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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 pm, 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™!, 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 Chongqging 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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1. Introduction

Magnesium (Mg) has emerged as a promising material
for next-generation biodegradable medical implants, owing
to its unique combination of mechanical compatibility with
bone, intrinsic biodegradability, and outstanding biocompati-
bility [1,2]. Unlike inert metals such as titanium or cobalt—
chromium alloys, Mg—based implants can sustain physiologi-
cal loads while gradually resorbing in vivo [3], thereby elimi-
nating the need for secondary removal surgeries [4]. To date,
most biodegradable devices have been based on Mg alloys
[5] (e.g., Mg-RE, Mg—Zn, and Mg—Ca), exemplified by the
clinically approved Magmaris® coronary scaffold [6]. How-
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ever, high—purity Mg (> 99.99 wt.%) offers inherent biosafety
advantages, as alloying elements released during degradation
may provoke adverse biological responses, whereas pure Mg
largely avoids these risks. Accordingly, several high—purity
Mg devices—including the NOVAMag® membrane [7], a
degradable closing clip [8] (Suzhou Origin Medical Technol-
ogy Co., Ltd., China), and high—purity Mg screws [9] (Eon
Technology Co., Ltd., China)—have recently received regu-
latory approval, underscoring a growing preference for pure
Mg when mechanical performance permits.

For orthopedic and dental applications, Mg rods [10,11]
serve as versatile feedstock for screws [12-14], narrow bone
plates [15], and nails [16], and must meet stringent re-
quirements [17,18]: ultra~high chemical purity [19-22], ex-
tremely low porosity and inclusion content [23-25], a uniform
grain structure, reliable mechanical properties and appropri-
ate degradation rate under physiological conditions. Defects
such as pores and non—-metallic inclusions are especially detri-
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mental, acting as stress concentrators that reduce the effec-
tive load—bearing cross—section, degrade tensile and fatigue
strength, and accelerate localized corrosion [26-30]. In im-
plants with characteristic dimensions of only a few millime-
ters [31], even sub—millimeter defects can critically compro-
mise mechanical properties. For instance, increasing porosity
from 0.07% to 4.06% lowers the fatigue limit from 82 to 32
MPa [32], while reducing pore size from ~110 to ~80 wm
roughly doubles fatigue life [33]. Proposed specifications for
wrought biomedical rods (GB/T 6519-2024) require that no
defect exceeds 0.4 mm; for orthopedic applications, defect—
tolerance analyses suggest a more stringent limit of < 100 pm
and a total defect volume fraction < 0.03 vol.% to ensure both
mechanical integrity and controlled biodegradation. Moreover,
defect size, morphology and spatial distribution are critical to
corrosion susceptibility, film stability and degradation unifor-
mity, particularly when defects intersect the surface or become
exposed during corrosion. Defect-containing rods can exhibit
faster and more non-uniform corrosion than dense counter-
parts [34-35], as corrosion initiation at these defect sites can
promote repeated film rupture and reformation, thereby accel-
erating localized degradation [36]. Nevertheless, commercial
Mg rods face quality challenges beyond compositional vari-
ability, with inclusions and pores representing the more crit-
ical concern for implant-grade feedstocks. Indeed, the exam-
ined commercial high-purity Mg rod was found to contain in-
clusions or pores as large as ~1.5 mm, far exceeding accept-
able limits for small biodegradable implants. Consequently,
downstream manufacturers often have to perform piece-by-
piece non-destructive inspection before machining purchased
rods into medical devices, indicating that defect management
still relies heavily on post-production screening rather than
systematic control at the feedstock and processing stages.

Such defect-related limitations are rooted in the coupling
between casting quality and subsequent thermomechanical
processing [37,38]. During casting, non-uniform temperature
fields, variable cooling rates, solidification shrinkage and melt
oxidation can introduce pores and inclusion clusters [39].
These inherited defects are not fixed features: during extru-
sion, they may either close and spheroidize under stable com-
pressive flow or elongate and propagate under unstable defor-
mation. Therefore, extrusion temperature, strain rate, cooling
rate and thermal exposure jointly determine both microstruc-
ture evolution [40—44] and defect evolution [45,46]. This cou-
pling is particularly critical for pure Mg. Pure Mg contains
minimal solute, resulting in large as-cast grain sizes, slug-
gish dynamic recrystallization(DRX), and limited activation
of non-basal slip systems [47,48]. These factors reduce de-
formation homogeneity, increase susceptibility to cracking at
low temperatures, and promote flow instability [49-51], mak-
ing defect closure highly sensitive to the imposed deformation
path. Consequently, achieving defect—suppressed extrusion of
high—purity Mg requires a comprehensive understanding of
its thermomechanical behavior and the conditions that favor
defect closure over propagation.

In this work, we establish a processing—structure—defect
framework that enables defect—suppressed extrusion of

4N(99.99 wt.%) Mg into rods with structural characteris-
tics relevant to biodegradable implant applications. We begin
with high—quality billets produced by a controlled thin-layer
solidification casting(CTLSC) route developed by our team
[52], which minimizes casting—derived defects. The hot de-
formation behavior is systematically investigated via Gleeble
hot—compression experiments across a range of temperatures
and strain rates. Using the Dynamic Material Model(DMM)
and an Arrhenius—type constitutive analysis, we construct pro-
cessing maps that reveal an unusually narrow stability win-
dow for coarse—grained pure Mg, governed by low strain—
rate sensitivity and limited dynamic recrystallization. Guided
by these maps, we perform extrusion trials within the dy-
namic recovery(DRV)/DRX-stable domain, promoting pore
collapse and spheroidization while avoiding flow instability.
The resulting rods exhibit a maximum defect size below
60 pwm, nearly two orders of magnitude smaller than com-
mercial high—purity Mg rods, and achieve a tensile strength
exceeding 190 MPa together with an in vitro degradation
rate of ~0.2 mm-year’! in Hank’s solution. This work there-
fore provides a practical route to defect-controlled pure
Mg rods with structural and degradation characteristics rel-
evant to biodegradable implant applications, with broader
implications for the processing of high-purity Mg and Mg
alloys.

2. Methods
2.1. Sample preparation and characterization

The microstructure of the high-purity Mg consists predom-
inantly of «¢-Mg, with a broad grain-size distribution ranging
from ~0.1 to 1.6 mm. The average grain size is approxi-
mately 500 pm, with maximum and minimum grain sizes of
~1500 pm and ~100 pm, respectively, as shown in Fig. I.
The chemical composition of the Mg was determined using
a GNR S9 optical emission spectrometer, and the measured
elemental contents are summarized in Table S1.

The extrusion billet was produced by closed-atmosphere
induction melting followed by controlled thin-layer solidifica-
tion casting. In CTLSC, Mg feedstock is melted under high-
purity argon in a sealed furnace and the melt delivery rate is
precisely regulated while passing through a flow-control and
filtration stage, so that only small aliquots of liquid Mg are
introduced into a preheated graphite mold, where they spread
into a transient thin melt layer at the solidification front. This
near-isothermal thin-layer solidification mode minimizes ther-
mal gradients and feeding-related contraction, thereby sup-
pressing macroscale segregation, shrinkage porosity and in-
clusion clustering, and producing dense billets suitable for
subsequent extrusion.

Internal defects in the billet were characterized by X-ray
computed tomography (CT) (Fig. 2). The overall porosity is
low, at ~0.6 vol.%o (Fig. 2(a)). As shown in Fig. 2(b), defects
larger than 350 pm are mainly located at the ingot bottom and
near-subsurface regions, whereas smaller defects (< 350 pm)
are 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.
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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).

cylindrical region outlined by blue dashed lines in Fig. 2(a)).
Representative examples are shown in Fig. 2(c): the largest
defect is > 600 pwm, while most smaller defects are equiaxed
(more information was shown in Table S2). From the ingot
center toward the near-surface region, defect size increases
progressively, accompanied by a decrease in sphericity. De-
tailed statistical descriptors of defects morphology are pro-
vided in Table S2. The size distribution (Fig. 2(d)) shows
that > 97% of defects are smaller than 200 pwm, whereas
defects larger than 400 pm account for only 0.008%.

2.2. Gleeble hot compression

The experiments were conducted on a Gleeble-3800 ther-
momechanical simulator for hot compression, using four de-
formation temperatures (150 °C, 200 °C, 250 °C, and 300 °C)
and four strain rates (0.001 s', 0.01 s, 0.1 s, and 1 s7!) at
each temperature. The height reduction of all samples was set
to 40% (equivalent to a true strain of 0.51). Hot compression
specimens were wire-cut directly from the as-cast Mg ingot,
and 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.

remove the oxidized layer; no pre-deformation heat treatment
was applied. Specimens were heated to the target temperature
at 5 °C/s and held for 3 min to achieve thermal equilibrium.
Compression was then performed at the prescribed strain rate
to the target strain. After compression the samples were re-
moved and water-quenched (Fig. 3(a)).

After the hot compression experiments, all samples were
sectioned, ground and polished for metallographic analysis.
The sample surfaces were sequentially sanded with 400-,
800-, 1500-, 2500-, 5000-, and 7000-grit papers and polished
with 0.25 pwm alumina suspension to ensure a consistent sur-
face condition. Microstructures (grain size, morphology and
distribution) were examined using an optical microscope (Le-
ica DM4M). For further characterization, selected specimens
were prepared for EBSD (Fig. 3(b)).

2.3. Extrusion trials

Extrusion trials were conducted with pure Mg billets
(@90 x 200 mm) on a horizontal 800-ton hydraulic press,
producing rods of 10 mm diameter without lubrication. Prior

to extrusion, these billets were machined to remove the
surface layer and then soaked at a set temperature for 3 h to
ensure thermal equilibration. The extrusion temperature and
ram speed were selected from the processing map Fig. 4(e)
by converting the prescribed temperature-strain-rate windows
into machine-set parameters through Eq. (10); owing to equip-
ment limitations, the lowest attainable strain rate was 0.04 s
Post-extrusion specimens were cut and examined by X-ray
computed tomography (AX-3000CT-D). Porosity metrics
(volume fraction, size, and morphology) were quantified and
compared with those of commercial pure Mg rods (Fig. 3(c)).

2.4. Immersion test

Corrosion performance was evaluated through controlled
immersion experiments using ®10 x 5 mm samples. The
sample surfaces were sequentially sanded with 400-, 800-,
1500-, 2500-grit papers, with initial masses (m;) recorded be-
fore immersion. The test was conducted in Hank’s solution
(Table S3) in accordance with JB/T 7901-2023, maintaining
a 20 mL-cm™ 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
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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.

immersion duration was set to 1 week, with hydrogen evo-
lution measured intermittently throughout the period. Three
replicate specimens were tested for each condition. After im-
mersion, samples were rinsed with deionized water, dried with
ethanol and cleaned with Chromic acid (200 g-L!' CrO; + 10
g-L'1 AgNO;3) before final mass measurements (mg). The
degradation rates were calculated using:

H; — H;

Py =22719——— 6]

— mg

— 2,100
Py = At

2)

Here, Py and Pw denote the corrosion rates determined
from hydrogen evolution and weight loss measurements, re-
spectively. H; - H; represents the net hydrogen evolution vol-
ume (mL). A is the exposed surface area (cm?), and 7 is the
immersion time (day).

2.5. Tensile test
Tensile tests were performed in accordance with GB/T

228.1-2021 standards to evaluate the mechanical properties
of extruded rods. The tests were conducted at room temper-
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ature using a universal testing machine (ETM105D), with a
crosshead speed of 1 mm/min. The stress-strain data were
recorded during the test, from which the ultimate tensile
strength (o), yield strength (o,), and elongation (¢) were
determined. To ensure repeatability and statistical reliability,
three replicate specimens were tested.

3. Results
3.1. Processing map of 4N high-purity Mg

Representative true stress-strain curves (Fig. S1) demon-
strate strong temperature- and strain-rate-dependent flow be-
havior in as-cast 4N Mg. At a high strain rate of 1 s,
the curves are dominated by rapid hardening with negligi-
ble post-peak softening, consistent with dislocation multipli-
cation outpacing dynamic restoration. Reducing the strain rate
to 0.1 s! introduces a clear peak stress followed by softening
at 300 °C, whereas the curves at 150-250 °C evolve towards a
near-steady plateau, indicating a transition from work harden-
ing to DRV-controlled flow with DRX becoming discernible
only at elevated temperature. At lower strain rates of 0.01—
0.001 s’!, the flow response between 250 and 300 °C becomes
increasingly plateau-like with smooth steady flow, consistent
with enhanced thermal activation that lowers the critical strain
for DRX and suppresses twinning. In contrast, temperatures
below 200 °C show sharp peaks with abrupt softening, ac-
companied by extensive {1012}(1011) tensile twinning in the
deformed microstructure, highlighting a twinning-dominated
regime that limits dynamic restoration.

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

é o
P:G+J=/0dé+/ édo 3)
0 0

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

aJ gdo  Odlno
m=_—=——=_— )

0G 00d¢ dlne
As shown in Fig. 4(a), the peak stress extracted from each
flow curve was used to determine the strain-rate sensitivity
m (Table S4), yielding m = 0.03-0.08 across the investigated
domain (Fig. 4(b)). The modest increase to 0.05-0.08 is con-
fined to 250-300 °C and 103-102 s*', whereas most condi-
tions remain at m < 0.05. In Mg, such low m is commonly as-
sociated with deformation accommodated primarily by basal
slip and twinning [54,55], while the slight increase at ele-
vated temperature suggests partial participation of non-basal

slip and cross-slip-assisted DRV, with limited DRX consistent
with the flow-curve softening at 300 °C (Fig. S1).
The power dissipation factor n is expressed as:

J 2m
N=-—=—"— )
IMax 1+m

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

] d1ln [m’—i]]
SO = e

Following this methodology, we constructed the power dis-
sipation map (Fig. 4(c)), instability map (Fig. 4(d)), and the
superimposed processing map (Fig. 4(e)) for 4N high-purity
Mg. Across 150-300 °C, the maximum power dissipation ef-
ficiency is only ~0.15, substantially below values typically
associated with DRV (~0.20 to 0.30) and DRX (~0.35 to
0.45) in Mg alloys [57]. This low 7 indicates that coarse-
grained high-purity Mg dissipates only a limited fraction of
deformation power through microstructural evolution, and in-
stead deforms predominantly through low-dissipation mech-
anisms. The unusually low 75 is consistent with (i) limited
solute-assisted strengthening in pure Mg, which constrains
the activation of <c+a> slip even above ~225 °C, and (ii) a
coarse initial grain size that raises the critical strain for DRX
initiation.

Fig. 4(d) shows a bipolar distribution of the insta-
bility factor, with unstable domains located at both low
temperature/low strain rate (150-200 °C, 0.001-0.018 s™')
and high temperature/high strain rate (260-300 °C, 0.018—
1.00 s). The low-temperature instability is consistent with
restricted activation of non-basal systems in HCP Mg, pro-
moting strain localization when deformation is accommodated
mainly by basal slip and twinning. Conversely, the high-
temperature/high-rate instability is consistent with adiabatic
heating and local softening, which can trigger shear localiza-
tion and cracking.

Superimposing the dissipation and instability maps
(Fig. 4(e)) identifies two stable regions with n ~0.12 to
0.14: region I (150-210 °C/0.36-1.00 s!) and region II (253—
283 °C/0.001-0.01 s™'). Although both satisfy the stability
criterion (¢ > 0), region I is associated with lower tem-
peratures where dynamic restoration is limited, whereas re-
gion II coincides with the modestly elevated m-values and
the plateau-type flow response at low strain rates (Fig. S1),
consistent with DRV-assisted steady flow and limited DRX.
Accordingly, region II provides the most relevant parameter
space for applying large plastic strain in coarse-grained 4N
Mg using low-ram-speed hot extrusion.

The macroscopic morphology after hot compression
(Fig. 4(f)) corroborates the instability predictions: pronounced
shear deformation and cracking are observed under con-
ditions located in the unstable domains (e.g., 150 °C at

+m<0 (6)
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Fig. 5. The metallographic microstructure of cross section of hot compressed samples. (a) Schematic of the sampling method. (b—c)
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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 and at 300 °C/0.001 s™!, 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.

0.001 s and 300 °C at 0.1-1 s™'), whereas samples deformed
within the stable domains show more homogeneous barrel-
ing. Guided by these maps, we selected 150 °C/0.001 s’!
(twinning-dominated, unstable) and 300 °C/0.001 s (sta-
ble, DRV/DRX-assisted) as representative conditions for mi-
crostructural analysis (Figs. 5 and 6).

3.2. Microstructure of Mg inside and outside the processing
window

Fig. 5 shows the cross-sectional microstructures of high-
purity Mg after two representative hot compression conditions
(150 °C/0.001 s! and 300 °C/0.001 s™'). Results for the sam-
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ple compressed at 150 °C/0.001 s™!' are shown in Fig. 5 (b and
c¢). The deformed grain size remains similar to that of the un-
deformed sample (Fig. 1(a)), approximately ~1 to 2 mm, with
most grains being equiaxed. Twins are distributed through-
out the majority of these grains, with the twin lamellae hav-
ing a thickness of approximately 2-5 pum, as observed un-
der high magnification (Fig. 5(c)). Macroscopic cracks (indi-
cated by yellow arrows in Fig. 5(b)) are observed along the
grain boundaries, with crack lengths ranging from 200 to 500
pm. These cracks are likely attributed to stress concentration
at the grain boundaries, where the material is more prone
to failure, particularly in larger grains. The cracks are pre-
dominantly located at the edges of the compressed samples,
where the strain is higher than in the interior, resulting in in-
creased stress concentration. Furthermore, the interaction of
twins may have contributed to localized stress concentrations,
leading to brittle cracking along the twin boundaries. This is
consistent with the higher flow-stress characteristics exhibited
by the stress-strain curves under this condition (Fig. S1(d)).
Under the compression conditions of 300 °C/0.001 s*!, the
microstructure of the sample shows the coexistence of recrys-
tallized fine grains and coarser grains, reflecting a complex
dynamic recrystallization (DRX) behavior. Larger grains, with
sizes up to ~5 mm, are observed in some regions, indicating
grain growth (Fig. 5(d)). In contrast, recrystallized grains, pre-
dominantly located at the grain boundaries, are notably finer,
with sizes ranging from 10 to 20 pm (Fig. 5(e)), indicating
DRX in these regions.

Fig. 6 shows the longitudinal section microstructures of
high-purity Mg after compression at 150 °C, 0.001 s and
300 °C, 0.001 s, together with EBSD analysis. For the sam-
ple compressed at 150 °C/0.001 s™!, the longitudinal-section
metallographic image (Fig. 6(b)) shows coarse grains with a
characteristic size of ~2 mm, similar to the initial as-cast
microstructure (Fig. 1). The IPF map of the selected region
(Fig. 6(d)) further reveals abundant twins within the coarse
grains, most of which are inclined at approximately 45° to
the compression axis. According to the KAM (Kernel Aver-
age Misorientation) results (Fig. 6(e)), elevated local misori-
entation near twin boundaries indicates localized strain par-
titioning caused by deformation incompatibility between the
twin and matrix. Such heterogeneity may promote local stress
concentration and crack initiation during further deformation.
Subsequently, the types of twins generated during compres-
sion were analyzed. As shown in Fig. 6(f), the coarse-grained
Mg primarily forms tensile twins and compression twins un-
der compressive loading, accounting for 36.9% and 17.3%
respectively. Among the compression twins, the D38 type
dominates (12.1%), accompanied by a minor fraction of D30
twins (3.26%) as well as others. According to previous stud-
ies [58], the D38-dominated twin structure promotes intense
strain localization, creating preferential sites for micro-void
nucleation and crack propagation along twin boundaries and
the non-Schmid behavior of secondary twins associated with
D38 variants results in heterogeneous deformation and re-
duced work hardening capacity, ultimately degrading the me-
chanical performance. Fig. 6(g) shows the grain orientation

spread (GOS) map of the 150 °C sample, where most grains
exhibit elevated GOS values and only limited regions show
low GOS. These features indicate that deformation at 150 °C
is mainly accommodated by twinning, accompanied by strong
local strain heterogeneity.

At 300 °C, 0.001 s (Fig. 6(c)), the longitudinal-section
microstructure remains heterogeneous, with coarse deformed
grains coexisting with fine grains near grain boundaries and
twin boundaries. In contrast to the 150 °C sample, EBSD
analysis shows markedly reduced twin fractions, lower KAM
values in fine-grained regions and a more pronounced popu-
lation of low-GOS grains. These features are consistent with
enhanced dynamic recovery and partial dynamic recrystal-
lization during hot compression. Therefore, deformation at
300 °C is no longer dominated by extensive twinning, but is
increasingly accommodated by DRV/DRX-assisted flow. This
interpretation agrees with the stable processing domain iden-
tified from the processing map.

Fig. 6(h-k) provides EBSD evidence for this deformation
transition in the 300 °C sample. The IPF map shows fine
grains distributed near grain boundaries and twin boundaries,
while the KAM map reveals relatively low local misorienta-
tion in these fine-grained regions. The special grain-boundary
map shows that the fractions of extension and compression
twins decrease to 2.40% and 2.16%, respectively, much lower
than those in the 150 °C sample. The GOS map further shows
a higher population of low-GOS grains, supporting the occur-
rence of local recrystallization rather than extensive twinning-
dominated deformation.

3.3. Constitutive equation for high-purity Mg

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

& = A[sinh(ao)]" exp (—%) 7

where ¢ is the strain rate, o is the flow stress, T is the absolute
temperature, R is the gas constant and A, n, o« and Q are
material constants. The corresponding low- and high-stress
approximations, as well as the detailed derivation procedure,
are provided in the Supplementary Information (S2).

To account for the combined effects of temperature and
strain rate, the Zener—Hollomon parameter was employed
[60]:

Z = éexp (%) (3

Material constants were determined by linear regression
of the experimental data. Specifically, the stress sensitivity
parameters n and o were obtained from the fitted relation-
ships between strain rate and flow stress (Fig. S2(a, b)). The
activation energy Q was subsequently determined from the
temperature dependence of the flow stress, yielding a value
of 149.33 kJ-mol"!' (Fig. S2(c, d)).
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high quality 4N Mg rod processed via optimized extrusion parameters.

Using the determined parameters, the Z values under differ-
ent deformation conditions were calculated, and linear fitting
yielded A = 2.131 x 10" and n = 15.349 (Fig. S2(e)). The
linear relationship between InZ and In [sinh (¢o)] demon-
strates a high correlation, with an R* value of 0.97, indicating
the robustness of the fitting procedure. Accordingly, the con-
stitutive equation for high-purity Mg can be expressed as:

¢ = 2.131 x 10"[sinh(0.01655 )]

149.33 x 1000
X €X _—_
P 83147

€))

3.4. Extrusion trials

The relationship between the mean effective strain rate and
ram speed is given by the following equation [61]:

6VD%~ tan o
(D2 — D})

Dc

£ = 2In —
Dg

(10)

where v is the average ram speed, D. is the diameter of
container bore, Dg is the diameter of the extruded rod,
and « is the semi-angle of dead-metal zone. In this study,
D. = 105 mm, Dg = 10 mm, o = 70°.

Based on this relation, two processing windows and two
non-processing windows were selected, and the corresponding
extrusion parameters were calculated and applied (Fig. 7(a)).
X-ray CT results (Fig. 7(b)), show that rods extruded un-
der optimized conditions exhibit substantially lower defect
content than those produced under non-optimal parameters.
For sample A, the total defect volume fraction is reduced to
0.02%, corresponding to a 47.6% decrease relative to sam-



10 W. Li, D. Xie, T. Pan et al./Journal of Magnesium and Alloys 22 (2026) 102189

(a)
&2
g = Sample A
) 4 Sample B P
£ ¢  Sample C po
P »  Sample D pe
£ kS »
2 Q‘ »
o s
Z 1r * 2% o g
o
5 ) S
=) A -
O>J & “ -l-
c 4 » e
8., here . o
< sy a4
- i
T 0 20 40 6 80 100 120 140 160

Time (h)

(©) 200
C‘L" 195
=3
£ 190
5 T
9]
< 185 I :
2
@
§ 180 ;
)
w 175
£
5 170

Sample A Sample B Sample C Sample D

(b)

06k [ JHydrogen evolution
| [ ] Weight loss

05}

04

7

0.2+

Corrosion rate (mm/y)

0.1+

0.0

Sample A Sample B Sample C Sample D

Elongation (%)

Sample A Sample B Sample C Sample D

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.

ple C, accompanied by a marked reduction in the abso-
Iute number of defects (Fig. 7(c)). In contrast, commercial
pure Mg rods (Fig. 7(d)) contain defects larger than 1 mm
that are widely distributed throughout the interior and pre-
dominantly non-spherical in shape. By comparison, rods pro-
duced using the optimized extrusion strategy contain no de-
fects larger than ~60 pm—approximately two orders of mag-
nitude smaller—with most defects exhibiting near-spherical
morphologies (Fig. 7(e)). Additional large-area CT scans for
processing windows I and II, together with the corresponding
metallographic microstructures, are provided in Fig. S3.

The corrosion and mechanical properties of the extruded
rods were evaluated, as summarized in Fig. 8. Hydrogen evo-
lution was measured over time for all samples immersed in
Hank’s solution (Fig. 8(a)). Sample C showed the highest
hydrogen evolution volume, with a consistent increase in vol-
ume over the testing period. Sample A exhibited the lowest
hydrogen evolution, while Samples B and D showed interme-
diate values. Corrosion rates were determined via hydrogen
evolution and weight loss methods (Fig. 8(b)). Both meth-
ods showed consistent results, with Sample C exhibiting the
highest corrosion rate, followed by Sample B and Sample D.
Sample A exhibited the lowest corrosion rate, indicating supe-
rior corrosion resistance, which is consistent with its reduced
population of large and irregular defects (Fig. 7(e)). The ul-
timate tensile strength of the extruded rods was highest in
Sample A at 195 MPa, followed by Sample B at approxi-

mately 185 MPa. Samples C and D exhibited similar tensile
strengths, slightly lower than Sample B. Sample D demon-
strated the highest elongation at fracture, surpassing 17%,
followed by Samples C and B, which showed elongation val-
ues around 14%. Sample A exhibited the lowest elongation at
fracture, just above 12%. Representative engineering stress—
strain curves are shown in Fig. S4, and the tensile test results
are compiled in Table S6.

4. Discussion

Extrusion conducted within the DRV/DRX-stable window
restructures the defect population. X-ray CT shows that rods
extruded from our billets exhibit an exceptionally low defect
volume fraction (< 0.03%), with defects predominantly ap-
pearing as near-spherical 2040 wm pores and only a limited
tail approaching ~60 pm (Fig. 7(b)). In marked contrast, the
examined commercial 4N Mg rod contains millimeter-scale
defects, including shrinkage cavities and inclusion clusters
extending along the extrusion direction (Fig. 7(d)). This dif-
ference in defect statistics cannot be explained by the purity
of feedstock alone, it reflects a processing trajectory that pro-
motes defect closure and spheroidization under stable plastic
flow [62,63]. The simultaneous reduction in defect density
and increase in defect sphericity also shift the dominant fail-
ure mode from defect-controlled to microstructure-controlled,
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which further improved the mechanical performance of the
extruded rods.

At the mechanistic level, defect attenuation requires the
concurrent action of compressive triaxiality and deformation
stability. Axisymmetric extrusion imposes a strongly nega-
tive mean stress in the billet core, favoring void closure
by driving surrounding material into cavities and suppress-
ing the tensile-triaxiality conditions needed for void growth
and coalescence (porous-plasticity arguments) [64-66]. Im-
portantly, compressive loading is necessary but not suffi-
cient: when the flow field becomes unstable, shear localization
and adiabatic softening can elongate pores and clusters into
crack-like defects and promote shear cracking, thereby am-
plifying the structural penalty of inherited porosity. By op-
erating within the DRV/DRX-stable regime, the low strain
rate suppresses localization and extends the time available
for climb/cross-slip-assisted recovery and limited recrystalli-
sation, which relax stress concentrations and accommodate
strain without catastrophic banding, enabling progressive pore
collapse and suppressing extrusion-induced cracking. The
dominance of equiaxed pores is therefore mechanistically in-
formative: it signals a transition from notch-like cavities to
curvature-minimized morphologies. Such rounding is consis-
tent with capillarity-driven spheroidization at elevated temper-
ature, with kinetics facilitated by deformation-generated short-
circuit transport along dislocations and sub-grain boundaries
formed during DRV/incipient DRX [67,68].

This defect-topology transition provides a direct route to
the observed > 190 MPa tensile strength (195 MPa for Sam-
ple A) without invoking precipitation or solute strengthen-
ing. Once millimeter-scale cavities and inclusion clusters are
removed, fracture is no longer dictated by a small num-
ber of dominant internal notches; instead, the attainable
strength approaches that set by the deformation substruc-
ture. Truncating the upper tail of the defect-size distribu-
tion increases the stress required for unstable cracking via a
largest-flaw criterion (Griffith/LEFM-type scaling for crack-
like defects, o o 1/4/a) and, equivalently, lowers the prob-
ability of sampling a critical flaw within the gauge length
(statistical-strength/Weibull arguments) [69-71]. With this ex-
trinsic limitation relaxed, intrinsic strengthening mechanisms
introduced during stable hot working become decisive. In the
identified domain—characterized by non-basal slip participa-
tion and recovery/recrystallisation mediated by cross-slip and
climb—deformation is expected to generate a dense hierar-
chy of sub-boundaries and recrystallized interfaces (consis-
tent with EBSD evidence for DRX nucleation at grain and
twin boundaries), which increases boundary-mediated slip re-
sistance (Hall-Petch-type contribution) while retained disloca-
tions provide forest hardening (Taylor-type) [72,73]. In addi-
tion, extrusion texture can elevate the macroscopic flow stress
along the extrusion axis by biasing deformation away from
easy basal slip, thereby increasing the effective resistance to
plastic flow in tension [74-75]. Together, these mechanisms
offer an explanation for why a high-purity Mg system can
nonetheless sustain high strength once the governing defect
scale is suppressed.

The differences in degradation rate among the ex-
truded rods are governed primarily by defect topology, with
corrosion-product layer continuity and deformation hetero-
geneity further modulating defect-driven localized degrada-
tion [76,77]. Sample A, extruded within the DRV/DRX-stable
domain, contains fewer large, irregular and clustered de-
fects and therefore exhibits the lowest hydrogen evolution
and weight-loss corrosion rate. Large non-spherical pores and
inclusion clusters are particularly detrimental because they
provide crevice-like geometries, defect-matrix interfaces and
local electrochemical heterogeneity, which serve as prefer-
ential initiation sites for localized corrosion [78,79]. Once
corrosion initiates at these sites, local geometry and elec-
trochemical heterogeneity can hinder the formation of a
continuous corrosion-product layer, leading to repeated film
rupture, weakened barrier protection and sustained localized
degradation [80-82]. Consistent with this interpretation, post-
immersion SEM observations after 7 d in Hank’s solution
show a comparatively uniform corrosion-product layer on
Sample A, whereas Samples B-D exhibit more pronounced
pitting and local rupture of the corrosion-product layer (Fig.
S5). Besides defect topology, extrusion outside the stable flow
regime may promote heterogeneous deformation, twinning
and strain localization, which can further destabilize the early
corrosion-product layer [83-86]. Thus, we suggest that the
improved degradation resistance of Sample A is primarily as-
sociated with defect suppression, with possible contributions
from more stable corrosion-product layer development and
reduced microstructural heterogeneity.

5. Summary and conclusion

High-purity Mg is attractive for biodegradable implants,
but its translation is limited by the combination of poor
hot workability and casting-derived defects that simultane-
ously undermine strength and accelerate localized degrada-
tion. Here we show that these barriers can be overcome by
coupling impurity-controlled, closed-atmosphere melting with
controlled thin-layer solidification casting (CTLSC) and by
selecting a DRV/DRX-stable deformation pathway guided by
processing maps and constitutive analysis. Hot-compression
data reveal that coarse-grained 4N Mg exhibits persistently
low strain-rate sensitivity (m = 0.03-0.08) and low power-
dissipation efficiency (n < ~0.15), indicating a fundamentally
narrow processing window in which microstructural evolution
is limited and flow instability must be actively avoided; within
this window, the dominant deformation mode transitions from
twinning at lower temperatures to DRV/DRX-assisted flow at
higher temperatures under low strain rates. Extrusion valida-
tion demonstrates that extrusion inside the DRV/DRX-stable
domain drives defect collapse and spheroidization rather than
relying on extensive grain refinement, reducing the maximum
defect size to < 60 pm and lowering the total defect volume
fraction to < 0.03%, in contrast to the examined commer-
cial rod, which contains millimeter-scale cavities. This defect-
controlled state translates into a tensile strength of ~195 MPa
together with a low in vitro degradation rate (~0.2 mm-y’!
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in Hank’s solution), evidencing that mechanical integrity and
corrosion control can be achieved concurrently in high-purity
Mg.

More broadly, this study establishes a practical framework
linking processing, structure, and defect management in high-
purity Mg. By focusing on defect engineering, it provides a
practical approach to ensuring the quality of Mg feedstocks,
especially for small biomedical devices where even a single
critical flaw could affect reliability. The present study focuses
on extrusion processing, defect suppression and short-term in
vitro degradation of 4N Mg rods. Further long-term in vitro
testing, in vivo evaluation and device-specific validation will
be required before clinical translation.
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