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Abstract 

High-purity magnesium is an attractive platform for biodegradable implants because it minimizes risks associated with alloying elements, 
yet its clinical translation is constrained by poor hot workability and the persistence of casting-derived defects that accelerate mechanical failure 
and corrosion. Here we establish a processing-structure-defect framework that enables defect-suppressed extrusion of 4N(99.99 wt.%) Mg into 
rods with structural characteristics relevant to biodegradable implant applications. Processing maps derived from hot-compression experiments 
and Arrhenius-type constitutive modelling reveal an unusually narrow stability window governed by low strain-rate sensitivity and limited 
dynamic recrystallization in coarse-grained pure Mg. Guided by this map, low-strain-rate extrusion within dynamic recovery/recrystallization- 
stable domains promotes pore collapse and spheroidization while avoiding flow instability. As a result, the maximum defect size is reduced to 
< 60 μm, nearly two orders of magnitude smaller than in commercial high-purity Mg rods. The refined defect state translates into a tensile 
strength above 190 MPa and an in vitro degradation rate of ∼0.2 mm ·year-1 , demonstrating that mechanical integrity and corrosion control 
can be achieved simultaneously in high-purity Mg. This work therefore offers a scalable and practically accessible route to manufacturing 
defect-controlled pure Mg rods with structural and degradation characteristics relevant to biodegradable implant applications. 
© 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 

Magnesium (Mg) has emerged as a promising material
or next-generation biodegradable medical implants, owing
o its unique combination of mechanical compatibility with
one, intrinsic biodegradability, and outstanding biocompati-
ility [ 1 , 2 ]. Unlike inert metals such as titanium or cobalt–
hromium alloys, Mg–based implants can sustain physiologi-
al loads while gradually resorbing in vivo [ 3 ], thereby elimi-
ating the need for secondary removal surgeries [ 4 ]. To date,
ost biodegradable devices have been based on Mg alloys

 5 ] (e.g., Mg–RE, Mg–Zn, and Mg–Ca), exemplified by the
linically approved Magmaris® coronary scaffold [ 6 ]. How-
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ver, high–purity Mg ( > 99.99 wt.%) offers inherent biosafety
dvantages, as alloying elements released during degradation
ay provoke adverse biological responses, whereas pure Mg

argely avoids these risks. Accordingly, several high–purity
g devices—including the NOVAMag® membrane [ 7 ], a

egradable closing clip [ 8 ] (Suzhou Origin Medical Technol-
gy Co., Ltd., China), and high–purity Mg screws [ 9 ] (Eon
echnology Co., Ltd., China)—have recently received regu-

atory approval, underscoring a growing preference for pure
g when mechanical performance permits. 
For orthopedic and dental applications, Mg rods [ 10 , 11 ]

erve as versatile feedstock for screws [ 12–14 ], narrow bone
lates [ 15 ], and nails [ 16 ], and must meet stringent re-
uirements [ 17 , 18 ]: ultra–high chemical purity [ 19–22 ], ex-
remely low porosity and inclusion content [ 23–25 ], a uniform
rain structure, reliable mechanical properties and appropri-
te degradation rate under physiological conditions. Defects
uch as pores and non–metallic inclusions are especially detri-
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ental, acting as stress concentrators that reduce the effec-
ive load–bearing cross–section, degrade tensile and fatigue
trength, and accelerate localized corrosion [ 26–30 ]. In im-
lants with characteristic dimensions of only a few millime-
ers [ 31 ], even sub–millimeter defects can critically compro-

ise mechanical properties. For instance, increasing porosity
rom 0.07% to 4.06% lowers the fatigue limit from 82 to 32

Pa [ 32 ], while reducing pore size from ∼110 to ∼80 μm
oughly doubles fatigue life [ 33 ]. Proposed specifications for
rought biomedical rods (GB/T 6519–2024) require that no
efect exceeds 0.4 mm; for orthopedic applications, defect–
olerance analyses suggest a more stringent limit of < 100 μm
nd a total defect volume fraction < 0.03 vol.% to ensure both
echanical integrity and controlled biodegradation. Moreover,

efect size, morphology and spatial distribution are critical to
orrosion susceptibility, film stability and degradation unifor-
ity, particularly when defects intersect the surface or become

xposed during corrosion. Defect-containing rods can exhibit
aster and more non-uniform corrosion than dense counter-
arts [ 34–35 ], as corrosion initiation at these defect sites can
romote repeated film rupture and reformation, thereby accel-
rating localized degradation [ 36 ]. Nevertheless, commercial
g rods face quality challenges beyond compositional vari-

bility, with inclusions and pores representing the more crit-
cal concern for implant-grade feedstocks. Indeed, the exam-
ned commercial high-purity Mg rod was found to contain in-
lusions or pores as large as ∼1.5 mm, far exceeding accept-
ble limits for small biodegradable implants. Consequently,
ownstream manufacturers often have to perform piece-by-
iece non-destructive inspection before machining purchased
ods into medical devices, indicating that defect management
till relies heavily on post-production screening rather than
ystematic control at the feedstock and processing stages. 

Such defect-related limitations are rooted in the coupling
etween casting quality and subsequent thermomechanical
rocessing [ 37 , 38 ]. During casting, non-uniform temperature
elds, variable cooling rates, solidification shrinkage and melt
xidation can introduce pores and inclusion clusters [ 39 ].
hese inherited defects are not fixed features: during extru-
ion, they may either close and spheroidize under stable com-
ressive flow or elongate and propagate under unstable defor-
ation. Therefore, extrusion temperature, strain rate, cooling

ate and thermal exposure jointly determine both microstruc-
ure evolution [ 40–44 ] and defect evolution [ 45 , 46 ]. This cou-
ling is particularly critical for pure Mg. Pure Mg contains
inimal solute, resulting in large as-cast grain sizes, slug-

ish dynamic recrystallization(DRX), and limited activation
f non-basal slip systems [ 47 , 48 ]. These factors reduce de-
ormation homogeneity, increase susceptibility to cracking at
ow temperatures, and promote flow instability [ 49–51 ], mak-
ng defect closure highly sensitive to the imposed deformation
ath. Consequently, achieving defect–suppressed extrusion of
igh–purity Mg requires a comprehensive understanding of
ts thermomechanical behavior and the conditions that favor
efect closure over propagation. 

In this work, we establish a processing–structure–defect
ramework that enables defect–suppressed extrusion of
N(99.99 wt.%) Mg into rods with structural characteris-
ics relevant to biodegradable implant applications. We begin
ith high–quality billets produced by a controlled thin–layer

olidification casting(CTLSC) route developed by our team
 52 ], which minimizes casting–derived defects. The hot de-
ormation behavior is systematically investigated via Gleeble
ot–compression experiments across a range of temperatures
nd strain rates. Using the Dynamic Material Model(DMM)
nd an Arrhenius–type constitutive analysis, we construct pro-
essing maps that reveal an unusually narrow stability win-
ow for coarse–grained pure Mg, governed by low strain–
ate sensitivity and limited dynamic recrystallization. Guided
y these maps, we perform extrusion trials within the dy-
amic recovery(DRV)/DRX–stable domain, promoting pore
ollapse and spheroidization while avoiding flow instability.
he resulting rods exhibit a maximum defect size below
0 μm, nearly two orders of magnitude smaller than com-
ercial high–purity Mg rods, and achieve a tensile strength

xceeding 190 MPa together with an in vitro degradation
ate of ∼0.2 mm ·year-1 in Hank’s solution. This work there-
ore provides a practical route to defect-controlled pure

g rods with structural and degradation characteristics rel-
vant to biodegradable implant applications, with broader
mplications for the processing of high-purity Mg and Mg
lloys. 

. Methods 

.1. Sample preparation and characterization 

The microstructure of the high-purity Mg consists predom-
nantly of α-Mg, with a broad grain-size distribution ranging
rom ∼0.1 to 1.6 mm. The average grain size is approxi-
ately 500 μm, with maximum and minimum grain sizes of
1500 μm and ∼100 μm, respectively, as shown in Fig. 1 .
he chemical composition of the Mg was determined using
 GNR S9 optical emission spectrometer, and the measured
lemental contents are summarized in Table S1. 

The extrusion billet was produced by closed-atmosphere
nduction melting followed by controlled thin-layer solidifica-
ion casting. In CTLSC, Mg feedstock is melted under high-
urity argon in a sealed furnace and the melt delivery rate is
recisely regulated while passing through a flow-control and
ltration stage, so that only small aliquots of liquid Mg are

ntroduced into a preheated graphite mold, where they spread
nto a transient thin melt layer at the solidification front. This
ear-isothermal thin-layer solidification mode minimizes ther-
al gradients and feeding-related contraction, thereby sup-

ressing macroscale segregation, shrinkage porosity and in-
lusion clustering, and producing dense billets suitable for
ubsequent extrusion. 

Internal defects in the billet were characterized by X-ray
omputed tomography (CT) ( Fig. 2 ). The overall porosity is
ow, at ∼0.6 vol. ‰ ( Fig. 2 (a)). As shown in Fig. 2 (b), defects
arger than 350 μm are mainly located at the ingot bottom and
ear-subsurface regions, whereas smaller defects ( < 350 μm)
re more uniformly distributed within the interior (the semi-
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Fig. 1. Grain size and distribution of the as-cast 4N pure magnesium ingot. (a) Optical micrograph. (b) Statistical distribution. 

Fig. 2. Characterization of defect morphology and distribution in an as-cast 4N pure Mg ingot via CT analysis. (a) Three-dimensional reconstruction of the 
defect spatial distribution in the as-cast ingot. (b) Size distribution of defect in the ingot, showing the clustering of large defects at the subsurface region. (c) 
Variation of defect sphericity and equivalent diameter with distance from center. (d) Histogram showing the frequency of defect sizes in (b). 
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ylindrical region outlined by blue dashed lines in Fig. 2 (a)).
epresentative examples are shown in Fig. 2 (c): the largest
efect is > 600 μm, while most smaller defects are equiaxed
more information was shown in Table S2). From the ingot
enter toward the near-surface region, defect size increases
rogressively, accompanied by a decrease in sphericity. De-
ailed statistical descriptors of defects morphology are pro-
ided in Table S2. The size distribution ( Fig. 2 (d)) shows
hat > 97% of defects are smaller than 200 μm, whereas
efects larger than 400 μm account for only 0.008%. 
.2. Gleeble hot compression 

The experiments were conducted on a Gleeble-3800 ther-
omechanical simulator for hot compression, using four de-

ormation temperatures (150 °C, 200 °C, 250 °C, and 300 °C)
nd four strain rates (0.001 s-1 , 0.01 s-1 , 0.1 s-1 , and 1 s-1 ) at
ach temperature. The height reduction of all samples was set
o 40% (equivalent to a true strain of 0.51). Hot compression
pecimens were wire-cut directly from the as-cast Mg ingot,
nd the surfaces were polished with 1000-grit SiC paper to
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Fig. 3. Experimental setup and characterization procedure. (a) Experimental setup of hot compression. (b) Experimental procedure for metallographic charac- 
terization using optical microscope and EBSD. (c) Fabricating high-purity Mg rods by extrusion and characterization of internal defects by X-ray CT. 
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emove the oxidized layer; no pre-deformation heat treatment
as applied. Specimens were heated to the target temperature

t 5 °C/s and held for 3 min to achieve thermal equilibrium.
ompression was then performed at the prescribed strain rate

o the target strain. After compression the samples were re-
oved and water-quenched ( Fig. 3 (a)). 
After the hot compression experiments, all samples were

ectioned, ground and polished for metallographic analysis.
he sample surfaces were sequentially sanded with 400-,
00-, 1500-, 2500-, 5000-, and 7000-grit papers and polished
ith 0.25 μm alumina suspension to ensure a consistent sur-

ace condition. Microstructures (grain size, morphology and
istribution) were examined using an optical microscope (Le-
ca DM4M). For further characterization, selected specimens
ere prepared for EBSD ( Fig. 3 (b)). 

.3. Extrusion trials 

Extrusion trials were conducted with pure Mg billets
 �90 × 200 mm) on a horizontal 800-ton hydraulic press,
roducing rods of 10 mm diameter without lubrication. Prior
o extrusion, these billets were machined to remove the
urface layer and then soaked at a set temperature for 3 h to
nsure thermal equilibration. The extrusion temperature and
am speed were selected from the processing map Fig. 4 (e)
y converting the prescribed temperature-strain-rate windows
nto machine-set parameters through Eq. (10); owing to equip-
ent limitations, the lowest attainable strain rate was 0.04 s-1 .
ost-extrusion specimens were cut and examined by X-ray
omputed tomography (AX-3000CT-D). Porosity metrics
volume fraction, size, and morphology) were quantified and
ompared with those of commercial pure Mg rods ( Fig. 3 (c)).

.4. Immersion test 

Corrosion performance was evaluated through controlled
mmersion experiments using �10 × 5 mm samples. The
ample surfaces were sequentially sanded with 400-, 800-,
500-, 2500-grit papers, with initial masses ( mi ) recorded be-
ore immersion. The test was conducted in Hank’s solution
Table S3) in accordance with JB/T 7901–2023, maintaining
 20 mL �cm-2 solution-to-surface area ratio at 37 °C. The
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Fig. 4. Strain-rate-sensitivity-based processing maps of as-cast 4N-purity Mg at an engineering compressive strain of 0.40. (a) Polynomial fitting results of 
ln σ and ln ε for calculating the strain rate sensitivity factor ( m ). (b) Three-dimensional plot of m as a function of temperature and strain rate. (c) Power 
dissipation map. (d) Flow instability map. (e) Processing map obtained by superimposing power-dissipation and instability domains to reveal the optimal 
processing windows. (f) Morphology of the compressed specimens. 
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mmersion duration was set to 1 week, with hydrogen evo-
ution measured intermittently throughout the period. Three
eplicate specimens were tested for each condition. After im-
ersion, samples were rinsed with deionized water, dried with

thanol and cleaned with Chromic acid (200 g �L-1 CrO3 + 10
 �L-1 AgNO3 ) before final mass measurements ( mf ). The
egradation rates were calculated using: 

H 

= 2. 279
Hi − Hf 

At 
(1)

W 

= 2. 100
mi − mf 

At 
(2)
Here, PH 

and PW 

denote the corrosion rates determined
rom hydrogen evolution and weight loss measurements, re-
pectively. Hi - Hf represents the net hydrogen evolution vol-
me (mL). A is the exposed surface area (cm2 ), and t is the
mmersion time (day). 

.5. Tensile test 

Tensile tests were performed in accordance with GB/T
28.1–2021 standards to evaluate the mechanical properties
f extruded rods. The tests were conducted at room temper-
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ture using a universal testing machine (ETM105D), with a
rosshead speed of 1 mm/min. The stress-strain data were
ecorded during the test, from which the ultimate tensile
trength ( σ ), yield strength ( σ ᵧ ), and elongation ( ε) were
etermined. To ensure repeatability and statistical reliability,
hree replicate specimens were tested. 

. Results 

.1. Processing map of 4N high-purity Mg 

Representative true stress-strain curves (Fig. S1) demon-
trate strong temperature- and strain-rate-dependent flow be-
avior in as-cast 4N Mg. At a high strain rate of 1 s-1 ,
he curves are dominated by rapid hardening with negligi-
le post-peak softening, consistent with dislocation multipli-
ation outpacing dynamic restoration. Reducing the strain rate
o 0.1 s-1 introduces a clear peak stress followed by softening
t 300 °C, whereas the curves at 150–250 °C evolve towards a
ear-steady plateau, indicating a transition from work harden-
ng to DRV-controlled flow with DRX becoming discernible
nly at elevated temperature. At lower strain rates of 0.01–
.001 s-1 , the flow response between 250 and 300 °C becomes
ncreasingly plateau-like with smooth steady flow, consistent
ith enhanced thermal activation that lowers the critical strain

or DRX and suppresses twinning. In contrast, temperatures
elow 200 °C show sharp peaks with abrupt softening, ac-
ompanied by extensive { 101̄ 2} 〈101̄ 1 〉 tensile twinning in the
eformed microstructure, highlighting a twinning-dominated
egime that limits dynamic restoration. 

In studying the hot deformation behavior of metallic Mg,
rocessing maps based on the Dynamic Material Model [ 53 ]
DMM) provide a better understanding of the relationship
etween plastic deformation and material energy dissipation.
he power P absorbed per unit volume of the material can
e expressed as follows: 

 = G + J =
∫ ε̇ 

0 
σd ε̇ +

∫ σ

0 
ε̇ dσ (3)

Here, G denotes the significant component of power dissi-
ation in the elastic state, while J mainly represents the power
issipation during plastic flow and subsequent microstructural
hanges such as shear band development, crack nucleation,
ynamic recrystallization, and dynamic recovery. The energy
hares of G and J are related to the strain rate sensitivity
ndex m , which can be interpreted as: 

 = ∂J 

∂G 

= ε̇ ∂σ

σ∂ε̇ 
= ∂ ln σ

∂ ln ε̇ 
(4)

As shown in Fig. 4 (a), the peak stress extracted from each
ow curve was used to determine the strain-rate sensitivity
 (Table S4), yielding m = 0.03–0.08 across the investigated
omain ( Fig. 4 (b)). The modest increase to 0.05–0.08 is con-
ned to 250–300 °C and 10-3 –10-2 s-1 , whereas most condi-

ions remain at m < 0.05. In Mg, such low m is commonly as-
ociated with deformation accommodated primarily by basal
lip and twinning [ 54 , 55 ], while the slight increase at ele-
ated temperature suggests partial participation of non-basal
lip and cross-slip-assisted DRV, with limited DRX consistent
ith the flow-curve softening at 300 °C (Fig. S1). 
The power dissipation factor η is expressed as: 

= J 

JMax 
= 2m 

1 + m 

(5) 

Generally, a higher η indicates that a larger fraction of the
mposed power is dissipated through microstructural evolution
e.g., DRV and DRX), which is often beneficial for hot work-
ng. However, η alone does not guarantee stable plastic flow,
nd deformation localization (e.g., shear banding) may still
ccur under certain conditions. Accordingly, Prasad proposed
 plastic (flow) instability criterion [ 56 ]: 

(ε̇ ) = ∂ ln 

[
m 

m+1 

]
∂ ln ε̇ 

+ m < 0 (6)

Following this methodology, we constructed the power dis-
ipation map ( Fig. 4 (c)), instability map ( Fig. 4 (d)), and the
uperimposed processing map ( Fig. 4 (e)) for 4N high-purity
g. Across 150–300 °C, the maximum power dissipation ef-

ciency is only ∼0.15, substantially below values typically
ssociated with DRV ( ∼0.20 to 0.30) and DRX ( ∼0.35 to
.45) in Mg alloys [ 57 ]. This low η indicates that coarse-
rained high-purity Mg dissipates only a limited fraction of
eformation power through microstructural evolution, and in-
tead deforms predominantly through low-dissipation mech-
nisms. The unusually low η is consistent with (i) limited
olute-assisted strengthening in pure Mg, which constrains
he activation of < c + a > slip even above ∼225 °C, and (ii) a
oarse initial grain size that raises the critical strain for DRX
nitiation. 

Fig. 4 (d) shows a bipolar distribution of the insta-
ility factor, with unstable domains located at both low
emperature/low strain rate (150–200 °C, 0.001–0.018 s-1 )
nd high temperature/high strain rate (260–300 °C, 0.018–
.00 s-1 ). The low-temperature instability is consistent with
estricted activation of non-basal systems in HCP Mg, pro-
oting strain localization when deformation is accommodated
ainly by basal slip and twinning. Conversely, the high-

emperature/high-rate instability is consistent with adiabatic
eating and local softening, which can trigger shear localiza-
ion and cracking. 

Superimposing the dissipation and instability maps
 Fig. 4 (e)) identifies two stable regions with η ∼0.12 to
.14: region I (150–210 °C/0.36–1.00 s-1 ) and region II (253–
83 °C/0.001–0.01 s-1 ). Although both satisfy the stability
riterion ( ξ > 0), region I is associated with lower tem-
eratures where dynamic restoration is limited, whereas re-
ion II coincides with the modestly elevated m-values and
he plateau-type flow response at low strain rates (Fig. S1),
onsistent with DRV-assisted steady flow and limited DRX.
ccordingly, region II provides the most relevant parameter

pace for applying large plastic strain in coarse-grained 4N
g using low-ram-speed hot extrusion. 
The macroscopic morphology after hot compression

 Fig. 4 (f)) corroborates the instability predictions: pronounced
hear deformation and cracking are observed under con-
itions located in the unstable domains (e.g., 150 °C at
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Fig. 5. The metallographic microstructure of cross section of hot compressed samples. (a) Schematic of the sampling method. (b–c) Results from the sample 
compressed under 150 °C and 0.001 s-1 . (d–e) Results from the sample compressed under 300 °C and 0.001 s-1 . 

Fig. 6. Metallographic microstructure at longitudinal section of hot compressed samples. (a) Schematic of the sampling method. (b) and (c) are longitudinal 
section morphology after hot compression at 150 °C/0.001 s-1 and at 300 °C/0.001 s-1 , respectively. (d–g) EBSD characterization of the selected region in (b): 
(d) inverse pole figure (IPF) map, (e) kernel average misorientation (KAM) map, (f) special grain-boundary map showing extension and compression twins, 
and (g) grain orientation spread (GOS) map. (h–k) EBSD characterization of the selected region in (c): (h) IPF map, (i) KAM map, (j) special grain-boundary 
map showing extension and compression twins, and (k) GOS map. 
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(  
.001 s-1 and 300 °C at 0.1–1 s-1 ), whereas samples deformed
ithin the stable domains show more homogeneous barrel-

ng. Guided by these maps, we selected 150 °C/0.001 s-1 

twinning-dominated, unstable) and 300 °C/0.001 s-1 (sta-
le, DRV/DRX-assisted) as representative conditions for mi-
rostructural analysis ( Figs. 5 and 6 ). 
.2. Microstructure of Mg inside and outside the processing 

indow 

Fig. 5 shows the cross-sectional microstructures of high-
urity Mg after two representative hot compression conditions
150 °C/0.001 s-1 and 300 °C/0.001 s-1 ). Results for the sam-
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le compressed at 150 °C/0.001 s-1 are shown in Fig. 5 (b and
). The deformed grain size remains similar to that of the un-
eformed sample ( Fig. 1 (a)), approximately ∼1 to 2 mm, with
ost grains being equiaxed. Twins are distributed through-

ut the majority of these grains, with the twin lamellae hav-
ng a thickness of approximately 2–5 μm, as observed un-
er high magnification ( Fig. 5 (c)). Macroscopic cracks (indi-
ated by yellow arrows in Fig. 5 (b)) are observed along the
rain boundaries, with crack lengths ranging from 200 to 500
m. These cracks are likely attributed to stress concentration
t the grain boundaries, where the material is more prone
o failure, particularly in larger grains. The cracks are pre-
ominantly located at the edges of the compressed samples,
here the strain is higher than in the interior, resulting in in-

reased stress concentration. Furthermore, the interaction of
wins may have contributed to localized stress concentrations,
eading to brittle cracking along the twin boundaries. This is
onsistent with the higher flow-stress characteristics exhibited
y the stress-strain curves under this condition (Fig. S1(d)).
nder the compression conditions of 300 °C/0.001 s-1 , the
icrostructure of the sample shows the coexistence of recrys-

allized fine grains and coarser grains, reflecting a complex
ynamic recrystallization (DRX) behavior. Larger grains, with
izes up to ∼5 mm, are observed in some regions, indicating
rain growth ( Fig. 5 (d)). In contrast, recrystallized grains, pre-
ominantly located at the grain boundaries, are notably finer,
ith sizes ranging from 10 to 20 μm ( Fig. 5 (e)), indicating
RX in these regions. 
Fig. 6 shows the longitudinal section microstructures of

igh-purity Mg after compression at 150 °C, 0.001 s-1 and
00 °C, 0.001 s-1 , together with EBSD analysis. For the sam-
le compressed at 150 °C/0.001 s-1 , the longitudinal-section
etallographic image ( Fig. 6 (b)) shows coarse grains with a

haracteristic size of ∼2 mm, similar to the initial as-cast
icrostructure ( Fig. 1 ). The IPF map of the selected region

 Fig. 6 (d)) further reveals abundant twins within the coarse
rains, most of which are inclined at approximately 45 ° to
he compression axis. According to the KAM (Kernel Aver-
ge Misorientation) results ( Fig. 6 (e)), elevated local misori-
ntation near twin boundaries indicates localized strain par-
itioning caused by deformation incompatibility between the
win and matrix. Such heterogeneity may promote local stress
oncentration and crack initiation during further deformation.
ubsequently, the types of twins generated during compres-
ion were analyzed. As shown in Fig. 6 (f), the coarse-grained

g primarily forms tensile twins and compression twins un-
er compressive loading, accounting for 36.9% and 17.3%
espectively. Among the compression twins, the D38 type
ominates (12.1%), accompanied by a minor fraction of D30
wins (3.26%) as well as others. According to previous stud-
es [ 58 ], the D38-dominated twin structure promotes intense
train localization, creating preferential sites for micro-void
ucleation and crack propagation along twin boundaries and
he non-Schmid behavior of secondary twins associated with
38 variants results in heterogeneous deformation and re-
uced work hardening capacity, ultimately degrading the me-
hanical performance. Fig. 6 (g) shows the grain orientation
pread (GOS) map of the 150 °C sample, where most grains
xhibit elevated GOS values and only limited regions show
ow GOS. These features indicate that deformation at 150 °C
s mainly accommodated by twinning, accompanied by strong
ocal strain heterogeneity. 

At 300 °C, 0.001 s-1 ( Fig. 6 (c)), the longitudinal-section
icrostructure remains heterogeneous, with coarse deformed

rains coexisting with fine grains near grain boundaries and
win boundaries. In contrast to the 150 °C sample, EBSD
nalysis shows markedly reduced twin fractions, lower KAM
alues in fine-grained regions and a more pronounced popu-
ation of low-GOS grains. These features are consistent with
nhanced dynamic recovery and partial dynamic recrystal-
ization during hot compression. Therefore, deformation at
00 °C is no longer dominated by extensive twinning, but is
ncreasingly accommodated by DRV/DRX-assisted flow. This
nterpretation agrees with the stable processing domain iden-
ified from the processing map. 

Fig. 6 (h–k) provides EBSD evidence for this deformation
ransition in the 300 °C sample. The IPF map shows fine
rains distributed near grain boundaries and twin boundaries,
hile the KAM map reveals relatively low local misorienta-

ion in these fine-grained regions. The special grain-boundary
ap shows that the fractions of extension and compression

wins decrease to 2.40% and 2.16%, respectively, much lower
han those in the 150 °C sample. The GOS map further shows
 higher population of low-GOS grains, supporting the occur-
ence of local recrystallization rather than extensive twinning-
ominated deformation. 

.3. Constitutive equation for high-purity Mg 

The constitutive relationship among flow stress, deforma-
ion temperature, and strain rate during isothermal deforma-
ion was described using the Sellars–Tegart hyperbolic sine
odel [ 59 ]: 

˙ = A[sinh (ασ )] n exp 

(
− Q 

RT 

)
(7) 

here ε is the strain rate, σ is the flow stress, T is the absolute
emperature, R is the gas constant and A, n, α and Q are

aterial constants. The corresponding low- and high-stress
pproximations, as well as the detailed derivation procedure,
re provided in the Supplementary Information (S2). 

To account for the combined effects of temperature and
train rate, the Zener–Hollomon parameter was employed
 60 ]: 

 = ε̇ exp 

(
Q 

RT 

)
(8) 

Material constants were determined by linear regression
f the experimental data. Specifically, the stress sensitivity
arameters n and α were obtained from the fitted relation-
hips between strain rate and flow stress (Fig. S2(a, b)). The
ctivation energy Q was subsequently determined from the
emperature dependence of the flow stress, yielding a value
f 149.33 kJ ·mol-1 (Fig. S2(c, d)). 
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Fig. 7. CT inspection results of extruded rods under different extruding conditions. (a) The four extrusion parameters indicated in the processing map. The 
selected condition was chosen to approach the optimal processing window as closely as permitted by the available equipment. (b) Total volume fraction of 
internal defects of the extruded rods. (c) Count distribution of defects. (d) Morphology of defects in commercial pure Mg rod. (e) Morphology of defects in 
high quality 4N Mg rod processed via optimized extrusion parameters. 
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Using the determined parameters, the Z values under differ-
nt deformation conditions were calculated, and linear fitting
ielded A = 2.131 × 1013 and n = 15.349 (Fig. S2(e)). The
inear relationship between ln Z and ln [sinh ( ασ )] demon-
trates a high correlation, with an R2 value of 0.97, indicating
he robustness of the fitting procedure. Accordingly, the con-
titutive equation for high-purity Mg can be expressed as: 

˙ = 2. 131 × 10 

13 [sinh (0. 0165 σ )] 15 . 349 

× exp 

(
−149 . 33 × 1000 

8 . 314T 

)
(9) 

.4. Extrusion trials 

The relationship between the mean effective strain rate and
am speed is given by the following equation [ 61 ]: 
˙̄
 = 6 vD2 

C tan α(
D3 

C − D3 
E 

)2 ln 

DC 

DE 
(10) 

here v is the average ram speed, Dc is the diameter of
ontainer bore, DE is the diameter of the extruded rod,
nd α is the semi-angle of dead-metal zone. In this study,
c = 105 mm, DE = 10 mm, α = 70 °. 
Based on this relation, two processing windows and two

on-processing windows were selected, and the corresponding
xtrusion parameters were calculated and applied ( Fig. 7 (a)).
-ray CT results ( Fig. 7 (b)), show that rods extruded un-
er optimized conditions exhibit substantially lower defect
ontent than those produced under non-optimal parameters.
or sample A, the total defect volume fraction is reduced to
.02%, corresponding to a 47.6% decrease relative to sam-
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Fig. 8. Corrosion and mechanical properties of extruded high pure Mg rods. (a) Hydrogen evolution volume of the samples immersed in Hanks’ solution. 
(b) Corrosion rates of the samples calculated by both hydrogen evolution and weight loss methods. (c) Ultimate tensile strength of the extruded rods. (d) 
Elongation of the extruded rods. 
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le C, accompanied by a marked reduction in the abso-
ute number of defects ( Fig. 7 (c)). In contrast, commercial
ure Mg rods ( Fig. 7 (d)) contain defects larger than 1 mm
hat are widely distributed throughout the interior and pre-
ominantly non-spherical in shape. By comparison, rods pro-
uced using the optimized extrusion strategy contain no de-
ects larger than ∼60 μm—approximately two orders of mag-
itude smaller—with most defects exhibiting near-spherical
orphologies ( Fig. 7 (e)). Additional large-area CT scans for

rocessing windows I and II, together with the corresponding
etallographic microstructures, are provided in Fig. S3. 
The corrosion and mechanical properties of the extruded

ods were evaluated, as summarized in Fig. 8 . Hydrogen evo-
ution was measured over time for all samples immersed in
ank’s solution ( Fig. 8 (a)). Sample C showed the highest
ydrogen evolution volume, with a consistent increase in vol-
me over the testing period. Sample A exhibited the lowest
ydrogen evolution, while Samples B and D showed interme-
iate values. Corrosion rates were determined via hydrogen
volution and weight loss methods ( Fig. 8 (b)). Both meth-
ds showed consistent results, with Sample C exhibiting the
ighest corrosion rate, followed by Sample B and Sample D.
ample A exhibited the lowest corrosion rate, indicating supe-
ior corrosion resistance, which is consistent with its reduced
opulation of large and irregular defects ( Fig. 7 (e)). The ul-
imate tensile strength of the extruded rods was highest in
ample A at 195 MPa, followed by Sample B at approxi-
ately 185 MPa. Samples C and D exhibited similar tensile
trengths, slightly lower than Sample B. Sample D demon-
trated the highest elongation at fracture, surpassing 17%,
ollowed by Samples C and B, which showed elongation val-
es around 14%. Sample A exhibited the lowest elongation at
racture, just above 12%. Representative engineering stress–
train curves are shown in Fig. S4, and the tensile test results
re compiled in Table S6. 

. Discussion 

Extrusion conducted within the DRV/DRX-stable window
estructures the defect population. X-ray CT shows that rods
xtruded from our billets exhibit an exceptionally low defect
olume fraction ( < 0.03%), with defects predominantly ap-
earing as near-spherical 20–40 μm pores and only a limited
ail approaching ∼60 μm ( Fig. 7 (b)). In marked contrast, the
xamined commercial 4N Mg rod contains millimeter-scale
efects, including shrinkage cavities and inclusion clusters
xtending along the extrusion direction ( Fig. 7 (d)). This dif-
erence in defect statistics cannot be explained by the purity
f feedstock alone, it reflects a processing trajectory that pro-
otes defect closure and spheroidization under stable plastic
ow [ 62 , 63 ]. The simultaneous reduction in defect density
nd increase in defect sphericity also shift the dominant fail-
re mode from defect-controlled to microstructure-controlled,
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hich further improved the mechanical performance of the
xtruded rods. 

At the mechanistic level, defect attenuation requires the
oncurrent action of compressive triaxiality and deformation
tability. Axisymmetric extrusion imposes a strongly nega-
ive mean stress in the billet core, favoring void closure
y driving surrounding material into cavities and suppress-
ng the tensile-triaxiality conditions needed for void growth
nd coalescence (porous-plasticity arguments) [ 64–66 ]. Im-
ortantly, compressive loading is necessary but not suffi-
ient: when the flow field becomes unstable, shear localization
nd adiabatic softening can elongate pores and clusters into
rack-like defects and promote shear cracking, thereby am-
lifying the structural penalty of inherited porosity. By op-
rating within the DRV/DRX-stable regime, the low strain
ate suppresses localization and extends the time available
or climb/cross-slip-assisted recovery and limited recrystalli-
ation, which relax stress concentrations and accommodate
train without catastrophic banding, enabling progressive pore
ollapse and suppressing extrusion-induced cracking. The
ominance of equiaxed pores is therefore mechanistically in-
ormative: it signals a transition from notch-like cavities to
urvature-minimized morphologies. Such rounding is consis-
ent with capillarity-driven spheroidization at elevated temper-
ture, with kinetics facilitated by deformation-generated short-
ircuit transport along dislocations and sub-grain boundaries
ormed during DRV/incipient DRX [ 67 , 68 ]. 

This defect-topology transition provides a direct route to
he observed > 190 MPa tensile strength (195 MPa for Sam-
le A) without invoking precipitation or solute strengthen-
ng. Once millimeter-scale cavities and inclusion clusters are
emoved, fracture is no longer dictated by a small num-
er of dominant internal notches; instead, the attainable
trength approaches that set by the deformation substruc-
ure. Truncating the upper tail of the defect-size distribu-
ion increases the stress required for unstable cracking via a
argest-flaw criterion (Griffith/LEFM-type scaling for crack-
ike defects, σ ∝ 1 /

√ 

a ) and, equivalently, lowers the prob-
bility of sampling a critical flaw within the gauge length
statistical-strength/Weibull arguments) [ 69–71 ]. With this ex-
rinsic limitation relaxed, intrinsic strengthening mechanisms
ntroduced during stable hot working become decisive. In the
dentified domain—characterized by non-basal slip participa-
ion and recovery/recrystallisation mediated by cross-slip and
limb—deformation is expected to generate a dense hierar-
hy of sub-boundaries and recrystallized interfaces (consis-
ent with EBSD evidence for DRX nucleation at grain and
win boundaries), which increases boundary-mediated slip re-
istance (Hall–Petch-type contribution) while retained disloca-
ions provide forest hardening (Taylor-type) [ 72 , 73 ]. In addi-
ion, extrusion texture can elevate the macroscopic flow stress
long the extrusion axis by biasing deformation away from
asy basal slip, thereby increasing the effective resistance to
lastic flow in tension [ 74–75 ]. Together, these mechanisms
ffer an explanation for why a high-purity Mg system can
onetheless sustain high strength once the governing defect
cale is suppressed. 
The differences in degradation rate among the ex-
ruded rods are governed primarily by defect topology, with
orrosion-product layer continuity and deformation hetero-
eneity further modulating defect-driven localized degrada-
ion [ 76 , 77 ]. Sample A, extruded within the DRV/DRX-stable
omain, contains fewer large, irregular and clustered de-
ects and therefore exhibits the lowest hydrogen evolution
nd weight-loss corrosion rate. Large non-spherical pores and
nclusion clusters are particularly detrimental because they
rovide crevice-like geometries, defect–matrix interfaces and
ocal electrochemical heterogeneity, which serve as prefer-
ntial initiation sites for localized corrosion [ 78 , 79 ]. Once
orrosion initiates at these sites, local geometry and elec-
rochemical heterogeneity can hinder the formation of a
ontinuous corrosion-product layer, leading to repeated film
upture, weakened barrier protection and sustained localized
egradation [ 80–82 ]. Consistent with this interpretation, post-
mmersion SEM observations after 7 d in Hank’s solution
how a comparatively uniform corrosion-product layer on
ample A, whereas Samples B–D exhibit more pronounced
itting and local rupture of the corrosion-product layer (Fig.
5). Besides defect topology, extrusion outside the stable flow
egime may promote heterogeneous deformation, twinning
nd strain localization, which can further destabilize the early
orrosion-product layer [ 83–86 ]. Thus, we suggest that the
mproved degradation resistance of Sample A is primarily as-
ociated with defect suppression, with possible contributions
rom more stable corrosion-product layer development and
educed microstructural heterogeneity. 

. Summary and conclusion 

High-purity Mg is attractive for biodegradable implants,
ut its translation is limited by the combination of poor
ot workability and casting-derived defects that simultane-
usly undermine strength and accelerate localized degrada-
ion. Here we show that these barriers can be overcome by
oupling impurity-controlled, closed-atmosphere melting with
ontrolled thin-layer solidification casting (CTLSC) and by
electing a DRV/DRX-stable deformation pathway guided by
rocessing maps and constitutive analysis. Hot-compression
ata reveal that coarse-grained 4N Mg exhibits persistently
ow strain-rate sensitivity ( m = 0.03–0.08) and low power-
issipation efficiency ( η ≤ ∼0.15), indicating a fundamentally
arrow processing window in which microstructural evolution
s limited and flow instability must be actively avoided; within
his window, the dominant deformation mode transitions from
winning at lower temperatures to DRV/DRX-assisted flow at
igher temperatures under low strain rates. Extrusion valida-
ion demonstrates that extrusion inside the DRV/DRX-stable
omain drives defect collapse and spheroidization rather than
elying on extensive grain refinement, reducing the maximum
efect size to < 60 μm and lowering the total defect volume
raction to < 0.03%, in contrast to the examined commer-
ial rod, which contains millimeter-scale cavities. This defect-
ontrolled state translates into a tensile strength of ∼195 MPa
ogether with a low in vitro degradation rate ( ∼0.2 mm ·y-1 
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n Hank’s solution), evidencing that mechanical integrity and
orrosion control can be achieved concurrently in high-purity
g. 
More broadly, this study establishes a practical framework

inking processing, structure, and defect management in high-
urity Mg. By focusing on defect engineering, it provides a
ractical approach to ensuring the quality of Mg feedstocks,
specially for small biomedical devices where even a single
ritical flaw could affect reliability. The present study focuses
n extrusion processing, defect suppression and short-term in
itro degradation of 4N Mg rods. Further long-term in vitro
esting, in vivo evaluation and device-specific validation will
e required before clinical translation. 
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