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MECHANICKE VLASTNOSTI PERSPEKTIVNYCH ZLIATIN MG

MECHANICAL PROPERTIES OF ADVANCED MG ALLOYS

Cldnok popisuje mechanické vlastnosti Mg zliatin, ktoré boli
urcené pri izbovej teplote a tecenie. Deformacné mechanizmy su dis-
kutované

1. Uvod

Automobilovy priemysel prejavuje rastici zaujem o horcikové
zliatiny ako o konStrukény material, ktory znizi hmotnost auto-
mobilu a znizi spotrebu pohonnych hmét, a tym aj emisii.
Uplatnenie najdu aj v leteckom priemysle a v komunikaciach.
Ocakava sa, ze tieto zliatiny budu hrat vyznamnu ulohu, pretoze
maju nizku hustotu a vysoké timenie zvuku. Na druhej strane ich
nevyhodou je, Ze maji nizku pevnost a mensiu odolnost proti
teCeniu. Odolnost proti teCeniu mozno zlepsit zjemnenim mikro-
struktary, vyssou Cistotou zlozZiek zliatiny a legovanim niektorymi
prvkami napr. vapnikom a prvkami vzacnych zemin [1]. Pri zlep-
Sovani mechanickych vlastnosti je dolezité pochopit mechanizmy
urcujuce medzu sklzu a deformaéné spevnenie. Spevnenie tuhého
roztoku, precipitacné a disperzné spevnenie ovplyviuju medzu
sklzu. Jej hodnota zavisi od velkosti zrna a mozZe byt vyjadrena
znamym Hallovym-Petchovym vztahom. Je vSeobecne zname, Ze
existuje vztah medzi mikroStruktirou a medzou sklzu. V tomto
¢lanku chceme informovat o mechanickych vlastnostiach per-
spektivnych horcikovych zliatin a uviest zdkladné mechanizmy,
ktoré ovplyviiuju ich pevnost. NajcastejSie pouzivané zliatiny
vychadzaju zo systémov Mg-Al a Mg-Zn.

2. Mechanické vlastnosti

Zliatiny typu Mg-Al-Zn (séria AZ), Mg-Al-Mn (séria AM), Mg-
AlSi (séria AS), Mg-AI-RE (séria AE, kde RE znamena prvok
vzacnej zeminy, najcastejSie Nd), Mg-Zn-Cu (séria ZC) a Mg-Zn-
RE (séria ZE) sa pouzivaji vel'mi Casto a ich mechanické vlastnosti
boli skimané pri réznych teplotach. Deformacné mechanizmy
zatial nie su uplne zname.

2.1 Pevnost v tahu

Mechanické vlastnosti horcikovych zliatin su ovplyvnené
hlavne legujucimi prvkami. Hodnoty pre dohovorent medzu skizu

This paper describes the tensile strength of Mg alloys determined
at room temperature and creep. The deformation mechanisms are
discussed.

1. Introduction

The automotive industry has shown a growing interest in
magnesium alloys as a structural material that may manufacture
cars, reduce fuel consumption, and exhaust emissions. Fields of
application fields are also in the aviation and communication
industry. Magnesium alloys are promising materials because of
their low density and high damping. It is expected that they will
play a significant role. On the other hand, magnesium alloys
exhibit low strength and low resistance to corrosion.
Microstructure refinement, a higher purity of alloy components
and some additional solute atoms are some possibilities to
improve the corrosion resistance. It has been demonstrated that
the additions of rare earth elements and calcium have resulted in
an improvement in the corrosion resistance of Mg alloys [1]. In
order to improve the mechanical properties it is important to
understand the deformation mechanisms of yielding and work
hardening. The yield stress is influenced by solid solution
hardening, precipitation and/or dispersion strengthening. The
yield stress increases also with decreasing grain size. A finer grain
size may contribute significantly to the strength. The grain size
dependency of the yield stress and tensile strength can be
expressed by using the Hall - Petch relationship. It is well known
that there is a close relation between the yield stress and the
microstructure. The most common alloy systems have been
developed in the Mg-Al and Mg-Zn systems. The aim of this paper
is to provide information on tensile properties of some advanced
Mg alloys and to present the fundamental mechanisms affecting
the strength of the alloys.

2. Tensile properties

Mg-Al-Zn (series AZ), Mg-Al-Mn (series AM), Mg-Al-Si
(series AS) and Mg-AI-RE (series AE, RE means rare earth
element, usually Nd) are used very often and their mechanical
properties were investigated at various temperatures.
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(R, 0,2 definovanu ako napitie, pri ktorom trvala deformacia do-
siahne 0,2 %), konvenénu medzu pevnosti (R,,) a taZnost su
uvedené v tab. 1 pre izbovu teplotu. Sucasne je v nej uvedené aj
nominalne chemické zloZenie v hm.%. Zliatina AZ91 sa v mnohych
pripadoch pripravuje z vel'mi €istych komponentov. Z toho dévodu
potom AZ91 obsahuje velmi malé¢ mnozstvo Fe a Ni, a tym sa
zvySuje odolnost voci korozii. Medza sklzu a medza pevnosti zlia-
tiny AZ91 klesaju s rasticou teplotou. Az do teploty okolo
100 °C pokles je mierny, ale nad 100 az 130 °C je tento pokles
vel'mi vyrazny. Taznost sa s rastiicou teplotou zvysuje. Zatial o pri
izbovej teplote je 7 %, pri 100 °C je 13 % a pri 150 °C je az 23 %
[2]. Podobné teplotné zavislosti medze sklzu, medze pevnosti a faz-
nosti sa pozoruju aj pre zliatiny AE42. Je vhodné vSak pozname-
nat, Ze pre teploty nad 100 °C deformacia zodpovedajica medzi
pevnosti zliatiny AE42 sa s rastlicou teplotou zvysuje, ale v zliatine
AZ91 s rastucou teplotou klesa. Deformacné krivky zliatiny AE42
sa vyznacuju znacnym deformacnym spevnenim, pokial su defor-
mované pri teplotach do 150 °C [2]. V zliatine AZ91 sa pozoruje
intenzivne dynamické zotavenie uz pri deformovani vzorky pri tep-
lotach nad 100 °C. Tento efekt je vidiet aj na obr. 1 pre vzorky
deformované jednoosovym tlakom.

Rozdielne deformacné spravanie oboch zliatin sa moze
vysvetlit vplyvom mikrostruktiry a disloka¢nej subStruktury na
speviiujuce procesy. Precipitaty (-Mg,;Al;,) su umiestené vo
forme lamiel predovsetkym na hraniciach zfn. Pri teplote okolo
413 °C sa cela alebo cast fazy Mg,Al,, rozpusti. S rastucou tep-
lotou nastava jej postupné rozpustanie uz od izbovej teploty.

2.1 Tensile strength

The mechanical properties of magnesium alloys vary
significantly with alloying elements. The yield stress (YS, defined as
the stress required for a plastic strain of 0.2 %), the ultimate tensile
strength (UTS) and the % elongation at fracture (A) for some Mg
alloys estimated at room temperature are presented in Tab. 1. In the
same table, the nominal composition of alloys is given in wt %. In
many cases the AZ91 series is prepared from very pure components
containing very small contents of Fe and Ni solutes. It then exhibits
a higher corrosion resistance. The yield stress and tensile strength
of the alloys introduced in Tab. 1 decrease with increasing
temperature. Up to about 100 °C the decrease in the tensile
properties is slow, and above 100 to 130 °C, the yield stress and the
tensile strength decrease rapidly with temperature. Elongation to
fracture increases with increasing temperature.

While elongation to fracture at room temperature is 7 %, it
reaches 13 % at 100 °C and 23 % at 150 °C [2]. Similar
temperature dependencies of the yield stress, tensile strength and
elongation to the fracture are also observed for the AE42 alloy.
However, it is noteworthy that the strain (elongation) at which the
ultimate tensile strength is reached increases with increasing
temperature for the AE42 alloy, whereas that for AZ91 decreases
with a temperature above 100 °C.

The flow stress - strain curves of AE42 alloy show a significant
work (strain) hardening at temperatures up to 150 °C [2], whereas
dynamic recovery is observed for specimens of AZ91 deformed at

Zakladné mechanické vlastnosti niektorych Mg zliatin pri izbovej teplote Tab. 1.
Tensile properties of some Mg alloys at room temperature Tab. 1
Zliatina Al Zn Mn Si RE Cu R, 02 [MPa]| R, [MPa] A [%]

Al Zn Mn Si RE Cu YS/MPa UTS/MPa Al%
AZ91 9.2 0.7 0.2 150 250 7
AM20 2.0 0.01 0.5 0.01 90 215 19
AMS50 4.8 0.01 0.3 0.01 120 230 15
AM60 5.8 0.01 0.3 0.01 130 250 14
AS21 2.0 0.20 0.2 1.0 125 225 15
AS41 4.5 0.20 0.2 1.0 130 250 15
AE42 3.8 0.2 2.5 130 230 12
ZC63 6.0 0.2 2.7 125 210 4.0
ZE41 4.2 1.2 104 205 35

Teplotné zavislosti medze pevnosti pre AM60, AS41 a AE42
su velmi podobné. Hodnoty medze pevnosti tychto zliatin su
nizSie ako ma zliatina AZ91. Teplotné zavislosti medze skizu pre
zliatiny AZ91, AM20, AM60, AS41 a AE42 su podobné; pritom
hodnota medze sklzu zliatiny AZ91 je najvyssia. Z experimental-
nych vysledkov vyplyva, Ze taznost sa zvySuje s rastucou teplotou.
Zliatina AZ91 ma vysoku pevnost a vysoku odolnost proti korozii,
ale ma malu faznost. Zliatiny serie AM maju strednu pevnost, ale
dobru plasticitu a relativne vysoku taznost. Zliatiny série AS a AE
mozu byt odporucané pre aplikaciu pri vyssSich teplotach.

temperatures above 100 °C, as can be seen in Fig. 1. The
specimens of AZ91 were deformed in compression tests at various
temperatures. Different deformation behaviours of both alloys
may be accounted for by the influence of the microstructure and
dislocation substructure on the hardening processes. The main
precipitates are 3-Mg;;Al;, particles situated mainly at grain
boundaries. Annealing at temperatures around 413 °C will cause
all or part of the Mg;Al,, phase to dissolve. The temperature
variations of the tensile strength for AM60, AS41 and AE42 are
very similar. The values of the tensile strength of these alloys are
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Precipitaty Mg ,Al,,
pritomné v zliatine
AZ91 sposobuji kreh-
kost tohoto materialu.
Precipitaty su prekaz-
kami pre po-hyb dislo-
kacii, volna draha
dislokacii je mala,
a z toho dovodu je aj
taznost nizka. V zliati-
nach série AM je
obsah atomov Al
nizky, a preto aj obje-
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lower than those for AZ91 alloy. The
temperature dependencies of the yield stress for
AZ91, AM20, AM60, AS41 and AE42 alloys
are similar, but the value of the yield stress of
the AZ91 is the highest one. The experiment
results show that the values of elongation to
fracture increase with increasing temperature.
Alloy AZ91 exhibits high strength and high
corrosion resistance but only low elongation.
The AM series show moderate strength but
good plasticity; the values of elongation to
fracture are relatively high. Alloys of AS and
AE series may be recommended for high

150°C

200°C
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movy podiel Castic
Mg,Al;, je v tychto
zliatindch niz§i nez
v AZ91. To potom
znamena, Ze hustota
prekazok pre pohyb dislokacii je niZSia, a preto je medza sklzu aj
medza pevnosti zliatin série AM nizSia ako v zliatine AZ9I;
taznost je zasa vySSia. Je zname, Ze Mn s Al tvoria intermetalli-
kum, ktoré eliminuje vol'né Fe atomy, a tym sa zlepsuje odolnost
proti korozii. V poslednej dobe sa zacinaju pouzivat horcikové
zliatiny, ktoré obsahuju prvky vzacnych zemin a tiez atomy Zr.
Tieto zliatiny maju vysoké hodnoty medze sklzu a medze pev-
nosti. Hodnoty pevnosti namerané pri izbovej teplote pre niektoré
zliatiny su uvedené v tab. 2. Tieto zliatiny maju vysoké hodnoty
medze sklzu a medze pevnosti az do teplot 250 °C a vysoku odol-
nost proti teeniu (creepu).

0.00 0.10

T
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Obr. 1. Zavislost napdtia od deformdcie v tlaku
Figure I: Stress strain curves in compression.

temperature applications. As mentioned above,
the Mg,Al,, precipitates are present in alloy
AZ91. These precipitates that cause that
material is brittle. Precipitates are obstacles for
dislocation motion. That means the free path of
the dislocations is low. Therefore, the total strain to fracture is also
low. In alloys of AM series, the content of Al atoms is low and the
volume fraction of Mg,,Al,, particles in these alloys is much lower
than in the AZ91 alloy. This means that the density of obstacles for
the dislocation motion is lower. This causes the yield stresses and
tensile strengths of AM series alloys to be lower and the elongation
to fracture to be higher than in the AZ91 alloy. It is known that Mn
with Al forms an intermetallic compound that eliminate free Fe
atoms and hence, corrosion resistance of magnesium alloys is
improved. Recently, magnesium alloys containing rare earth metals
have been used. These alloys also contain Zr atoms and have high
values of the yield stress and tensile strength as can be seen from
Tab. 2 where the values are introduced.

0.30

Mechanické vlastnosti niektorych zliatin Mg pri izbovej teplote Tab. 2.
Tensile properties of some Mg alloys at room temperature Tab. 2
Zliatina Zr Zn RE Ag Y R, 0,2 [MPa] R,, [MPa] A [%]

Al Zn Re Ag Y YS/MPa UTS/MPa Al%
EZ33 0.6 2.7 33 110 160 2
QE22 0.7 2.1 2.5 195 260 3
WEA43 0.7 34 4.0 165 250 2
WE54 0.7 3.0 5.2 170 250 2

2.2 Tecenie (creep)

Rychlost ustaleného teCenia moze byt vyjadrena nasleduju-
cou rovnicou:

&= Ad" exp(—Q/RT) (D

kde A je konstanta, o je vonkajsie (posobiace) napitie, n je
napétovy exponent, R je plynova konstanta, Q je aktivacna energia
teCenia a T je absolutna teplota. Rychlost tecenia zavisi od mik-
roStruktury, hlavne od velkosti zrna. Z vysledkov, ktoré publiko-
vali Aune a Westengen [2,3] mdZeme usudit, Ze rychlost teCenia
zliatin AZ91, AS21 a AS41 pri 100 °C a napiti 50 MPa je vel'mi

These alloys exhibit high values of the yield stress as well as
tensile strength up to 250 °C and a high creep resistance.

2.2 Creep behaviour

It has been found that the steady state creep rate of magnesium
alloys may be expressed by the following equation
&= Ao" exp(—Q/RT) (1)

where A is a constant, ¢ is the applied stress, n is the stress
exponent, R is the gas constant, Q is the activation energy of creep
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nizka, prakticky pre vSetky tri zliatiny rovnaka okolo 1.2x10%s™.
Rychlosti tecenia pre tie isté zliatiny pri teplote 150 °C a napiti
50 MPa su vSak uz vel'mi rozne. Najnizsie rychlosti pri 150 °C boli
namerané pre zliatiny AS21 a AE42, ktoré su vhodné pre pouzitie
pri vysSich teplotach, pretoZe maju vysoku odolnost proti teceniu.
Ako uviedli Aune a Westengen [3] zliatiny AS41 a AE42 testo-
vané pri 200 °C a napiti 30 MPa maju vicsiu odolnost proti
teeniu ako zliatiny AZ91 a AE41. NajlepSie vlastnosti pri teCeni
zo vsetkych hore uvedenych zliatin ma AE42. Aj z tohoto struc-
ného prehladu je jasny vplyv Nd. Napatovy exponent v niektorych
pripadoch nema konstantnu hodnotu, inokedy ma zas vysoku
hodnotu a aktivacna energia teCenia ma hodnotu blizku energie
samodiftizie. Takéto spravanie je mozné vysvetlit tak, Ze sa pouZije
predpoklad o existencii prahového napétia ;. Potom do rovnice
pre tecenia sa miesto vonkajsieho napdtia zavedie vyraz o - oy,
Rovnicu pre ustalené tecenie je potom mozné vyjadrif v tvare,
ktory navrhli Sherby a kol. [4].

3. Diskusia

Ak chceme pripravif material s poZadovanymi mechanickymi
vlastnostami, je velmi doleZité poznat tie mechanizmy, ktoré
urcuji medzu sklzu a deformaéné spevnenie. Podla von
Misesovho kritéria [5] musi byt ¢innych minimalne 5 nezavislych
sklzovych systémov, aby sa polykrystal deformoval. V monokrys-
taloch horcika, ktory ma hexagonalnu Strukturu, sa deformacia
uskutocnuje v bazalnom systéme. Pocet nezavislych sklzovych
syst¢émov tohto druhu je mensi ako pozadovanych 5. Z toho
dovodu je nutné, aby boli aktivované iné (krystalograficky iné)
sklzové systémy, alebo aby deformacny mod bolo dvojcatenie.
Pyramidalny sklzovy systém druhého druhu je jeden z ddlezitych
nebazalnych sklzovych systémov. Je vhodné uviest, Ze kritické
sklzové napatie pre pyramidalny sklzovy systém ma anomalnu
zavislost od teploty [6,7]. Kritické sklzové napitie prudko klesa
v intervale deformacnych teplot od 77 do 270 K a potom toto
napitie rastie s rastucou teplotou v intervale od 270 do 375 K. Pre
deformacné teploty nad 375 K kritické sklzové napitie znovu
klesa s klesajucou teplotou. Kritické sklzové napatie pre bazalny
sklzovy systém zavisi od koncentracie rozpustenej zlozky c. Pre
substitucny tuhy roztok plati rovnica:

T=2Ge, P + 7, 2

kde Z je kon§tanta, G je modul pruznosti v Smyku, &_je para-
meter, ktory zavisi od rozdielu atomovych polomerov atému
matrice a atomu rozpustenej zlozky a od vazby medzi tymito
atdommi, a 7, je kritické sklzové napétie pre Cisty horcik [8].
Koncentrac¢na zavislost kritického sklzového napitia pre prizma-
ticky sklzovy systém (nebazalny sklzovy systém) sa neda popisat
rovnicou (2); tato zavislost je zlozitejSia a pre niektoré tuhé
roztoky moze byt rozna v roznych teplotnych intervaloch. V niek-
torych koncentranych oboroch kritické sklzové napétie pre priz-
maticky sklz klesa s rasticou koncentraciou rozpustenej zlozky.

Dvojcatenie je vyznamnym deformacnym modom v hexago-
nalnych kovoch. Chun a kol. [9] zistili, ze deformacné dvojcatenie

and T is the absolute temperature. The creep rate depends on the
microstructure, especially on grain size. From the results
published by Aune and Westengen [2,3] we can conclude that the
creep rate of AZ91, AS21 and AS41 alloys crept at 100 °C under
50 MPa is very low, about 1.2x10”s!, and practically the same for
all three alloys. The creep rates for the same alloys crept at
150 °C also at 50 MPa are very different. The lowest creep rates
at 150 °C were observed for AS21 and AE42 alloys that are
suitable for high temperature applications because of their high
creep resistance. Aune and Westengen [3] have reported that
AS41 and AE42 alloys tested at 200 °C under 30 MPa show
improved creep resistance compared to AZ91 and AE41. Alloy
AE42 shows the best creep properties of all these alloys. The
influence of RE is obvious. In some cases the stress exponent has
a high value s and the creep activation energies have values that
are higher than the energy for the self-diffusion of magnesium. It
may be possible to explain this behaviour if the concept of
a threshold stress oy, is introduced. Then, the applied stress should
be replaced by o - g, and the equation for the steady state creep
rate should be expressed as proposed by Sherby et al. [4].

3. Discussion

In order to prepare materials with the needed mechanical
properties it is very important to know the mechanisms
determining yielding (the yield stress) and strain hardening.
According to R. von Mises [5] more than 5 independent slip
systems must be operated for polycrystals to deform. In
magnesium with the hexagonal crystal structure deformation
occurs in basal slip system. The number of these independent slip
systems is lower than the requirement. It is necessary that another
slip system is activated or deformation occurs by twinning. If an
additional slip system is activated then deformation becomes
easier. The secondary pyramidal slip system as one of the non-
basal slip systems is important. It should be noted that the critical
resolved shear stress for the pyramidal slip system exhibits an
anomalous dependence on temperature [6,7]. The critical
resolved shear stress decreases strongly when the testing
temperature increases from 77 to 270K and then it increases with
increasing temperature between 270 and 375K. For testing
temperatures higher than 375K, the critical resolved shear stress
decreases again with increasing temperature. The critical resolved
shear stress for basal slip in Mg increases with increasing solute
concentration ¢ according to the equation

T=2Ge P + 1y, )

where Z is a constant, G is the shear modulus, & is the
parameter that depends on the radius difference between host and
solute atoms and on the binding among atoms, and 7, is the
critical resolved shear stress for pure Mg [8]. The concentration
dependence of the critical resolved stress for prismatic slip (non-
basal slip system) is complex and is different for various
temperatures. In some concentration range the critical resolved
shear stress for prismatic slip decreases with addition of solute
atoms.
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v zliatine Mg-5.1hm% Zn mozZe byt potlacené, ked su v zliatine
pritomné precipitaty.

Pri deformacii hexagonalnych polykrystalov ocakavame akti-
vitu nielen bazalneho sklzového systému, ale aj nebazalneho skl-
zového systému. Aktivita ktoréhokolvek nebazalneho systému je
ovela lahsia pri vyssich teplotach. Hodnoty medze sklzu aj medze
pevnosti budu potom ovplyvnené Cinnostou nebazalnych sklzo-
vych systémov. Je jasné, Ze v zliatinach zaciatok deformacie je
ovplyvneny atomami rozpustenej zlozky. Je zrejmé, Ze koncent-
racna a teplotna zavislost medze sklzu by mohla byt ovplyvnena
zlozitou zavislostou ¢innosti nebazalneho sklzového systému od
teploty a koncentracie atomov rozpustenej zlozky. Hranice zin
(a textura) a precipitaty budu mat silny vplyv na deformacny
mechanizmus polykrystalov ako funkcia teploty. Deformacné
napdtie klesa s klesajucou teplotou, ked’ zrno je vel'ké a textura je
vhodna pre dvojcatenie.

4. Zaver

Zmeny v mikrostrukture horcikovych zliatin, ktoré vzniknu
pri priprave a tepelnom spracovani, podstatne ovplyviuju mecha-
nické vlastnosti tychto materialov. Pevnost horc¢ikovych zliatin
moze byt zvySena spevnenim tuhého roztoku, precipitacnym
a disperznym spevnenim a tieZ velkostou zrna. Legujice prvky
mozZu réoznym spdsobom ovplyvnit kritické sklzové napitie pre
bazalny aj nebazalny sklzovy systém. Toto ma silny vplyv na spev-
nenie. Nie je mozné odvodit jednoduché pravidlo, ktoré by popi-
sovalo vplyv koncentracie atomov rozpustenych zloziek na medzu
sklzu. Zatial nie je jasné, ako urcit podiel viacerych speviujucich
mechanizmov, ktoré prebiehaju sucasne.
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Twinning is a significant mode of deformation in hexagonal
metals. Chun et al. [9] showed that deformation twinning can be
suppressed in Mg-5.1wt % Zn alloy by the presence of precipitates.

In polycrystals we expect not only the activity basal slip system
but also non-basal slip system. The activity of any non-basal slip
system is easier at a higher temperature. The value of the yield
stress and hardening may be affected by the activity of non-basal
slip systems. In alloys, the yield is influenced by solute atoms.
However, the concentration and temperature dependence of the
yield stress could be influenced by complex variations of non-basal
slip with concentration of solutes and temperature. In polycrystals,
grain size (and texture) as well as precipitates, strongly influence
the deformation mechanism as a function of temperature. The flow
stress decreases with decreasing temperature when grain size is
large and the texture is suitable for twinning.

4. Conclusion

Changes in the microstructure of magnesium alloys due to
processing as well as heat treatment influence significantly the
mechanical properties of these materials. The strength of alloys
can be improved with a suitable combination of solid solution
hardening, precipitation and dispersion strengthening, and grain
size. However, solute atoms may affect the critical resolved shear
stress of basal slip in different manner than the critical stress for
a non-basal slip system. This is a very strong effect in the
strengthening. It is impossible to deduce simple rules describing
the influence of solutes and temperature on the yield stress. Up to
now it is not clear how to treat the effects of several strengthening
mechanisms operating simultaneously.
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