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Abstract 

Magnesium (Mg) alloy applications are severely limited by their poor room-temperature formability, which stems from the scarcity of 
thermally activated slip systems under ambient conditions. Here, we report a novel forming approach which can obtain exceptional malleability 
in an AZ31 Mg alloy sheet by ultrasonic vibration compression (UVC) initiated at room temperature. At a high strain rate of 3 × 10–1 s−1 

and a low compression stress of 43.23 MPa, the 20 kHz UVC triggers significant deformation. This process achieves a true strain of 1.7 and a 
circumference expansion of 140%, demonstrating exceptional formability. This technique can be applied to prepare Mg products with various 
complex geometries including pentagram, square, hexagon, circle, and gear shapes. The high-frequency ultrasonic loading induces strong 
dislocation multiplication and entanglement that promotes the microstructure to evolve through three stages of (i) twinning-induced initial 
recrystallization, (ii) twin exhaustion followed by activation of non-basal slip systems, and (iii) shear band-mediated formation of ultrafine 
grains, ultimately achieving a considerable grain refinement. The microstructure evolution jointly supports the observed super compressive 
malleability. Our work provides a simple and effective approach to develop Mg alloy products at room temperature that has great industrial 
application value. 
© 2026 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

As lightweight metallic structural alloys, Magnesium (Mg)
nd its alloys are highly regarded and possess significant
otential for applications in aerospace, transportation, and
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ommunication industries owing to their superior specific
trength and damping capacities [ 1–5 ]. However, Mg pos-
esses a hexagonal close-packed structure with limited slip
ystems activatable at room temperature. Specifically, non-
asal slip systems, including prismatic slip and < c + a >
yramidal slip, are difficult to activate [ 6–9 ]. Thus, Mg al-
oys usually exhibit poor ductility (cold formability) and are
ifficult to be deformed into components with complex shapes
t room temperature [ 10 , 11 ]. This limitation severely restricts
heir widespread applications. 

In recent decades, various strategies have been dedicated to
nhancing the formability of Mg alloys. A primary strategy is
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o activate non-basal slips by adding suitable elements to Mg
lloys [ 12–14 ]. It is well established that the addition of cal-
ium (Ca) or rare earth element (RE) can effectively improve
he ductility of Mg alloys [ 15–17 ]. For example, Wang et al.
 18 ] reported that a high ductility of 26.7% was achieved
n the Mg-3Al-1Sn-0.5Ca-0.2Mn-0.1Sm alloy processed by
igh-temperature rolling. Similarly, a Mg-3Zn-1Gd hot rolled
late exhibited a value of 7.1 mm during Erichsen cupping
ests [ 19 ]. The mechanism for this high ductility is mainly
scribed to two aspects, heightened non-basal slip activity
nd the formation of a weak texture. Another approach is
o modify the strong basal texture of Mg sheets through plas-
ic processing. Typical methods include equal channel angular
ressing, differential speed rolling, asymmetric extrusion, side
olling to activate twinning [ 20–23 ]. He et al. [ 24 ] introduced
 completely tilted basal texture with basal poles largely par-
llel to the TD in the AZ31 sheet through the pre-compression
long the TD plus post annealing process. This tilted basal
exture provides soft orientations for tensile twinning during
he subsequent cold rolling process [ 25 ]. Jiang et al. [ 26 ]
pplied continuous variable cross-section direct extrusion to
Z31 alloy at 350 °C, which produced a weakened basal

exture, resulting in a dramatically improved ductility. 
Superplastic forming offers a potential means of forming

rought Mg alloys into complex shapes and overcoming their
ormability restrictions [ 27–28 ]. Grain size is considered an
mportant parameter for achieving superplasticity in Mg al-
oys. Consequently, severe plastic deformation techniques, in-
luding equal channel angular pressing, friction stir process-
ng, are effective methods for producing ultrafine grains with
uperplastic properties. Wu et al. added Ag to a Mg-Y-Er-Zn
lloy, refined the grain size, and achieved 495% elongation at
23 K and a strain rate of 10–2 s−1 [ 29 ]. However, superplas-
icity behavior of Mg alloys is usually characterized by ten-
ile tests, while industrial forming methods, such as stamping
nd drawing, are more closely associated with compression.
s Lin et al. [ 30 ] reported, the temperature must be increased

o at least 573 K for Mg alloys to achieve compressive su-
erplasticity (characterized by a true strain reached 1.3; mal-
eability). Under practical applications, elevated temperature
an cause mold damage and reduce service life. So far, no
eliable method is available for achieving room temperature
orming of Mg alloys. 

In recent years, ultrasonic vibration (UV) technology has
een widely integrated into advanced manufacturing processes
 31–33 ]. Based on the processing state, current UV applica-
ions in Mg alloys can be categorized into three domains:
i) liquid-phase processing (e.g., ultrasonic melt treatment)
or grain refinement [ 34 ] (ii) ultrasonic welding for joining
 35 ]; and (iii) solid-phase ultrasonic vibration-assisted (UV-
) forming. In solid-phase processes such as UV-A hot em-
ossing [ 36 ], UV-A extrusion [ 37 ], and UV-A wire drawing
 38 ], ultrasonic vibration is typically employed as an auxil-
ary energy field, applied intermittently or continuously to the
unch. By facilitating dislocation slipping and reducing lat-
ice resistance through the “acoustic softening” effect, these
ibrations effectively lower the material’s flow stress and in-
erfacial friction, thereby reducing the overall forming force
 39 , 40 ]. 

Recent studies by Ma et al.’s group have pioneered a
ransformative approach utilizing ultrasonic vibration as the
rimary energy source to drive massive plastic deformation
 41–43 ]. This technique, referred to as ultrasonic vibration
ompression (UVC) or ’’ultrasonic hammering,’’ exploits the
igh-frequency mechanical energy to significantly alter the
hermodynamic and kinetic states of materials. Pioneering
ork by Ma et al. demonstrated that this energy-driving mode

an induce localized structural rejuvenation and superplastic-
ty in metallic glasses, enabling efficient shape forming at low
acroscopic stresses [ 44 ]. Beyond non-crystalline systems,
hang et al. [ 45 ] further extended UVC to the rapid form-

ng of high-entropy alloys (HEAs) even under extreme cryo-
enic conditions (77 K), effectively overcoming the intrin-
ic low-temperature brittleness of metallic materials through
igh-frequency oscillatory stress fields. Unlike UV-A, UVC
tilizes high-frequency vibration as the primary energy source
nd the direct driving force for plastic formation, requiring
nly minimal static loads to maintain acoustic coupling. More
ignificantly, UVC transcends the surface constraints of con-
entional processes by directly injecting high-frequency vibra-
ional energy into the material’s interior. This deep penetra-
ion triggers an instantaneous acoustic-thermal coupling that
aximizes the “volume effect,” thus changing the intrinsic
orkability of an alloy from within. 
Inspired by these advances in amorphous materials, we

ave successfully adapted this high-frequency impact concept
o crystalline materials. Through UVC, we achieved super-
lastic forming in a commercially available AZ31 Mg plate,
eaching a true strain of 1.7 and a circumference expan-
ion of 140%. This UVC technology demonstrates exceptional
ersatility in fabricating components with complex geome-
ries at room temperatures. This study systematically char-
cterizes the microstructural evolution and deformation kine-
atics under the high-frequency ultrasonic field, elucidating

he underlying mechanisms, particularly the synergy between
coustic-thermal coupling and localized dynamic recrystal-
ization (DRX) that enables this deformation. 

. Experimental procedure 

.1. Materials 

To evaluate the formability of Mg alloys under ultra-
onic vibration compression (UVC), the commercially avail-
ble AZ31 Mg alloy sheet was used as the starting mate-
ial. The as-received AZ31 sheets, with a thickness of 3 mm
nd a width of 600 mm were purchased from Chongqing
uhua New Material Technology Co., Ltd. The resulting sam-
le was designated as the “as-received” sample. As shown in
ig. 1 the as-received AZ31 sheet has a fully recrystallized
icrostructure with an average grain size of approximately

3 μm. Regarding texture, the {0001} pole figure reveals a
haracteristic non-basal orientation where the basal poles are
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Fig. 1. Microstructure of initial as-received AZ31 alloy. (a) OM image, (b) SEM image, (c) XRD patterns, (d1) inverse pole figure (IPF) map, (d2) statistical 
grain size distribution and (d3) {0001} pole figure. 
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ilted about 40 ° away from ND toward RD. The maximum
exture intensity of the sample is 3.28. 

.2. Ultrasonic vibration compression process 

UVC tests were carried out using an ultrasonic plastic
elding machine system (Shenzhen Hongri Ultrasonic Equip-
ent Co., Ltd.). As illustrated in the schematic ( Fig. 2 a), the

pparatus comprises four key components: an ultrasonic gen-
rator, a transducer, a booster, and a sonotrode. Operationally,
he generator emits a 20 kHz electrical signal, which is subse-
uently transformed into high-frequency mechanical vibration
y the transducer. These vibrations are then amplified and ap-
lied to the specimens through a sonotrode operating at an
mplitude of 44.4 μm. The frequency and amplitude were
elected following the work of Ma et al. [ 46 , 47 ]. Cylindrical
pecimens, measuring ϕ2 × 2 mm, were cut from the AZ31
heet along the ND direction. The contacting end surfaces
f all specimens were mechanically ground with 800–2000
rit SiC papers. No lubricant or any other surface coating
as applied, thereby ensuring consistent dry-contact frictional

onditions and direct acoustic coupling throughout the UVC
rocess. The UVC processing consisted of three steps: First,
he sample was fixed on the equipment platform. Second, the
arameters were configured on the control panel. Finally, the
ltrasonic vibration was initiated, and the sample was de-
ormed under the downward pressure of the punch within
econds. More details about UVC processing can be found
lsewhere [ 48 , 49 ]. 

To further evaluate the degree of deformation during the
ltrasonic process, the following parameters ( Eqs. (1) and (2) )
ere used: 

T = ln 

h 

h0 
(1) 

Where εT is the compressive true strain; h0 is the height of
he sample before deformation; h is the height of the sample
fter deformation. 

E = d − d0 

d0 
× 100% (2) 

Where CE is the circumference elongation of the sample;
0 is the diameter of the sample before UVC deformation; d is
he diameter of the sample after UVC deformation. CE is the
efinition standard of realizing compression superplasticity of
aterial [ 30 ]. A higher CE value indicates a greater capacity

f the material to undergo large plastic deformation without
racturing, meaning CE and malleability are positively corre-
ated. To enable real-time measurement of force during UVC,
 pressure test platform was installed beneath the test plat-
orm, and a delicated data acquisition card (National Instru-
ents NI-9237) was used for collecting the real-time pressure

ata. The sampling frequency of the pressure data was set
t 500 Hz. Consequently, stress and time curves can be ana-
yzed during the UVC process. Moreover, the infrared thermal
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Fig. 2. Schematic diagrams of ultrasonic equipment and processes: (a) ultrasonic vibration compression process equipment; (b) macro-scale forming schematic 
diagram; (c) different complex forming types under ultrasonic vibrations. (c1) Pentagram. (c2) Square; (c3) Hexagon; (c4) Bumper; (c5) Gear; (c6) All 
macro-formed parts. 
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maging thermograph (Fotric 280d) was used for temperature
haracterization to capture the temperature change trend and
btain specific temperature distributions at different locations
uring the UVC process. 

To explore the feasibility of ultrasonic vibration com-
ression forming (UVCF) for AZ31 alloy, a relevant mold
nd molding process were designed, as shown in Fig. 2 b.
he macro-scale forming mold incorporates templates in-
luding pentagram, square, hexagon, circle, and gear pro-
les as shaping dies. Cylindrical billets ( ϕ5 × 3 mm) were
ositioned onto these dies, successfully producing compo-
ents with complex micro-geometries. For comparative analy-
is, identical specimens underwent conventional compression
designated as “CC” sample). The displacement rate was set
o 15 mm/min to match the effective strain rate of the UVC
rocess. 

.3. Microstructure characterization 

Cross-section of ultrasonic specimens was prepared for
icroscopic characterization. Phase constitution of the as-

eceived alloy sheet was analyzed by a D8 DISCOVER X-
ay diffractometer (XRD). An Olympus BHM optical metal-
ographic microscope (OM) and a Sirion field-emission scan-
ing electron microscope (SEM) fitted with a GENESIS 60S
-ray energy spectrometer (EDS) and electronic backscatter
iffraction (EBSD) were employed to track the microstructure
volution. The OM and SEM specimens were mechanically
round by 180–2000 SiC papers, polished by 2.5 μm diamond
pray. The microstructure was revealed using an etchant mix-
ure of acetic acid, oxalic acid, and nitric acid (1 mL each) di-
uted in 150 mL of distilled water, concluding with an alcohol
inse. For EBSD, surface quality was ensured via electropol-
shing in 10% perchloric acid-ethanol solution at −40 °C. A
onstant step size of 0.3 μm was maintained during scanning
o capture sufficient data points per grain. Post-data acqui-
ition, including the assessment of grain size statistics and
exture development, was executed using Aztec crystal soft-
are. 
Furthermore, to elucidate the deformation mechanisms oc-

urring inside the non-indexed zones, transmission Kikuchi
iffraction (TKD) was conducted to achieve high-spatial-
esolution characterization. Fine-scale microstructural obser-
ations were conducted using a Techni G2 transmission elec-
ron microscope (TEM). TEM specimens were ground to a
hickness of 70–100 μm and electro-thinned at 4 kV for
0 min. For dislocation analysis, specimens were character-
zed using high-resolution TEM (HR-TEM, JEOL 2100F).
ross-sectional TEM samples were fabricated using focused

on beam (FIB) milling. 

. Results 

.1. Ultrasonic vibration compressive deformation behavior 

Deformation behavior of AZ31 Mg alloy under CC and
VC at room temperature is shown in Fig. 3 . Fig. 3 a shows

he stress-time curves during UVC process, revealing ex-
remely low flow strength (peak value: 43.23 MPa) and a high
train rate of 3 × 10–1 s−1 . Fig. 3 b contrasts CE and εT evolu-
ion at different processing times. UVC achieved εT = 1.7 and
40% CE, while CC reached only εT = 0.6. Fig. 3 c compares
acro-morphologies of as-received, CC, and UVC samples.
fter 1.5 s of UVC, cylindrical specimens compressed from
eight of 2 mm to 0.4 mm underwent no fracture, whereas
C samples fractured at 1.1 mm height. 

For conciseness, UVC samples at characteristic deforma-
ion stages (true strains of 0.2, 0.6, 1.0, and 1.5) are des-



Z. Xu, H. Liu, C. Sun et al. / Journal of Magnesium and Alloys 20 (2026) 102094 5 

Fig. 3. Deformation behavior under different loading time after UVC. (a) Mechanical response of stress-time curve; (b) comparison of the circumference 
elongation (CE) and compressive strain ( εT ) after different loading time; (c) macroscopic deformation behaviors of the CC and UVC samples; (d) thermal 
infrared images of deformation area and (e) corresponding temperature numerical distribution of 0.2 s, 0.6 s, 1 s and 1.5 s. 
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gnated 0.2-UVC, 0.6-UVC, 1.0-UVC, and 1.5-UVC. No-
ably, despite a large deformation amount of 80%, no ap-
arent cracks are detected on the surface of the UVC sample.
nfrared thermography recorded temperature evolution dur-
ng maximum deformation ( Fig. 3 d and 3 e), showing rapid
eating to ∼478 K followed by rapid cooling. This temper-
ture spike originates from UVC-induced energy dissipation
s heat, compounded by adiabatic heating at a high strain
ate (3 × 10–1 s−1 ). Subsequent rapid cooling is attributed
o high thermal conductivity and small specimen dimensions
f AZ31 alloy. These distinct compression behaviors of the
Z31 alloy point to different deformation mechanisms un-
er CC and UVC, which will be discussed in detail in the
ubsequent sections. 

Based on the deformation behaviors of the AZ31 alloy
entioned above, the UVC process was applied to form var-

ous complex geometric shapes under ambient conditions. As
hown in Fig. 2 c1, pentagram structures were successfully
ormed with edge thickness below 0.1 mm without fracture.
ig. 2 c2 shows the square-shaped component, while Fig. 2 c3–
5 shows the hexagonal, bumper, and gear profiles, respec-
ively. All formed features exhibit clean edges and precise
eometries, with complete forming achieved within 2 s via
ltrasonic vibration. Evidently, this UVC approach enables
oom-temperature forming of Mg alloy components with var-
ous complex geometries. 

.2. Microstructure evolution of AZ31 alloy during UVC 

Fig. 4 shows the SEM images of UVC-AZ31 alloys. Un-
er low strain UVC, grains exhibit minor elongation along
he deformation axis ( Fig. 4 a and b). With increasing defor-

ation ( Fig. 4 c), coarse grains are refined and deformation
ecomes inhomogeneous. In addition, shear bands distributed
n a vertical direction of compression are observed. After large
eformation ( Fig. 4 d), shear band zones form with zonal grain
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Fig. 4. SEM micrographs of UVC-AZ31 alloy. (a) 0.2-UVC, (b) 0.6-UVC, (c) 1-UVC, (d) 1.5-UVC. 
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istribution. These results show that the shear band may play
n important role during UVC of AZ31 alloy sheet. 

Fig. 5 shows the EBSD results of the UVC-AZ31 alloy
fter different strains. The evolution of the microstructure is
hown by the inverse pole figure (IPF) maps ( Fig. 5 a1–e1).
t can be seen that the grains before deformation show a ran-
om distribution, and the original grain size is about 7 μm
 Fig. 5 a2). Upon dynamic UVC loading, significant grain re-
nement occurs, generating a population of deformed grains

hat are elongated perpendicular to the compression direction
CD). Fig. 5 a2–e2 depict the grain size distributions, revealing
 typical bimodal structure for all samples [ 50 ]. For the 1.5-
VC alloy, coarse grains along the transverse direction are

ignificantly elongated, and the average grain size is refined
o 1.62 μm ( Fig. 5 e2). It should be noted that the black areas
n the IPF maps correspond to zero resolution points caused
y high residual stress after deformation. The emergence of
lustered striped black bands around large grains is attributed
o the severe lattice distortion during deformation and the re-
ulting aggregation of finer grains [ 51 ]. Furthermore, most
efined grains are preferentially clustered along shear bands
nd deformed grain boundaries. As shown in the {0001} poles
gures, all samples exhibit a typical < 0001 > //CD compres-
ion texture [ 52 ]. Before deformation, a fiber texture with
asal poles tilted about 40 ° away from CD towards TD is ob-
erved, exhibiting a maximum pole intensity of 21.36. With
ncreasing UVC strain, an evident variation in texture is ob-
erved. The texture of the UVC alloy gradually aggregates
oward the CD direction, with pole density concentrated at
he CD pole. The UVC promotes a reduction in the texture
ntensity compared with the initial texture of the as-received
lloy. The final texture with a strength of 13.47 is formed in
he 1.5-UVC alloy ( Fig. 5 e3). 

In order to further analyze the deformation mechanisms
nd reveal the formation process of shear bands, TEM mi-
rographs ( Fig. 6 ) of AZ31 during the UVC process were
nalyzed. A microstructure evolution from low strain to high
train was observed. Due to the input of ultrasonic energy, dis-
ocation density is high, and dynamic recovery is prone to oc-
ur during dislocation sliding and climbing [ 53 ]. Dislocation
ntanglement forms low-angle grain boundaries (LAGBs),
hich consist primarily of sub-grains in Fig. 6 a–b, and the

verage sub-grain size is about 782.5 nm ( Fig. 6 c). With in-
reasing strain, the selected area electron diffraction (SAED)
n Fig. 6 d reveals that the 1.5-UVC alloy exhibits a com-
lete dynamic recrystallized microstructure with a grain size
f 461.1 nm. Focusing on the localized shear band zones
 Fig. 6 g–k), the 0.6-UVC alloy exhibits narrow and parallel
and structures ( Fig. 6 g). Within these specific regions, tan-
led dislocations are still highly visible, a feature explicitly
arked by the yellow arrows in Fig. 6 h [ 54 ]. Fig. 6 i and k

how the morphologies of shear bands in the 1.5-UVC alloy,
hich still maintains a high density of dislocations. Disloca-

ion slip promotes DRX around and inside shear band do-
ains, leading to the formation of submicron grains inside

he shear bands [ 55 ]. 
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Fig. 5. IPF maps (a1–e1), grain size distributions (a2–e2) and {0001} and {10-10} pole figures (a3–e3) of UVC-AZ31 alloy in different deformation states . 
(a1–a3) As-received sample along RD direction, (b1–b3) 0.2-UVC alloy, (c1–c3) 0.6-UVC alloy, (d1–d3) 1-UVC alloy, (e1–e3) 1.5-UVC alloy. 
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Fig. 6. TEM micrographs of UVC-AZ31 alloy: (a)–(b), (g)–(h) 0.6-UVC alloy; (d)–(e), (i)-(k) 1.5-UVC alloy; Grain size distributions of (c) 0.6-UVC and 
(f) 1.5-UVC alloy. 
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. Discussions 

.1. Compression behavior of conventional loading of Mg 

lloys 

Fig. 7 illustrates the deformation metrics comparison of
he current UVC process and conventional compression for
eported Mg-based alloys (Table S1). Here, compressive mal-
eability is quantitatively reflected by the limiting true strain
nd CE that the material can sustain prior to fracture. Due
o the high recrystallization temperature and limited slip sys-
ems, it is difficult to reach high true strain for Mg alloys
t room temperature. This limitation is evidenced in Fig. 7 ,
hich shows that most conventional loading tests were car-

ied out at elevated temperature or low strain rate, and few
g alloys exceeded the true stain of 1.3, while the UVC pro-

ess enables the AZ31 alloy sheet to achieve an exceptional
rue strain of 1.7 at a much higher strain rate of 0.3 s−1 under
mbient conditions with no additional external heating. This
esult demonstrates that UVC endows the alloy with super-
alleability, effectively overcoming the traditional trade-off

etween high strain rate and large deformation capacity. 
.2. The deformation mechanisms of AZ31 alloy sheet under 
VC 

.2.1. Twinning evolution and initial deformation 

oordination 

Fig. 8 shows the low-angle grain boundaries (LAGBs) and
igh-angle grain boundaries (HAGBs) distributions in all sam-
les. Generally, misorientations of 2 °−15 ° are considered as
AGBs, while misorientations > 15 ° are regarded as HAGBs
 56 ]. As shown in Fig. 8 a, HAGBs predominate in the as-
eceived alloy and contain a large number of twins, likely
riginating from twin accumulation during rolling and anneal-
ng. The concentrated distribution of 86 ° ± 5 ° (highlighted
ith blue background) corresponds to {10–12} < 10−11 > ex-

ension twin boundaries. For the 0.2-UVC alloy ( Fig. 8 b), in-
ufficient slip system activation at a low deformation temper-
ture promotes twin activation to accommodate deformation,
esulting in an increase in twin boundary fraction to 32%.
he ultrasonic energy causes a sharp increase in temperature,
hich further promotes twinning [ 57 ]. It was reported that

ub-grain boundaries, deformation twins and shear bands were
onsidered as the main nucleation sites for recrystallisation in
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Fig. 7. Comparative assessment of deformation capabilities between UVC process and conventional compression for Mg-based alloys. (a) Multi-dimensional 
comparison of the temperature, strain rate, and true strain, (b) corresponding relationship between the temperature and true strain, (c) corresponding relationship 
between the strain rate and true strain. 
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g alloys [ 58 , 59 ]. In this work, recrystallization nucleation
ccurs at the twin boundaries and shear bands, consuming
he initial twin with increased UVC processing [ 60 ]. After
.5 s deformation, the microstructure becomes virtually de-
oid of twins ( Fig. 5 e1). Concurrently, the intensity of the
−12–10] axis distribution for 86 ° ± 5 ° peak in HAGBs pro-
ressively diminishes. Fig. 8 f shows the variation trend of the
win boundary fraction with deformation time. The results re-
eal that the correlation of twin content on deformation time
namely true strain) is non-monotonic. Specifically, as defor-
ation accumulates, the fraction of twins exhibits an initial

urge followed by subsequent decline. 
Moreover, twin generation could induce DRX, which facil-

tates fast deformation under UVC. Fig. 9 shows twin-induced
RX nucleation behavior in 0.2-UVC and 0.6-UVC alloys,
ith EBSD orientation maps extracted from amplified regions
f Fig. 5 . As shown in Fig. 9 a, the original parent grains (P1,
2) contain twins (T1, T2). Combined with the grain bound-
ries map in Fig. 8 , these are identified as {10 ̄1 2} 86 ° ± 5 °
xtension twin boundaries. Apparently, the fine DRX grain
e.g., D1) is observed around the twin. Similarly, Fig. 9 b
hows refined DRX grains (D1–D2) nucleating at twin inter-
aces with similar orientations—characteristic of continuous
ynamic recrystallization (CDRX) [ 61 , 62 ]. Moreover, several
ub-grains (S1–S13) are also formed in the vicinity of par-
nt grain boundaries. At this small strain, sub-grains repre-
ent early stage DRX where parent grains are partially sur-
ounded by DRX grains, while sub-grains dominate and re-
rystallization remains incomplete. With the aggravation of
eformation, LAGBs transform into HAGBs through lattice
otation, evolving these sub-grains into DRX grains [ 63 ]. As
hown in Fig. 9 c–d, the parent grains are oriented along the
irection of CD in the {0001} plane, while the formed DRX
rains maintain twin-related orientations. Fig. 9 e–f shows the
oint-to-point and point-to-region misorientation differences
f the line inside the grains. The orientation difference be-
ween the points in the parent grain and the starting point
s large ( > 10 °), indicating a strong distortion in the parent
rains. The accumulation of dislocations forms a large num-
er of sub-grains, which are expected to develop into new
RX grains. 
These observations collectively demonstrate twinning-

ssisted DRX as a dominant mechanism under the earlier
tage of UVC [ 64 ]. The high-frequency ultrasonic vibration
romotes profuse {10–12} extension twinning and localized
igh stored energy in shear bands, which serve as prefer-
ntial sites for rapid nucleation of DRX grains. This twin-
timulated process accelerates continuous DRX through pro-
ressive lattice rotation and subgrain boundary migration. The
esulting high-density grain boundaries not only enhance grain
oundary sliding and rotation to accommodate large plas-
ic strain, but also facilitate the transition from twinning-
ominated deformation to non-basal slip activity once pri-
ary twins are exhausted. This ’’twinning-assisted DRX’’
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Fig. 8. Distributions of misorientation angle before and after UVC: (a) as-received alloy, (b) 0.2- UVC, (c) 0.6-UVC, (d) 1-UVC, (e) 1.5-UVC; (f) the curve 
of grain boundaries fraction and twin boundaries fraction with time. 
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echanism is crucial for the early stages of deformation, as
t locally softens the material and prevents stress concentra-
ions from reaching critical levels that would otherwise induce
racture. 

.2.2. Dislocation proliferation and slip mode transition 

In order to determine the specific dislocation slip modes
ctivated during UVC, the widely established in-grain mis-
rientation axis (IGMA) analysis was adopted. This method-
logy follows Chun et al. [ 65 ], where IGMA identifies acti-
ated slip modes by correlating the preferred lattice rotation
xes (Taylor axes). Considering the crystal lattice bending
aused by slip around Taylor axes, we adopted Mg alloy slip
ystem criteria from Jiang et al. [ 66 ]. Misorientation axes
ere plotted for material-point pairs within 1.2 °–2 ° range,

s misorientation angles above 2 ° negligibly affect IGMA
istribution features [ 67 ]. Fig. 10a–10d illustrates the result-
ng IGMA distributions for representative deformed grains,
nd grains with grain orientation spread (GOS) > 1 ° was de-
ned as deformed grains, following Huang et al. [ 68 ]. It is
ell known that the basal slip is easy to activate at room

emperature. In Fig. 10 a, the IGMA distribution of the B
rain exhibits a concentration on the < 0001 > axis, indicat-
ng the activation of prismatic < a > slip. With the accumu-
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Fig. 9. Twin-induced nucleation behavior of 0.2-UVC and 0.6-UVC alloy: (a) region selected from Fig. 5b1 of 0.2-UVC alloy, (c) the corresponding {0001} 
{10-10} pole figures, (e) distributions of the misorientation angles along the white line in (a); (b) region selected from Fig. 5c1 of 0.6-UVC alloy, (d) the 
corresponding {0001} {10-10} pole figures, (f) distributions of the misorientation angles along the white line in (b). 
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ation of strain and the concomitant rise in temperature, the
GMA distributions are concentrated in the < uvt0 > axis, in-
icating that the deformation of grains is mainly governed
y the combined activity of basal < a > slip and pyramidal
 < c + a > slip. In addition, the pyramidal Ⅱ < c + a >

lip leads to the grain rotation, activates the recrystallization,
nd increases the DRXed degree. With continuous increase in
train and a decrease in temperature, the prismatic < a > slip
s activated ( Fig. 10 d). According to Qi et al. [ 69 ], prismatic
 a > dislocations are more easily activated with a decreas-

ng temperature. These observations indicate that the IGMA
f most deformed grains is concentrated in the < uvt0 >

xis. 
Based on the above IGMA analyses, the deformation of

he AZ31 alloy under UVC is dominated by basal < a > slip,
orking in concert with pyramidal Ⅱ < c + a > slip. After

he intermediate stage of deformation, the prismatic < a > slip
ominates the deformation inside the grains. 

Fig. 10 e–h presents the GOS distribution maps and the
roportion of DRXed grains. In the early stage of ultrasonic
eformation, the proportion of DRXed grains changes dramat-
cally, from 4.05% of the 0.2-UVC alloy to 12.5% of the 0.6-
VC alloy. Although most grains are still deformed grains,

he proportion of DRXed grains in the 1.5-UVC alloy also
eaches 15.45%. In addition, TEM observation was performed
o determine the dominant slip mode. As shown in Fig. 11 ,
 more comprehensive view of shear band morphology is
chieved using FIB tomography ( Fig. 11 a). Fig. 11 b–c further
erifies the role of shear bands in the deformation process,
nd finer grains nucleate within the shear bands. Fig. 11 d–e
hows a high-resolution TEM (HR-TEM) image of the dislo-
ations entangled region, and a one-dimensional inverse FFT
mage reveals dislocations associated with a different set of
lanes, marked by symbol ⊥ . As shown in Fig. 11 f, abundant
islocations could be observed, implying that < a > prismatic
lips on (11–20) planes are activated. This slip mode plays a
rucial role in accommodating the later plastic strain [ 70 ]. 

Fig. 12 shows the kernel average misorientation (KAM)
nalysis of the UVC alloys. The geometrically necessary dis-
ocation (GND) density can be further calculated according
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Fig. 10. GOS maps and IGMA distribution of AZ31-UVC alloy: (a) 0.2-UVC alloy, (b) 0.6-UVC alloy, (c) 1-UVC alloy, (d) 1.5-UVC alloy, (e-h) GOS 
distributions and the proportion of DRXed grains. 
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o the KAM value [ 71 , 72 ], which can be determined as: 

= 2θ

μb 

(3) 

Where θ ( rad ) can be calculated from the average KAM
alue from Fig. 12 f; μ represents the step size of the EBSD
bservation, which is 0.3 μm in this work; b is the Burgers
ectors of the basal slip of Mg at about 0.321 nm. 

The GND densities of the as-received, 0.2-UVC, 0.6-
VC, 1-UVC, and 1.5-UVC alloys are calculated by EBSD

s 1.16 × 1014 /m2 , 3.37 × 1014 /m2 , 3.59 × 1014 /m2 ,
.35 × 1014 /m2 and 3.41 × 1014 /m2 , respectively. With in-
reasing deformation time, the average GND densitiy first in-
reases and then decreases. In the 0.2-UVC alloy, the dislo-
ation is mainly concentrated at the grain boundary. When
he deformation time reaches 0.6 s, the proportion of dis-
ocations in the coarse grains is higher with the entangle-
ent of dislocations. The maximum GND densities reaches

.35 × 1014 /m2 in the 1-UVC alloy. The results indicate that
he formation of DRX is promoted in the deformation process,
hich reduces the dislocation density in the deformed struc-

ure. Recrystallized grains are generally dislocation-free, in-
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Fig. 11. HR-TEM showing typical dislocation area fringes of 1.5-UVC alloy: (a) FIB image during slicing. (b) (c) The TEM image inside the shear bands; (d) 
The HRTEM diagram shows the arrangement of atoms of the dislocation-rich region A, (e) enlarged squared area of (d); (f) one-dimensional Fourier-filtered 
image of (d). 

Fig. 12. Kernel average misorientation (KAM) distribution maps of AZ31 alloy before and after UVC. (a) As-received alloy, (b) 0.2-UVC alloy, (c) 0.6-UVC 

alloy, (d) 1-UVC alloy, (e) 1.5-UVC alloy, (f) corresponding statistical distribution image of KAM. 

https://www.sciencedirect.com/topics/physics-and-astronomy/ion-beams
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icating that DRX can still occur at a temperature lower than
he recrystallization temperature in this work. In the interme-
iate and advanced stages of deformation, the shear bands
radually pass through the interior of the sample section at
5 ° with a higher proportion. Shear bands are generally con-
idered as defects that occur after severe plastic deformation
 73 ]. 

However, Hu et al. [ 74 ] have reported that shear bands
an sustain high-speed deformation of the alloy. In this work,
hear bands similarly serve as a driving force for plasticity.
onsequently, a large number of low-density, refined grains
re generated around the shear bands, acting as reliable nu-
leation sites. Meanwhile, the overall dislocation density de-
lines, indicating that shear bands coordinate deformation by
nabling dislocation slip to keep pace with the rapid defor-
ation rate induced by ultrasonic vibration. 
The initial rapid increase in dislocation density reflects the

ntense acoustic impacts and high-frequency cyclic loading,
hich generate abundant mobile dislocations and stored en-

rgy far exceeding conventional compression. This high dis-
ocation activity drives profuse twinning and shear-band for-

ation in the early stage, while the subsequent decline in dis-
ocation density coincides with the onset of twin-stimulated
RX. The recrystallized grains, being dislocation-free, pro-
ide soft regions that accommodate further strain, while the
etained mobile dislocations in the matrix facilitate the tran-
ition to non-basal slip systems (prismatic and pyramidal
 c + a > slip) once primary twins are exhausted. The shear

ands acting as localized high-plasticity channels, coordinate
he dislocation glide and grain boundary sliding [ 75 ], effec-
ively releasing stress concentrations and suppressing crack
nitiation even at a high strain rate of 0.3 s−1 . 

.2.3. DRX evolution and grain refinement 
To further explore the DRX mechanism during the high

train deformation stage, the deformation areas of 1.5-UVC
lloy were analyzed in detail, as shown in Fig. 13 . The band
ontrast (BC) and IPF maps ( Fig. 13 a–b) reveal coarse de-
ormed grains coexist with fine recrystallized grains clus-
ered along the shear bands, with average grain size (AGS)
f 1.76 μm. The corresponding KAM map ( Fig. 13 c) con-
rms that a high density of dislocations is accumulated within

hese deformed zones. To resolve the fine substructures, TKD
nalysis focused on the shear band region (Region A) is pre-
ented in Fig. 13 d, which reveals that inside the shear bands
ad more ultrafine grains with an average size of 0.48 μm.
ig. 13 e represents the misorientation angle distributed along

ine 1 in Fig. 13 c. Through the point-to-point angle, it can be
ound that there are several LAGBs along the line 1, and the
oint-to-region angle has accumulated up to about 35 °, indi-
ating the activation of extensive dislocation slips in the shear
ands. In contrast to the gradual lattice rotation observed in
ine 1, the misorientation profiles along Line 2 ( Fig. 13 f)
nd Line 3 ( Fig. 13 g) exhibit distinct characteristics of fully
ecrystallized grains. Notably, the point-to-region misorienta-
ion exhibits a ’’step-like’’ trend with flat plateaus within the
rains. This implies that the interior of these DRX grains
s relatively uniform in orientation and free of lattice distor-
ion, confirming that the stored strain energy has been ef-
ectively released through recrystallization. The results above
lign well with the ’’shear band induced nucleation’’ mech-
nism recently reported by Zhang et al., who confirmed that
hear bands act as preferential sites for DRX [ 76 ]. 

The severe accumulation of dislocations and lattice distor-
ion provides the thermodynamic driving force for nucleation.
et, the presence of these defects alone does not explain the
uppression of fracture, given that similar features often cause
ailure during conventional compression [ 77 ]. This distinction
oints to a unique acoustic-thermal coupling mechanism in-
erent to the UVC process. Under 20 kHz ultrasonic vibra-
ion, the extremely high strain rate introduces massive stored
nergy into the shear bands [ 78 ], which is rapidly unlocked by
ntrinsic self-heating. Plastic work and internal friction dissi-
ate as thermal energy, causing localized temperature spikes.
nlike conventional external heating, this ultrasonic-induced

hermal field provides immediate kinetic activation for grain
oundary migration directly at the sites of severe deformation.
hus, the formation of ultrafine grains results from a synergy:

he stored energy lowers the nucleation barrier, while con-
urrent self-heating supplies the kinetics necessary for rapid
RX, significantly accelerating recrystallization compared to

onventional deformation. 

.3. The reasons for AZ31 alloy to achieve super 
alleability without fracture during UVC process 

.3.1. The reasons for high-strain-rate super malleability 
In this work, the role of dynamic impact from ultrasonic

n inducing greater plastic deformation in AZ31 alloy cannot
e ignored [ 79 ]. During deformation, the ultrasonic sonotrode
arried out reciprocating loading and unloading at a set fre-
uency and amplitude, causing separation and micro-sliding
etween the sonotrode and the sample surface [ 80 ]. Local
riction at the contact interface generated heat, raising the lo-
al temperature. Therefore, the maximum instantaneous tem-
erature of the internal heating of the AZ31 alloy can reach
78 K ( Fig. 3 ) due to the thermal effect of ultrasound, which
urther reduced the yield stress and increased the surface plas-
ic strain. In addition to the surface effects of UVC, acous-
ic softening is also considered to impact the microstructure
volution. Generally, acoustic softening is understood to fa-
ilitate dislocation motion and reduce the lattice resistance to
islocations, consequently manifests as a drop in flow stress
 81 ]. Due to the rapid action of ultrasonic energy in a few
illiseconds, the dislocation density increased and plied up

ignificantly in the early stage of deformation. In order to re-
ease strain energy, dislocations reconstituted into dislocation
alls, forming substructures oriented along the inclined di-

ection relative to the ultrasonic vibration direction ( Fig. 6 k).
n response to rapid deformation, shear bands formed to ab-
orb the ultrasonic energy, accommodating a large number of
islocations and substructures. As the strain increased and the
hermal effect diminished, DRX occurred within and around
he shear bands [ 82 ]. 
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Fig. 13. EBSD analysis of 1.5-UVC alloy. (a) BC map, (b) IPF map, (c) KAM map; (d) TKD orientation map and IPF map of region A in Fig. 13 b, (e) (f) 
(g) misorientation profiles of selected lines. 
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The combined acoustic softening and surface effects of
ltrasonic vibration promote the plastic deformation of Mg
lloy, with strain increasing nearly linearly. During low-strain
VC, twinning can be activated to accommodate sample de-

ormation. These twins can then stimulate DRX and promote
he formation of sub-grains afterward. Unlike conventional
nidirectional loading, ultrasonic vibration loading provides
ulti-directional stress that induces severe lattice rotation, fa-

ilitating dislocations accommodation and stress concentration
elease during the transition of sub-grain boundaries to DRX.

ith the increase of true strain, the density of shear bands
nd dislocations increases, and the temperature of the sam-
le reaches the maximum. The twins within the coarse grains
rovide nucleation points for recrystallization, while the en-
angled dislocations within the shear bands increase gradually.
his is due to the ultrasonic vibration energy is absorbed by

he dislocations in the shear band, which promotes the ac-
umulation and entanglement of dislocations. With grain re-
nement, primary twins are exhausted, and non-basal slip is
ctivated to dominate the deformation behavior. It is reason-
ble to speculate that ultrasonic energy is not fully absorbed
ue to heat dissipation. Dislocation slips dominated defor-
ation as deformation continues and temperature decreases.
ith increasing the true strain, the density and distribution
f shear bands increase correspondingly. Dislocations within
hear bands develop into sub-grain, and DRX occurs simul-
aneously around and within shear band regions, coordinating
eformation. According to Zohrevand et al. [ 83 ], ultrasonic
aves can induce sufficient shear stress to wipe out twins

nd promote the accumulation of dislocations and non-basal
lips. Most of the grains inside and around shear bands re-
rystallized, eventually realizing a uniform structure mainly
esponsible for the obtained super malleability. This discus-
ion provides new insights into the underlying mechanisms
f the ultrasonic process. 

.3.2. The reasons for super malleability without fracture 
Generally speaking, nucleation and development of micro-

racks and fracture of Mg alloys during compression origi-
ate at twin boundaries, eutectic particles, and grain bound-
ries [ 84 ]. Malik et al. [ 85 ] reported the deformation behav-
or of ZK61 alloy under conventional compression at differ-
nt temperatures. A large number of compression twins were
roduced under ambient conditions without external heating
hile DRX is difficult to be initiated. The fraction of twin-
ing increased along with increasing strain rate. Twinning
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roduced high strain energy contributing to work hardening,
hile limiting further plastic deformation. Stress concentra-

ion at twin and grain boundaries is the primary cause for
rack nucleation and propagation. Kim et al. [ 86 ] observed
hat DRX caused by compression twins in the shear bands
an accommodate large plastic strain. The initiation of cracks
an be induced by strain incompatibility between high strain
nergy regions and the matrix structure. Lu et al. [ 87 ] re-
orted asymmetric deformation among grains during compres-
ion resulting from stress concentration at the boundaries of
longated grains. 

In the present study, the AZ31 alloy exhibited no fracture
nder large-strain UVC processing. This super-malleability
an be attributed to unique microstructural evolution driven
y ultrasonic energy. Firstly, during the early stage of UVC,
winning accommodated deformation and provided initial nu-
leation sites for DRX. As true strain increased from 0.2 to
.6, twinning was effectively exhausted, mitigating the poten-
ial for twin-induced cracking by ultrasonic softening. Sec-
ndly, to accommodate high-frequency ultrasonic vibration,
 large number of dislocations were generated and clustered
nto shear bands along the maximum shear direction. Under
he acoustic softening effect, dislocation multiplication was
nhanced, and the density of shear bands increased, improving
he material’s capacity to accommodate severe deformation. 

Crucially, ultrafine grains formed via DRX within these
hear bands play a pivotal role in achieving super-malleability.
n conventional deformation, shear bands often act as fail-
re precursors due to severe stress concentration [ 88 ]. How-
ver, under UVC, rapid formation of newly formed ultrafine
rains effectively releases these local stress concentrations and
nduces localized dynamic softening. Furthermore, abundant
igh-angle grain boundaries provided by these ultrafine grains
acilitated grain boundary sliding and coordinated rotation.
his mechanism effectively prevents crack initiation at shear
ands, enabling the material to sustain an exceptionally large
rue strain of 1.7 without fracture. 

.4. Potential applications and limitations 

Although UVC demonstrates remarkable capability for
chieving super-malleability in Mg alloys under room-
emperature conditions, its translation from laboratory-scale
o industrial implementation requires balanced evaluation of
oth advantages and limitations. 

Currently, the UVC system is primarily optimized for
recision components with characteristic dimensions up to
pproximately 30 mm, making it particularly suitable for
mall-scale, high-value products, such as biomedical implants,
erospace fasteners, and micro-gears. Scaling the process to
arger structural components ( > 100 mm) faces challenges
ssociated with the power capacity of ultrasonic transduc-
rs and the acoustic design and durability of large-section
onotrodes. Despite these challenges, UVC offers distinct ad-
antages in processing efficiency and cost-effectiveness. Un-
ike conventional superplastic forming requiring prolonged
igh-temperature exposure, UVC operates without external
eating and completes forming within seconds. This signif-
cantly reduces energy consumption per component and in-
reases production throughput. Moreover, the elimination of
old preheating alleviates thermal fatigue, thereby extending

he service life of forming dies. As a result, for mass produc-
ion of complex near-net-shape Mg components, the reduced
perational costs associated with UVC can partially or even
ully compensate for higher initial capital expenditures. 

Another commonly cited concern for ultrasonic-based pro-
essing is energy attenuation. In contrast to the pronounced
ttenuation observed in liquid or gaseous media, UVC re-
ies on direct solid-state mechanical coupling between the
onotrode and the workpiece. When the acoustic system is
roperly tuned to resonance, high-frequency mechanical en-
rgy can be efficiently transmitted with minimal loss during
he forming process [ 89 ]. 

In summary, the UVC represents a promising and poten-
ially transformative approach for high-efficiency manufactur-
ng of precision Mg components. Further systematic studies
n process stability, tooling lifetime, and scale-up design are
till required before large-scale industrial deployment. Contin-
ed advances in high-power acoustic systems and sonotrode
esign are expected to further extend its applicability to-
ard larger critical components in emerging fields, including

ightweight structural nodes for robotics, unmanned aerial ve-
icles, and automotive systems. 

. Conclusions 

In summary, an effective approach of ultrasonic vibration-
ssisted compression to realize the super malleability on the
ommercial AZ31 alloy sheet initiated at room temperature is
uccessfully developed in this study. The dominating deforma-
ion mechanisms enabling the super malleability are dissected
y characterizing the microstructure evolutions with different
eriods of processing. Based on the experimental results, the
ain conclusions can be drawn as follows: 

1) High strain rate (3 × 10–1 s−1 ) super malleability is suc-
cessfully achieved in an AZ31 alloy sheet by UVC initiated
at room temperature with a relatively low applied stress
( ∼43.23 MPa). A true strain of nearly 1.7 and circumfer-
ence expansion of 140% are obtained just within 2 s. This
demonstrates UVC’s capability for near-room-temperature
forming of Mg products with various complex geometries.

2) The microstructure evolution during the UVC process goes
through three distinct stages. In the initial stage, the de-
formation is coordinated primarily by twinning and twin-
induced DRX. Subsequently, as primary twins are ex-
hausted, a transition to non-basal slip dominance occurs. In
the final stage, deformation is governed by the formation
of high-density shear bands and widespread DRX, ensuring
continuous strain accommodation from low to high strain
levels. 

3) The achieved super-malleability is attributed to a synergis-
tic acoustic-thermal coupling mechanism. The ultrasonic-
induced acoustic softening and localized self-heating sig-
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nificantly lower the nucleation barrier, activating rapid
DRX within the shear bands. The ultrafine grains
( ∼460 nm) were rapidly generated within the shear bands.
The formation of a large number of new grain boundaries
and the homogenization of the microstructure release stress
concentration, preventing fracture. This technique provides
a simple and effective approach to develop Mg alloy prod-
ucts at room temperature with significant industrial appli-
cability. 
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