10

— TiNbZr
— (TiNbZr)goAgio
i (TiNbZr)75Ag25

0.6 0.8 1.0

Length/mm

0 0.2 0.4 1.2

() TOU T A9 4 P12 11 €0 4 158 o] X0 ) X L

T (SAED) %, BoR T AR AR A SRS, b 1] 50 47 P2 P8 () PP 4y o i 00 R P BT () [ () i €0 205 HE DX I
APT B4R 4 1Y 3D FHDT; (c) WK (b) H TR BT S W05 49 1D o343 4 BT (d) BRIE B4 3% 5l 7 B8 (ABF-STEM)
B, BARMREGFERIEAG P (o) YURE S MBI T 0 BT B ST i 7 BB (ABF-STEM) B, & B A JCE B3 5
B FCC 4546 AL Aok Sl AR 15715 (£) A A B BRI Y 2D A8 8 T 48 i B7)

Fig. 2. Amorphous—nanocrystalline dual-phase structure constructed in situ during friction in a (NbTiZr);sAgy; alloy thin film:
(a) Selected area electron diffraction (SAED) pattern from the white dashed circle in Figure (a), showing a halo ring characteristic
of the amorphous phase. The middle inset presents an enlarged view of the nanocrystal in Figure (a) 7; (b) three-dimensional atom
probe tomography (APT) reconstruction of the region marked by the orange dashed box in Figure (a)P"; (c) one-dimensional com-
positional profile along the arrow in Figure (b)P7; (d) annular bright-field scanning transmission electron microscopy (ABF-STEM)
image of the nanocompositel’”; (e) atomic-resolution ABF-STEM image revealing FCC nanocrystals embedded in the amorphous

matrixP7; (f) two-dimensional cross-sectional profile of the wear track on the samplel™.
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Fig. 3. Deformation microstructure of the swaged Cr-Mn—
Fe-Co-Ni HEA under quasi-static compression: (a) Bright-
field TEM image showing numerous planar deformation fea-
tures®; (b) high-resolution TEM micrograph of a heavily
deformed region, displaying three distinct deformation twin
regions, an HCP phase, and an amorphous region; the cor-
responding lattice images are shown in (c)—(e), the HCP re-
gion in (d) is Fourier-transform filtered to maximize phase

contrast/2.
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Fig. 4. Elemental-partitioning-mediated CA-TRIP phase-transformation process in a Cr-Ni-Co (crystalline)/Zr-Ti-Nb-Hf-Ni-Co
(amorphous) nanolayered composite: (a) Schematic illustration of the alloy design strategy®®; (b) representative side-view high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image showing the nanolamellar structure; the
inset is the corresponding SAED pattern, consisting of amorphous halos and indexed FCC/HCP planes®®); (c) APT map of the dual-
phase structurel®); (d) cross-sectional HAADF-STEM image of the deformed material, with the crystalline region highlighted by the
red box and the amorphous region by the yellow box®®l; (e) corresponding bright-field STEM (BF-STEM) image of Figure (d); the

inset shows an enlarged view of the red dashed square, revealing the amorphous structurel®; (f) total concentrations of Zr, Ti, Nb,

and Hf in the crystalline and amorphous phases before and after deformation!®s,
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Fig. 5. Atom probe tomography (APT) image of the Zr-Cu-Ni-Al-Ti amorphous—nanocrystalline material, showing a core-shell

structure: (a) Isoconcentration surfaces determined by APT analysis, showing a lens-shaped Zr-rich precipitate with an Al-enriched

core. The red isoconcentration surface (52% Zr, atomic percent) corresponds to the precipitate/matrix interface, while the yellow

isoconcentration surface (5.4% Al, atomic percent) delineates the precipitate/core interface™. (b) One-dimensional compositional

profile across the center of the lens-shaped precipitate. Al atoms are depleted from the core, whereas Ti atoms are rejected from

both the core and the surrounding shell™.
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Fig. 7. Continuous polymorphic-transformation process of the Ti-Zr-Hf-Cu-Ni high-entropy amorphous alloy: (a) In situ DSC
traces of the as-prepared TiZrHfCuNi high-entropy amorphous alloy (HEMG, G) and samples preheated at 713, 726, 740, 753, and
771 K (denoted as Gm;~Gm, and G,, respectively)?; (b) HRTEM image of sample G, with the corresponding SAED pattern®’;
(c) synchrotron XRD patterns collected at different temperatures, with phase transition intervals highlighted in different colorsf";
(d) APT tip reconstruction of Gywith an isocomposition threshold of 15.1% P%; (e), (f) two-dimensional Ni concentration maps over
a 40 nmx40 nmx 5 nm volume for Gy and G,, respectively®™; (g) HAADF-EDS mappings of each element in G,, where the white
and yellow dashed circles indicate regions with relatively high and low elemental concentrations, respectively®,
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SPECIAL TOPIC—Order tuning in disordered alloys

Research progress of crystalline-amorphous and amorphous-
amorphous phase transformation behaviors”

YANG Haiwang WU Gef

(State Key Laboratory for Mechanical Behavior of Materials, Center for Advancing Materials Performance from the Nanoscale
(CAMP-Nano), Hysitron Applied Research Center in China (HARCC), Xi’an Jiaotong University, Xi’an 710049, China)

( Received 21 September 2025; revised manuscript received 10 October 2025 )

Abstract

Unlike traditional crystalline metals, amorphous alloys exhibit a distinctive atomic arrangement
characterized by short-range order and long-range disorder. Consequently, they lack dislocations, grain
boundaries and other traditional crystalline defects, thus demonstrating very high strength and hardness.
However, their plastic deformation is highly localized into nanoscale shear bands, which readily leads to
catastrophic fracture and results in very poor room-temperature ductility. Forming crystalline-amorphous or
amorphous-amorphous dual-phase structure is an effective strategy to solve the problems of the brittleness and
limited plasticity of amorphous alloys. On the one hand, such heterogeneous architectures promote the
formation of multiple shear bands, thereby dissipating energy and redistributing stress; on the other hand, when
the amorphous phase size is reduced below roughly 100 nm, the glassy phase can be deformed by homogeneous
flow, and the interactions between nanoscale amorphous regions and dislocation activity in the crystalline phase
are conductive to more uniform macroscopic plasticity. Mechanical loading, heat treatment, and other
processing routes can induce the transformation from crystalline single-phase or amorphous states to crystalline-
amorphous or amorphous—amorphous dual-phase structures, thereby enabling the simultaneous attainment of
ultrahigh strength and significant uniform plastic deformation. The resulting dual-phase alloys can retain the
unique properties of amorphous alloys. Accordingly, this review summarizes recent advances in crystalline-
amorphous and amorphous-amorphous phase- transformation behaviors below.

1) Mechanical loading, such as friction and TRIP effects, can induce phase transformations. During
frictional wear, materials experience large shear strains and stress concentrations; when combined with chemical
reaction, these conditions can lead to the formation of crystalline-amorphous dual-phase structures at the
surface. Under externally applied loads, phase transformations and microstructural reconfiguration occur;
crystalline-amorphous and amorphous-amorphous TRIP effects become the primary mechanisms for energy
dissipation, thereby delaying local stress concentration and improving ductility and fracture resistance.

2) Thermal annealing above the glass transition temperature commonly induces crystallization of
amorphous alloys, leading to in-situ precipitation of nanocrystals within the amorphous matrix. By controlling
the annealing temperature and time, the size and volume fraction of the precipitates can be regulated, and more
refined heat-treatment paths can even induce amorphous-amorphous transformation.

3) Mixing enthalpy design and elemental partitioning play an important role in crystalline-amorphous and
amorphous—amorphous phase behaviors. Elements with large negative mixing enthalpies tend to attract and
enrich one another, whereas those with positive mixing enthalpies tend to repel; mechanical loading, thermal

treatment and other external driving forces further promote atomic diffusion and elemental redistribution,
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which mediate the formation of crystalline-amorphous and amorphous-amorphous dual-phase structures.

4) These unique structures endow crystalline-amorphous and amorphous-amorphous dual-phase alloys
with excellent strength-ductility combinations as well as advantageous magnetic, hydrogen-storage, and
catalytic properties. Future research should concentrate on three directions: I) establishing a thermodynamic
design framework centered on mixing enthalpy to clarify how compositional changes affect phase stability;
II) developing large-scale, and mass-producible routes for dual-phase materials; and III) designing application-
oriented dual-phase alloy systems that are low-cost, simple to fabricate, and have long service lives, thereby
accelerating their industrial deployment in energy, precision machinery, electronics and communications,

aerospace, and biomedical fields.
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