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Abstract: Magnesium alloys are an ideal material for creating lightweight and durable modern transport systems, but
their widespread use is limited due to some physical and chemical properties. This paper considers the effect of nonlinear
elastic unloading of the MA14 (ZK60, Mg—5.4Zn—0.5Zr) magnesium alloy in a coarse-grained state after recrystallisation
annealing. The study found that the nonlinearity of the unloading characteristic, is formed when reaching a certain thresh-
old stress level. It is expected that the effect under the study is associated with the deformation behavior of the alloy, dur-
ing which the twin structure formation according to the tensile twinning mechanism is observed. The sample material mi-
crostructure was determined, by scanning electron microscopy using electron backscattered diffraction analysis. Determi-
nation of the threshold stress, for the formation of unloading nonlinearity was carried out by two methods: 1) by the value
of the loop area formed by the nonlinearity of the unloading mechanical characteristics and the repeated loading (mechani-
cal hysteresis) characteristics, and 2) by analysing the acoustic emission recorded during failure strain. A comparison of
the results obtained, allows suggesting that the unloading nonlinearity is caused by twinning in grains, in which an unfa-
vorable configuration (low Schmidt factor), for dislocation slip is observed. Rotating the twinned crystal at an angle close
to 90° does not contribute to an increase in the Schmidt factor and activation of dislocation slip systems to secure the de-
formed structure through the dislocation strengthening mechanism. With a subsequent decrease in the external stress,

detwinning and partial restoration of the crystal lattice configuration occur.
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INTRODUCTION

Lightweight magnesium alloys have a high strength-
to-weight ratio, which makes them extremely attractive
for application in vehicle construction. Currently, magne-
sium alloys are used primarily for casting into moulds or
manufacturing elements using turning and milling from
rolled products (plates, sheets, rods, and pipes). Elastic
forging, and other methods of pressure metal treatment
(PMT) of magnesium alloys are significantly limited or
require the application of alloys with relatively high dop-
ing with expensive elements, which significantly reduces
the attractiveness of magnesium for widespread use.
The problems of pressure metal treatment of magnesium
alloys, especially in the cast or coarse-grained state, are
associated with the peculiarities of their deformation be-
haviour manifested in the form of: asymmetry of the me-
chanical response to the application of tensile, and com-
pressive loads; highly limited plasticity, even at elevated

shaping temperatures; nonlinear characteristics of elastic
behaviour (unloading) [1-6].

The peculiarities of magnesium hardening and plasticity
are associated with its hexagonal close-packed (hcp) crystal
lattice, which is the cause of strong anisotropy of elastic
and deformation properties. It is quite difficult to get rid of
the anisotropy manifestation, so many authors are forced to
study magnesium alloys, including after hardening defor-
mation treatment, in several directions. For example, for
rolling (forging), three directions are selected (normal, lon-
gitudinal, transverse), for extrusion — two (normal, trans-
verse) [7].

When a magnesium alloy is compressed and tensioned,
pronounced strain anisotropy and deformation behaviour
asymmetry are observed, manifested in a significant differ-
ence in the yield strengths during tension and compression
[8-10], and the initial hardening may be a reason for
the material asymmetric behaviour [11]. In the above
works, one can note the nonlinear behaviour of the unload-

Frontier Materials & Technologies. 2023. Ne 4

31


https://orcid.org/0000-0002-7352-9947
https://orcid.org/0000-0001-5006-4115
https://orcid.org/0000-0002-5780-6094

Danyuk A.V., Merson D.L., Brilevskiy A.L. et al. “Determination of the stress threshold and microstructural factors...”

ing characteristics of magnesium alloys, but the authors do
not specify the reasons and parameters for the formation of
such an effect.

The purpose of this work is to determine the conditions
and reasons for the formation of nonlinear elastic beha-
viour, during unloading of the MA 14 magnesium alloy.

METHODS

The chemical composition of magnesium alloy samples
was pre-studied according to the GOST 7728-79 method,
using a Thermo Fisher Scientific ARL 4460 optical emis-
sion spectrometer. Table 1 gives the chemical composition
of the studied material; the element content values corre-
spond to the requirements for the MA14 grade according to
GOST 14957-76.

The material under study has a coarse-grained struc-
ture with a grain size of 60...120 um and a texture corre-
sponding to homogenising recrystallisation annealing
(not textured). Fig. 1 shows an image of the alloy struc-
ture obtained on a Zeiss Sigma scanning electron micro-
scope, using electron backscattered diffraction analysis
(SEM+EBSD), as well as histograms of the grain size dis-
tribution, and the crystal lattice misorientation at the grain
boundaries. Determination of the mechanical characteristics
of the alloy, under cyclic loading, and monotonic tension-
ing until failure was carried out on flat samples with blades
for grippers, sample working section 4x4 mm, length
4 mm. The samples were cut using the electroerosive me-
thod on a numerically controlled machine, which makes it
possible to obtain samples of identical geometry without
hardening the surface layer.

The test specimens were prepared in the same initial state
(after homogenising annealing), and were not subjected to
initial deformation or hardening, before both compression
and tensile testing, and when installing the specimens in
the grips of the testing machine, the procedure for protecting
the specimen from loading prior to testing was followed.

To study the reasons forming the nonlinearity of elastic
behaviour and unloading, the authors performed a series of
tests with a loading — unloading cycle with a maximum
stress point below, near and above the yield strength at en-
gineering stress of 6.,,~50, 90, and 145 MPa, respectively,
and the active grip displacement rate corresponded to
a strain rate of 1-10*s™'. To measure small deformations
in the elastic loading area, an HBM MX440 strain-gauge
complex with strain-elements glued directly to the sample
surface was used. Magnesium and its alloys are
prone to creep [12] and long intervals of relaxation of elas-

tic stresses [13], therefore, to reduce the influence of
the viscous-dynamic component of plasticity, the sample
was statically kept under load for a long time relative to
the loading interval, and after unloading — until the activity
of deformation processes decreased. The activity of defor-
mation processes was monitored by the acoustic emission
(AE) signals. Mechanical twinning, during deformation of
magnesium alloys, generates discrete high-amplitude
acoustic pulses [14], therefore, when the AE activity de-
creased to less than one signal/s, the authors considered
activity of the deformation process during relaxation insig-
nificant and proceeded to the next stage of the loading—
unloading cycle. AE was recorded on the PAC PCI-2
equipment, in a wideband mode of 20 kHz — 1 MHz, with
a sampling frequency of 2 MHz, gain of +60 dB, the ampli-
tude detector threshold was 27 dB at a noise level of 25 dB.
After testing, the sample material from the deformed area
was re-examined using scanning electron microscopy with
structure analysis.

To test the assumption that the peculiarities of the “dis-
location sliding” and “twinning”, deformation mechanisms
may be the reasons for the nonlinear elastic behaviour for-
mation, the same sample was tested for tension to failure
at a strain rate of 1-10 ° s, During the stretching process,
the AE signal was recorded in a continuous (threshold-free)
mode, synchronised with the stress/strain parameters.
To assess the staging, the authors used the spectral-energy
parameters of AE signals [15; 16]: in this case, for the re-
corded signal, the change in two parameters of the spectral
characteristic resulting from the applied mechanical stress
was assessed: 1) power — the integral of the signal power
spectral density and 2) median frequency — the median of
the signal power spectral density calculated according
to the method described in [17].

RESULTS

The tests of cyclic tension and compression without
changing the deformation direction relative to the original
direction are shown in Fig. 2, which presents three loading
cycles separately for compression and tension. The first
loading up to a stress of 50 MPa demonstrates elastic load-
ing, and a linear return of the material to its original state,
and the slope of the linear loading and unloading section
corresponds to an elastic modulus of 42...44 GPa. In the se-
cond (90 MPa) and third (145 MPa) loading cycles, the elas-
tic section nonlinearity is observed, which can be estimated
according to the area of the hysteresis loop formed by
the loading and unloading lines.

Table 1. Chemical composition of the studied alloy
Taonuya 1. Xumuueckuii cocmas ucciedyemozo cniasa

Materials Element weight content, %
Mg Zn Zr Al Fe Cu Ni Mn Si
Studied material Base 5.4 0.47 0.002 0.001 | 0.002 0.001 0.005 0.003
MAI14 Base 5.0-6.0 | 0.3-0.9 <0.05 <0.03 | <0.05 | <0.005 <0.1 <0.05
according to GOST 14957-76 - - - - - -
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For each loop, the authors recorded the stress at the top
of the loop and the energy volumetric density of the materi-
al viscoelastic behaviour — the area of the loop formed by
the loading and unloading characteristics, the measurement
results of which are shown in Fig. 3.

To determine the twinning activation stress, the authors
processed AE recorded during monotonic tensioning of
the sample; the loading characteristic is shown in Fig. 4.
Calculation of the AE signal spectral parameters was car-
ried out by post-processing, using spectral clustering algo-
rithms [16].

The results of studying the microstructure, using
scanning electron microscopy after deformation show
the presence of twins, which are formed simultaneously
with nonlinear elastic behaviour and, therefore, may be
the cause of it. Fig. 5 shows the structure of the samples
after compression and tensile testing up to a residual
deformation of 1.5 %.

DISCUSSION

A quantitative comparison of the obtained elastic modu-
lus of 42...44 GPa is fully consistent, with data from litera-
ture sources for the MA14 (ZK60) alloy — 42...45 GPa [18;

19]. When the alloy is loaded to a stress of 90 MPa,
at which a microplastic deformation of 0.05 % is formed,
the elastic modulus retains its value, but the material unload-
ing occurs along a curved downward characteristic, forming
a hysteresis of the “loading — unloading” characteristic.
During tensile twinning, lattice rotation is observed, and
the rotation directions may correspond to the maximum
anisotropy of the elastic constants of the material,
E(0001)=50.8 GPa, E(—1-120) (—1100)=45.5 GPa [20], but
the influence of the anisotropy factor only is quite small, or
insignificant, since repeated loading occurs along a curved
upward trajectory.

During loading of more than 100 MPa, a transition to
the mode of active plastic deformation occurs: in the experi-
ment, this is observed after the third loading cycle, which
was stopped when the stress reached 145 MPa, and the re-
sidual deformation was 0.29 and 0.22 % for compression
and tension, respectively. The difference in the magnitude
of plastic compressive, and tensile deformation when ap-
plying the same magnitude of stress is described in [8—11],
and is a manifestation of the asymmetry in the deformation
behaviour of magnesium, and some other metals and alloys.

A feature of the unloading stage after applying a stress
of 145 MPa is strong nonlinearity, in which the divergence
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Fig. 1. The initial structure of the MA14 alloy (a), histograms of the grain size distribution (b)
and the crystal lattice misorientation at the grain boundaries (c)
Puc. 1. Hcxoonas cmpykmypa cnnasa MAI14 (a), cucmoepammul pacnpedenenuil pazmepa 3epHa (b)
U Y208 PA30PUEHMUPOBKU KPUCMATIUYECKOU PeuemKi Ha SPaHuyax 3epem (c)
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Fig. 3. Energy volumetric density of the material viscoelastic behaviour
Puc. 3. Obvemuas nIOMHOCHb SHEPSUU BAZKOYIPY2020 NOBEOEHUS MAMEPUAA

of the loading and unloading trajectories increases forming
a visually symmetrical mechanical hysteresis loop. Similar
descriptions of the behaviour of the MA14 (ZK60) alloy are
given in [1; 4; 6; 7].

Approximation of experimental values of the energy
volumetric density, which forms the nonlinear elasticity
behaviour, and interpolation towards the stress axis in
Fig. 3 show that the nonlinear unloading effect appears,
when the stress reaches a value in the range of 65...70 MPa.

It was shown in [13] and [16] that analysis of AE signal
parameters and signal clustering according to the power
spectral density distribution make it possible to accurately
monitor twinning activity. The operation of deformation
twinning systems is accompanied by high-amplitude AE
pulses with a sharp leading edge and relaxation decay, and

the spectral characteristic has a low median frequency. AE
generated by dislocation slip is characterised by small am-
plitudes and a wide spectrum.

In this case, it is worth paying attention to the nature
of changes in the power parameters, and median frequen-
cy of the AE signal, which are shown in Fig. 4. Acoustic
emission exhibits intermittence when twinning is activat-
ed, while the measured signal parameters respond propor-
tionally to the intensity of the process by increasing ener-
gy (amplitude), and median frequency in the mechanical
stress range of 70...140 MPa, it is in this stress range that
the material is most actively deformed by the twinning
mechanism.

It is obvious that the stress “threshold” of 65...70 MPa
corresponds to the physical yield strength of the material
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Fig. 4. Loading diagram of the MA14 alloy sample (a) and acoustic emission parameters depending on the stress (b)
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Fig. 5. MA14 alloy structure after compression (a) and tensile (b) tests, histograms of the crystal lattice misorientation angles
at the grain boundaries after compression (c) and tensile (d) tests
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being tested: at this stress, strain hardening and the mani-
festation of the relaxation properties of the strain mecha-
nisms, slip and, to a greater extent, twinning creating power-
ful AE begin.

The structural state of the samples tested in compression
and tension was similar. The deformed structures contain
signs of activity of dislocation slip systems forming a sub-
grain structure, with small grain-boundary angles (3...5°)
and tensile twins with crystal lattice grain-boundary angles
of about 86°. The type of active strain mechanisms in adja-
cent grains may be different, since the activation of a spe-
cific deformation system occurs only after a certain critical
shear stress is exceeded: the basal plane slip systems have
the lowest values of the critical shear stress; the prismatic
slip and tensile twinning systems are the next as the criti-
cal shear stress increases [13; 21], and it is these systems
that can be identified at the small deformations observed
in this study. The critical shear stress is primarily
achieved in crystals (grains) that are favourably oriented
with respect to external stress, and is numerically deter-
mined by the Schmidt factor [22; 23]. The heterogeneity of
activation of deformation systems forms a stress state that is
uneven throughout the volume of the material, and elastic
stress gradients can inhibit the twin propagation inside
the grain, and then, when the external stress decreases un-
der the influence of elastic forces, the reverse detwinning
process can occur [24; 25].

CONCLUSIONS

The most likely mechanism forming the nonlinear un-
loading characteristic, and nonlinear elastic behaviour of
the MA14 alloy is the twinning—detwinning mechanism in
the “twinning — tension” systems. The twin formation in
a grain is associated with an insufficient number of active
easy slip systems in the basal and prismatic planes, which
are orthogonal to each other. At the same time, “twinning —
tension”, with a crystal lattice rotation of 86° does not cre-
ate more favorable conditions for the activation of easy
slide systems. As a consequence, in magnesium, the condi-
tions for the formation of a twin are observed in an un-
strengthened lattice (with short lengths of sections of
pinned dislocations), while after the twin formation, its pin-
ning (strengthening) by active slip is not observed. Thus,
apparently, unrelaxed elastic stresses are formed both at the
periphery of the twin inside the grain and along the grain
perimeter, and it is these stresses that lead to detwinning
when removing the external stress. The mechanism of ope-
ration of an unpinned (unstrengthened ‘“elastic” twin) is
similar to the behaviour of a curved elastic beam between
two supports, which has the possibility of elastic deflection
and two deformation “paths” depending on the direction:
increasing or decreasing stress, while the sign of loading
has no effect.
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Annomayua: MaraueBble CIUIaBbl — UIEATbHBIM MaTepuan A CO3JaHUs JIETKUX M MPOUYHBIX COBPEMEHHBIX TpaHC-
MOPTHBIX CUCTEM, OJIHAKO €ro IMPOKOE IPHUMEHEHHE OTPaHNUUCHO U3-3a HEKOTOPBIX (PU3MKO-XMMHUECKHX CBOMCTB. B pa-
60Te paccMoTpeH 3ddekT HeaMHEeHHOW yrpyrol pasrpy3ku MaraueBoro ciiasa MA14 (ZK60, Mg—5,4Zn—0,5Zr) B xpyn-
HO3EPHHCTOM COCTOSIHHH TOCJE PEKPHCTAIUIM3AIMOHHOTO OT)KUTA. YCTAaHOBICHO, YTO HEIMHEHHOCTh XapaKTEPHUCTHKHU
pasrpy3ku GopMupyercs mocie JOCTIDKEHHS OIPEeAeTICHHOTO IMOPOTOBOTO YpPOBHS HampspkeHus. [Ipemmomaraercs, 9To
n3ydaeMblil 3P QeKT cBA3aH ¢ IehOpPMANNOHHBIM ITOBEICHUEM CIUIaBa, IPH KOTOpOM HabiromaeTcst OpMHpPOBAaHUE JABOII-
HUKOBOU CTPYKTYPHI 110 MEXaHU3MY JABOMHHUKOBAaHUS pacTsHKeHUs. MUKPOCTPYKTypa MaTepuaga oOpas3ioB Oblia ompese-
JIeHa METOAAMH PACTPOBON NEKTPOHHON MHUKPOCKOIUH C MPAMEHEHHEM aHaIu3a Au(dpakuyu o0paTHO pacCcesHHBIX IEK-
TpoHOB. OTpe/eneHne MoporoBOro HaNpspKeHHUs: (OPMUPOBAHUS HEMHEHHOCTH pasrpy3Kd OBUIO NPOBEJICHO IBYMS Me-
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TogaMu: 1) MO BENMYMHE IUIOLIAAW METIH, 00pa3syeMol HEIMHEHHOCThIO MEXAaHMYECKOH XapaKTEPUCTHKU Ppasrpy3Ku
1 XapaKTePUCTHKHU TIOBTOPHOTO HATrpyKeHUs (MEXaHUIECKUI TUCTEPE3NC), U 2) M0 aHAITU3Y aKyCTHYECKON IMHUCCHH, 3ape-
THCTPHPOBAHHOM IPU pPacTSHXEHUH 10 paspymeHus. CONOoCTaBleHHE IONYyYCHHBIX PE3YJbTATOB IO3BOJIET IIPEATIONO-
XKHTb, YTO HEIMHEHHOCTh pa3rpy3Ku OOYCIOBJIEHA IBOMHMKOBAHHEM B 3€pHAX, B KOTOPHIX HAOIIONACTCS HEBBITOAHAS
koH(urypanus (Hm3kui ¢axrop IlIMuara) amas AUCIOKALMOHHOTO CKOJBKEHUS. Pa3BOpPOT NMpOJBOWHMKOBABIIETO KPH-
cTayuta Ha yrodi, onmskuid k 90°, He cnocoOcTBYeT noBbImeHn0 (hakTopa IlIMuaTa 11 aKTHBALIMU CHCTEM CKOJIBKEHHS JTUC-
JIOKAIM{ AJIs 3aKperuieHus: 1epOPMUPOBAHHOM CTPYKTYpBI 10 MEXaHH3MY JUCIOKAI[MOHHOTO yrpouHeHus. [Ipu moce-
JIYIOIIEM CHIYKEHHH BEJIMYHMHBI BHEITHErO HANpsDKEHUS! MPOMCXOIUT Pa3IBOMHUKOBAaHHWE M YaCTHYHOE BOCCTAHOBICHHE
KOH(UTypanuy KPUCTAJUINIECKON PEeLIETKH.

Kniouegvie cnosa: marunii; MaruueBblid croias; MA14 (ZK60, Mg—5,4Zn—0,5Zr); HenuHeiiHas pa3rpy3ka; mopor Ha-
NPsDKEHUST; YIIPYTrOCTh; IBOMHUKOBaHNE; pa3ABOMHNKOBaHNE; 1e(OPMAIIIOHHOE TIOBEJICHHUE.

Bnrazooapnocmu: ViccnenoBaHue BBINOIHEHO NpH (MHAHCOBOW mojaepkke Poccuiickoro HaydHoro ¢oHzia B pamkax
peanu3anuu HayqHOTo mpoekTta Ne 22-23-01169.
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