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The Mg-Y-Zn alloy system is well known for its outstanding combination of high strength and ductility, 
even at relatively low concentrations of alloying elements. This exceptional performance is primarily 
attributed to its characteristic microstructure, which features Long-Period Stacking Ordered (LPSO) 
phases and the distinctive Mille-Feuille Structure (MFS). Kink-induced strengthening, developed during 
thermomechanical processing, has emerged as a promising strategy to simultaneously enhance strength 
and ductility. In this study, the beneficial effect of pre-deformation aimed at introducing additional kinks 
into the microstructure prior to extrusion is demonstrated. The subsequent extrusion process promotes 
dynamic recrystallization (DRX), generating fine DRX grains while preserving kink structures in the non-
DRX regions. As a result, the yield strength is enhanced by approximately 80 MPa, accompanied by a 
slight improvement in ductility. 
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 Introduction 

Magnesium materials are being developed to opti-

mize mechanical and corrosion properties for in-
dustrial and biomedical applications. In industry, mag-

nesium offers a lightweight construction material, 

while in medicine, it is valued for biodegradable im-

plants due to its biocompatibility. Both applications 

require high strength and reasonable ductility. For im-

plants, corrosion resistance is critical to prevent exces-

sive hydrogen release that could impede healing, whe-
reas in aviation, improved ignition resistance is a major 

concern. Such properties can be enhanced through su-

itable alloying strategies [1]. 
Rare earth elements are effective alloying additi-

ons, improving mechanical properties via solid solu-

tion strengthening and intermetallic phase formation 
[2]. These intermetallic phases possess electrochemical 

potential similar to the magnesium matrix, minimizing 

corrosion risks. Yttrium, for example, forms stable, in-

soluble corrosion products (Y₂O₃, Y(OH)₃) that act 

as protective barriers and also enhance ignition resis-
tence [3-5]. Moreover, rare earth additions weaken the 

basal texture after deformation, promoting a more fa-

vorable "rare-earth" texture with lower yield asymme-
try. Even greater mechanical improvements are achie-

ved by combining rare earths with elements like zinc, 

particularly in Mg-Y-Zn alloys, due to the formation 

of long-period stacking ordered (LPSO) phases [6]. 

LPSO phases exhibit a long-range atomic periodi-

city along basal planes, providing exceptional strength 
and duktility [7, 8]. Their formation is associated with 

reduced stacking fault energy via Y-Zn synergistic 

effects [9, 10], Zn₆Y₈ cluster formation [11-13], and 
stabilization of face-centered cubic (fcc) regions 

within the hexagonal close-packed (hcp) matrix by 

basal glide with Shockley partial dislocations [9, 14]. 

Several LPSO types (10H, 14H, 18R, 24R) have been 

reported, with 14H being the most stable [15]. Besides 

Mg-Y-Zn, LPSO phases were also observed in Mg all-
oys containing rare earths combined with Al, Co, Ni, 

or Cu [16]. 
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A unique LPSO-derived microstructure, known as 
Mille-Feuille (MF) structure [17, 18], can be formed by 
heat treatment. It consists of irregular LPSO layers 
within magnesium grains, built from cluster-arranged 

layers (CALs) of Zn₆Y₈ clusters. When multiple CALs 
are separated by thin Mg layers (up to 5 atomic layers), 
they form cluster-arranged nanoplates (CANaPs), and 
with thicker Mg spacings, the MF structure emerges 
[18]. MF structures combine the hardness of LPSO 
phases with the ductility of the Mg matrix [19]. During 
aging, CANaP dispersion peaks and their thickness 
increases; importantly, strength correlates strongly 
with CANaP dispersion but not their thickness. Jian et 
al. proposed a Hall-Petch-like relation between yield 
strength and stacking fault density [20], highlighting 
the strengthening role of closely spaced stacking 
faults. 

Despite these benefits, heat treatment alone yields 
limited mechanical improvements. Thermomechani-
cal processing, particularly extrusion, is necessary to 
fully optimize properties through mechanisms such as 
solid solution strengthening, grain boundary streng-
thening (Hall-Petch), dispersion strengthening, and 
texture control [21]. Extrusion promotes dynamic 
recrystallization (DRX) via particle-stimulated nucle-
ation [22], resulting in fine grains and enhanced stren-
gth. However, strong basal textures often form, lea-
ding to compressive-tensile yield asymmetry because 
twinning is favored in compression but suppressed in 
tension [23, 24]. While DRX grains can still develop 
basal texture, twinning becomes harder with grain re-
finement. Moreover, some grains may remain non-
recrystallized and have a strong basal texture. As a re-
sult, microstructure may contain bimodal structure of 
DRX and non-DRX regions. 

The ultimate advantage of MF structure is the abi-
lity to form kinks, which suppresses twinning and re-
duces mechanical asymmetry [21]. Kinks are formed 
during deformation or thermomechanical processing 
such as extrusion. Kinks can be observed in non-DRX 
grains. Contrary newly formed DRX grains may con-
tain MF structure. Kinks also significantly strengthen 
the material, with kink dispersion positively affecting 
strength. Thus, by introducing numerous kinks the 
strength of the material could be significantly impro-
ved as described by Kawamura et al. [18]. 

This work, therefore, focuses on the pre-deforma-
tion of heat-treated ingot with MF structure in order 
to gain kinks into the microstructure prior to extru-
sion. Subsequent extrusion should increase the num-
ber of kinks in the microstructure and provide impro-
ved mechanical properties. 

 Results and Discussion 

The effect of pre-deformation is illustrated in Fig. 
1. The heat-treated ingot exhibits a clearly defined 
Mille-Feuille (MF) structure, along with few secondary 
phases identified as yttrium hydrides. Following 10% 

pre-deformation at 350 °C, the microstructure reveals 
the presence of kinks and deformation twins in the 
majority of grains (Fig 2B). The creation of kinks and 
twins depends on the grain orientation towards the 
compressive force [25]. No DRX was observed during 
pre-deformation which might be associated with slow 
deformation compared to the extrusion process. 
These pre-existing kinks, introduced prior to extru-
sion, are expected to influence the subsequent 
microstructural evolution during the extrusion pro-
cess. 

 

Fig. 1 A) Ingot after heat treatment (T6) B) Heat treated ingot after pre-deformation at 350 °C 
 
The microstructures of the extruded materials are 

shown in Fig. 2. All samples exhibit a bimodal 
structure consisting of DRX regions and large defor-

med (non-DRX) grains. The DRX occurred predomi-
nantly at the grain boundaries which is associated with 
the presence of the MF structure at those places [25].  
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In magnesium alloys, non-DRX regions typically exhi-
bit a strong basal texture [23, 24]. While DRX regions 
often retain this basal orientation, the presence of rare 
earth elements has been shown to promote the deve-
lopment of a more randomized texture after recrys-
tallization. Based on previous studies of this alloy sys-
tem, it can be inferred that the DRX grains possess a 
weak basal texture, whereas the non-DRX grains ma-
intain a strong basal texture [25, 26]. Basal texture has 
strong consequences on mechanical properties. Mate-
rials with strong basal texture tend to reach high TYS, 
but low CYS due to the easy twinning in compression. 

Although the overall microstructural features and 
DRX fractions appear macroscopically similar across 
both samples, notable differences exist at the micros-
copic scale. Specifically, the pre-deformed sample 
contains a significantly higher density of fine kink 
bands within the non-DRX grains (Fig. 2D), in con-
trast to the extruded ingot without pre-deformation, 
where kink bands are formed only during extrusion 
(Fig. 2C). These observations suggest that kink 
structures introduced during pre-deformation are re-
tained throughout the extrusion process in non-DRX 
grains. 

 

Fig. 2 A,C) Extruded heat treated ingot B,D) Extruded pre-deformed ingot 
 
The tensile and compressive mechanical properties 

of the extruded materials are summarized in Fig. 3. 
The IT6 alloy without pre-deformation exhibits a TYS 

of approximately 320 MPa and an elongation of about 
3%. This relatively high TYS is attributed to kink 
bands formed during the extrusion process. Despite 
the presence of a substantial fraction of non-DRX 
grains with strong basal texture typically associated 
with mechanical anisotropy the material demonstrates 
a low CYS/TYS ratio, with a CYS of approximately 

292 MPa. This indicates a beneficial effect of kink 
structures in reducing anisotropy that is typical  
for materials with strong basal texture. Notably,  

pre-deformation of the ingot prior to extrusion signif-

icantly enhances the TYS to 403 MPa, CYS to 355 
MPa, accompanied by a slight increase in elongation 
to 4%. This improvement is attributed to the higher 
density of kink bands, particularly within the non-
DRX grains, introduced through the combined effects 
of pre-deformation and subsequent extrusion [18]. 
Nevertheless, the simultaneous improvement of TYS 
by about 80 MPa, and elongation by about 1% shows 
the huge effectivity of this method. Therefore, intro-
duction of kinks prior to extrusion that is performed 
at conditions supressing the DRX process is suitable 
method. 
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Fig. 3 Tensile and compressive properties of prepared mate-
rials 

 Conclusion 

Extruded Mg-3Y-1Zn alloys were successfully pre-
pared from both heat-treated and pre-deformed in-
gots. While extrusion of the heat-treated ingot yielded 
favorable mechanical properties, significantly higher 
strength was achieved through pre-deformation prior 
to extrusion. This enhancement is attributed to the in-
troduction of kink bands during pre-deformation, 
which were further developed during the subsequent 
extrusion process. The accumulation of kink structu-
res, particularly within non-recrystallized grains, con-
tributed to the observed improvements in mechanical 
performance. This approach highlights the potential 
of utilizing kink strengthening in MF structured mate-
rials. Further optimization, such as employing multiple 
deformation steps followed by final extrusion, may 
offer even greater enhancements in mechanical prope-
rties. 
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