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Abstract: The relevance of this work stems from the growing interest in magnesium alloys with long period ordered
structure (LPSO) due to their unique mechanical properties. Investigating the effect of extrusion on Young’s modulus
and internal friction of such alloys provides a deeper understanding of their mechanical behaviour, which is important
for the development of new materials with improved performance properties. This research explores the effect of warm
extrusion on the structure, dynamic Young’s modulus and internal friction of magnesium alloys containing varying
amounts of LPSO phases. Alloys in the Mg—Zn-Y system with estimated LPSO phase contents of 0, 50 and 100 % vol.
were analysed using the composite piezoelectric oscillator technique at 100 kHz. The results demonstrate that
the Young’s modulus increases with higher LPSO content, driven by the enhanced stiffness and strong interatomic
bonding of the LPSO phases. Extrusion leads to a 3 % decrease in Young’s modulus along the direction parallel to its
axis for all samples. This effect is explained by the formation of an elongated texture and an increase in the dislocation
density. Internal friction measurements revealed a rise in amplitude-independent internal friction post-extrusion, sug-
gesting higher dislocation density, while the critical strain amplitude decreased in alloys with higher LPSO content.
Additionally, Young’s modulus softening was reduced after extrusion, primarily due to dislocation-induced hardening.
These findings shed light on the mechanical properties of Mg—Zn-Y alloys with LPSO structures, emphasising the ef-
fects of extrusion and phase content on their dynamic behaviour.
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INTRODUCTION Kawamura first proposed the characteristics of the constitu-

Magnesium alloys with a long-period stacking ordered ents and methods for preparation of LPSO magnesium ter-
(LPSO) structure represent a unique class of materials that nary alloys [1]. Team of authors from the Magnesium Re-
have attracted the attention of researchers and engineers search Center is the most active in the development of these
due to their outstanding mechanical properties. Yosihito nanostructured materials and the publication of new
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papers to date. These alloys combine the lightness of mag-
nesium with increased strength, creep resistance, and im-
proved damping characteristics [1-3]. The most studied
materials in this category are alloys based on Mg—Zn-Y,
the LPSO structure in them is characterised by a periodic
alternation of layers with different atomic stacking se-
quence. Mg—Zn-Y ternary compounds crystallise in diffe-
rent phases depending on the Zn—Y ratio and solidification
methods [4]. Common types of LPSO phases in these alloys
are 18R (rthombohedral structure with a period of 18 layers)
and 14H (hexagonal structure with a period of 14 layers).
These phases in the Mg—Zn—Y system are formed by adding
a few atomic percent of zinc and yttrium (Zn/Y ratio of ~1)
to magnesium alloy by rapid solidification [1]. LPSO
phases significantly increase the strength of Mg—Zn-Y al-
loys due to an ordered structure that impedes the movement
of dislocations, creates barriers at interfaces, promotes dis-
persion hardening and grain size reduction, and suppresses
strain twinning. Of particular interest is the fracture mecha-
nism of these alloys, which differs significantly from that of
classical alloys due to the formation of so-called “kink
bands” [5].

Magnesium alloys with LPSO structure are hardened af-
ter extrusion [6]. For example, in a study [7], a cast alloy
with 88 % LPSO content (MggsZnsY;) had a low tensile
strength (yield strength) of about 140 MPa at room tempera-
ture. After extrusion, the strength increased significantly. At
an extrusion ratio of 10:1, the strength reached 460 MPa at
room temperature, which is more than three times higher
than that of the cast alloy. The strengthening occurs because
the extrusion aligns the LPSO phase along the extrusion di-
rection, preventing basal slip and increasing strength. In addi-
tion, the kink bands formed during extrusion create addi-
tional boundaries that effectively prevent dislocation move-
ment, further contributing to the strength improvement. Al-
though it is known that the LPSO phase increases
the strength of the alloy and extrusion further enhances this
strengthening, the exact mechanisms (e. g., dislocation inter-
action with the LPSO phase) require further clarification.

Typically, the mechanical properties of magnesium al-
loys with LPSO structures are studied using standard me-
thods (tensile, fatigue and hardness tests) [8] as well as
more specialised methods (acoustic emission, in situ obser-
vations) [9]. These methods provide comprehensive infor-
mation on the strength, ductility, fatigue characteristics and
microstructure of alloys. A relatively new avenue of re-
search of alloys containing LPSO has been the investigation
of the high-frequency damping and the effective elastic
modulus [10].

The aim of our work is to investigate the effect of extru-
sion on the mechanical properties of magnesium alloys with
LPSO structures using a composite piezoelectric oscillator
method at a frequency of 100 kHz.

METHODS

Composite piezoelectric oscillator method

The main method of investigation in this work is
the composite piezoelectric oscillator (CPO) technique
[11]. The CPO method is based on measuring the reso-

nant frequencies of a material sample excited by a piezo-
electric transducer. The composite oscillator consists of
two parts: a piezoelectric element (quartz) and the sample
under study, which are mechanically connected using
a cyanoacrylate adhesive. When an alternating voltage is
applied to the piezoelectric element, mechanical vibra-
tions are generated and transmitted to the sample. Analy-
sis of the resonant frequencies and damping of oscilla-
tions (internal friction (IF), decrement) of the CPO
allows for the determination of the Young’s modulus
(modulus of elasticity at low-amplitude vibrational de-
formation) and IF of the sample based on the following
relationships:

moscsosc = mqaq + msss >

(M

moscf‘osc = mqfq + msfs ’

where m,,. is mass of the entire oscillator;
m, is mass of the quartz;
my is mass of the sample;
dsc 1s damping of oscillations of the entire oscillator;
d, is damping of oscillations of the quartz;
d, is damping of oscillations of the sample;
Jose 18 oscillation frequency of the entire oscillator;
Jq 1s oscillation frequency of the quartz;
f; is oscillation frequency of the sample.
The equation for determining the Young’s modulus:

E=dpl’f NE)
where p is density of the material under study;
/ is length of the sample.

By measuring the change in resonant frequency,
the Young’s modulus and IF of the material can be deter-
mined at various temperatures and loads (strain ampli-
tudes). The strain amplitude in the experiments varied from
2x107 to 2x107, and the temperature ranged from 80 to
320 K with a heating/cooling rate of 2 K/min. It should be
noted that IF characterises the material’s ability to dissipate
mechanical vibration energy. It manifests as a damping of
the oscillation amplitude and is expressed through the
damping decrement or logarithmic decrement. The loga-
rithmic decrement & (defined as 6=AW/2W, where AW is
the energy dissipated per cycle; W is the maximum stored
oscillation energy) served as a measure of internal friction.
Young’s modulus characterises the ratio of stress to strain
in the approximation of uniaxial tension or compression.
Studying both of these characteristics simultaneously at
various strain amplitudes over a wide temperature range
provides integrated information on the mechanical pro-
cesses occurring in the samples.

The Young’s modulus softening was measured based on
the dynamic modulus at the amplitude-independent stage
E;, and modulus on strain dependency at the high amplitude
stage E(g), as given by equation:
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The study of internal friction and dislocation modulus
softening in metals by CPO method is considered in detail
in the works by Lebedev et al. [12—14].

Research materials and supporting methods

The objects of study in this work were a set of polycrys-
talline samples of Mg—Zn—Y-based alloys, both before and
after extrusion, with varying LPSO content: 0, 50, and
100 % (volume fraction). These alloys were obtained from
Kumamoto University, Japan. Their nominal chemical
compositions (in at. %), confirmed by inductively coupled
plasma spectroscopy, are as follows: Mg99.27n0.2Y0.6
(LPSO-0 %), Mg93Zn2.5Y4.5 (LPSO-50 %), and
Mg85Zn6Y9 (LPSO-100 %). Using a diamond saw,
the samples were shaped into parallelepipeds with dimen-
sions of 2x3x24.5 mm’. For all extruded samples, the long-
est direction coincided with the extrusion direction. This
shape was chosen based on formula (2) to ensure resonance
in the quartz-sample system.

As a complementary method, scanning electron micros-
copy (SEM) (MIRA III Tescan), optical microscopy (MET-
5t Altami), and X-ray powder diffraction (MD-10 Radikon)
were used to investigate the microstructure. SEM images
and X-ray diffraction pattern were obtained from an or-
thogonal (smallest) cross-section of the parallelepiped sam-
ple. The sample surfaces were polished in isopropyl alcohol
using sandpaper up to 1 pm grit. X-ray diffraction (XRD)
data were obtained by rotating the samples around o at
a speed of 10 min™', using monochromatized by LiF(200)
CrKa, radiation.

RESULTS

The obtained X-ray diffractograms (Fig. 1a, 1b) are
satisfactorily described within the framework of three struc-
tures with different parameters: distorted hexagonal lattice
of alpha magnesium (P63/mmc a=3.19 ¢=5.18), cubic
W-phase and hexagonal phase. All samples are characte-
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] ~ LPSO-50% as-cast

!
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..—-yJJ 1

Normalized intensity, a.u.

rised by a complex diffraction pattern of the indicated struc-
tures in the region of 30—40 deg. The sample of LPSO-0 %
as-cast alloy shows increased intensity in the direction
0002 (26=34.59°) and the sample of LPSO-50 % as-cast
alloy shows increased intensity in the direction 1 1-20
(26=58.36°).

The main feature of extruded samples vs cast ones is
the pronounced texture in the basal planes of the mag-
nesium hexagonal lattice, which corresponds to
the 1 0 —1 0 peak in Fig. 1 b. It can also be observed that
the LPSO-0 % and LPSO-50 % samples, reoriented with
an extinction of 0002 and 1 1 —2 0 peaks correspond-
ingly (Fig. 1 b).

SEM micro-images of as-cast and extruded samples
show the presence of blocks of different contrast in
the backscattered electron mode for LPSO-50 % and
LPSO-100 % (Fig. 2). The LPSO-50 % sample includes at
least three different types of grains in terms of contrast.

As a result of the work, the temperature dependencies
of the Young’s modulus of Mg-Zn-Y alloys with varying
LPSO content, both before and after extrusion, were de-
termined (Fig. 3). It can be observed that the Young’s
modulus of the samples after extrusion decreases by
an average of 3 % for 0 %, 50 %, and 100 % LPSO con-
tent. Despite the fact that the measurement error for
Young’s modulus is 0.001 % (this is true for the already
fixed sample), it can reach 1 % when the sample is re-
glued. We tried to increase the accuracy by repeatedly
repeating the experiment on different samples. The va-
lues of Young’s modulus at room temperature were as
follows: for 0 % LPSO before extrusion is 44.2 GPa,
after is 42.6 GPa; for 50 % LPSO before extrusion is
49.8 GPa, after is 48.5 GPa; for 100 % LPSO before ex-
trusion is 57.2 GPa, after is 55.6 GPa. Young’s modulus
increases with decreasing temperature.

Fig. 4 shows the amplitude dependences of internal
friction for samples before and after extrusion. It is pos-
sible to see the increase of internal friction in the samples
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Fig. 1. X-ray diffraction patterns on as-cast (a) and extruded (b) LPSO samples
Puc. 1. Penmeenogckue ougpaxyuonnvle Kapmunsl Ha iumuix (@) u sxempyouposannvix (b) AI1C obpasyax
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Fig. 2. SEM microimages for as-cadt, €, €) and extrudedl, d, f) LPSO samples obtained
in backscattered electron contrast mode
Puc. 2. POM mukpousobpasicenust 015 iumvix (@, C, €) u asxkempyouposannvix (b, d, f) JIIC o6paszyos,
NOJIYYEHHbIE 6 pedcumMe CoOnocmaesilenusi OmpasiCenHHblx dJIEKMpPOHOE




