Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 1, pp. 63-70

DOI: 10.17586/2687-0568-2025-7-1-63-70

Low Amplitude Nonlinear Damping and Effective Modulus in
Magnesium Alloys Containing Long-Period Stacking Ordered Structures

D.A. Kalganov!* (2, S.A. Philippov!?
S.V. Zasypkin*

, D.L. Merson*

, V.V. Kaminskii?@, A.Yu. Ivanov3(,
, M.V. Dorogov?®

1 Laboratory of Diffraction Methods for Investigation of Real Crystal-Structures, loffe Institute, Politekhnicheskaya, 26,
St. Petersburg, 194021, Russia
2 Peter the Great St. Petershurg Polytechnic University, Politekhnicheskaya, 29, St. Petershurg, 195251, Russia
3 Institute of Advanced Data Transfer Systems, ITMO University, Kronverkskiy pr., 49, lit. A, St. Petershurg, 197101, Russia
4 Institute of Advanced Technologies, Togliatti State University, Belorusskaya, 14, Togliatti, 445020, Russia

Article history Abstract

Received March 13, 2025
Accepted March 28, 2025
Available online March 31, 2025

In this paper, the microstructure and phase composition of magnesium alloys obtained by
casting from a furnace charge mixture of the Mg-2.6Y-1Zn-0.5Gd-0.2Zr-0.1Yb system
are characterized. It is found that it contains about 10% of the long-period stacking ordered

phase. Low-amplitude nonlinear damping and softening of the elastic modulus are studied
using the composite piezoelectric resonator method. The time dependence of elasticity and
microplasticity is revealed, which is explained by the redistribution of point defects in the
elastic fields of dislocations. It has been established that the activation temperature of this
mechanism is 227 K, this is confirmed by the presence of the stress relaxation peak on the
temperature dependence of damping, as well as the absence of its time dependence at low-
temperature deformation of 163 K.
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1. INTRODUCTION

Work aimed at improving the engineering properties
(strength, crack and corrosion resistance) of magnesium-
based materials has been carried out for a long time by
many scientific groups [1-3]. However, the number of
ways to enhance their performance characteristics is lim-
ited. Improving mechanical properties of hcp-metals like
magnesium through thermomechanical processing and se-
vere plastic deformation is difficult and usually requires
elevated temperatures, which leads to recrystallization and
reduced treatment efficiency [4]. Modification of magne-
sium alloys by addition of reinforcing particles requires
optimization of uniform distribution and interface bonding
of nanoparticles. Production of such composites on an in-
dustrial scale is not possible with the current development

of processing technologies, but future engineering ad-
vances may allow the production of new materials of this
kind [5].

Ternary magnesium alloys, such as Mg-Zn-Al and
Mg-Zn-Zr with fine-grained structures are widely used in
industrial fields; however, there is still no clear and sys-
tematic understanding of the effects of various alloying el-
ements on the properties of magnesium [6]. It is well
known that zinc effectively hardens magnesium alloys
through solid solution strengthening mechanism and can
also control their corrosion properties [7]. Al-bearing
magnesium alloys do not have an ideal grain refiner and
are processed to modify the microstructure mainly by
plastic deformation methods [8]. A specific feature of the
Mg-Zr ligature—an additive in the production of magne-
sium alloys—is the high ability to complicate the grain
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structure [9]. Due to the structure conformity an a-Zr to
a-Mg and high growth restriction factor, the Mg—Zr sys-
tem provides the possibility to realize ultrafine graining
of the material without additional processing. Grain re-
finement entails precipitation strengthening effect, and
other strengthening factors, which enhances the consumer
properties of alloys.

During heat treatment of Mg—TM-RE alloys (TM is
transition metal and RE is rare earth element), the so-
called long period stacking ordered (LPSO) phase is often
obtained [10]. In the Mg—Zn-Y systems the LPSO phase
consists of a solid solution of Y and Zn in a magnesium
matrix, where these atoms are periodically arranged in the
basal planes of magnesium to form an ordered structure.
Various structures of LPSO have been reported in the lit-
erature, i.e., 6H, 10H, 14H, 18R, and 24R, depending on
the thermal history of the material [11,12]. The LPSO
phase shows good thermodynamic stability at high tem-
peratures, and acting as an effective strengthening phase,
LPSO affects the mechanical properties of materials, in-
creasing the plasticity of the material and the strength of
the magnesium alloy [13].

Studies of internal friction (IF) using the Marx resona-
tor method [14] make it possible to determine the effective
modulus of elasticity in the region of small (up to 10%)
strain amplitudes, as well as make important assumptions
about the nature of anelastic and plastic deformation in
metals, alloys and composites [15,16]. In this method, data
on anelastic properties of materials are obtained from
measurements of the effective modulus E and elastic vi-
bration damping & at high frequencies f~ 10°Hz and
strain amplitudes € up to 10-*. Typically, small amplitudes
& < 1078 describe dynamic elastic properties (modulus E,)
and amplitude independent damping §,. With further in-
crease in strain, nonlinear amplitude-dependent damping
8, =6 -9, and amplitude-dependent softening of the elas-
tic modulus AE/E=(E-E,)/E, occur. Microplastic
properties can be represented in standard stress-strain co-
ordinates using values of stress from Hooke's law o = E - ¢
and anelastic deformation ¢, =¢-AE/E. Within the
framework of the string model of the elastic region of
small deformations, the damping exists because of the hys-
teresis of motion of dislocation segments and its absolute

(@) (b)

Fig. 1. Schematic of sample cutting (a), X-ray diffraction studies (b) and elastic vibration test (c).

+

value depends on the density of mobile dislocations and the
distribution along the lengths of their segments [17]. The
dislocation hysteresis of the occurrence of nonlinear damp-
ing and softening modulus E is related to the basic one for
metals and its alloys and is described by the breakaway
mechanism within the Granato-Liicke theory [17] or by the
generalized friction mechanism [18].

2. MATERIALS AND METHODS

The materials studied in this work were obtained by cast-
ing at SOMZ (Solikamsk Experimental Metallurgical
Plant) from a furnace charge mixture of the composition
Mg-2.6Y-1Zn-0.5Gd-0.2Zr-0.1Yb based on technically
pure components. The resulting castings were subjected to
homogenizing annealing at the temperature of 525 °C for
12 hours. Alloys of this composition have an elevated ig-
nition temperature and can be used to manufacture power
and body parts of aerospace transport systems [19]. In ad-
dition, obtaining high damping properties for the materials
used in these industries is a particularly pressing task.

The specimens for the damping studies were cut from
the cast ingots using a precision sectioning saw (IsoMet
1000 Buehler) and grounded with P400 grit silicon carbide
abrasive discs as shown in Figure 1a. The shape of the
specimens corresponded to the rod to ensure standing elas-
tic vibrations in the longitudinal direction [20,21]. The
samples intended for microscopic studies and X-ray struc-
tural analysis were ground in the x-y plane (Fig. 1a) with
carbide abrasive discs (grit range up to P800) and polished
with 1 um water-based diamond suspension. Optical mi-
croscopy investigations were performed on samples addi-
tionally etched by immersion in a 5% nitric acid solution
in isopropyl alcohol for 1 min at room temperature. Com-
parative analyses of X-ray diffraction patterns of samples
before and after grinding into powder with a particle size
of less than 100 wm was also performed.

Microstructural studies were carried out using SEM—
scanning electron microscopy (MIRA 111 Tescan), optical
microscopy (MET-5T Altami) and X-ray powder diffrac-
tometry (MD-10 Radikon and DRON-8 Bourevestnik
JSC). Element analysis of the alloy samples was per-
formed using an energy dispersive microanalysis (Ultim

©

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 1, pp. 63-70



D.A. Kalganov et al.: Low amplitude nonlinear damping and effective modulus in magnesium alloys... 65

Fig. 2. Surface of the investigated magnesium alloy: scanning electron microscopy image in backscattered electron contrast (a), bina-
rized contrast for calculating the area ratio (b), optical microscopy when focusing on different (separated by green line) areas (c).

Max-100 Oxford Instruments) system integrated with
SEM. Both the total spectra over the sample area (Fig. 2a)
and the spectra at individual points with high Z-contrast
were measured. X-ray diffraction (XRD) data of the cast
samples were obtained using monochromatized CrK,
emission of LiF(200) by Q-rotation of the ingots at a rate
of 10 min~ (Fig. 1b). In addition, the comparison of X-ray
diffraction from powder and ingot samples was carried out
using CuK, radiation. The full-profile Rietveld analysis
using the GSAS software package was applied to refine
the phase X-ray diffraction analysis data [22].

The measurements of elastic oscillation damping and
effective elastic modulus in the samples were carried out
both at room temperature and under liquid nitrogen cool-
ing with oscillatory strain amplitudes in the range from
107" to 10 using the piezoelectric resonant composite
oscillator method described in detail in Ref. [20]. The
sample was attached with cyanoacrylate glue. Longitudi-
nal oscillations were excited at about 100 kHz while the
frequency and amplitude of the generated and measured
signal were detected (Fig. 1c). Temperature studies were
caried out using a measuring insert and cryostreamer,
which are described in detail in Ref. [23]. The density of
the samples was measured in isopropanol by standard dis-
placement method using a GH-252 (A&D Company) ana-
Iytical balance with precise temperature control using a
V7-78/1 (AKIP) meter.

3. RESULTS AND DISCUSSION

Contrasting blocks of two different brightnesses were
observed in SEM images (Fig. 2a, areas 1 and 2) ob-
tained in the backscattered electron mode (BSE). Several
clusters of segregation were also visible in the obtained
image (Fig. 2a, area 3). The dark phase (Fig. 2a, area 2)
has the role of a matrix that surrounds all inclusions and,
according to the nature of the Z-contrast, includes a
minimum amount of heavy (Y and Gd) elements. In ar-
eas 1 and 2, textural patterns discontinuous at the block-

subgrain boundary were observed. According to the
EDS data, the element content was as follows in area 1:
Mg-6.00Y-6.82Zn-1.45Gd-0.08Zr-0.05Yb; and in area 2:
Mg-1.47Y-0.42Zn-0.50Gd-0.10Zr- 0.11Yb. The atomic
ratio in area 1 was close to the Mg12ZnRE (RE = Y,Gd,Yb)
composition known for LPSO structures [21].

The SEM image obtained in BSE contrast for the larger
area was used to determine the area ratio of phases 1 and 2
(phase 3 from phase 2 because of the small fraction and
complex morphology were not distinguished). The bina-
rized contrast image (Fig. 2b) shows an area ratio of
R, = 0.165. Rich surface morphology of phase 1 blocks
(Fig. 2a, area 1) showed that the volume fraction of this
phase is less than 16%.

Optical microscopy data of the surface of the samples
also showed the presence of two main phases, in terms of
colors and brightness contrast. A larger area was more sus-
ceptible to etching. The corresponding change in morphol-
ogy was Ah ~ 3 um by z-focusing of the microscope.

Thus, according to the microscopy data, the samples of
the studied alloy consisted of 2 predominant phases (ratio
of about 5:1) with different corrosion resistance. The
blocks of the first phase separated by the etching pattern
(subgrains) had a size of about 20 um, while the blocks of
the second phase had a complex morphology of mesh
shape distributed along grain boundaries similar to one de-
scribed in Ref. [24].

The X-ray diffraction patterns obtained from the cast
samples are shown in Figure 3a. The background increase
in the far-angle region is typical for the used equipment
(1-D detector of MD-10 Radikon). Reflection peaks on the
pattern were indicated in hexagonal and cubic lattice
within 3 different phases. Taking into account these data
and element composition, a search for specific phases from
the Powder Diffraction File™ (PDF® ICDD) database and
previously published data (see Refs. [3,11,12,25]) was car-
ied out. Full-profile refinement was performed using the
Rietveld method (Fig. 3b). The results showed that the
texture coefficient of the 0 0 0 2 peak strongly influences
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Fig. 4. Damping (a) and effective modulus (b) on strain amplitude dependency in the studied magnesium alloy, the numbers indicate

the sequence of loading cycles.

the agreement between the calculated and observed dif-
fraction patterns. The ratios of reflectance peaks between
1010and 0002 aswellas 0002 and 101 1 in the
calculated curve as well as in the PDF 35-821 for a-mag-
nesium powder show the presence of preferential orienta-
tion with ratio of about 0.85 in this hexagonal phase. The
weighted mismatch rate r, for this case was 0.05 or less.
Studies corresponding to the determination of the fraction
of the preferentially oriented phase were carried out by ob-
taining X-ray diffraction in the region of 26 = 30° + 40°
from the samples in the form an ingot and powder (Fig. 3b,
inset). It should be noted that in this case redistribution of
other peaks relative to 1 0 1 1 was observed. Based on the
known literature data [21], it was assumed that one of the
phases is a nanostructured magnesium 18R LPSO with
the composition Mgi12ZnRE and a monoclinic crystal
structure. During the refinement, the RE atoms in this
phase were occupied according to the EDS data:
RE = (Y08Gdo19Yboo1). The obtained fraction of the
LPSO phase according to XRD analysis was about

10 vol.%. Also, it should be noted that the changes in the
intensity of X-ray reflections of a-Mg could be associated
with both the texture observed in individual subgrains by
microscopy and uneven distribution of alloying element
atoms in the lattice.

The dependences of damping (Fig. 4a) and effective
modulus (Figs. 4b) on strain amplitude in the studied mag-
nesium alloy were obtained by the resonant composite
oscillator method [20]. Hereinafter, for the data obtained
by this method, arrows explain the forward and reverse run
in increasing and decreasing strain amplitude, and num-
bers indicate the sequence of loading cycles. The observed
difference between forward and reverse running consisted
in the amplitude hysteresis for both values of E and 3. Sta-
ble resonant vibrations during measurements occurred in
these samples at strain amplitudes € > 2-107. The damp-
ing value was plotted in a logarithmic scale; its linear part
was almost absent in the specified range. The character
(index) of the logarithmic dependence changed after a cer-
tain feature on the curves in the region of £ ~ 3:10°%. When
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Fig. 5. Stress-strain curves for microplastic deformation (a) and Granato-Liicke plot of damping in the studied magnesium alloy (b).
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the strain amplitude exceeded 4-10°5, an increase in the
starting damping value was observed, which was inversely
dependent on time and fell back to the initial value after
about 30 min. An inverse hysteresis of the effective mod-
ulus of elasticity E was observed, with the starting value
decreasing with each loading cycle (Figs. 4b). In addition,
similar to damping, a sharp softening was observed when
the strain exceeded 4-10-. The presence of an amplitude
damping peak for metals generally indicates the exhaus-
tion of the low-amplitude anelastic mechanism [15]. As a
rule, this mechanism is associated with the redistribution
of point defects, their pairs or large groups by dislocations.

The stress-strain curves for some loading cycles are
shown in Figure 5a. These curves showed saturation of
yield microstresses with relatively low o, values (an
order of magnitude below the LPSO vyield stress [26])
within the studied low-amplitude strain stage. Also, cor-
responding to the time dependence of the damping hys-
teresis, the effects lead to an increase in the yielding mi-
crostress (Fig. 5a, dashed line). The nonlinear part of the
anelastic damping was also presented in the form of a

Granato-Liicke [17] plot (Fig. 5b), which indicated the
non-string nature of the nonlinear damping mechanism.
A large difference from string mechanism of dislocation
damping was observed previously [16] in highly dis-
persed and anisotropic media (nanostructured materials,
composites, etc.).

The temperature dependence of the damping & and sof-
tening of the elastic modulus AE/E in the temperature
range from 160 K to room temperature (Fig. 6) was ob-
tained for the forward (cooling) and reverse (heating) run.
The changes in the stress relaxation mechanism (elastic
oscillations and residual thermoelastic stresses) are indi-
cated by the simultaneous change in both & and AE / E val-
ues at 227 K.

The amplitude dependences of the damping (Fig. 7a) of
the elastic modulus (Fig. 7b), similar to the high-tempera-
ture curves, were obtained at low temperature T = 163 K.
Damping at low temperatures did not stop until the strain
amplitude was 10 (equipment limitation). No depend-
ence on this value on time was observed. The inverse hys-
teresis of the modulus of elasticity with softening of the
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material in the sequence of loading cycles was preserved
(saturation was not investigated).

4. CONCLUSIONS

In this work, magnesium alloys of the Mg-Zn-Y-Gd system
obtained by casting and subsequent annealing have been in-
vestigated. The characteristics of the samples showed that
they are a polycrystalline system of three primary phases:
two phases of hexagonal syngony and monoclinic LPSO.
The resulting fraction of the 18R LPSO phase according
to XRD analysis was about 10 vol.%. In X-ray phase anal-
ysis of the samples, effects related to the preferential crys-
talline orientation and non-uniform distribution of heavy
atoms (Y and Gd) introduced into the a-magnesium lattice
were observed. According to microscopic (optical, SEM,
and EDS) analysis about 16.5 % of the surface was occu-
pied by LPSO phase with developed morphology.

In the studies by the composite piezoelectric resonator
method, growth saturation and maximum damping of elas-
tic oscillations in magnesium alloys were observed. Its ap-
pearance indicated the exhaustion of the low-amplitude
anelasticity (internal friction) mechanism. The time de-
pendence of the damping was observed when the strain
exceeded the amplitude 4-107° and was explained by the
redistribution of mobile point defects (or groups of point
defects) by dislocations. In the low-temperature studies,
the maximum of damping was not observed, and the time
dependence of its nonlinear part and the softening of the
elastic modulus were almost absent. The maximum of
thermoelastic stress relaxation was observed at 227 K and
was explained by the activation of the above mechanism,
which is related to the mobility of point defects.

The aforementioned results have shown the high im-
portance of further studies of these alloys to establish the
mechanisms of anelasticity and microplasticity (micro-
yielding) and their relationship with macroscopic mechan-
ical properties. Further investigations into the nature of

time-dependent nonlinear damping, intra- and interphase
grain-boundary interactions, and the conditions of move-
ment and replication of dislocation at these boundaries are
needed. The relationship between microplastic and mac-
roscopic properties can be established using acousto-
plastic studies [27], as well as using combined tensile
strength and acoustic emission tests [28].
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HuskoaMiMTy1HOe HeJIMHEHHOe 3aTyXaHue U 3G PeKTUBHBIN MOIY b
B CILIaBAX MarHus, cojep:Kammx (pasy ¢ JJIUHHONECPUOAHON CJAOUCTOM

CTPYKTYpOH

J.A. Kanranos!, C.A. ®uannnos’?, B.B. Kamuncknii®, A .JO. UBanos®, C.B. 3achinkun®,
I.J1. Mepcon*, M.B. Jloporos?®

! JTa6opatopus 1u(paKIIMOHHBIX METO/I0B UCCIIEIOBAHHUS PEATbHOM CTPYKTYPhl KPHCTAIIOB, DU3MKO-TEXHUIECKUH HHCTUTYT UM.
A.®. Uodde PAH, [Tomurexunueckas yi., 26, Cankr-IlerepOypr, 194021, Poccust
2 Cankr-Tletepbyprexuit momurexuuueckuit yansepeuret Iletpa Benukoro, [Tonurexnudeckas yii., 29, Cankr-Iletep6ypr, 195251,
Poccus
3 VIHCTUTYT IepCIIeKTUBHBIX CHCTEM Tepeaadn JaHHbX, Yausepcuter UTMO, Kponsepkckuii ip., 49, murep A, Cankr-IletepOypr,
197101, Poccus
4 HayuHo-McCIIeI0BaTENbCKII MHCTUTYT NPOTPECCUBHBIX TEXHONOTUH, TONBATTHHCKHI rocy1apcTBEHHBIH yHUBEpcUTeT, Benopyc-
ckas yi., 14, Tonbsittu, 445020, Poccust

AuHoTamust. B 1anHOM nccienoBanun ObUTH OXapaKTEPU30BaHbl MUKPOCTPYKTYPA U (pa30BbIi COCTaB MAarHUEBBIX CILIABOB, MTOJTYUYEH-
HBIX METOJOM JIHThs 13 mmxThl Mg—2.6Y-1Zn-0.5Gd-0.2Zr-0.1Yb. Ycranosieno conepsxanue B HuX 0koio 10% dassr LPSO. Hus-
KOaMIUIMTYIHOE HEJIMHEHHOE 3aTyXaHHE U YMATYEHUE MOJYJISl yIPYTOCTH UCCIIEA0BAHbI METOIOM COCTABHOTO IThE303JIEKTPUIECKOTO
pe3oHaropa. BeisiBiieHa BpeMEHHAs! 3aBUCHMOCTbD YIIPYTOCTH M MHKPOIUIACTHYHOCTH, KOTOpasi OObsSICHEHA MepepacipeelieHHeM TO-
YeUHBIX 1e(EKTOB B YIPYIHX MOJISAX JUCIOKAIMHN. YKa3aHHbIA MeXaHu3M akTUBHpyeTcs npH 227 K, 4To MOATBEPKAAETCS HATHYHEM

MUKa pelaKcallii HalpspKeHUH Ha TeMIepaTypHOIl 3aBUCHMMOCTH 3aTyXaHUsl, a TaKKe OTCYTCTBHEM BPEMEHHOH 3aBUCHMMOCTH 3TOH
BEJIMYHMHBI IPH HU3KoTeMIepatypHoi 163 K nedopmarmn.

Kniouesvie cnosa:  HEdNACTUUHOCTD; HEIMHEIHOE 3aTyXaHue; 3 (EKTUBHBII MO/yIIb; CILIaBbl MArHUSA; JUIMHHONICPUO/IHAS CIIOUCTAs
CTpYKTypa
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